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Human anaphylatoxin C3a, formed through cleavage of complement protein C3, is a potent effector of
innate immunity via activation of its G protein coupled receptor, human C3aR. Previously reported
short peptide ligands for this receptor either have low potency or lack receptor selectivity. Here we
report the first small peptide agonists that are both potent and selective for human C3aR, derived from
structure—activity relationships of peptides based on the C-terminus of C3a. Affinity for C3aR was
examined by competitive binding with '*’I-labeled C3a to human macrophages, agonist versus anta-
gonist activity measured using fluorescence detection of intracellular calcium, and general selectivity
monitored by C3a-induced receptor desensitization. An NMR structure for an agonist in DMSO
showed a 3-turn motif that may be important for C3aR binding and activation. Derivatization produced
a noncompetitive and insurmountable antagonist of C3aR. Small molecule C3a agonists and antago-
nists may be valuable probes of immunity and inflammatory diseases.

Introduction

Human complement is a complex network! > of plasma
proteins that initiates inflammatory and cellular immune
responses to stimuli like infectious organisms (bacteria/
viruses/parasites), chemical/physical injury, radiation, and
cancer. Complement activation is an important proteolytic
signaling cascade in the immune response to infection and
tissue injury, its proteins cooperatively effecting recognition,

*To whom correspondence should be addressed. Phone: +61 7
33462989. Fax: +61 7 33462990. E-mail: d.fairlie@imb.uq.edu.au.

“Abbreviations: 3D53, C5aR antagonist cyclo-(2,6)-AcF[OP-
(dCha)WR]; Ahx, 6-aminohexanoic acid; Aib, 2-aminoisobutyric acid;
Bt,-cAMP, 3,5~ dibutyryladenosine monophosphate; ATP, adenosine
triphosphate; C3aR, C3a receptor; C5aR, C5a receptor; Cha, cyclohex-
ylalanine; dU937, human monocytic cells from histiocytic lymphoma
differentiated with Bt,-cAMP; DIPEA, N,N-diisopropylethylamine;
DMF, N,N-dimethylformamide; ECsy, molar concentration that pro-
duces 50% of the maximum response of an agonist; FBS, fetal bovine
serum; Fmoc, fluorenylmethoxycarbonyl; G-protein, guanosine mono-
phosphate protein; GPCR, G-protein-coupled receptor; HATU, 2-(1 H-
7T-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate;
HBSS, Hank’s balanced salt solution; HBTU, O-(1H-benzotriazol-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate; HEK-293, hu-
man embryonic kidney 293 cells; HEPES, 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid); HT-29, human colon adenocarcinoma grade
11 cell line; hF, homophenylalanine; 1251 jodine isotope 125; ICs(, molar
concentration of an unlabeled agonist/antagonist that inhibits 50%
radioligand binding or molar concentration of antagonist that inhibits
50% of a known concentration of agonist activity; Ig, immunoglobulin;
IMDM, Iscove’s modified Dulbucco’s medium; MBHA, methylbenzhy-
drylamine; Nal, 1-naphthylalanine; Nle, norleucine; NEAA, nonessen-
tial amino acids; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser effect spectroscopy; Orn, ornithine; Pbf, 2,2.4,6,7-penta-
methyldihydrobenzofuran-5-sulfonyl; PBMC, peripheral blood mono-
nuclear cells; rmsd, root-mean-square deviation; ROE, rotating-frame
Overhauser enhancement; ROESY, rotating-frame NOE spectroscopy;
rpHPLC, reversed phase high performance liquid chromatography;
TFA, trifluoroacetic acid; TIPS, triisopropylsilane; TOCSY, total cor-
relation spectroscopy; U937, human leukemic monocyte lymphoma
cell line.
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opsonization, lysis, and removal of pathogens and infected or
damaged cells and cellular debris. Among complement acti-
vation products are the anaphylatoxins C3a and C5a, which
prime and amplify the immune response through chemoat-
traction of immune cells to inflammatory sites and by promot-
ing secretion of proinflammatory agents, lysosomal enzymes,
and reactive oxygen species.' > Unlike C5a, which is almost
undetectable in healthy individuals, there is considerable C3a
(> 100 nM) present due to continuous degradation of C3.
While the pharmacology of C5a and its receptor*® has been
strongly implicated in the pathogenesis of inflammatory dis-
eases through effects of gene deletion, genetic deficiency, anti-
bodies, and a synthetic antagonist, C3a or its receptor C3aR
has only more recently been implicated in the pathogenesis
and progression of inflammatory diseases such as asthma,
allergies, sepsis, lupus erythematosus, diabetes, arthritis, psor-
iasis, nephropathy, ischemia—reperfusion injury, and others.” ™’
Antimicrobial and antifungal properties have also been re-
ported for C3a derived peptides.® The 21-residue C-terminus
of C3a and the 20-residue C-terminus of C3adesArg are also
antibacterial against E. faecalis and P. aeruginosa,’ Escherichia
coli, and Staphylococcus aureus' and antifungal against Candi-
da albicans."" Two nonapeptide derivatives of the C3a C-termi-
nus interfere with intracellular Ca®>" release and ERK 1/2
phosphorylation by binding to and promoting phosphorylation
of type 1 Fc & receptor in mast cells.'””> As more C3a—C3aR
pharmacology has become established, interest has been re-
newed in C3a and there is a realization of the need for synthetic
C3a agonists and antagonists for interrogating and potentially
treating human C3a-mediated conditions.”’

