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Endomorphins were subjected to a number of structural modifications in a search for their bioactive
conformations. The alicyclic �-amino acids cis-(1S,2R)ACPC/ACHC, cis-(1R,2S)ACPC/ACHC, trans-
(1S,2S)ACPC/ACHC, and trans-(1R,2R)ACPC/ACHC were introduced into endomorphins to examine the
conformational effects on the bioactivity. Use of a combination of receptor binding techniques, 1H NMR,
and molecular modeling allowed the conclusion that Pro2 substitution by these residues causes changes in
structure, proteolytic stability, and pharmacological activity. It seems that the size of the alicyclic �-amino
acids does not have marked influence on the receptor binding affinities and/or selectivities. Among the new
analogues, the cis-(1S,2R)ACPC2 and cis-(1S,2R)ACHC2-containing derivatives displayed the highest binding
potencies and efficacies in receptor binding and ligand-stimulated [35S]GTPγS functional experiments.
Molecular dynamic simulations and 1H NMR studies of the cis-ACPC/ACHC-containing analogues revealed
that many conformations are accessible, though it is most likely that these peptides bind to the µ-opioid
receptor in a compact, folded structure rather than extended.

Introduction

The opioid system, consisting of multiple receptors (µ, δ,
and κ) and endogenous peptide ligands (endorphins, enkephalins,
dynorphins, and endomorphins), is one of the most extensively
studied families among G-protein-coupled receptors. It mediates
a wide variety of pharmacological and physiological processes,
including pain perception and modulation.1 Other functions,
which involve the respiratory, cardiovascular, gastrointestinal,
immune, and neuroendocrine systems, are associated with the
development of the undesirable side effects of opioid-based pain
management.2 Two endogenous opioid peptides, endomorphin-1
(Tyr-Pro-Trp-Phe-NH2) and endomorphin-2 (Tyr-Pro-Phe-Phe-
NH2), were isolated from the bovine, and subsequently the
human CNS.a3–5 Both amidated tetrapeptides have been shown

to be µ-opioid receptor agonists exhibiting very high µ-receptor
affinity and selectivity.3,6,7

Since their discovery, the endomorphins have aroused
considerable interest. No precursor protein or gene encoding
their sequences has been identified to date. Although a putative
biosynthetic route has been suggested, this is still under
investigation.8 The in vitro metabolic pathway of the endomor-
phins has been mapped.9,10 It has been revealed that the
aminopeptidases play a key role in the in vitro degradation of
endomorphins, the main cleavage sites being the Pro2-Trp3 and
Pro2-Phe3 peptide bonds. As concerns proteolytic stability, the
endomorphins possess the longest half-lives among the endog-
enous opioid ligands known so far.9,10 They belong to the
neuropeptide superfamily and are not capable of crossing the
blood-brain barrier under physiological conditions due to their
low hydrophobicity.11,12 In animal models, these tetrapeptides
have proved to be very effective against inflammatory and
neuropathic pain with a reduced cardiorespiratory side effect
profile as compared with the prototypical alkaloid ligand
morphine.13–16 This latter fact suggests that the endomorphins
are promising lead compounds for the development of novel
analgesics. Structural modifications have therefore been con-
sidered aiming at improving the pharmacological properties of
these relevant drug candidates.

The most frequently applied manipulations in endomorphin
engineering involve the incorporation of additional groups, e.g.,
natural or unnatural amino acids, alterations to the peptide
backbone, systematic modification of the pharmacophore groups,
and the introduction of conformational constraints.17,18 Struc-
ture-activity studies have demonstrated that Tyr1, Phe3/Trp3,
and the amidated C-terminus are essential pharmacophoric
elements, required for appropriate binding orientation and
µ-receptor recognition.19–21 Even slight modifications in these
aromatic rings, which lead to an appreciable reduction of the
conformational freedom, result in changes in affinity and
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selectivity, as observed for the �-methylphenylalanine (�MePhe)
and 2,6-dimethyltyrosine (Dmt) containing analogues.22–24 The
effects of substitution of the Phe3 and Phe4 residues of
endomorphin-2 with the phenylalanine analogue 2,6-dimeth-
ylphenylalanine (Dmp) have also been investigated.25

L-Dmp
substitution in position 3 improves the µ-receptor selectivity
and affinity in comparison with the native ligand. Surprisingly
the Tyr1 residue, regarded as essential for opioid binding, can
be replaced by Dmp with only a slight reduction in µ-receptor
affinity.25

A large number of data have been reported on the confor-
mational analysis of endomorphins, but the conclusions are
rather contradictory as both extended and folded structures have
been suggested as the bioactive conformation. The endomor-
phins exist in cis and trans conformations with respect to the
Tyr1-Pro2 peptide bond.19 A higher prevalence of the trans
conformer (trans/cis ratio ) 2:1) has been demonstrated by 1H
NMR spectroscopic and molecular dynamics studies.26,27

Aromatic-aromatic interactions between the Tyr1, Trp3, Phe3,
and Phe4 side chains have been shown to be important in
stabilizing the local conformations of endomorphins.26 Molec-
ular modeling studies have revealed that the Tyr1-Pro2 interact-
ing pair appears to contribute to the stabilization of the cis
conformation, while it has been proposed that the Pro2-Phe3,
Pro2-Trp3, and Pro2-Phe4 interactions are of less relevance.26

Substitution of Pro2 by �-(R)-Pro or L-homo-Pro residues did
not alter or significantly attenuate the affinity of the new
derivatives, confirming that Pro2 acts as a stereochemical spacer
in these peptides.17,19,21,28,29

Considerable knowledge has accumulated concerning the
chemistry and chemical utilization of �-amino acids and
particularly of 2-aminocyclopentanecarboxylic acid (ACPC) and
2-aminocyclohexanecarboxylic acid (ACHC).30–33 However,
relatively few biochemical and pharmacological data have been
published so far on the effects of ACPC or ACHC substitution
in opioid peptides.34–39 Both of these �-amino acids can be
regarded as Pro mimetics with a secondary amide. The two
chiral centers offer four possible stereoisomers, two configu-
rational cis-(R,S and S,R) and two configurational trans-(R,R
and S,S) enantiomers (see Figure 1). Substitution of the
appropriate R-amino acid residues with these �-amino acids may
result in active peptides with altered proteolytic stability and
biological activity. ACPC was first incorporated in morphiceptin,
a synthetic µ-selective opioid peptide discovered before the
endomorphins.35,36,40 The analogue containing a cis-(1R,2S)-
ACPC2 residue was found to adopt a compact structure with a
short distance between the Tyr1 and Phe3 residues and to be
∼6 times more active at the µ-receptor and ∼20-times more

active at the δ-receptor than morphiceptin. The cis-(1S,2R)-
ACPC2 and the corresponding trans residue-containing ana-
logues, which adopt more flexible, mainly extended structures,
were found to be inactive at both opioid receptors.36 In other
experiments, a relatively large spatial separation of the phar-
macophore groups was proposed for the cis-(1S,2R)-ACPC2-
containing morphiceptin analogue. Surprisingly, this analogue
exhibited the highest potency and selectivity in binding experi-
ments. Yamazaki et al. also found that the configurations of
the two chiral centers have a crucial impact on the activity of
the analogues and that the cis/trans isomerization around the
Tyr1-Pro2 amide bond is not relevant for biological activity.35,40

