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Abstract

[Met®]enkephalin-Arg-Phe (Tyr-Gly-Gly-Phe-Met-Arg-Phe) was modified with the methyl esther of melphalan (Mel; 4-bis(2-chloro-
ethyl)amino-L-phenylalanine) and the resulting compounds were studied for their opioid binding properties in guinea pig and rat brain
membranes. Three new peptides, with a substitution of a single amino acid, were synthesized (Mel-Gly-Gly-Phe-Met-Arg-Phe,
Tyr-Gly-Gly-Mel-Met-Arg-Phe and Tyr-Gly-Gly-Phe-Met-Arg-Méel). In the rat brain, none of these ligands displayed any type
specificity, whereas in guinea pig brain membranes the C-terminally modified peptide, Tyr-Gly-Gly-Phe-Met-Arg-Mel ([Mel”]peptide),
displayed a k-binding profile and was a weak «-opioid-receptor agonist in isolated guinea pig ileum. The effect of sodium ions on
[Mel”]peptide competition against [*H]naloxone binding indicated a weak agonist nature of the compound. When guinea pig brain
membranes were preincubated with 1-10 .M of [Mel”Ipeptide, an apparently irreversible inhibition of [*H]naloxone ligand binding was
observed. These results suggest that the heptapeptide containing melphalan at the C-terminus can be used as a relatively high-affinity

irreversible label for the k-opioid receptor. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

[Met]lenkephalin-Arg-Phe (Tyr-Gly-Gly-Phe-Met-Arg-
Phe) is a proenkephalin-derived naturally occurring hepta-
peptide generally found in the adrenal gland and brain. It
has antinociceptive activity when administered directly
into the cerebral ventricles of mice, supporting the opioid
pharmacology of this heptapeptide (Inturrisi et al., 1980).
[Met®Jenkephalin-Arg-Phe is found in high amounts in
human, rat and bovine striatum in concentrations compara-
ble or greater than those of [Leu®]enkephalin (Rossier et
al., 1980). The heptapeptide is also detected in human
putamen and globus pallidus (Stern et al., 1979) as well as
in the brain of some lower vertebrates (Kilpatrick et al.,
1982). [Met>]enkephalin-Arg-Phe has been found to be a
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selective ligand for « ,-opioid receptors in opioid receptor
binding assays performed with [*Hletorphine or [*H]ethyl-
ketocyclazocine and rodent spinal cord membranes (Attali
et a., 1982; Gouarderes and Cros, 1984) as well as frog
brain membrane preparations (Benyhe et a., 1990).
[*H]IMet®]enkephalin-Arg-Phe has been shown to label
k,- and 3-opioid sites in rat (Benyhe et a., 1997a) and
K ,-sites in frog brain membrane preparations (Wollemann
et al., 1994). The radiolabelled heptapeptide also interacts
with o,-like non-opioid sites (Benyhe et al., 1997a).
Since the discovery of endogenous opioid peptides a
number of synthetic analogues have been developed for
structure-activity relationship studies, among them elec-
trophilic affinity reagents, which are capable of interacting
with the receptors in an irreversible manner. Such ligands,
named ‘affinity labels', should have high affinity and good
receptor-type selectivity. In addition, they should possess a
chemically reactive functional group targeting a nucleo-
philic center at or near the ligand binding site of the
receptor protein. Besides the opioid peptides, halomethyl
ketone enkephalins (Sziics et al., 1983; Newman and
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Barnard, 1984; Benyhe et al., 1987) and dynorphins (Be-
nyhe et al., 1997b), mel phalan-containing enkephalins have
been developed as potent affinity labels for opioid recep-
tors.

Melphaan (Mel; 4-big2-chloroethyl]amino-L-phenyl-
alanine), a nitrogen mustard derivative of phenylaanine, is
a well-known alkylating agent and has antitumor activity
(Samuels and Bitran, 1995). Melphalan-containing irre-
versible peptide ligands have been described for different
receptors, e.g., melanotropin receptor (Suli-Vargha et al.,
1990) and bombesin receptor (De Castiglione et al., 1991).
Introduction of Mel into enkephalin sequences led to the
development of powerful affinity reagents for opioid bind-
ing sites (Sziics et al., 1983, 1985; Lovett and Portoghese,
1986, 1987). Here, we report the synthesis of three differ-
ent melphalan-containing analogues of the C-terminaly
elongated enkephalin [M et®Jenkephalin-Arg-Phe, where the
N-terminal Tyr®, Phe*, or Phe’ on the C-terminus was
substituted with melphalan and the resulting compounds
were studied for their opioid binding properties in rat and
guinea pig brain membranes. Taking into consideration
that the parent [Met®]enkephalin-Arg-Phe is considered to
be k, selective (Attali et al., 1982; Gouarderes and Cros,
1984; Wollemann et al., 1993, 1994), similar features of
the new heptapeptide derivatives were predicted.

