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ABSTRACT: In this work we enhanced the ring lipophilicity of
biphalin introducing a xylene moiety, thus obtaining three cyclic
regioisomers. Novel compounds have similar in vitro activity as the
parent compound, but one of these (6a) shows a remarkable
increase of in vivo antinociceptive effect. Nociception tests have
disclosed its significant high potency and the more prolonged
effect in eliciting analgesia, higher than that of biphalin and of the
disulfide-bridge-containing analogue (7).

Ki,=1.33nM
| Ki;=2.26nM |
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Recently mixed /6 opioid ligands have shown significant
potential as analgesics with novel biological profiles. Being
the result of a “twin-drug approach” to the opioid peptides
enkephalins, biphalin (Tyr'-p-Ala>-Gly*-Phe*-NH-NH-Phe" «
Gly*" < p-Ala* « Tyr") has an exceptional affinity for ¢ and &
receptors (MOR and DOR, respectively) with an ECy, of about
1—4 nM; it has a highly potent antinociceptive effect (3-fold
increase compared to morphine after i.c.v.), similar to that of
etorphine.’ Biphalin penetrates blood—brain barrier (BBB)
well; hence, it can be systemically administered.” Furthermore,
Yamazaki et al. reported biphalin’s potential to produce
dependence upon chronic use.” A conclusive mechanism of
action that could explain the unique in vivo potency has not
been obtained, though it was speculated that it is related to its
dual 41/6 bioactivity together with its capability to stimulate the
formation of opioid receptor dimers.” The (MOR—DOR)
dimers exhibit restricted distribution in the brain, and their
abundance is increased in response to chronic morphine
administration.” The /8 multitarget approach potentially
represents a unique tool for the development of safe and
potent therapeutics to treat chronic pain.6 Numerous
structure—activity relationships (SAR) studies have been
reported on biphalin;"”” many of these focused on amino acid
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substitution in positions 2,2" and 4,4',*" supported also by
molecular dynamics (MD) study.'

Constrained peptidomimetics obtained by global and/or
local restrictions may also overcome some limitations typical of
linear peptides (e.g., biphalin), such as low analgesic potency
after s.c. administration and a moderate stability in human
plasma." In our previous works on cyclic biphalins, we found
that p-Ala>* can be replaced by p-Cys and p-Pen residues
followed by ring closure as a disulfide bridge to give analogues
with increased in vitro affinity for u/8-opioid receptors and in
vivo antinociceptive effect.' "

In this letter, we further modified the biphalin structure with
the incorporation of a xylene bridge by the chemical linkage of
peptides onto scaffolds (CLIPS) technology,"” recently applied
by our group for the preparation of cyclic DPDPE analogues.'*
This modification was aimed at improving the pharmacological
parameters as well as the BBB permeability and plasma stability
of the new compounds with respect to biphalin. We synthesized
and fully characterized three novel biphalin analogues in which
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the two thiol groups of the p-Cys residues in position 2,2’ have
been linked through using different dibromoxylene re-
gioisomers (o-dibromoxylene, m-dibromoxylene, and p-dibro-
moxylene for 6a—c, respectively). These compounds have been
tested in vitro for /6 receptor binding assays and G-protein
activation and, finally, for in vivo antinociception tests, to
evaluate the analgesic potency compared to that of biphalin and
its disulfide bridge containing cyclic analogue 7, previously
published by our group.'' The new analogues were grepared
via solution phase peptide strategy (Scheme 1)."”'° The

