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Summary: 

A new class of 6 opioid antagonists was recently discovered in which the sequence Tyr-Tic 

was used as a message domain. The substitution of Tyr' by Dmt enhanced the 5 selectivity and 

antagonist activity. The excellent properties of these ligands stimulated us to prepare the 

corresponding tritiated derivatives. Peptides containing Tic at position 2 undergo spontaneous 

diketopiperazine formation in some solvents, with a reduction in opioid activity. To avoid this 

side-reaction we synthesised the N,N-dimethylated analogue (N,N(Me)2-Dmt-Tic-OH), which 

was found to be stable. On the basis of this result, we prepared diiodinated analogues of H-

Dmt-Tic-OH and N,N(Me)2-Dmt-Tic-OH to undergo catalytic dehalotritiation. Products of 

high specific radioactivity were obtained: 44.67 Ci/mmol for [JH]Dmt-Tic-OH and 59.88 

Ci/mmol for [3H]N,N(Me)2-Dmt-Tic-OH. 
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Introduction: 

The heterogeneity of opioid receptors is well established and it is accepted that there are at 

least three types of opioid receptor (p. 5 and K). As no opioid ligand has been found to exhibit 

absolute specificity for any particular receptor type, several laboratories have made an effort to 

develop ligands of high specificity. Simple 5 opioid dipeptide antagonists containing the 

sequence Tyr-Tic (Tic: l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid) (1) have recently 

been described. Replacement of Tyr by the more hydrophobic residue 2',6'-dimethyltyrosine 

(Dmt) resulted in new analogues with high in vitro S opioid antagonism (2) and exceptional 5 

receptor affinity (K* = 0.022 nM) and selectivity (Kj'TK® = 150000). Peptides containing imino 

acids such as Tic in position 2 are prone to cyclization during synthesis and storage, with 

diketopiperazine formation (3,4,5). This side-reaction decreases the opioid activity of these 

ligands. This phenomenon occurs not only for peptides containing Tic or other imino acids in 

the proper sequence, but also for other residues during peptide synthesis (6). On the basis of 

these results, we have synthesised an N-alkylated analogue of Dmt-Tic with the purpose of 

avoiding diketopiperazine formation. N,N-Dimethylation affected the 6 receptor binding 

properties, and the affinity of N,N(Me)2-Dmt-Tic-OH was slightly lower (5-fold) in 

comparison with that of H-Dmt-Tic-OH, but the antagonist activity of the new analogue was 

better (7). 

Experimental section: 

Materials: 

H-L-Dmt-OH was a generous gift from and synthesised by Dygos et al. (8). H-Tic-OH was 

obtained from Bachem Feinchemikalien AG. Melting points were determined on a Kofler 

apparatus and were uncorrected. Optical rotations were determined at 10 mg/ml in methanol 

with a Perkin-Elmer 241 poiarimeter with a 10 cm water-jacketed cell. Analytical HPLC 

analyses were carried out with a Bruker liquid chromatography LC 21-C instrument, using a 
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Vydac 218 TP 5415 C18 column (250x4.6 mm, 5 pm particle size) and a Bruker LC 313 W 

variable-wavelength detector. Recording and quantification were accomplished with a 

chromatographic data processor coupled with an Epson computer system (QX10). TLC was 

performed on precoated plates of silica gel F254 (Merck, Darmstadt, Germany). Ninhydrin 

(1%, Merck) and UV light were employed to detect the peptides. NMR samples were run at 

400 MHz on a Bruker AM-400 instrument equipped with an Aspect 3000 computer. For the 

determination of mass ions, a triple-stage quadrupole mass spectrometer (TSQ 700; Finnigan 

MAT, San Jose, CA, U.S.A.) was used. PdO/BaSO« (10 % Pd) catalyst was from Merck. ?H2 

gas was purchased from Technobexport, Russia, and contained at least 98 % tritium. The 

amount of tritiated material was measured by UV detection on a Shimadzu-160 

spectrophotometer. For radiochemical purification, we used a Jasco PU 980 HPLC equipped 

with a Merck 50943 LiChroCart 125-4 LiChrospher 100 RP-18 (5 pm particle size) column. 

