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Synthesis and Activity of Dimeric Bradykinin Antagonists
Containing Diaminodicarboxylic Acid Bridge Residues
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Abstract: Enhancement of a ligand’s interaction with a receptor through presenting the ligand in multimeric
form is a topic of general interest. Thus dimerization of single-chain bradykinin antagonist peptides has
previously been shown to be beneficial in terms of potency and duration of action. While crosslinking
polypeptides at terminal positions using suitable dicarboxylic acids and diamines is comparatively straight-
forward synthetically, internal dimerizations are usually achieved through oxidation or double S-alkylations
of cysteine residues, resulting in metabolically unfavourable disulphide and thioether cross-links. Using
suitably modified standard solid-phase peptide synthesis protocols, dimeric bradykinin antagonist peptides
[H-(D-Arg)-Arg-Pro-Hyp-Gly-Phel,-X-[(D-Phe)-Leu-Arg-OH], were synthesized where X corresponds to a L,L-
2,7-diaminosuberic or L,L-2,9-diaminosebacic acid residue, respectively. The biological activity of these
peptides was comparable to that of conventional dimeric bradykinin antagonists cross-linked through
cystine or bis(succinimido)alkyl bridges. © 1998 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Bradykinin (H-Arg'-Pro?-Pro®-Gly*-Phe5-Ser®-Pro”-
Phe®-Arg®-OH) acts on smooth muscle, dilates pe-
ripheral vessels, increases vascular permeability
and is a potent pain-producing agent. Because of
the latter property and because of bradykinin’s in-
volvement in many pathophysiological processes,
there exists an interest in developing potent
bradykinin B, receptor antagonists as potential

Abbreviations: Hyp, (4R)-4-hydroxyprolyl; MALDI-TOF MS, matrix-
assisted laser desorption ionization time-of-flight mass spectrome-
try; NMM, N-methylmorpholine; Oic, (3aS, 7aS)-octahydro-
indol-2-yl-carbonyl; pA,, log molar concentration of antagonist in
the presence of which twice the concentration of agonist is re-
quired to produce the same response as in the absence of antago-
nist; Pmec, 2,2,5,7,8-pentamethylchroman-6-sulphonyl; PyBOP,
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluoro-
phosphate; Thi, 3-(2-thienyl)alanyl; Tic, 1,2,3,4-tetrahydro-
isoquinolin-2-yl-carbonyl.
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therapeutic agents for the treatment of inflamma-
tion and pain.

Replacement of Pro” in bradykinin with D-Phe
confers antagonism properties on the resulting ana-
logue [1]. A marked and selective increase in affinity
for the B, receptor is achieved by replacing Pro®
with Hyp and by extension of the peptide chain at
the amino terminus with D-Arg [2]. Antagonist
affinity for both the B, and B, receptors is increased
by the replacement of Phe® or Phe® with Thi [3].
Similar effects are achieved with either p-Phe in
position 7 or with Leu in position 8, provided p-Arg®
and Hyp? are present (compounds 1 and 2, Scheme
1). Combination of the p-Phe” and Leu®, and partic-
ularly D-Tic” and Oic® replacements enhances
affinity and confers metabolic stability [4]. These
findings have led to the most potent bradykinin
antagonist known to date (HOE-140, peptide 3) [5].

A different approach towards increased potency
and resistance to metabolic inactivation is provided
by dimerization of single-chain bradykinin peptide
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Scheme 1

antagonists. Additionally, this approach permits
combination of two single-chain antagonists with
different receptor subtype specificities [6]. Enhance-
ment of a ligand’s interaction with a receptor
through presenting the ligand in multimeric form
has been shown to be feasible in several systems
[7-13]. It is thought that such enhancement oper-
ates through an increase of the effective local ligand
concentration at the receptor and, in some cases,
through actual multivalent interactions of the lig-
and with the receptor. In a systematic study of
dimerizations based on the single-chain bradykinin
antagonist 1, Cheronis et al. [14] showed that
dimerization at position 6 through a bis(succin-
imido)alkane linker containing a six-carbon alkyl
spacer (4a) resulted in optimal activity in vitro. We
were interested in replacing such disulphide and
thioether bridges with non-reducible and stable
alkane moieties. This can be achieved with the aid
of appropriate diaminodicarboxylic acids [15,16]
through solid-phase peptide synthesis without the
need for post-assembly dimerization.