Human complement component C3a is a 76 residue protein
that binds to a single known seven-transmembrane domain
receptor C3aR, a rhodopsin-like GPCR that is expressed
ubiquitously on the surface of many cells (particularly
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Table 1. Affinity and Potency of Known Truncated Anaphylatoxin Agonists on dU937 Cells

C3a receptor affinity®

C5a receptor affinity® apparent agonist activity’

compd peptide n —loglCsy£SE ICso“(nM) n plCsg+SE 1Cso”(nM) n  —logECso £ SE  ECsy¢ (uM)
1 C3a 13 9.9 £0.07 0.12 3 ¢ 10 7.3 £0.06 0.052
2 C5a 1 10 4 89+0.24 1.4 3 8.2 +0.09 0.007
3 SB290157 7 6.9 £0.16 140 3 ¢ 3 qbd
4 3D53 3 10 3 7.8+0.17 15 3 ¢
5 WWGKKYRASKLGLAR 3 8.7+ 0.20 2.0 3 ¢ 5 59+0.16 1.3
6 C3agz—77 3 6.6 +0.23 250 3 63+£0.33 560 4 5.8+0.11 1.8
7 CSagp—74 3 5.8+0.21 1600 3 58+£0.17 1700 4 4.6 £0.11 24
8 YSFKPMPL(Me-a)R 3 7.9 +0.13 13 3 57+0.14 2000 5 6.9 +0.06 0.13
9 YSFK(Me-D)MPLaR 3 6.1 £0.19 740 3 45+£045 29000 5 5.9 £0.05 1.4
10 YSHKPMPLaR 3 ] 3 ¢ 3 5.240.03 5.7
11 YSFKPMPLaR 3 6.9 +0.10 140 3 53+£0.21 4700 2 6.7 +0.07 0.22
12 HLGLAR 3 524021 5900 3 ¢ 3 5.4 +0.31 3.8
13 HLALAR 3 52+0.29 6300 3 ¢ 3 ¢
14 YPLPR 3 ® 30 2 o
15 WPLPR 3 4.5 4 0.50 27000 3 ¢ 2 ¢

“Concentrations causing 50% of maximum binding of '*’I-C3a to intact human monocytes. ? Concentration causing 50% inhibition of maximum
binding of '**I-C5a to intact human monocytes. ¢ Concentration causing 50% maximum calcium mobilization from Bt,-cAMP differentiated U937 cells.
4No agonist activity at | mM, antagonist with pICsy = 5.9+ 0.1 (ICs, = 1.3 uM).  ¢: no binding detected at 1 mM.” ¢: no intracellular calcium release

detected at 10 uM.

immune cells such as macrophages, neutrophils, T cells) and
signals through Gg; and Gg,¢ proteins. Both crystal'*® and
NMR-derived solution'*® structures have been reported
for human C3a, as well as for complement C3 incor-
porating C3a.'*® The crystal structure_of C3a (actually
C3adesArg) was of low resolution (3.2 A) but showed the
C-terminus of C3a in a turn conformation, while the solution
structure showed disorder in the last seven residues. For the
C3 structure, the electron density was too diffuse to identify
the C-terminal seven residues of the sequence corresponding
to C3a. A similar turn structure was, however, also observed
for the C-terminus of C5a.'* Like C35a, it is the C-terminal
octapeptide region of C3a that is implicated as the effector
domain required for triggering receptor activation,'’ the
remaining 69 amino acids at the N-terminus of C3a being a
high affinity binding domain. Numerous peptides based on
the C-terminus of C3a have been reported to compete with
1251.C3a for the surfaces of cells. Removal of the C-terminal
arginine of C3a abolishes the biological activity of C3a, so all
synthetic C3a ligands to date have a C-terminal arginine.
Despite three decades of research, endeavors to produce
highly potent peptidic C3a ligands of less than eight residues,
with agonist activity against human cells at submicromolar
concentrations, have been unsuccessful. In fact, there have
been relatively few reports of new synthetic C3a ligands since
the early 1990s.

Among the most potent reported C3aR binding peptide
ligands is a synthetic peptide comprising the C-terminal 21
residues of C3a, which was equipotent with C3a in lung
strip and ileal contraction assays but 44% as effective as
C3a in suppressing Ig secretion by peripheral blood
lymphocytes.'®* Incorporation of helix-inducing Ala and
Aib residues at judicious positions resulted in a 250%
enhancement in activity of the peptide, correlating with
increased helicity measured by circular dichroism
spectra.'®® Truncation and modification to 15 residues with
incorporation of two tryptophans at the N-terminus re-
sulted in a “superagonist” WWGKKYRASKLGLAR that
was 15-fold more potent than C3a in a guinea pig platelet
aggregation assay.'® Numerous other attempts have been
made to shorten peptide sequences while retaining either
competitive binding with '*’I-C3a or C3a-like function.!’

Comparisons between reported activities of these syn-
thetic C3a agonists are difficult to make because of the
variety of assay systems used to evaluate them, ranging
from tissue organ preparations for measurement of smooth
muscle contraction'®*>17¢0-K t5 mast cell histamine-release'
assays and ATP-release' "'’ assays from guinea pig platelets
and affinity measurements on isolated membranes or whole
cells. The activities of synthetic ligands are further compli-
cated by the use of different species, especially tissues and cells
from guinea pigs that have since been found to have two
functional C3a receptors® compared with only one receptor
in humans. Moreover, GPCRs are notorious for having
widely variable species-dependent responses to ligands due
to different amino acid polymorphisms in the receptor, C5a
being a case in point.*' This may in part explain why many of
these peptides reevaluated by us against intact human cells are
either not potent or not selective in their binding to C3aR over
C5aR or also bind and activate other receptors. Our experi-
ences have also highlighted some potency and affinity incon-
sistencies with literature data, warranting reevaluation in
more relevant human cells. It is our opinion that there have
to date been no truly selective and potent agonists or antago-
nists reported for probing the pharmacology of human C3a
in vivo.

