
1. Introduction
Endomorphin-2 (EM2, H-Tyr-Pro-Phe-Phe-NH2) is 
an opioid tetrapeptide possessing high activity and 
selectivity toward the µ-opioid receptor [1]. The three-
dimensional (3D) structural features of endomorphins 
(EMs) and their analogs have been studied by means of 
various experimental and theoretical methods [2]. In our 
previous structural investigations, detailed conformational 
analyses were carried out on the EMs applying different 
computational methods, in order to identify their 
characteristic structural and conformational properties 
[3-6]. These theoretical studies led to several valuable 
observations concerning the 3D structural features of 
these tetrapeptides, as well as regarding their possible 
biologically active form. In a recent study, a comparative 
conformational analysis was performed for all the 
stereoisomeric forms of EM2, taking into consideration 
both the L-D and cis-trans isomerisms [7]. For the thirty-
two stereoisomers of tetrapeptide, a comprehensive 
structural characterization was carried out, and their 
typical features were determined, with regard to the Φ-Ψ 
conformational distributions and the rotamer states, as 

well as to the secondary structural elements and the 
intramolecular interactions. Based on the results derived 
from these theoretical calculations, it was concluded 
that both conformational similarities and dissimilarities 
could be observed between the stereoisomeric forms of 
EM2, and it was clarified how their 3D structural features 
differed from one another.

The data obtained by earlier studies indicated that 
four groups could be considered as pharmacophore 
elements for the EMs, as follows: (1) the N-terminal 
amino group; (2) the aromatic side-chain of the Tyr1 
amino acid; (3) the aromatic side-chain of the Trp3/
Phe3 residue; (4) the aromatic side-chain of the Phe4 
amino acid [2]. Thus, the relative spatial arrangement of 
these putative pharmacophores seems to be important 
in the formation of the biologically active form of these 
tetrapeptides. Previously, a novel approach (CSP, 
Conformationally Sampled Pharmacophore) was 
applied for nonpeptidic and peptidic ligands showing 
selectivity toward the δ-opioid receptor [8-10]. This 
method was developed based on the characterization 
of all possible combinations of distances and angles 
measured between the pharmacophore elements of 
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ligands, as well as on the comparative analyses of 
various conformational distributions. The results derived 
from these computational studies led to the conclusion 
that the CSP approach proved to be suitable for 
these molecules, to differentiate the agonists from the 
antagonists.

In the present theoretical study, the spatial 
relationships between the pharmacophores of EM2 
were characterized by a variety of distance-angle maps, 
applying distances and angles measured between the 
pharmacophoric points. This structural investigation 
was performed on four different stereoisomers of 
the tetrapeptide, considering the L-D and cis-trans 
isomerisms, and the various conformational distributions 
regarding the stereoisomeric forms were compared to 
one another. The aims of this work were to examine the 
effects of both aforementioned isomerisms on the spatial 
relationships with regard to the pharmacophores of EM2, 
as well as to determine whether the CSP method can be 
applied to distinguish the stereoisomers of tetrapeptide 
from one another.

2. Experimental procedure
To explore the conformational spaces of peptides, 
simulated annealing (SA) calculations were performed 
with the AMBER 9 program [11], applying the 
AMBER 99SB force field [12] and the Generalized 
Born implicit solvent model [13-15], using no cutoff 
for the nonbonded interactions. After an initial energy-
minimization, the geometrically optimized structures 
were heated to 1000 K for 1000 fs, then equilibrated at 
1000 K during 4000 fs, and finally cooled from 1000 K to 
50 K for 10000 fs. In the cooling stage, a near-exponential 
protocol was applied, consisting of the following three 
linear phases: (1) from 1000 K to 500 K during 1000 fs; 
(2) from 500 K to 200 K during 2000 fs; (3) from 200 K 
to 50 K during 7000 fs. The SA cycle - involving the 
heating, equilibration and cooling stages - was carried 
out 1000 times, thus for each peptide, 1000 conformers 
were obtained by the SA calculations. Thereafter, a 
final energy-minimization was performed in the case of 
all structures derived from the SA simulations. For this 
geometry optimization, the steepest descent method 
was used during the first 100 steps, and subsequently, 
the conjugated gradient algorithm was applied, with a 
gradient convergence criterion of 0.001 kcal mol-1 Å-1, 
and with the maximum number of iterations of 10000.

The aforementioned SA calculations were carried 
out on four different stereoisomeric forms of the parent 
peptide, as follows: (1) EM2 - containing L-amino acids 
- with trans Tyr1-Pro2 peptide bond (labeled as S[1]); 

(2) enantio-EM2 - containing D-amino acids - with trans 
Tyr1-Pro2 peptide bond (labeled as S[2]); (3) EM2 with 
cis Tyr1-Pro2 peptide bond (labeled as S[3]); (4) enantio-
EM2 with cis Tyr1-Pro2 peptide bond (labeled as S[4]).

