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Abstract

The opioid properties of endomorphin derivatives containing a C-termina acoholic(-ol) function were compared to the parent
amidated compounds in isolated organs (longitudina muscle strip of guinea-pig ileum and mouse vas deferens). Similar data were also
generated for the p-opioid receptor selective agonist synthetic peptide (p-Ala?, MePhe*, Gly5-ol)-enkephalin (DAMGO) and its
Gly®-NH , congener (DAMGA). Endomorphin-1-ol (Tyr-Pro-Trp-Phe-ol) had an IC, of 80.6 nM in mouse vas deferens and 61.2 nM in
guinea-pig ileum; the corresponding values for endomorphin-2-ol (Tyr-Pro-Phe-Phe-ol) were 49.6 and 48.2 nM, for DAMGO 59.8 and
29.2 nM, respectively. As it was indicated by the antagonism by naltrexone, the agonist actions were exerted exclusively at w-opioid
receptors in both organs. The -ol derivatives were slightly (2.3—4.3 times) less potent than the parent amides in the bioassays: all peptides
had, apparently, full agonist properties in intact preparations. With the aim of revealing potential partial agonist properties among the
investigated peptides, we partially inactivated the p-opioid receptor pool in mouse vas deferens by 5x 1077 M B-funaltrexamine. The
calculated receptor constants indicated a “high-affinity, low intrinsic efficacy” profile (i.e. a potential partial agonist property) for
endomorphin-1, an intermediate character for endomorpin-1-ol and full agonism for DAMGA and DAMGO. Apparently, a higher
receptor fraction remained accessible for endomorphin-1 (42.8%) than for the -ol congener (14.0%), DAMGO (20.2%) and DAMGA
(14.1%) after partial inactivation. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Endomorphins were the first mammalian brain opioid
peptides with highly w-opioid receptor selective agonist
properties (Zadina et al., 1997). Endomorphin-1 and-2
displayed an activity pattern in isolated organs characteris-
tic of a p-opioid receptor agonist, produced supraspinal,
p-opioid receptor-mediated analgesia (Zadina et al., 1997;
Ronai et al., 1998,/99) and several other central nervous
system actions as well (e.g. Champion et al., 1997). At
first sight, their agonist behavior could be described as that
of afull agonist; however, there were indications that they
may act in some systems as partial agonists (Narita et al.,
1998). Since Tyr-p-Ala-Gly-MePhe-Gly-ol (DAMGO,
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Kosterlitz and Paterson, 1981) has long been known as a
prototype p.-opioid receptor-sel ective synthetic peptide with
properties closely matching the criteria for a full agonist,
we synthetised the -ol derivatives of endomorphins and
tested them in isolated organs. Further experiments were
aimed at revealing potential partial agonist properties
among the investigated peptides. To attain this, we used an
indirect approach to determine agonist affinity (char-
acterized in terms of K, ); by relating this receptor-related
constant to agonist potency, we may assess the intrinsic
efficacy of an agonist. To obtain receptor constants for the
agonists (Furchgott and Bursztyn, 1967) in the mouse vas
deferens, we used the strategy of partial, irreversible in-
activation of p-opioid receptors by p-funatrexamine
(Portoghese et al., 1980), which has been characterized
mainly as an irreversible p-opioid receptor antagonist and
reversible k-opioid receptor agonists (Takemori et al.,
1981; Ward et al., 1982a,b; Hayes et a., 1985; Franklin
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and Traynor, 1991). The -ol derivatives, similarly to the
parent endomorphin peptides, were highly .-opioid recep-
tor-selective agonists in both isolated organs. They were
nearly equipotent in mouse vas deferens and guinea-pig
ileum, whereas endomorphins were significantly more po-
tent in guinea-pig ileum than in mouse vas deferens (see
adso Ronai et al., 1998/99). After partia, irreversible
inactivation of p-opioid receptors in mouse vas deferens
by 5Xx 107 M B-funaltrexamine , the calculated receptor
constants indicated a “high-affinity, low-intrinsic-efficacy”
trend for endomorphin-1 (i.e. a potential partial agonist
property), an intermediate character for endomorphin-1-ol
and full agonism for DAMGA (Tyr-p-Ala-Gly-MePhe-
Gly-NH,) and DAMGO. A further distinctive property of
endomorphin-1 was the higher accessible receptor fraction
after partial receptor pool inactivation.

The novel brain peptide endomorphins seem to possess
properties unlike those of hitherto known neuropeptides,
both biologically and biochemically. The present analyses
were aimed at revealing potentially distinctive pharmaco-
logical features. For this purpose, the determination of
receptor constants proved to serve as a useful tool.