There have been very few reports of small non-peptide
ligands for C3aR. The most studied is a hydrophobic capped
arginine N>-[(2,2-diphenylethoxy)acetyl]-L-arginine (SB290157,
3) reported to be a C3a receptor antagonist®* but also shown
to be an agonist in transfected rat basophilic leukemia cells,
Chinese hamster ovary cells, and human U937 cells,ZZb’c as
well as acting on other unknown receptors.>*¢ Antagonists for
C3aR have been reported based on diiminoisoindoline®® and
biphenylimidazole** core structures, while more potent partial
agonists have been based on arginine derivatives with a 2,5-
furyl component (pICso of 7.1 vs 20 pM '*I-C3a)*** and
aminopiperidines without arginine (pICsy = 7.5).2>° One path
to rational development of nonpeptidic ligands for C3aR is to
first identify potent and selective peptides, which proffer
information about side chain fitting to the receptor. This
paper identifies some important properties for high affinity
ligand binding to human C3aR that can be crucial for future
design of druggable compounds.
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Figure 1. Receptor affinity and agonist potency for selected compounds. (A) Affinities for C3a receptor measured by displacement of '*°I-C3a
from human PBMCs: 1 (@), 3 (M), 5 (#), 8 (¥), and 9 (a). (B) Affinities for C5a receptor measured by displacement of '**I-C5a on human
PBMCs: 2 (@), 4 (W), 5 (), 8 (¥), 9 (a), and 10 (O). (C) Activity of 1 (M), 2 (®), 5 (®), and 8 (¥) in intracellular Ca>" mobilization assay on
human dU937 cells. (D) Intracellular calcium release by 5 in C3aR-desensitized human dU937 cells.

Results

Activity of Truncated Anaphylatoxins. N-Terminal trunca-
tion of C3a has previously been used to determine what
constitutes the active portion of C3a, but past efforts to
access short, potent peptides to mimic C3a function have met
with limited success. It has been proposed that, as for C5a-
C5aR, C3a-C3aR interactions can be described by a two-site
model, with the N-terminal helix bundle of C3a providing
affinity while the C-terminus carries the receptor-activating
motif.'> We chose to begin addressing binding affinity and
agonist induced Ca”" release from the promonocytic cell line
U937 differentiated with Bt,-cAMP (dU937). When both
binding and functional assays were used, progressive trunca-
tion of C3a dramatically reduced both affinity and activity of
truncated peptides (Table 1).

C3a (1) and C5a (2) are selective for their respective receptors
on human PBMCs, with no crosstalk between them, as well as
potent inducers of intracellular Ca®* release in dU937 cells
(Table 1). Similarly, the C3a antagonist 3*** and the C5a anta-
gonist 4**97T also bind specifically to C3aR and C5aR, respec-
tively, on PBMCs, with no cross-reactivity, and neither com-
pound induces Ca®" release in dU937 cells at 1 mM (Table 1).
For 2 decades the 15-residue peptide (5), reported as a supera-
gonist,'® has been used as a benchmark for measuring com-
parative agonist activity against C3aR. Although it has high
affinity for C3aR on PBMCs (Table 1), it had only comparable
weak Ca?*-inducing activity to that of C3ag3—77 (6) in dU937
cells. Also, although it did not bind to C5a receptors on human
PBMCs, 5 was not selective for C3aR because it induced Ca**
release even after C3aR in dU937 cells was first densensitized by
human C3a (Figure 1D). Thus, it would appear that future
functional studies with 5 could be misleading because of lack of
selectivity for human C3aR.

Truncation of C3a to its 15-residue C-terminal native pep-
tide sequence leads to a substantial reduction in functional

potency measured by the capacity to induce intracellular
calcium release from dU937 cells (Table 1) (C3ag3—77 6,
ECso = 1.8 uM; C3a 1, ECsy = 52 nM; 35-fold), a reduction
that is 100 times even more pronounced for C5a (C5agg—74 7,
ECsy = 24 uM; C5a 2, ECsy = 7 nM; 3500-fold). These 15
residue peptides based on the C-terminal native sequences of
C3a and C5a were, however, not selective for their receptors
(Table 1), C5ago—74 7 having some affinity for C3aR (ICsq =
1.6 uM) and C3ag—77 6 having even greater affinity for
C5aR (560 nM) as well as 2000-fold lower affinity than C3a
for C3aR. As a result of the nonselectivity of C5agg—74 7, we
decided to also investigate the binding of reported C5a
decapeptide agonists (8—11),%° which we find have much
higher affinity for hC3aR than hC5aR (Table 1). The even
shorter hexapeptide analogues (12, 13)!7° of the C3a C-ter-
minus had marginal affinity for human C3a receptor at
micromolar concentrations (Table 1) and were the minimum
sequences able to induce any calcium mobilization in human
dU937 cells. They were not very active even at 100 uM, the
highest concentration tested, while pentapeptides 14 and
15'7 had even weaker or no affinity for C3aR and did not
induce Ca”" release.

These results highlight both the difficulty in designing
potent and selective small molecules for these receptors,
which have high sequence homology in their transmembrane
regions, and the need to examine affinity for both C3aR and
C5aR when looking for truly potent and selective ligands. On
the basis of this and our other unpublished work, we do not
consider that there currently exists any short peptide (8
residues or less) that is both potent (at submicromolar con-
centrations) and selective (= 100-fold) for human C3aR over
C5aR or other receptors.

Structure—Activity Relationships for Agonist Derivatives
of FKPLAR. Our goal was to create short peptides that are
both selective for human C3aR over human C5a receptors
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Figure 2. Agonist activity for selected peptides in intracellular calcium release in human dU937 cells: (A) 1 (#), 2 (®), 17 (»), 26 (4), 31 (V);

(B) 1 (@),42(v), 54 (#), 55 (m).