3. Results and discussion
In order to characterize the conformational distributions, 
various distance-angle maps were produced, in which 
the distances and angles measured between the 
pharmacophore elements were represented. Taking into 
consideration the pharmacophore groups of EM2, the 
pharmacophoric points were defined as the N atom for 
the N-terminal amino (NH3

+) group, and as the centroids 
of the six-membered phenyl rings of aromatic side-
chains for the Tyr1, Phe3 and Phe4 residues. These points 
were labeled as N in the case of NH3

+ group, and A, B 
and C in the case of Tyr1, Phe3 and Phe4 amino acids, 
respectively. Two different subgroups were distinguished 
with regard to the pharmacophore elements: the first 
subgroup included the N, A and B points, while the 
other one covered the N, A and C points. For both of 
them, three distances and three angles were defined 
and calculated, as follows: (1) for the first subgroup, 
the (N-A), (N-B) and (A-B) distances; and the (N-A-B), 
(N-B-A) and (A-N-B) angles; (see Fig. 1a) (2) for the 
second subgroup, the (N-A), (N-C) and (A-C) distances; 
and the (N-A-C), (N-C-A) and (A-N-C) angles (see 
Fig. 1b). Applying these geometric parameters, nine 
different types of distance-angle maps were constructed 
in the case of both subgroups, according to the nine 
possible combinations of distances and angles. On 
the basis of these plots, the ranges of distances were 
divided into 0.5 Å intervals, whereas the ranges of 
angles were divided into 5° intervals, resulting in various 
regions in the distance-angle maps. Then, the number 
of conformations was determined for all the regions, 
and conformational similarity indices (CSXX’) [7,16,17] 
were calculated in order to compare the conformational 
distributions using the following equation:

where NXi and NX’i are the numbers of conformations 
in the ith region of certain distance-angle maps for two 
different stereoisomers, respectively, whereas XN  
and 'XN  are the average numbers of conformations 
with regard to certain distance-angle maps of two 
stereoisomeric forms, respectively. The calculated 
CSXX’ indices were represented in 4×4 lower triangular 
matrices for each distance-angle pair, in accordance 
with the four different stereoisomers of tetrapeptide.
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The nine different types of distance-angle maps, 
concerning the first subgroup of pharmacophore 
elements, are illustrated in Figs. 2 and 3 for the S[1] 
and S[2] stereoisomeric forms, respectively, while Fig. 4 
represents the matrices for all distance-angle pairs. 
Among the matrices with regard to the first subgroup 
of pharmacophores, five matrices (i.e., (N-A) – (N-A-B), 
(N-A) – (N-B-A), (N-A) – (A-N-B), (N-B) – (N-B-A) and 
(A-B) – (N-B-A) matrices; see Figs. 4a-c, 4e and 4h) 
showed a very high similarity (i.e., 0.95 ≤ CSXX’) in the 
case of S[1] - S[2] and S[3] - S[4] pairs. Based on these 
matrices, however, it could be concluded that lower 
similarity was detected for the four types of cis – trans 
stereoisomeric pairs (i.e., S[1] - S[3], S[1] - S[4], 
S[2] - S[3] and S[2] - S[4] pairs), in comparison with 
those found for the trans – trans and cis – cis pairs. Taking 
into account these CSXX’ indices, three different ranges 
could be distinguished - indicating high, moderate and 
low similarities, respectively -, as follows: (1) the first 
range (i.e., 0.73-0.76) for the (N-A) – (N-B-A) matrix (see 
Fig. 4b); (2) the second range (i.e., 0.49-0.62) for the 

(N-A) – (N-A-B), (N-A) – (A-N-B) and (A-B) – (N-B-A) 
matrices (see Figs. 4a, 4c and 4h); (3) the third range (i.e., 
0.22-0.31) for the (N-B) – (N-B-A) matrix (see Fig. 4e). In 
the case of the other four matrices (i.e., (N-B) – (N-A-B), 
(N-B) – (A-N-B), (A-B) – (N-A-B) and (A-B) – (A-N-B) 
matrices; see Figs. 4d, 4f, 4g and 4i) concerning the 
first subgroup, a high similarity (i.e., 0.86 ≤ CSXX’ ≤ 0.94) 
was also observed for the S[1] - S[2] and S[3] - S[4] 
pairs. Nevertheless, these CSXX’ indices were found 
to be slightly lower as compared to those detected for 
the five matrices. Additionally, larger differences were 
observed between the CSXX’ indices calculated for the 
trans – trans and cis – cis pairs. Moreover, the above-
mentioned four matrices indicate a very low similarity 
(i.e., 0.07 ≤ CSXX’ ≤ 0.19) in the case of the four types of 
cis – trans stereoisomeric pairs.

