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MULTIFUNCTIONAL OPIOID RECEPTOR LIGANDS AND METHODS OQOF
TREATING PAIN

CROSS REFERENCE

faout} This application claims priority to U.S. Patent Application No. 62/165,063
filed May 21, 2015, the specification{(s} of which is/are incorporaled herein in their
entirety by reference.

FIELD OF THE INVENTION

[8002] The present invention relates to ligands for mu, delta, and kappa opioid
receptors, more particularly to multifunctional opioid peptides that function as mu
opicid receptor (MOR). delta opioid receptor {DOR) agonists, and kappa opiocid
receptor (KOR) antagonists (or partial agonists). The present invention also relates
to treating pain or other conditions using the multifunctional opioid peptides herein.

BACKGROUND OF THE INVENTION

0063} Opioids are commonly used in the freatment of severe pain. Opioids have
analgesic activity through their interaction with the opioid receptors (e.g., mu {8
opicid receptor (MOR}), delta (0) opioid receptor {DOR), kappa {K) opioid receptor
{KOR)), mostly with MOR. Howsver, the clinical use of opioids is limiled by
associated side effects such as respiratory depression, constipation, development of
tolerance, and addiction. Indeed, chronic pain and subsequence c¢hronic
administration of 2 MOR agonist can lsad 1o KOR activation, which resulls in
undesirable adverse gnd addictive behaviors. For this reason, a KOR antagonist {(or
partial agonist) could be used to reduce such undesirable effects of chronic MOR
activation.

{0004} Inventors have surprisingly discovered opioid peplides, &.q., opioid recepior
figands {ORLs) that are multifunctional, e.g., acting as MOR agonists, DOR agonists,
and KOR antagonists {or pariial agonists). In some embodiments, the multifunctionsal
ORLs may comprise peptide analogs derived from enkephalins. Enkephalins are
paniapeptides {(peplides containing 5 amino acids) that are endogenous ligands of
the opioid receptors {e.g., MOR, and DOR). There are two known forms of
enkephaling: leucing-containing enkephalin (Leau-Enk, or YGGFL {SEQ 1D NG 1))
and methionine-containing enkephalin (Met-Enk, or YGGFM (SEQ 1D NQ: 2)). In
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some embodiments, the ORLs comprise a 4-anilidopiperidine moiety, e.g., fentanyl

analog, etc., {or a moiety that is an analog of a 4-anilidopiperidine).

SUMMARY OF THE INVENTION
[0005]  The present invention features multifunclional opioid receptor ligands {ORLs)

and methods of use of said multifunctional ORLs.

j6006] In some embodiments, the ORLs are mu opioid receptor {(MOR) agonists
and delta opioid receptor (DOR} agonists. In some embodiments, the ORLs are also
kappa opioid receptor (KOR} antagonists {or partial agonists), and methods of use of
said multifunctional ORLs. In some embodiments, the ORL comprises a peptide
portion and a taill portion linked {o a2 C-temminus of the peplide portion, wherein the
ORL has a formula according to Formula 1: Aaa-DBbb-Cec-Ddd{X)-Eee. In some
embodiments, Aaa is selecled from 2'-8'-dimethyliyrosine {Dmt) and Tyrosine (Tyr);
D-Bbb is selected from D-Alanine (D-Ala), D-Norleucine {D-Nie), Proline {(Pro), and
B-Arginine {DWArg), Cec is selected from Gly, Phenviafanine(X) {(Phe(X}), and
naphthyvialanine (Nal) or is asbsent; Ddd(X) is Gly, Phe(X), or Lys; Eee is the tail
portion, the tail portion is lipophilic; and X is selected from H, F, Cl, and Br. In some
embodiments, Eee is selecled from —NH; and a 4-anilidopiperidine moisty. in some
embodiments, the 4-anifidopiperidine moiely comprises N-phenyl-N-piperidin-4-
yipropionamide {(Ppp).

60071 In some embodiments, the peptide portion comprises 3 or 4 aming acids or
dervatives thereof. The present nvention is not imied fo peplide portions
comprising 3 of 4 amino acids {e.g., in some embodiments, the peptide portion
comprises 5 amino acids, 6 amino acids, or more than 6 amino acids, etc.). in some
embodiments, the paptide portion comprises a peplide having a formula according to
Formula 2; Dmi-DXxx-Gly-Phe(X}, wherein Dmt is selected from 2-6-
dimethyifyrosine (Dmt), Tyrosine {Tyr), Phenylalanine (Phe), Tmi, Dmp, or Mdp,
DXxx 8 selected from DAlgnine (DAlg), DNotleucine (DNie), o D-
tefrahydroisoguinoline-3-carboxylic acid (DTic), Gly is either Glycineg {Gly) or no
residue, Phe is Phenvialanine (Phe), and X is either H, Cf or F. In some
embodiments, the tail portion comprises a lipophilic molecule. In some
embodiments, the lipophilic molecule comprises a 4-anilidopiperidine moiety. in

some embodiments, the 4-anilidopiperidine moiety comprises N-phenyh-N-piperidin-
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4-yipropionamide {(Ppp}.

{9008} The present invention alsw fealures methods of treating or reducing pain. in
some embaodiments, the method comprises identifying a subject in need of a kappa
opicid receptor {(KOR) antagonist {or partial agonists) and introducing to the subject
a multifunctional ORL according to the present invention, wherein the ORL s
effective for reducing pain.

[0009] The present invention also features methods of blocking kappa oploid
receptor. In some embodiments, the method comprises introducing to the KOR a
multifunctional ORL according fo the present invention.

{0016} The present invention also features methods of blocking KOR, activating
MOR, and activating DOR in g subject. In some embodiments, the method
comprises introducing to the subject a muitifunctional ORL according o the present

invention.

[6011]  Any feature or combination of feafures described herein are included within
the scope of the present invention provided that the features included in any such
combination are not mutually inconsistent as will be apparent from the context, this
specification, and the knowledge of one of ordinary skill in the art.  Additional
advantages and aspects of the present invention are apparent in the following
detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

j0012] FIG. 1 shows the well-known structure-activity relationship {SAR) results of
Dynamphin A {(Dyn A (8EQ 1D NO: 3)) and Enkephalins for opicid activities. Peptides
tested include Dyn A (SEQ 1D NO: 3), an endogenous KOR ligand, a peptide
containing the first 13 amino acids of Dyn A {(Dyn A 1-13 (BEQ 1D NO: 4)), a peptide
containing the firs{ 8 amino acids of Dyn A (Dyn A 1-8 (SEQ ID NO: 5)), Dyn B (SEQ
D NO: 8), Leu-Enk (SEQ 1D NG 1}, and Met-Enk {SEQ 1D NC: 2).

[0013] FIG. 2 shows a schematic representation of an ORL of the present invention.
For reference, Dt refers {o 2'-6'-dimethyliyrosine, DXxx refers io a D-amino acid,
and Phe{X} refers to a halogenated or methyiated Phe residue. N-phenyi-N-
piperidin-d-yipropionamide (Ppp) is shown as the tail.