2. Materials and methods

2.1. Chemicals

[®H]Naloxone (57 Ci/mmol) was synthesized as de-
scribed previously (Toth et al., 1982). [*H][b-Ala®-N-Me-
Phe*,Gly ®-olJenkephalin (45 Ci /mmol) and [*H]U-69,593
(5a,7a,8B-(— )-N-methy|-N-[7-(1-pyrrolidinyl)-1-
oxaspiro[4,5]dec-8-yl)]benzene-acetamide) (44 Ci/mmol)
were purchased from Amersham (Buckinghamshire, UK),
[®Hlethylketocyclazocine (20 Ci/mmol) was from
DuPont-NEN (Cambridge, MA, USA). [*Hlnorbinal-
torphimine (Marki et al., 1995), [*H][Met®]enkephalin-
Arg-Phe (Wollemann et al., 1994) and [*H]Ile>Cdeltorphin
I (Nevin et al., 1994) were obtained from the Isotope
Laboratory, BRC, Szeged, Hungary. The [Met®]enkepha-
lin-Arg-Phe derivatives were synthesized in our laboratory
except the tyrosine and the arginine derivatives, which
were from BACHEM (Switzerland) and Novabiochem
(UK), respectively. HBTU (2-1H(benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluoro-phosphate) and
benzotriazol e-1-yl-oxy-tris(dimethylamino)-phosphonium
hexafluorophosphate were from Richelieu Biotechnologies
(Canada). Wang and 2-chloratrityl chloride resin (200—400
mesh) were purchased from BACHEM (Switzerland). All
other chemicals used in this study were of analytical grade
and purchased from Sigma (St. Louis, USA) or
Reanal /Egis Pharmaceuticals (Budapest, Hungary).

2.2. 9ynthesis of H-Mel-GGFMRF (Méel-Gly-Gly-Phe-Met-
Arg-Phe), H-YGG-Mel-MRF (Tyr-Gly-Gly-Mel-Met-Arg-
Phe) and H-YGGFMR-Mel (Tyr-Gly-Gly-Phe-Met-Arg-
Méel)

2.2.1. H-Mel-GGFMRF-OH x 2 HCl

The synthesis of the peptide was performed by standard
manual fluorenylmethyloxycarbonyl solid-phase peptide
synthesis procedures (the tyrosine hydroxyl group is pro-
tected in the form of t-butyl ether, whereas the arginine
guanidine is protected by 2,2,5,7,8-pentamethylchroman-
6-sulfonyl group) on Wang resin, using two equivalents of
fluorenylmethyloxycarbonyl-amino acid and 1.9 equiva
lents of HBTU (2-1H(benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluoro-phosphate) in the presence of
diisopropylethylamine. After the melphalan residue was
coupled to the peptide chain in the form of Boc-Mel-OH,
the resin was washed and dried. The peptide and the
protecting groups were cleaved at 0°C with hydrogen
fluoride (HF) containing 20% anisole. After evaporation of
HF, the peptide was precipitated with diethyl ether. The
peptide was dissolved in ice-cold 0.1 N HCI, separated
from the resin particles and lyophilized. After purification
by high-performance liquid chromatography and lyophili-
zation, the peptide showed 95% homogeneity. [ R:(n-
butanol—acetic acid-water = 4:1:1) = 0.34, R (Ethyl ac-
etate—pyridine—acetic acid—water = 60:20:6:11) = 0.31,
Merck Kieselgel 60 glass plates]. Amino acid analysis: Gly
2.25(2), Met 1.02 (1), Phe 2.0 (2), Arg 1.03 (1). FAB-MS
=1000.5 (MH +).

2.2.2. H-YGG-Méel-RMF-OH x 2 HCI

H-Met-Arg(Tos)-Phe-OBzl X HCl was synthesized by
solution-phase synthesis starting from phenylalanine ben-
zyl ester hydrochloride and sequential coupling with Boc-
Arg(Tos)-OH and Boc-Met-OH. The removal of the Boc
group was accomplished with HCI (3.5 M) in ethyl acetate
acid containing 20% anisole.

Boc-melphalan (450 mg, 1.1 mM) and the tripeptide
hydrochloride (733 mg, 1 mmol) were coupled in 5 ml
dimethyl formamide in the presence of benzotriazole-1-yl-
oxy-tris(dimethylamino)-phosphonium  hexafluorophos-
phate reagent (0.44 g, 1 mmol) and 388 mg (514 pl, 3
mmol) of diisopropylethylamine at 0°C for 30 min and
further stirred at room temperature for another 30 min. The
solution was evaporated, the residue was dissolved in ethyl
acetate and washed sequentially with sodium bicarbonate,
potassium hydrogen sulphate and brine and then the solu-
tion was evaporated to yield 1.17 g (> 100%) of thick oil.
Without further purification, the oil was dissolved in 5 ml
of ethyl acetate and the Boc group was removed by the
addition of 25 ml of HCI /ethyl acetate (3.5 M) containing
20% anisole.

