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Abstract—Endomorphin-2 (Tyr-Pro-Phe-Phe-NH,) is a putative endogenous p-opioid receptor ligand. To develop potent analgesics
with less side effects related to it, we used the methods of dimerization and C-terminal modification. Through dimerization we got
the ‘balanced agonists’ with potent analgesic activity and we have developed the structure-activity relationship between the selec-
tivity and the distance of the two tyrosine pharmacophores. Modification at the C-terminal increased the selectivity of endomor-

phin-2 to p-opioid receptor with binding affinity conserved.
© 2005 Elsevier Ltd. All rights reserved.

It is widely accepted that there are at least three opioid
receptor types, K, 0, and k. These receptors and their
endogenous ligands, the enkephalins (8), dynorphins
(x) and endomorphins (i) appear to be involved in the
modulation and perception of pain.!?> To study the
structure—activity relationships against their receptors
and develop potent analgesics without the well-known
side effects, such as tolerance, physical dependence,
respiratory depression, and adverse gastrointestinal
effects, hundreds of analogues of opioid peptides
were synthesized and evaluated.?

To develop opioid analgesics without side effects, the
most general approach is to develop compounds with
high selectivity for a particular type of the opioid recep-
tors. The other, less explored approach, is to develop
‘balanced agonists’ (which will interact with a broad
spectrum of the opioid receptors).*° In the second ap-
proach, developing bivalent ligands is a useful tool.
Compounds that contain two pharmacophores linked
by a connecting spacer have been termed ‘bivalent li-
gands’. The most successful example of bivalent opioid
ligands is biphalin, it is a dimeric opioid peptide com-
posed of two tetrapeptides connected ‘tail to tail’ by a
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hydrazide bridge. It has a moderate affinity for both p-
and &-opioid receptors. When administered intracere-
broventricularly, it has been shown to be more potent
than morphine and etorphine at eliciting antinocicep-
tion. Biphalin has also been shown to cross both the
blood-brain and blood—cerebrospinal barriers, and is
currently undergoing intensive preclinical studies.” In
this paper, we adopted the methods of dimerization
and C-terminal modification to modulate the selectivity
of endomorphin-2 and to study the structure—activity
relationship.

In 1997, Zadina and his colleagues isolated Endomor-
phin-1 (EM-1: Tyr-Pro-Trp-Phe-NH,) and Endomor-
phin-2 (EM-2: Tyr-Pro-Phe-Phe-NH,) from bovine
brain and human brain. EM-1 and EM-2 have shown
high selectivity towards p-opioid receptor with potent
analgesic activity,® ' EM-2 is more selective for p-opi-
oid receptor than EM-1. Unfortunately, the exogenous
application of these opioid peptides generally met with
failure, owing to their biological instability and inability
to be transmitted through the blood-brain barrier
(BBB).? In order to avoid these disadvantages and in-
crease their affinity and selectivity, a number of their
analogues were synthesized and evaluated. They were
mainly focused on modification at the C-terminal or
N-terminal and using conformational restrained or flex-
ible unnatural amino acids to substitute or scan the four
residues,'' 2% but no one studied the bivalent analogues
of endomorphins. And there was less knowledge for us
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to modulate the selectivity of endomorphin-2. One pur-
pose of this paper was to study the structure—activity
relationship of the bivalent and C-terminal modified
analogues of endomorphin-2.

Changing the amide (CONH,) group at the C-terminal
of EM-2 into carboxylic acid (COOH) made more than
500-folds decrease in the binding affinity of EM-2 to-
wards p-opioid receptor, but alcoholic terminal
(CH,OH) increased the binding affinity. The results
indicated that a neutral but not acidic group is needed
at the C-terminal of EM-2 for its binding to p-opioid
receptor.'! Changing the carboxylic acid group at the
C-terminal of deltorphin A (1-4)-OH into CONH,,
COOMe and CONHNH, increased its affinity towards
p-opioid receptor for 6.6-, 67- and 149-folds, respec-
tively.?! Therefore, we changed the C-terminal amide
group of EM-2 into COOMe and CONHNH, to see if
they could increase the selectivity of it.

