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There exist three main types of endogenous opioid peptides, enkephalins, dynorphins and [3-endorphin, all of
which are derived from their precursors. These endogenous opioid peptides act through opioid receptors, including
mu opioid receptor (MOR), delta opioid receptor (DOR) and kappa opioid receptor (KOR), and play important roles

not only in analgesia, but also many other biological processes such as reward, stress response, feeding and

emotion.
3-endorphin dynorphin A [Met]5Enkephalin-Arg6-Phe7 endormorphins
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biased signaling

| 1. Introduction

Discovery of the three main types of endogenous opioid peptides, enkephalins, dynorphins and 3-endorphin in the
1970s WIBIHE \with help by early established opioid receptor binding assays BB revolutionized the opioid field
and further advanced our understanding of opioid receptor subtypes. Decades of research have revealed that all
these endogenous opioid peptides play important roles in many biological systems by acting through opioid
receptors. Molecular cloning of the delta opioid receptor (DOR-1) in 1992 I3 quickly led to isolate the mu opioid
receptor (MOR) LYILUA2I13] and kappa opioid receptor (KOR-1) 14111511161 These discoveries not only validated the
pharmacologically defined opioid receptor subtypes, but also provided essential tools to investigate the
mechanisms and functions of the endogenous opioid peptides. A single-copy gene was identified for each of these
receptors. The MOR gene (OPRML1) undergoes extensive alternative pre-mRNA splicing, producing multiple splice
variants or receptor isoforms (see reviews: L1819 Ajthough several splice variants were identified in OPRD1 29
(21 and OPRK1 genes 21122123 the extent of the OPRML1 alternative splicing is far larger and more complex than
the OPRD1 and OPRKZ1. Conservation of the OPRM1 alternative splicing from rodent to human also suggests the

evolutionary importance of the OPRM1 alternative splicing and resulting splice variants.

| 2. The Opioid Receptors and Endogenous Opioid Peptides

The opiates derived from opium have been used for thousands of years. However, the concept of opiate receptors
was only proposed several decades ago based on the strict structural requirements needed for opiate activity 24
(25][26][271[28][29] S hsequently, Martin proposed the existence of opioid subtypes in his proposal of receptor dualism
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B9 and then suggested M and N receptors, which later were referred to mu (morphine) and kappa
(ketocyclazocine) receptors, respectively Bl Soon afterwards, the delta-opioid receptor was proposed as the
recognition sites for the enkephalins 3283134 |n 1973, three laboratories experimentally demonstrated opioid
binding sites in the central nervous system for the first time using various 3H-labeled ligands, including 3H-naloxone
(8 3H-dihydromorphine [ and 3H-etorphine . The high stereospecificity and selectivity of the binding for opiates
were consistent with the basis for a receptor 22!, Biochemical and pharmacological studies further confirmed the
protein nature of the binding sites by their sensitivity to proteases, including trypsin and chymotrypsin [B8IE7 a5
well as the reagents targeting sulfhydryl groups 81871 and their insensitivity to DNase, RNase, neuraminidase and
phospholipase C [ISEIE7],

The identification of opioid receptor binding sites in the brain quickly let to the quest of their endogenous ligands.
The endogenous opioid-like substances in the brain were first disclosed by several labs at a meeting of the
Neuroscience Research Program in Boston in 1974 sponsored by the Massachusetts Institute of Technology (281,
Subsequently, Kosterlitz and Hughes were the first to report the sequences of two pentapeptide enkephalins 2.
This was quickly followed by the isolation of two other endogenous opioid peptides, dynorphin and B-endorphin !
(21381141391 Similar to most neuropeptides, all these peptides are produced through post-translational modifications of
their precursors, proenkephalin, prodynorphin and proopiomelanocortin (POMC), by several processing enzymes
and peptidases (Eigure 1) 49, Both proenkephalin and prodynorphin generate several opioid peptides, while
POMC vyields only B-endorphin in addition to some non-opioid peptides such as adrenocorticotropin and o-

melanocyte-stimulating hormone.
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Figure 1. Schematic of the major endogenous peptides processed from human proenkephalin (PENK),
prodynorphin (PDYN) and proopiomelanocortin (POMC). BAM: bovine adrenal medulla peptide; MSH: melanocyte
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stimulating hormone; ACTH: adrenocorticotropic hormone; CLIP: corticotropin-like intermediate lobe peptide; LPH:

lipotropin.

All the endogenous opioid peptides contain the enkephalin sequence, Tyr-Gly-Gly-Phe-Leu or Tyr-Gly-Gly-Phe-

Met, at the N-terminus with different C-terminal sequences (Table 1). The enkephalins are the endogenous ligands

for the delta-opioid receptor (DOR-1). Although dynorphins are considered endogenous agonists for the kappal-
opioid receptor (KOR-1), they bind to the mu-opioid receptor (MOR-1) and DOR-1 with high affinities as well (411142,
Additionally, B-endorphin is thought to be an endogenous agonist of MOR-1, but has high affinity for DOR-1 [42],

Table 1. Amino acid sequences of selected human endogenous opioid peptides.

Copies
Precursor Opioid Peptide of Structure Other Peptides
Peptide
Proenkephalin 5 . .
[Leu]’enkephalin 1 Tyr-Gly-Gly-Phe-Leu Synenkephalin
(PENK)
[Met]®enkephalin 4 Tyr-Gly-Gly-Phe-Met
[Met]®enkephalin-Arg®- 1 Tyr-Gly-Gly-Phe-Met-Arg-Gly-
Gly’-Leu8(Octapeptide) Leu
[Met]®enkephalin-Arg®-
Phe’ 1 Tyr-Gly-Gly-Phe-Met-Arg-Ph
(Heptapeptide)
Tyr-Gly-Gly-Phe-Leu-Arg-Arg- & e0endorphin,
Prodynorphin . yrsly=oly g9 B-neoendorphin,
Dynorphin A;_17 1 lle-Arg-Pro-Lys-Leu-Lys-Trp- . .
(PDYN) Big dynorphin,
Asp-Asn-GIn .
Leumorphin
. Tyr-Gly-Gly-Phe-Leu-Arg-Arg-
Dynorphin By.13 ! GIn-Phe-Lys-Val-Val-Thr
Tyr-Gly-Gly-Phe-Met-Thr-Ser- y-MSH, ACTH,
Pro- Glu-Lys-Ser-GIn-Thr-Pro-Leu-
. . . a-MSH, CLIP,
opiomelanocortin Bh-Endorphing_z; 1 Val-Thr-Leu-Phe-Lys-Asn-Ala- B-LPH, y-LPH
(POMC) lle-lle-Lys-Asn-Ala-Tyr-Lys- B-I\,/IéH '
Lys-Gly-Glu
Unknown Endomorphin-1 Tyr-Pro-Trp-Phe-NH,
Endomorphin-2 Tyr-Pro-Phe-Phe-NH,

Another group of endogenous opioid peptides are endomorphins, including endomorphin-1 (Tyr-Pro-Trp-Phe-NH2)
and endomorphin-2 (Tyr-Pro-Phe-Phe-NH2) 8. Both endomorphins lack the common enkephalin motif (Try-Gly-

Gly-Phe) shared by other opioid peptides. However, they are the ligands highly selective for the mu-opioid receptor
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(MOR-1). The distribution and function of endomorphins have been extensively studied ©4. However, the

precursors for these endomorphins or their genes remain to be identified.