After trituration with diethyl ether, the precipitated oil
solidified to yield 0.67 g of solid [ R-(n-butanol—acetic
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acid—water = 4:1:1) = 0.88, Ry (Ethyl acetate—pyridine—
acetic acid—water = 60:20:6:11) = 0.83]. Coupling of 166
mg (0.42 mmol) of Boc-Tyr-Gly-Gly-OH with 390 mg
(0.38 mmol) of the tetrapeptide hydrochloride yielded 0.43
g (83%) of crude Boc-Y GG-Méel-Met-Arg(Tos)-Phe-OBzl.
[ Re(chloroform—acetic  acid—methanol = 90:2:8) = 0.62,
Re(Ethyl acetate—pyridine—acetic acid—water = 240:20:
6:11) = 0.66].

The protecting groups were removed by treating the
peptide with HF in the presence of anisole at 0°C for 1 h.
The peptide obtained after evaporation of HF and precipi-
tation with diethyl ether was purified by high performance
liquid chromatography to yield 118 mg of lyophilate which
showed more than 95% homogeneity. Amino acid analy-
sis: Gly 2.06 (2), Tyr 1.07 (1), Phe 1.0 (1), Arg 1.01 (1),
Met 0.92 (1). FAB-MS: 1016.6 (MH +)

2.2.3. H-YGGFMR-Mel-OH x 2 HCI

Boc-Tyr(tBu)-Gly-Gly-Phe-Met-Arg(Pmc)-OH  was
synthesized on 2-chlorotrityl chloride resin (Barlos et al.,
1989) by the genera fluorenylmethyloxycarbonyl synthe-
sis protocol described above. The protected peptide was
cleaved from the resin in dichloromethane—methanol—
acetic acid (8:1:1) mixture.

Boc-Tyr(tBu)-Gly-Gly-Phe-Met-Arg(Pmc)-OH (763
mg, 0.662 mmol) was coupled to melphalan benzyl ester
hydrochloride (Hsieh and Marshall, 1981) (301 mg, 0.73
mmol) in 2 ml dimethyl formamide by condensing the
components with benzotriazole-1-yl-oxy-tris(dimethyl-
amino)-phosphonium hexafluorophosphate reagent and di-
isopropylethylamine at 0°C. After the reaction mixture was
stirred for 30 min, the solvent was evaporated and the
remaining oil was subjected to flash chromatography on
silica gel using chloroform—methanol—acetic acid
(9:0.8:0.2) to yield 522 mg of thick oil which solidified
under vacuum. The protecting groups were cleaved in
HF:anisole (8:2) mixture at 0°C for 1 h and the material
obtained after evaporation of HF and precipitation of the
peptide by ice-cold diethyl ether was purified by high-per-
formance liquid chromatography to give 126 mg of peptide
with 85% homogeneity. Amino acid analysis: Gly 2.13 (2),
Tyr 0.96 (1), Phe 1.0 (1), Arg 0.98 (1), Met 0.96 (1).
FAB-MS: 1016.6 (MH + ).

The purity of the peptides was checked by analytical
high-performance liquid chromatography (Vydac 4.6 X 250
mm C18 (5 wm) column, acetonitrile—water—0.1% triflu-
oroacetic acid solvent system (1% acetonitrile content
increase/min) and by thin-layer chromatography on Merck
Kieselgel 60 F,, plates in two different solvent systems.
For the visualization of the peptides on the plates the
standard ninhydrin, chlorine-o-tolidine and Epstein reac-
tions (Epstein et al., 1955) were used.

2.3. Membrane preparations

Wistar laboratory rats of both sexes and non-albino R9
guinea pigs were used throughout this study. Brain mem-

brane preparations were prepared as described previously
(Benyhe et a., 1997a). Briefly, the rats or guinea pigs
were decapitated following CO, narcosis, and the brains
without cerebella were rapidly removed, washed with
chilled physiological saline and homogenized in 30 vol-
umes of ice-cold 50 mM Tris—HCI buffer (pH 7.4). After
20 min centrifugation at 40000 X g, the pellet was resus-
pended in fresh buffer and incubated at 37°C for 30 min,
then recentrifuged and the final pellet was suspended in
five volumes of fresh buffer containing 0.32 M sucrose.
Aliquots (5 ml) were frozen in liquid nitrogen and stored
a —70°C. Before use, the membranes were thawed and
washed by centrifugation to remove the sucrose. Protein
content was estimated according to the method of Bradford
(1976), using bovine serum albumin as a standard.