In the course of the targeted structural modification of
endomorphins, we have previously shown that Dmt1 substitution
of the Tyr1 residue and/or the incorporation of ACPC/ACHC
residues into the position of Pro2 results in analogues with
enhanced proteolytic stability.38 Some of the compounds
obtained present dual properties, behaving as a µ-receptor
agonist/δ-receptor antagonist. This is noteworthy because mixed
µ-agonist/δ-antagonist ligands are believed to have a higher
propensity to suppress the development of analgesic tolerance.41

We report here on the substitution of Pro2 by all possible
stereoisomers of ACPC or ACHC in endomorphin-1 and -2.
These peptide analogues were designed to help in elucidating
the effects of alicyclic �-amino acid substitution-induced
conformational changes on the biological activity of endomor-
phins. The new peptides were evaluated in radioligand receptor
binding experiments in rat brain membrane homogenates,
molecular dynamic (MD) simulations, and 1H NMR studies.
Furthermore, the agonist/antagonist profiles of the endomorphin
analogues were assessed in ligand-stimulated [35S]GTPγS
functional assays.

Results

Chemistry. The incorporation of the Pro mimetics ACPC
and ACHC in the position of Pro2 in the endomorphins yielded
peptide diastereomers. The ratio of the diastereomeric peptides
after the synthesis was nearly 3:1 with respect to the (1R,2S/
1S,2S)-ACPC2/ACHC2 and (1S,2R/1R,2R)-ACPC2/ACHC2-
containing analogues. All the new endomorphin analogues were
found to be water-soluble. Their analytical properties are listed
in Table S1 (see Supporting Information).

The results of the competition experiments led to the selection
of four cis-ACPC/ACHC-containing endomorphin analogues for
degradation studies. It is noteworthy that the �-amino acid
substitution prolonged the half-lives of the compounds up to
12 h, in contrast with the short half-lives of endomorphins (t1/2

Figure 1. Structures of alicyclic �-amino acids incorporated in endomorphin analogues.
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) 4-5 min), pointing to the enzyme resistance of the new
analogues. The detailed experimental procedure has been
published elsewhere,9,10 and the results are summarized in Table
S2 (see Supporting Information).

Biological Evaluation. Two µ-receptor-selective radioligands,
[3H]endomorphin-2 and [3H]DAMGO, were used to test the
binding of the new analogues to the µ-opioid receptors. The
highly potent and selective δ-receptor agonist [3H]Ile5,6deltorphin-
2 was applied to measure δ-receptor affinities and selectivities.
The inhibitory constants (Ki) and selectivities (Ki

δ/Ki
µ) of the

16 new analogues are listed in Table 1. The binding values
obtained for the parent ligands endomorphin-1 and endomor-
phin-2 agreed well with literature data.3,6,7 The new endomor-
phin derivatives displaced the radiolabeled µ- and δ-receptor
specific opioid ligands from a single binding site in a concentra-
tion-dependent manner. In general, Pro2 substitution by cis-
(1S,2R)-ACPC/ACHC in the endomorphins resulted in ana-
logues with nanomolar inhibitory constants in competing for
the tritiated µ-receptor ligands, in accordance with previous
reports.37,38 Compounds 2, 6, 11, and 15 exhibited high
affinities, with inhibitory constants from 0.5 up to 6.3 nM.
Among these analogues, compounds 6 and 11 containing the
cis-(1S,2R)-ACPC2/ACHC2 �-amino acids displayed the highest
µ-receptor selectivities, which were found to be ∼2.0 and ∼1.5
times higher than those of the parent endomorphin-1 and -2, in
measurements with [3H]endomorphin-2. These binding data led
to the selection of compound 11 for radiolabeling for further
detailed binding studies. The synthesis and binding character-
istics of [3H][(1S,2R)ACPC]2endomorphin-2 have been pub-
lished.39 Compounds 3, 7, 12, 16, with cis-(1R,2S) chiralities,
were found to be poor displacers (with micromolar inhibitory
constants) of both µ-receptor-specific tritiated ligands. Com-
pound 12 exhibited the lowest potencies (Ki

µ ) 4435 and 2049
nM). A surprising outcome of the displacement experiments
was that compounds 5, 14, and 18, which contain trans-(1R,2R)-
ACPC2 or trans-(1R,2R)-ACHC2, were relatively potent against
[3H]DAMGO while they were weaker displacers of [3H]endo-
morphin-2 binding. As regards these affinity values, there was
basically a 1 order of magnitude difference between the cis-
(1S,2R)-ACPC2/ACHC2 and trans-(1R,2R)-ACPC2/ACHC2-
containing analogues. However, the potency of compound 9 was

∼50-70 times less than that observed for diastereomers 5, 14,
and 18, determined against [3H]DAMGO. A profound loss of
selectivity was also noted for compounds 5, 14, and 18.
Inspection of compounds 4, 8, 13, and 17 revealed that the trans-
(1S,2S)-ACPC/ACHC replacements of Pro2 were unfavorable
for binding to either opioid receptor. Surprisingly, reduced
values (Ki ) 19.9 and 9.9 nM) were determined against
[3H]endomorphin-2 for compounds 4 and 13, respectively. In
general, the new compounds were found to be poor displacers
of the δ-specific [3H]Ile5,6deltorphin-2, affording much higher
inhibitory constants (Ki ) 400 to over 10000 nM) than those
observed for the µ-receptor radioligands. The rank order of
potency measured by [3H]DAMGO was compounds 1 < 10 <
6 < 15 < 26 < 11 <2 < 14 < 5 < 18 < 4 < 17 < 3 < 13 <
7 < 8 < 9 < 16 < 12, which was not identical to that measured
by [3H]endomorphin-2: compounds 15 < 11 < 10 < 6 < 1 <
2 <13 < 4 < 14 < 5 < 26 < 9 < 17 < 3 < 16 < 18 < 7 <
8 < 12.

