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Abstract

Natural residues of the dimeric opioid peptide Biphalin were replaced by the corresponding homo-
/B amino acids. The derivative 1 containing h/® Phe in place of Phe showed good s and &

receptor affinities ( K=0.72 nM; K!"=1.1nM) and antinociceptive activity in vivo together with
an increased enzymatic stability in human plasma.

INTRODUCTION

Biphalin is a unique dimeric opioid peptide composed of two enkephalin-based tetrapeptides
(Tyr-D-Ala-Gly-Phe) linked by a hydrazide bridge between the two C-terminal
phenylalanine moieties. Biphalin displays a strong affinity for both . and &'receptors, with
an ECgg in the nanomolar range. When administered intracerebroventricularly (icv) it shows
higher potency than morphine and etorphine in animal models of pain.! The remarkable
activity is due primarily to its dimeric structure which improves the ability to meet the
topographical requirements of involved receptors.2 Furthermore, this opioid octapeptide
produced less physical dependence than other opioid agonists.12:3

A major problem concerning the use of peptides, including the opioid peptides, as drugs, is
their susceptibility to enzymatic hydrolysis when administered in vivo.* Approaches that
have been explored in an effort to overcome this problem in opioid peptides include the use
of D-amino acids, f-amino acids, various types of synthetic residues, and backbone
cyclization.®
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A well-known and useful approach is the design and synthesis of /g hybrid peptides, where
one or more native residues of the backbone sequence is replaced by the corresponding /-
or /-amino acid analogues.® Hybrid a/f peptides fold the backbone in a manner more
similar to the natural a-peptides than full f-peptides and together with high their intrinsic
metabolic stability make them good candidates for drug design. /8-amino acids have been
used in the design of several classes of ligands, including platelet aggregation factors,
angiotensin 11, chemotactic agents, and neuropeptides, including opioid peptides.”10

This work reports the synthesis and in vitro biological evaluation of four biphalin analogues
(Figure 1) containing /® homoamino acids (h/#Xaa). h/8Tyr and h/8Phe were incorporated
in place of the tyrosinel~ and phenylalanine*#  residues, respectively, and D-alanine?-2’
and glycine3-3 were replaced with a S-alanine residue. The most active product of this
series, which contains h/® Phe (1), was further tested in in vivo thermal models of
nociception by icv and iv administrations in mice, with human plasma stability also
evaluated.

BIOLOGICAL EVALUATION
Binding Affinities at u/8 Opioid Receptors.1!

To determine the affinity to the z-opioid (MOR) and the 5-opioid receptors (DOR) of
compounds 1-4, tritiated opioid peptides DAMGO ([3H]-[D-Ala(2), N-Me-Phe-(4), Gly-
ol(5)] enkephalin) and Deltorphin (selective agonists for MOR and DOR, respectively) were
used. Binding ICsg and K; values are shown in Table 1.

Biphalin was used as reference.1? Analogue 1 has a very good opioid receptor affinity,
showing subnanomolar affinity at the DOR and a potent K; value at the MOR (0.72 and 1.1
nM, respectively). Analogues 2-4 display poor affinity for opioid receptors, with a mild z-

selectivity for peptides 3 and 4 ( K/ K?=0.13). Peptide 2 showed little MOR/DOR
discrimination, with K;j values higher than 100 nM at both receptors.

GPl and MVD in Vitro Bioassay.!?

The biological activity was also investigated through isolated tissue-based functional assay
using guinea pig ileum/longitudinal muscle myenteric plexus (GPI) and mouse vas deferens
(MVD) tissues (Table 1). Biphalin was used as a reference.1® Compound 1 showed the
greatest potency, with no relevant selectivity for z- and &receptor (with K; values of 33 and
50 nM, respectively, for MVD and GPI). Analogue 4 showed near identical ICsq around 700
nM in both MVD and GPI assays, while 2 and 3 had weak activity. These data are in
agreement with results of binding assay.

In Vivo “Hot Plate” and “Tail-Flick” Bioassays.14

Antinociceptive properties of compound 1 were further investigated using the mouse hot
plate and tail-flick assays, following both local (icv, 0.6 nmol) and systemic (iv, 3000 nmol)
injections. Morphine and Biphalin were used as reference compounds (Figure 2).