2.4. Ligand binding assay

The membrane suspension (200—-400 g protein) was
incubated with the radioligand in a final volume of 1 ml in
polypropylene assay tubes. Incubations were carried out in
the presence of a mixture of peptidase inhibitors (1 mM
EDTA, 1 mM EGTA, 0.1 mM phenylmethylsufonylfluo-
ride, 40 KiU/ml trasylol, 20 png/ml bacitracin, 1 pwM
bestatin, 1 .M phosphoramidone, 4 g/ml soybean trypsin
inhibitor) and terminated by rapid filtration through What-
man GF glass fiber filters, using a Brandel M24R Cell
Harvester. Filters were quickly washed with 3 X 7 ml
ice-cold Tris—=HCI (50 mM, pH 7.4) buffer. The radioactiv-
ity was measured in a toluene-based scintillation cocktail,
using a Wallac 1409 spectrophotometer with 55% counting
efficiency. Potencies of competing ligands were deter-
mined by co-incubation with 10~*-10"* M freshly pre-
pared solutions of unlabelled drugs with 0.5-1 nM tritiated
type-specific ligands. Non-specific binding was defined as
the radioactivity bound in the presence of 10 wM unla
belled naloxone. All assays were performed in duplicate
and repeated 3-5 times.

2.5. Affinity labelling

Incubations were carried out in 40-ml polycarbonate
centrifuge tubes (Sorvall) for 30 or 45 min at 24°C. The
incubation mixture contained 1 ml of the suspension of
brain membranes (3—4 mg protein), 200 .l of the peptide
at an appropriate concentration in 50 mM Tris/HCI buffer
supplemented with inhibitors (buffer D), in a final volume
of 2 ml. After incubation in a shaking water-bath, the
samples were diluted with 28 ml buffer, incubated for 10
min at room temperature and centrifuged at 25000 X g for
15 min in a Sorvall RC5C centrifuge with rotor model
SS34. Pellets were suspended, by vortexing, in a small
amount of 50 mM Tris/HCI buffer supplemented with the
inhibitors, diluted with the buffer to a volume of 30 ml,
incubated for 15 min at room temperature in order to
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Table 1

Affinity of [Met®]enkephalin-Arg-Phe and its derivatives for [*HInaloxone bi nding sites in rat brain membranes and their opioid agonist activity in guinea
pig ileum assay

Compound —Na' IC5 (nM)  +Na't IC5 (M) Na*-index  EDg, (nM) on guinea pig ileum
Tyr-Gly-Gly-Phe-Met-Arg-Phe [Met®Jenkephalin-Arg-Phe 32+7 116 + 23 36 679 + 107

M el-Gly-Gly-Phe-Met-Arg-Phe [MelJpeptide 1120 + 298 2890 + 480 26 N.D.
Tyr-Gly-Gly-Mel-Met-Arg-Phe [Mel * Jpeptide 1370 + 338 6310 + 379 4.6 N.D.

Tyr-Gly-Gly-Phe-Met-Arg-M el [Mel” peptide 142 4+ 37 1330+ 176 9.4 1117 4+ 239

Membranes were incubated in the presence of 1 nM radioligand for 60 min at 0°C. Sodium ions were added as NaCl in 100 mM final concentration.
Competition experiments were analyzed by the program GraFit using the ‘ four parameter logistic' fitting option. Values (+ SEE.M.) are the means of at

least three experiments.
N.D.: not determined.

dissociate loosely bound ligand, and then centrifuged as
above. This washing step was repeated four times. The
final pellets were homogenized in 8 ml buffer by vortexing
the centrifuge tubes followed by passing the suspension
successively through 21 G needles by means of plastic
syringes. The preparation was used immediately for recep-
tor binding assays.

2.6. Data analysis

Experimental data from competition experiments were
analyzed to determine binding parameters for unlabelled
compounds (IC,) and were evaluated by the GraFit com-
puter program, a non-linear least-squares curve fitting
program (L eatherbarrow, 1992).

2.7. Physiological tests on isolated organs

Longitudinal muscle strips taken from the ilea of male
guinea pigs weighing 400—600 g were prepared according
to Paton and Vizi (1969) and used as described previously
(Ronai et a., 1977). A range of enzyme inhibitors, like
bestatin (3 107> M) and Leu-Leu-OH (2x 1073 M),
was added as recommended by McKnight et al. (1983).
Opioid agonist effects were characterized in terms of 50%
inhibitory concentration (IC,), caculated from the loga-

Table 2

rithmic regression of dose-response curves. Antagonist
properties were quantified by calculating the K, (equi-
librium dissociation constant) values according to Arunlak-
shana and Schild (1959), using the ‘single dose’ method
(Kosterlitz and Watt, 1969). The equilibration period with
the antagonists was 20 min. For a set of data, the geomet-
ric mean and 95% confidence intervals were calculated
(Fleming et al., 1972).

