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1. Introduction

1.1. The opioid receptors as G-protein-coupled repéors

Opioids are one of the oldest drugs, which areaei¢d from the planPapaver
somniferum. The opioid ligands exert their pharmacologicdees, most importantly
analgesiayia opioid receptors located in the central nervoustesy (Pert and Snyder,
1973; Simonet al., 1973; Terenius, 1973). Opioid receptors beloagttie large
superfamily of G protein-coupled receptors (GPCRjaracterized by seven
transmembrane (TM) domains with extracellular Nvti@al, and intracellular C-terminal
regions (Eguchi, 2004). The TM domains are conmkbteextra- and intracellular loops,
out of those the second and third intracellulapbbave been proposed to interact with
Gi/G, proteins (Harrisort al., 1998). The G-proteins are heterotrimerstof 3 - andy-
subunits and the-subunit is bound to GDP in the basal state (Gilni&@86). When a
ligand activate the receptor, the G-protein bindsthe receptor and tha-subunit
exchanges the GDP to GTP resulting conformatiohahges in the G-protein, thereby
activating thea-subunit. Therefore, the G-protein dissociates ftbenreceptors, as well
as the subunits from each other, issuinr@TP monomer an@y dimer. Thea-GTP-
subunit binds to an effector molecule and activatethan hydrolyse the bound GTP to
GDP. Thea-GDP-subunit dissociates from the effector, reasseovith thefy dimer
and the cycle is back to the basal state (Koskikdad, 1981).

1.2. Different types and subtypes of GPCRs: possékxplanations of the existence of
these subtypes

GPCRs can be devided into 6 classes based on ssghemology and functional
similarity. Each class has more subclasses, fanplathe rhodopsin-like receptors have
19 subclasses (Joost and Methner, 2002). Furtherraobtypes of many types of GPCRs
could be defined based on molecular or functionatlies. There are many possible
explanations for the existence of these subtypas.d the most common explanations is

that the different subtypes of the receptors amo@ed by different genes, as in the case



of the al adrenergic receptors, which have 3 different ypég encoded by 3 different
genes (Docherty, 1998; Zhong and Minneman, 1999).

It is possible that although only one gene has lbeand and the different subtypes
represent either alternatively spliced variantstlod same gene, or distinct protein
products from the same mRNA that have undergonéerdift posttranslational
modifications. For example, many of the dopamineeptor types have different
transcript variants encoded by the same genet(&u, 1995; Girost al., 1991; Zhangt
al., 2007).

Very distinct receptors may form a homo- or heteligemer complex that displays
altered ligand binding and signaling propertiesrfrthose of the individual receptors
(Georgeet al.,, 2002). GABA receptors have 2 subunits, which are encoded by 2
different genes. These subunits are GABABd GABAB, which form a heterodimer,
and this new receptor is the functional GAB#eceptor (Marshall and Foord, 2010).

1.3. Different types of the opioid receptors
Three opioid receptor typeg,(d andk) have been defined by means of radioligand

binding, pharmacological assays and molecular op(iEvanst al., 1992; Kiefferet al.,
1992; Waldhoerrt al., 2004). The main differences between the thrdeidpeceptor
types are summarized in Table 1.

Although p-, 8- andk-opioid receptors show highly conserved homologyhieir
structures, each opioid receptor have differentagylation and phosphorylation sites
(Table 1).

The three opioid-receptor types could be distingedsby their different affinity for
binding the opioid ligands (Eguch2004). The well-knownu-selective ligands are the
opioid alkaloid morphine and its derivatives aslvesl peptides, such as DAMGO (Tyr-
D-Ala-Gly-ME-Phe-Gly-ol); dermorphin (Tyr-D-Ala-Ph@ly-Tyr-Pro-Ser-NH),
cyprodime (N-cyclopropil-3,14-dimethoxymorphinarefi}, CTAP (H-D-Phe-Cys-Tyr-
D-Trp-Arg-Thr-Pen-Thr-NH) and CTOP (D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-
NH,).



Table 1. The main features of the (MOR), 5- (DOR), anck- opioid receptors (KOR)

MOR DOR KOR
Structural information 400 aminoacids 372 aminoacids 380 aminoag
Gene ~ 53 kbp ~ 32 kbp ~ 16 kbp
cnromosomal 6024-25 1p34.3-36.1 8g11.2
ocalization
Glycosylation sites 5 2 2
Phosphorylation sites 3~4 4~7 5~7
Localization in the CNS | thalamus bulbus olfactorius hypothalamus
locus coeruleus caudate putamen hypophysis
dorsal horn of spinal | neocortx epiphysis
cord nucleus accumbens | neocortx
neocortx amygdala nucleus
nucleus accumbens accumbens
amygdala amygdala
Signal transduction CAMP | CAMP | CAMP |
cd* channel| cd* channel| c&* channel
K* channel} K* channel} K* channel}
Physiological effects antinociception antinociception stress-
euphoria sedation antinociception
respiratory depression flexor-reflex inhibiton | dysphoria
PRL-release ADH-release GH-release
increased nutrition pupil-constriction hypotension
obstipatio
Endogen peptides endomorphin-1 and -2 Leu-enkephalin dynorphin-A
B-endorphin Met-enkephalin
Selective agonists morphine DPDPE EKC
DAMGO deltorphin II U-50488
dermorphin
Selective antagonists cyprodime naltrindole NOR-BNI
CTAP and CTOP TIPP
BNTX, naltriben
Nonselective antagonist | naloxone naloxone naloxone

Based on Eguchi (2004),

Mansatial. (1998), Satoh and Minami (1995), Waldhetal. (2004).

The 3-selective ligands are DPDPE (Tyr-c[D-Pen-Gly-Ph&&n]-OH), deltorphin

(Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH),

dehydro-4,5-epoxy-3,14-dihydroxy-6,7-2',3’

benzylidenenaltrexone

naltriben

indolompdinan),

naltrindole (17-Cyclopropylmethyl-6,7-
BNTX
(17-(Cyclopropylmethyl)-6,7-didehydro-3f3t

(7-

dihydroxy-4,m-epoxy-6,7-2',3'-benzb[furanomorphinan mesylategnd TIPP (H-Tyr-

Tic-Phe-Phe-OH). The-selective ligands are dynorphin-A (Tyr-Gly-Gly-Rbeu-Arg-

ds



Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GIn-OH), 80488 (2-(3,4-dichlorophenyl)-
N-methyl-N-[(1R,2R)-2-pyrrolidin-1-yl-cyclohexyl]lacetamide), EKC (#etociklazocin)
and NOR-BNI (17,17'-(dicyclopropylmethyl)-6,6',#&/6"-imino-  7,7'-binorphinan-
3,4',14,14'-tetrol) (Table 1). The effects of &k topioid ligands could be blocked by the
nonselective antagonist naloxone (17-allyl-dépoxy- 3,14-dihydroxymorphinan- 6-
one).

The opioid receptors are located in the central/owes system, mainly in those
areas, which play a role in the passing on andgssing of pain and in the limbic system
(Mansouret al., 1998). Each opioid receptor type has a diffelentlization in the
central nervous system, consequently differentnbaaeas display different:d:k ratios
showing the different function of the brain areb&afsouret al., 1995; Petrilloet al.,
1992; Pradhan and Clarke, 2005). All receptor typesld be found in the areas of
neocortex, nucleus accumbens and amygdala. Higsiteksnof-opioid receptors could
be shown in the thalamus, locus coeruleus anderdémsal horn of the spinal cord. The
o-opioid-specific areas are the bulbus olfactorind the caudate putamen, while the
opioid receptors have high numbers in the hypothata hypophysis and epiphysis
(Table 1).

The main physiological effect of the opioid recepts the antinociception, which
is mediated mainlyia p-opioid receptors. Unfortunately;opioid receptors have several
serious side effect®.. tolerance, physical and psychic dependence), wdrieHimiting
their clinical applications in pain management @slgidaet al., 1998; Horvathet al.,
1999; Shenet al., 2000; Spreekmeester and Rochford, 2000; Stnal. 1997).
Tolerance means that after repeated administraticdhe drug, the effects of the drugs
are decreasing, namely larger doses of the drugegreéred to achieve the same effect.
Dependence means that after chronic administrasfothe drug, the organism of the
patient adapted the presence of the drug and ialikence of the drug it is not able to do
its normal function (Harrisoret al., 1998). Dependence has physical (respiratory
depression, diarrhea, vomiting, cramps, insomnia psychic symptoms (craving for
drug, depression, anxiety), which could summargwighdrawal symptoms.