Table 2. Agonist Activity of FKPLAR (17) Analogues on Human
dU937 Cells Measured by Calcium Release Assay

Table 3. Activity of FWPLAR (31) and FLPLAR (26) Analogues on
Human dU937 Cells Measured by Calcium Release Assay

apparent agonist activity”

apparent agonist activity”

compd peptide n  pECsoxSE  ECsy“ (uM) compd peptide n pECso + SE ECso“ (uM)
16 FKP(dCha)(Cha)r-NH, 2 5.74+0.25 2.2 42 WWTLAR 3 6.04 + 0.06 0.91
17 FKPLAR 4 4.54+0.20 33 43 hFLTLAR 2 4.96 + 0.08 11
18 HKPLAR 2 @ 44 Ac-FLTLAR 2 6.28 +0.15 0.52
19 ChaKPLAR 3 @ 45 YLTLAR 2 5.61 £0.15 2.5
20 WKPLAR 3 1] 46 RLTLAR 4 @
21 FOPLAR 3 @ 47 FOTLAR 1 @
22 FRPLAR 4 ] 48 FRTLAR 1 5.17£0.36 6.8
23 FEPLAR 4 @ 49 FYTLAR 2 5.324+0.35 4.8
24 FIPLAR 7 6.0 £0.08 0.95 50 FNIeTLAR 3 6.51 +0.30 0.31
25 FNIePLAR 4 5.7+£0.14 1.8 51 FWGLAR 2 6.33 £ 0.09 0.47
26 FLPLAR 3 6.4 +0.09 0.42 52 FWALAR 3 5.934+0.12 1.2
27 FChaPLAR 3 6.1 +0.05 0.78 53 FWSLAR 5 6.31 £ 0.09 0.49
28 FQPLAR 4 5.3+£0.03 53 54 FWTLAR 6 6.43 + 0.09 0.37
29 FFPLAR 2 5.3+£0.09 54 55 FLTLAR 5 6.50 +0.12 0.32
30 FhFPLAR 3 6.0 £ 0.06 1.1 56 FLGLAR 3 6.29 +0.33 0.52
31 FWPLAR 8 6.2+0.14 0.58 57 FLALAR 3 5.96 +£0.23 1.1
32 FNalPLAR 3 6.1 £0.06 0.72 58 FLSLAR 4 6.45+0.19 0.36
33 FKTLAR 3 54+0.19 3.8 59 FLTIAR 2 @
34 FKFLAR 2 @ 60 FLTNIeAR 1 5.58 £0.26 2.7
35 FKPNIeAR 4 4.4 4+ 0.20 38 61 FLTChaAR 4 @
36  FKPChaAR 2 0 62 FLT(dCha)AR 2 ®
37 FKPFAR 3 @ 63 FLTSAR 3 @
38 FKPWAR 2 @ 64 FLTLLR 4 @
39 FKPLChaR 3 1] 65 FLTLPR 1 4.54 +0.19 29
40 FKPLFR 3 @ 66 FLTLAr 2 424 +0.12 57
41 FKPLWR 3 4.6 +0.34 25 67 FLTLAR-NH, 1 4.44 +0.19 37

“Concentration causing 50% maximum calcium mobilization from
Bt,-cAMP differentiated human U937 cells. ®¢: no calcium release
detected at 1 mM.

and with submicromolar potency as agonists in the intracel-
lular Ca®" release assay. Among the most potent C5aR short
peptide agonists is the hexapeptide FKP(dCha)(Cha)r-NH,
(16).>” Given the high sequence homology between C3a and
C5a, we decided to start with this hexapeptide to derive
structure—activity relationships for C3aR binding peptides
using a functional agonist assay in dU937 cells. Since the
Leu-Ala-Arg motif is present at the C-terminus of C3a and
has been shown to be vital for activity at C3aR,'”®" these
residues were incorporated as replacements for (dCha)-
(Cha)r to produce hexapeptide FOKSP4L3A2RI1 (17),
with ECsy = 33 uM in the intracellular calcium mobilization
assay for dU937 cells (Figure 2). Table 2 shows effects of
substitution in FKPLAR on agonist activity, as measured
by intracellular Ca®" release from dU937 cells. When stan-
dard numbering®® was used, Phe6 in 17 was successively
replaced with His, Trp, and the unnatural amino acid Cha

“Concentration causing 50% maximum calcium mobilization from
Bt,-cAMP differentiated human U937 cells. ®@: no calcium release
detected at 1 mM.

but none of the resulting peptides (18—20) were functional
agonists at up to 100 uM, as there was no detectable calcium
release (Table 2).

LysS in 17 was substituted by nonpolar (Ile, Leu, Cha,
Nle), aromatic (Trp, Phe, homoPhe, naphthylalanine), acidic
(Glu), neutral and basic (GIn, Orn and Arg) amino acids
(Table 2). Changing Lys to an alternative basic residue Orn
(21) or Arg (22) or to an acidic residue Glu (23) abolished
activity. However, changing to a hydrophobic aliphatic
(24—27) or aromatic (29—32) residue or to a Gln residue
(28) generated compounds that stimulated Ca®" release
within the ICso range 0.5—6.0 uM. The two most potent
agonists were 26 (Leu) and 31 (Trp) with ECsy of ~0.4 and
0.6 uM, respectively (Figure 2), and they were subjected to a
further round of sequence optimization as shown in Table 3.

Table 3 reports some derivatives of FWPLAR (31).
Replacing Pro4 with residues Gly, Ala, Ser, and Thr
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Figure 3. C3aR selectivity for peptides 24 (A), 31 (B), 54 (C), and 55 (D). Intracellular calcium release was measured in human dU937 cells
desensitized to C3a agonists by C3a. Compounds 24, 54, and 55 were selective, while 31 induced calcium release even after the cells were
desensitized by C3a, suggesting some activation through a different receptor to C3aR.