Detection was performed with a Jasco UV-975 detector at 214 nm and a Packard Flow-one/p 

A-500 radiodetector. Radioactivity was counted with a Searle-Delta-300 liquid scintillation 

counter in a toluene-Triton X-100 scintillation cocktail. Radiochemical purity was checked 

with a Berthold Radichromatogram Tracemaster. 

Methods: 

The peptides were prepared by standard solution methods. N-Dimethylated peptide was 

obtained by exhaustive methylation of the corresponding deprotected linear dipeptide with 

aqueous formaldehyde and NaBH3CN in acetonitrile (9). The peptides containing L-Dmt were 

prepared from the optically pure L-Dmt amino acid. All analogues showed less than 1 % 

impurities when monitored at 220 nm. 

Synthesis of H-Dnu(3\5'-Ij)-Tic-OH:— The diiodinated precursor H-Dmt(3\5'-I2)-

Tic-OH was prepared by treating H-Dmt-Tic-OH with chloramine T and sodium iodide 

according to reported methods (10). H-Dmt-Tic-OH (0.1 g; 0.21 mM) was dissolved in 
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water/acetonitrile 1:1 (10 ml) at room temperature and treated by the simultaneous addition of 

chloramine T (0.3 g; 1.05 mM) and sodium iodide (0.16 g; 1.05 mM). After 5 min., the 

reaction mixture containing mono- and diiodinated peptides were coolcd in ice and lyophilized. 

The residue was purified on a preparative HPLC [Waters Delta Prep 3000 L 30x3 cm; 15 pm] 

column, with a linear gradient of 0-60 % B in 25 min. at a flow rate of 50 ml/min. (solvent 

A = 10 v/v % acetonitrile in 0.1 % trifluoroacetic'acid; solvent B = 60 v/v % acetonitrile in 

0.1 % trifluoroacetic acid) and identified by NMR, MALDI-TOF mass spectrometry and 

elemental analysis. Analytical characterization of H-Dmt(3\5'-I2)-Tic-OH: yield 0.12 g 

(81%); TLC Rr= 0.51 (mobile phase: nBu0H/Ac0H/H20 4:1:1); m.p. 166-1Ó8 °C; 

[a]D20 +21.4 (c = l. MeOH); MH* 621; 'H-NMR (DMSO) 6 = 2.18 (s,6H); 3.16-3.46 

(m,4H); 4.16-4.67 (m,4H); 7.08 (s,4H); 9.12 (s,lH). HPLC analysis was monitored at 220 nm. 

The peptide was eluted with 

a linear gradient of 0-100 % B in 25 min. at a flow rate of 

1 ml/min. k' = 5.61 tn = 16.16 min. During HPLC analysis, the formation of a small amount of 

cyclic derivative may occur, which under the same conditions as reported above has 

tR = 21.03 min.. Analytical characterization of H-Dmt(3'-I)-Tic-OH: yield 0.02 g (19 %); TLC 

Rr= 0.45 (mobile phase: nBu0H/Ac0H/H20 4:1:1); m.p. 150-152 °C; [a]D20 +22.2 (c = 1. 

MeOH); MH* 495; 'H-NMR (DMSO) 6 = 2.17 (s,6H); 2.79-3.25 (m,4H); 4.13-4.58 (m,4H); 

6.56 (s,lH); 7.13 (s,4H); 9.9 (s,lH). HPLC analysis was monitored at 220 nm. The peptide 

was eluted with a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. k' = 5.19. 