Nowadays 0-opioid receptors got into the focus of the reseabecause they also

have analgesic effect, but show less side-effeah gir-opioid receptors. Selective



agonists of thes-opioid receptors have been shown to produce beihak and
supraspinal antinociceptiona the 3-opioid receptor with less physical dependences les
respiratory depression and less constipation thampinme (Cowaret al., 1988; Heyman

et al., 1987; Maldonadat al., 1992). However, the analgesic response mediayed
opioid receptors is weaker tharopioid antinociception (Scherret al., 2004), thus-
opioid agonists efficacious enough are still todeweloped. It was found in an elegant
study using knock-out animals thatagonists preferentially reduce heat pain, whkie
agonists reduce mechanical pain (Schestrat., 2009). In contrast to these results, Wang
et al. (2010) showed the coexistencedefand p-opioid receptors in dorsal root ganglia
neurons suggesting direct interaction of opioicepars in opioid antinociception.

A new and promising direction is to use compoundth vimixed p-agonists-
antagonist profile (for a review see Schiléeal., 1999). This is based on the observation
that when morphine was co-administered witld-@eceptor antagonist, then increased
antinociception with an improved side-effect pm@fiftolerance and dependence) was
observed (Abdelhamidt al., 1991). Morphine was shown to retain jisreceptor-
mediated analgesic activity without producing tateze ind-opioid receptor knockout
mice suggesting thatreceptors had a major role in the developmentlefance Zhu et
al., 1999.

1.4. The putative subtypes of thé-opioid receptors

Classicalin vivo pharmacological studies have suggested the eresteindifferent
subtypes of each of the three opioid types (Jaral., 1991; Mattiaet al., 1991; Paukt
al., 1989; Sofuoglwet al., 1991; Vanderalet al., 1994; Zukinet al., 1988). The first
opioid receptor cloned was the mowsepioid receptor (Evana al, 1992; Kiefferet al.,
1992). The classification of th&-opioid receptor subtypes is based on data from
analgesic assays in mice, showing that the effeBtRDPE was blocked by BNTX and
this subtype of thé-opioid receptor was defined as theopioid receptor (Portoghese
al., 1992; Sofuogluet al., 1993). The effects of deltorphin Il were antaged by
naltriben and it was as signed as dh®pioid receptor (Sofuoglat al., 1991; Takemori
et al., 1992). The lack of antinociceptive tolerance westn DPDPE and [D-



Ala®|deltorphin 1l provided further support for the stdnce ofd-receptor subtypes
(Mattia et al., 1991). Since naltriben displayed a higher affithan BNTX for the
cloned d-opioid receptor (DOR-1) both in binding and fuocial experiments (Lavet
al., 1994), the cloned-opioid receptor was thought to correspond to thermacological
O,-subtype (Raynoret al., 1994). The existence of receptor subtypes wathdu
supported by adenylyl cyclase regulation (Bugiaal., 1994; Olianas and Onali, 1995)
and antisense mapping (Rosisal., 1997; Standifeet al., 1994).

However, these propose&dopioid receptor subtypes could not be distingudsae
the molecular level (Allouchet al., 2000; Mansouet al., 1995; Zakiet al., 1996). Only
one d-opioid receptor gene (DOR-1) has been cloned filmeamphibiarRana pipiens
(Stevenset al., 2007), mouse (Zhet al. 1999), rat (Fukuda&t al., 1993) and human
(Knappet al., 1994) brain so far. Zhet al. proposed that the DOR-1 geaecodes both
the &; and &, subtypes (Zhwet al., 1999). Contrary, tw@-opioid receptor genes have
been cloned froraebrafish (Barralloet al., 1998; Pinal-Seoaret al., 2006), but they did
not seem to correspond to the propodexpioid receptor subtypes (Gonzalez-Nurmez
al., 2007). One splice variant has been revealed ByNA analysis in mouse brain
(Gavériaux-Ruffet al., 1997), but the existence of this splice varainthe protein level
remains to be demonstrated.

Receptor binding studies performed with variousanids and various tissues
resulted in conflicting results showing only oneo(@oret al., 1997; Tollet al., 1997) or
heterogeneous (Fangt al., 1994; Kim et al., 2001) d-opioid sites. Receptor
autoradiography using proposég and &,-selective agonists either has not revealed a
discrete distribution for the two receptor subty@euarderest al., 1993), or has shown
that the binding sites oftilDPDPE and YH]DSLET displayed differences in some
single anatomical structures (Hilleral., 1996). It was demonstrated that the selectivity
of some agonists foB-opioid receptor differs in different species. Fexample, -
endorphin, [Letjenkephalin, DSLET (Tyr-D-Ser-Gly-Phe-Leu-Thr) aBADLE ([D-
Ala? D-Lew]enkephalin) are selective agonists for &hepioid receptor in mouse, but not
in human, cells (Raynaat al., 1994, Tollet al., 1997) The issue is further complicated
by the observation that selectivity of a ligamdvitro (seen in binding studies) does not

always correspond to its specificityvivo andvice versa. The use of various antagonists



or antisense oligonucleotides, as well as co-adnation and cross-tolerance studies
suggested that-receptors may be involved, with possible functlqma interactions, at
least in someé-opioid functions (Rozenfele al., 2007; Traynor and Elliot, 1993; Zadii
al., 1996).

Some of the results suggest tbatpioid receptors can form heterooligomers with
H-opioid receptors (George et al., 2000; Hasbil.et2807; Traynor and Elliot, 1993).
Ribaet al. propose that during tolerance, a change occutsiconformation of either-
and/ord-opioid receptors, changing their physiologicaknaction (Riba et al., 2002). It
was also shown thatopioid receptor antagonists could enhance the hoepmediated
intrathecal analgesia, which provides the possibility of theefaction between DOR and
MOR as a heterodimer (Gomes et al.,, 2004). Thezefive heterodimeric associations
betweenu-6 opioid receptors can also be used as a modehé&dévelopment of novel
multi-target analgesics with favorable side-efigadfile.

Recently, however, it was reported that the putady and d,-agonists have
opposing and synergist effects on ethanol conswmpAuthors postulated that while the
0;-opioid receptor is & heterodimer, thé,-opioid receptor is &6 homodimer (van
Rijn and Whistler, 2009). Thereby, the authors haamforced the idea tha- andd,-
opioid receptors are distinct molecular target® (Rgn and Whistler, 2009).

Opioid effects within thecanine sinoatrial node, which regulates the normal
cardiatic rhytm, were also shown to be bimodal varacter, namely low doses are
vagotonic, acting ol;-receptors, and higher doses are vagolytic, admg,-receptors
(Fariaset al., 2003a, b)&-opioid receptors have been implicated in reduanygcardial
structure injury, while theb,-opioid receptors in raising the postischemic myoic
mechanical functions, bothopioid receptor subtypes attenuating myocardigirynby
targeting the mitochondrial permeability transitipore (Zenget al., 2010). These results
suggest that the yet hypotheti@abpioid receptor subtypes may participate in dettin

physiological effects.



1.5. Structurally modified peptides, the TIPP famiy

The unique physiological role of the individual eptor types, however, is not
fully understood, mainly due to the paucity of sélee antagonists. Highly potent and
selectived-opioid receptor antagonists are not only esseptiarmacological tools for
ascertaining the biological processes mediated-bgioid receptors but may also have
therapeutic applications to reguladereceptor function in various clinical disorders,
including drug addiction (for a review, see Bryahtal., 1998). The availability ob-
opioid receptor antagonists with high potency aedeptor selectivity may facilitate
delineation of receptor types and subtypes. Usiriggonists is advantageous, since the
receptors might have different affinity states doedifferent G-protein coupling when
agonist binding is studied. These distinct confdromal states might be misinterpreted
as receptor subtypes.

There is high claim for having new analgesics Wets side effects. It was found
thatd-opioid antagonists, such as naltrindole or TIPR[@p$ Tyr-Tic[CH,NH]-Phe-Phe-
OH) significantly decreased the morphine-inducederemce and dependence
(Abdelhamidet al., 1991; Fundytust al., 1995). It suggests that usipgagonist andd-
antagonist ligands together, could be a usefulrreat for chronic pain. Therefore the
main direction of the opioid research is to devdlgands withp-agonistsd-antagonists
profile.

H-Tyr-Tic-Phe-Phe-OH (TIPP; Tic=1,2,3,4-tetrahycaguinoline-3-carboxylic
acid), represents the prototype of a new class ighlyn potent and selective,
conformationally constrainedopioid antagonists (Schillest al., 1992). Modifications
of TIPP resulted in a series dfantagonists with moderate to high bioactivity and
selectivity (Bryantet al., 1998; lojaet al., 2005, 2007; Marsdest al., 1993; Neviret al.,
1995; Schilleret al., 1993, 1999; Taottet al., 2007). A systematic study was earlier
performed in which each of the four amino acidsTéPP was substituted by all
stereoisomers of the correspondfgnethyl amino acid (Tourwet al., 1998). Alicyclic
[3-amino acids have two chiral centers, which arénddfask or Sresulting four possible
enantiomersRR;, RS SS SR) (Fulop, 2001). The effects of methylation of e

carbon of a side chain on the biological properntita peptide depends on the chiralities



of the stereoisomers. These structural modificatiomght have profound effects on the
potency, selectivity and pharmacological featuréstre parent peptide, especially
agonist/antagonist character of the ligand. Amdre riew analogs, Tyr-Tic-&3R)-3-
MePhe-Phe-OH displayed the highest affinity andeaelity to 6-opioid receptors in
receptor binding assays, and very hégantagonist potency in bioassays (Toumsveal.,
1998). The favorable properties of the new ligaradrant its wild application in further
pharmacological studies. This will be facilitateg the availability of the ligand in a
radioactive form.