Enkephalins are widely distributed in the central nervous system, such as the striatum, hypothalamus, thalamus,
hippocampus, pons, medulla and spinal cord. Dynorphins have similar distributions as enkephalins with a few
exceptions. POMC is mainly synthesized in the pituitary gland. POMC mRNA is highly expressed in the
hypothalamus and detected in the caudal nucleus tractus solitarius and the commissural nucleus, as well as in
peripheral tissues such as testis, gut, kidney, adrenal and skin. Extensive studies showed that all these
endogenous opioid peptides play important roles in a variety of biological functions. In addition to analgesia, they
can modulate reward, addiction, stress response, emotion and feeding (see reviews: “2I[45]46][47][48][49][50][51])
Several transgenic mouse models targeting either the precursors or encoded peptides were generated to study in
vivo function of these endogenous opioid peptides [B2I53]54155](56]

| 3. Alternative Splicing of Mu-Opioid Receptor Gene, OPRM1

The mu-opioid receptor has a special place within the opioid receptor family because it mediates the actions of
most of the clinically used opioids such as morphine and fentanyl, as well as drugs of abuse such as heroin. The
existence of multiple mu-opioid receptors has been long suggested by clinical observations that patients often
show different sensitivities towards various mu opioids not only in analgesia, but also in their side-effects including
tolerance, dependence, itch, constipation and addiction. Furthermore, incomplete cross tolerance in patients has
led to the clinical practice of opioid rotation in which patients who develop tolerance to one mu opioid must use
much higher doses of the opioid for pain relief can take back analgesic control by switching to another mu opioid
with lower doses. Similar observations were seen in animal models [BZIB8IEIE061] |t i difficult to interpret these
observations using a single mu receptor mechanism. Early pharmacological studies defined mu; and mu,
receptors using in vivo behavioral assays and in vitro opioid receptor binding assays with newly synthesized
antagonists including naloxazone and naloxonazine [62l63]64][65][66](67] gnd also morphine-6B-glucuronide (M6G)
receptor [B8IBAIATL However, genomic characterization of the MOR gene using the MOR cDNA clones and the
human genome sequencing project revealed only a single copy of the MOR gene, OPRM1, raising questions about
how a single copy of OPRM1 gene reconciles multiple mu-opioid receptors suggested by clinical observations and

the pharmacological studies.

One hypothesis to address these questions is that the single copy of the OPRM1 gene creates multiple mu-opioid
receptor splice variants or isoforms through alternative pre-mRNA splicing. Driven by this hypothesis, many efforts
have been made to isolate alternatively spliced MOR variants in the past decades. We now know that the OPRM1
gene goes through extensive alternative splicing, generating an array of splice variants, which is far more complex
than those suggested by the early pharmacological studies (see review: L7819 The OPRM1 alternative splicing
is conserved from rodent to human. Interestingly, only the OPRM1 gene, but no other opioid receptor genes,
underwent extensive and conserved alternative splicing, suggesting the evolutionary importance of the OPRM1

gene.
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The OPRML1 splice variants can be categorized into three main types 2819 (1) the full-length 7 transmembrane
(TM) C-terminal variants produced by alternative 3' splicing (Eigure 2). These 7TM C-terminal variants have
identical receptor structures including the N-terminus, TM regions, intra-/extra-cellular loops and part of intracellular
C-terminus, except for their differences at the C-terminal tails; (2) the truncated 6TM variants that lack the
extracellular N-terminus and the first TM, generated by a combination of alternative promoter, exon skipping,
alternative 5' and/or 3' splicing; (3) the truncated 1TM variants that contain only the extracellular N-terminus and

the first TM, generated by exon skipping or insertion.

Extracallular
Intraceliular S e
— mMOR-1  [~LENLEAETAPLP MOR-1 = LENLEAE TAPLP hMOR-1  =LENLEAE TAPLP
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E mMOR-181 [=~KIDLF MOR-1B1 [~KIDLF hMOR-181 =KIDLFOQKSSLLNCE
mMOR-162 —KLLMWRAMPTFKR MOR-1B2 F—EPQSVET HTKG
§ HLAMLSLDN MOR-1C1 = PALAVSVAQIFTGYPR hMOR-182 =RERRQK 5DW
= mMOR-1B3 |=TSLTLG SPTHGEKPCKSYRD hMOR-1B3 }—=GPPAKFVADGLAG
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Figure 2. Predicted amino acid sequences from 7TM C-terminal variants (modified from [XZ. The top panel is an
animation that shows structures of MORs and adjacent proteins on membrane. TM domains are indicated by
cylinders. Splice junctions are shown by arrows. Calcium (Ca++) and potassium (K+) channels are indicated by
opened canals across membrane. Ga, G and Gy: G proteins; PLCPB: phospholipase CB; PLA2: phospholipase A2;
The bottom panel listed predicted amino acid sequences encoded by downstream exons of exon 3 in mouse
(mMOR), rat (rMOR) and human (hMOR) splice variants. Italic red S, T and Y are predicted phosphorylation sites.
Underlined sequences are predicted phosphorylation codes, PxPxXE/D or PxxPxxE/D, for B-arrestin binding based

on crystal G protein coupled receptors (GPCR) structures 2],

The functional relevance of the full-length 7TM C-terminal variants has been indicated by their differences in mu
agonist-induced G protein coupling EZ3IZAIZSITEITAIEIT - B-grrestin2 recruitment BYEL  internalization (8283
phosphorylation 2 and post-endocytic sorting B4 when expressed in cell lines. The 7TM C-terminal variants were

differentially expressed in various brain regions or different inbred mouse strains at the mRNA level 8388l and at

https://encyclopedia.pub/entry/9390 5/20



Endogenous Opioid Peptides | Encyclopedia.pub

the protein level BZI88l Dysregulation of these variant mMRNAs was observed in the medial prefrontal cortex of
human heroin abusers and heroin self-administering rats 2, multiple brain regions of morphine tolerant mice (2],
and HIV patients BRI |mportantly, in vivo functions of these 7TM C-terminal variants were demonstrated in
morphine-induced tolerance, dependence and reward using several C-terminal truncation mouse models Y. For
example, truncating exon 7-encoded C-terminal sequences reduced morphine tolerance and reward without the
effect on morphine dependence. Conversely, truncating exon 4-encoded C-terminal sequences facilitated morphine
tolerance and reduced morphine dependence without the effect on morphine reward. The mouse MOR-1D and
human MOR-1Y involved morphine-induced itch (pruritus) 221931,

The truncated 6TM variants mediated the analgesic actions of a subset of mu opioids including heroin, M6G 241,
buprenorphine 22! and a novel class of opioid analgesics such as 3'-iodobenzoyl-63-naltrexamide (IBNtxA) that are
potent against a broad spectrum of pain models without many side-effects associated with traditional opiates 28
(971 The 1TM variants did not bind any opioids. However, the 1TM variants can increase expression of 7TM MOR-1
at the protein level as a molecular chaperon to enhance morphine analgesia [28. The 6TM variants can also

facilitate expression of 7TM MOR-1 at protein level through heterodimerization 22,

4. Binding Affinities of Endogenous Opioid Peptides in the
Full-Length 7TM C-terminal Splice Variants

Soon after each 7TM variant cDNAs were cloned, the cell lines that stably expressed each of the individual 7TM
variants in Chinese Hamster Ovary (CHO) and Human embryonic kidney (HEK) 293 cells were established 4175
[6[78][79]82][100] znq initially used in opioid receptor binding assays to define their binding profiles. Saturation
studies using [3H][p-Ala?,N-MePhe*,Gly-ol]-enkephalin (DAMGO), a synthetic opioid peptide and a full mu agonist,
as indicated by the Ky values at subnanomolar range, suggest that [P H]DAMGO has a high affinity to all these
7TM C-terminal variants. Competition studies using [?H]DAMGO with various opioids, such as morphine, M6G and
naloxone, further established their mu selectivity by the fact that all mu opioids competed the binding potently, as
indicated by the K; values at subnanomolar range, while delta or kappa drugs failed to compete at the
concentration of over 500 nM. These results were not surprising because all these 7TM C-terminal variants contain
the same binding pocket, which is mainly constituted by the transmembrane domains and extracellular loops.
However, several endogenous opioid peptides displayed differential binding affinities among the 7TM C-terminal
variants. Table 2 summaries the results of the K; values of several endogenous opioid peptides against the mouse,
rat and human 7TM C-terminal variants from several early studies [EIZAISITEIIAIEITIN00 Although these studies
were performed at different times when the variants were isolated, the complied data provides reasonable
comparisons regarding the binding affinities of the indicated endogenous opioid peptides among the 7TM C-
terminal variants because all the competition assays were performed using [P HIDAMGO with membranes isolated
from the stable cell lines using the same parental CHO cells. The K; values of DAMGO and morphine are also

listed for the comparison.