MATERIALS AND METHODS

General

Bis(Fmoc)-L,L-2,7-diaminosuberic acid and bis-
(Fmoc)-L,L-2,9-diaminosebacic acid [16,17] were
synthesized using Schollkopf asymmetric alkylation
technology [18]. Peptides 1-3 were obtained from
Bachem AG, Switzerland.

© 1998 European Peptide Society and John Wiley & Sons, Ltd.

Amino acid derivatives and general peptide syn-
thesis reagents were obtained from Novabiochem
AG and Bachem AG (Switzerland), as well as from
Applied Biosystems Inc. (USA). DMF and TFA were
from Rathburn Ltd (UK). Other reagents and sol-
vents used were of the highest commercially avail-
able grades.

Amino acid compositions were determined by the
Amino Acid Analysis Laboratory, University of Upp-
sala, Sweden. MALDI-TOF MS was performed using
a Lasermat 2000 instrument (Thermo Bioanalysis
Ltd, Hemel Hempstead, UK). The matrix used was
o-cyano-4-hydroxycinnamic acid. RP-HPLC was
carried out using Beckman System Gold equipment
and Vydac columns (218TP1022 for preparative,
and 218TP54 for analytical work). Gradient elution
with MeCN/H,0) (0.1% TFA) was applied.

Cystine Dimer 4a and Bis(succinimido)hexane Dimer
4b

Both these peptides were prepared, essentially as
described [14], from the common precursor H-(D-
Arg)-Arg-Pro-Hyp-Gly-Phe-Cys-(D-Phe)-Leu-Arg-OH,
the former by air oxidation (1 mg/ml; pH 7.4), the
latter by selective S-alkylation with bis(-
maleimido)hexane (2:1 molar ratio of peptide/cross-
linker; 1:10 DMF/H,O pH 7.4). Reactions were
followed by analytical RP-HPLC (oxidation complete
after 13 days, alkylation complete after 1 h). The
reaction mixtures were concentrated and chro-
matographed by preparative RP-HPLC to afford the
pure title peptides. Cystine dimer 4a: analytical
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RP-HPLC — tx =22.7 min, purity 98% (5-50%
MeCN over 30 min, 1 ml/min, 2 =215 nm); MALDI-
TOF MS—[M+H]* =2526; C,;,H;7,7N550,,S, re-
quires 2526.3. Bis(succinimido)hexane dimer 4b:
analytical RP-HPLC — t; = 13.6 min, purity 98% (5-
75% MeCN over 20 min, 1 ml/min, /=215 nm);
MALDI-TOF MS—[M + H] ™ =2805; C 55H;95N40-
0,5, requires 2804.4.

Dimeric Peptides 4c and 4d

Using a ‘bubbler’ apparatus for manual peptide
synthesis [19], Fmoc-Arg(Pmc)-Tentagel S PHB
resin (2 g, 0.42 mmol; from Rapp Polymere, Tubin-
gen, Germany) was Fmoc-deprotected with 20%
piperidine/DMF during 20 min and was then
washed extensively with DFM. The drained resin
was acylated with Fmoc-Leu-OH, PyBOP and HOBt
(2 mmol each) and NMM (3 mmol) in DMF (4 ml)
during 2 h and was again washed with DMF. After
repeated deprotection, a further acylation was car-
ried out similarly using Fmoc-(pD-Phe)-OH. Aliquots
of the drained resin (0.2 mmol each) were again
deprotected, washed and reacted with bis(Fmoc)-
2,7-diaminosuberic acid or bis(Fmoc)-2,9-di-
aminosebacic acid (0.08 mmol), PyBOP (0.16 mmol),
HOBt (0.16 mmol) and NNM (0.24 mmol) in DMF (1
ml) for 18 h. Unreacted resin-bound amino groups
were then capped by reaction with excess acetic
anhydride in DMF (2 x 10 min). The resin samples
were washed and transferred to reaction cartridges
of an ABI 433A peptide synthesizer. The remaining
residues were assembled employing the standard
single-couple (1 mmol scale) chemistry programme,
successively using the following amino acid deriva-
tives: Fmoc-Phe-Oh, Fmoc-Gly-OH, Fmoc-Hyp(BuY)-
OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH and Fmoc-
D-Arg(Pmc)-OH. After completed assembly and ter-
minal Fmoc-deprotection, the resin aliquots were
washed successively with DMF, CH,Cl, and Et,0)
and were dried. Cleavage and side-chain deprotec-
tion was performed for 2 h with TFA containing
phenol (5%) and H,O (5%). Resin residue was re-
moved by filtration and was washed with neat TFA.
The combined filtrate and washings from each
cleavage were evaporated under reduced pressure
and the crude peptides were precipitated with Et,O.
They were collected by centrifugation and were
dried under high vacuum.