The selection of compounds for further [35S]GTPγS func-
tional assay was based upon the binding results (Ki values) of
the most potent compounds derived from that of the competition
binding experiments. The results of the ligand-stimulated
[35S]GTPγS functional studies are presented in Table 2. Besides
the three cis diastereomers, compounds 2, 11, and 15, and the
parent ligands, four trans diastereomer peptides, compounds 4,
5, 14, and 18, were also chosen. The [35S]GTPγS stimulations
by these ligands were blocked by the universal antagonist
naloxone, showing that these ligands act on opioid receptors
(data not shown). Potency (EC50) and efficacy (Emax) values
were compared with those of the prototype µ-receptor full
agonist DAMGO. All of the compounds displayed dose-
dependent increases in [35S]GTPγS binding. The ligand con-
centrations required to achieve half-maximal stimulation (EC50)
were 104 nM and 78 nM for the parent endomorphin-1 and
endomorphin-2, respectively. Interestingly, both endomorphins
exhibited comparable potencies, but lower efficacies (Emax )
156% for endomorphin-1 and 148% for endomorphin-2) than
those of DAMGO, confirming that the parent endomorphins are
partial agonists, as reported earlier.42,43 Comparison of the
efficacies of the cis/trans analogues and the endomorphins
revealed no significant differences, except for compound 15,

Table 1. Inhibitory Constants (Ki) of Endomorphin Analogues Containing �-Amino Acids ACPC or ACHC, Measured in Rat Brain Membrane
Preparation

inhibitory constants selectivity

no. peptide Ki
µ (nM)a Ki

µ (nM)b Ki
δ (nM)c Ki

δ/Ki
µa Ki

δ/Ki
µb

1 endomorphin-1 0.74 ( 0.03 2.1 ( 0.6 1909 ( 233 2580 909
2 [(1S,2R)ACPC]2endomorphin-1 3.6 ( 0.3 6.3 ( 1.3 1341 ( 122 373 213
3 [(1R,2S)ACPC]2endomorphin-1 275 ( 41 196 ( 32 >10000
4 [(1S,2S)ACPC]2endomorphin-1 86 ( 8 19.9 ( 3.6 3075 ( 128 36 155
5 [(1R,2R)ACPC]2endomorphin-1 16 ( 2 124 ( 25 670 ( 31 42 5.4
6 [(1S,2R)ACHC]2endomorphin-1 1.8 ( 0.5 1.5 ( 0.3 2763 ( 213 1535 1842
7 [(1R,2S)ACHC]2endomorphin-1 741 ( 61 467 ( 103 >10000
8 [(1S,2S)ACHC]2endomorphin-1 883 ( 100 1120 ( 280 9617 ( 6262 11 8.6
9 [(1R,2R)ACHC]2endomorphin-1 1033 ( 81 124 ( 22 >10000
10 endomorphin-2 1.3 ( 0.2 1.3 ( 0.2 5652 ( 202 4348 4348
11 [(1S,2R)ACPC]2endomorphin-2 2.4 ( 0.1 0.72 ( 0.2 4798 ( 310 1999 6664
12 [(1R,2S)ACPC]2endomorphin-2 4435 ( 645 2049 ( 831 >10000
13 [(1S,2S)ACPC]2endomorphin-2 374 ( 61 9.9 ( 0.6 4228 ( 210 11 427
14 [(1R,2R)ACPC]2endomorphin-2 14 ( 3 83 ( 3 1411 ( 275 100 17
15 [(1S,2R)ACHC]2endomorphin-2 2.4 ( 0.1 0.5 ( 0.1 812 ( 18 338 1624
16 [(1R,2S)ACHC]2endomorphin-2 1984 ( 194 263 ( 66 >10000
17 [(1S,2S)ACHC]2endomorphin-2 166 ( 40 144 ( 23 >10000
18 [(1R,2R)ACHC]2endomorphin-2 21 ( 1 330 ( 65 439 ( 41 21 1.3

a [3H]DAMGO (Kd ) 0.5 nM) and b [3H]endomorphin-2 (Kd ) 1.0 nM) were used as radioligands for the µ-opioid receptors. c [3H]Ile5,6deltorphin-2 (Kd

) 2.0 nM) was used as radioligand for δ-opioid receptors. Ki values were calculated according to the Cheng-Prusoff equation: Ki ) EC50/(1 + [ligand]/Kd),
where the shown Kd values were obtained from isotope saturation experiments. No selectivities were assigned where inhibitory constants proved to be higher
than 10000 nM. Data are expressed as means ( SEM, n g 3.
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which exhibited the highest efficacy (Emax ) 181%), behaving
as a full agonist, similarly to DAMGO. In general, the trans-
ACPC2/ACHC2-containing analogues, compounds 4, 5, 14, and
18 had higher potencies (EC50 ) 396 up to 4148 nM).
Additionally, compounds 4 and 5 displayed the lowest efficacies
(Emax ) 129% and 137%, respectively), suggesting weak partial
agonist properties.

Structural Studies. Compounds 2, 3, 11, and 12 were
selected for structural studies in view of their biological
properties. These peptides displayed different µ-opioid receptor
affinity and selectivity depending on the configuration of the
ACPC2 residue. Our aim was to identify how the stereochemistry
of ACPC affects backbone conformation and therefore bioac-
tivity. Short peptides containing a �-amino acid demonstrate
different secondary structures from those of all R-amino acid-
containing peptides. Their backbone is only one carbon atom
longer, but their conformation cannot be described by the
classical secondary structural definitions alone. Accordingly,
new secondary structural elements had to be defined for their
precise description.

The NMR studies of compounds 2, 3, 11, and 12 were carried
out in DMSO-d6. DMSO-d6 is a widely used solvent in NMR
studies of peptides, including enkephalins, because its biophysi-
cal properties are comparable with those of extracellular aqueous
solutions. Several other solvents, solvent mixtures,44 were
proposed previously to better approximate the physical proper-
ties of such environment, but the moderate structure destabilizing
effect45 of DMSO makes it more suitable for the detection of
solvent independent, intrinsic structural properties that are most
likely to be in relation with bioactivity. The 1H chemical shifts
were assigned following the standard protocol of Wüthrich,46

utilizing 2D TOCSY and ROESY experiments.47 1H NMR
parameters such as the chemical shifts (δ) of amide and aliphatic
protons, and intraresidue geminal (2J) and vicinal (3J) coupling
constants are reported in Tables S3 and S4 (see Supporting
Information).

The 1H NMR spectrum of each peptide contained only one
set of signals, indicating the presence of one predominant
isomer. The ROESY spectra yielded no experimental evidence
of a cis-peptide bond in the studied analogues. In the structure
calculations, therefore, the peptide bond was constrained to the
trans configuration. The cis configuration of ACPC2 in peptides
2, 3, 11, and 12 was confirmed by the strong ROESY crosspeaks
observed between ΗR and H� for each analogue. The assignment
of the two possible cis isomers ((1R,2S)-ACPC2 and (1S,2R)-
ACPC2)wasconfirmedbyusingNOEsandvicinalproton-proton
coupling constants (3JNH-CH). For the cis-(1R,2S)-ACPC2

analogues, the 3JNH-CH was 8.7 Hz, while for the cis-(1S,2R)-
ACPC2 isomer, 8.1 Hz was observed. The coupling constants
3JNH and 3JHR� in Tables S3 and S4 (see Supporting Information)
are related to the backbone conformation and the mean
orientation of the side chain groups. The population percentages
of the three staggered rotamers around the CR-C� bond were
calculated for the aromatic side chain groups (Tyr, Trp, and
Phe) by utilizing the Pachler parametrization of the Karplus
equation.48,49 The gauche (-) and trans rotamers could be
assigned via the stereospecific assignment of the H�s obtained
from the 2D ROESY experiments. The calculated rotamer
populations are given in Table S5 (see Supporting Information).
The distance restraints obtained from the ROESY spectra were
included throughout the structure refinement process. To avoid
biasing the structures, only unambiguous manually assigned
ROESY crosspeaks were used in the calculations.