Synthesis of N.NfMeJrDmlp \5 '-I^-Tic-OH: —The diiodinated precursor N,N(Me)2-

DmtO'.S'-D-TioOH was prepared by treating N,N(Me)2-Dmt-Tic-OH (7) with chloramine T 

and sodium, iodide according to reported methods (10). Briefly, N,N(Me)2-Dmt-Tic-OH 

(0.11 g;-.0.21 mM) was dissolved in water/acetonitrile 1:1 (10 ml) at room temperature and 

treated by the simultaneous addition of chloramine T (0.3 g; 1.05 mM) and sodium iodide 

(0.16 g; 1.05 mM). After 5 min., the reaction mixture containing mono- and diiodinated 

peptides were cooled in ice and lyophilized. The residue was purified on a preparative HPLC 

©1998 John Wiley & Sons, Ltd. J. Labelled Cpd. Radiopharm. XLI, 1083-1091 (1998) 



Synthesis of 2'.6'-Dimethy¡tyrosine . 1087 

[Waters Delta Prep 3000 L 30x3 cm; 15 pm particle size] column, with a linear gradient of 0-

60 % B in 25 min. at a flow rate of 50 ml/min. (solvent A = 10 v/v % acetonitrile in 0.1 % 

trifluoroacetic acid; solvent B = 60 v/v % acetonitrile in 0.1 % trifluoroacetic acid) and 

identified by NMR, MALDI-TOF mass spectrometry and elemental analysts. Analytical 

characterization of N,N(Me)2-Dmt(3',5'-I2)-Tic-OH: yield 0.13 g (80 %); TLC Rr = 0.53 

(mobile phase: nBu0H/Ac0H/H20 4:1:1); m.p. 153-155 °C; [a]D20 +25 (c = 1, MeOH); MH* 

649; 'H-NMR (DMSO) 6 = 2.29 (s,6H); 2.65 (s,6H); 2.77-3.24 (m,4H); 4.16-4.67 (m,4H); 

7.17 (s,4H); 9.41 (s,lH). HPLC analysis was monitored at 220 nm. The peptide was eluted 

with a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. k' = 5.84. Analytical 

characterization of N,N(Me)rDmt(3'-I)-Tic-OH: yield 0.03 g (20 %); TLC R r = 0.47 (mobile 

phase: nBu0H/Ac0H/H20 4:1:1); m.p. 140-142 °C; [ct]D20 +126.7 (c = 1, MeOH); MH* 523; 

'H-NMR (DMSO) 8 = 2.19 (s,6H); 2.44 (s,6H); 2.74-3.34 (m,4H); 4.16-4.62 (m,4H); 6.54 

(s, 1H); 7.18 (s,4H); 10.2 (s,lH). HPLC analysis was monitored at 220 nm. The peptide was 

eluted with a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. k' = 4.84. 

Preparation of H-[3\5'-iH)Dmt-Tic-OH:— H-[3H]Dmt-Tic-OH was prepared by 

catalytic dehalogenation of the precursor using 3H2 gas and Pd as catalyst (Figure 1). To a 

solution of 1.6 mg (-2.5 pmol) H-[3',5'-I2]-Dmt-Tic-OH in 1 ml DMF, 12 mg PdO/BaSCL 

(10 % Pd) and 0.8 pi TEA were added and the reaction vessel was connected to the tritium 

manifold (11). After freezing of the reaction mixture with liquid nitrogen and evacuation, 

tritium gas (555 GBq [15 Ci]) was introduced. The mixture was stirred with a magnetic stirrer 

and the' reaction was followed by a manometer measuring the tritium pressure. The reaction 

time was 80 min. The reaction was terminated by adsorption of the unreacted tritium gas on 

pyroplioric uranium. 

The vessel was removed from the tritium manifold to work up the crude mixture. The catalyst 

was removed by filtration through a Whatman GF/C filter and washed several times with 

ethanol. The traces of labile tritium were removed from the ethanol/water (1:1) solution of the 
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OH OH OH 

storage qH2 

'3 

S^'-Ii-Dint-Tic 3,,5,-3H2-Dmt-Tic diketopiperazine 
analogue 

Figure 1. The tritiation of 3',5'-I2-Dmt -Tic-OH, and the side-reaction under storage 

radiolabelled product by repeated evaporation. The total radioactivity of the radiolabeled 

peptide was measured by liquid scintillation counting, and it proved to be 3.96 GBq (107 mCi). 

