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A series of 17 analogues were developed on the basis of the general formula H-Dmt-Tic-NH-
*CH(R)-R′ (* denotes chirality; R ) charged, neutral, or aromatic functional group; R′ ) -OH
or -NH2). These compounds were designed to test the following hypothesis: the physicochemical
properties of third-residue substitutions C-terminal to Tic in the Dmt-Tic pharmacophore modify
δ-opioid receptor selectivity and δ-opioid receptor antagonism through enhanced interactions
with the µ-opioid receptor. The data substantiate the following conclusions: (i) all compounds
had high receptor affinity [Ki(δ) ) 0.034-1.1 nM], while that for the µ-opioid receptor fluctuated
by orders of magnitude [Ki(µ) ) 15.1-3966 nM]; (ii) δ-opioid receptor selectivity [Ki(µ)/Ki(δ)]
declined 1000-fold from 22 600 to 21; (iii) a C-terminal carboxyl group enhanced selectivity
but only as a consequence of the specific residue; (iv) amidated, positive charged residues [Lys-
NH2 (6), Arg-NH2 (7)], and a negatively charged aromatic residue [Trp-OH (11)] enhanced
µ-opioid affinity [Ki(µ) ) 17.0, 15.1, and 15.7 nM, respectively], while Gly-NH2 (8), Ser-NH2
(10), and His-OH (12) were nearly one-tenth as active; and (v) D-isomers exhibited mixed effects
on µ-opioid receptor affinity (2′ , 3′ < 4′ < 1′ < 5′) and decreased δ-selectivity in D-Asp-NH2
(1′) and D-Lys(Ac)-OH (5′). The analogues exhibited δ-opioid receptor antagonism (pA2 ) 6.9-
10.07) and weak µ-opioid receptor agonism (IC50 > 1 µM) except H-Dmt-Tic-Glu-NH2 (3), which
was a partial δ-opioid receptor agonist (IC50 ) 2.5 nM). Thus, these C-terminally extended
analogues indicated that an amino acid residue containing a single charge, amino or guanidino
functionality, or aromatic group substantially altered the δ-opioid receptor activity profile
(selectivity and antagonism) of the Dmt-Tic pharmacophore, which suggests that the C-terminal
constituent plays a major role in determining opioid receptor activity as an “address domain”.

Introduction1

It is well recognized that a major rationale in the
design of ligands for the three major opioid receptor
types (µ, δ, and κ) traditionally focused on the abatement
of pain through the use of specific agonists. However,
the elimination of addictive behaviors could be ac-
complished by the application of selective δ- or µ-opioid
antagonists. For example, since the µ-opioid receptor
system appears to be responsible for addiction and
δ-opioid receptors apparently fail to elicit a dependency
profile, selective δ-opioid antagonists were applied to
alleviate some of these matters,2 as well as to the
treatment of cocaine addiction3 and alcoholism.4,5 Nu-
merous peptide opioids6 and non-peptide opiates7-10

interact with the δ-opioid receptor with high affinities
and exhibit either agonist or antagonist bioactivities.
Among the diverse body of opioid ligands, the prototypic
dipeptide Dmt-Tic,11 which evolved from the weakly
active Tyr-Tic12 as a simplification of the TIP(P) class
of compounds,13 represented the minimal peptide se-

quence that selectively interacted with δ-opioid recep-
tors with potent δ-opioid receptor antagonist activity.

To obtain chemically stable14,15 opioid molecules with
a higher bioactivity profile, the Dmt-Tic pharmacophore
underwent extensive modifications that altered its
properties, e.g., alkylation of the N-terminal amino
function,16 replacement of Tic with other constrained
aromatic residues,17 or substitutions on the aromatic
ring of Tic,18 in addition to transforming the C-terminal
carboxylic function of Dmt-Tic into alcoholic, amide, and
ether functions.19,20 A carboxylic group on δ-opioid
receptor ligands is required for selectivity because a
negative charge nullifies the interaction with µ-opioid
receptors.11,21 Whereas additions to the pharmacophore
at the C-terminal with L- or D-Ala did not substan-
tially alter δ-opioid receptor affinity,11 the presence of
bulky uncharged hydrophobic groups greatly enhanced
µ-opioid receptor affinity and drastically reduced δ-
opioid selectivity.22 In fact, recent data demonstrated
the conversion of the Dmt-Tic pharmacophore from a
δ-opioid receptor antagonist into potent δ-opioid agonist
by transformation of the carboxyl function of H-
Dmt-Tic-Gly-OH or H-Dmt-Tic-L/D-Ala-OH into a new
template with the general formula H-Dmt-Tic-NH-
*CH(R)-R′ [* denotes chirality; R ) -H or -CH3; R′ )
1H-benzimidazol-2-yl (Bid)].19,20 On the other hand, C-
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terminal additions to the Tyr-Tic pharmacophore with
one or two Phe residues yielded the δ-opioid selective
antagonists H-Tyr-Tic-Phe-OH and H-Tyr-Tic-Phe-Phe-
OH.13

