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Scheme 1. Synthesis of Cyclic Hexapeptides
Boc-Pro'-OR (R = CH;Ph or resin)
l a
Boc-Z5.-Pro'-OR
lb
Fmoc-Y*--2%.-Pro'-OR
lc
Fmoc-X*-.¥%..25..pro'.OR
ld
Fmoc-Ile’--X‘--Ys--Zs--Pro-OR
l e
(Cbz- or Fmoc-)-W..Ile®..x*.-¥%..2%.Pro'-OR
‘f
H-wi qie?.. x*--¥*..2% .Pro'-(-NHNH, or -OH)
Js

-wioqle

Fmoc-ile-D-A-Piz-OH,
BOP (6. 12)

Pro - 3

|
ATR SIS

%(a) HCl or TFA; Boz-Z8-OH, BOP;? (b) HCI; Fmoc-Y5-Cl or
Fmoc-(N®-Boc)Orn-OH, BOP (6, 8); (c) piperidine or Et,NH;
Fmoc-X4-Cl; (d) piperidine or Et,NH; Fmoc-lle-Cl or Fmoc-Ile-
C1/AgCN/toluene/80 °C (3, 5, 13) or Fmoc-Ala-Cl (15); (e) piperi-
dine or Et,NH; Fmoc-W2-OH, BOP or Fmoc-D-Phe?-Cl (2) or Cbz-
D-Phe?-Cl (3) or Boc-D-(0-Et)TyrOH, BOP (13); (f) piperidine or
Et,NH; NH,NH,; or H,, Pd(OH), (3) or HCO,H (13); (g) i-
CsH,;ONO or DPPA- (3, 4, 13); compounds 6 and 8 were obtained
by treatment with HCO,H and TFA, respectively, to remove the
N*-Boc group on Orn®; compound 9 was obtained by hydrogenoly-
sis (Hy, Pd(OH),) to remove the N?-Cbz group on Ppz5 compound
5 was obtained by hydrogenolysis (Hy, Pd(OH);) to remove the
N?-Cbz group on D-Piz*, followed by oxidation to D-A-Piz* with ¢-
BuOCl. Compound 4 was prepared on solid phase using Boc pro-
tection, TFA deblocking, and symmetrical-anhydride couplings.
The linear hexapeptide was cleaved from the resin with HF and
cyclized with DPPA. ®BOP = [(benzotriazol-1-yl)oxy]tris(di-
methylamino)phosphonium hexafluorophosphate. ¢DPPA = di-
phenyl phosphoroazidate.

good potency and aqueous solubility but shows that the
potency-enhancing modifications at the 2- and 4-positions
are not strictly additive.

The importance of the D-Phe?-Ile? dipeptide in the cyclic
hexapeptide series suggests a possible structural homology
with the identical dipeptide!* or the D-(OEt)Tyr?-Iled di-
peptide moiety* found in many oxytocin antagonists more
closely related to the structure of the hormone. Consistent
with this idea is the observation that p-(OEt)Tyr? analogue
13 possesses good binding affinity. This homology, how-
ever, has not offered fully predictive value for antagonist
design. We continue to try to understand the true
structural relationship between the two antagonist classes.

In summary, the structure-activity profile for cyclic
hexapeptide analogues related to the natural product-de-
rived lead 1 shows that high levels of oxytocin receptor
affinity can be realized with certain amino acids at the 2-
and 4-positions and that aqueous solubility can be in-
creased substantially by introducing basic groups at the
5- and 6-positions. Several potent and selective oxytocin

(14) Manning, M.; Kruszynski, M.; Bankowski, K.; Olma, A.; Lam-
mek, B.; Cheng, L. L.; Klis, W. A.; Seto, J.; Haldar, J.; Sawyer,
W. H. J. Med. Chem. 1989, 32, 382.

(15) Cheng, Y.-C.; Prusoff, W. H. Biochem. Pharmacol. 1973, 22,
3099.

receptor ligands which have sufficient aqueous solubility
for iv administration have been identified. All of the new
high-potency analogues cited here have been characterized
as functional oxytocin antagonists similar to L-365,209 (1)
in the blockade of oxytocin-stimulated rat uterine con-
tractions in vitro and in vivo.> Furthermore, these com-
pounds behave as pure antagonists and have shown no
oxytocin agonist activity in stimulating phosphatidyl-
inositol turnover in vitro or rat uterine contractions in vitro
or in vivo. These detailed studies will be reported sepa-
rately. Such compounds may have utility as research tools
and in certain therapeutic applications.
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Vinblastine and Vincristine Are Inhibitors of
Monoamine Oxidase B
Sir:

Vinblastine (VBL) and vincristine (VCR) are widely
used antitumor agents, and either VBL or VCR is an in-
dispensable part of most curative and adjuvant chemo-
therapy regimens for metastatic malignancy.»? The major
mechanism of antitumor action attributed to these vinca
alkaloids is cellular metaphase arrest, caused when the
compounds disrupt cell microtubule assembly. VBL and
VCR are structurally very similar, differing only in the
state of oxidation of a single carbon atom attached to a
nitrogen atom on the aspidosperma ring (Chart I). Despite
this subtle structural difference, VBL and VCR exhibit
different potencies, clinical applications, metabolic fates,
and dose-limiting toxicities. Ample evidence indicates that
the vinca alkaloids are extensively metabolized in mam-
mals.>® However, the possible role of drug metabolism
in the mechanism(s) of action and/or dose limiting side-
effects of the vinca alkaloids is unknown. Furthermore,
the precise molecular basis for neurotoxicity® for this im-

(1) Gerzon, K. Anticancer Agents Based on Natural Product
Models, Dimeric Catharanthus Alkaloids; Academic Press:
New York, 1980; pp 271-317.

(2) Hellman, K.; Hutchinson, G.; Henry, K. Cancer Chemother.
Pharmacol. 1987, 20, 21. Freireich, E. J.; Frei, E., III In
Progress in Hematology; Moore, C. V., Brown, E. B., Eds.;
Grune and Stratton: New York, 1964; pp 189-202.

(3) Houghton, J. A.; Torrance, P. M.; Houghton, P. J. Anal. Bio-
chem. 1983, 134, 450.

(4) Beer, C. T.; Richards, J. F. Lioydia 1964, 27, 352.

(5) Owellen, R. J.; Harke, C. A.; Hains, F. O. Cancer Res. 1977, 37,
2597.

(6) Chemistry and Pharmacology of Drugs, Volume 3; Antineo-
plastic Agents; Remers, W. A,, Lednicer, D., Eds.; John Wiley
& Sons: New York, 1984; pp 210-212.
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portant group of anticancer drugs is unclear.

Previous investigations in our laboratories have focused
on elaborating biochemical and chemical mechanisms by
which vinca alkaloids are oxidized. We have examined
peroxidases,”® copper oxidases,>!? and an enzyme system
of a bacterium!® and have identified the structures of
metabolites formed from both monomeric and dimeric
vinca alkaloids. Detailed investigations have clearly es-
tablished that oxidative vinca alkaloid biotransformations
usually involve one-electron oxidation,”®*11416 Jeading to
the formation of reactive radical, enamine, and iminium
intermediates. In our continuing examination of enzymes
known to catalyze one-electron oxidation/reduction reac-
tions, we examined brain and hepatic mitochondria, and
purified monoamine oxidase (MAQ) as an enzyme that
may be implicated in the metabolism of the vinca alkaloids.

MAQOQ catalyzes oxidations of endogenous neurotran-
smitter monoamines and various exogenous primary, sec-
ondary, and tertiary amines. MAO exists in distinct forms
designated A and B. The tissue distribution, assay, iso-
lation, and properties of MAO-A and MAO-B have been
recently reviewed.'”?® Within neural tissue, MAO-A ac-
tivity has been correlated with noradrenergic activity and
norepinephrine content of the cell type. MAO-B is pre-
dominantly localized in serotonin-rich regions of neural

(7) Sariaslani, F. S.; Duffel, M. W.; Rosazza, J. P. J. Med. Chem.
1985, 28, 629.
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garia, 1985; Vol. 1, pp 73-95.
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(15) Goswami, A.; Schaumberg, J. P.; Duffel, M. W.; Rosazza, J. P.
J. Org. Chem. 1988, 52, 1500.
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Vol. I: Methodological Aspects of Drug Metabolizing En-
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Figure 1. Inhibition of benzylamine oxidation catalyzed by a
rat brain mitochondrial fraction. Brain tissue from three male
Sprague-Dawley rats was pooled to prepare mitochondrial
fractions by the method of Roth.2 Protein concentrations were
determined? with bovine serum albumin as the standard. Re-
action mixtures contained 0.05 M sodium phosphate at pH 7.2,
benzylamine (0.2 mM), various indicated concentrations of possible
inhibitors, and 1.8 mg of mitochondrial protein in a final assay
volume of 1.0 mL. Reactions were conducted at 30 °C and were
initiated by addition of mitochondria. Initial velocities of product
formation were determined spectrophotometrically at 250 nm.1?
The abbreviations used are VBL = vinblastine, VCR = vincristine,
VD = vindoline, CMC = 16a-carbomethoxycleavamine, MPTP
= 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPDP = 1-
methyl-4-phenyl-2,3-dihydropyridinium, and MPP = 1-methyl-
4-phenylpyridinium.

