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ABSTRACT. The determination of the relationship between ligand affinity and bioactivity is important for the
understanding of receptor function in biological systems and for drug development. Several physiological and
pathophysiological functions of bradykinin (BK) are mediated via the B, receptor. In this study, we have
examined the relationship between B, receptor (soluble and membrane-bound) binding of BK peptidic
antagonists, inhibition of calcium signalling at a cellular level, and in vitro inhibition of ileum contraction. Only
human systems were emploved in the experiments. Good correlations between the studied activities of BK
antagonists were observed for a variety of different peptidic structures. The correlation coefficients (r} were in
the range of 0.905 to 0.955. In addition, we analyzed the effect of the C-terminal Arg® removal from BK and
its analogs on B, receptor binding. The ratios of binding constants (K;"~"/K; ") for the Arg” containing
compounds and the corresponding des-Arg® analogs varied from about 10 to 250,000. These ratios strongly
depend on the chemical structures of the compounds. The highest ratios were observed for two natural agonist
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pairs, BK/des-Arg”-BK and Lys®-BK/des-Arg®-Lys°-BK.
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BKTt is a vasoactive nonapeptide that is formed locally
from kininogen precursors following inflammation or tissue
damage. BK causes vasodilation and increases vascular
permeability, resulting in edema. It also produces contrac-
tion of bronchiolar, gastrointestinal, and uterine smooth
muscles [1, 2]. The actions of BK and its metabolite,
des-Arg®-BK, are mediated through at least two different
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types of receptors named B, and B, respectively [1-3].
Since the determination of the BK sequence in 1960, a
large number of antagonists have been synthesized and
tested in vivo and in vitro, mostly in animal systems {4-7].
However, in recent years new biochemical methods have
been developed that allow one to evaluate BK and its
antagonists in human cell systems [8—12]. Present availabil-
ity of many human cell lines and recombinant receptors
[13-15]} greatly facilitates signal transduction and binding
studies on human BK receptors. It is well known that
calcium release from intracellular stores is an important
event in signalling, triggered by peptide hormone receptors.
It has been shown that the B, receptor is also coupled to
calcium release in many cell types including smooth muscle
cells, fibroblasts, and synovial, endothelial, and neuronal
cells {12, 16-19]. A good correlation between antagonist
binding and inhibition of receptor bioactivity is expected
and is observed frequently [20]. However, this kind of
structure-to-function relationship is often very complex
and cannot be extrapolated easily from one receptor system
to another for a variety of reasons. These may include
different receptor subclasses or receptor states, events con-
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trolled by kinetics rather than equilibrium, and possible
interactions with some other receptors or membrane pro-
teins that may not be detected by binding assays.

This paper describes studies on the correlation between
binding using soluble and membrane-bound human B,
receptor, calcium flux in human fibroblasts, and pA, values
in human ileum. We have used only human receptor systems
to limit problems associated with interspecies variability.
Further, only peptide-based compounds, including several
novel BK antagonists, were employed in these studies. In
addition, we have analyzed the effect of removal of Arg’
from the agonists and antagonists on B, receptor binding.

MATERIALS AND METHODS
Materials

Bradykinin, kallidin, digitonin, BSA, TES, HEPES, PIPES,
CHAPS, glucose, 1,10-phenanthroline, and EGTA were
purchased from the Sigma Chemical Co. (St. Louis, MO).
Bacitracin was obtained from Calbiochem (San Diego,
CA). PH]BK was purchased from DuPont-NEN (Boston,
MA). Fura-2AM and Pluronic F-127 were obtained from
Molecular Probes Inc. (Eugene, OR). EMEM, 200 mM
L-glutamine, and sodium pyruvate were from BioWhittaker
(Walkersville, MD), and penicillin-streptomycin and F-12
Ham’s medium were from Gibco BRL (Gaithersburg, MD).
FBS was from Irvine Scientific (Santa Ana, CA) or
Hyclone (Logan, UT). Human lung diploid fibroblasts
WI-38 were purchased from the American Type Culture
Collection (Rockville, MD) at 14 passages and used in the
Ca’"-flux assay from passage 16 to 28. BK antagonists
coded with a “B” prefix were synthesized at the University
of Colorado; all other antagonists were synthesized at

Cortech.