2. Materials and methods
2.1. Materials

Synthesis of Tyr-Pro-Trp-Phe-NH,, Tyr-Pro-Phe-Phe-
NH, and Tyr-p-Ala-Gly-MePhe-Gly-NH,: Peptide amides
were synthetised on Rink amide resin (Reanal, Hungary)
using our standard Fmoc-protocol (Bodi et al., 1997).
Synthesis of Tyr-Pro-Trp-Phe-ol (endomorphin-1-ol) and
Tyr-Pro-Phe-Phe-ol (endomorphin-2-ol): Fmoc-Phe-ol was
synthetised from Fmoc-Phe-OCH, following literature
procedures (Soucek et al., 1990). Fmoc-Phe-ol was cou-
pled to 2-chlorotrityl resin (Orosz and Kiss, 1998); elonga-
tion of the peptide chain was performed as described
above. The resin—peptide bond was cleaved in dichlo-
romethane containing 0.1% trifluoroacetic acid. The pep-
tides were isolated by precipitation from the cleavage
cocktail by diethyl ether. The crude peptides were purified
by preparative HPLC (high-prformance liquid chromatog-
raphy) on a C,4 reverse-phase column using acetonitrile-
water gradient containing 0.05% trifluoroacetic acid; their
composition was verified by mass spectrometry and amino
acid analysis.

Deltorphin-11 was kindly supplied by G. Téth of Biolog-
ical Research Center of Hungarian Academy of Sciences,
Szeged. Naltrexone hydrochloride was a gift from Du Pont
Pharmaceuticals (Geneva, Switzerland). B-funaltrexamine
hydrochloride was obtained from Tocris Cookson (Bristal,
UK).

Protected amino acid derivatives Fmoc-Tyr('Bu)-OH,
Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Phe-OH, Fmoc-N-
methyl-phenylalanine (Fmoc-MePhe-OH) were obtained

from Reanal or synthetised in our laboratory. Fmoc-
Trp(Boc)-OH was obtained from Novabiochem (United
Kingdom). All the other substances used were of analytical
grade and obtained either from the Sigma-Aldrich (St.
Louis, USA) or Reanal.

2.2. Methods

2.2.1. Isolated organs

Mouse vas deferens. Vasa taken from CFLP (Carworth
Europe Farm, Lanne-Patter, ICI Alderly Park | stock) mice
weighing 35-40 g were prepared and used as described
previousy (Ronai et al., 1977). In brief, the organs (a
single vas,/bath.) were mounted under an initial tension of
0.1 g in Mg?*-free Krebs' solution aerated with carbogen
(0,:CO, = 95:5) at 31°C. Field electrical stimulation (up-
per ring, lower straight wire electrode arrangement) was
used. The parameters of stimulation were as follows: pairs
(100 ms pulse distance) of rectangular impulses (1-ms
pulse width, 9 V /cm, i.e. supramaximal intensity) were
repeated by 10 s.

Longitudinal muscle strip /Auerbach plexus of guinea-
pig ileum. Male, non-albino guinea-pigs weighing 400—500
g were used. The strips were prepared according to Paton
and Vizi (1969) and the experimental conditions were the
same as used previously (Ronai et al., 1977). In brief,
25-40 mm long strips were mounted under an initia
tension of 0.8 g in Krebs solution aerated with carbogen
a 36°C. The parameters of field stimulation were as
follows: supramaximal (1-ms pulse width, 9 V /cm inten-
sity) rectangular impulses delivered at 0.1 Hz frequency.
Throughout the experimentation, the ethical guidelines
based on the Helsinki declaration were observed; the local
ethical board approved the protocols.

2.2.2. Experimental paradigms

In the isolated organ series, 30—40 min equilibration
was used for mouse vas deferens, 45—60 min for guinea-pig
ileum under stimulation. The dose—response curves for the
agonists were constructed in noncumulative manner; the
drug exposure was less than 2 min, the administration
cycle 12—-18 min, with three to four interim washes. The
preparations were equilibrated with naltrexone for 20 min;
the single-dose method (Kosterlitz and Watt, 1968) was
used for assessing the antagonism in guinea-pig ileum,
whereas complete dose—response curves were taken with
the agonists also in the presence of antagonist in mouse
vas deferens. Based on the results of pilot experiments,
30-min exposure to 5x 10°7 M B-funaltrexamine was
chosen. In the control period, aways in paired arrange-
ment, endomorphin-1, endomorphin-1-ol, DAMGA and
DAMGO dose-response curves were constructed from
four to five preset concentrations, followed by a single
concentration of deltorphin-11. In one paired experiment, a
crossover design was used, i.e. the same preparation re-
ceived dternately endomorphin and the -ol derivative;
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Table 1

The opioid characteristics of endomorphin derivatives, (p-Ala?, MePhe?, Gly®-ol)-enkephalin and its Gly5-NH, congener in longitudinal muscle strip of

guinea-pig ileum (GPI) and mouse vas deferens (MVD)

Peptide GPI

MVD GPl /MVD?