tissue, as well as in extraneuronal cells, e.g., glia cells.14%-22
Both A and B forms of the enzyme are in the peripheral
nervous system, a major site of VCR neurotoxicity.
Relationships between MAO and neurotoxicity have not
been established with the vinca alkaloids. There is, how-
ever, a common structural feature (Chart I) between the
vindoline portion of the vinca alkaloid dimers and the
tertiary allylamine moiety within the piperidine ring of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
neurotoxin that causes Parkinsonian symptoms in pri-
mates.?2¢ MAO-B catalyzes the oxidation of MPTP to
the dihydropyridine derivative MPDP* and to the fully
oxidized pyridinium derivative MPP*.#% MPP* accumu-
lates in the substantia nigra within the brain,?® and this
is most likely involved in the neurotoxic effects of MPTP,
The presence of the tertiary allylamine moiety in vinca
alkaloids prompted previous studies on the metabolism of

(20) Trepel, J. B.; Wyatt, R. J.; Neff, N. H. Eur. J. Pharmacol.
1977, 43, 373.
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Caine, E. D.; Reichert, C. M.; Kopin, 1. J. Psychiatry Res. 1979,
1, 249,

(24) Langston, J. W.; Bullard, P. L; Tetrud, J. W,; Irwin, I. Science
1983, 219, 979.

(25) Chiba, K.; Trevor, A.; Castagnoli, N., Jr. Biochem. Biophys.
Res. Commun. 1984, 120, 574. Chiba, K.; Peterson, L. A.;
Castagnoli, K. P.; Trevor, A. J.; Castagnoli, N., Jr. Drug Metab.
Dispos. 1985, 13, 342.
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Herkenham, M. A. Nature 1984, 311, 464. Langston, J. W.
Life Sci. 1985, 36, 201.
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Figure 2. Inhibition of kynuramine oxidation catalyzed by rat
brain mitochondrial fraction. Mitochondrial fractions were
prepared as described in Figure 1. Reaction mixtures contained
0.05 M sodium phosphate at pH 7.2, kynuramine (0.1 mM),
various indicated concentrations of possible inhibitors, and 1.8
mg of brain mitochondrial protein in a final assay volume of 1.0
mL. Reactions were conducted at 30 °C and were initiated by
addition of mitochondria. Initial velocities of product formation
were determined spectrophotometrically at 314 nm.!7 Abbrevi-
ations are as listed in Figure 1.

MPTP by enzymes that catalyze vinca alkaloid oxidation.#
Since MPTP is both a substrate and an inhibitor for
MAO-B, it was logical to examine whether vinca alkaloids
were either substrates or inhibitors for that enzyme.

Preliminary experiments were conducted with mito-
chondria from rat brain. These mitochondrial preparations
were used to catalyze oxidation of either kynuramine or
benzylamine alone or in the presence of VBL, VCR,
MPTP, MPDP*, MPP*, or the antitumor-inactive mo-
nomeric vinca alkaloids vindoline and 16a-carbometh-
oxycleavamine. The oxidation of kynuramine is catalyzed
by both MAQ-A and -B, while the oxidation of benzyl-
amine is predominantly catalyzed by MAQO-B.1"18 Inhib-
ition of kynuramine or benzylamine oxidation would
suggest vinca alkaloid interaction with MAQ as either a
substrate or an inhibitor. For the oxidation of 0.1 mM
benzylamine catalyzed by intact rat brain mitochondria
(see Figure 1), the relative inhibitory effects at 0.2 mM
inhibitor concentrations were VBL = VCR > MPTP =
MPP* > vindoline > MPDP* > 16a-carbomethoxy-
cleavamine. For the oxidation of 0.1 mM kynuramine
catalyzed by intact rat brain mitochondria (Figure 2), the
relative inhibitory effects were MPP* > MPDP* > VCR
> VBL > MPTP > vindoline = 16a-carbomethoxy-
cleavamine.