Isolation and Expression of the Human B,
Receptor Gene

RNA was isolated from human lung fibroblasts (CCD-16
LU obtained from the ATCC) using the method of Chirg-
win et al. [21]. The RNA was transcribed into cDNA using
MMLYV reverse transcriptase with the primer GACTCG
AGTCGACATCGATTTTTTTITTTTTTTT according
to the procedure of Maniatis et al. [22]. The human B,
receptor cDNA was amplified selectively using nested PCR.
The first round PCR utilized the two primers CTCCGAG
GAGGGGTGGG and CCTGAAAAGCAACTGTCCC
and Taq DNA polymerase (Promega, Madison, W1). Twen-
ty-five rounds of PCR were done under the following
experimental conditions: 94°, 1 min for denaturation, 50°,
I min for annealing, followed by 72° and 3 min for
extension. Excess primers were removed with a Centri-
con-30 micro concentrator (Amicon Inc., Beverly, MA). A
portion of this first round reaction was used as a template
in a second round of PCR with the following primers
GCAAGCTTCGTGAGGACTCCGTGCCC and CGC
TCTAGACAAATTCACAGCCC. The number of
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rounds of PCR and the conditions were the same as those
used for the first round. The DNA obtained after the
second round was digested with the restriction enzymes
HindIll and Xbal using standard methodology. Cesium
chloride-purified pRc/CMV (Invitrogen, San Diego, CA)
was also digested with HindIll and Xbal, using standard
methodology. The products of the two digests were resolved
on a 1% low melt agarose gel. The human B, receptor DNA
(approximately 1.1 kb) and the pRc/CMV DNA (approx-
imately 5.5 kb) were excised from the gel. The gel slices
containing these DNAs were heated at 65°, and aliquots
were combined in a reaction containing T4 DNA ligase.
The reaction was incubated overnight at 15°. An aliquot of
this reaction was used to transform frozen competent
Escherichia coli DH5a cells {Gibco BRL). Transformants
containing the human B, receptor DNA were selected on
LB+amp plates. One of the transformants was chosen, and
the sequence of the human B, receptor DNA insert was
determined using the Sequenase enzyme (United States
Biochemical, Cleveland, OH) according to the manufac-
turer’s instructions. This sequence was compared to the
sequence of Hess et al. [13]. Two nucleotide misincorpora-
tions were detected, and those that altered the amino acid
sequence of the receptor were corrected by site-directed
mutagenesis [23]. Cesium chloride purified human B, re-
ceptor-pRc/CMV plasmid was transfected into CHO-K1
(ATCC) cells using the Lipofectamine reagent (Gibco
BRL). Transfectants were selected with the antibiotic
(G418 and screened (see details below) for PH]BK (Dupont
NEN) binding. One clone, S34f, was chosen based upon
binding levels, binding kinetics, and inhibition patterns as
the clone to be used for all human B, receptor binding
assays. This clone also displayed detectable calcium flux
elicited by BK (see “Calcium Flux Assay” below).

Binding to Membrane-Bound B, Receptor

Preparation of CHO-K1 cell membranes containing human
B, receptor and the binding assay were performed as
described previously {24]. Briefly, human clone membrane
suspensions were incubated with 0.3 nM [*H]BK with or
without test compounds in 25 mM TES, 2 uM 1,10-
phenanthroline, 2 uM captopril, 0.014% bacitracin, 0.1%
BSA, pH 6.8, at room temperature for 45 min. The
membranes were harvested by quick filtration in a Tomtec
harvester with ice-cold wash Tris buffer (pH 7.5) onto
Wallac printed glass fiber “B” filtermats presoaked with
polyethylenimine. Membrane-bound radioactive material,
retained by the filtermats, was counted in a Wallac 1450
microbeta counter. Nonspecific binding was determined by
the addition of 1000-fold excess of nonradioactive BK over
[PH]BK. The K, value for BK was 0.72 * 0.23 nM.

Binding to Solubilized B, Receptor

For the preparation of soluble receptors, the membranes of
transfected CHO-K1 cells were thawed to 4° and centri-
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fuged in an Eppendorf centrifuge (15,000 g) at 4° for 2-4
min. Pellets were reconstituted with 5 parts of 20 mM
PIPES, 1 mM 1,10-phenanthroline, 0.1 mM bacitracin,
0.25% CHAPS [25], pH 6.8, mixed for 10 min at 4° and
centrifuged for 30 min in a Beckman L7 Ultracentrifuge
{96,075 g), and the supernatant was stored on ice until
used. The solubilized receptor solutions were incubated at
4° for 6 hr in the presence of 5 nM [PH]BK with or without
test compounds in the PIPES buffer described above con-
taining 0.125% CHAPS. The B, receptor concentration
was less than 0.25 nM. After incubation, the receptor—
PHIBK complex was separated from free ["HJBK on an
analytical Sephadex G-50 column at 4°. Radioactivity of
the complex was measured using Wallac Hi-Load scintilla-
tion mixture (LKB) in a Wallac 1450 microbeta counter.
The K, value for BK was 1.5 * 0.2 nM. Nonspecific
binding was determined as described above.