(51—54) enhanced agonist potency except for Ala. The
threonine-containing 54 (ECsy = 0.37 uM) was the most
potent agonist, but changes from Thr4 to Ser or Gly did not
alter agonist potency much. A second family of compounds
was based on FLTLAR (55) which was slightly more potent
than 54. Changing Phe6 to homophenylalanine or tyrosine
or capping the C-terminus with acetyl (43—45) reduced agonist
potency, while an arginine at this position (46) abolished
activity. Replacing Leu5 with ornithine, arginine, or tyrosine
(47—49) significantly reduced activity, but a change to nor-
leucine (50) had little affect. Changing Thr4 to glycine,
alanine, or serine (56—58) also had little effect. Replacing
any of Leu3, Ala2, or Argl (59—67) substantially reduced or
abolished agonist function of these hexapeptides.

Further investigations were carried out on the tolerance of
each position to different residues in order to confirm the
tests carried out in the earlier part of the study. As Table 3
shows, all changes to FLTLAR resulted in reduced activity,
including addition of an acetyl N-terminal cap (44) and
changing of the C-terminal acid to an amide (67), suggesting
that both the free amino group and the carboxylic acid are
important for potency. Figure 2 shows agonist responses for
potent compounds from Table 2 and 3.

Figure 3 shows receptor desensitization experiments to
examine possible selectivity for two of the most active com-
pounds in this series, 24 and 31. The cells were first exposed
to C3a, which triggers phosphorylation of the receptor by
tyrosine kinases and desensitization to further addition of C3a
or C3aR-selective agonists. Compound 24 does not stimulate
calcium release following C3a receptor desensitization, and we
conclude that it is selective for C3aR. However, 31 does induce
some Ca”" release following desensitization with C3a, indicat-
ing that at least some Ca’" release is not mediated through
activation of C3aR; thus, 31 is not selective. Compounds
35—41 and 59—67 represent changes to the L3 and A2 posi-

Table 4. Affinity of Selected Hexapeptides for C3aR by Competition
with Radioligand Binding, Assayed in Human PBMCs

compd peptide n® —loglCsy+ SE ICso (nM)? 1Cso (nM)°
1 hC3a 13 9.75 +£0.12 0.18 ®
24 FIPLAR 3 6.64 +0.13 230 ®
31 FWPLAR 4 6.56 +£0.30 274 ®
42 WWTLAR 3 6.61 +0.12 244 ®
49 FYTLAR 3 6.78 £0.17 166 ®
54 FWTLAR 3 7.09 4+ 0.33 82 1
55 FLTLAR 3 7.38 £0.26 42 ®
56 FLGLAR 3 6.81 +0.12 157 ®
61 FLTChaAR 2 6.62 +£1.59 238 ®
63 FLTLAr 3 5.10 £+ 0.50 8200 1

“Number of experiments.  Competitive binding with 80 pM '*I-

C3a. ¢ Competitive binding with 80 pM'*I-C5a. ¢: no binding at I mM.

tions, but these reduced agonist potency, suggesting that
L3A2R1 at the C-terminus may be optimal among the
compounds examined here for agonist activity.

Affinity of C3a Ligands for Human C3aR. The affinity for
C3aR and C5aR of some of the more potent agonists (and
one antagonist 61) is reported in Table 4 and Figure 4. We
used competitive radioligand binding experiments using
whole PBMCs isolated from human plasma to determine
1Cs, foreach ligand (1, 24, 31, 42,49, 53,54, 55, 61 and 63) by
displacement of '*°I labeled human C3a or C5a measured
with a scintillation proximity assay. The ligands were tested
in triplicate on three different occasions to obtain a full dose
response curve for each compound. There was a pseudo-
linear correlation between C3a-competitive ligand binding
affinity and Ca”*-inducing agonist potency (Figure 7), and
none of the compounds showed any affinity at submillimolar
concentrations for human C5a receptors.

Solution Structure of Agonist 55. Agonist peptide 55 was
examined by 1D and 2D proton NMR spectroscopy in an
attempt to identify any propensity for adopting well-defined
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Figure 4. Competitive ligand binding affinity for human PBMCs. (A) Affinity of selected peptides for C3aR in competitive radioligand
binding vs '°I-C3a (80 pM): 1 (@), 3 (W), 4 (®), 54 (V). 55 (). (B) Affinity of selected peptides for C5aR as determined in a radioligand binding

assay vs '2°1-C5a (80 pM): 1 (@), 2 (00), 3 (M), 4 (#), 54 (), 55 (a).

Table 5. '"H NMR Chemical Shift (6, ppm) Assignments for 55 in
DMSO-dg at 25 °C

residue NH Ha Hp others
F (6) na 4.04 2.88,3.09 Ho 7.24; He 7.30
L (5) 8.65 4.50 1.48 Hy 1.65; Ho 0.88
T4 805 397 397 Hyl 4.92; Hy2 1.04
L(3) 7.82 4.30 1.48 Ho 0.82
A(Q2) 796 426 1.19
R (1) 8.06 4.15 1.73, 1.62 Hy 1.57; Ho 3.09; He 7.46

structure in solution. There was no well ordered structure in
water, as expected for short peptides, because water com-
petes strongly for hydrogen bonds and only a random
assembly of rapidly interconverting structures is normally
observed.* However, in the aprotic solvent DMSO-d, stable
secondary structures can sometimes be observed even for
short peptides.*" Indeed, at 298 K distinct doublet reso-
nances were observed for each of the amide peaks of 55
(Table 5). The phi and psi dihedral angles of the residues were
obtained from the Karplus equation using coupling con-
stants displayed for the amides. High (> 8 Hz) or low (< 6 Hz)
coupling constants were indicative of secondary structure in
solution (Leu3, 8.2 Hz; Thr4, 8.6 Hz; Leu3, 8.3 Hz), whereas
a disordered structure has uniform amide coupling constants
between 6 and 8 Hz.