Scheme 1. Synthesis of Novel Cyclic Analogues 6a—c”
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“Reagents and conditions: (a) hydrazine monohydrate, EDC-HC],
HOBt anhydrous, NMM, DMF, 0 °C for 20 min, then r.t. 24 h, 95%
yield. (b) TFA/DCM 1:], r.t. 3 h, quantitative. (c) Boc-Gly-OH, EDC-
HCI, HOBt anhydrous, NMM, DMF, 0 °C, 20 min, then r.t. 24 h, 96%
yield. (d) Boc-p-Cys(ACM)-OH, EDC-HCI, HOBt anhydrous, NMM,
DMF, 0 °C, 20 min, then r.t. 24 h, 90% yield. (e) I,, MeOH, 3 h at r.t.
then ascorbic acid, quantitative. (f) TCEP, DMF for 1 h at r.t, then
dibromoxylene regioisomers at r.t.,, overnight; Sa, 97% yield; Sb, 92%
yield; Sc, 88% yield after RP-HPLC purification. (g) Boc-Tyr-OH,
EDC-HCI], HOBt anhydrous, NMM, DMF, 0 °C for 20 min, then r.t.
24 h.

incorporation of xylene bridge was achieved through the cyclic
intermediate c[D-Cys-Gly-Phe-NH], (4) via one-pot reduction/
side chain-to-side chain type cyclization reaction, using a
modified procedure reported by Smith et al.;'® due to the small
size and moderate polarity of our cyclic peptides, aqueous
buffers are not required,'”'” and thus, DMF was used (for
further details, see Experimental Procedures). The crude cyclic
intermediates Sa—c were used in the final coupling reaction,
without any further modifications, to give products 6a—c as
TFA salts in excellent yields. Cyclic biphalin analogue 7 was

also prepared as previously described by Mollica et al.'"* The
final cyclic peptides were purified by RP-HPLC and
characterized by NMR, LRMS, and UPLC—MS (Figures S1—
S6, Supporting Information).

Novel compounds 6a—c were tested for their affinity toward
opioid receptors y and O, which were the only targets of
biphalin and all its derivatives developed until now.
Compounds 7 and 8 were also reported for comparison.
Compared to biphalin, cyclic analogues 6a—c and 7—8 had a
slightly lower affinity on MOR; however, their K; values still
remained in the nanomolar range (Table 1 and Figure S7,

Table 1. MOR and DOR Affinity of 6a—c; Biphalin and 7
Were Also Tested for Comparison®

K, (nM) selectivity ratio
compds [PH]JDAMGO (MOR) [*H]IleDelt Il (DOR) DOR/MOR
biphalin 0.79 3.5 4.4
6a 1.33 226 1.8
6b 1.73 3.81 22
6¢c 1.61 2.52 LS
7 6.06 525 0.9
8v 1.90 5.20 2.7

“The affinity values are represented by K;, which was calculated based
on [*H]DAMGO and [*H]lleDelt II competition binding curves (see
Figure S7) as described in the Data Analysis section. Selectivity ratios
were calculated according to K; values. YReported in ref 12.

Supporting Information). In case of DOR, the results were less
consistent: 6a and 6c showed a slightly higher affinity than
biphalin. From the binding data, it can be argued that analogues
6a—c have a reduced MOR selectivity compared to biphalin
(Table 1). Compound 7 showed a similar affinity to DOR as to
MOR; thus, the DOR/MOR selectivity ratio remained close to
unity (Table 1). Finally, compound 8 had similar MOR affinity
and a slightly reduced DOR affinity compared to 6a—c.
Transmembrane signaling of the biphalin analogues via
heterotrimeric G-proteins was studied in [**S]GTPyS binding
experiments in rat brain membranes. The parent compound
biphalin displayed the highest stimulation (efficacy) thus being
designated as full agonist, while the derivatives exhibited partial
agonist properties characterized by lower efficacy levels in this
assay (Table 2 and Figure S8, Supporting Information).

Table 2. Maximal G-Protein Efficacy (E,,,, + SEM) and
Ligand Potency ECy, of 6a—c, 7, and Biphalin®

compd E,ux = SEM (%) ECs, (nM)
biphalin 1769 + 4.9 754
6a 1374 + 5.6 247.2
6b 160.2 + 7.0 212.6
6¢ 1499 + 6.6 87.4
7 1459 + 3.6 508.3

“The values were calculated according to dose-response binding
curves in Figure S8 performed in [*S]GTPyS binding assays as
described in the Data Analysis section.