Rationale
The aim of the current study was to test the hypoth-

esis that a C-terminal moiety on the Dmt-Tic pharma-
cophore could influence δ-opioid receptor mediated
activities. We asked if C-terminal substitutions and
certain physicochemical characteristics of a third amino
acid modify δ-opioid receptor selectivity through en-
hancement of the µ-opioid receptor affinity that could
alter δ-opioid receptor antagonism. Thus, we prepared
tripeptides of the general formula H-Dmt-Tic-Xaa,
where Xaa is an amino acid with different chemical
functions on the side chain containing a carboxylic or
amide group at the C-terminus. In particular, the
presence of an additional amino acid at the C-terminus
containing either an acidic or a basic function would
enable a detailed study on receptor-ligand binding,
offering greater insight on receptor selectivity at mem-
brane receptors and their interaction with opioid recep-
tors embedded in functional biological tissues (i.e.,
mouse vas deferens and guinea pig ileum). Furthermore,
the acidic or basic third residue could be used to attach
chemical substituents (e.g., a fluorophore) in order to
study receptor function and distribution. Earlier studies
with deltorphin analogues revealed that while a nega-
tive charge was ineffective in altering δ-opioid affinity,
it was critical in maintaining the high selectivity for this
receptor; i.e., a negative charge repelled the δ-opioid
ligand from interacting to any substantial degree with
µ-opioid receptors.21 These observations were also re-
ported with a variety of analogues of the Dmt-Tic
pharmacophore and in which elimination of a carboxyl
group led to enhanced activity toward the µ-opioid

receptor.6,22 On the other hand, the presence of an
additional negative charge in the sequence of a peptide
ligand did not increase δ-receptor affinity and selectiv-
ity.21

Results and Discussion
Receptor Affinity Analysis. All of the tripeptides

listed in Tables 1 and 2 exhibited high δ-opioid receptor
affinity (Ki e 1.1 nM), and several analogues (3, 3′, 5,
5′, 11, 12) demonstrated exceptional Ki(δ) values (e0.12
nM) regardless of the composition of the C-terminal
substituent. It appears that the Dmt-Tic pharmacophore
remains the essential component of the peptide that
preferentially interacts with the δ-opioid receptor6,22,23

and that a C-terminal substituent can exert a subtle
alteration in the overall receptor affinity of the opioid
compound as well as its selectivity.

Structures of the compounds are noted in Figure 1,
and opioid binding data are listed in Table 1. Data from
compounds containing a negatively charged third resi-
due in the side chain at the C-terminus, except com-
pounds 6-8 and 10, confirmed the importance of a
negative charge in the H-Dmt-Tic-Xaa tripeptides for
high δ-opioid receptor selectivity. Analogues 3 and 5
with µ/δ selectivity ratios of 22 617 and 22 361, respec-
tively, are the best δ-opioid selective tripeptides in this
study, although several other compounds exhibited high
δ-opioid receptor selectivity (e.g., 3′, 9, 1, and to a lesser
extent 2′); δ-opioid receptor affinity improved 5- to 6-fold
compared to 1 and the reference compound (H-Dmt-Tic-
Ala-OH) where the negative charge is at the C-termi-
nus.11

While H-Dmt-Tic-Ala-NH2 drastically improved µ-
opioid receptor affinity by 123-fold compared to H-Dmt-
Tic-Ala-OH, thereby reducing δ-opioid receptor selectiv-
ity by 100-fold,11 analogues 3 and 3′ with a negative
charge in the side chain and an amide function at the