The crude tritiated peptide was purified by RP-HPLC. Gradient elution was used and the 

solvent system was A: acetonitrile/0.1 % TFA, B: water/0.1 % TFA. The purified peptide was 

stored in 18.5 MBq/ml (0.5 mCi/ml) concentration in methanol/water 1:4, with the pH 

adjusted to 9 with NH4OH, and with the solution under liquid nitrogen. 

Preparation of N,N(Me)r[3 \5 '-sHJDmt-Tic-OH:— N,N(Me)2-[3H]Dmt-Tic-OH was 

prepared by catalytic dehalogenation of the precursor using 3H2 gas and Pd as catalyst 

(Figure 2). To a solution of 2 mg (-2.5 pmol) N,N(Me)2[3',5'-[2]-Dmt-Tic-OH in 1 ml DMF, 

12 mg Pd0/BaS04 (10 % Pd) and 0.9 pi TEA were added and the reaction vessel was 

connected to the tritium manifold. After freezing of the reaction mixture with liquid nitrogen 

and evacuation, tritium gas (555 GBq [15 Ci]) was introduced. The mixture was stirred with a 

magnetic stirrer and the reaction was controlled by following the tritium pressure. The reaction 

was terminated by adsorption of the unreacted tritium gas on pyfophoric uranium. The reaction 
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OH OH 

3H2/PdO/ 
BaSO., 

TEA 

3\5*-l2-N,N-dimethyl-Dmt-Tic 3\5'-3H2-N,N-dimethyl-Dmt-Tic 

Figure 2. The tritiation of 3\5'42-N,N(Me)2-Dmt-Tic-OH 

was completed in 80 min. The catalyst was removed by filtration through a Whatman GF/C 

filter and washed several times with ethanol. The traces of labile tritium were removed from 

the ethanol/water (1:1) solution of the radiolabeled product by repeated evaporation. The total 

radioactivity of the tritiated peptide was measured by liquid scintillation counting, and it proved 

to be 2.96 GBq (80 mCi). The crude tritiated peptide was purified by RP-HPLC using the same 

instrumentation as described above. Gradient elution was used and the solvent system was A: 

acetonitrile/0.1 % TFA, B: water/0.1 % TFA. The purified peptide was stored in 18.5 MBq/ml 

(0.5 mCi/ml) concentration in acetonitrile/water 1:4 under liquid nitrogen. 

Results and Discussion: 

Iodination of the dipeptides H-Dmt-Tic-OH and N,N(Me)2-Dmt-Tic-OH gave both mono- and 

diiodinated compounds (20 % and 80 %, respectively), which were separated by HPLC. In the 

case of H-Dmt-Tic-OH, diketopiperazine formation was also observed, depending on the 

solvents and pH conditions. H-[3H]Dmt-Tic-OH was characterized by analytical HPLC under 
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the following gradient conditions: at 0 min. 15 % A/85 % B, at 10 min. 20 % AJ 80 % B, at 

15 min. 32 % A/68% B and at 25 min. 50 % A/50 % B. The flow rate was 1 ml/min. 

ta= 15.97 min. and k ' = 10.2. During tritiation, we also observed the formation of 

diketopiperazine, with a retention time of 19.3 min. k* = 12.7. The purity of the radiolabelled 

peptide was assessed by RP-HPLC under the same conditions, and was found to be at least 

95 %. After purification, we found 1.6 % of diketopiperazine. During storage in methanol this 

increased to 18.9% at 24 hours. TLC was found to increase diketopiperazine formation. The 

amount of peptide was determined by UV spectrometry using unlabelled TFAxH-Dmt-Tic-OH 

as a standard (e = 29.74 dm3/mmo|xcm at 214 nm) [29740 cm2/mmol]. The specific activity of 

the purified H-[3H]Dmt-Tic-OH was 1.65 TBq/mmol (44.67 Ci/mmol). 