Calcium Flux Assay

W1-38 fibroblasts were cultured in EMEM with Earle’s BBS
(BioWhittaker) containing 10% FBS, 2 mM L-glutamine, 1
mM sodium pyruvate, and 5% penicillin-streptomycin at
37° in an atmosphere of 7% CO,~93% air. Cells were kept
for 1.5 hr before experiments in modified EMEM contain-
ing 0.1% BSA (EMEM-BSA). At confluence, cells were
harvested with cold (4°) 0.025% trypsin/EDTA solution
(Clonetics, San Diego, CA) for 1 min, washed twice with
EMEM-BSA, and loaded with 5 pM Fura-2AM containing
0.05% Pluronic F-127 [26] during a 30-min incubation at
37°, washed again with EMEM-BSA and twice with Krebs
buffer, pH 7.4 (120 mM NaCl, 475 mM KCl, 1.1 mM
CaCl,, 1.44 mM MgSO,, | mM KH,PO,, 25 mM HEPES,
5 mM NaHCO;, 11 mM glucose, and 0.1 mM EGTA).
Cells were kept on ice before experiments; however, all
experiments were performed at room temperature. Different
concentrations of antagonists were preincubated with 2 X
10 cells for 5 min, and BK was used at a concentration of
20 nM, which elicited approximately 80% of the maximal
BK response {without antagonist). The ECs, value for BK
was 7.5 = 1.2 nM. The fluorescence measurements {cor-
rected for cell autofluorescence) were performed using a
Perkin—Elmer LC-50B Luminescence Spectrometer with
excitation wavelengths of 340 and 380 nm and an emission
wavelength of 510 nm [26, 27]. Maximum and minimum
fluorescence ratio signals were measured using digitonin
and EGTA at final concentrations of 75 and 50 pM,
respectively.

Measurements of Antagonist Activity in Human Ileum

Whole human ileum was delivered on ice in Urrocolins
buffer from the International Institute for the Advance-
ment of Medicine (Exton, PA) approximately 24-36 hr
after death. Donors were of either sex between the ages of
19 and 60. The mucosa layer was removed, and the tissue
was cut into longitudinal strips approximately 5 by 20 mm.
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These strips were equilibrated for 1 hr in 8 mL siliconized
tissue baths under 2 g resting tension at 37° in gassed (95%
O, and 5% CO,) Kreb’s solution {118.4 mM NaCl, 4.7 mM
KCl, 2.5 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,,
25.0 mM NaHCQO,, 11.1 mM glucose). Tissues were primed
initially with 1 uM BK followed by a 45-min wash period.
Antagonist potencies were measured using BK as an ago-
nist. Cumulative concentration-response curves were re-
peated in the same tissue prior to and following a 15-min
exposure to one of the antagonists. Data were calculated as
percent of the maximum contraction in the control curve.
Generally, three concentrations of antagonists were used.
Shifts in the BK Cs, were used to calculate pA, {negative
log of the molar concentration of antagonist that causes a
2-fold increase in the ECs5p) values obtained against BK for
each antagonist, according to the method of Arunlakshana
and Schild [28]. Compound B9668 displayed a biphasic
response with a minor phase and a major phase; only pA,
for the major phase was used for the correlation studies. For
compounds B9066 and B9812, only pK,, values were mea-
sured, where pK, = —Log {([antagonist]/[x — 1]) and x is
the dose ratio defined as icsplantagonist + agonist)/
1Csolagonist].

In Vitro Proteolysis

Proteolytic stability studies of peptidic compounds were
performed as described by Goodfellow et al. [24].