The conformational ensemble generated by using distance
geometry and NOE-derived interproton distances consisted of
three markedly different conformational families for each
peptide. Besides random/extended structures, bent structures
were found, which were similar to the �-turn structures of all
R-amino acid-containing peptides. Furthermore, C8-turns around
the ACPC2 residue, similar to γ-turns, were identified. Following
the classification rules of γ-turns, classic C8-turns were found
in the cis-(1R,2S)-ACPC2-containing analogues and inverse C8-
turns in the cis-(1S,2R)-ACPC2-containing peptides.

MD simulations of all peptides were performed, starting from
extended, bent, and C8-turn structures with the NOE interproton
distances incorporated as restraints. Unrestrained MD simula-
tions were also carried out to confirm that no possible confor-
mational state remained undetected due to the relatively slow
sampling time scale of NMR. The results of MD simulations
and trajectory analyses are presented in Tables 3 and 4 and
Figure 2. Side chain rotamer populations (Table 3) were
determined in comparison with those derived from the NMR
data. While the unrestrained simulations gave acceptable results
in some cases, restrained MD failed to reproduce the experi-
mental data. The distances between the three putative pharma-
cophore groups were measured and evaluated according to the
literature data.40 The fraction of the MD-derived structural
ensemble, in which all three distances are in the correct range
is included in Table 4. The results show that each peptide is
capable of adopting a structure in which the pharmacophore
groups are in the suggested arrangement. However, this was
not confirmed by the results of restrained MD, and no correlation
was observed with the biological data.

Because these peptides may adopt unusual secondary struc-
tures, classic secondary structure-recognizing algorithms, such
as DSSP50 or STRIDE,51 may give false results. The secondary
structural properties of these compounds were therefore studied
by measurement of the CR(1)-CR(4) distance and the virtual
dihedral angle defined by C(1)-CR(2)-CR(3)-N(4). The results
showed that peptides incorporating cis-(1S,2R)-ACPC2 are more
prone to adopt a bent structure than those having cis-(1R,2S)-
ACPC in position 2. This correlates well with the biological
data, where cis-(1S,2R)-ACPC2-containing analogues were
found to be more potent than those containing cis-(1R,2S)-
ACPC2. The secondary structure was further studied by cluster-
ing and identification of the specific intramolecular H-bonds.
As expected, more possible conformers were found by clustering
when no distance restraints were applied. Six specific intramo-
lecular H-bonds were searched for along the trajectories, and
their occurrence was expressed as a percentage of the total
structural ensemble generated by MD. These H-bonds stabilize

Table 2. Summary of [35S]GTPγS Functional Assays Carried Out with
the Selected ACPC or ACHC-Containing Endomorphins in Rat Brain
Membrane Preparationsa

no. peptide EC50 (nM) Emax (%)

0 DAMGO 145 ( 47 170 ( 3.3
1 endomorphin-1 104 ( 29 156 ( 4
2 [(1S,2R)ACPC]2endomorphin-1 342 ( 81 157 ( 5
4 [(1S,2S)ACPC]2endomorphin-1 4148 ( 1575 129 ( 9
5 [(1R,2R)ACPC]2endomorphin-1 396 ( 70 137 ( 6
10 endomorphin-2 78 ( 16 148 ( 5
11 [(1S,2R)ACPC]2endomorphin-2 353 ( 54 163 ( 4
14 [(1R,2R)ACPC]2endomorphin-2 2082 ( 773 154 ( 5
15 [(1S,2R)ACHC]2endomorphin-2 569 ( 114 181 ( 9
18 [(1R,2R)ACHC]2endomorphin-2 1834 ( 394 148 ( 1

a Dose-response curves of the listed peptides were measured as described
in Methods. EC50 and Emax values were calculated by GraphPad Prism.
Data were expressed as % stimulation of the basal activities, i.e. binding in
the absence of peptides that was defined as 100%. Means ( SEM, n g 3,
each performed in triplicate.
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the following secondary structural elements: a C8-turn around
ACPC2 (Figure 2C-D), a γ-turn around Trp3/Phe3 (Figure
2E-F), a C9-turn around ACPC2-Trp3/Phe3 (Figure 2B), a C11-
turn around ACPC2-Trp3/Phe3 (Figure 2A), C-terminal �-turn
around Trp3/Phe3-Phe4 (Figure 2J), and a C12 ring formed by
a H-bond between the N-terminal free amine and the CdO
group of Trp3/Phe3 (Figure 2K). Besides extended/random
structures, two further distinct structural families were found
after clustering: C7 (Figure 2H-I) and C10-turn (Figure 2G)
structures. These were analogous to the γ-turn and �-turn
structures, respectively, but, instead of specific CO and NH
groups facing each other to form stabilizing H-bonds as in
regular γ- and �-turns, here two NH groups are in such
proximity. However, NHN H-bonds can not be formed not only
because of the unfavorable position of these groups but because
of the delocalization of the electrons of the amide N.

Discussion

Definite structural characteristics of the bioactivity of endo-
morphins have not yet been identified. Apart from the bio-
chemical significance of the well-defined pharmacophore groups,

the published fundamental role of Pro2 as a stereochemical
spacer17,26 has been confirmed by our results. The extensively
examined cis-trans isomerization around the Tyr1-Pro2 peptide
backbone permits the endomorphins to adopt many accessible
conformations.19 In this study, conformational constrains were
introduced into the peptide sequence to control this dynamic
process. These modifications diminished the cis/trans isomer-
ization of the amide bond between Tyr1 and ACPC2/ACHC2.
The incorporation of racemic alicyclic �-amino acids, and
particularly cis/trans-ACPC and cis/trans-ACHC, yielded a
series of peptide analogues with altered proteolytic stabilities
and pharmacological activities. The effects of the configuration
of the alicyclic �-amino acids and the cis/trans isomerization
on the biological activity were studied on 16 diastereomer
peptides.