Many studies have shown that N- termlnal sequence of
the opioid peptides especially the Tyr residue is critical
for their binding to the receptors,>” so we designed the
bivalent ligands ‘tail to tail’ and linked the two pharma-
cophores of endomorphin-2 by various lengths of dlam-
ines as the spacers. In order to study the role of Phe’®
(Phe®) and Phe* (Phe*) in their binding activities, we
synthes1zed bivalent llgands with deletlon of Phe*
(Phe*) or both of Phe® (Phe®’) and Phe* (Phe*) (Fig. 1).

All the compounds in this study were synthesized by
solution methodology for peptide synthesis using Boc-
amino protection groups and using N-methyl morphol-
ine (NMM) and isobutyl chloroformate (IBCF) as coup-
ling reagents. TFA and anisole (v/v = 9:1) were used as
deprotection reagents. All the analogues were synthe-
sized by the modified methods reported previously.?32*
After deprotection, the compounds were precipitated
with ether, filtered, the crude peptides were obtained

Tyr'-Pro?-Phe?-Phe*-NH-CH,-CH,-NH<-Phe*<-Phe®<-Pro? <-Tyr"

Figure 1. Amino acid sequence of bivalent ligand 8.

Table 1. Analytical data of EM-2 analogues

as TFA salts and then purified using RP-HPLC, purity
of all peptides was greater than 95%. The analytical data
were listed in Table 1.

The opioid receptor binding assays were performed in
50 mM Tris—HCI buffer, pH 7.4, at a final volume of
0.5 mL containing 250400 pg of protein (Synaptosomal
brain membrane P2 was prepared from Wistar rats). In
competition experlments the following conditions were
used for incubations: PHIDAMGO (0.5nM, 25 °C,
1 h), PH]DPDPE (1 nM, 25 °C, 3 h). Nonspecific bind-
ing was determmed in the presence of 10 uM naxolone.
Ky values of PHIDAMGO and [*'H]DPDPE were 0.533
and 2.75 nM, respectively. K; values were calculated
according to the equatlon of Cheng and Prusoff 25 The
K; values of EM-2 in ["HIDAMGO and [*H]DPDPE
assays agreed with Toth and co-workers'® and Okada
et al.'#, respectively. The data were listed in Table 2.
Biological activities of some analogues were also evalu-
ated in guinea pig ileum (GPI) and mouse vas deferens
(MVD) assays. Stand compounds (endomorphin-2 for
the GPI and deltorphin I for the MVD) were assayed
in each preparation to permit estimation of relative
potencies. The data were listed in Table 3. The data
shown in Tables 2 and 3 were the means of at least three
experiments.

From the opioid receptor binding data shown in Table
2, we can see that modified the C-terminal amide group
of endomorphin-2 into COOMe (1) and CONHNH,; (2)
both increased the selectivity of endomorphin-2, and
conserved its binding affinity to p-opioid receptor. It
was indicated that neutral or weak basic group at the
C-terminal of endomorphin-2 might increase its binding
selectivity.

The dimeric analogues 4 and 5 increased the binding
affinity of its monomer 3 for 4.6- and 5.4-folds to p-opi-
oid receptor, respectively, to d&-opioid receptor, in-
creased more than 5 3- and 10.8-folds, respectively.
Deletion of Phe* (Phe®) of 5 produced compound 6, it
decreased the affinity of 5 both to p- and $-opioid recep-
tors for 113- and more than 108-folds, respectively. But
6 increased the p affinity of its monomer, Tyr-Pro-NH)*

Compound MS [M + HJ" TLC® (Ry) [o1p? (°)
Calculated Found
EM-2 Tyr-Pro-Phe-Phe-NH, 572.3 572.3%
1 Tyr-Pro-Phe-Phe-OMe 587.3 587.5% 0.78
2 Tyr-Pro-Phe-Phe-NHNH, 587.3 587.2% 0.39 —19
3 Tyr-Pro-Phe-NH, 425.2 425.4% 0.65
4 [Tyr-Pro-Phe-NH-], 847.4 847.5° 0.55 -25
5 [Tyr-Pro-Phe-NH-CH»-]» 875.5 875.8° 0.52 -29
6 [Tyr-Pro-NH-CH,-], 581.3 581.5° 0.32
7 [Tyr-Pro-Phe-Phe-NH-], 1141.6 1141.4° 0.48 =30
8 [Tyr-Pro-Phe-Phe-NH-CH,-], 1169.6 1169.6° 0.54 —56
9 [Tyr-Pro-Phe-Phe-NH-CH,-CH,-], 1197.6 1197.6° 0.55 -57
*FAB-MS.
> ESI-MS.