[0014] FIG. 2A shows a formula representing various ORLs of the present
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invention. In some embodiments, Eee comprises Ppp or NHa. In some embodiments,
Aaa comprises Tyr or Dmt. In some embodiments, Bbb comprises Nie, Pro, or DArg.
In some embodiments, Coc comprises Gly, Phe{)(, or Nal. in some embodiments,
Ddd comprises Gly, Phe(X), or Lys. in some embodiments, X s H, F, Cl, or Br. The
present invention is not imited fo the formula or substitutions shown in FIG. 1A
[0015] FIG. 3 shows non-limiting examples of anilidopiperidine analogs as {ails of
the ORLUs of the present invention.

{0018} FIG. 4 shows GTPYS activity of LYS739 (SEQ 1D NO: 10}, US0.488, and
Naloxnone at KOR., 50,488 is known {0 have agonist activity gt KOR. Naloxone is
known {o have antagonist aclivity at KOR. LYS739 (SEQ ID NO: 10) appears o
have partial agonist/antagonist activilies af KOR.

[0017] FIG. 5A and FIG. 5B show von Frey tests and IR tests of LYS738 (SEQ D
NQ: 10). Reversal of thermal hyperalgesia and tactile allodynia is observed with
LYST738 (SEQ D NO: 10) at 10 pg/5ul in L5/L8 SNL -operated male 8D rats,

[0018] FIG. 6A shows [*SJGTPYS assays: MOR (left) and DOR (right) antagonist
modes. LYS739 (SEQ ID NO: 10), LYS744 (SEQ ID NO: 15), and MR115 {SEQ 1D
NQO: 28} do not possess antagonist activity at MOR and DOR.

[0019] FIG. 6B shows [P"S}GTPYS assays: KOR agonist {left) and antagonist {right)
modes. LYSH4 (SEQ ID NO: 9), LYB844 (SEQ ID NO: 14}, and MR121 (SEQ 1D NC:
126) are partial agonist/antagonist at KOR. CYF132 (SEQ 1D NO: 13) is observed as
a partial agonist at KOR.

[o028] FIG. 7 shows examples of ORL design for MOR/DOR agonist and KOR
antagonist activities.

0021} FIG. 8 shows examples of ORL design for MOR agonist and KOR antagonist
activities.

{00221 FIG. @ shows a HPLC profile showing the stability of LYS738 (SEQ 1D NO:
10} i human plasma. LYS738 (SEQ ID NQ: 10) is stable in human plasma.

[0023] FIG. 10 shows the effects of fentanyl analogs, LYS436, LYS738 and
LYS416 and biphalin on H/A and reoxygenation challenge. For both the graphs; ™
compared to no drug treated group; ¥ compared {o biphalin treated group; *p<0.05,
#o<0.001, *™p<0.0001; #p<0.05, ##p<0.01; data from 3 o 4 independent prmary
neuron isolations with 2-3 replicates treatment per isclation. Compared 1o normoxic
and 0.1% tritonX, all experimental groups were significantly different (p<0.0001). A)
MTT assay: Effect of fentanyt analogs LYS4386, LYS739 and LYS416 and biphalin on
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3 hr H/A ad 24 hr reoxygenation. Compared 10 no drug treated group, LYS438
(p<0.0001), LYS739 (p<0.0001), LYS418 (p<0.0001), biphalin (p<0.001) and
fentanyl {p< 0.05) significantly increased neuronal survival. Again, compared fo
biphalin, LYS738 {(p<0.01) and LYS418 (p<0.05) showed bhelter neuroprotection in
terms of neuronal cell survival, LYS436 (p<0.05), LYS738 {(p<Q.0001) and LYS416
{p<0.001) demonsirated better neuronal survival compared fo fentanyt alone. NTX
reversed the effect of LYS436, LYS738, LYS416 and biphalin, By LDH assay:
Relative neuronal death in terms of LDH production was assessed upon 3 hr H/A
and 24 hr reoxygensation. Fentany! analogs LYS438 (p<0.001), LYS738 (p<Q.0001)
and LYS418 {p<0.0001} and biphalin {p<0.001) and fentanyl {p<0.08) significantly
decreased neuronal cell death compared {o no drug treated group. LYS739 {(p<0.05)
significantly decreased newronal cell death iy comparison to biphalin, LYS739
{(p<0.001) and LYS416 (p<0.01} showed better neuroprotection compared to fentanyl
alone. NTX reversed the sffect of LYS436, LYS738, LYS416 and biphalin.

{0024} FIG. 11 shows the effects of fentanyl analogs, LYS436, LYS739 and
LYS416 and biphalin on NMDA challenge. For both the graphs; ™ compared to no
drug treated group; '# compared 1o biphalin treated group; "p<0.05, **p<0.01
Fra<0.001, P p<0.0001; #p<0.05, #H#p<0.01; data from 3 {0 4 independent primary
neuron isolations with 2-3 replicates treatment per isolation. All experimental groups
were significantly different {(p<0.0001) compared to normoxia and 0.1% tritonX. A)
MTT assay. effects of fentanyl analogs and biphalin (10 nM) on primary cortical
neuron with NMDA (50 uM} exposure for 3 hr assessed by relative neuronal survival.
LYS436 (p<0.0001), LYS739 (p<0.0001), LYS416 {p<0.001), biphalin {p<0.01) and
fentanyl (p<0.05) significantly improved relative neuronal survival compared {o no
drug treated group. Effect of LYS739 (p<0.01) and LYS436 (p<0.05) were
significantly better than biphalin. LYS436 (p<0.01) and LYS739 (p<0.001) also
increased neuronal survival when compared to fentanyl alone. NTX reversed the
effect of LYS438, LYS738, LYS416 and biphalin. B) LDH assay: effects of fentanyl
analogs and biphalin {10 nM) on primary cortical neuron with NMDBA {80 uM)
exposure for 3 hr assessed by relative neuronal death. In comparison to no drug
treated group, LYS436 (p<0.0001), LYS739 (p<0.0001), LYS416 {(p<0.01), biphalin
{Pp=<Q.0001} and fentanyl {(p<0.05) significantly decreased relative neuronal death.
LYS739 {(p<0.05) and LYS5438 (p<0.05) showed better neuroprotection compared o
biphalin. Compared to fentanyl alone, LYS436 {p<0.0001) and LYS739 {p<0.0001)
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displayed bhetler neuroprotection in terms of LDH production. NTX reversed the
effect of LYS4386, LYS738, LYS416, biphalin and fentanyl.

[8025) FIG. 12 shows the effects of fentanyl analogs and biphalin on primary
cortical neuronal ROS production upon exposure to 3 hr H/A and 24 hr
reaxygenation. { %' compared {0 no drug treated group; % comparaed to biphalin
treated group; p<0.05, ™p<0.01 *p<0.001, #p<0.05; data from 3 o 4 independent
primary neuron isolations with 2-3 replicates treatment per isolation). All
expenmeantal groups were significantly different compared to nomoxia {(p<0.0001)
and H202 (p<0.001). LYS436 (p<G.001}, LYST39 (p<0.001), LYS418 {p<0.01) and
biphalin (p<0.08) significantly decreased ROS production compared {o no drug
treated group. LYS738 (p<0.05) showed helter neuroprotection compared to biphalin
in terms of ROS production. in comparison to fentanyl alone, LYS438 (p<0.001) and
LYS739 {p<0.001) significantly reduced ROS production. NTX reversed the effect of
biphalin, LYS438, LYS738 and LYS418.