In Vitro Metabolic Stability.1®

The enzymatic stability of both Biphalin and the Biphalin analogue 1 was tested by
incubation in human plasma at 37 °C. Degradation curves (Figure 3) were obtained by
plotting the total amount of remaining parent compound (expressed as zg/mL) versus time
(expressed as minutes), demonstrating increased stability for the modified compound due to
lack of recognition by degrading enzymes present in human plasma.
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DISCUSSION AND CONCLUSION

In this work, four new biphalin analogues were synthesized and investigated. The novel
compounds were evaluated for their 1/ receptor activity, and the results are shown in Table
1. Compound 1, containing h/2Phe residues in position 4 and 4/, showed remarkable binding
affinity, with K; values of 0.72 and 1.1 nM, respectively, for DOR and MOR, resulting in a
receptor affinity comparable with that of Biphalin. In the GPI and MVD in vitro bioassays
(Table 1), compound 1 was still the most potent of the series, but all the peptides showed
lower potency than Biphalin, suggesting that the activities of the compounds do not totally
reflect the ability to induce a biological response.

The high affinity and the strong in vitro activity of 1, confirmed by in vivo nociception tests,
may be explained by the fact that the distance between the two aromatic rings of Tyr and
Phe is the same as the parent peptide, therefore the additional methylene group increases the
flexibility of the compound without compromising side chain arrangements. The activity
found for compounds 1-4 is compatible with previous biological studies on Biphalin
analogues with non-hydrazine linkers. Those studies state that an increased distance between
the two pharmacophores of Biphalin, obtained by using short diamine bridges (containing
one or two methylene groups) or cyclic linkers (e.g., piperazine) is well tolerated or can
even improve the in vitro affinity, and our data here confirm those conlcusions.® On the
other hand, the distance between Phe## and Tyrl! side chains, as well as the reciprocal
pharmacophores arrangement of the dimeric structure, are crucial for the activity. Thus, the
use of fresidues in position 1,1/, 2,2/, and 3,3’ of the backbone led to an evident loss of
affinity and activity (see products 2—-4), whereas the introduction of the additional methylene
group in position 4,4’ is well tolerated (see product 1).16P These data support the importance
of D-Ala and Gly as keystructural residues, in addition to the well-known role of tyrosine.
The lack of activity and affinity of compounds 2-4 is probably due to the f-residues that
affect the spacing between the pharmacophoric Tyr and Phe residues. Interestingly,
compounds 3 and 4 showed a significant selectivity for MOR (about 8-fold), suggesting a
higher sensitivity of the DOR for modifications induced by fresidues. The antinociceptive
in vivo profile of compound 1 clearly indicates that 1 is endowed with good activity, several
times higher than morphine tested under the same conditions (for icv), but slightly lower
than Biphalin, as expected from the MVVD/GPI tests. In the hot plate test, after icv
administration, the antinociceptive profile of the analogue 1 was very similar to Biphalin,
producing 100% of the MPE 30 and 45 min after administration. In both in vivo models, the
maximum effect is reached 15-30 min after drug injection, and no significant decrease is
observed for the next 30 min.

Following iv administration (hot plate and tail-flick tests), compound 1 displayed a higher
(ranging from 40 to 140% 15— 60 min after administration) and more long lasting
antinociceptive effect than Biphalin, thus confirming the improved plasma stability, in full
accord with in vitro stability data, reported in Figure 3 (for detailed experimental data see
Supporting Information).

The improved metabolic stability paired with good antinociceptive activity confirms that
Phe moiety modification!6¢ 4 is a promising strategy in the field of Biphalin analogues
development.

EXPERIMENTAL SECTION

Chemistry

Synthesis of all new analogues was performed in solution phase using the N“-Boc strategy.
All synthesis began with hydrazine, with repeated steps of coupling/purification/
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deprotection of the intermediate products, until the final products were obtained as TFA
salts (Scheme 1).