The crude peptides were purified in aliquots of ca.
20 mg by preparative RP-HPLC (5-40% MeCN over
50 min at 10 ml/min). Semi pure material from two
runs was pooled and rechromatographed (same
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conditions) to afford the pure peptides (purification
yield ca. 20%) [H-(p-Arg)-Arg-Pro-Hyp-Gly-Phe],-
(2,7-diaminosuberyl)-[(D-Phe)-Leu-Arg-OH], (4c):
analytical RP-HPLC — tz = 17.6 min, purity 98% (5-
50% MeCN over 20 min, 1 ml/min, 4=215 nm);
MALDI-TOF MS — [M + H] " =2490; C;,6H;51N35054
requires 2490.4; amino acid analysis—-Arg, 5.86 (6);
Pro, 2.03 (2); Hyp, 2.10 (2); Gly, 1.98 (2); Phe, 3.87
(4); Leu, 2.00 (2). [H-(p-Arg)-Arg-Pro-Hyp-Gly-Phe],-
(2,9-diaminosebacyl)-[(D-Phe)-Leu-Arg-OH], (4ad):
analytical RP-HPLC — t; = 16.8 min, purity 98% (5-
50% MeCN over 20 min, 1 ml/min, /=215 nm);
MALDI-TOF MS — [M + H] " =2519; C;,5H;45N35044
requires 2518.4; amino acid analysis —Arg, 6.15
(6); Pro, 1.92 (2); Hyp, 2.11 (2); Gly, 1.78 (2); Phe,
4.06 (4); Leu, 2.02 (2).

RESULTS AND DISCUSSION

The lead structures for these studies were the bis(-
succinimido)alkane peptide dimer 4a (BRADYCOR)
and the cystine peptide dimer 4b, which were pre-
pared from H-(p-Arg)-Arg-Pro-Hyp-Gly-Phe-Cys-(D-
Phe)-Leu-Arg-OH by selective S-alkylation with
bis(maleimido)hexane and by oxidation, respec-
tively, as described [14].

The novel peptides 4c and 4d, on the other hand,
were prepared using N-Fmoc-protected [17] deriva-
tives of L,L-2,7-diaminosuberic acid and L,L-2,9-di-
aminosebacic acid, respectively [15,16]. Standard
peptide synthesis methods [20] with appropriate
modifications for obtaining the resin-bound dimeric
intermediates, were employed. It was found that
acylation of H-(p-Phe)-Leu-Arg-Resin with some-
what less than one half molar equivalent of Fmoc-
protected diaminodicarboxylic acid favoured
formation of the desired dimeric resin-bound inter-
mediate while preventing formation of the interme-
diate with only one of the carboxyl groups of the
diaminodicarboxylic acid residue amidated to the
tripeptidyl resin. Unreacted peptidyl resin amino
groups were then capped by acetylation prior to
Fmoc-deprotection and completion of peptide as-
sembly. The protected dimeric decapeptidyl resins
were cleaved and deprotected, affording the desired
peptides as the only major products (Figure 1).

The bradykinin B, receptor antagonistic potency
of compounds 1-4 was tested; the results are sum-
marized in Table 1. The pA, values obtained for the
single-chain antagonists 1-3 are in good agreement
with those published previously using a similar
bioassay. A statistically significant potency differ-
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ence between the bis(succinimido)alkane dimer 4a
and the simple cystine dimer 4b was not found, and
the potency of peptide 4a was lower than previously
reported. Replacement of cystine in 4b with its isos-
teric dicarba analogue 2,7-diaminosuberic acid sur-
prisingly resulted in a dimer peptide 4¢ which was
distinctly less potent. Increasing the chain length of
the bridge amino acid improved activity, resulting in
a dimeric bradykinin antagonist 4d which was
equipotent with the cystine dimer 4b and was mar-
ginally more potent than the parent single-chain
compound 1, as well as the related compound 2.