ICso (NM)P Ntx K o ("M)©

ICs (NM)°

Ntx K, (nM)® potency ratio

0.20(0.17-0.23, n= 4)¢
0.31(0.25-0.37, n=18)
0.41(0.27-0.61, n= 4)¢
0.40 (0.27-0.60, n=17)
0.31(0.25-0.39, n= 4)
0.30 (0.27-0.33; n=5)

14.7(9.4-23.2, n=9)
61.2(45.1-83.0, n=8)
11.0(7.3-16.7, n=6)
48.2(25.8-90.1, n=8)
7.99 (4.95-12.9, n=6)
29.2(17.5-48.6, n=12)

Endomorphin-1
Endomorphin-1-ol
Endomorphin-2
Endomorphin-2-ol
DAMGA®
DAMGO®

29.4 (17.9-48.3, n= 16)
80.6 (57.1-113.6, n = 16)
21.9(155-30.9, n=98)
49.6 (31.3-78.7, n=6)
18.6 (14.1-24.7, n=11)
59.8 (41.6-85.9, n=8)

0.21(0.19-024, n=4)¢ 2.0
0.42(0.33-053, n=6) 1.3
0.27(0.24-0.29, n=4)¢ 2.0
0.29(0.20-0.42, n=6) 1.0
0.40 (0.26-059, n=6) 2.3
0.33(0.29-037; n=6) 2.1

4The ICsg, in mouse vas deferens divided by the one in guinea-pig ileum.

P5096 inhibitory concentration; geometric means and 95% confidence intervals are listed.
°Equilibrium dissociation constant; geometric means and 95% confidence intervals.

9Taken, with permission, from Ronai et al. (1998 ,/99).

°DAMGA: (p-Ala2, MePhe?, Gly5-NH,)-enkephalin; DAMGO: the Gly®-ol-derivative.

these results were not pooled with the others. Exposure to
B-funaltrexamine was followed by a 40—-60 min washout
period with 8—12 washes. A preset criterion for inclusion,
which has been recommended by Ward et al. (1982a), was
an at least 80% recovery. After recovery, a selected dose
(5% 10" M of endomorphin-1, 2x 10~ M of -ol deriva-
tive, 251077 M of DAMGA and 5x 1077 M of
DAMGO) of agonists were repeated until the responses
became stabilized; it took two to four repetitions. There-
after, the agonist effects were tested at three further, preset
concentration levels, and the administration cycle was
terminated by deltorphin-II.

2.2.3. Evaluation

In the isolated organs, the ICg, values were calculated
from the logarithmic regressions of individual dose—re-
sponse curves. For determining the parameters of antago-
nism (dose ratio, DR and equilibrium dissociation con-
stant, K,) by the competitive opioid receptor antagonist
naltrexone, either the single-dose method (in guinea-pig
ileum, Kosterlitz and Watt, 1968) was used or they were
calculated from complete dose—response curves taken in
the absence and presence of antagonist (in mouse vas
deferens, Arunlakshana and Schild, 1959).

For the pooled IC,, and K, values, the geometric
means and the 95% confidence intervals (Fleming et al.,
1972) were calculated. In order to assess the receptor
constants from the dose—response relationships obtained
before and after B-funaltrexamine exposure, a sigma plot
(ver. Gompertz 3) program run under Windows '95 was
used for curve fitting to the respective set of points. For
the “double reciproca™ plot (1/A vs. 1/A, Furchgott and
Bursztyn, 1967; Talarida and Jacob, 1979; Talarida,
1982), the equieffective concentrations of agonists before
(A) and after (A) B-funaltrexamine were obtained by
producing intercepts at the suitable segment of dose-re-
sponse curves in 5% or 10% ordinate increments. From the
linear regression of double reciproca plot, the active re-
ceptor fraction after B-funaltrexamine (q) is given as

1/<lope; for convenience, it was expressed in percent. The
apparent dissociation constant of agonist (K, ) is given by
(dlope — 1) /y intercept.
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Fig. 1. The inhibitory dose—response curves of endomorphin-1 (A, a),
endomorphin-1-ol (O0,m) (panel A), DAMGA (2,a) and DAMGO
(O,m) (panel B) in the mouse vas deferens before (open symbols) and
after (closed symbols) 30-min incubation with 5x 107 M B-
funaltrexamine. Sigma plot was used for curve fitting. Points represent
the mean, vertical lines the SE.M. of data obtained in three to four
independent experiments.
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For statistical comparisons, either paired t-test or analy-
sis of variance (ANOVA) followed by Newman-Keuls
post hoc test was used.

