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ABSTRACT: Peripherally active tetrapeptides as selective k
opioid receptor (KOR) agonists have been prepared in good
overall yields and high purity following solid-phase peptide
synthesis via Fmoc protection strategy. Structural modifications
at the first and second position of the lead compound FF(p-Nle)R-
NH, (FE200041) were contemplated with aromatic side chains
containing D-amino acids, such as (p)-pF-Phe, (p)-mF-Phe, (D)-
oF-Phe, which led to highly selective and efficacious KOR agonists
endowed with strong antinociceptive activity in vivo following
intravenous (i.v.) and subcutaneous (s.c.) administration in the tail
flick and formalin tests. These results suggest potential clinical
applications in the treatment of neuropathic and inflammatory
pain.
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pioid analgesics currently employed in therapy act

primarily on p opioid receptors (MOR). However,
they can induce undesirable side effects, including euphoria/
dysphoria, addiction, constipation, and urinary retention.'
Unlike ¢ and & receptor agonists (MOR/DOR agonists),2’3 K
opioid receptor agonists (KOR agonists) do not cause
constipation and wurinary retention, thus, they can be
considered in the treatment of postoperative, inflammatory/
visceral pain, burn/neuropathic pain, and rheumatoid
arthritis.* In the case of dental surgery, pentazocine and
butorphanol are KOR agonists able to induce a consistent
analgesia in women (with less potency in men), which suggests
possible benefits in some types of patients.” Unfortunately
KOR agonists have been found to cause severe central side
effects, generically described as “dysphoric behaviors,” that
have limited further clinical development.” In order to reduce
central side effects in favor of an improvement in peripheral
beneficial activity, a common strategy is to prevent their
penetration into the central nervous system (CNS).” Actually,
some KOR agonists, as well as peripheral KOR agonists such
as ICI 204448, GR 94839, and EMD61753 (asimadoline),
produced analgesia and decreased inflammation in rheumatoid
arthritis rat models following local administration (e.g,
terfenadine, astemizole, and mequitazine) (Figure 1).%’
However, when asimadoline was tested on patients undergoing
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knee surgery, they reported a strong increase in pain
sensation.'” Compounds of this type have been discontinued
in clinical trials because of low bioavailability, poor efficacy,
and the emergence of central side effects at therapeutic doses.
So far, peptide-based KOR agonists including E-2078 and SK-
9709 have also been developed as analgesics; both of them are
centrally active dynorphin peptide fragments (Figure 1)."
Recently, Dooley described the development of a KOR agonist
with high affinity (K; = 1.2 nM) and selectivity (¢/k and 6/k
ratios >3000) by scanning a combinatorial library of
tetrapeptides.'”

This tetrapeptide called FE200041 [sequence: FF(p-Nle)R-
NH,] consists entirely of p-amino acids. It is a highly selective
KOR agonist able to inhibit cAMP formation stimulated by
forskolin (Figure 1)."> FE200041 is an extremely potent
antinociceptive agent without side effects on the CNS at doses
higher than those necessary to obtain the analgesic effect. It is
capable of producing a peripheral analgesic effect in the
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Figure 1. Structures of the most representative KOR agonists.

hindpaw ipsilateral in rats and 51gn1ﬁcantly inhibiting acetic
acid writing and formalin-induced flinching,"> which paves the
way for the development of peripherally acting FE200041
peptide analogues. A classical structure—activity relationship
(SAR) study was difficult to delineate;'* however, the
structural modifications applied on a tetrapeptide combinato-
rial library indicate that p-amino acids are mandatory in the
sequence.'” In fact, the inclusion of L-Trp in the third position
leads to a mixture of compounds with very poor activity in
guinea pig brain homogenates in vitro."”'? The literature

highlights the key role exerted by p-Nle® in the receptor
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binding pocket’s recognition; in fact, the replacement of this
residue with 1-Trp causes a drastic drop in activity."
Analogues with a high binding affinity for KOR possess D-
Arg?, which promotes the anchoring of the molecule in the
receptor.'® p-Arg* represents a pharmacophoric residue that
allows hydrogen bond formation and ionic interactions with
Glu*®” in the binding pocket, which is fundamental for KOR
selectivity.'” Aromatic D-amino acids such as Phe'?, as well as
aliphatic side-chain-containing residues, e.g, Nle?, are well
tolerated even 1f 2 generalization to similar amino acids is not
already proved."” Thus, in order to clarify the SAR of this
peptide with peripheral analgesic activity, 12 novel C-terminal
amide tetrapeptide analogues of the lead compound FE200041
were designed and synthesized as selective KOR agonists. The
Phe' and Phe” residues in the FE200041 sequence have been
replaced one by one with diverse aromatic side chains
containing D-amino acids, namely, o-(F)-phenylalanine, m-
(F)-phenylalanine, p-(F)-phenylalanine, tyrosine, tryptophan,
and 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid, in order
to investigate their influence on the binding and selectivity of
opioid receptors (Figure 2).'® The aim of this work is to study
the influence of diverse hydrophobic/aromatic side-chain-
containing amino acids in the first and second position of the
lead compound while retaining the key role of p-Arg* and p-
Nle®. These C-terminal amide-containing peptides have been
used for in vitro determination of receptor binding affinity
toward the three opioid receptors/G-protein-coupled stim-
ulation and in vivo to evaluate their effective peripheral
analgesic activity. Full p-amino acids containing peptides may
possess improved in vivo efficacy, considering the long-lasting
effect of FE200041 after intravenous (i.v.) administration in
the formalin-induced paw flinch test."”