In case of 6a and 6¢, the reduction in the E, , value was
more prominent compared to 6b, while the potency of 6¢ was
very close to the potency value of biphalin (Table 2).
Compound 7 displayed a similar E,,, value as that of 6¢, but
the potency of the last was the lowest among the cyclic
compounds (Table 2).
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Compound 6b showed similar efficacy but significantly lower
potency then biphalin, while 6c showed similar potency but
lower efficacy than biphalin (Table 2). From the G-protein
activation assay, we can assume that compounds 6a—c are
partial y/5-opioid agonists and more potent than compound 7.
Encouraged by the in vitro preliminary results, cyclic analogues
6a—c were tested in vivo in two pain models (Figure 1).
Product 6a performed better than the other compounds to
elicit antinociception in in vivo tests, being able to induce long

TAIL FLICK TEST, I.C.V.

100 ov OB
£ . x6a ¥6b
o 80 +6c 7
)

+
e 60
©
£
= 40
w
S
< 20
0
15' 30' 45' 60’ 90’ 120'
Time (min) after treatment
TAIL FLICK TEST, I.T.
oV OB

100 x6a ¥6b
€ *6c ®7
9
(]
+H
s
o 50
E
w
o
=
ES

0

15 30" 45' 60’ 90' 120
Time (min) after treatment
FORMALIN TEST

—~ 250
£ O EARLY PHASE
o B LATE PHASE
» 200
+
c
3 150
E
[+
o 100
] xr
g
S 50
L
|

0 -

\' B 6a 6b 6c 7
Treatments

Figure 1. Tail flick and formalin tests for cyclic analogues 6a—c. In the
tail flick test, compounds were administered i.c.v. or i.t. at the dose of
0.01 nmol/animal. In the formalin test, compounds were administered
s.c. at the dose of 0.1 nmol/animal. V is for vehicle-treated animals; B
is for biphalin-treated animals; %MPE is for maximal percent effect.
*#*%p < 0.001, ¥**P < 0.01, and *P < 0.05 vs B. N = 10—12.

lasting antinociception effect from 45’ to 90’ after icwv.
administration and from 45’ to 120" after i.t. administrations
in the tail flick (TF) test. Formalin test confirmed that
compound 6a had the highest analgesic effect compared to the
other compounds, including biphalin. Compound 6a was able
to reduce formalin induced pain behavior both in the early and
in the late phase of the test after s.c. administration. The last
observation suggests an improved crossing of the BBB of 6a
compared to biphalin as assumed in the design strategy.
Product 6b induced slight antinociceptive effect, and product
6c showed similar effects to those observed after biphalin
administration both in the tail flick and formalin test.
Interestingly the insertion of different xylene regioisomers
deeply influenced the in vivo results, as reported also for
DPDPE cyclic analogues."* Among the new cyclic biphalin
analogues tested, only 6a incorporating the o-xylene
regioisomer resulted to be more potent than the parent
compound after i.c.v, it, and s.c. administrations.

The enzymatic stability of biphalin and its cyclic analogue 6a
was evaluated by incubation at 37 °C in human plasma.
Degradation curves (Figure S9, Supporting Information) were
plotted as the total amount of remaining parent compound
(expressed as ﬂg/mL) versus time (as minutes), revealing
improved stability of 6a compared to biphalin in human
plasma.'® The degradation half-ife (¢,/,) of biphalin and 6a in
human plasma was obtained by least-squares linear regression
analysis of peptide pick area versus time (see Supporting
Information). Results indicate that biphalin showed a half life of
33 + 2 min in the plasma, whereas 6a exhibited significantly
longer half life compared to biphalin since the plasma t;,, of
cyclic analogue was 87 + 7 min.

Compounds 6a, 6b, and 6¢ displayed nanomolar activities in
the receptor binding assays. Interestingly, in [**S]GTPyS
binding experiments, 6a possessed rather partial agonist
property, while the efficacy of 6b remained close to that
found with the reference compound biphalin. However, in the
in vivo tests, 6b seemed to be carrying only weak effects, despite
its good in vitro affinity. Since the only difference among 6a—c
compounds is in the structure of the xylene bridge (ortho-,
meta-, and para-, respectively), we have to suggest that these
minor changes might be among the reasons. However, very
similar binding profiles of 6a—c to MOR and DOR receptors
reasonably rule out the possibility of different 3D structures for
the three peptides. The good in vitro versus bad in vivo effects
can be explained due to different bioavailabilities or altered BBB
passage of the analogues; both need to be investigated further.