O
HN—CH:—Cll—N ﬁ
2 c—HN—Cl:H—C—OH
GH —N—CH
ﬁl N | CH,
O
OH
Tyr-Tic-Phe-Phe-OH
O
HN—CH:—Cll—N ﬁ
2 | c—HN—?H—C—OH
CH, —N—CH
h? N | CH,
o
H» C-—-—CH3
OH
Tyr-Tic-(2S,3R)BMePhe-Phe-OH

Figure 1. Structures of TIPP (Tyr-Tic-Phe-Phe-OH) and Tye-12S,3R)--MePhe-Phe-OH.



2. Aims and scope

Tyr-Tic-(2S3R)-B-MePhe-Phe-OH was synthesized in unlabeled andtéa form (53.7
Ci/mmol) in the Isotope Laboratory of the BRC adlmhed (Birkaset al., 2008). The
aims of our work were to:

» fully characterize the new radioligandimvitro receptor binding experiments;

» visualize its binding sites by receptor autoradagmipy;

» investigate than vivo specificity of intrathecal Tyr-Tic-(2S3R)-3-MePhe-Phe-

OH in tail-flick analgesic assay;

> study the signaling and agonist/antagonist feaiseg the 1°S]GTR/S functional

assay;,

» set up conditions to measure putatyeandd,-opioid receptor functions vitro;

» check if Tyr-Tic-(2S53R)-B-MePhe-Phe-OH is able to distinguish amodyg

receptor subtypéas vitro.

The experiments were performed in membranes difrean, as well as wild type (wt) and
o-opioid receptor knock out (DOR-KO) mouse braind &hinese Hamster Ovary, CHO
cells stably transfected with recombinant humiopioid receptors (hDOR-CHO),
respectively.
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3. Materials and methods

3.1. Chemicals

[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH (53.7 Ci/mmol) antH]lle>®-deltorphin II
(49.5 Ci/mmol) were synthesized and tritiated ia Eotope Laboratory of the Biological
Research Centre (Szeged, Hungary) as publishedinNeval., 1994). The tritiated
compound was stored as a 37 MBgf@ulution in ethanol at -80 °C. No diketopiperazine
formation was detected by HPLC under these condit{data not shown). Guanosine-5'-
O-(3-[*S]thio)triphosphate {fS]GTRS) (37-42 TBg/mmol) was purchased from the
Isotope Institute Ltd. (Budapest, Hungary). Tyr-{253R)-3-MePhe-Phe-OH, TIPP,
lle®>®-deltorphin I, D-Al£-dynorphin-NH and deltorphin II were synthesized in the
Isotope Laboratory of the Biological Research Geri8zeged, Hungary) as published
(Buzaset al., 1992; Lunget al., 1995; Neviret al., 1994). Naloxone and naltrindole were
kindly provided by Dr. S. Hosztafi (Semmelweis Usisity, Budapest, Hungary).
DPDPE was from Bachem AG (Bubendorf, Germany). BN&xd naltriben were
purchased from Tocris Bioscience (Ellisville, MOSA). Guanosine 'Ediphosphate
sodium salt (GDP), Guanosiné-[$-thioJtriphosphate tetralithium salt (GTPS-Lig),
magnesium chloride hexahydrate, Tris(hydroxymethayhinomethane (Tris, free base),
bacitracin, NaCl, ethylene-bis(oxyethylenenitritejraacetic acid (EGTA), Kodak Sigma
Fixer, Kodak D-19 Developer and Kodak X-OMAT ARnfis were from Sigma-Aldrich
Kft. (Budapest, Hungary). Bradford reagent and bhewderum albumin (BSA) were from
Bio-Rad Laboratories (Hercules, CA, USA). The pesitof the peptides, alkaloids and

solvents were of at least 95% or analytical grade.

3.2. Rat and mouse brain membrane preparation
Adult malerats (Wistar, 2-3 months old) and wild type mic&78l/6J, 2-3 months

old) were handled in accordance with the Europeami@unities Council Directives
(86/609/ECC) and the Hungarian Act for the Protectiof Animals in Research
(XXVIIlLtv. Section 32). They were housed in a tesmture- and light-controlled room.
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Lighting was ensured in a 12-h cycle, and food water were availabled libitum. &-
opioid receptor knock-out, DOR-KO mice was geneafdatg replacing exon 2 with a
neomycin resistance cassette as published @hal., 1999). Whole brains (without
cerebellum) were dissected and homogenized in 83dmes (v/w) of ice-cold 50 mM
Tris-HCI buffer (pH 7.4) with a teflon-glass Bratmomogenizer as published (Boeb
al., 1997). The homogenate was centrifuged at 200@D for 25 min at 4°C, the
resulting supernatant was carefully discarded &edpellet was taken up in the original
volume of Tris-HCI buffer. After homogenization Wwitan all-glass Dounce, the
homogenate was incubated at €7 for 30 min in a shaking water-bath. Centrifugatio
was then repeated as described above. The firat pels suspended in 5 volumes of 50
mM Tris-HCI pH 7.4 buffer containing 0.32 M sucrp&®zen in liquid N and stored at -
80 °C. Prior to the experiments, an appropriate aliguas melted, diluted with 5-fold
Tris-HCI buffer and centrifuged at 20,000 x g f& @in to remove sucrose. The protein
content of the membrane preparation was deterntiyethe method of Bradford, BSA
being used as a standard (Bradford, 1976).

3.3. hDOR-CHO cell membranes
Membranes of Chinese Hamster Ovary, CHO cells wtédsinsfected with the

humand,-opioid receptors (hDOR-CHO, Malatynskial., 1995) were purchased from
PerkinElmer (Boston, USA). They were suspendedim®! TRIS-HCI (pH 7.4), 5 mM
MgCl, and 10% sucrose and stored at -80 °C until user e F°S[GTP/S functional
assay, they were melted and diluted with 50 mM-HCI buffer (pH 7.4) to yield in 10
pHg protein/tube. Prior the saturation experimeats,appropriate aliquot was melted,
diluted with 5-fold Tris-HCI buffer and centrifugeat 20,000 x g for 25 min to remove
sucrose. The protein content of the membrane paigparwas determined by the method
of Bradford, BSA being used as a standard (Bradfb®d@6).
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3.4. Analgesia measurement
All procedures have beeapproved by thdnstitutional Animal Care and Use

Committee of UMDNJ (Piscataway, NJ, USA). Mice (B%8J, both genders, 2-3
months old) were lightly anesthetized by isofluralmrathecal (i.t.) lumbar puncture
was performed using a modified version of the metbbHylden and Wilcox1980 as
reported (Porreca and Burks, 1983). All drugs whssolved in physiological saline and
administered to 7-16 mice/group. Animals were itgdentrathecally with 5 ul saline or
Tyr-Tic-(2S3R)-p-MePhe-Phe-OH (10 pg,13 nmol) immediately followsy 2 pl of
either DPDPE (8 ug, 12 nmol), 1’&deltorphin Il (15 pg,19 nmol) or DAMGO (6 ng, 12
pmol). The site of injection was chosen to be betwk5-L6 areas, which minimize the
possibility of the spinal damage (Hylden and Wilcd©80). Analgesic latency was
assessed by the tail-flick method 15 minutes latbe radiant heat tail-flick assay was
performed as published using a light intensity tha@tduced baseline latencies ranging
from 2-3 seconds and a 10 seconds cut-off time @lall, 1999). The percent maximal
possible effect (% MPE) was calculated using thentda: (measured value — baseline
value) / (cut-off time — baseline value) x 100% 0@y comparisons were performed by
two-tailedt-test. After the experiments, cursory examinatibthe injected mice for 1-2

h (Hylden and Wilcox, 1980) showed no evidencewaranotor impairment.