All coupling reactions were performed with the standard method of HOBt/EDC/NMM in
DMF.16b Deprotection of N@-tert-butyloxycarbonyl group was performed using TFA/
CH,Cl, 1:1 for 1 h, under nitrogen atmosphere. The intermediate TFA salts were used for
subsequent reactions without further purification. Boc protected intermediate products were
purified by silica gel column chromatography, or in the case of scarcely soluble products,
the purification was performed by trituration in EtOAc.16¢ Final products 1-4 were purified
by RP-HPLC using a Waters XBridge Prep BEH130 C18, 5.0 zzm, 250 mm x 10 mm column
at a flow rate of 4 mL/min on a Waters Binary pump 1525, using as eluent a linear gradient
of H,O/acetonitrile 0.1% TFA ranging from 5% acetonitrile to 90% acetonitrile in 45 min.
The purity of the N?-Boc-protected products was confirmed by NMR analysis on a Varian
VXR 300 MHz and mass spectrometry ESI-HRMS. The purity of all final TFA salts was
confirmed by NMR analysis, ESI-HRMS, and by analytical RP-HPLC (C1g-bonded 4.6 mm
x 150 mm) at a flow rate of 1 mL/min, using as eluent a gradient of H,O/acetonitrile 0.1%
TFA ranging from 5% acetonitrile to 95% acetonitrile in 50 min, and was found to be =95%.
All synthetic procedure and intermediates’ characterizations are reported in the Supporting
Information.

2 TFA(Tyr-D-Ala-Gly-hB3Phe-NH), (1)—Rf = 0.61 (n-Bu-OH/ AcOH/H,0 4:1:1). Rt
(HPLC) = 20.24 min. IHNMR (DMSO-dg) & 1.05 (6H, d, D-Ala CH3), 2.53 (4H, t, hPhe
hfCHy), 2.71-2.85 (4H, m, Tyr ACH,), 2.73-2.80 (4H, m, h/®Phe ACH,), 3.53-3.61 (4H, m,
Gly aCHy), 3.85 (2H, t, Tyr aCH), 4.15 (2H, m, h/®Phe aCH), 4.34 (2H, t, D-Ala aCH),
6.65-7.01 (8H, m, Tyr Ar), 7.12— 7.27 (10H, m, h/®Phe Ar), 7.88 (2H, d, h/®Phe NH), 8.05
(6H, d, Tyr NH3%), 8.17 (2H, t, Gly NH), 8.52 (2H, d, D-Ala NH), 9.44 (2H, s, OH), 10.03
(2H, s, NH-NH). ESI-HRMS calcd for C5oHgoFgN19O14 Mz 1165.4429 [M + H]*; found
1165.4431.

2 TFA-(Tyr-D-Ala-BAla-Phe-NH), (2)—R¢ = 0.41 (n-Bu-OH/AcOH/ H,0 4:1:1). Rt
(HPLC) = 19.26 min. *HNMR (DMSO-dg) & 1.21 (6H, d, D-Ala CHs), 2.16-2.27 (4H, m,
SAla CH,~CO), 2.70-2.80 (4H, m, Tyr ACHy), 2.77-2.86 (4H, m, Phe ACHy), 3.54-3.71
(4H, m, AAla CHo-N), 3.85 (2H, t, Tyr aCH), 4.38-4.49 (2H, m, D-Ala aCH), 4.52 (2H, t,
Phe aCH), 6.69-6.96 (8H, m, Tyr Ar), 7.09-7.25 (10H, m, Phe Ar), 7.76 (2H, d, fAla NH),
8.04 (6H, d, Tyr NH3*), 8.20 (2H, d, Phe NH), 8.36 (2H, d, D-Ala NH), 9.36 (2H, s, OH),
10.21 (2H, s, NH-NH). ESI-HRMS calcd for CspHgoFgN19O14 Mz 1165.4429 [M + H]*;
found 1165.4431.

2 TFA(Tyr-BAla-Gly-Phe-NH)? (3)—Rs = 0.39 (n-Bu-OH/AcOH/H,0 4:1:1). Rt
(HPLC) = 19.55 min. ITHNMR (DMSO-dg) &: 2.27— 2.32 (4H, m, fAla CH,—CO), 2.67-2.81
(4H, m, Tyr fCH)), 2.87-2.92 (4H, m, fAla CH,—-N), 2.91-2.99 (4H, m, Phe fCH>), 3.28—
3.39 (4H, m, Gly aCHy), 3.77 (2H, t, Tyr aCH), 4.24 (2H, t, Phe aCH), 6.65-6.95 (8H, m,
Tyr Ar), 7.11-7.28 (10H, m, Phe Ar), 7.71 (2H, d, fAla NH), 8.07 (6H, d, Tyr NH3*), 8.16
(2H, t, Gly NH), 8.22 (2H, d, Phe NH), 9.25 (2H, s, OH), 10.19 (2H, s, NH-NH). ESI-
HRMS calcd for CsgHsgFgN 19014 MYz 1137.4116 [M + H]*; found 1137.4120.