3. Results
3.1. General in vitro opioid pharmacology

The -ol derivatives were dlightly less potent agonists
than the parent (amidated) endomorphins in both bioas-
says. The -ol derivatives were nearly equipotent agonistsin
the two preparations, endomorphins were slightly more
potent in guinea-pig ileum than in mouse vas deferens (see
also Ronai et al., 1998/99). Of DAMGA /DAMGO pair,
also, the amide was the more potent one. The slopes of
logarithmic regressions of endomorphin dose—response
curves tended to be higher in guinea-pig ileum than those
of corresponding -ol-peptides; however, this tendency at-
tained statistical significance only for the endomorphin-
1/0l pair (33.8 [29.8-38.3], n=4 vs. 24.1 [19.7-29.5],
n = 8, geometric means and 95% confidence intervals). In
mouse vas deferens no such a tendency was found. The K,
values of opioid antagonist naltrexone against the peptides
fell into the range of 0.2-0.4 nM in both preparations
(Table 1), indicating the principal involvement of .-opioid
receptor type (see aso Discussion).
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3.2. Determination of receptor constants

If the receptor-type selection is the same for two or
more agonists, one of the possible explanations for the
higher relative potency in guineapig ileum (where the
pool of “spare” p.-opioid receptors is higher than in mouse
vas deferens, Miller et a., 1986) is a potential partia
agonist property. To follow up this possibility, we used the
strategy of partia irreversible receptor inactivation by
B-funaltrexamine. Mouse vas deferens was the preparation
of choice partly because of the lower pool of spare .-opioid
receptors and partly because of relative sparseness of
k-opioid receptors. The first property was expected to
result in a proportionately higher “net” inactivation of
functional p.-opioid receptors at a given B-funaltrexamine
concentration, the latter to facilitate the washout after the
reversible k-opioid receptor agonist action by B-funal-
trexamine The chosen concentration of B-funaltrexamine
i.e. 5X 107" M caused 32.2 + 1.4% (n= 11, arithmetic
mean + S.E.M.) inhibition, with a moderate tendency of
recovery throughout the 30-min exposure (26.8 + 2.2%
inhibition at the endpoint). After 40-60 min and 8-12
washes, there was a recovery to 94.9 + 1.9% of control; no
exclusion was necessary since recovery was higher than
80% in each experiment. The dose-response curves of
endomorphin-1/-ol pair before and after B-funaltrexamine
exposure are shown in Fig. 1, panel A, whereas those for
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Fig. 2. Double reciprocal plot of equieffective concentrations of endomorphin-1 (panel A), endomorphin-1-ol (panel B), DAMGA (panel C) and DAMGO
(panel D) obtained before (A) and after (A') incubation of mouse vasa deferentiawith 5x 10~ M B-funaltrexamine. The presented data were obtained is

single, typical experiments.
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Table 2

Receptor constants for endomorphin-1, endomorphin-1-ol, (o-Ala?, MePhe?, Gly3-NH ,)-enkephalin and its Gly®-ol congener in mouse vas deferens

Peptide Regression of 1/A vs. 1/A plot?

K, (nM)P

q° (Active receptor Kn/1CS,

fraction, %)

Endomorphin-1 y=2.46+ 0.42 x+ 0.030 + 0.0041 (n = 4)
(r2=0.85,7, 0.95/5, 0.95/6, 0.96,6)
y=7.50 + 1.08 x + 0.0097 + 0.00049 (n = 4)

(r2=0.87/6,091/7,0.93/7,0.97/6)

Endomorphin-1-oll

DAMGA y=7.26+ 0.85 X+ 0.018 + 0.003 (n = 4)
(r2=0.99,/7,0.99/9,0.99/8, 0.95/8)
DAMGO y=5.13 4 0.83 X+ 0.0072 + 0.0015 (n = 3)

(r2=0.98,/10,0.99/6, 0.99,/9)

44.1 (22.1-88.0)
632 (465—859)
355 (274-461)

589 (423-821)

42.8(31.3-58.6) 1.71(1.06-2.74)

14.0 (10.3-18.9) 5.58 (4.66—6.68)
14.1(11.3-17.6) 19.2(14.6-25.2)

20.2 (15.6-26.3) 12.3(8.7-17.4)

#Plots were constructed from the reciprocals of equieffective concentrations of agonist before (A) and after (A') 30-min incubation with 5x 10~7 M
B-funaltrexamine. The equation is given as the arithmetic mean + S.E.M of slope and y intercept parameters obtained in individual experiments. The
individual r? parameters and the number of points taken for a given individual construct appear in parenthesis.