{0026} FiGs, 13A, B, and C show the effecis of fentanyl analog LYS739 and
biphalin (5 mo/kg, 1L.P. administration, 10 min after reperfusion), fentanyl (0.2 mg/ikg,
1.P. administration, 10 min after reperfusion) and non-selective OR antagonist NTX
{1 mg/kg, L.P. administration, 10 min before surgery) or vehicle {(.9%saling) on
gdema and infarct formation i transient MCAQ (80 min occlusion and 24 hr
reperfusion). A} Representative TTC staining of brain slices from vehicle and drug
treated mice. B) Brain edema ratio of brain in vehicle and drug treated groups.
Fentanyl analog LYS738 (p«<0.05) and biphalin (p<0.08) significantly decreased
edema formation compared to vehicle treated group. In comparison to fentany
alone, both LYS739 (p<0.05) and biphalin (p<0.05) significantly reduced edema
formation. NTX reversed the effect of both biphalin (p<0.05) and LYS738 (p<0.05).
NTX and FENT alone did not show any significant effect compared to vehicle treated
group. C} Brain infarct ration in vehicle and drug treated mice. In comparison to
vehicle treated group, fentanyl analog LYS738 (p<0.0001} and biphalin (p<0.0001)
significantly reduced infarct formation in mice. Fentanyl and NTX along did not show
any improvement compared to saline treated group. Both biphalin {(p<0.0001} and
LYS739 (p<0.0001)) decreased infarct formation compared to fentany! alone. NTX
reversed the effect of biphalin (p<0.0001) and LYS738 (p<0.0001). (" compared to
vehicle treated group; *p<0.05; *™p<0.0001; numbers indicated in the parenthesis
in the figure columns denote o the number of experimental animals per group).
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[0027] FIG. 14 shows the neurological score evaluation of mice 24 hr after ischemia
and drug treatment. Both biphalin (p<0.05} and LSY739 (p<0.05) improved
neurciogical behavior compared to vehicle treated group whereas FENT and NTX
glone did not improve any neurciogical score compared ¢ vehicle treated group.
NTX reversed the effect of biphalin {p<0.05) and fentany! analog LYS739 {p<0.05).
™ compared to vehicle treated group; "p<0.05; numbers indicated in the parenthesis
in the figure columns dencte to the number of experimental animals per group).

DESCRIPTION OQF PREFERRED EMBODIMENTS

{0028} Referring now fo FIG. 1-14, the present invention features multifunctional
opioid receptor ligands {ORLs), acting as MOR agonists, DOR agonists, and KOR
antagonists {or partial agonists). The present invention also features methods of use
of said mullifunctional ORLs, e.g., methods of freating pain or other conditions using
peaptides of the present invention.

[0029] FIG. 1 shows the well-known structure-activity relationship {SAR) results of
Dynorphin A {Dyn A) and enkephaling for opioid activities. Enkephalins shown are
Leu-Enk (YGGFL, SEQ ID NO: 1) and Met-Enk (YGGFM, SEQ ID NO: 2). Dyn Ais
an endogenocus kappa opioid recepior (KOR) ligand. The sequence for Dyn A is
YGGFLRRIRPKLKWDNQ {SEQ 1D NO: 3). {Note that the first five amino acids of
Dyn A is Leu-Enk). Other peptides tested include a peptide containing the first 13
amino acids of Dyn A (Dyn A 1413, YGGFLRRIRPKLK (SEQ ID NO: 4)), a peptide
containing the first 8 amino acids of Dyn A (Dyn A 1-8, YGGFLRRI {SEQ 1D NO: &),
and Dyn B (YGGFLRRNFLVVT (SEQ 1D NO: 8)). Without wishing to limif the present
invention to any theory or mechanism, it appears that KOR selectivity decreases as
the C-terminal residues of Dyn A are removed {e.9., Dyn A is more selective for KOR
than is Leu-Enk). Without wishing to limit the present invention o any theory or
mechanism, i s thought that residues following the first four amino acids of
enkephalin, e.g., the residue(s) following the Phe/F residue of the enkephalin (or
derivative} may be a region that helps make the ORL active for KOR, eg., the
residues following the first four amino acids of the enkephalin {or denvative thereof)
may provide specificity for KOR.

{0030} The ORLs of the present invention comprise a peplide porion, eg. 8
peptide analog derived from enkephalins {e.g., Leu-Enk (YGGFL, SEQ 1D NO: 1) or
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Met-Enk (YGGFM, SEQ 1D NO: 2)) and a tail porlion linked fo the C-terminus of the
peptide portion. in some embodiments, the peptide portion comprises four residues
{e.g., amino acids, analogs or derivatives thereof), occupying position 1, 2, 3, and 4.
in some embodiments, the peptide portion comprises three residues {e.g., amino
acids, analogs or derivatives thereof}, occupying position 1, 2, and 4. The peplide
portion may be based on the enkephalin seguence e.g., Leu-Enk (YGGFL, SEQ 1D
NQO: 1) or Met-Enk {YGGFM, SEQ 1D NO: 2).

(0031} In some embodiments, the {all portion comprises a lipophilic molecule (8.4,
a 4-anilidopiperidine moietly), e.g., the {ail portion may comprise 3 residue or
compound that increases the lipophilicity of the peptide porfion. In some
embodiments, the tad comprises a N-phenyl-N-pipendin-d-yvipropionamide (Ppp)
moiety. In some embodiments, the {ail comprises -NH.. Other non-limiting examples
of tait portion molecules (tail compounds) are shown in FIG. 3.

{00321 FIG. 2 and FIG. 2A show examples of schematic representations of ORLs of
the present invention. For reference in FIG. 2, Dmi refers to 2'-6'-dimethyltyrosine,
DXxx refers to a D amino acid, and X refers {0 a halogen or other appropriate
gompound, e.g., M, Cl, F, or a methy! group. N-phenyl-N-pipernidin-d-yipropionamide
{Ppp) is shown as the tail. Referring fo FIG. 2 and FIG. 2A, in some embodiments,
residue 1 {Dmi, as shown in FIG. 2 or Aaa in FIG. 2A) comprises Dmt or Tyr. In
some embodiments, residue 2 {(DXxx, as shown in FIG. 2 or DBbb in FIG. 2A)
comprises DAla, DNie (D-norleucine), Pro, or DArg. In some embodiments, residue
3 {Gly, as shown in FIG. 2 or Coc in FIG. 2A) comprises Gly, Phe, Phe(X), or Nai,
wherein X may refer o H, Cl, F, methyl group, or any other appropriate modification
of Phe. In some embodiments, residue 3 is absent. In some embodiments, residus 4
{Phe(X) as shown in FIG. 2 or Ddd in FIG. 2A) comprises Gly, Phe, Phe(X), wherein
X may refer to M, Cl, F, methyl group, or any other appropriate modification of Phe,
In some embodiments, the tail {e.g., shown as Eee in FIG. 2A) comprises Ppp or
NH.. The present invention is not limited to the formula or substifutions shown in
FIG. 2 or FiG. 2A. For reference, DTic refers to D-{etrshydroisoquinoling-3-
carboxyiic gaid,