Secondary structure in peptides is often stabilized by main
chain to main chain or main chain to side chain hydrogen
bonds. The low temperature coefficient for the L3 amide
proton (3.2 ppb/K) (Supporting Information) suggests that
it may be involved in hydrogen bonding. When T4 was
replaced by alanine, the L3 amide proton no longer had a
low temperature coefficient, indicating that the T4 side chain
hydroxyl is the hydrogen bond acceptor. ROESY experi-
ments for 55 showed 19 distinctive short and medium range
ROEs, indicating a well-defined structure for 55. Two weak
ROES dy net4, a2y and dg Nes, a2 are indicative of a 8 turn
structure between residues L5 and A2 (Figure 6).

Solution structures were determined using 19 ROE distance
constraints and 3 dihedral angle constraints, resulting in a
family of 15 lowest energy structures which are displayed in
Figure 5 (see Supporting Information for the Ramachandran
plot, dihedral angles, Cou(i,i+3) distances and H-bond dis-
tances). The ROEs (Figure 6), distances separating Ca
protons of Leu5 and Ala2 (<7 A) are indicative of a -turn,
the dihedral angles of the two middle residues (T4 and 1L3)
closely mimicking a S-turn. The rmsd of the peptide backbone
within the family of 15 structuresis 1.7 A, which is a reasonable
convergence for a short unconstrained peptide in solution.

The peptide turn motif in Figure 5 is similar to what we
have reported* for the C5aR specific antagonist FKP-
(dCha)Wr in DMSO and appears to be encouraged by a
hydrogen bond formed between the hydroxyl side chain of
Thr4 and the backbone amide proton of Leu3. Variable
temperature NMR data reveal a low temperature coefficient
(3.2 ppb/K) for this proton, indicating its possible involve-
ment in a hydrogen bond. A serine at this position, which
can also form the same hydrogen bond, resulted in similar
agonist potency. Proline- and glycine-containing peptides
(31 and 56) have similar agonist activity and likely also favor
a turn motif but without the need for this hydrogen bond.
The amide proton of Leu3 in peptide FOLALAR1 57 did not
exhibit a low temperature coefficient, presumably because it
is missing its hydroxyl oxygen bonding partner concomitant
with its relatively low activity (I M) in the calcium release
assay.

C3aR Antagonist 61. Figure 7 shows an almost linear
relationship between C3aR affinity (PBMCs) and activity
(dU937 cells) for C3a hexapeptides from Table 4, consistent
with the expected affinity—activity correlation despite using
two different cell types. It was clear that the LAR tripeptide
motif comprising the C-terminus of C3a agonists was not
amenable to much change without loss of substantial agonist
activity in a calcium release assay. However, this was not an
absolute requirement for tight binding to the C3a receptor.
For example, FLTChaAR (61) was unique among the pep-
tides examined that showed no agonist activity at 100 uM in
the calcium release assay, but it did bind strongly to the
receptor (ICsy = 240 nM, Table 4).

This indicated that 61 was likely an antagonist, with no
agonist activity below 100 uM. This was subsequently de-
monstrated through noncompetitive antagonism of Ca>"
release in human PBMCs induced by either C3a (Figure
8A) or agonist 54 (Figure 8B). It was not a competitive ligand
with either of these two agonists, since depression of the
maximal agonist response by varying concentrations of 61
did not change the apparent ECs, values of C3a or agonist
54. Thus, either compound 61 binds to a different site on the
C3a receptor or it is an insurmountable antagonist, much
like certain hexapeptide antagonists of human C5aR.""We
favor the latter explanation in view of the similarity of the
peptide sequences.

Discussion

Human C3a or its receptor C3aR is implicated in the
pathology of multiple inflammatory and immune conditions,
for which either an agonist or an antagonist might have
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Figure 5. NMR-derived solution structure for compound 55 in in DMSO-d; (298 K). (A) 15 of 20 lowest energy minimized NMR structures
showing the backbone of 55. Residues are labeled with three-letter amino acid codes. (B) Representative NMR structure of 55 showing the
H-bond formed between the side chain hydroxyl group of Thr4 and the backbone amide proton of Leu3. A distance of 2.8 A separates the heavy

atoms involved in the bond.
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Figure 7. Correlation between binding affinity (ICsy) and agonist
activity (ECsg) for peptides in Table 4. 61 had no agonist activity at
100 uM; thus, it is given pECsy = 4.

beneficial effects. However, the ubiquitous expression of C3a
and C3aR on many cell types in addition to immune cells may
point to additional functions of C3a that await to be discov-
ered. C3a itself induces chemotaxis, secretion of proinflam-
matory cytokines that define immunostimulatory properties,
contraction of smooth muscle, activation of mast cells and
eosinophils, and an increase in vascular permeability leading
to increased migration of monocytes and neutrophils from the

bloodstream into tissue.' Furthermore, C3a-desArg, in which
the C-terminal arginine is cleaved from C3a by N-carboxy-
peptidase, is known as acylation stimulating protein (ASP)
and is implicated in triglyceride synthesis and adipocyte
function in metabolic syndrome.”® Clearly, small molecules
that can reproduce the function of C3a and its metabolites can
at the very least be useful biological probes of C3a function in
vivo, where it is often too expensive and impractical to
experiment with the native protein or specific antibodies to
it. Small molecule agonists may also have important uses by
reproducing beneficial immunological properties of C3a.
The known GPCR activating functions of C3a are localized
largely within its C-terminal octapeptide region, and there
have been numerous attempts to mimic the functions of C3a
by creating short peptides based on its C-terminus. However,
most reported small molecule ligands based on C3a have been
tested in a diverse array of assays, often in guinea pigs that
have more than one C3a receptor, so we needed to reevaluate
some of the leading agonists against human C3aR first, before
devising new ligands. We found (Table 1, Figure 1) that some
reported C5aR ligands actually bound much more tightly to
C3aR, while other reported peptide ligands for C3aR were not
selective and often bound competitively with '*°I-C5a to cells
or induced Ca”" release from cells in which C3aR was first
desensitized by C3a. Another compound reported to be a
superagonist of C3aR (e.g., 5) was found to bind tightly to
human macrophage C3aR but had only weak agonist activity
in the Ca®" release assay and was also not receptor-selective.
Consequently, we set out to obtain potent agonists that
unambiguously bound selectively and tightly to human C3aR.
From two series of new hexapeptides, we discovered
FLPLAR 26 and FIPLAR 24 (ECsq of 0.4—0.95 uM,
Table 2) and FWTLAR 54 and FLTLAR 55 (ECsy ~ 0.3
uM, Table 3) as the most potent and selective agonists for
hC3aR. There was a pseudolinear correlation between agonist
potency (measured as release of Ca® " into human dU937 cells)
and C3aR binding affinity (measured by competition with
1251 labeled human C3a on PBMCs). An NMR-derived solu-
tion structure for agonist 55 showed significant “turn” or
“bend” propensity in the aprotic solvent DMSO, a feature of
the C-terminus of C3a itself, hinting at a potential requirement
for this structural feature for binding within the transmem-
brane region of human C3aR. This result is consistent with the
findings that over 100 peptide-activated G protein coupled
receptors have shown a tendency to recognize protein and
peptide ligands with turn structure®®® and that cyclic pep-
tides that mimic turn conformations tend to be potent ligands
for GPCRs and other protein targets.***° Future incorpora-
tion of turn-inducing peptidomimetic constraints into such
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by intracellular calcium release assay.