® Dissociation constant of agonist, calculated as (slope — 1) /intercept on the ordinate. Geometric means and 95% confidence intervals are listed.

Fraction of receptors available for the agonist after B-funaltrexamine incubation, calculated as 1/sope. Geometric means and 95% confidence

intervals.

9For the calculation the ICs,, Obtained in the same preparation, was used.

the DAMGA /DAMGO pair in panel B. The dose—re-
sponse curves were shifted to the right; there was a dlight
reduction of dlope and maximum effect in the case of
endomorphin-1, whereas these parameters were markedly
changed in the case of endomorphin-1-ol. The reduction in
the effectiveness of &-opioid receptor agonist deltorphin-II
was moderate though statistically significant (88.3 + 1.5%
inhibition before vs. 67.7 + 2.4% after B-funaltrexamine
exposure at 10~° M concentration of agonist; p < 0.05,
n = 16, paired t-test). To obtain receptor constants for the
two agonists, according to Furchgott and Bursztyn (1967),
first equiactive concentrations of respective agonists before
(A) and after (A') B-funaltrexamine incubation were deter-
mined in individual, paired experiments (for details, see
Methods). Typica “double reciprocal” plots (1/A vs.
1/A) for endomorphin-1 (panel A), endomorphin-1-ol
(panel B), DAMGA (panel C) and DAMGO (panel D) are
shown in Fig. 2. The pooled parameters of individua
linear regressions and the calculated receptor constants are
given in Table 2.

By the calculated parameters, endomorphin-1 has ap-
proximately 14 times higher affinity to the p.-opioid recep-
tors in mouse vas deferens than the parent -ol derivative.
There was no such a difference between the affinities of
DAMGA /DAMGO pair; the K, values for both peptides
fell into the same range as the one for endomorphin-1-ol.
Furthermore, apparently, a much higher percentage of
p-opioid receptors remain available for endomorphin-1
after B-funaltrexamine incubation than for endomorphin-1-
ol, DAMGA or DAMGO ( p < 0.05 by ANOVA followed
by Newman—Keuls test). The same difference was also
found in the “crossover” type of experiment (not shown,
see Methods) underlying that the difference is not due to
individual variations across preparations. The ratio relating
agonist potency (IC,) to agonist affinity (K,) reflects a
“high affinity, low efficacy” profile for endomorphin-1
(p < 0.005vs. DAMGA, p < 0.05 vs. DAMGO), an inter-

mediate profile for endomorphin-1-ol (p < 0.01 vs.
DAMGA, p< 0.05 vs. DAMGO), whereas a “low affin-
ity, high efficacy” one for DAMGA and DAMGO,
DAMGA being the “fuller” agonist of the two ( p < 0.05).

4, Discussion

In the present series of experiments the -ol-derivatives
of endomorphins, similarly to the parent natural peptides
were p-opioid receptor-sel ective agonists both in the mouse
vas deferens and guinea-pig ileum bioassays. However,
there was no improvement, even a dlight reduction in
agonist potencies as a consequence of amide -ol modifica-
tion. It should be kept in mind that endomorphins are “ab
ovo” C-terminally amidated, which is a structura feature
promoting w.-opioid receptor-type selection (Ronai et al.,
1979).The very same tendency is apparent also in the case
of (p-Ala?, MePhe*, Gly>5-ol)-enkephalin/(p-Ala?,
MePhe*, Gly®-NH,) pair; the amide is consistently more
potent in both isolated organs.