The novel tetrapeptides as C-terminal amides were obtained
in good overall yields and high purity after RP-HPLC
purification [for details see the Supporting Information
(SD)];"” LRMS and 'H NMR were applied for structural
identification.”® The final products as TFA salts were used for
in vitro biological assays (Table 1).”'~*’

The novel analogues present similar equilibrium binding
affinities (K; value) as HS665 on KOR (Figure 1, see SI), with
the exception of 9—11 and 1 and 4, which are completely
inactive. For MOR and DOR, these peptides did not show
specific binding (Table 1). In general, we can observe the
following trend in K; values for KOR: 3 > 12 > § > 8 > FF(p-
Nle)R-NH, > 2 > 6 > 7. It is worth noting that peptides 7, 2,
and 6 exhibit a binding affinity value lower than those of the
reference compound HS665 and FF(p-Nle)R-NH, (K, = 0.92,
1.28, and 1.11 nM, respectively, for 7, 2, and 6 compared with
1.91 and 2.33 nM for HS66S and the lead compound).
Compounds endowed with a high affinity for KOR were tested
in functional [**S]GTPyS binding assays in homogenates of
guinea pig brain membranes (Figures S3 and S4, see SI). 24726
The analogues were measured at 107'°—1075 M concentration,
and the KOR-selective agonist U-69 was used as a reference
compound. The lead compound, 2, S, 6, and 8 produced a weak
dose-dependent increase in comparison with U-69. Peptide 7
(Epax 156.7.3%) showed higher efficacy than the lead
compound FF(p-Nle)R-NH, (E,., = 127.7%). Peptide 3
(Epax= 210.9%) almost reached the level of U-69-induced G
protein activation (E,, = 237.8%), while compound 12 did
not stimulate G protein (Table 1). The large orthosteric site of
KOR is optimal for endogenous peptide binding.”” The
presence of pF-Phe” in 7 is responsible for a strong increase in
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R,, R,: aromatic side chains
tetrapeptides 1-12
Sequences Xaa! Xaa? Xaa® Xaa*
FE200041 D-Phe D-Phe D-Nle D-Arg
1 (D)pF-Phe D-Phe D-Nle D-Arg
2 (D)mF-Phe D-Phe D-Nle D-Arg
3 (D)oF-Phe D-Phe D-Nle D-Arg
4 D-Tic D-Phe D-Nle D-Arg
5 D-Trp D-Phe D-Nle D-Arg
6 D-Tyr D-Phe D-Nle D-Arg
7 D-Phe (D)pF-Phe D-Nle D-Arg
8 D-Phe (D)mF-Phe D-Nle D-Arg
9 D-Phe (D)oF-Phe D-Nle D-Arg
10 D-Phe D-Tyr D-Nle D-Arg
11 D-Phe D-Trp D-Nle D-Arg
12 D-Phe D-Tic D-Nle D-Arg

Figure 2. Amino acid sequences of the lead compound and novel tetrapeptides.

Table 1. Displacement of [*H]HS665 by HS665, FF(p-Nle)R-NH, (FE200041), and 1—12 Analogues in Brain Membranes of
Rat and Guinea Pig”

ligand affinity

efficacy

potency

ligand K; + SEM (nM) Eee = SEM (%) LogECy, + SEM
MOR” DOR’ KOR®
HS665 n.d.? n.d.? 191 + 091 nd? n.d.?
U-69 n.d.? n.d.? n.d.? 237.8 + 14.5 —5.84 + 0.19
FE200041 N.B. N.B. 2.33 + 0.52 1277 + 2.3 ~7.58 + 0.31
1 N.B.° N.B.© N.B.* nd.? nd.?
2 N.B. N.B.° 128 + 021 124.0 + 2.9 —7.65 + 0.29
3 NB.° N.B.© 435 + 0.62 2109 + 8.0 —5.87 + 0.12
4 N.B.° N.B.° N.B. nd? nd.?
5 NB.° N.B. 3.07 + 0.87 122.0 + 2.9 —-829 + 0.55
6 N.B. N.B. 111 + 0.04 1174 + 2.3 —5.02 + 0.72
7 NB.° N.B.° 0.92 + 0.09 156.7 + 7.9 —6.02 + 0.27
8 N.B. N.B.© 3.00 + 0.52 1356 + 6.3 —5.73 +£ 025
9 N.B.° N.B.© N.B* nd? nd?
10 NB.° N.B.* N.B* nd? n.d.?
11 N.B. N.B. N.B.* nd? nd.?
12 N.B. N.B. 3.63 + 1.19 97.6 + 1.4 —8.10 + 0.93