Absorbance (215 nm)

N

10 16 22 28
Retention time (min)

Figure 1 HPLC analysis pf peptide 4d. Crude product
after peptidyl resin cleavage and deprotection (a) and
purified peptide (b). HPLC conditions: Vydac 218TP54
column (octadecylsilane; 4.6 x 250 mm), 1 ml/min flow
rate, gradient elution from 5 to 50% acetonitrile in water
(containing 0.1% TFA) over 20 min. The eluent corre-
sponding to the peak at 11.5 min in (a) does not contain
peptidic material but is due to cleavage artefacts.
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Table 1 Antagonistic Effect of Peptides on
Bradykinin-induced Guinea Pig Ileum Con-

traction®
Compound Biological activity

pA, measured® pA, published
1 6.3+0.3 6.5+0.2 [14]
2 6.0+0.1 5.9 [23]
3 8.4+0.2 8.5 [5]
4a 6.4+0.4 7.7+0.2 [14]
4b 6.9+0.2 7.2+0.1 [14]
4c 59+04
4d 6.8+0.2

2 An assay system was used essentially as de-
scribed [14].

b Average and standard deviation derived from
three experiments.

CONCLUSIONS

These results show that in principle it is possible to
dimerize single-chain bradykinin antagonist 1
through the introduction of diaminodicarboxylic
acid residues in place of Cys®, without loss of po-
tency. From Table 1 it can be seen that none of the
dimeric bradykinin antagonists 4 approach the po-
tency of the single-chain antagonist 3. Recent re-
sults with conventionally dimerized third generation
bradykinin antagonists [21,22] would indicate that
the dimerization methods introduced here will be
applicable to such peptides and should provide
highly potent, stable antagonists.

Acknowledgements

The authors wish to thank Dr Pradip K. Bhatnagar
for helpful discussions.

REFERENCES

1. R.J. Vavrek and J.M. Stewart (1985). Competitive an-
tagonists of bradykinin. Peptides 6, 161-164.

2. N.E. Rhaleb, G. Drapeau, S. Dion, D. Jukic, N. Rouissi
and D. Regoli (1990). Structure-activity studies on
bradykinin and related peptides: agonists. Br. J. Phar-
macol. 99, 445-448.

3. J.M. Stewart and R.J. Vavrek in: Peptides: Chemistry
and Biology Proceedings at the 10th American Peptide

J. Peptide Sci. 4: 289-293 (1998)



10.

11.

12.

. J. Stepinski, I.

Symposium, G.R. Marshall, Ed., p. 433-437, ESCOM,
Leiden 1988.

. D. Regoli, N.-E. Rhaleb, S. Dion and G. Drapeau

(1990). New selective bradykinin receptor antagonists
and bradykinin B, receptor characterization. TiPS 11,
156-161.

. F.J. Hock, K. Wirth, U. Albus, W. Linz, H.J. Gerhards,

G. Wiemer, S. Henke, G. Breipohl, W. Koenig, J. Knolle
and B.A. Schoelkens (1991). Hoe 140 a new potent and
long acting bradykinin-antagonist: in vitro studies. Br.
J. Pharmacol. 102, 769-773.

. J.C. Cheronis, E.T. Whalley, L.G. Allen, S.D. Loy,

M.W. Elder, M.J. Duggan, K.L. Gross and J.K. Blodgett
(1994). Design, synthesis, and in vitro activity of bis(-
succinimido)hexane peptide heterodimers with com-
bined B, and B, antagonist activity. J. Med Chem. 37,
348-355.

. RA. Roth, D.J. Cassell, D.O. Morgan, M.A. Tatnell,

R.H. Jones, A. Schiittler and D. Brandenburg (1984).
Effects of covalently linked insulin dimers of receptor
kinase activity and receptor down regulation. FEBS
Lett. 170, 360-364.

. Y. Higuchi, Y. Takano, H. Shimazaki, Y. Shimohigashi,

H. Kodama, H. Matsumoto, K. Sakaguchi, S. Nonaka,
R. Saito, M. Waki and H.-O Kamiya (1989). Dimeric
substance P analogue shows a highly potent activity in
the in vivo salivary secretion in the rat. Eur. J. Phar-
macol. 160, 413-416.

Zajaczkowski, D. Kazem-Bek, A.
Temeriusz, A.W. Lipkowski and S.W. Tam (1991). Use
of hydrophilic diamines for bridging of two opioid pep-
tide pharmacophores. Synthesis and receptor binding
of two new analogues. Int. J. Peptide Protein Res. 38,
588-592.