The purity of the N,N(Me)2-[3H]Dmt-Tic-OH was assessed by RP-HPLC under the following 

gradient conditions: at 0 min. 20 % A/80 % B, at 10 min. 30 % A/70 % B, and at 15min. 40 % 

A/60 % B, and also by TLC, and was found to be higher than 95 %. The flow rate was 

1 ml/min. tR = 10.2 min., k' = 8.1. The amount of peptide was determined by UV 

spectrometry using unlabelled TFAxN,N(Me)2-Dmt-Tic-OH as a standard 

(e = 30.92 dm3/mmolxcm at 214 nm) [30920 cmVmmol]. The specific activity of the purified 

N,N(Me)r[3H]Dmt-Tic-OH was 2.22 TBq/mmol (59.88 Ci/mmol). We investigated the 

radiochemical purity of the N,N(Me)2-[3H]Dmt-Tic-OH repeatedly and found that this ligand 

was very stable under our storage conditions. In the binding assay, the affinity of N,N(Me)2-

Dmt-Tic-OH was somewhat lower (5-fold) in comparison with that of H-Dmt-Tic-OH; in 

an in vitro assay, the dimethylated analogue was more potent than the parent compound. This 

affords a good opportunity to use it as a 5 ligand, and the tritiated form will be a useful tool for 

the characterization of opioid receptors. The binding data (published elsewhere) are promising 

for this new potent and selective 5 opioid receptor ligand with very low non-specific binding 

and with high specific radioactivity. 
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The <5-opioid an tagon i s t H-Tyr-Tic-Phe-Phe-OH (TIPP-OH) or i ts C-terminal amide analogue 
was sys temat ical ly modified topologically by subst i tut ion of each amino acid res idue by all 
s tereoisomers of t h e corresponding ^-methyl amino acid. The potency and selectivity (<5- vs p-
and «-opioid receptor) were eva lua ted by radioreceptor b inding assays. Agonist o r antagonis t 
potency were assayed in t he mouse vas deferens and in t h e guinea pig i leum. I n t he T I P P 
analogues conta in ing Lr/J-methyl amino acids the inf luence on d-receptor aff ini ty and on 
¿-an tagonis t potency is l imited, t h e [(2S,3Ä)-/S-MePhe3]TIPP-OH analogue be ing among t he 
most po ten t ¿ -an tagon i s t s repor ted . In t h e D-/?-methyl amino acid series, t h e [D-0-MeTic2] 
analogues a r e ¿-selective an tagonis t s whereas [D-Tic2] TIPP-NH2 is a ¿-agonist . NMR studies 
did no t indicate a n y influence of t h e /¡-methyl subst i tuent on t h e conformation of t h e Tic residue. 
The [(2ß,3S)-/J-MePhe3]'nPP-NHz is a potent ¿-agonist, i t s C-terminal carboxylic acid analogue 
being more ¿-select ive b u t displaying par t ia l agonism in both t h e ¿- and /t-bioassay. These 
resu l t s cons t i tu te f u r t h e r examples of a profound influence of /¡-methyl subs t i tu t ion on t he 
potency, selectivity, a n d s ignal t ransduct ion propert ies of a peptide. 

Introduction1 

The tetrapeptide H-Tyr-Tic-Phe-Phe-OH (TIPP-OH) 
1 represents the prototype of a new class of potent and 
selective ¿-opioid antagonists.2 The ¿-antagonist prop-
erties are a consequence of the conformational con-
straints imposed by the Tic residue. The aromatic 
residues a t position 3 and 4 a re not essential for high 
¿-antagonism since they can be replaced by lipophilic 
residues3 '4 or even omitted.6 Several theoretical models 
of the receptor-bound conformation of TIP(P) peptides 
have been proposed and compared to the naltrexone-
derived ¿-antagonist naltrindole (NTI).6 An important 
structural parameter in these models is the intramo-
lecular distance between the Tyr1 and Tic2 aromatic 
rings which should be close to the distance between the 
corresponding aromatic r ings in naltrindole. In the 
most plausible model, a close hydrophobic interaction 
(collapse) between the Tyr1 and Tic2 aromatic rings is 
prevented by intercalation of the Phe3 aromatic ring in 
the tripeptide and of the Tic2-Phe3 peptide bond in the 