3. Reaults

Three derivatives of [Met®]enkephalin-Arg-Phe contain-
ing melphalan (Mdl) at different positions were synthe-
sized and their potencies were compared in receptor bind-
ing studies as well as in pharmacologica experiments with
isolated guinea pig ileum assay. Binding of the Mel-sub-
stituted heptapeptides was first examined in rat brain mem-
branes by using the general opioid antagonist radioligand,
[*H]naloxone (Table 1). They exhibited moderate to weak
affinity compared with that of the parent compound,
[Met®Jenkephalin-Arg-Phe. The affinity of the peptides in
displacing [*HInaloxone was substantially inhibited in the
presence of 100 mM NaCl, which suggests that these
compounds have opioid agonist properties.

Inhibitory potency of [Met®lenkephalin-Arg-Phe and its derivatives in equilibrium competition experiments performed with type-specific opioid

radioligands in rat brain membranes

Compound I1Cg (NM)

K d
Tyr-Gly-Gly-Phe-Met-Arg-Phe ((Met® Jenkephalin-Arg-Phe) 186 + 23 99+13 298 + 49
M el-Gly-Gly-Phe-Met-Arg-Phe ((Mel* ]peptide) 7523 + 768 > 10000 1077 + 83
Tyr-Gly-Gly-Mel-Met-Arg-Phe ([M el * Jpeptide) > 10000 > 10000 5910 + 928
Tyr-Gly-Gly-Phe-Met-Arg-Mel (IMel” Jpeptide) 2052 + 487 268 + 71 361 + 98

Binding to p-opioid receptors was measured with [*H][p-Ala2-N-Me-Phe* Gly 5-ol Jenkephalin (45 min, 35°C).

k-Opioid receptors were |abelled by [*H]ethylketocyclazocine (45 min, 24°C in the presence of 100 nM [p-Ala2-N-Me-Phe* Gly5-ollenkephalin and 100
nM [p-Al&?,p-Leu®]lenkephalin) in order to block crossbinding to mu and delta sites).

$-Opioid receptor activity was determined with [*H]l1e>6deltorphin 11 (45 min, 35°C).

I1C5, values were calculated by mathematical analysis of data from heterologous competition experiments.

Data are means + S.E.M. of three determinations.
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Table 3
Affinity of peptidesin competing with type-specific opioid radioligands in guinea pig brain membranes
Compound 1Cgo(nM)

n K 3
Tyr-Gly-Gly-Phe-Met-Arg-Phe ((Met®Jenkephalin-Arg-Phe) 275+ 76 9.1+0662+05% 335+ 28
Mel-Gly-Gly-Phe-Met-Arg-Phe ((Mel* Jpeptide) 3796 + 939 > 10000 1160 + 213
Tyr-Gly-Gly-Mel-Met-Arg-Phe ((Mel * Jpeptide) 9220 + 666 > 10000 7599 + 513
Tyr-Gly-Gly-Phe-Met-Arg-Mél (IMel” Jpeptide) 1350 + 98 254425 670 + 84

p-Receptor activity was measured with [*H][p-Ala2-N-Me-Phe* Gly 5-olJenkephalin.

k-Opioid receptors were labelled by [*HInorbinaltorphimine (45 min, 24°C).

$-Opioid receptor affinity was determined with [2H]Ile>¢deltorphin I1.

2 ,-Affinity was measured with [*H][Met®Jenkephalin-Arg-Phe (40 min, 0°C).

Values are the means + S.E.M. of at least three experiments performed in duplicate.

The agonist effects of the peptides were further studied
on isolated longitudinal muscle strips of guinea pig ileum
(Table 1). Kosterlitz et al. have demonstrated the existence
of two types of opioid receptors—p. and k—in the guinea
pig ileum (Lord et al., 1977; Kosterlitz et a., 1980). The
K, of the dlightly p.-opioid receptor preferring antagonist
naltrexone at the p.-opioid receptor type is approximately
0.3 nM. A K, higher than 2 nM for naltrexone against an
agonist in guinea pig ileum is a clear indication of a very
significant k-opioid receptor contribution to the action of
the agonist. The IC,, of [Mel”]peptide in guinea pig ileum
was 1.120 nM (710-1750, n = 4); the K, of natrexone
against it was 12.2 nM (7.4—20.0, n = 3). The correspond-
ing values for [Met®Jenkephain-Arg®-Phe’ in the same
preparation were 680 nM (530-870, n=3) and 0.9 nM
(0.8-1.1, n=73).