T.J. Dwyer, B.H. Geierstanger, M. Mrksich, P.B. Der-
van and D.E. Wemmer (1993). Structural analysis of
covalent peptide dimers, bis(pyridine-2-carboxami-
donetropsin) (CH,);4, in complex with 5-TGACT-3’
sites by two-dimensional NMR. J. Am. Chem. Soc. 115,
9900-9906.

M.B. Stolz and J.-L. Fauchere (1988). Synthesis and
steroidogenic activity of covalently dimerized corti-
cotropin (ACTH) fragments. Helv. Chim. Acta 71,
1421-1428.

H. Matsumoto, Y. Shimohigashi, Y. Takano, S. Sak-
aguchi, H.-O. Kamiya and M. Ohno (1993). Optimum
cross-linking spacer length of dimeric neurokinin B
analogs for interaction with NK-1 tachykinin receptors.
Bull. Chem. Soc. Jpn 66, 196-204.

© 1998 European Peptide Society and John Wiley & Sons, Ltd.

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

DIMERIC BRADYKININ ANTAGONISTS 293

. I. Ojima, Q. Dong, M. Eguchi, Y.-I. Oh, C.M. Amann
and B.S. Coller (1994). Structure-activity relationship
of double-stranded RGD peptides as gplIb/Illa receptor
antagonists. Bioorg. Med. Chem. Lett. 4, 1749-1754.
J.C. Cheronis, E.T. Whalley, K.T. Nguyen, S.R. Eu-
banks, L.G. Allen, M.J. Duggan, S.D. Loy, K.A. Bon-
ham and J.K. Blodgett (1992). A new class of
bradykinin antagonists: Synthesis and in vitro activity
of bissuccinimidoalkane peptide dimers. J. Med.
Chem. 35, 1563-1572.

R.F. Nutt, R.G. Strachan, D.F. Veber and F.W. Holly
(1980). Useful intermediates for synthesis of dicarba
analogues of cystine peptides: Selectively protected o-
aminosuberic and «, «'-diaminosuberic acid of defined
sterochemistry. J. Org. Chem. 45, 3078-3080.

P.K. Bhatnager, E.K. Agner, D. Alberts, B.E. Arbo, J.F.
Callahan, A.S. Cuthbertson, S.J. Engelsen, H. Fjerd-
ingstad, M. Hartmann, D. Heerding, J. Hiebl, W.F.
Huffman, M. Husben, A.G. King, P. Kremminger, C.
Kwon, S. LoCastro, D. Lgvhaug, L. Pelus, S. Petteway
and J.S. Takata (1996). Structure-activity relationship
of novel hemoregulatory peptides. J. Med. Chem. 39,
3814-3819.

P.M. Fischer, M. Solbakken and K. Undheim (1994).
Solution synthesis of a dimeric pentapeptide: Dike-
topiperazine cyclisation of Glu-Asp dipeptide esters
and Asp-racemisation during segment condensation.
Tetrahedron 50, 2277-2288.

G. Bold, T. Allmendinger, P. Herold, L. Moesch, H.P.
Schéar and R.O. Duthaler (1992). Stereoselektive Syn-
these von (2S,6S)-2,6-Diaminoheptandisdure und von
usymmetrischen Derivaten der meso-2,6-Diaminohep-
tandisdure. Helv. Chim. Acta 75, 865-882.

E. Atherton and R.C. Sheppard: Solid Phase Peptide
Synthesis: A Practical Approach, p. 87-89, IRL Press,
Oxford 1989.

G.B. Fields and R.L. Noble (1990). Solid phase peptide
synthesis utilizing 9-fluorenylmethoxycarbonyl amino
acids. Int. J. Peptide Protein Res. 35, 161-214.

L. Gera, J.M. Stewart, E. Whalley, M. Burkard and
J.S. Zuzack (1996). A new class of potent bradykinin
antagonist dimers. Immunopharmacology 33, 178-
182.

D. Chan, L. Gera, B. Helfrich, K. Helm, J. Stewart, E.
Whalley and P. Bunn (1996). Novel bradykinin antago-
nist dimers for the treatment of human lung cancers.
Immunopharmacology 33, 201-204.

J.M. Stewart and R.J. Vavrek (1987). Bradykinin com-
petitive antagonists: design and activities. Adv. Biosci.
65, 73-80.

J. Peptide Sci. 4: 289-293 (1998)