Table 2. Competition of [P(HIDAMGO binding in Chinese Hamster Ovary (CHO) cells stably expressing mouse, rat

and human Oprm1 7TM C-terminal variants.

https://encyclopedia.pub/entry/9390 6/20



Endogenous Opioid Peptides | Encyclopedia.pub

K Value

(nM)

Mouse

mMOR-
1

mMOR-
1A

mMOR-
1Cc

mMOR-
1D

mMOR-
1E

mMOR-
1B1

mMOR-
1B2

mMOR-
1B3

mMOR-
1B5

mMOR-
1F

mMOR-
10

mMOR-
1P

DAMGOMorphineFentanylMethadone M6G

18+
0.5

10+
0.3

0.93 +
0.2

0.71 +
0.1

12+
0.5

14+
0.2

13+
0.1

1.8+
0.9

1.0+
0.3

11+
0.2

S
12

0.8+
0.3

2.0

31+
0.5

24+
0.6

15+
0.2

23+
0.4

53+
1.0

15+
0.5

14+
0.6

29+
0.5

2.7 %
0.6

12+
0.8

1.0

15+
0.6

12+
0.4

3.3%
15

12+
0.5

1.7+
0.5

14+0.1

0.7+0.1

05+0.1

14+0.1

0.7+0.3

1.3+0.2

B2

I+

18

5.0

I+

15

4.1

I+

1.2

4.8

I+

0.8

5.6

I+

0.7

10

I+

1.6

8.4

I+

13

3.9

I+

13

B2

I+

0.1

9.6

I+

0.8

17

I+

1.0

11

I+

B-

Endorphin

11+29

43+1.0

58+05

1.7+04

50+1.2

6.8+3.2

49+17

3114

57+1.2

6.0+1.6

16 +5.3

59+24

I)L;?\zz“:)jhinEndomorphinEndomorphin[Met]5EnkephaIin-
A 1 2 Arg®-Phe’

11+0.5 21408 42+18 41+1.0
8.2+28 35+1.3
5.6+0.8 1.4+0.4 1.6+0.2 2.1+0.7
22408 1.8+0.3 20+03 3.7+1.2
8.9+1.1 24+0.1 44+0.8 44+0.9
15+7.1 11+5.6 12+15

34+18 50+1.8 84+1.1

87+138 3.2+0.6 32+0.38

8.9+23 43+0.8 11+1.8

12+1.0 29405 41+13 3.9+08
58 + 26

103 + 23

Refs.

[77]
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Ligand
K; Value . B- DynorphinEndomorphinEndomorphin[Met]°Enkephalin-
(nM) DAMGOMorphineFentanylMethadone M6G Endorphin A 1 2 Arg®-Phe’ Refs.
3.4
Rat
rMOR-  3.3+% 5.6+ 1
. o + 37204 12430 41407 8.0+2.0 =
1 0.6 0.8
2.2
rIMOR- 6.0+ 8.0+ 26
. o + 11+0.6 23+1.6 6.5+0.3 12+ 0.6 (4
1A 0.9 0.4
2.1
rMOR 45+ 74+ 25
- o Juny P . M
1c1 0.9 03 + 8.8+0.5 13+23 3.9+0.1 10+ 0.6
24
IMOR- 4.7+ 7.4+ 21
S o + 85+06 11+17 39+0.4 7.5+0.4 =
1D 1.2 0.5
1.8
Human
hMOR- 12+ 2.2+ e 76
. . + 15+110 8714 42+1.4 15+7.1 (8]
1 0.2 0.9
0.3
hMOR- 12+ 2.4+ 50 78]
e b e + 7815 19166 3.8+0.8 54+0.6
0.2
hMOR- 52 42
“T 11435 + 25%51 49 + 22 12+0.1 20+1.3 (gl
1B2 1.4
7.9
hMOR-  1.8% 32+ 16 z6]
e s G + 8222 14%23 49+15 6.3+15
1.2
hMOR- 23+ 55+ 23
. . + 16204  71+30 9.9+23 23+2.0 g
1B4 0.6 1.7
7.4
> tuitary
hMOR-  2.1% 3.9+ [76]
185 04 0.9 + 10+34 53+23 46+0.3 9.6 +3.0
2.6
16 -1086.
hMOR- 22+ 2.0+ N = [79]
10 0.6 0.7 26

extraordinarily potent opioid peptide. Proc. Natl. Acad. Sci. USA 1979, 76, 6666—6670.

4. Birdsall, N.J.M.; Hulme, E.C. C-fragment of lipotropin has a high affinity for brain opiate receptors.
Nature 1976, 260, 793—795.

5. Pert, C.B.; Pasternak, G.W.; Snyder, S.H. Opiate agonists and antagonists discriminated by
receptor binding in brain. Science 1973, 182, 1359-1361.

6. Terenius, L. Stereospecific interaction between narcotic analgesics and a synaptic plasma
membrane fraction of rat cerebral cortex. Acta Pharmacol. Toxicol. 1973, 32, 856.

7. Simon, E.J.; Hiller, J.M.; Edelman, |. Stereospecific binding of the potent narcotic analgesice
[3H]etorphine to rat-brain homogenate. Proc. Natl. Acad. Sci. USA 1973, 70, 1947-1949.
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Ligand MetEnkephali opioid
K; Value : B-  DynorphinEndomorphinEndomorphin[Met]°’Enkephalin-
(nM) DAMGOMorphineFentanylMethadone M6G Endorphin A 1 2 Arg®-Phe’ Refs.
hMOR- 21  27% L 70 -
1X 0.2 1.0 " - cDNA
. 92, 89,
MOR- 2.5 = 43 + 8418 25%13 51+1.1 9.4+3.0 (8]
1Y 0.8 1.7 T

10. Chen, Y.; Mestek, A.; Liu, J.; Hurley, J.A.; Yu, L. Molecular cloning and functional expression of a
m-opioid receptor from rat brain. Mol. Pharmacol. 1993, 44, 8-12.