peptides, their cyclic or nonpeptidic analogues, could prove
fruitful for obtaining even more potent and selective ligands
for human C3aR, en route to discovery of candidates suitable
for clinical trials.

The reported C3aR antagonist 3, which does not bind to
human C5aR (Table 1), is currently the main antagonist
reported in the literature for probing the pharmacology of
C3aR in vivo and in vitro. It has been used in animal models
for treating asthma, allergy, arthritis, intracerebral hemorrha-
ging, ischemia/reperfusion injury, among others.”’** How-
ever, it has also been shown to be an agonist in some assays
and to induce non-C3a related activities in other assays.>> Our
new antagonist FLTChaAR (61) has been found to have
comparable binding affinity to 3 for human C3aR on PBMCs
(ICs0 238 nM (61) vs 140 nM (3)). Like 3, it did not bind to
hC5aR, and in our study 61 was a more potent antagonist of
C3a-induced intracellular Ca>" release than 3 (ICsq of 238 nM
vs 1.3 uM). New compound 61 has cyclohexylalanine in place
of leucine at position 3 and is the most potent selective
antagonist for human C3aR yet reported. Interestingly, this
compound was an insurmountable antagonist and may pro-
vide a valuable clue to future design of even more potent and
selective small molecule C3aR antagonists.

Some conclusions from this study that can be drawn about
the requirements of human C3aR for potent and selective
hexapeptide ligands are the following: (i) the C-terminal Leu3-
Ala2-Argl motifis important for agonist activity, with changes
to this region leading to significant reductions in agonist
potency; (ii) threonine at the fourth position gave the most
potent compounds, although other amino acids with small
side chains (serine, alanine, proline, glycine) were not that
much less potent; (iii) the most potent agonists had trypto-
phan, norleucine, or leucine at the fifth position; (iv) only
ligands with phenylalanine at the sixth or N-terminal position
were potent agonists; (V) replacing leucine at the third position
of short peptide agonist 55 with a bulkier group leads to
compound 61, which is a functional antagonist of both C3a
and the short peptide agonist 54. These results for ligands with
both high affinity and high selectivity for human C3aR finally
provide some long awaited clues that have been needed to
drive the development of drug leads specific for this important
receptor in human immune defense and inflammatory and
autoimmune diseases.

Experimental Methods

General. Protected amino acids and resins (Auspep, Parkville,
Victoria, Australia; Advanced ChemTech, U.S.; Novabiochem,

Laufelfingen, Switzerland), TFA, DIPEA, piperidine and DMF
(peptide synthesis grade; Auspep, Parkville, Victoria, Australia),
HBTU (IRIS Biotech, Germany) and HATU (Sigma Aldrich)
were obtained from commercial sources. Preparative scale reversed-
phase HPLC (rpHPLC) separations were performed on Phenom-
enex C18 columns (100 A, 250 mm x 20 mm). Analytical rpHPLC
were measured on Phenomenex Luna 5 um C18 columns [Rt(1)],
using gradient mixtures of water/0.1% TFA (solvent system A) and
water 10% /acetonitrile 90%/TFA 0.1% (solvent system B). Purity
was checked under different gradients to confirm single products.
The molecular weight was determined by electrospray mass spec-
trometry (LCT MICRO-MASS). All compounds were analyzed
for purity and molecular weight by rpHPLC and mass spectro-
metry, respectively, with all compounds having > 95% purity. High
resolution mass spectrometry was performed on a Bruker micro-
TOF by direct infusion in MeCN at 3 #L/min using sodium formate
clusters as an internal calibrant.

Peptide Synthesis. Short peptides were assembled by manual
stepwise solid phase peptide synthesis using HBTU activation
and DIPEA in situ neutralization using Fmoc chemistry. Pep-
tides 16 and 67 were synthesized on Rink amide MBHA resin
(Novabiochem, 0.64 mmol/g) to obtain amide functionality at
the C-terminus. All other peptides were synthesized on Fmoc-
Arg(Pbf)-Wang resin, 0.54 mmol/g substitution (Novabiochem),
to obtain peptides with the free C-terminal carboxylic acid group.
The peptides were fully deprotected and cleaved from resin by
treatment with 9.5 mL of TFA/0.25 mL of TIPS/0.25 mL of
water at room temperature for 2 h. After evaporation preparative
HPLC was used for peptide purification (gradient 0—100% B over
30 min).