A conformational analysis of the analogue 6a was carried out
by solution NMR. Dodecylphosphocholine (DPC) micelle
solution was used to mimic a membrane environment
considerin% that opioid peptides interact with membrane
receptors.'” Complete 'H NMR assignment was accomplished
using the standard Wiithrich protocol (Supporting Information,
Table S1)."” Due to the symmetric nature of the compound,
only one set of signals was observed for the two symmetric
sides of the molecule. A few diagnostic cross-peaks could be
observed in the NOESY spectrum of 6a; two d(ii + 2)
correlations between residues 1—3 and 2—4 and a dy(i,i + 2)
between residues 2—4 are typical of folded structures.
Furthermore, NOE cross peaks between the aromatic proton
signals of both Tyr' and Phe* with the signals of the xylene-
derived portion indicate that aromatic moieties are spatially
close. Using the NMR data as input (Table S2, Supporting
Information), structure calculations by restrained simulated
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annealing was performed. NOEs were considered to involve
residues from the same monomer. In fact, unrestrained MD
simulations on peptide 6a demonstrated that, during the
simulations, the two monomers were too far, on average, to
observe intermonomer dipolar couplings. Figure S10 (Support-
ing Information) illustrates this point considering the
diagnostic distance between Ha of residue 2 and HN of
residue 4 or residue 4’ during the MD. As observed, only the
intramonomer distance was compatible with the observed NOE
(dan & S A). Restrained calculations gave the structure shown
in Figure 2a. Compound 6a shows a well-defined structure

Xylene bridge

Tyr!

Figure 2. (a) Lowest energy conformer of peptide 6a. Heavy atoms
have different colors (nitrogen, blue; oxygen, red; sulfur, yellow;
backbone carbon, green; side chain carbon, gray; aromatic linker, dark
gray). Most of the hydrogen atoms are hidden for a better view.
Residue indicated as p-Cyx was the residue incorporating the aryl
linker. (b) Superposition of the lowest energy conformer of peptides
6a (residues 1—4, carbon atoms in green) and 8 (orange). Position of
aryl linker is evidenced by an arrow.

encompassing residues 1—4 or 1’—4’ (backbone rmsd values
are 0.19 and 0.24 A, respectively, for the 10 lowest energy
calculated structures; Supporting Information Figure S11).

An inverse y-turn (distorted, Table S3, Supporting
Information) centered on Gly® is seen in the structure
ensemble. Tyr' side chain is in trans-orientation, while Phe*
side chain is both trans and g~ oriented (about 50% of the
calculated structures each). As expected from the NOE cross-
peaks between the aromatic rings, z-stackings involving Tyr'
and/or Phe* with a xylene aromatic ring were observed in most
of the obtained conformers. Interestingly, the spatial distribu-
tion of the peptide side chains is similar to that recently
reported for its D-Pen containing analogue 8 (Figure 2b)."> In
fact, compound 8 displayed a singular conformation with a
sandwich-like 7—CH;—7 geometry involving the three side
chains of the peptide. The observation of such structural
similarity between the two cyclic active analogues of biphalin,
i.e., 6a and 8, is in accordance with their similar MOR and
DOR binding profiles (Table 1), and this prompted us to
investigate whether also the linear parent peptide, biphalin,
retains this peculiarity.

Using the same steps in the conformational analysis, the
structure depicted in Figure 3a was obtained as the most stable
conformer of biphalin in DPC micelle solution. Biphalin
structure proved to be more flexible as expected considering its
linear nature (backbone rmsd 0.42 A for the 10 lowest energy
calculated structures; Supporting Information Figure S12), but
it still shares a similar side chain topology with 6a and 8, as
evidenced in Figure 3b. Again, the aromatic rings of Tyr' and
Phe* tend to be close to the methyl group of p-Ala® in
accordance with the NOE-derived constraints connecting
protons belonging to those groups (Table S2). Distances

a)

Gly? ’

Tyr!