[0033] Table 1 below shows non-imiting examples of ORLs of the present
invention. Note that the Phe residues in SEQ 1D NO: 10, SEQ D NO: 11, and SEQ
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D NO: 12 are halogenated with F, and the Phe residue in SEQ D NO: 15 is
halogenated with CL

Table 1. Examples of ORLs

Residue
{Position from N-terminus to C-terminus)
SEQ ID NO: Compound 1 2 3 4
7 LYS729 Tyr DAl Gly Phe-NH,
8 LYS544 Tyr DAla Gly Phe-Ppp
9 LYS540 Dmt DAla Gly Phe-Ppp
10 LYS738 Dmt DNie Gly Phe{F -Ppp
11 MR106 Tyr DNie Gly Phe{4-F)-NH;
12 MR107 Dmt DNle Gly Phe(F)-NH;
13 CYF132 Dmt DNte Gly Phe-NH:
14 LYS644 Dmt DNie Gly Phe-Ppp
15 LYST744 Dmt DNie Gly Phe(4-Ch-Ppp
16 LYS702 Dmit DTic Phe-Ppp
17 CYF138 Dmt DNle Gly Phe({4-Cl)-NH,
18 MR119 Dmt DNie Gly Phe{Br-Ppp
19 MR Dmt DNie Homocys | Phe{4-F)-Ppp
{"see note below)
20 MRIT2 Dmt | Homocys Gly Phe(4-F)-Ppp
{*see note below)
21 MR124 Dmt DArg Phe Gly-Ppp
22 MR125 Dmt DArg TNat Gly-Ppp
23 MR110 Dmt DArg Phe Lys-Rop
24 MR120 Dt DaArg 1Nat Lys-Ppp
25 MR122 Dmt DArg {Nal-Ppp
28 MR121 Dmt GArg Phe({4-Cli-Ppp
27 MR114 Dt Pro Trp Phe(4-Ch-Ppp
28 MR115 Dmt Pro Phe Phe{4-Chi-Ppp
29 MR116 Dmt Pro | Phe(4-Cl) | Phe(4-Cl)-Ppp
30 MR123 Dmt Pro Gy Phe{4-Ch-Ppp
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[0034] Note MR111 comprises two units of SEQ 1D NO; 19, e.g., MR111 comprises
{Dmt-DNle-Homocys-Phe{d-F-Ppp).. MR112 comprises two units of SEQ 1D NO:
20, e.g9., MR112 comprises {Dmt-Homocys-Gly-Phe(d-F)-Pppl..

0035} The ORLs of the present invention may be synthesized as appropriate (see,
for example, Lee ef al.,, 2011, J. Med. Chem. 54:382-8886). For example, the ORLs of
the present invention may be synthesized by a protocol for fiquid phase peplide
synthesis (LPPS), e.g., using Boc-chemistry in high yields. in some embodiments,
halogen maodification on the aromatic ring is on the para pasifion, e.g., to help avoid
unfavorable steric hindrance.

[0036] Table 2 shows analylical data of varicus multifunctional ORLs of the present
invention with a Ppp group at the CJemminus. “FAB-MS (JEQL HX110 sector
instrument) or MALDI-TOF. *Performed on a Hewlett Packard 1100 [C-18, Vydac,
4.6 mm x 250 mm, 5 um, 10-100% of acetoninie containing 0.1% TFA within 45 min,
1 mbi/minl. ‘hitpwww.veelab.org/lablalogps/. ‘Low resolution-Mass. °Retention

time. n.d. not determined.

Table 2
oRU HR MS® (MTEA + HY' .
SEQID Structure Holeou s o aox | ALOGPS?
N absarved caloutated ’
‘-“'57729* Tyr-DAla-Gly-Phe-KH, CotaNsCis 4562230 | 4562248 | 1407 032
]
MEIES! 1 TyrDNie-Ghy-Phe(d-FyNH; CetlacFNsDs n.d. 5152544 | 38.64 136
i
MBI 1 Ot ONie-Gly-Phe(d-FiHy | CuaPNis nd. 5432867 | 4139 178
QYf;SE"’ Dt-DNIe-Gly-Phe(4-CI-MH, | CaaONGDs 5802653 | 5602840 | 607 236
CYERZ 1 omtDNie-Gly-Phe-NH CaHalNiOs 5264035 | H26.3030 | 165 158
WSS TyrDAIaGly-Phe-Ppp oHaeNOc 671579 | e75857 | 1wt 280
LY Dent-CAla-Gly-Phe-2pp ORTELY 6092862 | ©99.3870 | 20.8° 2,96
HSM L omioNie-Gy-Phe-Pen CastoeNeO 7414335 | 7414340 | 193 3.66
L‘r‘igwr Omt-DNle-Giy-Phe(F 1-0p CaatssFNey 7504247 | 7594245 | 200° 374
PR DnONe Gy Pred-OnPop | CbuCNG: TISAUS | TPA0S0 | 5252 418
LysTod Omt-DTio-Bhe-Bop CaderOINOs 7643832 | 7653658 | 220 4.91
MR11Y {Dmt-ONie HOQT:‘G‘}B PhClﬁ [ N N 1638.5° 1835.8324 82.24 5.5
19 Fi-Poplk:
f f 3k O = FA-F o
M‘g‘z {Dmt H"“""Q‘ggﬁh PROAF) | o MaFNOuS: | 152447 | 15237072 | 56.70 489
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{ 3 O
MER 1 DoeDAg-Phetd-Ciy P CanCiNeCs 751.3° 7613608 | 50 %00
W;?‘” Drt-Pro-Tra-Phe(d-Cli-Ppp ConHsON:Cs 588 & 3884216 | 6200 520
M | PP Ruel SiPhe(d: LGN ge33r | 83y | s1as 5.23

{80371 As shown in Table 3, Table 4, and FiG. 4 it was surprisingly discovered that
the ORL LYS738 (SEQ 1D NO: 10, Dmi-DNie-Gly-Phe(p-F)-Ppp) interacts with KOR
(K = 0.70 nM) as well as MOR (K, = 0.02 nM} and DOR (K = 0.40 nM). Considering
well known structure-activity relationships {SAR) of enkephalin anatogues, the sub
nanomolar range of binding affinity of LYS739 (SEQ 1D NO: 10} at the KOR was
unexpected and could not be predicted. LYS738 (SEQ 1D NO: 10) turned out to be
the first potent MOR/DOR agonist (ICso: 0.26 nM, and 0.37 nM in GPI, and MVD,
respectively) and KOR partial agonist/antagonist among ORLs. In GTP-y-assay,
LYS738 (SEQ ID NOQ: 10) showed mixed partial agonist {ECse = 21 nM, Eqax = 39%)
{ antagonist activity {ECss = 80 nM, Eqax = 65%) for KOR. Note that in Table 4,
potency and efficacy reported as mean + SEM from each experiment (n=3)
independent experiments for both modes; curves use the mean value of each point

from each experiment combined togsther; n.d. is not determined.