NMR Spectra Acquisition. "H NMR spectra were recorded
on a Bruker Avance 600 spectrometer on samples containing
1—4 mM peptide in 90% water + 10% D,O or DMSO-d.
Proton assignments were made using TOCSY (80 ms mixing
time), NOESY, and ROESY (350 ms mixing time) spectra
according to the sequential assignment method.>!* Water sup-
pression in 2D experiments was performed using a 3—9—19
Watergate pulse sequence. Variable-temperature 1D 'H and
TOCSY spectra were typically collected at 5 K increments from
298 to 303 K. For identification of slowly exchanging amides, a
series of 1D '"H and TOCSY spectra were run immediately after
dissolving the peptide (5 mg) in 90% D,O/H,O (550 uL). All
spectra were analyzed in TopSpin 1.3 (Bruker, Germany).

Structure Calculation. Cross-peaks in ROESY spectra were
integrated and calibrated in TopSpin 1.3, and distance con-
straints from ROE intensities were assigned as strong (2.7 A
upper limit), medium (3.5 A upper limit), weak (5 A upper limit),
or very weak (6 A upper limit). Corrections for pseudo-atoms
were added to distance constraints where needed. Backbone
dihedral angle restraints were inferred from >J N coupling
constants in 1D spectra at 298 K. ¢ was restrained to —120 £ 30°
for *Joynn = 8 Hz Peptide bond w angles were all set to trans,
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and structures were calculated without explicit hydrogen bond
restraints. Initial structures were generated using XPLOR-NIH
2.19.3!9 Starting structures with randomized ¢ and v angles and
extended side chains were generated using an ab initio simulated
annealing protocol.*'® The calculations were performed using
the standard force field parameter set (PARALLHDG.PRO)
and topology file (TOPALLHDG.PRO). Refinement of struc-
tures was achieved using the conjugate gradient Powell algo-
rithm with 1000 cycles of energy minimization and a refined
force field based on the program CHARMm.*'® Structures were
visualized with MacPymol (The PyMOL Molecular Graphics
System, Schrodinger, LLC).

Cell Isolation and Culture. Human peripheral blood mono-
nuclear cells (PBMC) were isolated from buffy coat (obtained
from Australian Red Cross Blood Service, Kelvin Grove) using
Ficoll-Paque density centrifugation (GE Healthcare Bio-
Science, Uppsala, Sweden) and cultured in complete media, con-
sisting of IMDM with 10% FBS, 10 U/mL penicillin, 10 U/mL
streptomycin, and 2 mM L-glutamine (Invitrogen at 37 °C, with
5% CO,). Promonocytic U937 cells (cultured in RPMI media
with 10% FBS, L-Glu, PenStrep, and NEAA) were pretreated
72 h prior to assay with membrane-permeable cAMP analogue
Bt,-cAMP (0.5 mM), which induces cell differentiation to a
monocyte/macrophage- or granulocyte-like phenotype. Cellu-
lar differentiation induces increased C3aR and C5aR expression
on the cell membrane.*

Receptor Binding. Receptor binding was performed using
125[.C3a, 80 pM (2200 Ci/mmol, Perkin-Elmer, Torrance,
CA), PBMC cells (15 x 10° cells/mL) and in the absence or
presence of various concentrations of unlabeled C3a or C3a
hexapeptide agonist for 60 min at room temperature with
shaking in 50 mM Tris, 3 mM MgCl,, 0.1 mM CaCl,, 0.5%
(w/v) bovine serum albumin, pH 7.4. Unbound radioactivity
was removed by filtration through glass microfiber filters GF/B
(Whatman Iner. Ltd., England) which had been soaked in 0.6%
polyethylenimine to reduce nonspecific binding. The filter was
washed 3 times with cold buffer (50 mM Tris-HCI), pH 7.4.
Bound '*’I-C3a was then assessed by scintillation counting on a
B-counter. Specific '*°I-C3a binding is defined as a difference
between total binding and nonspecific binding as determined in
the presence of 1 uM unlabeled C3a. The ICs, value is the
concentration of antagonist to inhibit the binding of labeled
ligand by 50%. Nonlinear regression analysis (GraphPad Prism
5) was performed on concentration—response curves to deter-
mine [Cspand —log ICso. The —log ICs, for each compound was
calculated for separate experiments and expressed as an arith-
metic mean standard error (SE). ICs, values were expressed as a
geometric mean.

Intracellular Calcium Release Assay. Pretreated U937 cells and
culture medium were centrifuged (25 rpm, 5 min). The super-
natant was removed, and the cells were resuspended in 2 mL of
wash buffer (1x HBSS, 20 mM HEPES, 2.5 mM probenecid, pH
7.4). Cells were counted on a hemocytometer. One dye-loading
buffer (12 mL of wash bufter, 1% FBS, 25 uL of Fluo-3 (final
concentration 4 uM), 25 uL. 20% pluronic acid) was added per
5—7 million cells. Cells were suspended in dye loading buffer,
incubated in a covered culture flask for 1 h at 37 °C, then
centrifuged (25 rpm, 5 min). The supernatant was removed, and
cells were resuspended in 3 mL of wash buffer and centrifuged
(25 rpm, 5 min). The process was repeated for cell density of 2 x
10° cells/mL (or 100000 cells per well). Then 50 uL of test
compound or buffer or control/well was plated out on sterile
black-wall, clear-bottom 96-well plates (Corning Incorporated,
NY). Plate was then loaded into the FLUOstar instrument
(BMG LabTechnologies, Offenburg, Germany), where fluores-
cence was measured over 1 min with excitation at 485 nm and
emission at 520 nm of Fluo-3 bound Ca®" complex, at 28 °C.
Differentiated U937 cells were administered in situ 10 s into the
1 min reading. Agonist responses were expressed as a percentage
of calcimycin (A23187) or control compound activity, measured
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as the maximum change in fluorescence through emission from
the Fluo-3 bound calcium complex.

Statistical Analysis. For both receptor binding and agonist
assays, nonlinear regression was performed using Prism 5
(GraphPad Software, San Diego, CA).
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