In our study, a trend of adverse potencies was measured for
cis-ACPC2/ACHC2-containing analogues of endomorphins as
compared with that suggested by Mierke et al. for the cis-ACPC-
containing morphiceptin analogues.36 Compounds with cis-
(1S,2R)-ACPC2/ACHC2 residues were assessed to be as potent
as the native ligands and more potent than those with cis-

Table 3. Side Chain Rotamer Populations of Compounds 2, 3, 11, and 12 Determined by NMR Studies and MD Simulations

ACPC2-EM-1 ACPC2-EM2

1R,2S (3) 1 S, 2R (2) 1 R,2S (12) 1 S,2R (11)

Unrest. MD Rest. MDa Unrest. MD Rest. MDa Unrest. MD Rest. MDa Unrest. MD Rest. MDa

Tyr1 g+ 7.2 0.0 (30.4) 17.6 33.8 (34.3) 13.5 0.0 (33.8) 2.8 0.6 (34.3)
g- 22.6 100.0 (66.2) 31.6 66.2 (35.3) 27.3 100.0 (66.2) 30.6 99.4 (35.3)
t 70.2 0.0 (3.4) 50.8 0.0 (30.4) 59.2 0.0 (0.0) 66.6 0.0 (30.4)

Trp3/Phe3 g+ 48.8 0.0 (41.1) 46.3 0.0 (30.4) 18.8 0.0 (30.4) 19.7 14.9 (23.6)
g- 17.1 0.0 (16.9) 24.9 99.0 (63.3) 8.4 0.0 (37.2) 7.8 0.0 (73.0)
t 34.1 100.0 (42.0) 28.8 1.0 (6.3) 72.8 100.0 (32.4) 72.5 85.1 (3.4)

Phe4 g+ 18.9 0.0 (43.9) 13.7 2.1 (41.0) 6.8 0.0 (35.3) 4.5 0.0 (35.2)
g- 14 7.2 (44.0) 22.3 64.6 (44.0) 12.8 0.6 (47.8) 9.9 0.0 (46.9)
t 67.1 92.8 (12.1) 64 33.3 (15.0) 80.4 99.4 (16.9) 85.6 100.0 (17.9)

a Populations calculated directly from NMR data are shown in parentheses.

Table 4. Specific Structural Properties of Compounds 2, 3, 11, and 12 as Obtained from MD Simulations

ACPC2-EM-1 ACPC2-EM-2

1R,2S (3) 1S,2R (2) 1R,2S (12) 1S,2R (11)

Unrest.
MD

Rest.
MD

Unrest.
MD

Rest.
MD

Unrest.
MD

Rest.
MD

Unrest.
MD

Rest.
MD

occurrence of specific
intramolecular H-
bondsa/%

Tyr1-COsHN-
Trp3/Phe3

(C, D) 2.0 >0.1 7.2 0.0 0.0 0.0 11.6 >0.1

ACPC2-CO-
HN-Phe4

(E, F) 7.8 91.4 8.5 4.8 4.2 0.5 5.2 8.4

Tyr1-COsHN-
Phe4

(A) 1.7 0.0 13.4 0.0 0.2 0.0 4.0 0.0

Tyr1-NHsOC-
Trp3/Phe3

(K) 9.4 0.0 0.0 0.0 0.8 0.0 1.3 2.6

ACPC2-NHs
OC-Trp3/Phe3

(B) 21.1 0.0 29.1 0.1 5.4 0.0 26.2 0.8

ACPC2-COs
H2N-CO-Phe4

(J) 32.2 12.8 5.3 0.0 19.3 0.3 3.9 0.0

occurrence of bent
structureb/%

29.8 91.8 70.0 66.4 16.9 24.0 77.0 87.6

pharmacophoric
distancesc/%

2.1 0.0 1.0 >0.1 2.8 0.0 4.9 >0.1

no. of clusters 39.0 10.0 117.0 12.0 99.0 13.0 92.0 9.0

possible
conformationsd

A, B, C, D, F, G,
H, J, L

D, F, G, H,
J, L

A, B, C, D, F, H,
J, K, L

A, K, L A, B, E, F, J,
K, L

F, G, H,
J, L

A, B, C, E, F, G,
I, J, K, L

B, C, F, G,
K, L

a Stabilized conformations according to the lettering in Figure 2 are shown in parentheses. b Bent structure was assigned through analysis of the
N(1)-CR(2)-CR(3)-C(4) virtual dihedral angle and the distance between the terminal CR atoms. c Occurrence of structures in which all pharmacophoric
distances are in the correct range. d See Figure 2 for the explanation of the lettering.
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(1R,2S)-ACPC2/ACHC2 residues. Potent diastereomers were
additionally found among the trans-ACPC2/ACHC2-containing
endomorphin analogues, suggesting that the cis-(1R,2R)-ACPC2/
ACHC2-containing analogues adopt conformations similar to
those of the cis-(1S,2R)-ACPC2/ACHC2-containing ones. This
is noteworthy because the trans-ACPC-containing analogues of
morphiceptin were shown in earlier binding experiments to be
inactive.35,36 Our results confirmed that the chirality and spatial
orientation may be very important features determining the
biological activity of a peptide. Furthermore, our data suggest
that the Phe3 or Trp3 residues and the size of the alicyclic
�-amino acids do not have a marked influence on the receptor
binding. The findings of competition experiments indicated that
alicyclic �-amino acid substitution of Pro2 in the endomorphins
led to a considerable reduction of the µ- vs δ-receptor selectivity.

The agonist and antagonist properties were determined by
using the [35S]GTPγS binding assay, which reflects the interac-
tions between the ligand-activated opioid receptors and the
regulatory Gi/Go-proteins. The results of [35S]GTPγS experi-
ments clearly demonstrated that alicyclic �-amino acid substitu-
tions do not exert pronounced effects on the agonist/antagonist
properties. The examined analogues mostly retained partial
agonist profiles similar to those of the endomorphins. The
competition and [35S]GTPγS binding experiments indicate that
the receptor affinity and selectivity are governed by diverse
structural aspects after the introduction of alicyclic �-amino
acids. It should be noted that compounds 4, 5, 9, 13, 14, 16,
and 18 exhibited significantly different inhibitory constants when
measured against [3H]DAMGO or [3H]endomorphin-2, while
the parent ligands, compounds 1 and 10, displayed comparable
values. One possible explanation is that although both DAMGO
and endomorphin-2 bind with high affinity and selectivity to
the µ-opioid receptor, they may bind to different regions and
induce different affinity states of the protein. In accordance with
this explanation, it was shown that while DAMGO discriminates
between µ- and δ-opioid receptors by recognizing the difference
in only one amino acid residue, endomorphin-1 differentiates
between them based on differences widely distributed through
the receptor structure.52,53 It has been raised that DAMGO and
endomorphin-2 may bind to different subtypes of the µ-opioid
receptor,21,54–56 although the existence of such subtypes is still
controversial. Finally, homo- and hetero-oligomerization of the

opioid receptors have been documented in numerous reports
and are of particular interest because these processes may entail
profound changes in ligand binding and/or signaling profile and
also analgesia.57–62 Thereby, we found it advantageous to
characterize the new analogues with two distinct radioligands,
even if no clear-cut conclusion about their preference for the
cis- or trans-isomers can be made at present.