< tetrapeptide. The Phe 3 and Phe4 aromatic rings are 
then quite exposed and could engage in receptor inter-
actions tha t might explain t he relatively higher antago-
nist potencies of the tetrapeptides as compared to the 
tripeptides. I t is clear t ha t in such small peptides the 
amino a d d side chains exhibit considerable conforma-
tional flexibility. Therefore, the establishment of an 
exact three-dimensional ar rangement of t he structural 
moieties constituting the ¿-antagonist pharmacophore 

1 Vrije Universiteit BrusseL 
* Hungarian Academy of Sciences. 
" Attila Jozsef University. 
I Clinical Research Institute of Montreal. 

of TIP(P) remains a challenging problem. The use of 
/¡-methylated amino a d d s to constrain the conforma-
tional mobility of the side chain by biasing the popula-
tion of the xi torsion angle rotamers has been pioneered 
by V. J . Hruby. 7 - 1 0 

The effects of methylation of the /¡-carbon of a side 
chain on the biological properties of a peptide depends 
on the chiralities of the stereoisomers. Important effects 
on the receptor affinity, selectivity, and on the agonist/ 
antagonist character have been observed in opioid 
peptides,9-14 analogues of somatostatin,15'1® a-MSH,10'17'18 

CCK,19«20 oxytocin,21 substance P2 2 and angiotensin II,23 

and glucagon.24 

We now report a systematic study of the effect of 
/¡-methyl substitution a t each of the four amino adds 
of the ¿-antagonist TIPP-OH and of the mixed /¿-agonist/ 
¿-antagonist TTPP-NH2 on the opioid activity profile. In 
the latter case it was hoped tha t the /¡-methyl substitu-
tion might result in more balanced p.- and ¿-affinities, 
thereby leading to new analgesics with diminished 
propensity to produce tolerance and dependence.25 

Results and Discussion 
S y n t h e s i s . Since this 6tudy required all stereoiso-

mers of the /¡-methylated amino adds , a rapid synthetic 
route result ing in racemates was chosen, ra ther t han a 
stereoselective synthesis for each isomer.26 

Racemic erythro-{2S,3S and 2R,3R)-/?-MePhe and 
threo-i.2S.SR and 2R,3S)-/?-MePhe isomers were pre-
pared a s described in the literature.9 The /¡-MeTic 
isomers were prepared by a Pictet—Spengler reac-
tion,21-27 s tart ing from pure erythro- or f fereo-/J-MePhe. 
For the preparation of the /J-MeTyr stereoisomers, an 
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Scheme 1. Synthesis of Racemic erythro and threo Isomers of /3-methyltyrosine 
OCH3 

N OH h2so4 / = 
AC20 

CH3 

OCH3 

E + Z 

crystallisation pyridine 

NaOCH3 

° ) \ H3COOC CH3 

E-isomer Z-isomer 

OH 

1 ) 4 8 % H B r a q 

2) NH4OH 

H3COOC' H *CH3 

Table 1. Influence of the Configuration of Aromatic /?-Methyl 
Amino Acids on the Population of the Side Chains 

(2S.3S) (2S.3Ä) (2R,3R) (2Ä.3S) 
gauche(-) ++ + + -

trans — + — + 
gauche(+) + — ++ + + 
" Legend: —, 6trongly disfavored; +, allowed; ++, favored. 

Erlenmeyer condensation between 4-methoxyacetophe-
none and hippuric acid was performed using a modifica-
tion of the previously described protocol (Scheme 1).28-30 

Prom the resulting 70/30 mixture of E- and Z-oxazolone, 
the E isomer was easily isolated by crystallization.31 The 
E-oxazolone can be isomerized to the Z isomer in 
pyridine.28 Further catalytic hydrogénation and sub-
sequent deprotection steps afforded the erythro-ft-MeTyr 
and f/ireo-/?-MeTyr racemates. 