1%. Eppler, C.M.; Hulmes, J.D.; Wang, J.-B.; Johnson, B.; Corbett, M.; Luthin, D.R.; Uhl, G.R.; Linden,
B e RIS NG D RS R A s TR Pt 5ot 1R B tor A RRL TN, T gt spiice
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Similar scenarios were seen in -endorphin and endomorphins. B-endorphin competed the binding more potent in
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18rRasteindlc-eriindF hilfRESe® Ree BN 1 FidWMBr aing &EeMENRIG HURRIcigRRaimagaldBtructures,
offerl A B ik At A LoRO AN 2 2BeBBmAPSequences on overall MOR structure. Although future structural
AEBRERUAT O VIS EreRTing sifelesn BrdI9sRHBIRLIN roydiditfefid I nEr IBdhpguestion, we
SPESHAHHUARAS P CIREER MRS U NECRHIREHOPS et RE A ISR SHIILIRG Wit HE b b S dipact
G HALEPtEP YURE SlGFERIL UM e BB AT GRIFIAS BYSFRTECR P! NufolsionnR) 19! Bedusgsgs with

the%@(acellular loop regions could differentially modulate the receptor agonist conformation especially for the
endogenous opioid peptides; (2) several known proteins such as G proteins and B-arrestins or unknown proteins
2 CRYGEATRH T EME RSP dsn PG QB S sRIBLOMHRu e Al T ISR R Lo RAIRSLCR PLaRIIes
coliHRIGRRIBBY BCR ARVGAR A RIS SRIGBIRALDE ShiihERRRA BRI LRARE IR YLk
assBl AR 7. 48, 298-304.
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BeGvPyoteinCouplingdnducednbynEndogenous@pioidsequence
Peptidesiinthe Full-Length FTMCterminal Splice Varisents-
117.

Intracellular location of the alternative C-termini raises Ifi\ﬁ)p_)arent guestions regarding their roles on mu agonist-

2RISR Sotere WKl Bl PSRt 20bayt Vae o ety adn e Foe e adsiio eant iiced
G hoREISedining t%rr'étaet.ho'&?JF‘fé‘é’%‘ég Lo RPN HB AP P TS SR abiS TS nature,
[353’]"(?1%?/8h&ﬂﬁiﬁg‘]as'\'sgb‘sfoé@%’e”gﬁ %%gl?r’atgeléﬁ _s%%é,itive tool to quantify the total amount of G proteins
2daipedketth Adcepoasyalthbudby tith etts fatgesmtsdSteroch evhical @ gnsidieaticn svbikedarmhe abilities of
varighsirmale@ind< 5k 6P 6l Qiddids and endogenous opioid peptides, in the stimulation of G protein coupling
R N TS g e R o B S T
CHG oS, TR GRS BBg Ik B, gbarcye 1950 figomod receptor bincng assays. Taple 3 puts
together the data from endogenous opioid peptides, as well as DAMGO and morphine, from several published
26 Ry togirerelBis) Steyeehancabipsires anddeasPiendnietpriors angrmraied withRaletiCused to
det8MANFEFIEDole iR AFHRER BFIEEDE6a108s, 8fRr&fdacy, indicated by % maximum stimulation (% Max) that

a9 aAdegizep 1R [hat 5 DEM{GRIOTOBR&ISABSIT, L.; Pellmont, B. Diphenulpropylamines, morphinans.

In Synthetic Analgesics Part |; Pergamon Press: New York, NY, USA, 1960.
Table 3. Mu agonist-induced [3*S]GTPyS binding in Chinese Hamster Ovary (CHO) cells stably expressing mouse,

28+ dAAPSRANTY bbioki-re2episiege R (Bt dat k-idhalimantidwdiphenulpropylamine, morphinans.
In Synthetic Analgesics Part II; Pergamon: New York, NY, USA, 1966.

Ligand
2 surger,
. . . i in[Met]°Enkephalin-
DAMGO Morphine B-Endorphin Dynorphin A EndomorphinEndomorphin[Met] 6 ep 7a Ref.
1 2 Arg®-Phe
EC50 0 EC50 EC50 EC50 EC50 EC50 0 EC50 0
2 (nM) %oMax (nM) %Max (nM) %Max (nM) %Max (nM) %Max (nM) %oMax (nM) Y%oMax
Mouse .
3 »hine
mMMOR- 68+ 23 102+ 64 34 109+ 26 72+ 124 118 +
(73]
1 a 00 o 5 i 9EZ .9 7 4y, 9BE8 g g 5323 15 3. J.
111 150 42
. MMOR-— 70% 150 1 9122 &+ g3:3 &+ BF 4 goxp YE V0L 455i9 75:4 @@
2 1A &) 4 27 36 6 13 28 3 |cation
258
mMOR- 62+ 23 123 140 6. 83 gy 122 2 ’ ,
1c , 10 . 75x4 o+ 4423 % 10 f 15 46 15 6017 51%2 [z
- 19 19 20 -
3 82 73 100 47 nalian
MMORT ©2% 100+ 9wz x0T o A8, g4ug 13T Rx AT0E g4.5 w
34 18 41 21 -
3 41 113 )hySiOL
MMOR- 48+ 116 + 130+ 113 129+ 80 52+ 86+  131% (73]
100 + + 85+9 94+ 10
1E 4 - 4 * 3 +9 9 +4 26 8 19

35. Pert, C.B.; Snyder, S.H. Properties of opiate-receptor binding in rat brain. Proc. Natl. Acad. Sci.
USA 1973, 70, 2243-22417.

36. Pasternak, G.W.; Snyder, S.H. Opiate receptor binding: Enzymatic treatments and discrimination
between agonists and antagonists. Mol. Pharmacol. 1975, 11, 735-744.
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3 Ligand it
. . . i in[Met]°Enkephalin-
DAMGO Morphine B-Endorphin Dynorphin AEndomorphlnEndomorphln[ i 6 ep 7a Ref.
1 2 Arg®-Phe
3 EC. EC. EC. EC EC. EC EC >
~ 50 50 50 50 50 50 o 50 0 .
(nM) %Max (nM) %Max (nM) %Max (nM) %Max (nM) %Max (nM) %Max (nM) %Max
4 .
~ mMOR- 39z e 120 104 + 113 69 + 137 83+ 5+7 68 + 197 90+ (75] lorphin
1B1 8 - 38 p= 21 - 23 - 19 +05 0
4 76 163 210 126 Ed.:
m';/'BOZR' Sf; 100 + 82%8 & 845 & 82* + 8248 3% 9311 e
13 22 25 29 -
y ) 75 147 ieffer
mMOR- 100 .o 51 o o oo, . 9% 99 110 80% (75] )
1B3 +14 +6 6 +1 +6 3
19 56 eptor
83 197 89
MMOR-~ 89% 150 33 g7:7 '+ gox4 + °F 1 gexy 1 82 [z5)
1B5 13 4 3 +8 4 .
mMOR- 50+ o 4+4 %6 26 ., . 40 73% 4+4 113+ 68+ 107 o o g, (3
1F 6 e 13 +6 - +8 3 " 5 18 +4 - - |
4 or the
85
mMOR- 60+ o 66+ 6+ 141+ 77
10 19 - 23 1 8
4 ving
mMOR- 133 58 115+ 24 77
1P x23 190 49 23 i5 °%3
4 Rat
IMOR- 12z 4+ 14 4 355—
B . 100 , 10558 Lq 18734
4 rM&R' 1?: 100 5’5 100.57 fi 116.48 (74
4 '™OR- 74% 48 54 1 rr. Top.
e oy 100 Lq 15494 ,g 161.80 p
91 100
MOR- 125 [74]
100 +  146.02 + 12832 .
4 1D  £26 s 6 s opioid
Human

49. Pecina, M.; Karp, J.F.; Mathew, S.; Todtenkopf, M.S.; Ehrich, E.W.; Zubieta, J.K. Endogenous
opioid system dysregulation in depression: Implications for new therapeutic approaches. Mol.
Psychiatry 2019, 24, 576-587.

50. Charbogne, P.; Kieffer, B.L.; Befort, K. 15 years of genetic approaches in vivo for addiction
research: Opioid receptor and peptide gene knockout in mouse models of drug abuse.
Neuropharmacology 2014, 76 Pt B, 204-217.