The receptor-type selectivity of the compounds was
investigated by the use of appropriate radioligands in rat
brain membranes. The Mel-containing peptides exhibited
only low potencies in inhibiting p-, 8- and k-binding sites
labelled by [*H][D-Ala?-N-Me-Phe*,Gly *-ol Jenkephalin,

% [3H]MEREF specific binding

[*H]Ile>C-deltorphin 11 and [*Hlethylketocyclazocine, re-
spectively (Table 2). Yet, the moderate affinity of
[Mel”]peptide observed in [*H]ethylketocyclazocine bind-
ing assays suggested a k-like binding preference for the
peptide. Therefore the binding properties of the com-
pounds were subsequently examined in membrane frac-
tions of guinea pig brain.

In guinea pig brain membranes, only the C-terminally
modified [Mel”]peptide showed high affinity, with 1Cq,
values in the nanomolar range, when k-selective radioli-
gands were used (Table 3). [Mel*]peptide and [Mel *]peptide
had no notable interaction with the opioid binding sites,
whereas [Mel’]peptide displayed quite good affinity for
k-sites. On the other hand, w- and 3-binding sites were
less affected by these peptides, as indicated by the low
potency of the compounds for competing reversibly with
[*H][p-Ala2-N-Me-Phe* Gly *-ollenkephalin and [*H]Ile>®-
deltorphin Il binding (Table 3).

The affinity of [Mel” Jpeptide was compared with that of
the parent [Met®]enkephalin-Arg-Phe as well as with that
of several opioid ligands by measuring the inhibition of the

Naloxone
Dynorphin(1-13)
Dextrorphan

Met-enkephalin-Arg-Phe

> B O e O

Met-enkephalin-Arg-Mel

1072 10" 10" 10° 10° 107 10° 10° 10*
log[LIGAND]; (M)

Fig. 1. Inhibition by various ligands of [*H][Met®]enkephalin-Arg-Phe specific binding to guinea pig brain membrane preparations. Membrane samples
were incubated in the presence of 1 nM radioligand and the stated concentrations of unlabelled compounds for 40 min at 0°C. Each point represents the
mean of duplicate values in a single experiment that was repeated several times.
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Table 4
Potency of Tyr-Gly-Gly-Phe-Met-Arg-Mel ([Mél” Jpeptide) in equilibrium
competition experiments performed with k-selective opioid radioligands

Labelled drug used ICqy (NM)
[*H]ethylketocyclazocine® (0.5 nM) 1.78+0.54
[®HInorbi naltorphimine (0.1 nM) 254425
PHIIMet®]enkephalin-Arg-Phe (1 nM) 46.8+13.6
[*H]U-69,593 (0.5 NM) 62.7+10.2

33 H]ethylketocyclazocine binding assays were carried out in the presence
of 100 nM [p-Ala?-N-Me-Phe*,Gly5-ollenkephalin and 100 nM [p-
Al&? p-Leu®lenkephalin.

Guinea pig brain membranes were incubated with the indicated concen-
trations of [*H]ethylketocyclazocine (40 min), [*H]nor-binaltorphimine
(60 min), [*HIMet5]enkephalin-Arg-Phe (45 min) each at 24°C and
[*H]U69.593 for 30 min at 30°C in the presence of increasing concentra-
tions of [Mel” Jpeptide.

ICs, values were determined by GraFit analysis. Each value represents
the mean+ S.E.M. of three to six independent determinations carried out
under identical conditions.

binding of [3H][Mets]enkephalin-Arg-Phe, a radioligand
designed for the characterization of k ,-binding sites (Wol-
lemann et al., 1994; Benyhe et al., 1997a). Homologous
and heterologous competition curves for [*H][Met®len-
kephalin-Arg-Phe binding in guinea pig brain are illus-
trated in Fig. 1. The rank order potency of ligands tested
here was [Met®]enkephalin-Arg-Phe > naloxone > dynor-
phin,_,3 > [Mel"]peptide > U-50,488 > dextrorphan.

remaining binding (%)

0 1 5 10 100

When various radioligands with «-selectivity were used,
[Mel”Jpeptide was the most efficient in displacing [*H]eth-
ylketocyclazocine, followed by [*HInorbinaltorphimine,
[*H]Met®]enkephalin-Arg-Phe and [*H]U-69,593 with mi-
nor differences in the IC,, values (Table 4).

In order to characterize the irreversible portion of the
binding of Mel-containing peptides, the wash resistance of
prelabelling was examined (Sziics et al., 1983). In such
experiments, small volumes of brain membranes were
preincubated in the presence of the affinity reagents and
the reversibly bound ligands were removed by extensive
washing of the membranes with buffer. Washed mem-
branes were then subjected to radioligand binding to esti-
mate their remaining opioid binding activity. The binding
of [Mel” Jpeptide to guinea pig brain membranes was found
to be apparently irreversible. As shown in Fig. 2,
[Mel"]peptide caused a dose-dependent, wash-resistant in-
hibition of specific [*H]naloxone binding. The apparent
IC,, value for the irreversible blockade by [Mel” Jpeptide
was approximately 5-10 wM, depending upon the prein-
cubation time. Maximal inhibition was observed at 10 uM
ligand concentration (Fig. 2).