3.5. Receptor binding assay
Preliminary experiments revealed that silanizatbthe pipette tips and the use of

polystyrene reaction tubes was necessary to miriniie radioactivity loss due to
adsorption. The time course of association was umedsby incubating (0.7 nM)
[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH with the protein for the indicatedets. To assess
the dissociation rate constant, the radioligand wwesbated with the protein for 90 min,
which was followed by the addition of @M naloxone, and the dissociation of the
radioligand was subsequently assessed for 120 Alinbinding experiments were
performed at 25C for 90 minutes in a final volume of 1 ml of 50 mMis-HCI buffer
(pH 7.4). Saturation binding experiments were penfx with increasing concentrations
(0.05-5 nM) of fH]Tyr-Tic-(2S53R)-B-MePhe-Phe-OH in the absence or in the presence
of 200 mM NaCl and rat or mouse brait1 Q0 ug protein/tube) or hDOR-CHO=(25 nug
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protein) membranes. Competition binding experimevese performed by incubating rat
or mouse brain membranes in the absence (totalngnaor in the presence of various
concentrations of unlabeled opioid ligands afd]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH
(0.7 or 1.5 nM) by increasing concentrations ofrappatepy- (DAMGO, endomorphin-

2, naloxone)g- (TIPP, naltrindole, DPDPE, ft&deltorphin Il, BNTX, naltriben) and-
opioid ligands (U50,488, D-Afadynorphin-NH) and rat or mouse brain membranes at
~250 or=150pug protein/tube, respectively. The nonspecific bmgdivas determined with
10 uM naloxone in rat brain or M naltrindole in mouse brain membranes and
subtracted from the total values to give the spebihding. The reaction was stopped by
diluting the samples with 5 ml of ice-cold Tris berf followed by rapid filtration through
Whatman GF/C glass fiber filters (Whatman LTD, Maahe, England) with a Brandel
M24-R Cell Harvester (Gaithersburg, MD, USA). Hi#tevere washed twice with 5 ml of
ice-cold TRIS buffer, air-dried and counted in &uéme-based scintillation cocktail in a
Wallac 1409 Counter (Wallac, Turku, Finland). Aisays were performed in duplicate

and repeated at least three times.

3.6. Ligand-stimulated F>S]GTPyS functional binding
Membranes of hDOR-CHO cel(40 ug protein/tube) were thawed and incubated

with [*®S]GTR/S (0.1 nM), appropriate concentrations of the ldgtested, 100 mM
NaCl and 3uM GDP in TEM (50 mM TRIS-HCI, 1 mM EGTA and 5 mM Mgy, pH
7.4) buffer for 60 minutes at 30 °C in a total voki of 1 ml as published (Cinar and
Szucs, 2009). The same conditions were used in tydd and DOR-KO mouse brain
membranes, except that the concentration of GDP1®@gM (Bozoet al., 1994; Fabian

et al., 2002). Nonspecific binding was determined with iIM GTR/S and subtracted.
Bound and free®fS]GTR/S were separated by vacuum filtration through Wiaati® F/F
filters with a Brandel M24-R Cell Harvester as apoasal activities assessed in the
absence of opioids were defined as 0%. Data areeses@d as % of the basal activities

and are the means = S.E.M. of at least 3 indepemdgeriments performed in triplicate.
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3.7. Receptor autoradiography
The rats (Wistar, both genders, 2-3 months old) e (C57BI/6J, both genders,

2-3 months old) weranesthetized with diethyl ether and decapitatea Biains were
quickly removed, embedded in Cryomatrix embeddingdionm (Shandon Scientific,
Pittsburgh, PA, USA) and frozen immediately at <80 Serialcoronal cryostat sections
(15 um) were cut at four or six different levels fronetblfactory bulb to the cerebellum,
ascertained according to the brain atlas of Paxamus Watson (1997) or Franklin and
Paxinos (2004). Tissue sections were thaw-mountéd 8aminopropyltriethoxysilane-
coated glass slides, air-dried and stored at -8Qufil further processing. Receptor
autoradiography was carried out according to Gaetyal. (1986) as it is published by
Keresztest al. (2011). In brief, sections were incubated with ante of the radioligand
corresponding to approximately three or four tirttesir Kp value, as determined in the
kinetic binding experiments, i.e. 2 nMH]Tyr-Tic-(2S3R)-B-MePhe-Phe-OH and 1.5
nM [*H]lle>®-deltorphin Il (Nevinet al., 1994). The nonspecific binding was measured
by the addition of UM naloxone. Tissue sections were washed three tffrfemin each)
with Tris-HCI buffer (50 mM, pH 7.4, 4C). After the final rinse, the sections were
quickly dried and exposed to Kodak X-OMAT films féror 9 months at -80C. The

films were developed with the use of Kodak D-19ealeger solution.

3.8. Data analysis
All curve fittings were performed with the GraphFwlsm 4.0 software (GraphPad

Prism Software Inc., San Diego, CA, USA). The kimebinding parameters o
(observed pseudo-first-order rate constant) apddlssociation rate constant) were
obtained by nonlinear regression analysis. The céson rate constant, ;kwas
calculatedvia the equation k= (kopskg)/[radioligand]. The equilibrium dissociation
constant, I§ was calculated from the kinetic rate constantsfollews: Kp = kg/Ka.
Nonlinear regression analysis of the saturatiorvesirwas performed to obtain the
equilibrium Ky and Brax (receptor density) values. §€(the concentration of the ligand

required to achieve 50 % inhibition) values wer&oted from the displacement curves.
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The inhibitory constant, Kvalues were calculated with the equation; K
ICs¢/(1+([ligand]/Kp), where K valuesfor Tyr-Tic-(2S3R)-p-MePhe-Phe-OH were 0.25
nM in rat or 0.18 nM in mouse brain membranes takem the isotope saturation
curves. Eax (maximal stimulation) and Ef (the concentration of the agonist required to
achieve 50 % of the maximal stimulation) values eveletermined by nonlinear
regression of the dose-response curves in thedigéimulated °S]GTR/S functional
assays. Apparent antagonist affinity constagtyddues were calculated with the equation
Ke= [antagonist])/(ERy in the presence of antagonist/gh the absence of antagonist)-1
(Kosterlitz and Watt, 1968). Statistical analysi@swperformed using ANOVA or
Student'd-test analysis.

Autoradiographic images of the sections were sahm@ie00 x 600 dpi resolution
and analyzed with the computer program Image Jsimerl.32; developed by W.
Rasband (National Institutes of Health, Washingi®@) and downloaded from the
Internet at http://rsb.info.nih.gov/ij). Regions ioterest were outlined on the computer
screen and their signal intensities were measuteely values between 0O (lightest) and
255 (darkest) were assigned to the grayness afrthges. The specific gray values were
determined by subtracting the nonspecific valuesnfthe total ones. The lowest value
was considered 0 %, while the highest value, cparging to the highest receptor
density in the external plexiform layer of the aliary bulb, was accepted as 100 %. Grey
scale values between 0-33, 33- 66, 66- 90 and 90%.Qvere considered as brain areas

with low, medium, high and extremely high recepmensities, respectively.
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4. Results

4.1. Kinetic parameters of fH]Tyr-Tic-(2 S,3R)-B-MePhe-Phe-OH in rat brain
membranes

Association (Fig. 2A) and dissociation (Fig. 2B)nding experiments were
performed with {H]Tyr-Tic-(2S3R)-B-MePhe-Phe-OH at 2% in rat brain membranes.
The specific binding reached the steady state loyta60 min and remained stable for
150 min, the longest time examined. At this radiatid concentration (0.7 nM), under
equilibrium conditions, the nonspecific binding wasout 30 % of the total binding (data

not shown).
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Figure 2. Time course ofH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH binding at 2&. A) 0.7 nM radioligand
was incubated with rat brain membranes (20048§)0for the indicated times. B) Dissociation wagiated

by the addition of 10 uM naloxone and measuredLff minutes. The nonspecific binding was assessed
with of 10 pM naloxone and subtracted from the Itetdues to yield in specific bindinga]. Means+

S.E.M., n=3, performed in duplicate. Non-visibl&34. is within the symbol.
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Dissociation of the radioligand proceeded with tfoeder kinetics with a
dissociation rate constant;% 0.010+ 0.001 mir. This value and the observed pseudo-
first-order rate constanted = 0.039+ 0.003 mir*, were used to calculate the second-
order association rate constant=k0.016+ 0.002 mift x nM*. The kinetically derived

equilibrium dissociation constanKvas calculated to be 0.64 nM (Table 2).

Table 2. Kinetic parameters ofH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH binding at 2&

in rat brain membranes

Kinetic parameters

Kobs (Min™) 0.039+ 0.003
ka (min™) 0.010+ 0.001
ka(min™x nM™) 0.0162 0.002
Ko (nM) 0.64

Where ks is the observed pseudo-first-order rate constanis the dissociation rate constant determined
from the data shown in Figure 2 using GraphPadnPrdemputer program as described in Methods. The
association rate constant, was calculated with the following equation:=k (k,pskg)/[radioligand] ] where
the concentration of the radioligand, [radioligam@ds 0.7 nM. The equilibrium dissociation const#qf,was
calculated as follows: K= kyk, Data are means + S.E.M. of 3 independent expeatsnperformed in

duplicate.