Data Analysis

Analysis of the receptor binding data was performed using
a standard single-site competition model. The 1cs5 or
Log(icsy) values were calculated by a nonlinear least
squares regression analysis program {GraFit, Erithacus Soft-
ware). K, constants were calculated from the equation
icso = K,(1 + ([PHIBK)/K,). In the binding experiments,
the intra-assay standard errors for Log (ICsy) were in the
range of 0.05 to 0.2 and in most cases below 0.1. The
inter-assay standard deviations for pK; or piCs, were in the
range of 0.05 to 0.3 except in the case of B9696 and B9698
with the membrane-bound receptor, where the inter-assay
standard deviations were 0.62 and 0.55, respectively. In the
case of the calcium flux assay, the ICs, or Log (iCs50) values
were obtained using a four-parameter fitting routine as
described by De Lean et al. [29]. The intra-assay and
inter-assay variabilities of piCs, for the calcium flux exper-
iments were in the range of 0.01 to 0.2. All of the assays
were performed one to three times depending on the
experimental error evaluation during computer calcula-
tions. All of the experiments with human ileum were
conducted using 5~15 ileum strips from 2 to 6 donors. The
pA; or pKj, values were measured for each strip. The overall
standard deviations {including different donors) of pA; and
pK, were in the range of 0.1 to 0.3 except for CP0678 with
a standard deviation of 0.5.
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TABLE 1. Amino acid sequences of BK antagonists
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Compound AA° AA! AA? AA3 AA* AAS AAS AAT AA® AA®
BK Arg Pro Pro Gly Phe Ser Pro Phe Arg
KD Lys Arg Pro Pro Gly Phe Ser Pro Phe Arg
B9066 DArg Arg Pro Hyp Gly Cpg Ser vTic Cpg

B9340 DArg Arg Pro Hyp Gly Thi Ser plgl Oic Arg
B9430 DArg Arg Pro Hyp Gly Igl Ser plgl Oic Arg
B9512 Arg Pro Hyp Gly Thi Ser plgl Oic Arg
B9598 Arg Pro Hyp Gly Igl Ser plgl Oic Arg
B9668 Gun-DArg Arg Pro Hyp Gly Thi Ser plgl Oic Arg
B9694 DATrg Arg Pro Pro Gly Igl Ser plgl Oic Arg
B9696 Gun-Arg Pro Hyp Gly Igl Ser plgl Oic Arg
B9698§ Gun-DArg Arg Pro Hyp Gly Igl Ser plgl Qic Arg
B9812 DArg Arg Pro Hyp Gly Igl Ser plgl Oic

B10220 DArg Arg Pro Hyp Gly Cpg Ser pTic Cpg Arg
CP0088* DArg Arg Pro Hyp Gly Phe Ser DPhe Leu Arg
CP02987 Lys Arg Pro Pro Gly Phe Ser Pro Leu

CP0597 DArg Arg Pro Hyp Gly Thi Ser DTic NChg Arg
CP0678 daA Arg Pro Hyp Gly Thi Ser pTic NChg Arg
CP0716 DArg Arg Pro Hyp Gly Phe Ser DTic NChg Arg
CP0750 NK,Af-DArg Arg Pro Hyp Gly Thi Ser pTic NChg Arg
CP0840 DHM-pLys Arg Pro Hyp Gly Thi Ser pTic NChg Arg
CP0858 daA Arg Pro Hyp Gly Phe Ser pTic NChg Arg
CP0885 DArg Arg Pro Hyp Gly Phe Cys pTic NChg Arg
Hoel40§ DArg Arg Pro Hyp Gly Thi Ser DTic Oic Arg
DRHoel40 DArg Arg Pro Hyp Gly Thi Ser pTic Oic

NPC431! Arg Pro Pro Gly Thi Ser DPhe Thi Arg
NPC567" DArg Arg Pro Hyp Gly Phe Ser DPhe Phe Arg
DRNPC567 DArg Arg Pro Hyp Gly Phe Ser pPhe Phe

Abbreviations not defined previously: AA, amino acid residue; Cpg, a-cyclopentylglycine; DRHoe140, des-Arg®-Hoel40; DRNPC567, des-Arg®-NPC567; vTic, p-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid; daA, des-amino-Arginine; DHM, dihydromorphine; DHM-DLys, (5a,6a)-4,5-epoxy- 1, 7-methylmorphinan-6-ol-3-oxy-lauroyl-N-e-nDLys;
Gun, guanidyl; Hyp, trans-4-hydroxyproline; Igl, a-2-indanylglycine; KD, kallidin (Lys®-BK); NChg, N-cyclohexylglycine; NK, A, neurokinin receptor antagonist; NK, A-DArg,
(N-methyl-indol-3-yl)carbonyl-(N-hexanoyl-N-a-DArg)-glycyl-N-methyl-N-phenylmethyl-3-(2-naphthyl)-L-alaninamide; Oic, (3aS,7aS)-octahydroindole-2-carboxylic acid;

and Thi, a-2-thienylalanine.
* Regoli et al. [31].
1 Regoli and Barabé [1].