Figure 3. (a) Lowest energy conformer of biphalin. Heavy atoms have
different colors (nitrogen, blue; oxygen, red; sulfur, yellow; backbone
carbon, green; side chain carbon, gray). Most of the hydrogen atoms
are hidden for a better view. (b) Superposition of the lowest energy
conformer of biphalin (residues 1—4, carbon atoms in violet) with
peptides 6a (green) and 8 (orange). Aryl linker is evidenced by an

arrow.

among pharmacophoric points in the calculated structures are
in accordance with their activity profiles. In fact, in calculated
structures of both 6a and biphalin, the distance between the
aromatic rings of Tyr' and Phe* was about 12.5 A in
conformers showing the trans-rotamers of Phe* and about 7.5
A when Phe* was in g-orientation, thus fitting both the MOR
(10—13 A)* and DOR (about 7 A)*" pharmacophores.

The goal of this work was to design a series of novel cyclic
biphalins able to bind at the y- and &-opioid receptors with
reasonable affinity to produce antinociception and a longer
lasting analgesia than the parent linear and disulfide bridge
containing biphalin analogues. Three novel compounds have
been synthesized by using the first generation CLIPS approach
to constrain and cyclize side chains of p-Cys** residues.
Overall, the structural modifications in biphalin resulted in a
slightly reduced in vitro affinity for MOR (Tables 1 and 2).
Interestingly, novel compound 6a is significantly more potent
than biphalin and parent compound 7 and elicits antinoci-
ception in all in vivo assays (Figure 1). In particular, a long
lasting antinociceptive effect after s.c. injection could be the
result of improved plasma stability (Figure S9) and could
indicate a better BBB penetration of 6a compared to biphalin.
Conformational analysis revealed that side chain orientation of
6a is similar to that observed in both linear and cyclic active
analogues (Figures 2 and 3). Reduced structural flexibility of 6a
compared to biphalin can tentatively explain some differences
in terms of receptor affinity and efficacy observed between
them. Compound 6a yielded very promising results in view of
future development of cyclic peptides for pain treatment.

B EXPERIMENTAL PROCEDURES

Chemistry. All reagents, solvents, and human plasma have been
purchased by Sigma-Aldrich (MI, Italy). Synthesis of the cyclic
analogues 6a—c was performed in solution phase using the N*-Boc
strategy, starting from the coupling reaction between hydrazine and
Boc-Phe-OH, with repeated steps of coupling/purification/depro-
tection of the intermediate products, following the procedures
reported by Mollica et al. (Scheme 1).'"'> Deprotection of N*tert-
butyloxycarbonyl group was performed using TFA/CH,CI, 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 chromatog-
raphy or, in the case of scarcely soluble products, by trituration in
EtOAc. The reduction/side chain-to-side chain type cyclization
reaction was performed as follows. Intermediate 4 (110 mg, 1
equiv) was dissolved in DMF (400 mL) at r.t. under N, atmosphere.
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TCEP (0.28 mL, 1.1 equiv) was added, and the reaction mixture was
stirred at r.t. for 1 h. Then the dibromoxylene isomer was added
stirring overnight. The solvent was removed by rotary evaporator, and
the residue was washed with deionized water and dried in vacuum,
affording a crude solid product to use as such in the following coupling
reaction with Boc-Tyr-OH.