51. Drolet, G.; Dumont, E.C.; Gosselin, |.; Kinkead, R.; Laforest, S.; Trottier, J.F. Role of endogenous
opioid system in the regulation of the stress response. Prog. Neuropsychopharmacol. Biol.
Psychiatry 2001, 25, 729-741.
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n

Ligand onado’

EndomorphinEndomorphin[Met]°*Enkephalin-

DAMGO Morphine B-Endorphin Dynorphin A Ref.

1 2 Arg®-Phe’
(nM) % Max (nM) % Max (nM) %Max (nM) %Max (nM) %Max (nM) %Max (nM) %Max
5 r, A.
hMOR- 120 21 4+ 53 ’
100 97.57 6875 + 3646 6, 383,
1 +£17 +4 1
16
hMOR- 161 30 8+ 36 (78]
Eo1a Lo 100 70 12131 7 7131 7T 6393 f pro-
63 -1070.
hMOR- 255 41 25 78]
1Bt cae 100 o 6441 Pl 5797 & 5051
E 17 i
. 73 292 c. Natl.
h'\l/'é’zR 10588 100 Zg 8000 + 9784 + 97.84 8l
- - 10 66
[ . 86 33 98 1.J. A
AMOR- 549 5 65.44 + 61.78 + 3938 el
1B3 +86 )
19 11 27 ), 144,
hMOR- 341 38 19 58
g [z6]
184 Les 100 O 7168 . 6532 114 40.75
9 y to
936 90 158
SOl + 100 + 6146 > 9201 + 8160 g
1B5 +2
233 18 15
B ) 571 100 100 nouse
LIS + 100 =+ 8805 * 7318 + 7726 8l
1Y +3
255 20 21

59. Baron, A.; Shuster, L.; Elefterhiou, B.E.; Bailey, D.W. Opiate receptors in mice: Genetic
differences. Life Sci. 1975, 17, 633-640.

60. Pick, C.G.; Nejat, R.; Pasternak, G.W. Independent expression of two pharmacologically distinct
supraspinal mu analgesic systems in genetically different mouse strains. J. Pharmacol. Exp. Ther.
1993, 2265, 166-171.

61. Chang, A.; Emmel, D.W.; Rossi, G.C.; Pasternak, G.W. Methadone analgesia in morphine-

[*°SiEERgRI b MBS sayceaE peridriPbdmithaobnl988e S ph8I-6m. CHO cells stably expressing indicated
li iants, ' in indicat fi . T t f i timulati %. M f th

67 Basternak, S W ERders, S Snyder SH. Naokasone fong Batng opate-antagonist thects

ist ized wyith that.of DAMGO, S
agolrr]llslnstc\allvéqtsa[]rﬁrrrﬁqa g%n 'on oaplgte receptor binding in vitro. J. Pharmacol. Exp. Ther. 1980, 214, 455—

The4r6ezs'ults revealed marked differences in [*°S]GTPyS binding by endogenous opioid peptides in both potency
6ERBastelum kil Wifiahjdéts MR . a8ropde 7, TIHC @piaiteianatgessa: Biedenceteceliadiatibreioyrel tails
sigsifitpoiyutdieotedftbpipteamye pfoesdSyrence 40IB0, RERjdeb4Hal@ularly B-endorphin. For example, the
64 Hazum. £ %ﬁ%%‘gf’ﬂf‘aF?‘fé%%%%_%%%é%'sf?'ﬁ. Bt Iak. G NAIbxaIone Heversivity Tibiethe.
SN ol iﬁﬁg’bfn%?ngmo“??&iﬁﬁ.“ﬁfgﬁS'TIS[? ehkeptiaimn: Lire e 18T 28 B3 P IVOR-1C has an
identical exon 7-encoded 30-aa as MMOR-10, but contains an additional 22-aa C-terminal sequence encoded by

exons 8/9 (see the sequences in Figure 2). Interestingly, the 22-aa sequences in mMOR-1C increased [3-
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6Enddgihin’€ G 6 ashod-Bu adifol. pRastevi@R;16. \B-dnuevphsibleopiate ag@nists apd Brtagonists2-hhaail
encbdealy dyosyatihg dromay phanoinehdzxirred B2. Weu o saall 0@ Re2nb 8226, encoded by exon 5b (73 nM).

66, PA A B R Rt pramI e AR Rhke Bl Feteptors B chemicaMAd praracalsgicar @
betYaVSeréc'%é"? ey |rﬁ‘<¥uce&?\ a%%%.g‘”t@eﬂiﬂ SRR VERK A& OF s%?gﬁl?é'é’”lxi’em%e” he
pot?\wyélzs%o vggéa) of nll.é8g(1r§§ts including endogenous op|0|d peptides, to actlvate [35S]GTPyS binding and

their b|nd|ng afflnlty (K value) (Figure 3). For example, [Met]’Enkephalin-Arg®-Phe’ had a wide range of
6FcPanrigealdG Y. ABoRRIsiar onsutelerance-andimviRIg1uRRiHiE PePHY& e8eROfS (88 Bhding
assgy@%@%fﬁﬁh%gq%ﬁgQ@?‘I‘ﬂ@binding affinity of B-endorphin in mMMOR-10 was over 9-fold lower than in

EBMOR LR fsractiBgly GrgBRAEHIN RS SFBIMAEIS IstHHIBe R BTG 2PN YGRS (ECso: 6
nM}é%fBrWh%QC@pWX@OﬂWQgI?? m;s,mgt_c%petween the K; and ECgq values suggests that different C-

terminal sequences can impact on the potency of endogenous opioid peptides to stimulate [*®*S]GTPyS binding

qug’pae%t ernal ﬂg;el\/\émgng i fhi@:‘]'; Clark, J.A.; Inturrisi, C.E. Morphine-6-glucuronide, a potent mu

agonlst Ln‘e Sci. 1987, 41, 2845-2849.

70. Paul, D.; StandifePy®rNtA EITsitht! B Mpetteernak, G.VX. dyivedin ace Bgeearuhiarmaieshmation of
¥V p-Endorphin ® Endomorphm -2 % DAMGO dorphin Endomorphin-
morphine-6b-glucuronide, a very potent morphine matabbite " Pharmaco! Exp. Ther. 1989, 251,

477-483. AL S
4 g v ® v“ . } 4

71. SchullergAgG’“F’ *KMM}ghan J.W,; Bolag, ‘EmF’an Y.X.; I\@rg Vﬁ‘ﬂ €hang, A.; Czick,
M.E.; Uniatwaid Eﬂ’ iast%rnakAAG W.; et al. Eﬁenmon of heroM‘&nd mor&me 6 beta-
glucuro mla alge5|a iMa n® line of mice Iachamg exon 1of MOF?l Ngf Neurosci. 1999, 2,
151-156.

v v
72. Zhou, X.E.; H4, Y,; de Waal, PW.; Gagp, X.; Kang, Y.; Man Eps, N.; Yin, Y,; Pal, K.; Goswami, D.;
White, T.A.; et al. Iélentifica;iam@ﬁ;’phosphorylation codes for arr@mg(r@,gogmtment by g protein-
coupled receptors. CENHIYCY R 57_469.2413. in [*°S]GTPYS binding

(BB oo e BRIk i O Rl A RS AR TSRS IR S with the
K; vrglglégelnmgcg&lgrl%lre S tor&%”%gjge”b a})ﬁ\ﬁ g‘ggﬁmmal varlan?s A). Correlations of the K; values in
T cBastdindikg Dromn; TRbie, 4 witkuhe EQy, \RIuesn MPBIG FRaS dindig® oM. TRae 3YCoridertificatifiniefts ()
werthresicn ve dlfer reativety uspigeiohvar isayre sxfich & Paism 8. o picichFec pidrege nesDisssigiaticamioE affttipn
betapenaffichny.sie Miuity Ko mn@pon ey (BB:L-800e [*°S]GTPYS binding. DAMGO, r? = 0.03; Morphine, r? =
OB e%?rpg{n 5 _B% an, %yn?\/f)hs'rl](c')Awﬁzz N 03}6 )Fundlvim et]s',rt]elrnézkzcg \9\} IGenReHO %f?%arongvep

Correlatiop of the E value]§ Ig:nd % maximum stimplation %% Max) i the [[ r\]qTPyS binding. No ?%uﬂcant
exon o sp lice vaﬁ%ntso the mouse mu-oplol rece or gene unctional conseq ue ces

correlation between th nd % X obser hine, r° = 0.00; B-endorphin, r = 0.05; Dynorphin
termlnatfs licing T fbﬁarmgco 2605 %58 5k l\go;g B- P ynorp
A, r° =0.16; Endomorphln 1,7 =0.04; Endomorphln -2, r2 0.07.