Table 3. Binding AHfinities of Enkephalin Analogs at MOR, DOR,
and KOR
Ki (n\)
SEQ | Compound MOR DOR KOR

iD NO: PHIDAMGO | [FHIDPDPE | [PH]Nor-BNI
7 LYS729 2.8 300 220
8 LY 8544 26 5.2 180
g LYS540 8.38 {1.36 néd
10 LYST38 g.02 0.4 0.7
11 MR106 n.d rn.d 210
12 MR107 n.d n.d 0.11
13 CYF132 n.d n.d
14 LYS644 .38 0.18 n.d
15 LYS744 0.1 0.08 n.d
18 LYS702 0.45 0.76 n.d
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Table 4. Functional Activities of LYS738 (SEQ 1D NO: 10} at MOR, DOR, and KOR

[“SIGTP-v-S binding assay
Agonist ﬁgtagg;gt {Cs0 (nM)
ECso (NM) (Emax %) 256 A1
(§m§5<»"‘3}
hDOR IMOR | hKOR {aﬂ?fa?gw GPI| MVD | GPI
PHIDAMGO ["HIDPDPE | PHIUS0.488 . Wl &G i
0.07 (48%) 0.20 (98%)| 21{39%) | B0 (65%) 10.26] 0.37 ind.

j0038] Preliminary in vivo studies of LYS739 (SEQ 1D NO: 10) showed that
intrathecal (1.th.}) administration of LYS738 (SEQ 1D NO: 10) at 10 pg/Su in Lafls
SNL-operated male SD rats can reverse thermal hyperalgesia in nerve injured
animals (FIG. 5A, left) and reverse taclile allodynia {(FIG. BA, right). In FIG. BA,
statistical significance was determined by 85% confidence interval (P < D05
compared with pre-dose SNL baseline vehicle; #p < 0.05 compared with the vehicle
at the same time point; n>6). Vehicle was DMSQ/Tween 80/Saline (1:1:8). FIG. 5B
shows that infravenous (iv.) administration of LYS738 (SEQ 1D NO: 10) { 3
mg/imb/Kg) In Ls/ls SNLOoperated male SD rats shows reversal of thermal
hyperalgesia. This represenis high potency of analgesic effects through MOR {and
DOR}.

{0039] For reference, Table 5 lists examples of ORLs with various tail portions (e.g.,
NH; and Tail Compounds 1-5). Structures of the Tails (e.g., anilidopiperidine
moieties) can be found in FIG. 3. Table 5 also shows lipophilicty values and
MOR/DOR agonist activities of the ORLs. Note that SEQ ID NO: 8 refers o both
LYS544 and LYS436.

Table 5. MOR/DOR agonist activities of C-terminal modified lipophilic
enkephalin analogues
‘, | K (nh)
ORL Tail al.ogP MOR/DOR
LYS729 030
Tyr-DAla-Gly-Phe-NH, NH; : 2.8/300
(SEQ ID NO: 7)
LYS416 T
TyrDAla-Gly-Phe-Tail|  +ATNdoppendine 2.93 1414
(SEQ 1D NO:31) 9
LY§620 T
Tyr-DAla-Gly-Phe-Tail  Anidopiperdine 263 1237
(SEQ ID NO:32) que
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LYS429 N
Tyr-DAla-Gly-Phe-Tail 4‘A‘;‘§gfap’§§*§d“‘e 4.04 1.1/6.1
(SEQ ID NO:33) gue.
LYS544 {or LYS436) T
Tyr-DAla-Gly-Phe-ppp|  AnMdopiperidine 2.80 23/0.69
analogue 4 (Ppp)
(SEQ ID NO: 8) HFpp,
LYS437 o
Tyr-DAla-Gly-Phe-Tail|  *ATIdopiperdne 243 57/3.2
(SEQ ID NO:34) gu

{00468} The present invention also features ORLs that are derived from LYS738
{(SEQ 1D NO: 10), e.g., LYS739 analogs. In some embodiments, the ORLs are
abtained by modifying LYS738 (SEQ D NQ: 10) by substitution, dimerization, andior
cyclization. Modifications may involve the incorporation of an unnatural amino acid
andfor constrained amine acids. For example, in some embodiments, DMt is
substituted with trimethyltyrosine (Tmt). In some embodiments, the ORL comprises
2-methyl-3-(2°,8-dimethyl-4 -hydroxyphenyl}-propionic acid (Mdp).

{0041} In some embodiments, the ORL comprises a bivalent ligand. in some
embodiments, a disulfide bond is used fo link two monomeric pharmacophores. For
gxample, a disulfide bond may be used through a homocysteing residue at position 2
{or 3). In some embodiments, ORLs comprise cyclic structures, e.g., the ORLs are
cyclic and retain the pharmacophoric structure for the receptors within a constrained
structure, e.g., since linear peptide ligands can be flexible even with multiple
modifications due to high flexibility of enkephalins. Cyclization may be through the
formation of varipus bonds such as a disulfide and a lactam, but is not limited {o
these mechanisms. See FIG. 7 for examples of ORL design.

[0042] In some embodiments, the ORLs are bifunclional ligands. In some
embodiments, the ORLs are trifunctional ligands. In some embodiments, ORLs are
constructed using endomorphin-1 (EM-1) and/or DALDA (D-Arg®, Lys*idermorphin.
FIG. 8 shows examples of ORL design using EM-1 (Tyr-Pro-Trp-Phe-NH,, SEQ D
NQO: 35) and DALDA (Tyr-DArg-Phe-Lys-NH,, SEQ iD NO: 36).

j0043] Various ORLs {e.g.. analogs of LYS739 (8EQ 1D NO: 10)) were tested for
their binding affinities at MOR, DOR, and KOR using [‘H]-Diprenorphine in the
membranes of Chinese Hamster Qvary (CHO) cells expressing the relevant human
opicid receptor. Analogues with particular binding affinity {Ki < 10 nM for MOR and
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DOR; Ki < 30 nM for KOR) as well as others were {esied for recepior functional
activity in the [®°S]-GTPyS assay. In this assay, antagonist activity at all three
raceptors expressed in CHO cells were determined by the inhibition of stimulation
caused by 100 nM of control agonist (DAMGO for MOR, SNC8Q for DOR, U50.488
for KOR} in a 96-well plate. Table 6 summarized in vitro biclogical activities of
multifunctional ligands at MOR, DOR, and KOR with a Ppp group at the Cemminus.
{Note: *=Compstition analyses were carried out using membrane preparations from
transfected HNBQ.10 cells that constitutively expressed the respeclive recepior
types; "=PHIDAMGO, Ky = 0.85 nM; *=[HIDPDPE, Kd = 0.50 nM; %=["H}U69,593, Kd
= 5.3 nM; *=Expressed in CHO cells; =Mean + SEM of the % relative to 10 uM
U5B0, 488 stimulation; *=Mean + SEM of the % relative to 10 uM naloxone inhibition of
100 nM US0,488; "=at 10 uM.