4.2. Equilibrium binding parameters of [PH]Tyr-Tic-(2 S,3R)-B-MePhe-Phe-OH in
various membranes

The specific binding of*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH was saturable and
of high affinity both in rat and wild type mouseabr, and hDOR-CHO membranes.
Computer-assisted analysis of the binding hypegmidicated that a single-site binding

is preferred over a two-site model suggesting tkistence of a single population of
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binding sites with a Kof 0.16+ 0.005 nM and Raxof 85.9+ 6.3 fmol x (mg protein)
protein in rat, k= 0.18 + 0.02 nM and R,=102.7 + 9.9 fmol x (mg proteirt)in wild
type mouse and 0.5% 0.072 nM for the equilibrium dissociation constand 3100+
163 fmol x (mg protein) for the receptor density in CHO cells transfecigth the

human delta opioid receptors (Table 3).

Table 3. Equilibrium binding parameters ofH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH in
the absence and in the presence of NaCl in memb@nt, mouse brains and hDOR-
CHO cells

Membrane protein Condition Bmax Kb
(fmol x (mg protein)™) (nM)
Rat brain + no addition 85.9+6.3 0.16 + 0.005
+ NaCl 95.0 +3.8 0.04 + 0.00%
W1t mouse brain + no addition 102.7 £9.9 0.18 £ 0.02
+ NacCl 93.3+15 0.024 +0.002
DOR-KO mouse brain Not detected Not detected
hDOR-CHO + no addition 3100 + 163 0.57 £0.072
+ NaCl 3957 + 135 0.16 + 0.007

Receptor density, Bx and equilibrium dissociation constanty Kalues were calculated from the data of
linear and non-linear regressions using GraphPethRromputer program as described in Methods. There
were no significant differences between the resoftshe two types of regressions. Data are means +
S.E.M. of at least 3 independent experiments eadogned in duplicate. Statistically significanfesfts of

‘+ NaCl' (100 mM) versus ‘+ no addition’ on the limg parameters in appropriate membranes were

calculated using the Student t-test and indicased@<0.05.
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Notably, no detectable binding was observed in DBRmMouse brain membranes
showing that deletion of DOR-1 gene results in cletepelimination of H]Tyr-Tic-
(2S3R)-B-MePhe-Phe-OH binding sites. The antagonist feabfirdhe new radioligand
was assessed using the well-known effect of-iNas on opioid binding (Pert and
Snyder, 1974). The Kof the binding sites labeled witAH]Tyr-Tic-(2S,3R)-B-MePhe-
Phe-OH significantly decreased in the presence06f hM NacCl in rat and wild type
mouse brain and hDOR-CHO membranes, respectivelyl€T3). Receptor densities also
significantly increased to 3957 + 135 fmol x (m@tein)* in the presence of NaCl in the
latter. These results indicate that the new ragimid behaves as an antagonist in binding
assays.

The specificity of JH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH binding was studied with
increasing concentrations of various unlabeled -spexific opioid ligands in
displacement experiments. The #alue derived from a single-site binding for the
unlabeled ligand together with that of other opibghands is listed in Table 4. The
selective ligands showed the highest affinitieshi@a sub- and low nanomolar range for
[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH binding, with a rank order of potemgjtrindole
> Tyr-Tyc-(2S 3R)-B-MePhe-Phe-OH > IRf-deltorphin Il >TIPP > DPDPE both in rat
and mouse brain membranes. It was found that thebeled Tyr-Tic-(& 3R)-B-MePhe-
Phe-OH was 3- and 7-fold more potent than the parempound, TIPP (Table 4) in
mouse and rat brain membranes, respectively.

Among all the ligands tested, naltriben (putadyeselective antagonist) showed the
highest affinity and BNTX (prototypid; antagonist) was 175 times less potent (Table 5).
It should be noted that th&-specific ligands, agonists and antagonists alikere
slightly more potent thad;-ligands in mouse brain membranes (Table 5). Theewsal
opioid antagonist, naloxone displayed avKlue of 52.6 + 8.0 or 114 1.6 nM in rat or
mouse brain, which is in a good agreement withiditee data showing that it labels -
receptors with 700—fold higher affinity tharsites (Akiyamaet al., 1985). Low potency
was seen in the case of pu- astigands both in rat and mouse brain membranes|€Tab
4). Thereby, Tyr-Tic-(3,3R)-B-MePhe-Phe-OH is a highly specific antagonist & dh
opioid receptors. These results indicate that gettand &,-specific ligands have high
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affinity, with a tendency of slightly higher one tife latter, to compete for the binding

sites of Tyr-Tic-(&,3R)-B-MePhe-Phe-OH in radioligand binding experimentstro.

Table 4. K; values of site-specific opioid ligands for the diirg sites of JH]Tyr-Tic-
(2S3R)-B-MePhe-Phe-OH in rat and mouse brain membranes

LIGAND Ki (nM)

Rat brain membrang Mouse brain membrgane
Tyr-Tic-(2S3R)-B-MePhe-Phe-OH 0.68 £ 0.08 0.86+ 0.09
TIPP §) 4.85+0.51 2.37+0.28
Naltrindole §) 0.24 +0.02 0.20+ 0.02
DPDPE ) 7.34 +0.87 2.94+ 0.26
lle®>®-deltorphin 1 §) 1.85+0.36 1.97+ 0.20
DAMGO () 618 + 97 201+ 23
Endomorphin-2f) >10000 NM
U50,488 ) >1000 60+ 9
D-Ala?-dynorphin-NH (k) 820 + 139 201+ 23
Naloxone (1 >>« > 9) 52.6 £8.0 11.1+1.6

Brain membranes (150-25@y) were incubated with 0.7-1.5 nMH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH in
the presence of 8-10° M of unlabeled ligands for 90 min at 26. K; values were calculated by fitting the
displacement curves using GraphPad Prism programinear least-squares algorithm. Specific binding i
the absence of opioids was 67+ 2.4 fmol x (mg pnyteand 64 + 6.1 fmol x (mg proteih)n rat and mouse

brain membranes. Means + S.E.M. of 8, all performed in duplicate. NM means not meagdur
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Table 5. K| values of the putativé-opioid subtype selective ligands for the bindiitgs
of [*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH

LIGAND K (nM)
Tyr-Tic-(2S3R)-B-MePhe-Phe-OH 0.860.09
DPDPE 61) 2.94+0.26
BNTX (51) 3.21+0.22
lle®>®-deltorphin 1 §5) 1.97+0.20
Naltriben ¢,) 0.0183+ 0.0009

Mouse €150 ug protein) brain membranes were incubated %itkl.5 nM fH]Tyr-Tic-(2S 3R)-B-MePhe-
Phe-OH in the presence of ¥010° M of unlabeled ligands for 90 min at 26. K; values were calculated
by fitting the displacement curves using GraphPadni program nonlinear least-squares algorithm.
Specific binding in the absence of opioids was adoé4 + 6.1fmol x (mg protein}. Means + S.E.M. of n

> 3, all performed in duplicate.

4.3. Probing the subtype specificity of Tyr-Tic-(&,3R)-B-MePhe-Phe-OH in
antinociception assay in mice

The in vivo specificity of Tyr-Tic-(53R)-f-MePhe-Phe-OH was investigated by
measuring its ability to antagonize the analgediece of putative subtype selective
agonists at maximally effective doses as determigetier (Zhuet al., 1999). It was
found that Tyr-Tic-(&,3R)-B-MePhe-Phe-OH (10 pg, 13 nmol) significantly inkeli by
about 60% the effect of nearly equimolar dose oDBE, the putatived;-selective
agonist (Figure 3A). The same concentration ofahtagonist had no significant effect
on the antinociceptive effect of the putat®eselective agonist, Ifé-deltorphin Il (15
K1g, 19 nmol) and thp-specific agonist, DAMGO (Figure 3B, C). These tessuggest
that Tyr-Tic-(%53R)-3-MePhe-Phe-OH may behave as a putabiepecific antagonist

in the tail-flick analgesic assay.
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Figure 3. Mice were injectedntrathecally with 5 pl saline (striped boxes) or Tyr-Tic-$3R)-B-MePhe-
Phe-OH (10 pg, 13 nmol, empty boxes) followed hy &f either A) DPDPE (8 pg, 12 nmol, hypothetical
8;-agonist), B) ll&®-deltorphin Il (15 pug, 19 nmol, hypothetigatagonist) or C) DAMGO (6 ng, 12 pmol,
p-agonist). The radiant heat tail-flick analgesssay utilized a light intensity that produced basel
latencies ranging from 2-3 s. A 10 sec cut-off vimposed to minimize tissue damage. % MPE was
calculated as described in Methods. Group compasiseere performed by Studentidest analysis.