Table 1. Receptor Binding and Functional Bioactivity of H-Dmt-Tic-Xaa Peptides

MVD GPI
receptor bindinga

compd Xaa-R′ Ki(δ) (nM) Ki(µ) (nM) µ/δ
pA2

b

deltorphin
IC50

c

(nM)
pA2

b

dermorphin
IC50

c

(µM) ref

Ala-OH 0.29 ( 0.03 (6) 5820 ( 675 (4) 20400 8.40 >10 11
Ala-NH2 0.24 ( 0.02 (5) 47.1 ( 3.4 (4) 195 8.00 4.74 ( 0.9 11
D-Ala-NH2 0.30 ( 0.02 (4) 47.5 ( 4.6 (3) 158 7.60 >10 20

1 Asp-NH2 0.29 ( 0.02 (3) 2565 ( 290 (3) 8875 8.12 >10 20
1′ D-Asp-NH2 0.44 ( 0.02 (3) 367 ( 59 (5) 834 8.14 >10
2 Asn-OH 1.10 ( 0.26 (5) 80.3 ( 8.2 (4) 73 8.23 >10 20
2′ D-Asn-OH 0.74 ( 0.1 (4) 3996 ( 318 (4) 5400 8.23 >10
3 Glu-NH2 0.06 ( 0.008 (4) 1357 ( 268 (4) 22617 2.5 ( 0.8 >10
3′ D-Glu-NH2 0.053 ( 0.003 (3) 920 ( 159 (5) 17358 8.64 5.1
4 Gln-OH 0.325 ( 0.052 (4) 465 ( 103 (5) 1431 8.98 >10
4′ D-Gln-OH 0.45 ( 0.13 (5) 562 ( 80 (5) 1252 8.91 >10
5 Lys(Ac)-OH 0.047 ( 0.013(4) 1051 ( 80 (5) 22361 10.07 >10
5′ D-Lys(Ac)-OH 0.083 ( 0.01 (4) 86.8 ( 4 (3) 1046 9.29 1.5 ( 0.1
6 Lys-NH2 0.71 ( 0.13 (5) 17.0 ( 2.0 (4) 24 7.87 7.87 ( 0.6
7 Arg-NH2 0.73 ( 0.15 (4) 15.1 ( 2.3 (6) 21 6.90 6.6 ( 0.5
8 Gly-NH2 0.25 ( 0.05 (5) 140 ( 14 (5) 559 7.65 >10
9 Ser-OH 0.27 ( 0.06 (4) 2830 ( 130 (3) 10481 8.88 >10
10 Ser-NH2 0.13 ( 0.02 (5) 140 ( 7 (3) 1120 8.07 >10
11 Trp-OH 0.034 ( 0.002 (3) 15.7 ( 7.3 (5) 462 9.57 1.5
12 His-OH 0.12 ( 0.04 (3) 174 ( 26 (3) 1403 8.72 >10
a The Ki values (nM) were determined according to Chang and Prusoff 44 as detailed in the Experimental Section. The mean ( SE with

n repetitions in parentheses is based on independent duplicate binding assays with five to eight peptide doses using different synaptosomal
preparations. b pA2 is the negative logarithm to base 10 of the molar concentration of an antagonist that makes it necessary to double the
concentration of agonist needed to elicit the original submaximal response; the antagonistic properties of these compounds were tested
using deltorphin C (δ agonist) or dermorphin (µ agonist) as agonists. c Agonist activity was expressed as IC50 obtained from dose-response
curves. These values represent the mean ( SE of at least five fresh tissue samples. Deltorphin C and dermorphin were the internal
standards for MVD (δ-opioid receptor bioactivity) and GPI (µ-opioid receptor bioactivity) tissue preparations, respectively.
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C-terminus represented ideal candidate peptides as
design templates for δ-opioid receptor selective com-
pounds.20 A change in the chirality of the analogues
containing Asp (1, 1′) and Lys(Ac)-OH (5, 5′) exhibited
a decreased δ-opioid receptor selectivity of approxi-
mately 10- and 20-fold, respectively, because of improve-
ment of µ-opioid receptor affinities. The opposite oc-
curred with Asn (2, 2′), in which δ-opioid receptor
selectivity rose 74-fold, and only small changes were
observed with Glu (3, 3′) and Gln (4, 4′) (Table 1). It is
well-known that the chirality of Tic plays a dominant
role in the activity of these compounds11,12 as well as in
the TIP(P) peptides.13,24,25