Since there were indications in the literature (Narita et
al., 1998) that endomorphins may possess partial agonist
properties, we decided to analyse this possibility because
the full or partial agonist character of an agonist is an
important issue both from theoretical and practical point of
view. For agonists where the antagonist property is mani-
fested below or within the concentration range where the
agonist effect is exerted, the distinction is easily made by
simple pharmacologica means; this, certainly, does not
apply for endomorphins. The improving methodology both
in biochemical pharmacology (first the “sodium shift” of
receptor binding then the (*S) GTP binding) and tradi-
tional pharmacology (partial receptor pool inactivation)
gave useful tools to differentiate in more complex cases.
Full or partial agonism stem from the drug-receptor-related
factor commonly known as intrinsic efficacy (Stephenson,
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1956; Furchgott and Bursztyn, 1967; Tallarida and Jacob,
1979; Tallarida, 1982; Kenakin, 1999). In the present
series of experiments, we used the partia, irreversible
receptor pool inactivation strategy (Furchgott and Bursz-
tyn, 1967). When using an irreversibly acting agent as a
tool for determining receptor constants of agonists in
isolated tissues the following criteria should be met: (1)
The agonist should act at a single, homogenous receptor
population; (2) The irreversible agent should inactivate a
fraction of receptors without altering the affinity of agonist
to the remaining receptor population or interfering with the
molecular events involved in signal transduction; and (3)
The functional chain mediating the biological response
distal to the receptor should be left intact. B-funatrexa
mine and chlornaltrexamine have been synthetised
(Portoghese et al., 1979, 1980) with the aim of producing
irreversible opioid receptor antagonists. Interaction with
d-opioid receptors is present and occurs regularly in the
same concentration range where irreversible p-opioid re-
ceptor blockade is produced (Hayes et al., 1985). Corbett
et al. (1985) have found that while p-opioid receptor
agonists lost potency irreversibly in guinea-pig ileum after
B-funaltrexamine incubation, there was, apparently, no loss
in ligand binding sites in tissue homogenate. (-
funaltrexamine action has, therefore, been attributed to an
interference with the receptor-effector coupling system in
this tissue rather than a blockade of binding sites. How-
ever, as it was shown by a carefully conducted reinvestiga-
tion (Franklin and Traynor, 1991), this anomaly was due to
the incubation conditions; in fact, the presence of Na* and
Gpp(NH)p B-funaltrexamine did reduce binding capacity
also in tissue homogenate. Under our experimental condi-
tions, B-funatrexamine exerted a dlighter reversible in-
hibitory effect on its own in the mouse vas deferens
bioassay, when tested in the concentration range of 2 X
107 7-2 x 107% M, than it was expected from the previous
reports on the actions of drug in the same isolated organ.
Furthermore, the irreversible impairment of &-opioid re-
ceptor function was also unexpectedly moderate; there was
only a dlight reduction in the effectiveness of deltorphin-I|
tested in a concentration approximately twice the 1Cg,
value. Thus, partly because of these factors, partly because
of the reportedly lower p-opioid receptor pool in the
mouse vas deferens, we decided to determine the (-
funaltrexamine endomorphin-1/-1-ol, DAMGA /DAMGO
interaction in this isolated organ. From the receptor con-
stants calculated from the double-reciprocal plots of
equiactive agonist concentrations before and after B-
funaltrexamine incubation, it became evident that endo-
morphin-1 differed from endomorphin-1-ol and the
DAMGA /DAMGO pair not just in one, but two,
receptor-related parameters. While the K, values of endo-
morphin-1-ol, DAMGA and DAMGO fell into 300—600
nM range, the affinity of endomorphin-1 was approxi-
mately by one order of magnitude higher. Furthermore, the
receptor fraction available after B-funaltrexamine treat-

ment was higher for endomorphin-1 (42.8%) than for the
other tested agonists (14.0—20.2%). The latter finding is
rather difficult to interpret even speculatively. The primary
structures of different opioid receptor types are known and
the alignment of different receptor protein domains relative
to the cell membrane can be predicted with good probabil-
ity (for review, see Reisine and Bell, 1993; Uhl et al.,
1994; Quock et al., 1999). Ligand-binding selectivity of
receptor types stems mainly from binding pockets of well-
defined geometry and their occlusion by strategically lo-
cated amino acids or short segments rather than from gross
amino acid composition differences (Metzger and Fergu-
son, 1995; Quock et al., 1999). It is aso known that
B-funaltrexamine interacts irreversibly with a single amino
acid residue, Lys 233 in the rat w-opioid receptor protein
(Chen et al., 1996). Lys 233 is located at the extracellular
end of the fifth transmembrane domain, in the close prox-
imity of “morphinan binding pocket”; it is not involved
directly in ligand binding. The domain responsible for the
high-affinity binding of a ‘“non-morphinan” ligand,
DAMGO resides within the first extracellular loop of
p-opioid receptor (Onogi et a., 1995); the obstruction of
this region by Lys 108 in cloned rat 8-opioid receptor is
responsible for the binding selectivity profile of this recep-
tor type (Minami et al., 1996). Irreversible interaction of
B-funaltrexamine with Lys 233 renders both the
“morphinan binding pocket” and the “non-morphinan -bi-
nding domain(s)” of w-opioid receptor fractionally inac-
cessible to ligands. Assuming that endomorphin-1 and
endomorphin-1-ol are assigned to the same binding pocket,
one of the possible explanations for the different fractional
receptor accessibilities is that possibly endomorphin-1 has
a more folded, geometrically more compact structure. Fi-
naly, by relating the agonist affinities (K, values) to
agonist potencies (IC, values), a high intrinsic efficacy
(full agonism) can be predicted for DAMGA and DAMGO,
an intermediate character for endomorphin-1-ol, whereas a
potential partial agonism for endomorphin-1.