Final products 6a—c were purified by RP-HPLC using a Waters
XBridge Prep BEH130 C18, 5.0 ym, 250 mm X 10 mm column at a
flow rate of 4 mL/min on a Waters Binary pump 600, using as eluent a
linear gradient of H,O/acetonitrile—0.1% TFA ranging from 5%
acetonitrile to 90% acetonitrile in 32 min. The identity of the N"-Boc-
protected products was confirmed by NMR analysis on a Varian VXR
300 MHz and mass spectrometry ESI-LRMS. The purity of all final
TFA salts was confirmed by NMR analysis, ESI-LRMS, and analytical
RP-HPLC recorded at 236 and 268 nm (C18-bonded 4.6 mm X 150
mm) at a flow rate of 1 mL/min, using as eluent a gradient of H,0/
acetonitrile—0.1% TFA ranging from S$% acetonitrile to 95%
acetonitrile in 32 min, and was found to be >95% (see Supporting
Information). MS—UPLC data and HPLC chromatograms of the final
products are reported in the Supporting Information (Figures S1—S6).

2TFA-c(Tyr-0-Cys-Gly-Phe-NH), o-Xylene (6a). 80% overall yield;
R, (HPLC) = 18.78 min. '"HNMR (DMSO-d) : 2.34—2.65 (4H, m,
Tyr SCH2; 4H, m, Phe SCH2), 2.71 (4H, s, CH2 xylene), 2.91 (4H,
d, o-Cys fCH2), 3.03 (4H, m, Gly aCH2), 3.91-4.11 (2H, t, Tyr
aCH; 2H, t, Phe aCH), 4.71—4.81 (2H, m, p-Cys aCH), 6.61 (4H,
dd, Tyr Ar), 7.01 (4H, dd, Tyr Ar), 7.09—719 (10H, m, Phe Ar and
4H xylene Ar), 8.04—8.21 (6H, d, Tyr NH3+ and 2H, d, p-Cys),
8.68—8.82 (2H, d, Phe NH and 2H, t, Gly NH), 9.33 (2H, s, OH),
10.36 (2H, s, NH-NH). ESI-LRMS calcd for Cg,Hg,N;0O40S, m/z:
1074.4; found 1075.8 [M + H]*.

2TFA-c(Tyr-o-Cys-Gly-Phe-NH), m-Xylene (6b). 75% overall yield;
R, (HPLC) = 18.14 min. '"HNMR (DMSO-dg) &: 2.41—2.25 (4H, m,
Tyr JCH2; 4H, m, Phe JCH2), 2.54 (4H, s, CH2 xylene), 2.77 (4H,
d, p-Cys fCH2), 2.95 (4H, m, Gly aCH2), 3.70—4.81 (2H, t, Tyr
aCH; 2H, t, Phe aCH), 4.67—4.72 (2H, m, p-Cys aCH), 6.66 (4H,
dd, Tyr Ar), 7.05 (4H, dd, Tyr Ar), 7.18—7.31 (10H, m, Phe Ar and
4H xylene Ar), 8.01 (6H, d, Tyr NH3+), 8.18 (2H, d, o-Cys), 8.68
(2H, t, Gly NH), 8.79 (2H, d, Phe NH), 9.34 (2H, s, OH), 10.39 (2H,
s, NH-NH). ESI-LRMS caled for Co,HguNgO0S, m/z: 1074.4;
found 1075.6 [M + H]".

2TFA-c(Tyr-o-Cys-Gly-Phe-NH), p-Xylene (6¢). 79% overall yield; R,
(HPLC) = 23.10 min. "HNMR (DMSO-d;) &: 2.46—2.55 (4H, m, Tyr
BCH2; 4H, m, Phe SCH2), 2.82 (4H, s, CH2 xylene), 3.01 (4H, d, p-
Cys fCH2), 3.37 (4H, m, Gly aCH2), 3.65—4.07 (2H, t, Tyr aCH;
2H, t, Phe aCH), 4.68 (2H, m, p-Cys aCH), 6.71 (4H, dd, Tyr Ar),
7.05 (4H, dd, Tyr Ar), 7.18—7.24 (10H, m, Phe Ar and 4H xylene Ar),
8.01 (6H, d, Tyr NH3+), 8.21 (2H, d, po-Cys), 8.61 (2H, t, Gly NH),
8.79 (2H, d, Phe NH), 9.36 (2H, s, OH), 10.42 (2H, s, NH-NH).
ESI-LRMS calcd for Cg,Hg,N,O,0S, m/z: 1074.4; found 1075.6 (M
+ H]".
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