Changing the position of the negative charge and
amide function from the side chain to the C-terminus
in analogues 2 and 4 decreased δ-opioid receptor
selectivity 120-fold for the former and 16-fold for the
latter compared to 1 and 3 because of an improvement
of µ-opioid receptor affinity. The binding profiles of the
corresponding Asn and Gln distereoisomers (2′ and 4′)
revealed that δ-opioid receptor selectivity is partially
dependent on the chirality of the residue; i.e., H-Dmt-
Tic-D-Asn-OH was 74-fold more selective than its L-Asn
analogue (2), while D-Gln had a δ-opioid selectivity
comparable to its distereoisomer (4). While most selec-
tive analogues in the C-terminal extended TIP(P) series
containing D-Gln-OH,25 the C-terminal position of this
residue would spatially differ from 2′ and 4′, presumably
by interacting with different receptor pocket side chains;
i.e., our compounds being tripeptides in comparison to
the TIP(P) tetra- or pentapeptides are substantially
smaller. However, the difference in activity could also
be attributable to the presence of Dmt in lieu of Tyr at
the N-terminus, which is known to cause distinct shifts
in the spectrum of peptide activity.6,26-29

The presence of a positively charged residue, Arg (7)
or Lys (6), and the acetylation of the amino function of
the side chain of Lys (5, 5′) were investigated for their
effects on µ-opioid activity, since a positive charge has
been shown to play a pivotal role in some dermorphin
analogues to increase µ-opioid receptor selectivity.30 Arg
and Lys also serve as potential residues for attachment
of other functional groups (infra vide). Dmt-Tic-Lys(Ac)-
OH (5) had high δ-opioid receptor selectivity comparable
to 3, while that for the corresponding D-Lys diastereo-
isomer (5′) was reduced about 20-fold mainly because
of a large increase in µ-opioid receptor interaction. As
anticipated, the nonacetylated, C-terminally amidated
Lys analogue (6) and H-Dmt-Tic-Arg-NH2 (7) exhibited
considerably higher affinity for µ-opioid receptors and
thus were only marginally δ-opioid receptor selective
(Table 1).

Neutral amino acids at the C-terminus of the Dmt-
Tic pharmacophore included Gly (8) or Ser (9, 10);
analogues containing Ala are the reference peptides in
Table 1. Although all three analogues (8-10) exhibited
high δ-opioid receptor affinities, the amidated com-
pounds (8 and 10) had increased µ-opioid affinity that
resulted in weaker δ-opioid receptor selective ligands.
That H-Dmt-Tic-Ser-OH (9) was 10-fold more δ-opioid
receptor selective than the corresponding amide further

Table 2. Analytical Data of H-Dmt-Tic-Xaa Analoguesa

compd Xaa-R′ mp (°C) [R]20
D Rf K′ MH+, m/z analytical data

1′ D-Asp-NH2 152-154 +26.5 0.72 7.45 483 (C25H30N4O6‚TFA) C, H, N
2′ D-Asn-OH 153-155 +28.7 0.73 7.66 483 (C25H30N4O6‚TFA) C, H, N
3 Glu-NH2 148-150 +28.2 0.78 8.72 497 (C26H32N4O6‚TFA) C, H, N
3′ D-Glu-NH2 149-151 +26.9 0.80 8.84 497 (C26H32N4O6‚TFA) C, H, N
4 Gln-OH 152-154 +25.9 0.78 9.27 497 (C26H32N4O6‚TFA) C, H, N
4′ D-Gln-OH 153-155 +24.2 0.80 9.35 497 (C26H32N4O6‚TFA) C, H, N
5 Lys(Ac)-OH 155-157 +24.8 0.74 8.93 539 (C29H38N4O6‚TFA) C, H, N
5′ D-Lys(Ac)-OH 156-158 +18.6 0.75 8.99 539 (C29H38N4O6‚TFA) C, H, N
6 Lys-NH2 150-152 +27.5 0.71 8.82 496 (C27H37N5O4‚2TFA) C, H, N
7 Arg-NH2 164-166 +21.8 0.68 8.41 524 (C27H37N7O4‚2TFA) C, H, N
8 Gly-NH2 142-144 +36.8 0.62 8.01 425 (C23H28N4O4‚TFA) C, H, N
9 Ser-OH 158-160 +34.8 0.58 8.15 456 (C24H29N3O6‚TFA) C, H, N
10 Ser-NH2 145-147 +35.2 0.63 8.09 455 (C24H30N4O5‚TFA) C, H, N
11 Trp-OH 158-160 +40.5 0.77 9.41 555 (C32H34N4O5‚TFA) C, H, N
12 His-OH 165-167 +31.7 0.67 7.31 506 (C27H31N5O5‚2TFA) C, H, N