¢ Solvent system: ethyl acetate/MeOH/ammonia (8:1:1).
9MeOH (20 °C), ¢ = 0.3.
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Table 2. Opioid receptors binding assay of EM-2 analogues

Compound PHIDAMGO () [PH]DPDPE (5) Selectivity
K; + SE (nM) Relative potency K; £ SE (nM) Relative potency (d/n)
EM-2 8.23 +0.48 1 8360 + 1314 1 1016
1 9.07 £0.77 0.91 >10,000 >1109
2 9.35+£243 0.88 >10,000 >1070
3 140 £24.0 0.059 >10,000 >71.4
4 30.7 £ 7.07 0.27 1896 * 325 441 61.8
5 26.1 £ 8.63 0.32 923 +95.5 9.06 354
6 2956 * 467 0.0028 >10,000 >3.38
7 96.4 £8.77 0.085 539 £ 192 15.5 5.59
8 86.3+10.6 0.095 613 £50.8 13.6 7.10
9 168 £43.3 0.049 7025 + 1693 1.19 41.8
Table 3. In vitro biological assay of EM-2 analogues

Compound GPI (p) ICso £ SE (nM) MVD (8) ICsy = SE (nM) Ratio

1Csg Relative potency 1Cso Relative potency (MVD/GPI)
EM-2 14.7 £0.72 1 4821244 1 3.28
1 42.1 £ 16.1 0.35 37.2+15.0 1.30 0.88
2 132+42.4 0.11 185+£79.7 0.26 1.40
4 1135+41.1 0.013 3203 + 347 0.015 2.82
5 218 £62.0 0.067 1012 £ 160 0.048 4.64
7 518 £ 232 0.028 721 £ 184 0.067 1.39
8 3544 + 640 0.0041 29.0 £ 14.6 1.66 0.0082
9 Not determined >10,000

(K; = 26,107 £ 1339 nM). Dimeric compounds 7, 8, and
9 all decreased the p affinity of their monomer EM-2 for
about 10-20-folds, but they all increased the $ affinity of
EM-2. So we got the desired ‘balanced agonists’. The
relationship between the selectivity and the distance of
the two Tyr pharmacophores are shown in Figure 2.
The results demonstrated that we can use dimerization
approach to increase the binding affinity of the frag-
ments of endomorphin-2 and modulate the selectivity
of the bivalent analogues by controlling the distance be-
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distance of the two Tyr pharmacophores of
the bivalent analogues

Figure 2. The relationship between the selectivity and the distance of
the two Tyr pharmacophores of the bivalent analogues (The distance
was shown by the number of the atoms in the peptide backbone
between the Ca of the two Tyr. Compounds 4, 5, 7, 8, and 9 were
chosen to be studied).

tween the two Tyr pharmacophores. Phe* and Phe* are
important for us to get the ‘balanced agonists’. This was
backed by the bioassay data shown in Table 3.

From the data shown in Table 3, it is interesting to note
that compound 8 showed very low MVD/GPI selective
ratio. Its selective ratio (0.0082) is lower than that of
the classical & selective compounds [p-Ala®, D-Leu’]
enkephalin (DADLE)?® and about 0.25-folds as that of
DPE,?’ (the MVD/GPI selective ratio are 0.011 and
0.033, respectively), which suggested its specific pharma-
cological properties. So we evaluated its analgesic activ-
ity administered intracerebroventricularly in mice by
hot-plate test (data are not shown here) in two doses
(20 and 41.6 nmol/kg), it was more potent than that of
morphine.

As a conclusion, we have synthesized novel bivalent and
C-terminal modified analogues of endomorphin-2.
Dimerization increased the affinity of N-terminal frag-
ments of endomorphin-2 both to p- and §-opioid recep-
tors. Through this method, we got the ‘balanced
agonists’ with moderate affinity both to p- and d-opioid
receptors and with potent analgesic activity. And we
have developed the structure-activity relationship be-
tween the selectivity and the distance of the two tyrosine
pharmacophores. Modifying the classical C-terminal
amide group into COOMe and CONHNH, increased
the selectivity and conserved the affinity of endomor-
phin-2 towards p-opioid receptor. Our results suggest
that we can use these two methods to develop more po-
tent analgesics with less side effects related to endomor-
phin-2. Further studies about these novel ligands will be
reported subsequently by our laboratory.
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