To determine the efficiency of the washing procedure,
membranes were preincubated with reversible opioid lig-
ands such as naloxone or norbinaltorphimine and the re-
maining binding activity was measured after extensive
washing. Control values were obtained, proving that the
washing procedure was sufficient to remove reversibly

remaining binding (%)

0 1 5 10 100

Concentration of [Mel’|peptide, (1LM)

Fig. 2. Concentration dependence of the irreversible interaction of opioid receptors with [Mel” ]peptide ligand. Guinea pig brain membranes were incubated
with various concentrations of [Mel” Jpeptide at 24°C for 30 min (A) and for 45 min (B) in afinal volume of 4 ml in 50 mM Tris—HCI (pH 7.4) buffer
containing 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsufonylfluoride, 20 wg/ml bacitracin, 1 wM bestatin, 1 wM phosphoramidone, 4 png,/ml
soybean trypsin inhibitor, 40 KIU /ml trasylol as protease inhibitors. After four washes the remaining binding was measured with 1 nM [*HInaloxone after
an additional 1-h incubation at 4°C. Remaining binding was normalized to the protein concentration and expressed as a percentage of control binding.
Control values are the specific binding of [*HInaloxone to membranes preincubated with buffer and treated in the same way. Results are the averages (+

‘range’) of two independent experiments.
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Fig. 3. Protection of [*H]naloxone binding sites against inactivation by
[MelIpeptide. Guinea pig brain membranes were treated with either 10
wM [Mél”]peptide or 10 M reversible opioids (naloxone, norbinator-
phimine) for 45 min at 24°C. In protection studies (5th and 6th column),
10 wM naloxone or norbinaltorphimine (norBNI) was added 15 min prior
to incubation with 10 .M [Mel” ]peptide. The reactions were terminated
by centrifugation of the suspensions followed by four washing
(dilution / centrifugation /resuspension) steps. The remaining binding was
measured with 1 nM [*H]naloxone in duplicate. Specific binding was
normalized to the protein content of the samples. Control samples (1st
column) were run under identical conditions, substituting buffer for the
ligand. Bars represent the mean values (+S.E.M.) of three duplicate
experiments.

bound ligands (Fig. 3). Naloxone and norbinaltorphimine
were also tested for protecting the binding sites against
inactivation by [Mel”]peptide. As can be seen in Fig. 3,
pretreatment of the membranes with 10 .M naloxone or
norbinaltorphimine was able to decrease the irreversible
blockade caused by the akylating agent in equimolar
concentrations.

4. Discussion

New derivatives of the endogenous opioid heptapeptide
[Met®]enkephalin-Arg®-Phe’, with single amino acid sub-
stitutions by melphalan in three different positions, were
synthesized and tested for their in vitro binding activities.

In rat brain membranes Tyr-Gly-Gly-Mel-Met-Arg-Phe
([IMel*]peptide) showed only low potency in competing
with the opioid antagonist ligand [*H]naloxone. Ml-Gly-
Gly-Phe-Met-Arg-Phe ((Mel!]peptide) was aso found to
be ineffective in the binding assays, despite the fact that
melphalan replaced Tyr! in the structure of [Leu®]en-
kephalin (Sziics et a., 1985). One compound, however,
Tyr-Gly-Gly-Phe-Met-Arg-Mel ([Mel"Jpeptide), displayed
comparable affinity in opioid binding assays, exhibiting a
preference for k binding sites. This peptide retained the
opioid activity and type specificity of its parent compound;
moreover its binding to the receptor was shown to be
partialy irreversible.

Opioid peptides including [Met®]enkephalin-Arg-Phe
are subjected to rapid inactivation by membrane-bound
and intracellular peptide hydrolysing enzymes (Dupont et
a., 1977; Benuck et al., 1981; Hiranuma et a., 1997).
Binding and prelabelling studies with the heptapeptide
derivatives were therefore undertaken in the presence of
various peptidase inhibitors. Inhibitors were selected on
the basis of previous studies with elongated enkephalins
and dynorphins (Hiranuma et al., 1997; Gillan et al., 1985;
Benyhe et al., 1997b). Thiorphan and captopril, however,
were omitted from the incubation mixtures since they can
chemically react with the alkylating group of melphalan.