a The details can be found in the Experimental Section.

Figure 1. General structure of H-Dmt-Tic-Xaa peptides
defined in the side chain (R) and in the C-terminal (R′) of the
Xaa residue. The asterisk denotes chirality.
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emphasizes the role of a carboxylate anion in repelling
the ligand from interaction with the µ-opioid recep-
tor.11,21,31 Furthermore, the fact that 9 exhibited half
the δ-opioid receptor selectivity of the reference com-
pound (H-Dmt-Tic-Ala-OH) suggests that the hydroxyl
function in the side chain of Ser increased µ-opioid
receptor affinity.

Last, maintaining the required aromaticity in resi-
dues C-terminal to Tic in the Dmt-Tic pharmaco-
phore,17-20 Trp (11) and His (12) were then investigated
as residues that are aromatic yet whose the properties
differ from those of Phe.13,32-34 Although His was noted
to be important for the high activity of deltorphin A (a
δ-opioid receptor heptapeptide agonist), the highly flex-
ible nature of this peptide35 might permit an ap-
proximate alignment of the His residues in the Dmt-
Tic tripeptide analogue that could interact within a
similar ligand-binding domain within the receptor.
Although both analogues (11 and 12) showed high
δ-opioid receptor affinity as noted in other Dmt-Tic
analogues containing C-terminal aromatic or hydropho-
bic substituents22 in comparison to the reference com-
pound H-Dmt-Tic-Ala-OH, they displayed an increased
affinity to the µ-opioid receptor by 370-fold and 33-fold,
respectively. This observation further substantiates the
hypothesis that aromatic or hydrophobic groups22 serve
as requirements for ligands that preferentially interact
within a receptor site or region within the pocket that
better fits the contours of the µ-opioid receptor.36

Functional Bioactivity Analysis of H-Dmt-Tic-
Xaa Analogues. The compounds were tested in the
electrically stimulated MVD and GPI assays for intrin-
sic activity. We and other investigators have previously
discussed the discrepancy of the correlation between
receptor binding affinities and functional bioactivity.
Unfortunately, we have neither a definitive nor com-
prehensive answer for this observation.21b

Our data reveal that all the analogues were inactive
as antagonists in the GPI assay except for 3′. Further-
more, they exhibited antagonism against the δ-opioid
receptor reference agonist deltorphin C (ref 1) in the
MVD assay except compound 3, which exhibited δ-opioid
agonism. The results of these biological assays are
presented in Table 1.

As expected, most of the compounds exhibited fairly
potent δ-opioid receptor antagonism, except analogue
3, which was a partial δ-opioid receptor agonist, and
analogues 6-8, which had modest δ-opioid receptor
antagonist activity comparable to that of the reference
compound (H-Dmt-Tic-D-Ala-NH2). The most potent
analogue was H-Dmt-Tic-Lys(Ac)-OH (5), which dis-
placed the deltorphin C dose-response curve to the
right (pA2 ) 10.07 or Ke ) 0.085 nM), while the GPI
remained unresponsive at 10 µM. Furthermore, being
50-fold more potent than H-Dmt-Tic-Ala-OH, this com-
pound could be an ideal candidate to further develop
modified analogues coupled to the ε-amino function of
the C-terminal lysine in the formation of fluorescent
molecules.37

On the other hand, H-Dmt-Tic-Glu-NH2 (3) inhibited
the electrically evoked twitch in a concentration-de-
pendent manner from 2 to 160 nM (Figure 2, top). It
behaved as a partial δ-receptor agonist, however, with
a maximum effect of only 60% inhibition. Although

naloxone (3 µM) inhibited the agonist activity of 3 (data
not shown), this analogue managed to shift the response
curve of deltorphin C to the right (Figure 2, bottom).
Interestingly, the binding assays revealed that 3 had
the highest δ-opioid receptor selectivity (µ/δ ) 22 617).
From the GPI activity profiles of these analogues (Table
1), they were either inactive at 10 µM or very weak
µ-opioid receptor agonists (5′, 6, 7, 11), and only 3′
elicited marginal µ-opioid antagonist activity against
dermorphin with a Ke of about 10 µM (pA2 ) 5.1).