TABLE &
K, nbt ' KOR®
S5EQ £ 35, e
R BIGTPyS-binding :
Qg, fgand g ek T HOR WOR® | ECst, | Empe | Con | fnes KOR function
' ‘ nM %' i o
7 LYS728 | 28 300 2000 - < 30" . < 10" ne function
b MR108 | 23 .44 7.8 - 70" waak agonist
12 | MRI6T | 46 0.99 804 10 62 250 37 partial
1 agonistantagonist
17 | CYF136 | 28 o 61 158 70 18 88 60 partial
; agonistfantagonist
13 CYF132 1.1 135 3.4 84 58 ne.s - partial agonist
8 Lyssas | 23 0.69 | 2000 - < 10" - et fe funstion
g LYS540 | 0.38 0.38 21 540 A0 830 49 partial
; agonistiantagonist
14 LYS844 | 039 0.18 77 260 53 290 79 partial
3 agonistantagonist
19 Lysvas | 002 §.40 870 21 28 a0 &5 partial
; agonistantagonist
15 Lys?a4 | 010 5.08 44 - 1wt B2 122 antagonist
18 | LYSTOZ | 045 576 | 2000 R no function
19 MR111T | 002 28 220 MOR selective
20 MR112 n.o. 8.9 n.e. DOR selective
26 MR121 | 1300 960 82 47 a2 450" 38 _partial
agomzst.*antagomst
27 MR114 | 4700 88 200 DOR selestive
28 MR116 S 30 .8, DOR selective
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[0044] Analogues were tested for their activity at KOR, and GTPyS assays were
performed at the MOR and DOR for LYS738 (5EQ 1D NO: 10y and LYS744 {(SEQ D
NO: 15) (see FIG. 6A). The assay resulls shows that fwo ligands are pure agonists
for the MOR and DOR. GTPyS assays showed that LYS540 (SEQ 1D NO: 9) and
LYS644 (SEQ D NO:14} are partial agonistiantagonist for the KOR, which has a
potential to reduce KOR related side effects (see FIG. 6B). MR107 (SEQ D NO: 12)
and CYF 136 (SEQ D NO: 17) also revealed partial agonist/antagonist activities.

[0043] The present invention also festures ORLs having half lives longer than 4,
efc. For example, in some embodiments, the ORL has a half life longer than 1 hour.
in some embodiments, the ORL has a half life longer than 2 howrs. In some
embodiments, the ORL has g half life longer than 3 hours. In some embodiments,
the ORL has a half life longer than 4 houwrs. In some embodiments, the ORL has a
half life longer than 5 hours. In some embodiments, the ORL has a half life longer
than 10 hours. In some embodiments, the ORL has a half life longer greater than 24
hours. For example, FIG. 8 shows LYS739 {SEQ 1D NO: 10) is stable in a metabolic
congdition, and there was no trace of degradation observed after a 4 day incubation.

jods} In some embodiments, the ORL is 4 amine acids in length. In some
ambodiments, the ORL is 5 amino acids in tength. In some embodiments, the ORL is
6 amino acids in length. In some embodiments, the ORL is 7 amino acids in length.
In some embodiments, the ORL is § amine acids in length. in some embodiments,
the ORL is @ amino acids in length. In some embodiments, the ORL s 10 amino
acids in length. In some embodiments, the ORL is more than 10 amino acids in
fength.

(0047} In some embodiments, the ORL is belween 4 10 6 amino acids in length. In
some embodiments, the ORL is between 4 {fo 7 amino acids in length. In some
embodiments, the ORL is between 4 to 8 amino acids in length. In some
gembodiments, the ORL is belwesn 4 t© 9 amine acids in length. In some
embodiments, the ORL is belween 4 to 10 amino acids in fength. In some
embodiments, the ORL is between 4 1o 20 amino acids in fength. In some
embodiments, the ORL is betwsen 4 o 30 amino acids in fength. In some
embodiments, the ORL is betwsen 4 o 40 amino acids in length. In some
embodiments, the ORL is between 4 o 50 amino acids in length.
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[0048] Example 1

[a049] Example 1 describes non<imiting approaches to designing ORLs.

[aase}  Step 1 Discover pharmacophoric structures of EM-1 and DALDA for MOR
agonist’KOR antagonist activities, The C-lerminus of EM-1 and DALDA may be
modified with Ppp(R} {the R group may be decided by SAR results). This
modification may improve their lipophilicities (alogP increase > 2} and metabolic
stabilities, and thus afford high potential of BBB penetration. This modification may
cause a biological profile change. The Ppp(R) group may be kept at the C-lerminus,
and the other positions may bhe modified. Substitution of Tyr with 27.6-
dimethyltyrosine (Dmt) in opioid peptides can increase opioid activities dramatically,
thus a Tyr' residue may be replaced in both ligands with a Dmt residue or g j-
methyi-2 6-dimethyltyrosine (Tmi) residue, which is more sterically hindered due {0
an extra methyl group. EM-1 and DALDA have distinct primary structures in
positions 2, 3, and 4 but a Phe residue in common. The Phe residue in both ligands
may be subsiifuted with Phe(p-X) for altering receptor seleclivity and inducing KOR
interactions. A Phe® residue in DALDA may also be substituted with a Phe(p-X)
residue to observe SAR. However, {0 conserve its MOR selectivity over DOR,
positions 2 and 4 of DALDA may be limited o basic amino acid residues. Likewise,
position 2 of EM-1 may be limited fo tum making amino acid residue. A Trp® residue
in EM-1 may be modified with other aromatic aming acid residues.

{0051} Slep 20 Build dimernized ligands of MOR agonistKOR antagonist using
pharmacoephores discovered in the first step. Position 2 and 4 of EM-1 and DALDA,
respectively, may be consumed. Two homo pharmacephores may be linked through
a disulfide bond of homocysteine residue. Cyclic bifunctional ligands may be
designed. Insertion {§, m, and/or n= 1) or deletion (I, m, and/or n= Q) of Bbb, Cce, and
Ddd may optimize the distance helween two aromatic rings, which may be the most
important factor of high potency and selectivity.

[0082] Example 2 ~ Multifunctional ORLs as neuroprotectants for ischemic
stroke treatment

(0033} Ischemic stroke is one of the leading causes of mortality and morbidity in the
world. Example 2 describes the evaluation of mullifunctional ORLs, e.g., LYS436
{SEQ 1D NO: 8), LYS739 (SEQ 1D NO: 10} and LYS418 (YGGF-Ppp, SEQ 1D NO:
373, for their neuroprotective potential using in vitro and in vivo ischemic models. In
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vitro, newronal death and total reactive oxygen species level, upon expostre o
hypoxia- aglycemia followed by reoxygenation or challenged with NMDA was
significantly decreased when treated with non-selective opioid agonists compared to
no drug treatment group. Fluorinated enkephalin- fentanyl conjugate, LYS739 (SEQ
D NQO: 10) showed betier neuroprotection in all in vitro ischemic models compared
to biphalin. An in vivo mouse middle cerebral artery occlusion (MCAQ) stroke model
was ufilized to screen biphalin and LYS738 (SEQ 1D NO: 10). Both agonists
significantly decreased brain infarct ratio and edema ration measured with TTC
staining compared (o saling treated group. Neuronal defict was improved in terms of
neurclogical score and locomotor activity with LYS738 (SEQ 1D NO: 10) and biphalin
treatment. All enkephalin fentanyl conjugates and biphalin demonstrated betler
neuroprotection compared fo fentany! freated groups. Newroprotective effects of
biphalin and multivalent analogs were reversed, in most cases, by naltrexone, a non-
selective opioid antagonist. This suggests that LYS739 (SEQ 1D NO: 10} is a
potential newroprotective agent for ischemic stroks.