Acknowledgements

The work was supported by grants ETT 182/97 KO,
15,/2000, OTKA TO 30841, TO 25424, TO 32736 and
OMFB 96-97-48-1370. Authors are indebted to Ms. Lilla
Gabriel for the skilled technical assistance and Ms. Chris-
tine Barna for PC editing.

References

Arunlakshana, O., Schild, H.O., 1959. Some quantitative uses of drug
antagonists. Br. J. Pharmacol. 33, 48-58.

Bodi, J., Suli-Vargha, H., Ludanyi, K., Vékey, K., Orosz, G., 1997. New
strategy for the synthesis of large peptides as applied to the C-termi-
nal Cysteine-rich 41 amino acid fragment of the mouse agouti protein.
Tetrahedron Lett. 38, 3293—-3296.



M. Al-Khrasani et al. / European Journal of Pharmacology 421 (2001) 61-67 67

Champion, H.C., Zadina, JE., Kastin, A.J., Kadowitz, P.J., 1997. The
endogenous p.-opioid agonists, endomorphin 1 and 2, have vasodilator
activity in the hindgquarters vascular bed of the rat. Life Sci. 61,
409-415.

Chen, C,, Yin, J, de Rief, JK., de Jarlais, R.L., Raveglia, L.F., 1996.
Determination of the amino acid residue involved in (3H)B-
Funaltrexamine covalent binding in the cloned rat w-opioid receptor.
J. Biol. Chem. 271, 21422-21429.

Corbett, A.D., Kosterlitz, H.W., McKnight, A.T., Paterson, S.J., Robson,
L.E., 1985. Pre-incubation of guinea-pig myenteric plexus with 3-
funaltrexamine: discrepancy between binding assays and bioassays.
Br. J. Pharmacol. 22, 3099-3108.

Fleming, W.W., Westfadl, D.P.,, De la Lande, |.S., Jellett, L.B., 1972.
Log—normal distribution of equieffective doses of norepinephrine and
acetylcholine in several tissues. J. Pharmacol. Exp. Ther. 181, 339—
345,

Franklin, T.G., Traynor, JR., 1991. Alkylation with B-funatrexamine
suggests differences between p.-opioid receptor systems in guinea-pig
brain and myenteric-plexus. Br. J. Pharmacol. 102, 718-722.

Furchgott, R.F., Bursztyn, P., 1967. Comparison of dissociation constants
and of relative efficacies of selected agonists acting on parasympa
thetic receptors. Ann. N. Y. Acad. Sci. 144, 882—899.

Hayes, A.G., Sheehan, M.J.,, Tyers, M.B., 1985. Determination of the
receptor selectivity of opioid agonist in the guinea-pig ileum and
mouse vas deferens by use of B-funaltrexamine. Br. J. Pharmacol. 86,
899-904.

Kenakin, T., 1999. Efficacy in drug receptor theory: outdated concept or
under-valued tool. Trends Pharmacol. Sci. 20, 400—-404.

Kosterlitz, H.W., Paterson, S.J., 1981. Tyr-p-Ala-Gly-MePhe-
NH(CH,),OH is a selective ligand for the p-opiate binding site. Br.
J. Pharmacol. 73, 299 pp.

Kosterlitz, HW., Watt, A.J., 1968. Kinetic parameters of narcotic ago-
nists and antagonists with particular reference to N-allylnoroxymor-
phone (naloxone). Br. J. Pharmacol. 33, 266—276.

Metzger, T.G., Ferguson, D.M., 1995. On the role of extracellular loops
of opioid receptors in conferring ligand selectivity. FEBS Lett. 375,
1-4.

Miller, L., Shaw, J.S., Whiting, E.M., 1986. The contribution of intrinsic
activity to the action of opioids in vitro. Br. J. Pharmacol. 87,
595-601.

Minami, M., Nakagawa, T., Seki, T., Onogi, T., Aoki, Y., Katao, Y.,
Katsumata, S., Satoh, M., 1996. A single residue Lys108 of the
3-opioid receptor prevents the w-opioid selective ligand (p-Al&?,
N-MePhe?®, Gly-ol®) enkephalin from binding to the 3-opioid recep-
tor. Mol. Pharmacol. 50, 1413-1422.

Narita, M., Mizoguchi, H., Qji, G.S., Tseng, E.L., Suganuma, C., Nagase,
H., Tseng, L.F., 1998. Characterization of endomorphin-1 and —2 on
(355) GTPgamma S binding in the mouse spinal cord. Eur. J.
Pharmacol. 351, 383-387.