Subsequent experiments with highly purified MAO-B
isolated from beef liver mitochondria indicated that VCR
and VBL were, however, slightly less effective inhibitors
than MPTP. In studies with the purified enzyme, MAO-B
inhibition was evaluated at 0.1 mM benzylamine and from
0 to 0.2 mM concentrations of inhibitors. As shown in
Figure 3, the relative inhibitory effects were as follows:
MPTP > VCR > VBL > leurosine > vindoline > 16a-
carbomethoxycleavamine. A preliminary evaluation of
VBL as an inhibitor was accomplished by initial velocity

(27) Goswami, A.; Duffel, M. W.; Rosazza, J. P.; Gessner, W.;
Brossi, A. J. Nat. Prod. 1987, 50, 490.

(28) Roth, J. A. J. Neurochem. 1976, 27, 1107.

(29) Bensadoun, A.; Weinstein, D. Anal. Biochem. 1976, 70, 241.
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Figure 3. Inhibition of purified bovine liver MAO-B. MAO-B
was purified by the method described by Salach and Weyler!?
until the enzyme was >80% pure by SDS polyacrylamide gel
electrophoresis (Coomassie Blue staining), with a specific activity
of 2.3 units/mg. Units of enzyme activity were defined as the
amount of enzyme required to catalyze oxidation of 1 umol of
substrate per min at 30 °C and pH 7.2. Assays were carried out
as described in Figure 1 with the exception that 2 ug of purified
MAO-B was used for each assay instead of a crude mitochondrial
fraction. All reactions contained 0.1 mM benzylamine and the
indicated concentration of inhibitors. The abbreviations used
are VBL vinblastine, VCR vincristine, LRC leurosine, VD vin-
doline, CMC = 16-carbomethoxycleavamine, and MPTP = 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

experiments performed with varied concentrations of
benzylamine (0.05, 0.1, 0.2, and 0.3 mM) at fixed concen-
trations of VBL (0, 0.05, 0.1, and 0.15 mM). VBL was a
competitive inhibitor, with an estimated K; of 77 uM. The
inhibition of MAO-B activity was reversible and not
time-dependent, as seen by preincubating the enzyme with
VBL for a series of time intervals and then diluting both
enzyme and VBL in a standard assay for benzylamine
oxidation. In addition, no detectable metabolites were
identified when purified MAO-B was incubated with VBL,
and the reaction mixture was analyzed by HPLC and TLC
at time intervals of 0, 30, 60, and 120 min and 24 h. These
results were confirmed by the fact that there was no oxygen
consumption from the same reaction mixture when mon-
itored by using previously described methods® for an ox-
ygraph equipped with a Clark oxygen probe (YSI Model
4004). Thus, while MPTP, VBL, and VCR are comparable
in their ability to inhibit the initial velocity of benzylamine
oxidation catalyzed by MAO-B, VBL and VCR differ from
MPTRP in that the two vinca alkaloids are not substrates
for the enzyme.

MAO is an essential component of neurotransmitter
metabolism, and it is clear that this enzyme is involved in
the metabolically based neurotoxic effects of MPTP. The
significance of our observation that vinca alkaloids inhibit
MAO-B and its potential importance to the neurotoxicity
of these compounds remain to be established. Indeed, little
is known of the possible relationship of vinca alkaloids to
MAO activity. In the only report published to date, ele-
vated serum levels of MAO enzyme activity in some forms
of lung cancer were decreased after treatment with VCR.3!
The basis for this clinical observation, however, was un-
known. The current discovery that VBL and VCR are

(30) Estabrook, R. W. Methods Enzymol. 1967, 10, 41.
(31) Kaminski, K.; Bodziony, J.; Kosielski, J. Arch. Geswulstforsch.
1984, 5, S, 377.
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inhibitors of MAO-B provides a new direction for efforts
aimed at elucidating the mechanism(s) of dose-limiting
peripheral neurotoxicity of the vinca alkaloids and the
relationships between these toxicities and antitumor ac-
tivity.
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Potent and Highly Selective Neurokinin
Antagonists
Sir:

Receptors for the mammalian tachykinins [substance
P (SP), neurokinin A (NKA), and neurokinin B (NKB)]
have been classified into three subgroups (NK-1, NK-2,
and NK-3) largely on the basis of the activities of selective
agonists.! The characterization of receptors, an under-
standing of the pathophysiological roles of the tachykinins,
and the possible relevance of selective compounds to
therapeutics would be greatly aided by the availability of
potent and selective antagonists. Most of the neurokinin
antagonists described in the literature are empirically
derived from naturally occurring tachykinins by multiple
D-amino acid substitution.? However, it has not proved
possible to obtain highly potent and selective antagonists
in this way (see ref 3). We describe here a new approach
involving the incorporation of a bicyclic conformational
constraint into a SP-related sequence culminating in a
competitive antagonist, GR71251, with high affinity (pKy
= 7.7) and selectivity for NK-1 receptors. This strategy
may have more general application in the logical and ef-
ficient design of antagonists at other peptide receptors.