foosd] Frimary cortical neuron survival upon exposure to 3 hr H/A and 24 hr
reperfusion in presence or absence of fentanyl analogs and biphalin (10 nM) was
determined using MTT (see FIG. 10A} and LDH {see FIG. 10B) assays. in MTT
assay, fentanyl analogs, LYS438 (§7.9% more newonal sunaval, p<0.0001),
LYS738 (68.1% more neuronal survival, p<0.0001}) and LYS416 (66.4% more
neuronal survival, p<0.0001) and biphalin {42.6% more neuwronal survival, p<0.001)
and fentanyl {(28.7% more neuronal sufvival, p< 0.00) reproducibly improved
neuronal survival compared 10 no drug treatment group. The protective effect of
fertanyl analogs, LYS438 (p>0.05), LYST730 {p< 0.01) and LYS416 (p< 0.05) were
significantly better than that of bighalin. They also showed beiter neuroprotection
{(LYS436: p<0.05, LYS738: p<0.0001 and LYS416: p<0.001) compared to fentanyl
itself. Among the analogs, LYS739 showed the most significant activity in terms of
neuronal survival. Likewise, LDH assay showed reproducible, statistically significant
neurcprotection upon freatment with biphalin (30.5% less LDH release, p<0.001),
LYS436 (28.37% less LDH release, p<0.001), LYST38 {(457% less LDH release,
p<0.0001), LYS416 (41.28% less LDH release, p<0.0001) and FENT {(21.59% less
LDH release, p<0.05) compared to no drug reated group. In comparison o biphalin,
LYST739 {(p<0.05) showed less neuronal death upon HA and reoxygenation
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exposure. The fentanyl analogs showed less neuronal death compared to fentany!
itself. Notably, non-~ selective OR antagonist NTX reversed the effect of biphalin and
fentanyl analogs in both assays. No statistical significant difference was found for

NTX treated group compared o no drug treated group in both assays.

j0035] The effect of three fentanyl analogs, LYS438, LYS739 and LYS416 and
biphalin and fentanyi {10 nM} were svaluated in primary cortical newrons exposed {0
50 pM NMDA for 3 hours followed by 24 howrs normal condition media exposure.
Relative neuronal survival and cytotoxicity were quantified using MTT (see FIG. 11A)
and LDH (see FIG. 11B) assay, respectively. MTT assay showed that LYS436
{52.1% more neuronal survival, p<0.0001}, LYS739 (54.7% more neuronal survival,
p<0.0001), LYS416 (43.4% more neuronal survival, p<0.001), hiphalin {28.7% more
reuronal survival, p<0.01) and fenfanyl (22.6% more neuronal survival, p<0.05),
which was sialistically significant when compared fo no drug trested group.
Compared fo biphalin, fentanyl analog LYS436 (p<0.05) and LYS738 {(p<0.01)
showed beler neuroprotection in terms of neuronal survival quantified with MTT
assay kit. These iwo analogs, LYS438 (p<0.01) and LYS738 (p<B.001) also
increased neuronal survival when compared to fentanyl itself. Simifar reproducible
resuits were observed when the neuroprotective effect was evaluated with an LDH
assay kit. With LDH assay, LYS436 (27.5% less LDH release, p<0.0001), LYS739
(28.6% less LDH release, p<0.0001), LYS416 {(12.9% less LDH release, p<0.01),
biphalin {18.4% less LDH release, p<0.0001) and fentanyt (10.2% less LDH release,
p<0.05}) showed statistically significantly increased newroprotection compared {0 no
drug treated group. Compared 10 biphalin, LYS436 (p<0.08) and LYS739 {p<0.05)
tregted neuwrons released less LDH denocling & more potent effect than biphalin.
LYS436 (p<0.0001) and LYS738 (p<0.0001) also showed better neuroprofection
compared {0 fentanvl. In both assay, non-selective OR antagonist, NTX reversed the
effect of most analogs and NTX did not show any significant effect compared to non-
treated group.

[0036] Generation of total ROS in primary cortical neuron exposed 1o 3 hr H/A and
24 hr reoxygenation in presence or absence of OR agonist fentanyl analogs and
biphalin (10 oM} was assessed in this experiment (see FIG. 12). Total ROS
generation was statistically significantly reduced when neuron were treated with
LYS436 (52.2% less ROS production, p<0.001), LYS738 (54.4% less ROS
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production, p<0.001), LYS416 (35.0% less ROS production, p<0.01) and biphalin
{29.1% less ROS production, p<0.05) compared {0 no drug treated group. The effect
of LYS738 was significantly belter (p<0.05) than that of biphalin. Both LY3436
{p=<0.001) and LYST739 (p<0.001) significantly decreased ROS production compared
to fentanyl. Non-selective OR antagonist NTX did not show significant decrease in
ROS production compared o no drug treated group but i reversed the effect of OR
agonists {except for fentanyl) used in this experiments.

{0037} The effect of lsad fentanyl analog LYS738, biphalin and fentanyl on brain
edema formation (see FIG. 13B) and infarct volume (FIG. 13C) after focal brain
ischemia induced by 1 hr occlusion followed by 24 hr reperfusion. Compared {o the
vehicle treated group LYS739 produced a 59.45% reduction in edema formation,
p<0Q.05 and biphalin produced a 56.17% reduction in edema formation, p<G.05 that
was statistically significantly when administered 10min after reperfusion at a dose of
5 mg/kg in saline (i.p.). Fentanyl (0.2 mg/kg, 10 minute post reperfusion) andior
antagonist NTX {1 mg/kg, 10 min before stroke) did not show any significant
reduction in edema formation compared {o saline treated group. LYS738 produced a
67 .7-% reduction in infarct ratio, p<0.0001) and biphalin produced a 67 .0% reduction
in infarct ratio, p<0.0001 that were statistically significant compared to saline treated
group. Again, fentanyl and NTX did not show any improvement in terms of infarct
ratio. For both edema formation and infarction volume, NTX reversed the effect of
hoth LYS739 and biphalin, Mean cerebral biood flow reduction & SEM in ischemic
brain for saline group 80.7 £ 1.2%, BIP 811 £ 1.3 %, BIP*NTX 78.7 £ 2.0%, LYS738
82.1 £ 1.2%, LYS739+NTX 80.6 £ 2.2%, FENT 80.4 £ 1.6%, NTX 76.9 £ 2.0%.

fo0s8] Twenty-four hours after the reperfusion neurological score was evaiuated in
the experimental groups {see FIG. 14). LYS738 (30.4% improvement, p<0.08) and
biphalin (25.5% mprovement, p<0.05) significantly inproved the neurclogical score
compared to saline treated control group. Fentanyl or OR antagonist NTX did not
improve any neurological score under same experimental conditions. NTX reversed
the effect of both LYS739 and biphalin but the effects were not siatistically
significant.