76. Pan, L.; Xu, J.; Yu, R.; Xu, M.M.; Pan, Y.X.; Pasternak, G.W. Identification and characterization of
Thesielaw giie eativedytisp kg add/Bfignisloésivarh alstabermdiopieicbygbe Ok gic et piithMeuessoie ogh
an 2685548 RO 2Dty of an agonist to stimulate the receptor in [3®*S]GTPyS binding relative to its receptor
AFSRTY SRS 2R BRIATE. BASRURRLR S (ARG eaoRetmiEt e

range of the ECeo/K: ratios 7TM C-terminal variants for ogepou id pe t|d ticularl
ree alternatr’Q/er sp |ce L? opioid receptor variants: ml\/%?? g_LR 8592 8 %ng ﬁf’élﬁ !Lalgy P
endorphin, consistent with no correlation between the K; and ECsg, values. What is most strlklng is that the ratios

10)

G

in [35

.E 10
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betSyaapsRQRIL) GBJ1AMUARAD differed over 113-fold. Additionally, there was an 18-fold difference of B-
APBRNR S rgiopsueer QR AN SRR A1 AR08l dsgce betwern i Bk ass QR 10
T eSS S A AP AN AT S S hhicad Ty O ieid T Captor ISoform MO R & P DE RH I OR
18326188 rﬂ\égR:—;JSB]ALB%se results suggest that the C-terminal tail sequences have significant impact on the

intrinsic activity of mu agonists including endogenous opioid peptides.
79. Pan, Y.X.; Xu, J.; Mahurter, L.; Xu, M.; Gilbert, A.K.; Pasternak, G.W. Identification and

Taldb arategiKatiaineoitive ofenu lagorastsnat opgaitt neoepdorasphioe anamtsy lopl@dR-ddepeord)bid QR RXIL)
7TBi0ebenmaBiaphys. Res. Commun. 2003, 301, 1057-1061.

n AV A T .01 .. 7 « Nlmvcas smnim AN vl A MaAaiiemia VI, \/.. ARA .1 levinloala A v Numiana T/ oL lanfne \AI T . H
e Ligand Rossi,
. B- DynorphinEndomorphin-Endomorphin-[Met]°Enkephalin- )
I:’AMGOMorph'neEndorphin A 1 2 Argb-Phe’  Refs.
ECso/lK; ECsolKi ECs0/K; ECs0lK; ECso/K; ECso/K; ECso/K;
a Mouse ice
mMOR- s
) 38 4 6 3 12 17 13 [100]
; 3
g m'\ﬁR 70 6 26 18 38 77 therat
I J.
] (73]
m'\ng 67 10 21 25 59 76 29 o
€ mMOR- 73l
D 87 55 43 45 26 69 46 [100]
mMOR- LT
g I 40 18 23 13 33 12 30 1009y tIC
mMOR-
28 19 17 9 5 16 (sl
g 1B1 | of
mMOR- - yioid
Apa 65 19 33 6 25 22
g m';"ge' 56 34 24 17 31 34 5 erential
mMOR-
[75]
185 89 38 15 22 21 15
S . 3 ceptor
MMOR- 45 15 4 3 15 17 7 - b
1F for
mMOR- [77]
= 18 31 0.4

8\.}. FAMMUAUIG,) ey 1 LT T 73 IZTUANGy Va1 UROLUT TN N VY UV UALV O T T TUT T DU U e vl

distributions of carboxy terminus epitopes from the mu opioid receptor splice variants MOR-1D,
MOR-1 and MOR-1C in the mouse and rat central nervous systems. Neuroscience 2000, 100,
141-153.
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8 Ligand ad
; B- DynorphinEndomorphin-Endomorphin-[Met]’Enkephalin-
D'L“\’IGC)IVI()"M“neEndorphin A 1 2 ArgS-Phe’  Refs.Tale
ECso/lK; ECsolKi ECs0/Ki ECs0lK; ECsol/K; ECso/K; ECsolK;
mMMOR- [z7]
g 1p 166 48 4
types.
Rat yp
rMOR- [74]

c 1 4 1 3
‘MOR- , . , 2g Niced
1A

¢ 'MOR- 4 H.H,;

~ 1C1 16 5 14 ] . "3

uced
rMOR- [74]
= 27 11 26
C -
¥ Human rd mu
- [z6]
hM?R 100 10 0.3 3 [79]
o i .
N h'\lﬂé’f 213 17 3 3 zg N 11
Proc.
hMOR- [z6]
by 198 7 3 6

¢ r, S.;
hMOR- (76]

e 305 27 4 7
hMOR- 148 7 1 0.8 (ze]

c 1B4 Y.X.;
MOR- 4 23 6 3 s (€
1B5 011
hMOR- [z6]

e 228 23 5 4

Sy. VVIESKUpI, J.D., Fdll, T.A., IVIdICUVILZ, J., lUlUE, A.M., IViquiliudl, D., FludKdld, J., FasLeilldk, G.W.;
Mogil, J.S. Broad-spectrum analgesic efficacy of IBNtxA is mediated by exon 11-associated splice
variants of the mu-opioid receptor gene. Pain 2014.

98. Xu, J.; Xu, M.; Brown, T.; Rossi, G.C.; Hurd, Y.L.; Inturrisi, C.E.; Pasternak, G.W.; Pan, Y.X.
Stabilization of the mu-opioid receptor by truncated single transmembrane splice variants through
They hetpyer@ficaike aictionmaxiBion Gliewiatan 372880 19f1¢ndopeppus opioid peptides in stimulation of

[9 S GTPyS bmdmg varled markedly among the 7TM C- termlnal variants ( Table 3). For examEIe B- endorphln was
9 % Pan, Y.X. A truncated six transmembrane s? ice variant MOR enhances
a fuII agonist in mMOR 1D 3105%) MMOR-1E (130%) and mMOR-10 (141%), while it became a partial agonist in
[Qressmn of the full-le %)h seven transmembrane mu-o |0|d receptor through
mMO 1C (44%) and mMOR-IP (55%). Interestmglg bothg[i endo phin and dynorphin A'were a partial agonist in
eterodlmerlzatlon Mol. Pharmacol. 2020
hMOR-1, hMOR-1B3 and hMOR-1B4, but a full agonist'in hMOR 182 Similarly, the efficacy of endomorphin-1 and

endomorphin-2 differed among the mouse 7TM variants. Just as there was no correlation between the K; and
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10ECRan)uéx thXie, WasBolaorréatidb batie s CtheChangyaup doleanar, ¢ etdiogshdis; dpastaraatideS Aviong
the Idemtdicaticnadnarieharacterization of three new alternatively spliced mu-opioid receptor isoforms.