The molecular mechanisms underlying the activation of
cell membrane receptors are essentially unknown. Nev-
ertheless, it is widely believed that binding of an agonist
may induce a conformational change in the extracellular
domain which is transmitted through the transmembrane
region of the receptor. Such a mechanism implies that a
peptide agonist might adopt a specific “bioactive
conformation” during the receptor activation process.
Conceivably, alternative conformers, perhaps energetically
disfavored in the naturally occurring agonist, could bind
to the receptor without initiating a response. If so, the
intrinsic potential for competitive antagonist activity in
a peptide sequence might be realized in analogues con-
taining conformational constraints designed to render in-
accessible the agonist bioactive conformation. Thus, the
antagonist activity of the oxytocin analogue (1-L-
penicillaminyl)oxytocin was suggested to result from re-

(1) Drapeau, G.; D'Orléans-Juste, P.; Dion, S.; Rhaleb, N. E,;
Rouissi, N. E.; Regoli, D. Neuropeptides 1987, 10, 43-54.

(2) Regoli, D.; D'Orléans-Juste, P.; Drapeau, G.; Dion, S.; Escher,
E. Tachykinin Antagonists; Hakanson, R., Sundler, F., Eds.;
Elsevier: Amsterdam, 1985; pp 277-287.

(3) Quirion, R.; Dam, T. V. Reg. Pept. 1988, 22, 18-25.
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Figure 1. Conformational ¢,y energy map for N-acetyl-N*-
methylglycinamide (2 keal mol™ contour; low-energy areas are
shaded). Parallel dotted lines represent the approximate observed
ranges of torsion angles in proline (¢) and appropriate y-lactam
() containing structures from the Cambridge Structural Data-
base.® These intersect in the (~,+) region to enclose an area of
¢.¥ space that approximates to the maximum torsional limits
allowed by the (R)-spirolactam constraint. A symmetry-related
area in the (+,-) region represents ¢,y limits for the (S)-spiro-
lactam; ¢ = +75 % 20°, y = -140 £ 10°.

duced conformational flexibility compared to the parent
hormone.* Moreover, Hruby has tentatively associated
antagonism in this series with a tendency to populate only
one of the two distinct disulfide bridge conformations
observed in the X-ray crystal structure of the agonist de-
aminooxytocin.? In applying such considerations to the
design of neurokinin antagonists, the first step was to
identify key conformational requirements for the recep-
tor-selective agonist activity of analogues of SP.

Agonist activity was determined at NK-1 receptors in
the guinea pig ileum longitudinal smooth muscle-myen-
teric plexus strip preparation (GPI), in the presence of
atropine (1 uM) to eliminate the indirect effects of acti-
vation of neuronal NK-3 receptors.® For determination
of activity at NK-2 receptors, the rat colon muscularis
mucosae preparation (RC) was used. This preparation is
believed to contain only NK-2 receptors, as shown by
functional” and autoradiographic binding studies.?

The C-terminal “active core™ hexapeptide analogue
[Ava®]-SP(6-11)1%!! (1) was chosen as the parent com-

(4) Meraldi, J.-P.; Hruby, V. J.; Brewster, A. I. R. Proc. Natl.
Acad. Sci. U.S.A. 1977, 74, 1373-13717.

(56) Hruby, V. J. Trends Pharmacol. Sci. 1987, 8, 336-339.

(6) Laufer, R.; Wormser, U.; Friedman, Z. Y.; Gilon, C.; Chorev,
M.; Selinger, Z. Proc. Natl. Acad. Sci. U.S.A. 1985, 82,
7444-7448.

(7) Bailey, S. J.; Featherstone, R. L.; Jordan, C. C.; Morton, 1. K.
M. Br. J. Pharmacol. 1986, 87, 79-85.

(8) Burcher, E.; Buck, S. H.; Lovenburg, W.; O’'Donohue, T. L. J.
Pharmacol. Exp. Ther. 1986, 236, 819-831.

(9) Yajima, H.; Kitagawa, K.; Segawa, T. Chem. Pharm. Bull.
1973, 21, 2500-2506.
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