Conclusions
Our data demonstrated that additions at the C-

terminus of the Dmt-Tic pharmacophore with different
amino acids gave analogues with a δ-opioid receptor
affinity comparable to or higher than the reference
tripeptide H-Dmt-Tic-Ala-OH. The carboxylic function
in the side chain or at the C-terminal of H-Dmt-Tic-
Xaa was important for δ-opioid receptor selectivity; the
D-stereochemistry of the third residue was ineffective
for 4′ and 3′ but effective for three analogues (1′, 2′, 5′).
H-Dmt-Tic-Glu-NH2 (3) and H-Dmt-Tic-Lys(Ac)-OH (5)
exhibited the highest δ-opioid receptor selectivities,
however, with partial δ-opioid agonist and potent δ-
opioid antagonist bioactivity, respectively. On the basis
of these data, these two peptides (3 and 5) emerged as
templates for potential derivatization and the synthesis
of new opioid ligands with various new functional
groups that might serve to further differentiate between
agonist and antagonist activity and between δ- and
µ-opioid receptors.

Experimental Section
Chemistry. All tripeptides were synthesized according

to published methods using standard solid-phase synthesis
techniques38 with a Milligen 9050 synthesizer and Fmoc/tBu

Figure 2. Action of [D-Ala2]deltorphin I (deltorphin C) and 3
as δ-opioid receptor agonists in the electrically stimulated
MVD (top) and the inhibition (antagonism) by 3 on [D-Ala2]-
deltorphin I relaxation of electrically stimulated MVD (bottom).
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strategy. Protected amino acids and chemicals were purchased
from Bachem, Novabiochem, and Fluka (Switzerland), while
Dmt was prepared as reported39 and used in the solid-phase
synthesis without protection of the side chain but protected
at the amino function as a tert-butyloxycarbonyl derivative
(Boc).16

For the synthesis of the C-terminal amide peptides, the resin
[5-(4′-Fmoc-aminomethyl-3′,5′-dimethoxyphenoxy)valeric acid]
on a poly(ethylene glycol)/polystyrene support (Fmoc-PAL-
PEG-PS; Millipore Waltham, MA) was employed. Other pep-
tides were obtained with the resin preloaded with the C-ter-
minal amino acid on the poly(ethylene glycol)/polystyrene
support [Fmoc-Xaa-PEG-PS; Xaa ) L- or D-Asn(Trt), L- or
d-Gln(Trt), Trp(Boc), His(Trt), Ser(tBu); Millipore Waltham,
MA]. For the synthesis of the peptides containing the L- or
D-Lys(Ac), the preloaded resin was obtained by condensing
Fmoc-L- or Fmoc-D-Lys(Ac)-OH residue on Wang resin accord-
ing to published methods.40 The Fmoc-PAL-PEG-PS-resin,
Fmoc-Xaa-PEG-PS-resin, and Fmoc-L- or D-Lys(Ac)-Wang-
resin (0.1 mequiv in all syntheses) were treated with piperidine
(20%) in DMF and linked with the first C-terminal amino
acids: Fmoc-L-/D-Asp(OtBu)-OH, Fmoc-L- or D-Glu(OtBu)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Gly-OH, and
Fmoc-Ser(tBu)-OH, in the case of the C-terminal amide
peptides, followed by Fmoc-Tic-OH and Boc-Dmt-OH (4-fold
excess) by using O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HATU)41 (4-fold excess) in DMF
as coupling reagent with a reaction time of 1 h.

The peptide resin was washed with methanol and dried in
vacuo to yield the protected peptide-PEG-PS-resin. All the
protected peptides were cleaved from the resin by treatment
with 10 mL of TFA/H2O/Et3SiH (88:5:7, v/v/v) per 0.1 mequiv
of resin at room temperature for 1 h. After filtration of the
exhausted resin, the solvent was concentrated in vacuo and
the residue was triturated with ethyl ether. The resulting solid
was collected by centrifugation and purified by preparative
HPLC.