1 Modified neurokinin antagonist (NK,A) [32], see also Abbreviations.

§ Hock et al. [33].
I Stewart and Vavrek [5], Hall [2].

RESULTS AND DISCUSSION

The determination of the relationship between ligand
affinity and bioactivity is very important for understanding
receptor function in biological systems and for drug devel-
opment. Theoretically, a good correlation is expected and
frequently observed between antagonist binding and inhi-
bition of receptor bioactivity, because an antagonist only
needs to block the receptor [20]. Weaker correlations are
expected and observed in the case of agonists where the
molecular events involve not only binding but also induc-
tion of a unique receptor conformation necessary for signal
transduction [20]. However, even in the case of antagonists,
significant deviations are also possible due to the following
reasons: (1) different receptor subclasses or receptor states,
(2) events controlled by kinetics rather than equilibrium, or
(3) possible interactions with some other receptors or
membrane proteins that may not be detected by the
binding assays. Recent studies on the B, receptor gene in
mouse indicate that a single gene appears to be responsible
for conferring responsiveness to BK in this species [30].
Kinetic problems may be especially important in the case of

very potent antagonists where very diluted compounds can
react slowly with receptors despite their high k__ constants.
In this situation, the duration of in witro biological assays
may be too short (because of the experimental design or
technical limitations) to reach equilibrium. Ligand adsorp-
tion on plastic or glass surfaces may cause additional
problems, especially with solutions without detergent or
other agents used to eliminate surface adsorption.

For our studies we used only human systems and exam-
ined peptide-based BK analogs with diverse chemical struc-
tures (Table 1). Included in this list were two compounds
with large molecular weight N-terminal substituents
(CP0840 and CP0750 which contain dihydromorphine and
a neurokinin A antagonist, respectively) and five com-
pounds devoid of the C-terminal Arg residue. Several
compounds are novel BK antagonists.

We selected two binding assays that employed detergent
(CHAPS)-solubilized and membrane-bound recombinant
human B, receptors (see Materials and Methods) to mea-
sure the receptor binding activity (pK; = —LogK; or
piCso = —LoglCsp) of these compounds. The rank order of
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Compound pK;-sR piCso-mR
CP0298 4.42 4.12
B9066 5.98 5.94
DRNPC567 6.14 6.01
B10220 6.54 7.21
NPC431 6.96 6.92
DRHoe140 7.40 6.85
CP0088 7.77 6.63
B9812 7.82 7.68
CP0678 8.08 1.76
CPO750 8.52 7.60
NPC567 8.67 7.80
B9340 8.80 9.67
CP0885 9.14 9.36
B9696 9.32 8.84
CPO716 9.40 9.28
B9598 9.42 9.02
CP0840 9.44 8.89
Hoel40 9.74 9.67
B9694 9.82 9.14
B9668 9.89 9.00
B9430 9.92 9.63
B9698 10.20 9.23

Correlation coefficient (r} = 0.9456; slope = 0.91.

FIG. 1. Correlation between antagonist binding affinities for membrane-bound and soluble receptors. Labels a, b, and ¢ indicate

compounds B10220, CPO088, and B9340, respectively.

potencies for some ligands was found to be in good
agreement for both forms of the B, receptor [25]. However,
the conformational state of the receptor bound to biomem-
brane fragments can still be different than the receptor state
in detergent micelles; therefore, the correlation between
the two forms of receptor is not necessarily predictable for
all the ligands. The overall correlation between pK;-sR and
piCso-mR was reasonably good with a correlation coefficient
{r) of 0.946; however, noticeable deviations were observed
for B10220, CP0088, and especially B9340 (Fig. 1). The
reason for this discrepancy is unknown. The chemical
structures (Table 1), do not show distinct differences of
these three compounds when compared with the other
compounds. Proteolytic instability of these compounds is
unlikely to be a problem, especially in the presence of
proteolytic inhibitors. CPO088 showed a negative deviation
(with respect to the calculated correlation line), but this
compound was more resistant to in vitro proteolysis than BK
(unpublished data; see also Materials and Methods). Fur-
ther studies are necessary to clarify this issue.
Interestingly, a better caorrelation was observed between
BK-elicited inhibition of calcium flux {picsy-Ca) in fibro-
blast and soluble receptor binding (pK;-sR) with a correla-
tion coefficient (r) of 0.955 (Fig. 2). Calcium is an
important second messenger, but it only indicates a bio-
chemical response to BK at the cellular level; therefore, we
also studied the effects of the BK antagonists on BK-elicited
human ileum contractions. Correlations between the pA;
values in human ileum and soluble receptor binding, and
pA, and inhibition of calcium flux are presented in Figs. 3
and 4, respectively. Only a small number of antagonists
were tested in human ileum due to limited availability of