Onogi, T., Minami, M., Katao, Y., Nakagawa, T., Aoki, Y., Toya, T.,
Katsumata, S., Satoh, M., 1995. DAMGO, a p.-opioid receptor selec-
tive agonist, distinguishes between .- and 3-opioid receptors around
their first extracellular loops. FEBS Lett. 357, 93-97.

Orosz, G., Kiss, L.P., 1998. Simple and efficient synthesis of 2-chlorotri-
tylchloride resin. Tetrahedron Lett. 39, 3241-3242.

Paton, W.D.M., Vizi, E.S., 1969. The inhibitory action of noradrenaline
and adrenaline on acetylcholine output by guinea-pig longitudina
muscle strips. Br. J. Pharmacol. 35, 10—28.

Portoghese, P.S., Larson, D.L., Jiang, J.B., Caruso, T.P., Takemori, A.E.,
1979. Synthesis and pharmacological characterization of an alkylating
analogue (chlornaltrexamine) of natrexone with ultra long-lasting
narcotic antagonist properties. J. Med. Chem. 22, 168-173.

Portoghese, P.S,, Larson, D.L., Sayre, L.M., Fries, D.S., Takemori, A.E.,
1980. A novel opioid receptor site directed alkylating agent with
irreversible narcotic antagonistic and reversible agonistic activities. J.
Med. Chem. 23, 233-234.

Quock, R.M., Burkey, T.H., Varga, E., Hosohata, Y., Hosohata, K.,
Cowell, SM., Slate, C.A., Ehlerit, F.J,, Roeske, W.R., Yamamura,
H.I., 1999. The 3-opioid receptor: molecular pharmacology, signa
transduction, and the determination of drug efficacy. Pharmacol. Rev.
51, 503-532.

Reisine, T., Bell, 1.G., 1993. Molecular biology of opioid receptors.
Trends Neurosci. 16, 506-510.

Ronai, A.Z., Graf, L., Székely, J.I., Dunai-Kovacs, Zs., Bajusz, S., 1977.
Differential behaviour of LPH-(61-91)-peptide in different model
systems: comparison of the opioid activities of LPH-(61-91)-peptide
and its fragments. FEBS Lett. 74, 182-184.

Ronai, A.Z., Szekely, JI., Berzétei, I., Migléecz, E., Bajusz, S., 1979.
Tetrapeptide-amide analogues of enkephalin: the role of C-terminusin
determining the character of opioid activity. Biochem. Biophys. Res.
Commun. 91, 1239-1249.

Ronai, A.Z., Timar, J, Mako, E., Erdd, F., Gyarmati, Zs., Téth, G.,
Orosz, Gy., Furst, S., Székely, J.I., 1998 /99. Diprotin A, an inhibitor
of dipeptidyl aminopeptidase IV(EC 3.4.14.5) produces naloxone-re-
versible analgesia in rats. Life Sci. 64, 145-152.

Soucek, M., Urban, J.,, Saman, D., 1990. Preparation of N-protected
a-amino acohols by acetoxyborohydride reduction of N-protected
a-amino acid esters. Collect. Czech. Chem. Commun. 55, 761-765.

Stephenson, R.P., 1956. A modification of receptor theory. Br. J. Pharma
col. 11, 379-393.

Takemori, A.E., Larson, D.L., Portoghese, P.S., 1981. The irreversible
narcotic antagonistic and reversible agonistic properties of the fu-
marate methyl ester derivative of naltrexone. Eur. J. Pharmacol. 70,
445-451.

Talarida, R.J., 1982. The use of drug-receptor affinity measures in the
differentiation of receptors. Fed. Proc. 41, 2323-2327.

Talarida, R.J., Jacob, L.S., 1979. The Dose—Response Relation in Phar-
macology. Springer, New York, NY.

Uhl, G.R., Childers, S, Pasternak, G., 1994. An opiate-receptor gene
family reunion. Trends Neurosci. 17, 89-93.

Ward, S.J., Portoghese, P.S., Takemori, A.E., 1982a. Pharmacological
profiles of B-funaltrexamine (3-FNA) and B-chlornatrexamine (-
CNA) on the mouse vas deferens preparation. Eur. J. Pharmacol. 80,
377-384.

Ward, S.J., Portoghese, P.S., Takemori, A.E., 1982b. Pharmacological
characterization in vivo of the novel opiate, B-funatrexamine. J.
Pharmacol. Exp. Ther. 220, 494-498.

Zading, JE., Hackler, L., Ge, L.J, Kastin, A.J,, 1997. A potent and
selective endogenous agonist for the p-opiate receptor. Nature 386,
499-502.