Crude peptides were purified by preparative reversed-phase
high-performance liquid chromatography (HPLC) using a
Waters Delta Prep 4000 system with Waters Prep LC 40 mm
Assembly column C18 (30 cm × 4 cm, 15 µm particle size
column). The column was perfused at a flow rate of 40 mL/
min with mobile phase solvent A (10% acetonitrile in 0.1%
TFA, v/v), and a linear gradient from 0% to 50% of solvent B
(60% acetonitrile in 0.1% TFA, v/v) in 25 min was adopted for
the elution of the products. Analytical HPLC analyses were
performed with a Beckman System Gold with a Beckman
ultrasphere ODS column (250 mm × 4.6 mm, 5 µm particle
size). Analytical determinations and capacity factor (K′) of the
products were determined using HPLC conditions in the above
solvent systems (solvents A and B) programmed at a flow rate
of 1 mL/min using the linear gradient from 0% to 50% B in 25
min. All analogues showed less than 1% impurities when
monitored at 220 and 254 nm.

TLC was performed on precoated plates of silica gel F254
(Merck, Darmstadt, Germany) using the following solvent
system: 1-butanol/AcOH/H2O (3:1:1, v/v/v), ninhydrin (1%,
Merck), fluorescamine (Hoffman-La Roche), and chlorine
reagents used as sprays.

Melting points were determined on a Kofler apparatus and
are uncorrected. Optical rotations were determined at 10 mg/
mL in methanol with a Perkin-Elmer 241 polarimeter with a
10 cm water-jacketed cell. Molecular weights of the compounds
were determined by a MALDI-TOF (matrix-assisted laser
desorption ionization time-of-flight) analysis using a Hewlett-
Packard G2025A LD-TOF system mass spectrometer and
R-cyano-4-hydroxycinnamic acid as a matrix.

Pharmacology. Competitive Binding Assays. Recep-
tor binding assays were conducted as described in consider-
able detail elsewhere using rat brain synaptosomes (P2

fraction).20-22,42 This membrane preparation was preincubated
to eliminate endogenous opioid peptides and stored at -80 °C
in buffered 20% glycerol.21,43 Each analogue was analyzed in
duplicate assays using five to eight dosages and independent

repetitions with different synaptosomal preparations (n values
are listed in Table 1 in parentheses and results are the mean
( SE). Unlabeled peptide (2 µM) was used to determine
nonspecific binding in the presence of 5.53 nM [3H]DPDPE
(34.0 Ci/mmol, PerkinElmer, Boston, MA; KD ) 4.5 nM) for
δ-opioid receptors and 3.5 nM [3H]DAMGO (50.0 Ci/mmol,
Amersham Biosciences, Buckinghamshire, U.K.; KD ) 1.5 nM)
for µ-opioid receptors. Glass fiber filters (Whatman GFC) were
soaked in 0.1% polyethylenimine in order to enhance the
signal-to-noise ratio of the bound radiolabeled-synaptosome
complex, and the filters were washed thrice in ice-cold buffered
BSA.21 The affinity constants (Ki) were calculated according
to Cheng and Prusoff.44

Activity in Isolated Organ Preparations. Preparations
of myenteric plexus longitudinal muscle obtained from male
guinea pig ileum (GPI, rich in µ-opioid receptors) and prepara-
tions of mouse vas deferens (MVD, rich in δ-opioid receptors)
were used for field stimulation with bipolar rectangular pulses
of supramaximal voltage.45 Agonists were evaluated for their
ability to inhibit the electrically evoked twitch. The biological
potency of the compounds was compared with that of the
µ-opioid receptor agonist dermorphin in GPI and with that of
the δ-opioid receptor agonist deltorphin C in MVD. The results
are expressed as the IC50 values obtained from concentration-
response curves (Prism, GraphPad). The IC50 values (nM)
represent the mean of not less than six tissue samples ( SE.
Competitive antagonist activities were evaluated for their
ability to shift the deltorphin C (MVD) and dermorphin (GPI)
log(concentration)-response curve to the right; pA2 values
were determined using the Schild Plot.46
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