2 TFA-(hB3Tyr-D-Ala-Gly-Phe-NH), (4)—Rs = 0.53 (n-Bu-OH/ AcOH/H,0 4:1:1). Rt
(HPLC) = 29.48 min. ITHNMR (DMSO-dg) & 1.12 (6H, d, D-Ala CH3), 2.61 (4H, t, h/BTyr
/ICH>), 2.78 (4H, t, hPTyr hiCH,), 2.96-3.01 (4H, m, Phe ACH,), 3.37-3.49 (4H, m, Gly
aCH,), 3.66-3.74 (2H, m, h/BTyr aCH), 4.19-4.23 (2H, m, DAla aCH), 4.60 (2H, m, Phe
aCH), 6.60-6.93 (8H, m, h/BTyr Ar), 7.07-7.20 (10H, m, Phe Ar), 7.81 (6H, d, h/Tyr
NH3*"), 8.07 (2H, t, Gly NH), 8.21 (2H, d, Phe NH), 8.33 (2H, d, D-Ala NH), 9.38 (2H, s,
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OH), 10.15 (2H, s, NH-NH). ESI-HRMS calcd for CspHgoFgN19O14 MVz: 1165.4429 [M +

H]

*- found 1165.4426.
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ABBREVIATIONS USED
DOR o-opioid receptor
EDC 1-ethyl-(3-dimethylaminopropyl)-carbodiimide
ESI-HRMS electrospray ionization-high resolution mass spectrometry
GPI guinea pig ileum
[3H]-DAMGO [3H]-[D-Ala(2), N-Me-Phe-(4), Gly-ol(5)] enkephalin
HOBt 1-hydroxybenzotriazole
icv intracerebroventricular
iv intravenous
MOR p-opioid receptor
MVD mouse vas deferens
NMM N-methylmorpholine
RP-HPLC reversed phase high performance liquid chromatography
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Tail Flick, i.c.v.
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Antinociceptive results of hot plate and tail-flick in vivo bioassays for compound 1,
Biphalin, and morphine sulfate. Compounds were injected by icv administration (A,B) at a
dose of 0.6 nmol, and systemic iv administration (C,D) at a dose of 3000 nmol. The data
represent the mean £ SEM. The statistical significance among groups was determined, in
comparison with vehicle-treated animals with the analysis of variance (two-way ANOVA
test) followed by Bonferroni’s posthoc comparisons using the statistical software SPSS.
Statistical significance was P < 0.05 (*P < 0.05; ***P < 0.001).
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Degradation study in human plasma
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Figure 3.

Stability curves for Biphalin (green line) and the Biphalin derivative 1 (purple line). The
samples were tested in three independent experiments (n = 3) and represent the mean +
SEM. The significance among groups was evaluated with the analysis of variance (two-way
ANOVA test) followed by Bonferroni’s posthoc comparisons between compound 1 and
Biphalin using the statistical software GraphPad Prism v.4. Statistical significance was P <
0.05 (**P < 0.01; ***P < 0.001); times from tg to t45 present no statistical significance (P >
0.05).
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Scheme 1.

Synthesis of Biphalin Analogues 1-42

3(1) Xaa4 = h3Phe; Xaa3 = Gly; Xaa2 = D-Ala; Xaal = Tyr; (2) Xaa4 = Phe; Xaa3 = fAlg;
Xaa2 = D-Ala; Xaal = Tyr; (3) Xaa4 = Phe; Xaa3 = Gly; Xaa2 = fAla; Xaal = Tyr; (4)
Xaa4 = Phe; Xaa3 = Gly; Xaa2 = D-Ala; Xaal = hg3Tyr.
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