Significant antagonist effect is shown as * p <10.0=> 7.
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4.4. Probing the subtype specificity in ¥'S]GTPYS functional assays using putative

0:- and &,-opioid selective ligands in various membranes

To examine thein vitro pharmacology of the new TIPP-derivative in various
systems, we have also performed ligand-stimulat]GTR/S functional assay. It is a
widely applied method, which shows G-protein adtiovadue to agonist action, the first
step in the functioning of any G-protein coupledegtor, such as the opioid receptors.

Using agonists of various specificity, at variownecentrations, it was found that
DPDPE resulted in 32.9 = 1.9 % stimulation withEdDs, of 2009 + 67 nM, while 38.0
1.1 % stimulation and 584 + 13 nM Efvalue was determined for deltorphin Il in wild
type mouse membranes (Figure 4, Table 6). It carsd®n that Tyr-Tic-@3R)-p-
MePhe-Phe-OH dose-dependently inhibited DPDPE-$titham of G-protein activation
and completely eliminated at 100 nM (Figure 4A).nNimolar concentrations of the
antagonist decreased the potency, without influendhe efficacy, of the agonist.
Thereby, this concentration was used for furthedists in determining its potency on
putatives-subtypes, see below.

The antagonist potency {Kof Tyr-Tic-(2S3R)-B-MePhe-Phe-OH was determined
and compared to that of known subtype-specificgonests using a fixed concentration
of the antagonists against various concentratidrig-candd,-agonists (Table 6-7). The
optimal concentration of each antagonist was detetnin preliminary experiments so
that it should increase the EPwithout affecting the Fax value of the agonist. &alues
of the TIPP-derivative were calculated as descrihédethods and compared to those of
proposed®;- (BNTX) andd,-selective (naltriben) antagonists (Table 6-7). @htagonist
potency of Tyr-Tic-(&,3R)-B-MePhe-Phe-OH was 2.49 + 0.06 and 0.30 £ 0.01 nM
against DPDPE and deltorphin Il in mouse brain mambs, respectively. These values
agree well with the affinity of the ligand in bimdj experiments. Although thé&-
antagonist naltriben was more potent (lowe) &gainst theb,-agonist and BNTX was
equipotent against DPDPE and deltorphin 1l, thekrarder of the antagonist potencies
was similar in the case of the two agonists: ratmi> Tyr-Tic-(2S3R)-B-MePhe-Phe-
OH > TIPP > BNTX in mouse brain homogenate (Table 6
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Figure 4. Effect of Tyr-Tic-(%5,3R)-B-MePhe-Phe-OH on agonist-stimulaté]GTRS binding in wt (A,
B) and DOR-KO (C) mouse brain membranes. A) DPDREat 10°-10* M was co-incubated with Tyr-
Tic-(2S,3R)-B-MePhe-Phe-OH at 5 nMX), 10 nM (*) or 100 nM [0). DAMGO (O) at 10°-10° M was
co-incubated with Tyr-Tic-(83R)-B-MePhe-Phe-OH at 100 nM (X). Basal activities (80.15.5 and 63.4
+ 1.4 fmol x (mg protein in wild type and DOR-KO mouse brain, respectivelgre assessed in the

absence of opioids and defined as 0%. MeaBsk.M., n> 3, performed in triplicate. Non-visible S.E.M.

is within the symbol.
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Table 6. Antagonist potency (¥ of Tyr-Tic-(2S3R)--MePhe-Phe-OH and putative

opioid receptor subtype specific antagonists in sedorain membranes

Wild type mouse Bnax EDso Ke

(% stimulation) (nM) (nM)
DPDPE @, 329+1.9 2009 + 67
+ Tyr-Tic-(253R)-B-MePhe-Phe-OH (10 nM 35.9+6.1 10806 * 93* 2.49 +0.06
+ TIPP (10 nM) 40.5+2.9 9924 +164* | 2.66 +0.15
+ BNTX (10 nM) 27.3+£3.7 9894 + 338* 2.65 +0.02
+ naltriben (4 nM) 34.3+20 12245 + 396* 0.77 £ 0.05
Deltorphin Il ( &,) 38011 584 +13
+ Tyr-Tic-(25,3R)-B-MePhe-Phe-OH (5 nM) 439+2.2 10177 £327* | 0.30 +0.01
+TIPP (5 nM) 44.0+5.3 4133 + 482* | 0.86 +0.10"
+ BNTX (10 nM) 34.3+0.7 3245 + 100* 2.24+0.13
+ naltriben (1 nM) 39.9+3.0 3775+517* | 0.20£0.03

Increasing concentrations (1910* M) of DPDPE or deltorphin Il were incubated alanen the presence of

constant concentrations of Tyr-Tic§2R)-3-MePhe-Phe-OH, TIPP, BNTX and naltriben as indidaiasal

activities assessed in the absence of opioids defieed as 0 %. kxand ERQ, values were fitted using

GraphPad Prism software . Kalues were calculated as described in Methods. d&ia represent means +

S.E.M., n> 3, all performed in triplicate. Significant differees were determined by one-way-ANOVA and

set at p < 0.05 as follows: binding parameters BDPE or Deltorphin Il in the absence and preserice o

antagonists, antagonist potency of BNTX vs. other antagonistand antagonist potency of naltriben vs.

antagonist$.

Since the mouse brain is very heterogeneous angrésence of p-opioid receptors

has been shown to influence the pharmacology ofighads (Traynor and Elliot, 1993;
Zaki et al., 1996; Scherreat al., 2004), the existence 8fsubtypes and their blockade by
antagonists were also investigated in CHO cellasfected with the humady,-opioid
receptors (Malatynskat al., 1995). DPDPE gave 237.9 = 13.1% stimulation véth
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EDso of 24.4 + 0.3 nM and If-deltorphin Il gave 152.9 + 4.0% stimulation overshl

activity and its Elp value was 2.0 £ 0.1 nM in hDOR-CHO membranes @ab!

Table 7. Antagonist potency (¥ of Tyr-Tic-(2S3R)-3-MePhe-Phe-OH and putative

opioid receptor subtype specific antagonists in RBCHO cell membranes

hDOR-CHO Emax EDso Ke

(% stimulation) (nM) (nM)
DPDPE ©,) 237.9+13.1 24.4+0.3
+ Tyr-Tic-(2S 3R)-B-MePhe-Phe-OH (10 nM) 239.2 +20.4 508.1+18.6 | 0.51+0.02
+ TIPP (10 nM) 250.8 +10.9 319.7 £43.9 0.85+0.11
+ BNTX (10 nM) 238.2+23.1 112.6 +12.7 2.86 +0.36
+ naltriben (1 nM) 230.0 £29.9 636.5+31.7 | 0.04 +0.004
lle>®-deltorphin 11 ( &,) 152.9 +4.0 20+0.1
+ Tyr-Tic-(253R)-B-MePhe-Phe-OH (10 nM) 179.0£5.2 146.7 £13.1 0.15+0.02
+ TIPP (10 nM) 168.9 + 8.5 95.9 +8.0 0.22 +0.02
+ BNTX (10 nM) 152.6 + 6.6 49.0+3.9 0.44 +0.08
+ naltriben (1 nM) 152.5+6.4 150.3 +12.9 | 0.01+0.001

Increasing concentrations (1810* M) of DPDPE or II&°deltorphin Il were incubated alone or in the
presence of constant concentrations of Tyr-T®3R)-B-MePhe-Phe-OH, TIPP, BNTX and naltriben as
indicated. Basal activities assessed in the absafnapioids were defined as 0 %,&and EQR, values were
fitted using GraphPad Prism software. Mlues were calculated as described in Methods.dHta represent
means = S.E.M., & 3, all performed in triplicate. Significant differees were determined by one-way-
ANOVA and set at p < 0.05 as follows: binding paetens of DPDPE or Ifé-deltorphin Il in the absence
and presence of antagonistantagonist potency of BNTX vs. other antagoriisend antagonist potency of

naltriben vs. antagonisfs

The antagonist potencies of the tested ligand aygpl the same rank order, i.e.
naltriben> TIPP O Tyr-Tic-(2S3R)-B-MePhe-Phe-OB BNTX both against DPDPE and

lle>®-deltorphin Il. These results imply thatopioid receptor subtypes could not be
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distinguished by the ligand-stimulate8g]GTR/S assay neither in a cell line expressing

a homogenous population &opioid receptors nor in wild type mouse brain mesmnies.

4.5. Autoradiographic distributions of [*H]Tyr-Tic-(2 S,3R)-B-MePhe-Phe-OH and
[*H]lle >*-deltorphin II

The specificity of the binding sites in mosue braif [*H]Tyr-Tic-(2S3R)-B-
MePhe-Phe-OH was studied by receptor autoradiogragid compared to that of
[*H]lle>®-deltorphin Il (putatived,-subtype specific ligand).