{0059} Locomotor activity (horizontal activily, vertical activity, total distance, rest

time, stereotype counts and number of movemenis) was evaluated 24 hr after



WO 2016/187537 PCT/US2016/033529

reperfusion in experimental animals (Table 7). Before the stard of surgery all animals
went through locomotor evaluation to get the baseline.  Both LYS738 and biphalin
{5 mg/kg. 10 min post reperfusion, i.p.) statistically significantly improved all the
focomotor parameters compared 1o saline treated confrol animals. When compared
the effect of LYS738 to that of biphalin most of the paramester were improved
although they were not statistically significant except for vertical activity (p<0.05).
But, in comparison fo fentanyl treated group, both LYS732 and biphalin showed
better locomotor activity and the effects were statlistically significant. Non-selective
OR antagonist NTX did not improve any lecomotor parameters.

[ooe] Table 7 shows measurement of locaomotor activity 24 h after stroke and drug
treatments. Data represent the mean & 5.E.M. of 4-5 independent determinations;
numbers indicated in parenthesis in the line of the table columns donate {o the
number of experimental animals per group. ™ Compared {o Saline freated group -
*p<0.05; “p< 0.01; *p<0.001; " p<0.0001; ‘# Compared {o biphalin treated group
- #p<0.05; #ip< 0.01, #8##p<0.001,; ##84p<0.0001; ‘¢" Compared o fentanyl treated
group — ¢ p<0.05; oo p< 0.01; oo p<0.001; esew p<0.0001

TABLE Y
3.9% 8iF + LYS738
Sham Saline Bip RTX LYST38 * NTX FENT NTX
Parameters | (N=7) | (N=7) N=T} {N=5) {N = 4} {N=4) {N =4} {N =4
1300 %
150 ¢ 1000 £ 180
Harizantal £30 780275 380 & . 1A £ 50 | 1680 ¢ 38
o 34 g 12048
Activity e e 130 # #
#H s letyi] &8
# @
5 50+ 13
Vertical | 36x 8 28+3 A ¢! 3+3 18+1
B H 202
Actity h @ * # i # #i
e
Total | 1100 % ‘ 850 z 81 680 2 110
. 1745 G864 B2 1548 45116
Distance 28Q o i
# # i #g #
{Cuts RN ol Do
St 42286 61+7
No. of 10+2 B a4
Movemants 1 # ) 196 " ¥ # RS
ITRRRRR w & S w
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{0061} Various modifications of the invention, in addition {0 those described herein,
will be apparent {o those skilled in the ant from the foregoing description. Such
modifications are also intended fo fall within the scope of the appended claims. Each
reference cited in the present application is incorporated herein by reference in its

entirety.

jase2}  Although there has been shown and described the preferred embodiment of
the present invention, it will be readily apparent to those skilled in the art that
modifications may be made thereto which do not excead the scope of the appended
claims. Therefore, the scope of the invention is only to be limited by the following
claims. Reference numbers recited in the claims are exemplary and for sase of
review by the patent office only, and are not limiting in any way. In some
embodiments, the figures presented in this patent application are drawn to scale,
including the angles, ratios of dimensions, etc. In some embodiments, the figures
agre represeniative only and the claims are not limited by the dimensions of the
figures. In some embodiments, descriptions of the inventions described herein using
the phrase “comprising” includes embodiments that could be described as
*consisting of ', and as such the wiitten description requirement for claiming one or
mare embodiments of the present invention using the phrase “consisting of' is metl.

[o063] The reference numbers recited in the below claims are solely for sase of
examination of this patent application, and are exemplary, and are not intended in
any way o limit the scope of the cdlaims {o the parlicular features having the
corresponding reference numbers in the drawings.
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WHAT IS CLAIMED IS
1. A multifunctional opioid receptor ligand {(ORL), wherein the multifunctional
ORL has agonist activity at mu opioid receptor (MOR), agonist activity at delta
opioid recepior {(DOR), and antagonist activily at kappa opicid receptor
{KOR), the ORL comprises LYS738 {SEQ D NO: 10).

2. A multifunctional opioid receptor ligand {ORL), wherein the multifunctional
ORL has agonist activity at mu opioid receptor (MOR), agonist activity at delta
opioid receptor (DOR)Y, and antagonist activity at kapps opicid receptor
{KOR), the ORL comprises a peptide portion and a tail portion linked to a C-
terminus of the peptide portion, the ORL has a formula according to Formula
1. Aaa-DBbb-Cee-Ddd{X)-Eee wherein

Aaa is selected from 28 -dimethyityrosine (Dmt) and Tyrosine (Tyr);

D-Bbb s selscted from D-Alanine {D-Ala), D-Norleucine (D-Niej,
Proline (Pro), and D-Arginine {D-Arg);

Ceec i selected from Gly, Phenyialanine(X) (Phe(X}), and
naphthylalanine (Nal) or is absent;

Ddd(X} is Gly, Phe(X), or Lys;

Eee is the tail portion, the tail portion is lipophilic; and

X is selected from H, F, Cl, and Br.

3. The muiltifunctional ORL of claim 2, wherein Eee is selected from —-NH: and
a 4-anilidopiperidine moiety.

4, The multifunctional ORL of claim 2, wherein the 4-anilidopiperidine moisty
comprises N-phenyl-N-piperidin-4-yipropionamide (Ppp}.

5. A method of reducing pain, said method comprising
a. wentifying a subject in nesd of a kappa opioid receptor (KOR}
antagonist or partial agonist; and
h. infroducing to the subject a multifunctional QRL having agonist activity
at mu opioid receptor (MOR), agonist activity al delta opioid receptor
{(DOR), and antagonist activity at kappa opicid receptor (KOR}, the
ORL comprises a peptide portion and a taill portion linked to a C-
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ferminus of the peptide portion, the ORL has a formuda according to
Farmuia 1: Aga-DBbb-Ceo-Ddd(X}-Eee wherein
Aaa is selected from 2'-6"-dimethyltyrosine (Dmi) and Tyrosine (Tyr);
D-Bhb is selecled from D-Alanine {D-Ala), D-Norleucine {D-Nlg},
Froline {Pro), and D-Arginine {D-Arg);
Ceec is selected from Gly, Phenvialanine(X) {Phe{X}), and
naphthylalanine (Nal) or is absent;
Ddd(X) is Gly, Phe(X), or Lyg;
Eee {s the tail portion, the tail portion is lipophilic: and
X is selected from H, F, Cl, and Br;

wherein the ORL is effective for reducing pain.

8. The method of claim 5, wherein Eee is selected from —NH; and a 4-
anilidopiperidine moiety.

7. The method of claim 8, wherein the 4.anilidopiperidine moiety comprises N-
phenyl-N-piperidin-4-ylpropionamide {Ppp).
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FIG. 2

H-Aaa-DBbb-Ccc-Ddd(X)-Eee (Formula 1)

Eee: Ppp, NH,

Aaa: Tyr, Dmt

Bbb: Nle, Pro, DArg

Ccc: Gly, Phe(X), Nal,

Ddd: Gly, Phe(X), Lys
X:H, F,Cl Br

FIG. 2A
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NH,
;

4-Anilidopiperidine Analogue 1 N
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