In [*H]naloxone binding assays [Mel”Jpeptide showed
moderate affinity in comparison with [Met®]enkephalin-
Arg-Phe in rat brain membrane fractions. Its potency was
even weaker when binding affinities were measured with
type-selective opioid radioligands (Table 1). [Mel” Jpeptide
retained its high affinity for k-binding sites in guinea pig
brain membranes (Table 3). This tissue has been shown to
be rich in k-opioid receptors (Kosterlitz et al., 1981; Zukin
et al., 1988), whereas in rat brain k-sites represent the
smallest population of opioid sites. The key structure for
the k selectivity of endogenous opioid peptides is an
arginine residue in position 6, which is shared by
[Met®]enkephalin-Arg-Phe, dynorphins, «-neo-endorphin
and [Met®]enkephalin-Arg-Gly-Leu, but it is not present in
B-endorphin, pentapeptide enkephalins or endomorphins.
Recently this positively charged region of opioid peptides
was postulated as a core segquence essential for k-selectiv-
ity (Mansour et al., 1995). Natural opioid peptides contain-
ing Arg® are known to exhibit fairly high k preferencein a
variety of systems, but endorphins, enkephalin pentapep-
tides and endomorphins act mainly through 8- and p.-opioid
receptors. Since Arg® is maintained in the structure of all
three synthetic Mel-derivatives, including [Mel”]peptide,
k-selectivity of the compounds was supposed. Indeed,
[Mel”Jpeptide was capable of interacting with k-sites la-
belled by different type-selective primary ligands in guinea
pig brain membranes (Table 4). The apparent affinities of
the compound, as represented by IC, values (ligand con-
centration required for 50% inhibition of specific radioli-
gand binding), were similar to one another regardliess of
the radioligand used for the labelling of k-opioid recep-
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tors. Affinities at k-sites were substantially higher than
those observed at .- or d-sites labelled by [*H][D-Ala-N-
Me-Phe*,Gly 5-ol Jenkephalin or [*H]Ile>®deltorphin 11, re-
spectively. Comparison of affinities obtained in [*Hlethyl-
ketocyclazocine (k ,) and [*H]U-69593 (k) assays showed
that the ligand possesses some selectivity for k,-sites.
Mel” substitution, however, caused a loss by about an
order of magnitude in the affinity (46.8 nM) compared
with that of the parent compound (6.2 nM) in
[PH][Met®]enkephalin-Arg-Phe binding assays (Fig. 1).
Preincubation of guinea pig brain membranes in the
presence of micromolar concentrations of [Mel”]peptide
followed by extensive washing produced a dose-dependent
inhibition of [*H]naloxone binding sites. This set of bind-
ing sites is considered to be akylated by the preincubating
ligand under appropriate conditions, which makes binding
sites inaccessible for the subsequent occupation by radioli-
gands. The N, N,-bis-chloroethyl group in melphalan can
attack nucleophilic centers such as sulphydryls or imida-
zoles located close to the ligand binding pocket, but the
detailed mechanism and the exact site of its action needs
further investigation including radiolabelling of the reagent.
Examination of the concentration and time dependence of
the irreversible effect of [Mel” Jpeptide revealed that rela-
tively high concentrations of the akylating reagent are
necessary for irreversible blockage (Fig. 3). Similarly to
the chloromethyl ketone-containing opioid peptides, irre-
versible binding was observed by preincubating the mem-
branes with the peptide at a concentration of at least 5-10
uM (Benyhe et al., 1986, 1987, 1997b). To determine the
opioid receptor specificity of [Mel”]peptide labelling,
membranes were pretreated with naloxone or with the
selective k-opioid receptor antagonist ligand norbinaltor-
phimine before the addition of [Mel’]peptide. The re-
versible opioid added first should occupy the receptors,
protecting them from covalent inactivation by
[Mel"]peptide. In our hands, only partial protection by
these opioids was achieved under the reaction conditions
applied (Fig. 3). This is probably due to the irreversible
nature of [Mel”Jpeptide binding, which makes protection
by a reversibly bound ligand inherently inefficient.
Halomethyl ketone and melphalan-containing opioid
peptides are valuable tools in opioid receptor research. In
this respect, [Mel”]peptide represent a novel synthetic
compound among [Met®]enkephalin-Arg-Phe-related pep-
tides. These peptides are of particular interest because they
can interact with a subpopulation of k-opioid sites termed
K ,-Sites (Wollemann et al., 1993) and also recognize non-
opioid sites (Benyhe et a., 1997a). [Mel”]peptide is the
first affinity reagent with nitrogen mustard akylating func-
tion developed for k,-binding sites. Its structure was de-
signed on the basis of the endogenous opioid [Met®len-
kephalin-Arg-Phe, which is suggested to be the natura
agonist ligand for k ,-opioid receptors. In order to increase
the enzymatic stability and selectivity of these peptides,
introduction of p-amino acids into the heptapeptide se-

guence is in progress in our laboratory (manuscript in
preparation).
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