Table 8. Autoradiographic signal intensities oH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH

and fH]lle®> -deltorphin Il binding in representative regiorisnild type mouse brain

Brain regions [*H]Tyr-Tic-(2 S,3R)-B-MePhe-Phe-OH | [°H]lle >*deltorphin II
binding binding
Olfactory bulb (total) +++ +++
External plexiform layer ++++ 4+
Olfactory tubercle ++ ++
Primary motor cortex ++ ++
Occipital cortex + +
Caudate putamen ++ ++
Medial septal nucleus + +
Hippocampus + +
Thalamus + +
Hypothalamus + +
Cerebellum + +
Corpus callosum + +

The sections were incubated witli[Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH (2 nM) oPHi]lle®> -deltorphin II

(1.5 nM) as described in Methods. The regions oérast ofcoronal sections were outlined on the
computer screen and their signal intensities wesasured. Grey scale values between 0-33, 33-68066-
and 90-100% were considered as brain areas with(4Qwmedium (++), high (+++) and extremely high

(++++) receptor densities, respectively.
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Figure 5. False-colored autoradiograms of the binding sig®led with 2 nM JH]Tyr-Tic-(2S3R)-B-
MePhe-Phe-OH (A) and 1.5 nfH]lle®>®-deltorphin 1l (B). Representativeoronal sections are shown at
the following approximate Bregma values: 3.56 (1)0 (2), 0.14 (3), -1.58 (4), -4.84 (5) and -6(8%fmm
outlined according to Franklin and Paxinos (Framklnd Paxinos 2004). CPu: caudate-putamen (strjatum
cb: cerebellum, ctx: cerebral cortex, EPI: extenplakiform layer of olfactory bulb, HC: hippocampus
Hth: hypothalamus, IC: inferior colliculus, S: sept, Th: thalamus, Tu: olfactory tubercle. Scale bdr
cm is shown in green at the lower right hand corke color bar was computer-generated and desiigned
give a measure of relative densities within an mdimgram. Red, yellow and blue colors represeat th
highest, medium and lowest levels of binding, reigely. Insert in the left bottom corner: represgive

false-colored autoradiogram of the nonspecific inigdneasured in the presence @fM naloxone.
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There were no significant differences between tis&idutions of the binding sites
of the two radioligands (Figure 5, Table 8). Higivdls were detected in the olfactory
bulb, extremely high in the external plexiform layé the olfactory bulb, medium levels
were shown in the olfactory tubercle, nucleus & taudate putamen and the primary
motor cortex. Low signals were observed in the dgampus, thalamus, hypothalamus
and cerebellum (Table 8). These results are in gapdement with the distribution of
[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH in rat brain (data not shown, se&aBiet al.,
2008).

Thereby, the regional distributions of the two ddigiands did not reveal significant
differences and agree well with that reported i TIPP (Bakotaet al., 1998) and other
o-opioid ligands (Mansoust al., 1993; Bausclet al., 1995) in mouse brain. No specific
labeling was detected with eithePH]lle>®-deltorphin Il or PH]Tyr-Tic-(2S3R)-B-
MePhe-Phe-OH in DOR-KO mouse brain sections (detamown).
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5. Discussion

Here we report on the detailed pharmacologicalasttarization of a new, highly
potent,3-opioid antagonists H]Tyr-Tic-(253R)-B-MePhe-Phe-OH. The novelty of the
ligand is that Phiiewas substituted by threo (2S3R)- p-MePhé in the prototype of a
new class of highly potent and selectbrepioid antagonists, TIPP. It was selected for
radiolabeling followed by detailed receptor bindidgaracterization based on previous
studies, showing that-methyl substitutions in different configurationsch profound
effects on the potency, selectivity and agonistigonist character of TIPP derived
peptides (Tourwet al., 1998).

Association and dissociation experiments showetthgaformation of the ligand-
receptor complex proceeded with second-order kisednd was reversible. Saturation
experiments were performed in membranes of ratnamalse brains, and in hDOR-CHO
cells. In all of these systems, the equilibriumusation experiments revealed a single
population of high affinity binding sites (Table. 3) should be noted that the receptor
density was slightly higher in mouse than in ratir Ky values obtained in equilibrium
binding studies are in good agreement with thelt®sd the kinetic experiments (Table
2). Also, the low nanomolar affinities agree welthwprevious literature data using the
parent compound or its analogs (Neeiral., 1993; lojaet al., 2007) as well as othér
selective ligands (Mosberj al., 1983; Portoghesst al., 1988; Sasalet al., 1991).

We also investigated thepKvalues of the TIPP-analog in the presence of NacCl,
since it is well known from the literature that Niacreases the affinity of the opioid
antagonists (Simoet al., 1975). We found that thepkvalue of fH]Tyr-Tic-(2S,3R)-B-
MePhe-Phe-OH decreased by about 4-fold in rat kmathhDOR-CHO and about 7-fold
in mouse brain membranes showing increased affofitthe ligand in the presence of
NaCl. These results suggest that the TIPP-anal@inesl the antagonistic character of
the parent ligand (Table 3). No specific bindingsveetected in DOR-KO mouse brain
membranes showing that the new ligand is spefié-bpioid receptors.

Competition binding experiments were performed kKndalues were defined in rat
and mouse brain membranes (Table 4). These reshuits that all the testedopioid
ligands displaced the®Hi]Tyr-Tic-(2S3R)-B-MePhe-Phe-OH with Ks in nanomolar

range. Low potencies were shown in the casg- @ndk-opioid ligands confirming the

31



d-opioid specificity of the TIPP-analog. It was alsbown, that Tyr-Tic-(33R)-3-
MePhe-Phe-OH was about 7-fold and 3-fold more gotsympared to the parent ligand
in rat and mouse brain membranes, respectivelyl¢Tdp These results confirm and
extend the previous data obtained with the unlabelew TIPP analog competing for
[*H]DPDPE binding in rat brain (Tourwet al., 1998).

Interestingly, we found that Tyr-Tic-83R)-f-MePhe-Phe-OH displaced more
binding of PH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH than the nonselectidantagonist,
naltrindole or any other testédopioid ligand in mouse brain membrane in compaatiti
binding assay. These results suggest that thetigatsd TIPP-analog may also bind to
another receptor population, such as other subtgpeise 5-opioid receptors, than the
tested ligands. Therefore, we tried to recognizefhtatives-opioid receptor subtypes,
and investigate the possibdg-d,-selectivity of the TIPP-analog by vivo andin vitro
methods.

Although there are strongn vivo pharmacological evidences to support the
existence of thed-opioid receptor subtypes (Jiargy al., 1991; Mattiaet al., 1991;
Sofuogluet al., 1991; van Rijn and Whistler, 2009; Zadtial., 1996), that is still not
clear in vitro. Therefore, firstly we have examined the antagoaffect of Tyr-Tic-
(2S3R)-3-MePhe-Phe-OH in mouse tail-flick analgesic teshgshe putatived;-specific
agonist, DPDPE, thé,-selective agonisty Ifé-deltorphin Il and thei-specific agonist
DAMGO (Figure 3). We found that the TIPP-derivativenibited by about 60% the
antinociceptive effect of the hypotheticaj-selective DPDPE, without significantly
changing the effect of I*é-deltorphin Il or DAMGO. These results suggest tinet Tyr-
Tic-(2S3R)-B-MePhe-Phe-OH behaves a8, sselective antagonish vivo.

The in vitro binding selectivity of JH]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH was
studied by binding experiments and receptor-autogrdphy. We compared the potency
of our TIPP-analog with ligands of well-knovéropioid receptor subtype selectivities in
competitive experiments. We found that theligands, agonists and antagonists alike,
were slightly more potent thah-ligands in displacing®H]Tyr-Tic-(2S3R)-B-MePhe-
Phe-OH from its binding sites (Table 5).

W also examined the distribution of the bindingsiof the {H]Tyr-Tic-(2S,3R)-B-
MePhe-Phe-OHby receptor autoradiography and compared to th#teohypotheticab,-
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selective TH]lle>®-deltorphin Il in mouse brain slides. We detectéghHevels of the
binding sites in the olfactory bulb, especiallytie external plexiform layer of it (Table
8). Medium levels were shown in the olfactory tutker the caudate putamen and the
primary motor cortex, while low densities were fdum the hippocampus, thalamus,
hypothalamus and cerebellum (Figure 5). Theseteat also in a good agreement with
the distributions of the binding sites oH]Tyr-Tic-(2S3R)-B-MePhe-Phe-OH in rat
brain coronal sections (data not shown, see Bidtaal., 2008). The distributions of
[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OHand [*H]lle>®-deltorphin Il agree well with the
known patterns of th&-opioid receptors (Bauscd al., 1995; Mansouet al., 1993) and

in particular with the parent ligand TIPP (Baketal., 1998).