The inconsistencies between the results of unrestrained and
restrained MD simulations suggest that these peptides may exist
in more conformational states than were detected by NMR. It
is well established that, due to the relatively slow NMR data
acquisition response time, time-averaged parameters are obtained
when fast conformational exchange occurs.63 Furthermore, it
has been found that side chain rotamer populations estimated
from the coupling constants 3JHR-H� cannot be reproduced by
restrained MD. However, this is most probably a limitation of
the restrained MD approach and the uncertainty in the param-
etrization of the relevant Pachler equation proposed for the
3JHR-H� coupling. Restrained simulated annealing studies may
be a more sensible choice for the evaluation of these structural
parameters.

Distances between pharmacophore groups, earlier proposed
to be a requirement for biological activity, were measured in a
mainly unordered structures of morphiceptin and morphiceptin
analogues possessing a cis Tyr1-Pro2 peptide bond.35,36 How-
ever, different backbone structures have been hypothesized to
be responsible for µ-opioid receptor affinity and selectivity in
numerous other studies.17,26 These distances may therefore not
be as important as thought previously. Nevertheless, our studies
indicate that compounds 2, 3, 11, and 12 are able to adopt a
structure in which the pharmacophores are in the correct spatial
arrangement according to the proposal of Yamazaki et al.35,40

In contrast with earlier observations on ACPC-containing
morphiceptin analogues,35,40 it was found that endomorphin
analogues, in which Pro2 is substituted by cis-(1S,2R)-ACPC2

adopt a bent structure more readily than in the case of the cis-
(1R,2S)-ACPC-containing analogues. These analogues displayed
significantly higher affinities for the µ-opioid receptor, suggest-
ing that a higher tendency to form a bend or a turn may be
important for receptor binding. This is in accordance with
previous results, when potent opioid analogues with constrained
turn structure were obtained.64 Various bend, turn, and extended

Figure 2. Possible conformation of compounds 2, 3, 11, and 12 (aromatic side chains are omitted for clarity). (A) C11-turn, (B) C9-turn, (C)
“classic” C8-turn, (D) “inverse” C8-turn, (E) classic γ-turn, (F) inverse γ-turn, (G) C10-turn, (H) “classic” C7-turn, (I) “inverse” C7-turn, (J) C-terminal
�-turn, (K) N-terminal C12-loop, (L) random/extended.
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structures were identified as possible conformations of the
analogues studied here by clustering and the analysis of specific
intramolecular H-bonds. This additionally agrees with earlier
findings on endomorphins,65,66 although several unique structural
elements were in consequence of the elongation of the peptide
backbone by incorporation of a �-amino acid. As concerns the
biological data on these analogues, it seems plausible that this
elongation does not significantly affect the folding of these
peptides or the orientation of the pharmacophoric elements,
which further confirms the role of Pro2 as a stereochemical
spacer. Most of these special secondary structural elements were
found to be stabilized through intramolecular H-bonds. The
exceptions were the C7-turn and C10-turn structures, where such
H-bonds cannot be formed. These structures are most likely
stabilized through aromatic-aromatic or aromatic-CH interac-
tions. Such interactions were not analyzed in this study, but
there have been a number of reports regarding their importance
in the stabilization of local structures in opioid and other
peptides.67,68

Conclusions

The alicyclic �-amino acids cis-(1S,2R)-ACPC2/ACHC2, cis-
(1R,2S)-ACPC2/ACHC2, trans-(1S,2S)-ACPC2/ACHC2, and trans-
(1R,2R)-ACPC2/ACHC2 were introduced into endomorphins in
order to examine the effects of the conformations on the
bioactivity. From a combination of different receptor binding
techniques, 1H NMR studies, and molecular modeling, it was
concluded that Pro2 replacement by these residues leads mostly
to proteolytically stable peptide analogues, with the retention
of pharmacological activity, in accordance with earlier observa-
tions. In general, the analogues containing cis-(1S,2R)-ACPC2/
ACHC2 exhibited the highest µ-opioid receptor affinities, which
were comparable with those of the parent endomorphins. The
synthesized compounds displayed diverse in vitro potencies as
measured in competition and GTPγS experiments. The impor-
tance of the configurations of the alicyclic �-amino acids was
confirmed by molecular modeling studies. Various possible
conformations were proposed for compounds 2, 3, 11, and 12,
and the bioactive structure is most probably to be found among
them. The conformational studies were performed on isolated
molecules in aqueous media, and therefore the most populated
conformational family does not necessarily correspond to the
bioactive structure, but a higher propensity of various turn
structures was observed for the analogues with higher receptor
affinities. This suggests that these peptides might bind to the
µ-opioid receptor in a compact, folded structure rather than an
extended one.

Experimental Section

General Methods. Natural amino acids were purchased from
Reanal (Budapest); alicyclic �-amino acids were synthetized in our
laboratory. The lipolase (lipase B of the C. antarctica organism)
applied for the enantioselective ring opening and amino ester
hydrolysis was purchased from Sigma-Aldrich Kft (Budapest,
Hungary). The Boc-protection of amino acids was carried out
locally, and 4-methylbenzhydrylamine resin (MBHA) was pur-
chased from Bachem Feinchemicalen AG (Bubendorf, Switzerland).
TLC was performed on chiral TLC plates (Macherey Nagel, Dürer,
Germany) or on silica gel 60 F254 from Merck (Darmstadt,
Germany), using the following solvent systems: (A) 1-butanol/acetic
acid/water (4:1:1:), (B) acetonitrile/methanol/water (4:1:1). Spots
were visualized under UV light or with ninhydrin reagent. HPLC
separation and analysis of all compounds were performed with a
complete HPLC system consisting of an L-7100 pump (Merck
KGaA, Darmstadt, Germany), a SIL-6B autosampler (Shimadzu
Co., Kyoto, Japan), a Shimadzu SCL-6B system controller, and a

Merck L-7400 UV-vis detector, operating at 215 nm with a Hitachi
D-7000 HPLC system manager. Samples were analyzed on Vydac
218TP1010 (250 mm × 10 mm, 12 µm) and Vydac 218TP54 (250
mm × 4.6 mm, 5 µm) C18 reverse-phase columns at a flow rate of
4 mL/min or 1 mL/min, at room temperature. The mobile phase
was composed of 0.1% (v/v) TFA in water and 0.08% (v/v) TFA
in acetonitrile (Merck), and gradient elution was carried out with
15% up to 40% organic modifier. The eluents were directly
sonicated before use. Injected samples were filtered through a 0.45
µm Whatman PTFE syringe filter (Clifton, NJ). The purities of the
inactive peptides were confirmed by mass spectrometry using a
Reflex III MALDI-TOF instrument (Bruker Bremen, Germany) in
the positive reflectron mode.