Mol. Pharmacol. 1999, 56, 396—403.

Together, these results suggest that different intracellular C-terminal tails greatly impact Recelgtorc-iG protein
ar

L A Pt KPS L foias ok, T s el Epa A SR P ;tf%;fl A R e 40 erihinal
rec

Weis, W.I.; ilka, B.K.; nier, S. | str re of the mu-opiqi r n
tails oenSG prot’e!ﬁlocoupﬁi’ng Wa’s%Tgo gb’seSrV((a:J ){)Sf/ta}ngétur%ua%c?niétsesug\cz)i%%AMGSP B?or%ﬁi%efjfg%t%nyl, and

memggggémm%ﬂ%r%%%%tzrécﬁa[g’tr?ég' Ur?&%nged binding affinity (Table 2). These results suggest
108 e HiffareptisV effe dfkaoighle, A teMeinkiatkr shingmdAindihgenentamsteln dativetierghdbwdenSamdbgenpdslopioid
pedtiads, dddEothavimgsigonikid THehabses;nieStipKdin giui€s. wetralpStouatitr alsingi GitS indtsnaueoihioicsults
mayelee fitefeaativ atioivo Nadwey a0 1t5is 52#ic@f. ko determine the impact of endogenous opioid peptide-induced
13T B oSHPIE Ehied SR AR RS Sh Ay BRSPS O st e
e s R N e IS R R S G o Y
terrﬂggld\./@&ptﬁgﬁAtEgd%?Céaﬁtof-Z%é)_r(}tf%.coupling induced by endogenous opioid peptides using new gene
targeting animal models in which only one individual 7TM C-terminal variant is expressed. Region-specific, cell-

104heehidersstiRks RRIRICPRERIBH CP YMEE FEROANSH BB SABRART BYRIGHIS tHd [ RFIck8Min4By B k-were

obsBR3t at both mMRNA [BSI88IBI and protein levels BAIE8ILS] in animals and humans, raising questions whether
1058 pHetiR M agNRHUSSHC PRBEYAAKPIBARQ AsReSPRSIBE RERSIEEPRSEStiZation of the carboxy

terminus of the novel mu opioid receptor splice variant MOR-1C within the human spinal cord.
(L&eﬁimdomgna%ﬁgfm Endogenous Opioid Peptides in the
1 %HMT!T%“LQ%V\Z; MJQZTJ%BH;II @qgl algﬁ&lMerﬁ@mgﬁ?fnple switches to allosteric

icroprocessors. Nat. Rev. Drug Discaqv. 2018, 17, 243-260. . . . .
Oriérl]narly,pG protein coup‘?ed receptorsg(GPCRs) were def|7ned to szlgnal through interactions with G proteins that

10varRagdw kthKilMiowdhead) Gidnal@ooesstades. Botwe el GRPORYidlaat Sedentifniiy ditdheoapleopioid protein
transdiejetsr: dump s Bearsetoinsindepstanckng epocith-dtEpEsiararsibtelergneadinaonmiseabrikept 20 hibsed
sigfBing00d biH3&8.agonism, or functional selectivity in which different agonists can trigger divergent signaling
1R AR B SHRHIRSED N R BIBLLeR A EL O YORA "SRRSNSS - MorgenwiSeR S b al drgirestn
SR, BN E T B SRR PR A B TR ARE TS e WINtON Cor PSR o radict Safar® ™
agonistslcfan diﬁerentialgén%iiei%’ori -E)aér.estin interactions that block Receptor-G protein coupling and/or

opIoid analgesics.
produce B-arrestin-dependent signaling. The hypothesis that G protein signaling produces analgesic responses

10 e BT B M ASE VARG s REIRkiNle BPBEMMOA. auvakd Eirgsiing AP Pl ERGR RIS IR PRl ic
drugPigiditheragesicsn Biabed syt oRQR A EdtinlRage 1911101 piscovery of multiple OPRM1 7TM C-

116 IR YRIIRNER. T eighie BSienssaanh dhe FolRe KiifiAeseavapaii dn \Piagesh BigRAU IoViaTyRAKENTY! BPioids,
inclpdingrRnaegepel PRIt EeRldeogress in the development of more effective and safer analgesics

for pain management. Eur. J. Med. Chem. 2019, 183, 111701.
There are four arrestin subtypes encoded by four different genes: SAG, ARRB1, ARRB2 and ARR3. The SAG was

1130éRA%MP AN of e (SNt &in. FRRRRRE WD KRABY bs RABs A dYRUareddn Hebadagcadain. The
ARKBYNASsWM) KiRPA RRE2AAIRBAES MRPHRI ENELNN 8 RSMRNECAMRBIRRISRIALRD Rases Letaaresting
ArrdainslagabianiaspayHien bigdhr taeohisSHesRINg i GO I préRUPIghigCRRIR e BiBMArrestini
(A@@?Fﬁhdzﬂ%sﬂr% be?have been widely studied in GPCR field. Here we refer to arrestin2 as the gene

product of the ARRB2, which was sometimes called arrestin3 in literature.
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112 aKestzgignalicng Saksamandd. by Blaasastndde uitarst assapd cSaerng) J-BrreGigueraitPdht; £Seiky shkth as
the RaithHBnterRRESTEX)AEEH aRES TapEmgo wssayesBlrop fonitsreogatéogy of shsfatr (RRED) eabsuy a2
LG PR . iMatirstrastaMéi2Baot 20ihb) 22, B6aty-3E2hnology 1181 have been developed. Mu agonist-

13 EERERIE PSR IR PGk, RIS ol E AR G S P AR il OO
col, B s -4 BARES 5 SR 2S8R, U Y SIETR AL W
L e
interaction ofc[t7> ?:Egegtla%g@ v&@ %EI% Y Tnt PK induced by mu agonists reconstitutes the 3- galact03|dase activity

ransdu
that produces chemiluminescent signal in the presence of its substrate, which can be detected through a

11dnitredanmiclopiAtddebdyt.; Garneau, P.; Pelletier, J.; Bouvier, M. High-throughput screening of G
protein-coupled receptor antagonists using a bioluminescence resonance energy transfer 1-based

Se\zeth entegtinid sempioithpeptidss dycllidBip frehdSpriaendy2@05hid Oy o878, [Met]’Enkephalin-Arg®-Phe’,
18 BRI 5 &2 SRR U PR SR R B DS R SUREB IR o
s s, S R AP L SOIER RS SRS DL B0 7 fymnal
var??;asoo?'he results from concentration-response curves unveiled obvious differences in both potency
(EC5q values) and efficacy (% Maximum effect, % E,.x) of the endogenous opioid peptides and mu opioids among
118 DixN ArePmirghYiiith:Mdfabisall, BUP: ispagiann K 10y dhies Ui (P ek BHERT. Bgb-Phe” and
endBINBRINFKL Brfr-oldpahiaiil difididrdandiebn: RVRIRNNGhY e ATRRIGMANBSHENK EBRATFEA GPIBREZE S
mofeT RESHI FHENRALUIINAR h RO INSINRAAGTIBRS IR BRI WAS S-foREMoBipbieRLE: AMIRAH AN in

117M@%dkin, T.; Watson, C.; Muniz-Medina, V.; Christopoulos, A.; Novick, S. A simple method for

qguantifying functional selectivity and agonist bias. ACS Chem. Neurosci. 2012, 3, 193-203.
The efficacy of the endogenous opioid peptides also varied among the mouse 7TM C-terminal variants. For

118 MaedeuNyiesHREFRINn Arhs-BretoRa 8 Wik EflQRAIO Ain AHNIBR Nc Quantiicalipr At liand Riamst
mMERClIBICRGRIGAM BRIGRAFIBNATHASIRMICAHFaDKS. EnabrRoNS- OLAGuk Y 2Mele more
eﬁiEé&WtﬁE?‘Q&’J-l&Q%t&% fFORMROR-1A than in MMOR-1. The C-terminal tail of mMMOR-1A contains four amino
Reitieyes) faenv ors  £aocyelo psdison Banthgieiatb o/ shew2a36BENLEAETAPLP, encoded by exon 4 in mMOR-1.