this tissue and compounds. The correlation coefficients
were 0.905 and 0.939, respectively. The deviations ob-
served in Fig. 3 may be experimental rather than related to
chemical structure (especially taking into account potential
variability associated with different diseases of human
donors and initial storage conditions of ileum samples). A
relatively high negative deviation with B9812 most likely is
not associated with proteolysis because this compound
showed excellent in vitro stability in the presence of
proteolytic enzymes (unpublished data). Also, the “binding
paradox” [2], which addresses a discrepancy between abso-
lute affinities determined from binding studies and those
determined from functional pharmacological studies, does
not seem to provide an adequate explanation for the
present data. This discrepancy may be attributable to the
differing ionic composition of assay buffers; however, the
literature data [2] show that the rank order of antagonist
affinities determined in binding studies correlates well with
relative affinities obtained in functional studies.

The overall results (especially the correlation coeffi-
cients) described in this paper indicate that the binding
constants of BK peptidic antagonists with the soluble or
membrane-bound human B, receptors predict biological
potency with good probability. However, one should be
aware of kinetic limitations in functional assays. The
addition of the calcium flux assay is also very useful for such
predictions (Fig. 4) and necessary to differentiate agonists
from antagonists. Some data showed relatively high vari-
ability; in two cases pK, rather than pA, values were
measured for human ileum, and several binding and cal-
cium flux experiments were performed once (see “Data
Analysis” in Materials and Methods), although using
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pIC,,-Ca
[~}
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Compound pK.-sR piCso-Ca
CP0298 4.42 2.87
B9066 5.98 5.54
B10220 6.54 5.82
NPC431 6.96 5.13
DRHoe140 7.40 5.58
CP0858 1.75 7.01
CP0088 1.77 5.70
B9812 7.82 6.18
CP0678 8.08 7.05
CP0750 8.52 7.07
B9340 8.80 7.64
CP0597 9.05 7.82
CP0885 9.14 7.60
B9512 9.19 7.57
B9696 9.32 7.88
CP0716 9.40 8.00
B9598 9.42 8.13
CP0840 9.44 7.51
Hoe140 9.74 8.70
B9694 9.82 7.85
B9668 9.89 8.10
B9430 9.92 9.00
B9698 10.20 8.80

Correlation coefficient (r} = 0.9553; slope = 0.94.

FIG. 2. Correlation between inhibition of calcium flux and antagonist binding to soluble B, receptor.

enough data points to obtain statistically meaningful re-
sults.

[t should be noted that two novel B, antagonists, B9430
and B9698 (Table 1, Figs. 1-3), showed comparable or
better potency than the reference standard Hoel40 [33].
Compound B9430 also displayed very good stability [34].
B9698 (the a-guanido analog of B9430) was not tested for
proteolytic stability; however, its resistance to proteolysis is
expected to be very similar to that of B9430. A selective B,
antagonist, CP0298 [1] (Table 1), was relatively inactive in
these systems as expected (Figs. 1 and 2), and it did not

PK-sR

undergo any significant proteolysis under the conditions of
the calcium flux assay.

In addition, we studied the effect of removal of the
C-terminal Arg’ residue from BK analogs on B, receptor
binding. Four pairs of the antagonists differed by the
presence or absence of this amino acid residue. To be
thorough, BK, des-Arg’-BK, Lys®-BK (KD), and des-Arg’-
Lys®-BK were also included in this analysis. In each case,
the removal of the C-terminal Arg® residue lowered the
receptor binding potency (pK; or piCsy) of the ligands as
expected {9, 25, 35]. The results for these compounds are

Compound pK;-sR PA,
B9066 5.98 5.56
B9812 7.82 5.84
CP0678 8.08 7.60
CP0750 8.52 6.65
B9340 8.80 7.80
CP0597 9.05 7.60
CP0885 9.14 7.80
CP0716 9.40 7.95
Hoel40 9.74 8.30
B9668 9.89 8.50
B9430 9.92 8.50

Correlation coefficient (r) = 0.9054; slope = 0.79.