Tritiated radioligands, such as [3H]DAMGO (1.6 TBq/mmol, 43
Ci/mmol), [3H]Ile-5,6deltorphin-2 (1.5 TBq/mmol, 39 Ci/mmol), and
[3H]endomorphin-2 (1.9 TBq/mmol, 51 Ci/mmol) were prepared
on site from the appropriate halogenated or unsaturated peptide
derivatives by tritium dehalogenation or saturation, except for the
stabilized [35S]GTPγS (42 TBq/mmol, 1133 Ci/mmol), which was
purchased from Amersham (GE Healthcare, United Kingdom).
Incubation mixtures were filtered by a M24R Brandel cell harvester
(Gaithersburg, MD). Filter-bound radioactivities were detected and
measured in a TRI-CARB 2100TR liquid scintillation analyzer
(Packard), using a toluene-based cocktail containing 2,5-dipheny-
loxazole (PPO, Reanal) and 1,4-bis(4-methyl-5-phenyl-2-oxazolyl)-
benzene (POPOP, Reanal). All NMR data were acquired on a
Bruker DRX-500 spectrometer and processed with the Bruker
XWINNMR software. Biological data were analyzed by using
GraphPad Prism software (version 4.0, San Diego, CA).

Synthesis of the Saturated 2-Aminocyclopentanecarboxylic
(ACPC) and 2-Aminocyclohexanecarboxylic (ACHC) Acids. The
detailed procedures for the synthesis of the alicyclic �-amino acids
have been published elsewhere.69 Briefly, racemic cis-ACPC and
cis-ACHC were prepared from the corresponding cycloalkene by
chlorosulfonyl isocyanate addition, followed by ring opening with
hydrochloric acid. The trans counterparts were prepared from the
corresponding 1,2-dicarboxylic anhydrides after amidation, followed
by Hofmann degradation with hypobromite.30 The enantiomers of
cis-ACPC and cis-ACHC were prepared through lipolase-catalyzed
enantioselective ring cleavage of the corresponding �-lactams,70

while the enantiomers trans-ACPC and trans-ACHC were obtained
through enzymatic hydrolysis of the alicyclic �-amino esters.71 The
chemical structures of the alicyclic �-amino acids are shown in
Figure 1.

Solid-Phase Peptide Synthesis and Peptide Purification. The
peptide analogues were synthesized by using N-R-t-Boc-protected
amino acids and MBHA resin to obtain C-terminal amides. All
the amino acids were protected manually with di-tert-butyl-
dicarbonate (Fluka). cis-(1S,2R/1R,2S)-ACPC or cis-(1S,2R/1R,2S)-
ACHC and trans-(1S,2S/1R,2R)-ACPC or trans-(1S,2S/1R,2R)-
ACHC were incorporated into the peptides in racemic form.
Coupling reagents were N-hydroxybenzotriazole (Novabiochem)
and N,N-dicyclohexylcarbodiimide (Merck) for peptide elongation.
Coupling was monitored by the Kaiser test.72 The protecting groups
were removed by washing the resin with a combination of 50%
TFA, 48% DCM containing 2% anisole (Merck). The resin was
washed repeatedly with EtOH (Molar) and DCM between two
coupling steps. Neutralization was performed with 20% diisopro-
pylethylamine (Merck) in DCM. The peptides were cleaved with
anhydrous liquid HF (5 mL/g resin, 1 h, 0 °C) in the presence of
anisol (1 mL/g resin). Dry, peroxy-free diethyl ether (Reanal) was
used to precipitate the cleaved peptides. After precipitation the
peptides were filtered off, dissolved in acetic acid (Molar), and
lyophilized. The diastereomers were separated by using silica gel
and semipreparative RP-HPLC with a Vydac 218TP1010 column
as described in General Methods section. Purities were found to
be over 98% as assessed by analytical RP-HPLC. The molecular
weigths of the analogues were confirmed by mass spectrometry
and are reported in Table S1 (see Supporting Information).

Identification of Enantiomers of 2-Aminocyclopentanecar-
boxylic (ACPC) and 2-Aminocyclohexanecarboxylic (ACHC)
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Acids in Peptides. The configurations of the incorporated �-amino
acids were determined after acidic hydrolysis of the peptides (6 M
HCl, 24 h, 110 °C). The acidic hydrolyzates were separated by
analytical RP-HPLC to isolate the �-amino acids. The absolute
configurations of the purified alicyclic �-amino acids were deter-
mined by chiral TLC, and the Rf values were then compared with
those of optically pure alicyclic �-amino acid standards. GITC
derivatization of the amino acid mixtures, followed by analytical
HPLC analysis, was also used to confirm the configurations of the
alicyclic �-amino acids. The retention times of the derivatized
alicyclic �-amino acids were compared with those of the derivatized
�-amino acid standards.73

Rat Brain Membrane Preparation. Rats (male, Wistar, 250-300
g) were caged in groups of four under a 12:12 h light/dark cycle,
with free access to standard food and water until the time of
sacrifice. The animals were handled according to the European
Communities Council Directives (86/609/ECC) and the Hungarian
Act for the Protection of Animals in Research (XXVIII. tv. Section
32). Crude membranes of rat forebrains were prepared as published
elsewhere and kept frozen in liquid nitrogen.39 Before the experi-
ments, the brain homogenates were thawed, diluted with the
working buffer and centrifuged at 20000g to remove sucrose. The
pellet was homogenized with a Dounce in the appropriate volume
of Tris-HCl buffer (50 mM, pH: 7.4). Protein content was
determined by the method of Bradford, using BSA as a standard.74

Radioligand Binding Assay. Competition experimental condi-
tions were optimized and varied, depending on the radioligand
applied. The detailed description of the experimental setup has been
published elsewhere.34 Competition binding experiments were
performed by incubating rat brain membranes (0.2-0.5 mg protein/
tube) with 1 nM [3H]DAMGO, 2 nM [3H]Ile5,6deltorphin-2 or 1
nM [3H]endomorphin-2 and 10-10-10-5 M unlabeled ligands.
Nonspecific binding was determined with 10 µM naloxone and
subtracted from the total binding to yield the specific binding.
Radioactivity was measured in a toluene-based cocktail with a TRI-
CARB 2100TR liquid scintillation counter (Canberra-Packard,
Perkin-Elmer Life Sciences 549 Albany Street, Boston MA 02118).
Results are reported as means ( SEM of the data of at least three
independent measurements, each performed in duplicate. Inhibitory
constants (Ki, nM) were calculated from the competition experi-
ments by using nonlinear least-squares curve fitting and the
Cheng-Prusoff equation,75 with GraphPad Prism software (version
4.0, San Diego, CA).

Ligand-Stimulated [35S]GTPγS Functional Assay. The de-
tailed experimental procedure has been published elsewhere.76

Briefly, rat forebrain membranes (10-15 µg protein/tube) were
incubated with 0.05 nM [35S]GTPγS and 10-10-10-5 M unlabeled
ligands in the presence of 30 µM GDP, 100 mM NaCl, 3 mM MgCl,
and 1 mM EGTA in Tris-HCl buffer (50 mM, pH 7.4) for 60 min
at 30 °C. Basal binding was measured in the absence of ligand and
set at 100%. Nonspecific binding was determined with 10 µM
unlabeled GTPγS and subtracted. The radioactivity of the filters
was determined in a toluene-based cocktail with a TRI-CARB
2100TR liquid scintillation counter (Canberra-Packard, Perkin-
Elmer Life Sciences). Data were expressed as the percentage
stimulation of the specific [35S]GTPγS binding over the basal
activity and are given as means ( SEM Each measurement was
performedin triplicateandanalyzedwith thesigmoidaldose-response
curve fitting option of the GraphPad Prism software (version 4.0,
San Diego, CA) to obtain potency (ED50, the concentration of the
ligand required to elicit the half-maximal effect) and efficacy (Emax,
the maximal effect) values.