“The stimulation efficacy (E,,,) and potency (LogECs,) of the G protein by U-69, LEAD, and 1—12 ligands in [*S]GTPyS binding assays were
evaluated in guinea pig brain membrane homogenates. “Rat brain membrane. “Guinea pig brain membrane. “n.d., not determined. °N.B., no

binding.
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Table 2. Interactions Found for the Best Docked Poses of
FE200041 [FF(p-Nle)R-NH,], 7, and a Crystallographic
Ligand on KOR

crystallographic

FE200041 7 ligand
Asp

138
Asp

223

1 ionic
interaction

1 ionic interaction 1 ionic interaction

1 H-bond

287
Cys
210
Tyr
312
Glu
297

Ser
211

1 H-bond and 1 ionic
interaction

2 H-bond and 1 ionic
interaction

1 H-bond

binding affinity and efficacy for KOR with respect to the lead
compound, considering that its structural isomer 1 is completely
inactive. A significant binding ability is also preserved for
tetrapeptides containing Tyr' and mF-Phe' (6 and 2,

respectively). Martinez-Mayorga et al. reported a conforma-
tional search for the lead compound FF(p-Nle)R-NH, within
the KOR binding site."> The conformers obtained present the
canonical salt bridge with Asp138 and the positioning of a Phe
side chain at the bottom of the pocket. Other favorable
interactions involve H-bond formation with Lys227, Glu297,
and Tyr312 and a strong H-bond and ionic interactions with
Glu209, which promotes the KOR-subtype selectivity."” This
peptide allows the Trp287 side-chain rotation, which is
recognized as a fundamental residue in GPCR activation.”® It
is feasible to assume that the inclusion of a hydrophobic
substituent, such as a fluorine atom, on an aromatic ring
reinforces the hydrophobic interaction of our peptide with key
residues in the binding pocket of KOR and is responsible for
its selectivity.'>*"

In order to compare the interactions of peptide 7 at the
KOR receptors with those of the parent compound FF(p-
Nle)R-NH, and the crystallographic ligand found in the
receptor—ligand complex 6B73,”~" an in silico docking study
was performed. Results show that the lead compound FF(p-
Nle)R-NH, docked at KOR is able to establish several polar
interactions involving guanidinium groups and Glu297

VAL)
)
134 LBV
¥ s

\ser
211 7210

CYS

GLU
T

Figure 3. Best binding poses of FE200041 (A) and 7 (C) on KOR. Significant H-bond interactions with key amino acid residues are depicted in
yellow dots (docking score values; FE200041, —11.156; 7, —11.223). Panels (B) and (D) represent the main interactions found for ligand—KOR

complexes (FE200041 and 7, respectively).
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Figure 4. Effects induced by peptides 2, 3, 7, and 8 in the tail flick test. Compounds were administered i.c.v. at the dose of 10 nmol/mouse. Data
are expressed as the area under the curve and statistically analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test. *;p <
0.0S, ***p < 0,001, and ***¥p < 0.0001 vs V (vehicle-treated animals); °°p < 0.01, °°°p < 0.001, and °°°°p < 0.0001 vs US0,488H; #p <0.05,* p<

0.01, and ™p < 0.001 vs lead compound; N = 7.
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Figure S. Effects induced by peptides 7 and 2 in the tail flick test.
Compounds were administered i.v. at the dose of 20 ymol/kg. Data
are expressed as the area under the curve and statistically analyzed
using one-way ANOVA followed by Tukey’s multiple comparisons
test. * p < 0.05 and **p < 0.01 vs V (vehicle-treated animals); N = 8.

residues, an H-bond between Cys210 and the C-terminal
amide of 7, and a 7—x interaction with Trp297 (Table 2).
Some of these interactions are in common with the
tetrapeptide 7: it does not bind to Cys210 but shows
additional interactions with Asp223 and Ser21l. It is
noteworthy that the NH," group of Phe' of both compounds
is able to establish an ionic interaction with the key residue

Table 3. Pharmacokinetic Analysis of FP200041 and
Peptide 7 Following a Single i.v. Bolus Dose (13.9 mg/kg)
in Mouse Plasma“

parameter FP200041 7
Cpoax (NM) 93.0 109
Ty (min) 5.00 15.0
t,/, (min) 12.7 20.6
AUC;,¢ (min-nM) 2181 5054

“Noncompartmental pharmacokinetic analysis was performed using
Phoenix 64 Build 8.0.0.3176 (see SI).