The nine distance-angle plots, with regard to the 
second subgroup of pharmacophores, are displayed 
in Figs. 5 and 6 for the S[3] and S[4] stereoisomers, 
respectively, whereas Fig. 7 shows the matrices in the 
case of each distance-angle pair. Five matrices (i.e., 

Figure 1. Distances and angles measured between the pharmacophoric points with regard to two subgroups of the pharmacophore elements. 
(a) For the first subgroup: (1) the (N-A), (2) the (N-B) and (3) the (A-B) distances; (4) the (N-A-B), (5) the (N-B-A) and (6) the (A-N-B) 
angles. (b) For the second subgroup: (1) the (N-A), (2) the (N-C) and (3) the (A-C) distances; (4) the (N-A-C), (5) the (N-C-A) and (6) 
the (A-N-C) angles.
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(N-A) – (N-A-C), (N-A) – (N-C-A), (N-A) – (A-N-C), 
(N-C) – (N-C-A) and (A-C) – (N-C-A) matrices; see 
Figs. 7a-c, 7e and 7h) corresponding to the second 
subgroup of pharmacophore elements indicated a very 
high similarity (i.e., 0.95 ≤ CSXX’) for the trans – trans 
and cis – cis stereoisomeric pairs. Nevertheless, these 
matrices show that lower similarity could be observed in 
the case of the four types of cis – trans pairs, as compared 
to those detected for the S[1] - S[2] and S[3] - S[4] 
stereoisomeric pairs. Among these five matrices, the 
(N-A) – (N-C-A) matrix revealed the higher similarity 
(i.e., 0.85 ≤ CSXX’ ≤ 0.92; see Fig. 7b), whereas the 
(N-C) – (N-C-A) matrix showed the lower simiarity (i.e., 
0.49 ≤ CSXX’ ≤ 0.59; see Fig. 7e), taking into account the 
four cis – trans pairs. For the other four matrices (i.e., 
(N-C) – (N-A-C), (N-C) – (A-N-C), (A-C) – (N-A-C) and 
(A-C) – (A-N-C) matrices; see Figs. 7d, 7f, 7g and 7i) 

corresponding to the second subgroup, a high similarity 
(i.e., 0.73 ≤ CSXX’ ≤ 0.85) could also be found in the 
case of trans – trans and cis – cis stereoisomeric pairs. 
Considering these CSXX’ indices, it could be concluded 
that on the one hand, they proved to be lower compared 
to those found for the five matrices, and on the other 
hand, their differences were found to be larger with 
regard to the S[1] - S[2] and S[3] - S[4] pairs. On the 
basis of four matrices, however, it could be deduced 
that a low similarity (i.e., 0.21 ≤ CSXX’ ≤ 0.37) could be 
detected for the four types of cis – trans pairs.

As the aforementioned results indicate, similar 
observations could be made for the two subgroups of 
pharmacophore elements, based on the comparative 
analysis of various conformational distributions 
concerning the four stereoisomers of tetrapeptide. In the 
case of both subgroups of pharmacophores, the nine 

Figure 2. Nine different types of distance-angle maps, regarding the first subgroup of pharmacophore elements, for the S[1] stereoisomer: 
(a) the (N-A) – (N-A-B), (b) the (N-A) – (N-B-A), (c) the (N-A) – (A-N-B), (d) the (N-B) – (N-A-B), (e) the (N-B) – (N-B-A), 
(f) the (N-B) – (A-N-B), (g) the (A-B) – (N-A-B), (h) the (A-B) – (N-B-A) and (i) the (A-B) – (A-N-B) plots.
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matrices could be divided into two different classes, as 
follows: (1) the first class covered five types of matrices 
(i.e., (N-A) – (N-A-B/C), (N-A) – (N-B/C-A), (N-A) – (A-N-
B/C), (N-B/C) – (N-B/C-A) and (A-B/C) – (N-B/C-A) 
matrices); (2) the second class included four types of 
matrices (i.e., (N-B/C) – (N-A-B/C), (N-B/C) – (A-N-
B/C), (A-B/C) – (N-A-B/C) and (A-B/C) – (A-N-B/C) 
matrices). Taking into account the first class of matrices, 
it could be concluded that approximately the same CSXX’ 
index was detected regarding the trans – trans and 
cis – cis pairs for both subgroups of pharmacophores, 
whereas the CSXX’ indices calculated for the four 
cis – trans pairs were found to be larger in the case of 
second subgroup than those observed for the first one. 
The matrices belonging to the second class indicate that 
for the second subgroup of pharmacophore elements, 

the CSXX’ indices concerning the trans – trans and cis 
– cis pairs proved to be smaller, while the CSXX’ indices 
regarding the cis – trans pairs proved to be larger, as 
compared to those detected in the case of first subgroup. 
Based on the distance-angle maps pertaining to the first 
class of matrices, the S[1] and S[2], as well as the S[3] 
and S[4] stereoisomeric pairs can be slightly separated 
from each other. Nevertheless, distinctions can be made 
with regard to the S[1] - S[3], S[1] - S[4], S[2] - S[3] 
and S[2] - S[4] pairs. Considering the distance-angle 
plots belonging to the second class of matrices, a similar 
conclusion could be made for the four cis – trans pairs; 
however, on the basis of these plots, it was possible 
to differentiate between the trans isomer pairs, as well 
as between the cis isomer pairs, regarding the parent 
peptide and its enantio form.