Contrary to our results, Hillegt al. (1996) found significant differences between
the localization of the binding sites labeled witA]DPDPE or fH]DSLET in the case
of some single anatomical structures. No specdlzeling was detectable with either
[*H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH or®H]lle®> deltorphin Il in DOR-KO mouse
brains (data not shown), which agrees well with rsults of saturation binding and the
results of Zhwet al. (1999). They found that tlée-opioid gene (DOR-1) encodes both the
hypotheticald;- andd,-opioid receptors, and the deletion of this genmiahtes anyb-
opioid binding (Zhwet al., 1999).

We also studied the receptor functionality by thgand-stimulated *fS]GTP/S
assays using putativd&- (DPDPE, BNTX) andd,- (deltorphin Il, ll€®-deltorphin II,
naltriben) opioid ligands. We determined the ¥alues of the antagonists and we
compared the selectivity of the Tyr-Tic§23R)-3-MePhe-Phe-OH to them in wild type
mouse and hDOR-CHO cell membranes. DPDPE and ghltotl were similarly potent
and efficacious agonists in wild type mouse, rasglt33% and 38% stimulation of
[**S]GTH/S binding over basal activities, which agree wéthwthe result of Parkhill and
Bidlack (2002). The Kvalue of the TIPP-analog against DPDPE was clas#rat of the
putative 6;-selective BNTX, while it was closer to that of theselective naltriben
against deltorphin Il (Table 6). These results ssgghat the antagonist potency of the
Tyr-Tic-(2S3R)-B-MePhe-Phe-OH was affected by theselectivity of the agonists.
However, thed,-selective naltriben was much more effective thha putatived:-
selective BNTX against DPDPE and deltorphin Il towl both of these two antagonist
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were much more active in blocking the effect of biypotheticalo,-selective deltorphin

Il than that of theéd;-selective DPDPE (Table 6). These results agreewvil the result

of Parkhill and Bidlack (2002) suggesting that the d-opioid receptor subtypes were
indistinguishable in then vitro functional test in mouse brain and hDOR-CHO cell
membranes with those ligands available up to now.

As it is known from the literature, the functioriglof thed-opioid receptors may be
altered in the presence of theopioid receptors (Traynor and Elliot, 1993; Zakial.,
1996, and references therein). Therefore, we weterasted to see whether different
results would be obtained in homogenous systemotr such as in hDOR-CHO cell
membranes expressing only tleopioid receptors. We found that the putatidve
selective naltriben was more potent than dhselective BNTX against DPDPE and
lle®>®-deltorphin 1l in hDOR-CHO cells, which is in go@yreement with our results in
mouse brain membranes (Table 7). The antagonistnpets of the tested ligand
displayed the same rank order suggesting dhapioid receptor subtypes could not be
distinguished in hDOR-CHO cells transfected with IDXOR-1 gene. We also found that
the putatived;-selective DPDPE stimulated the G-protein activatidath an E..x value
237.9 + 13.1 %, while th&,-selective 11&°-deltorphin Il gave an fy value 152.9 + 4.0
% in hDOR-CHO membranes (Table 7). Since anlypioid receptors are expressed in
hDOR-CHO membranes (Malatynska et al., 1995), tecepcould form jusb-opioid
receptors homomers or perchariged, heteromers. There is no data in the literature,
whether the agonists, DPDPE and>fldeltorphin Il activate the same receptor
population in hDOR-CHO. As a conclusion of our teswe can summarize that the
selective profile of the Tyr-Tic-@3R)-B-MePhe-Phe-OH seem vivo could not be
detectedn vitro.

We also found that DPDPE stimulate®§JGTR/S binding was blocked dose-
dependent manner by the TIPP-analog in wild typaisaobrain (Figure 4A), and no
significant stimulation by DPDPE could be detected DOR-KO mouse brain
membranes (Figure 4C). We also demonstrated tha¥i®@ stimulated S]GTP/S
binding was not changed in DOR-KO mouse brain mamés compared to that in wild
type mouse brain suggesting that deletion of theREIOgene does not result in

compensatory changes in tle@pioid system (Figure 4B,C).
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Although the putatived-opioid receptor subtypes could not be distinguishe
vitro, it does not exclude the possibility of the exise of these subtypes. One possible
explanation of the subtypes is that different lidguhave different pharmacokinetics, and
as a consequence, different receptor populatiansegessible to different ligands. Also
selectivity of a ligandn vitro may not correspond to its specificityvivo andvice versa.
Several studies suggest that if multiple opioideor subtypes exist, they could be
derived from a single gene, and multiple mechanismght account for the observed
distinct pharmacologic profiles. Alternative spfigi of receptor mRNA could be one
possible mechanism. Previous data have shown thaisp95Asn substitution in the
transmembrane Il receptor domain impaired the biopdf delta agonists, although it did
not appear to be important for the bindingdedntagonists (Kongt al., 1993). Recently,
another (A107V) polymorph d¥-opioid receptor has been described (Sachareizak,
2010).

Growing number of data have shown that G-proteurptex receptors, among them
the opioid receptors, are able to form homo-anéroetigomers, which may change the
pharmacology of the receptors and provide an egpilam for the existence of receptor
subtypes (Georgest al., 2000; Jordan and Devi, 1999; Levat al., 2002). The
contribution of thed-opioid receptor oligomerization to the existenteegeptor subtypes
with different pharmacology is still contradictoiyhas been suggested that &a@pioid
receptor is a result of heterodimerization betwebka o and k-opioid receptors
(Portoghesest al., 2003). Others proposed that while theopioid receptor is &-u
heterodimer, theé,-opioid receptor is &6 homodimer (van Rijn and Whistler, 2009)
Deltorphin Il was suggested to be a full agonistéfai-receptor heterodimer (Faal.,
2005) DAMGO, DPDPE, morphine, endomorphin-1, endghm-2, etc were able to
activate the heterodimer (George al., 2000). It is an intriguing observation of the
present work thab,-like features manifest both in the cell line e)gziag recombinari-
receptors and mouse brain, a conclusion also rdasheothers (Parkhill and Bidlack,
2002; Sofuoglwet al., 1991). Since only,-receptors exist as functional monomers, the
appearance a¥;-like behaviors would be expected, due to the mes®fu-andk-sites,

which may form heterooligomers with theeceptors in the latter.

35



Hypothetically, the different cellular localizatipthereby distinct cellular milieu of
the d-opioid receptor protein could manifest in differ@marmacological profiledHp et
al., 1997). It has been documented that the majofigrapioid receptors is localized in
the cytoplasm, and only the minority of thepioid receptors is located in the plasma
membrane under normal homeostatic conditions (Asodet al., 1995; Cabhillet al.,
2001; Zhanget al., 1998). Distribution of the receptors is dynamicatgulated, thus it is
possible that subtypes of tl&eopioid receptor could be selectively expressedtian
surface only under certain physiological conditissisch as drug exposure. The receptor
protein primarily partitions into membrane lipiditranicrodomains in brain membranes,
NG108-15 cells and CHO cells. Huargal. (2007) found that the treatment with full
agonists shifts a part of th&opioid receptor out of lipid rafts, which may umge
internalization. Several GPCRs and their downstredfiectors have been shown to be
regulated by lipid rafts/caveolae (Chini and Pdaret@04; Ostrom and Insel, 2004; Pike,
2003).

This question will need further investigations Ire tfuture when methods will be

available to resolve the issue under physiologioalditions.
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6. Summary

We characterized the conformationally constrairteitiated peptide, 3H]Tyr-Tic-

(2S3R)-B-MePhe-Phe-OH by in vitro binding experiments and receptor

autoradiography:

o

association and dissociation experiments showet thea formation of the
ligand-receptor complex proceeded with a seconérokdnetics and was
reversible;

saturation experiments revealed a single populatiohigh affinity binding
sites and the antagonist character of the ligand;

it was also shown, that the new radioantagonist mase potent than the
parent ligand,;

the detected distribution of th&H]Tyr-Tic-(2S,3R)-B-MePhe-Phe-OH agreed
well with the well-known distribution of thé&opioid receptors;

it was proved that deletion of the DOR-1 gene elates any Tyr-Tic-
(2S3R)-B-MePhe-Phe-OH binding without any compensatory gbarof the
u-opioid receptors in DOR-KO mouse brains , showhmeg it is as-selective
ligand.

We showed that Tyr-Tic-&3R)--MePhe-Phe-OH is a poted+#opioid antagonist in
the tail-flick analgesic assay. Moreover, it belthas ai-selective antagonist against
putative subtype selective agonists.

Tyr-Tic-(2S3R)-B-MePhe-Phe-OH also behaved as a poéeantagonist in the in

vitro functional test. However, the hypotheticabpioid receptor subtypes were
indistinguishablen vitro.

As a conclusion, we can summarize that the newgantat may be a valuable

pharmacological tool for various applications, udihg studies on binding to receptors,

intracellular and tissue distribution. In additia@mnce it is a topographically constrained
ligand, it may contribute to the understanding b& tstructural and topographic
requirements of peptide bindingdeopioid receptors.
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