Asp138, which is considered pivotal for their agonist activity
and also fundamental for crystallographic ligand—receptor
complex interaction.'”*” The high number of interactions and
residues accounted for 7 suggest a good stabilization of the
binding pose in the KOR binding pocket, thereby leading to a
strong affinity and specificity for it (Figure 3).

The positioning of the fluorine substituent on the aromatic
moiety is not discriminant to guarantee the agonist activity
since all the peptides incorporating this structural modification
are active on KOR; however, it sensibly influences their
binding affinity value and efficacy/potency profile. Conversely,
the position of the amino acid incorporating such modifica-
tions inside the peptide sequence is determinant for the
binding affinity of such tetrapeptide isomers (e.g, 7 vs 9).
Despite its high binding affinity value (K;: 4.35 nM),
compound 3 is able to stimulate the G-protein-coupled
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Figure 6. Effects induced by tetrapeptides 2, 3, 7, 8, and U50,488H in the formalin test. Compounds were administered s.c. at the dose of 100
mmol/mouse. Data were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, and

#kiokp < 0.0001 vs V (vehicle-treated animals); N = 8.
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receptor expressed in guinea pig brain with an efficacy of
210.9%, which almost reaches that of the synthetic reference
compound U-69.

Prompted by these findings, in vivo antinociceptive assays
have been performed to test the capacity of the most
interesting tetrapeptides, 2, 3, 7, and 8, to induce analgesic
effects following diverse administration routes. The results
obtained in the tail flick test after intracerebroventricular
(icv.) administration at the dose of 10 nmol/mouse are
reported in Figure 4. Tetrapeptides 2, 3, 7, and 8 are able to
induce a strong antinociceptive effect higher than those of the
lead compound and the synthetic compound U50,488H. This
could be due to a strong metabolic stability or better capacity
in intracerebral diffusion.

The best tetrapeptides, 7 and 2, were selected to test their in
vivo efficacy after intravenous (i.v.) administration in the same
assay at the dose of 20 ymol/kg (Figure S). Both of them were
able to produce an intense antinociceptive effect, albeit lower
than that of the reference compound US50,488H.

With the aim to explore the stability of the selected peptides
through different administration routes, we performed the
formalin test after subcutaneous administration (s.c.). The
formalin flinch test allowed analysis of the effect of FE200041
on acute and tonic inflammatory pain in rat. Administration of
the lead compound (1 mg/kg i.v.) produced a total inhibition of
2% formalin-induced flinching in phase I and over 80% in
phase IL.'>** Our novel tetrapeptides were administered in the
mouse paw (100 nmol/mouse) 15 min before formalin (Figure
6).

All the tested peptides seemed to retain their antinociceptive
activity with an efficacy almost comparable with that of the
reference compound in the early and late phase of the formalin
test, but among them peptide 2 gave the best result. These data
let us suppose a stronger metabolic resistance of tetrapeptide 2
compared with 7 against plasma degradation. In light of these
results, we finally determined the plasma and brain
concentrations of the lead compound and peptide 7 after
bolus i.v. administration at 13.9 mg/kg dose in mouse (for
further details see SI). The pharmacokinetic parameters of
both compounds were measured in plasma (Table 3). The
exposure of FP200041 and peptide 7 was confirmed in plasma,
with compound 7 exhibiting an improved plasma half-life and
AUC versus the lead compound. Of note, there was no
quantifiable drug exposure in brain homogenates for either
compound (Table S1). Ranges for the calibration curves were
determined on the basis of the peak areas observed for the
samples. The calibration curve was fit using a 1/X2 weighting.

The calibration range for both analytes was 10—1000 nM,
with a correlation coeflicient of >0.99 in both instances. Even if
both peptides are not detectable in the brain, it is clear that the
novel compound 7 possesses a half-life in plasma that is
sensibly higher than that of the lead compound, which confirms
a stronger metabolic stability.

Opverall, these results substantiate the efficacy of compounds
2 and 7 as potent, systemically active KOR-selective agonists,
which suggests that these peptides might be promisin%
candidates for further pharmacological characterization.” >
The novel compounds are efficacious as antinociceptive agents
following peripheral administration on KOR. Among them,
peptide 7 shows a favorable pharmacokinetic profile since it is
not detectable in mouse brain. It is well stated that peripheral
KOR agonists could act as potential broad-spectrum analgesics
for chronic pain. Our peptides are highly specific for KOR

without agonist/antagonist activity for MOR and DOR, which
represents a promising starting point for further development.
However, a lot of work is still needed to assess their
toxicological profile and oral bioavailability.
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