FIG. 3. Correlation between pA, values in ileum and antagonist binding to soluble B, receptor.
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Compound pIC50-Ca pA,
B9066 5.54 5.56
B9812 6.18 5.84
CP0678 7.05 7.60
CP0750 1.07 6.65
CP0885 7.60 7.80
B9340 7.64 7.80
CP0597 7.82 7.60
CP0716 8.00 7.95
B9668 8.10 8.50
Hoel40 8.70 8.30
B9430 9.00 8.50

Correlation coefficient (r) = 0.9395; slope = 0.93.

FIG. 4. Correlation between pA,, values in ileum and inhibition of calcium flux in fibroblast.

presented in Table 2. The changes of the pK; (ApK,; =
b N — pi M) or picsy (Apicsy = p i = p, )
values were very different, and the spread was from 0.6 to
5.4, which corresponds to the range of 10-250,000 for the
ratios of the binding constants (K A’g/KX'A’g)‘ Thus, the
energetic contribution of Arg’ in the binding is not
additive, i.e. it strongly depends on the preceding chemical
structure of the peptidic ligand. The largest differences {(on
the order of 5.3 to 5.4 and 4.0 to 4.3) were observed for the
two agonist pairs, BK/des-Arg®-BK and Lys°-BK/des-Arg’-
Lys®-BK, respectively. A similar drop of potency for these
des-Arg’® agonists has been reported before [9, 25, 35]. The
lack of additivity may be partially associated with the loss of
the Ser®(O)-Arg’(NH) hydrogen bond in the C-terminal
B-turn [35, 36]. The absence of this hydrogen bond in the
receptor binding pocket may create greater conformational

flexibility (an unfavorable entropic factor in binding) of
agonists like des-Arg’-BK than that of more constrained
antagonists like des-Arg’-Hoel40 [8]. Another possible
interpretation is that the mode of ligand binding to the B,
receptor, and consequently the energy contribution of Arg’
in the studied compounds, is different. Recent literature
data suggest that some agonists and antagonists do not bind
to identical sites on the receptor [35, 37]. More BK analogs,
which would differ by single amino acid substitutions, need
to be tested to define more precisely these structure-to-
function relationships.

In conclusion, a significant correlation between BK B,
receptor binding, inhibition of BK-elicited calcium flux,
and inhibition of ileum contraction was observed for a
variety of peptidic bradykinin antagonists in human in vitro
systems. QOur results strengthen earlier literature suggestions

TABLE 2. Effect of Arg® removal from peptidic ligands on B, receptor binding

Compound pK.-sR* piCso-mR ¥t ApK; Apicso
BK 8.8 8.9

5.4 5.4
Des-Arg®-BK 3.4 36
KD 8.9 9.0

4.0 4.2
Des-Arg®-KD 4.9 4.7
NPC567 8.7 8.2

2.5 1.8
Des-Arg®-NPC567 6.1 6.0
Hoel40 9.7 9.8

2.3 2.8
Des-Arg’-Hoe140 1.4 6.8
B9430 9.9 9.8

2.1 1.9
Des-Arg®-B9430 78 7.1
B10220 6.6 7.2

0.6 1.3
Des-Arg®-B10220 6.0 59

* pK;-sR, —Log(K}) with soluble receptor (see “Data Analysis” in Materials and Methods).

T piCsg-mR, —Log(ics,) with membrane-bound receptor.

¥ Similar ApiCs values of 5.2 and 2.65 have been reported recently for BK and Hoe140, respectively [35].
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that B, human receptor binding assays combined with
calcium flux cell assays are very useful analytical techniques
for identification of potent and selective bradykinin B,
human receptor antagonists.

Additional comparisons of Arg® containing compounds

and the corresponding des-Arg” analogs demonstrated that
the removal of the C-terminal Arg residue from the former
compounds produced very different effects on human B,
receptor binding. These effects strongly depend on the
chemical structure of the BK analogs. The largest changes
in receptor binding constants were observed for two natural
agonist pairs, BK/des-Arg’-BK and Lys®-BK/des-Arg’-
Lys®-BK (kallidin).
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