These results suggest that the C-terminal sequences can differentially influence the efficacy and potency in 3-

arrestin2 recruitment by these endogenous opioid peptides. No correlation between the ECsy and E, 5y Values was
observed. Like the endogenous opioid peptides, mu opioids such as morphine, fentanyl, and methadone also
revealed marked differences in both potency and efficacy of (B-arrestin2 recruitment among the mouse 7TM

variants.

To compare B-arrestin2 recruitment with G protein coupling, [3°S]GTPyS binding was performed in the same CHO
cells used in the B-arrestin2 recruitment assay [B. Again, the endogenous opioid peptides and mu opioids
displayed differential profiles of [3°S]JGTPyS binding among the mouse 7TM variants B, Consequently, the bias
factor can be mathematically determined by using the parameters from B-arrestin2 recruitment and [3°S]GTPyS
binding assays with the operational model of Black and Leff 117118l 5 model commonly used in GPCR field, to see
if an agonist is B-arrestin2-biased or G protein-biased. Heatmaps from the calculation revealed a wide range of
differences in bias factors of the endogenous opioid peptides and mu opioids (Figure 4) B9, When the bias factors
were normalized to DAMGO at mMOR-1 (Figure 4A), [Met]°Enkephalin-Arg®-Phe’ showed the most G protein bias

toward mMOR-1E, as indicated by the highest positive number (+24.5), while it was B-arrestin2-biased against
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MMOR-10 (-2). Similar scenarios were seen in endomorphin-1 and p-endorphin. When the bias factors of

individual agonists were normalized to mMMOR-1 (Figure 4B), all endogenous opioid peptides and mu opioids

excluding endomorphin-2 clearly displayed B-arrestin2 bias toward mMOR-10, an exon 7-associated 7TM variant,

compared to mMMOR-1. Similarly, all endogenous opioid peptides and mu opioids except for [Met]°’Enkephalin-Arg®-
Phe’ showed greater B-arrestin2 bias in mMMOR-1B1. Interestingly, [Met]°Enkephalin-Arg®-Phe’ exhibited G protein

bias toward all 7TM variants with the exception of MMOR-10. These results underline the functional importance of

these 7TM C-terminal variants on biased signaling induced by not only various mu opioids but also by endogenous

opioid peptides.

A. Normalized to DAMGO at MOR-1

MOR-TR| MOR-1 | MOR-1A | MOR-1B1| MOR-1C | MOR-1E | MOR-10
DAMGO 31 1.0 -1.9 35 | 19 16 (
Morphine -1.1 -1.5 -1.7 1.3
B-Endorphin -21 -1.9 -24 -1.3 y 2 |
Endomorphine-1 0 3.3 -1.5 13
Endomorphine-2 -2.2
Met-Enk-Arg-Phe 31 5.7 0 -2.0
Methadone 13 21 13 29 0
Fentanyl! 0 -1.9
B. Normalized to each drug at MOR-1
MOR-TR | MOR-1 | MOR-1A | MOR-1B1| MOR-1C | MOR-1E | MOR-10
DAMGO -3.1 1.0 1.9 35 | 49 1.6 (
Morphine 14 1.0 -1.1 -2.8 1.2 33
B-Endorphin 1.0 11 -1.1 1.6 3.7
Endomorphine-1 1.0 2.2 -2.5 -1.5 3.7
Endomorphine-2 1.0 21 -2.1 -1.3 1.1 1.1
Met-Enk-Arg-Phe 1.0 25 1.9 6.7
Methadone 1.0 -1.6 - 1.4 4
Fentanyl 1.0 -11 2.2 2.3 X
-50 +50
B-arrestin2 Biased G-protein Biased
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Figure 4. Heatmap of biased factors (adopted from [81l). Biased factors were calculated using the Black and Leff
Operational Model by using different normalization methods, as described in 1., (A). Normalized with respect to
DAMGO at MOR-1 for a comparison between drugs and variants. (B). Normalized with respect to each drug at
mMOR-1 for a comparison across variants. The negative (blue) values indicate B-arrestin2 bias whereas the

positive bias (red) values indicate G protein bias.

Why do the C-terminal sequences have marked impact on biased signaling by endogenous opioid peptides and mu
opioids in terms of G protein coupling and B-arrestin2 recruitment? One possible mechanism is that different C-
terminal sequences contain various potential phosphorylation sites and differential phosphorylation induced by mu
agonists can modulate G protein and/or B-arrestin2 signaling. The C-terminal tails encoded by exon 7 have a
consensus phosphorylation code, PXPxXE/D or PxxPxxE/D, for high affinity arrestin binding that was predicted from
the crystal studies of GPCRs 72, When this code was mutated, mMMOR-10, an exon 7-associated 7TM variant was
unable to recruit B-arrestin2 by mu agonists (unpublished data). This may explain why mMOR-10 had most (-
arrestin2 bias toward most mu agonists including endogenous opioid peptides. Another possibility is that the C-
terminal sequences can interact with intracellular loops of the receptor that are important for G protein or -
arrestin2 signaling or with other receptor-associated signaling proteins, a similar mechanism for the differences in
the binding affinity of the endogenous opioid peptides among 7TM variants as mentioned above. Finally,
different C-terminal tails may modulate receptor conformations favoring either G protein coupling or B-arrestin2
recruitment particularly induced by endogenous opioid peptides. Biased signaling has been referred to different
signaling pathways produced by various agonists on a single GPCR. The results from the 7TM C-terminal variants
offer another meaning of biased signaling in which a single agonist can stimulate divergent signaling pathways via

multiple 7TM C-terminal variants.

| 7. Conclusions

Extensive alternative splicing of the OPRM1 gene creates multiple splice variants or receptor isoforms that are
conserved from rodent to human, providing new insights into our understanding of the complex actions of various
mu agonists, including endogenous opioid peptides. Like most mu opioids such as morphine and fentanyl,
endogenous opioid peptides can differentially induce G protein coupling, B-arrestin2 recruitment, and biased
signaling through various 7TM C-terminal splice variants. Variable binding affinities of endogenous opioid peptides
toward the 7TM C-terminal variants indicate the influence of C-terminal tail sequences on overall receptor structure
and/or ligand binding pockets for the endogenous opioid peptides. Future structural determination of such
influences by the C-terminal sequences using new technologies such as high-resolution cryogenic electron
microscopy would greatly advance our knowledge on the role of the 7TM C-terminal variants, especially in the
pharmacology of endogenous opioid peptides. Although all the results presented in this review were obtained from
in vitro cell models, they suggest the functional relevance of these 7TM C-terminal variants in mediating the actions
of endogenous opioid peptides and mu opioids in vivo where they are co-expressed. The in vivo pharmacological
function of an endogenous opioid peptide or a mu opioid should be considered as its combinational effects on

different 7TM C-terminal variants. Region-specific or cell-specific expression of the 7TM C-terminal variants also
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raises questions on whether the 7TM C-terminal variants have distinct roles in a region-specific or cell-specific
manner. It will be interesting to further investigate in vivo functions of each individual 7TM C-terminal variant using

novel gene targeting animal models in which only one individual 7TM C-terminal variant is expressed.
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