NMR Spectroscopy. Approximately 4 mg of compounds 2, 3,
11, or 12 was dissolved in 0.5 mL DMSO-d6 (Cambridge Isotopes).
All NMR spectra were acquired at 300 K by using an inverse
multinuclear (bbi) single-axis gradient 5 mm probe. Proton chemical
shifts were referenced directly to the internal DMSO peak at 2.49
ppm. TOCSY and ROESY spectra were recorded in phase-sensitive
mode with mixing times of 60 and 150 ms, respectively. TOCSY
experiments were carried out with 4096 data points in f2 and 512
data points in f1, and 8 scans were collected at each increment.

The MLEV-17 mixing sequence was flanked by simultaneously
switched spin-lock and gradient pulses to obtain the signals of the
pure absorption phase for coupling constant measurements. ROESY
experiments were performed with 2048 data points in f2 and 512
data points in f1, and 64 scans were collected at each increment.
Proton-proton scalar coupling constants were measured from the
1D 1H NMR and/or 2D TOCSY spectra, respectively. In the latter
case, the corresponding rows extracted from the TOCSY spectra
were inversely Fourier transformed and then zero-filled to 16 K
real data points. A Gaussian function was applied prior to the
Fourier transform and the final digital resolution of the resulting
1D traces was ca. 0.3 Hz. The coupling constants 3JHR-H� were
used to estimate the side chain rotamer populations along the �1

angles in the Tyr, Phe, and Trp residues by using the Pachler
equations with parameters appropriate for aromatic residues
(apJHR-H� ) 13.9 Hz and scJHR-H� ) 3.55 Hz). The volumes of
ROESY crosspeaks were converted into upper distance bounds, the
intensities of the Tyr1-H�,H�′ peaks being used for calibration.

Computational Methods. The TINKER 4.2 program package77

was used for distance geometry calculations. One thousand structures
were generated for each peptide with the inclusion of NOE-derived
interproton distances as restraints. The peptide bond between Tyr1 and
ACPC2 was kept in the trans configuration in all peptide analogues.
The resultant structures were clustered to identify and eliminate
duplicate structures from further analysis. Clustering was performed
with the g_cluster utility of the GROMACS 3.3 program package78

and the gromos79 method with a 0.5 Å rmsd similarity cutoff,
comparing positions of backbone atoms, amide hydrogens, amide
carbonyl oxygens, and �-carbon atoms. Only the middle structures of
the resultant clusters were subjected to further analysis. These
geometries were energy-minimized by using the Amber 9 program
package,80 the generalized Amber force field (gAFF)81 and the GB/
SA implicit solvent model.82 One thousand steps of steepest descent
were followed by 1500 steps of conjugate gradient minimization where
the convergence criteria for the energy gradient was 10-4 kcal mol-1

Å and the long-range nonbonded interactions were calculated with a
10 Å cutoff. The resultant pool of structures was clustered again as
described above to identify and eliminate structures corresponding to
the same local energy minimum. The middle structures of these final
clusters, which were regarded as possible geometries of the studied
peptides, were analyzed one by one by using the VMD and the Molekel
molecular visualization and analysis programs. For each peptide
analogue, three dominant conformations were identified, which were
then used as starting structures for MD simulations.

MD simulations were carried out with the Amber 9 program
package and the gAFF force field parameter set. Each starting structure
was immersed in a truncated octahedron box of TIP3P water
molecules,83 where each atom of the solute was no less than 8 Å from
the edge of the water box. Solvent molecules were removed from the
box when the distance between any atom of the solute molecule and
any atom of the solvent molecule was less than the sum of the van
der Waals radii of both atoms. Therefore, each starting structure was
solvated with 749-1125 TIP3P water molecules. The charged N-
termini of peptides were neutralized by replacing solvent molecules
by chloride ions at the positions of the first solvent molecule with the
most favorable electrostatic potential. All systems were then subjected
to 500 steps of steepest descent followed by 500 steps of conjugate
gradient energy minimization, all atoms of the solute molecule being
fixed with a force constant 500 kcal mol-1 Å2. The position restraint
was then removed and 1000 steps of steepest descent were followed
by 1500 steps of conjugate gradient energy minimization on the whole
system. Next, 100 ps NVT MD was performed with slow heating from
0 to 300 K and by positionally restraining the peptide in the center of
the box with a force constant of 10 kcal mol-1 Å2 on each atom to
allow the solvent density to equilibrate around the solute molecule.
Then 50.25 ns NPT MD was performed for each system at constant
temperature (300 K) and pressure (1 atm) with the following
parameters: the time step was 2 fs, the SHAKE algorithm was utilized
to constrain all bonds to their correct length, the Langevin thermal
model with a collision frequency of 1.0 ps-1 was applied to control
the temperature, and the peptide and solvent were coupled to constant
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pressure by using isotropic scaling with a relaxation constant of 2.0
ps. Nonbonded interactions were calculated via the PME method with
a 10 Å cutoff. The coordinates of the peptide were stored after every
1000 steps to yield a total of 25000 sampled conformations for each
trajectory after excluding the first 250 ps, which was regarded as the
equilibration period. The trajectories resulting from the three different
initial conformations were combined to yield a 150 ns long trajectory
for each peptide.

The peptide structures of each trajectory were analyzed with the
analysis programs of the GROMACS 3.3 program suite and Perl scripts
written in-house. Clustering of structural ensembles was performed
as described above, but with a 1 Å rmsd cutoff. Every tenth backbone
coordinate set from the trajectories was included in the analysis, which
resulted in 7500 × 7500 rmsd matrices. The structures along the
trajectory were also probed for the existence of H-bonds by the g_h
bond utility of GROMACS. The cutoff distance between a donor and
an acceptor atom was set to 3.5 Å and 60° was taken as the cutoff for
the donor-hydrogen-acceptor angle. The backbone structure was
examined through measurement of the N(1)-CR(2)-CR(3)-C(4)
virtual dihedral angle and the distance between the terminal CR atoms.84

A bent structure was assigned when this dihedral angle was between
-80° and 80° and the distance was less than 7 Å. The distances
between the putative pharmacophore elements40 and side chain rotamer
populations were also determined.
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Trp3, and Phe4 side chains in endomorphin-1 (2 and 3) and
endomorphin-2 (11 and 12) analogues. This material is available
free of charge via the Internet at http://pubs.acs.org.
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