Figure 3. Nine different types of distance-angle maps, regarding the first subgroup of pharmacophore elements, for the S[2] stereoisomer: 
(a) the (N-A) – (N-A-B), (b) the (N-A) – (N-B-A), (c) the (N-A) – (A-N-B), (d) the (N-B) – (N-A-B), (e) the (N-B) – (N-B-A), (f) the 
(N-B) – (A-N-B), (g) the (A-B) – (N-A-B), (h) the (A-B) – (N-B-A) and (i) the (A-B) – (A-N-B) plots.
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Figure 4. Nine matrices concerning the first subgroup of pharmacophores: (a) the (N-A) – (N-A-B), (b) the (N-A) – (N-B-A), (c) the (N-A) – (A-N-B), 
(d) the (N-B) – (N-A-B), (e) the (N-B) – (N-B-A), (f) the (N-B) – (A-N-B), (g) the (A-B) – (N-A-B), (h) the (A-B) – (N-B-A) and (i) the 
(A-B) – (A-N-B) matrices.

Figure 5. Nine different types of distance-angle maps, regarding the second subgroup of pharmacophore elements, for the S[3] stereoisomer: 
(a) the (N-A) – (N-A-C), (b) the (N-A) – (N-C-A), (c) the (N-A) – (A-N-C), (d) the (N-C) – (N-A-C), (e) the (N-C) – (N-C-A), 
(f) the (N-C) – (A-N-C), (g) the (A-C) – (N-A-C), (h) the (A-C) – (N-C-A) and (i) the (A-C) – (A-N-C) plots.
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Figure 6. Nine different types of distance-angle maps, regarding the second subgroup of pharmacophore elements, for the S[4] stereoisomer: 
(a) the (N-A) – (N-A-C), (b) the (N-A) – (N-C-A), (c) the (N-A) – (A-N-C), (d) the (N-C) – (N-A-C), (e) the (N-C) – (N-C-A), 
(f) the (N-C) – (A-N-C), (g) the (A-C) – (N-A-C), (h) the (A-C) – (N-C-A) and (i) the (A-C) – (A-N-C) plots.

Figure 7. Nine matrices concerning the second subgroup of pharmacophores: (a) the (N-A) – (N-A-C), (b) the (N-A) – (N-C-A), 
(c) the (N-A) – (A-N-C), (d) the (N-C) – (N-A-C), (e) the (N-C) – (N-C-A), (f) the (N-C) – (A-N-C), (g) the (A-C) – (N-A-C), 
(h) the (A-C) – (N-C-A) and (i) the (A-C) – (A-N-C) matrices.
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4. Conclusions
All the results obtained by the present theoretical study 
suggest that the stereoisomeric forms of EM2 could be 
discriminated from one another based on the comparative 
analysis of conformational distributions concerning the 
pharmacophore elements of the tetrapeptide. Taking 
into account each distance-angle pair, it could be 
deduced that to distinguish between the stereoisomers, 
the distance-angle maps pertaining to the second 
class of matrices proved to be more suitable than the 
first class of matrices. Moreover, the distance-angle 
maps regarding the first subgroup of pharmacophores 
seemed to be more appropriate in the majority of 
cases, to differentiate between the stereoisomeric 
forms, as compared to those concerning the second 
subgroup of pharmacophores. Nevertheless, the 
comparative analysis led to the observation that certain 
geometric parameters could be considered as least 
discriminatory parameters, as compared to the others, 
namely, the (N-A) distance for both subgroups of 

pharmacophores, as well as the (N-B-A) and (N-C-A) 
angles for the first and second subgroups, respectively. 
On the whole, it could be concluded that the various 
distance-angle maps, as well as the CSP approach 
could be also applied in the case of the stereoisomeric 
forms of the tetrapeptide, in order to distinguish them 
from one another. This conclusion indicates that 
the comparative analysis of various conformational 
distributions, regarding the pharmacophore elements 
of the stereoisomers, would be useful to investigate 
the effects of both L-D and cis-trans isomerisms on 
the spatial relationships of the pharmacophores of 
peptides.
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