After Boc protection all the /?-methyl amino acids were 
incorporated into the TIPP analogues as racemic pairs. 
Peptide synthesis was performed by the solid-phase 
method using either a Merrifield resin or a 4-methyl-
benzhydrylamine resin. After cleavage from the resin 
by treatment with liquid HF, the resulting epimeric 
peptides were separated by reversed phase HPLC (Table 
2). Avery good separation of the l-(2S) from the D-(2R)-
/5-Me amino acid containing peptides was obtained. 
However, a systematic study had shown that the 
separation of epimers at the /3-carbon (e.g. L-eryth.ro-
(2S, 35) from threo-(2S, 3R)) can be problematic.32 

Therefore, in this synthetic strategy, special attention 
should be paid to the diastereomeric purity of the 
starting /5-Me amino acids. The absolute configuration 
at the a-carbon of the /J-Me amino acid in each peptide 
was determined after acid hydrolysis and derivatization 
of the resulting amino acids with GITC or FDAA.32*33 

Biologica l Data. Affinities of the TIPP analogues 
for /¿-opioid receptors were determined in a binding 
assay using rat forebrain membranes with PH] sufen-
tanil as a /¿-radioligand. Affinities for the ¿-opioid 
receptor were measured by displacement of [3H]DPDPE 
from NxGl08CC15 cell membrane binding sites and 

H2N 

HOOC H *'CH3 

Table 2. Analytical Data of TIPP Analogues 
HPLC TLC6 

no. peptide Rt(min) k' Ru Rfa Rfc 
1 TIPP-OH 14.7 3.9 0.65 0.82 0.53 
2 TIPP-NH2 12.7 3.23 0.71 0.88 0.62 
3 (SS)-/?MeTyr1-TIPP-NH2 15.6 4.20 0.83 0.88 0.68 
4 (SÂ)-/ÎMeTyr1-TIPP-NH2 12.7 3.23 0.83 0.88 0.72 

12 (ÂfiL/ÎMeTyF-TIPP-NHz 15.9 4.30 0.71 0.89 0.78 
13 (ÄS)-/3MeTyr1-TIPP-NH2 10.7 2.56 0.72 0.89 0.72 
5 (SSL/JMeTic2-TIPP-OH 20.5 5.83 0.76 0.82 0.47 
6 (SRL/iMeTic2-TIPP-OH 21.1 6.03 0.75 0.82 0.41 

15 (RR)-y3MeTic2-TIPP-OH 21.3 6.10 0.84 0.83 0.53 
16 (RSh/SMeTic2-TIPP-OH 24.7 7.23 0.84 0.82 0.49 
7 (SS)-/9MePhe3-TIPP-NH2 14.5 3.83 0.78 0.81 0.74 
8 (Sfi)-/3MePhe3-TTPP-NH2 12.7 3.23 0.78 0.81 0.71 

19 (RR)-/SMePhe3-TIPP-NH2 53.0 16.66 0.78 0.75 0.62 
20 (ÄS)-/5MePhe3-TrPP-NH2 47.3 14.76 0.75 0.79 0.61 

9 (SR)-^MePhe3-TIPP-OH 13.28c 3.15 0.77 0.82 0.69 
21 (RS)-y3MePhe3-TIPP-OH 37.67c 10.77 0.77 0.88 0.55 
10 (SS)-/ÎMePhe4-TIPP-NH2 16.3 4.43 0.77 0.79 0.70 
11 (SÄ)-^MePhe4-TIPP-NH2 28.5 8.5 0.76 0.76 0.67 
22 (AR)-/JMePhe"-TIPP-NH2 29.1 8.7 0.76 0.75 0.67 
23 (ÄS)-/?MePhe4-TIPP-NH2 12.0 3.0 0.75 0.82 0.76 

0 Retention time and capacity factor for Vydac 218 TP54 
reversed phase column (25 x 0.46 cm) with 0.1% trifluoroacetic 
acid/acetonitrile (73:27 (v/v)). Flow rate 1 mL/min; f0 = 3 min; 
detection at 2 = 210 nm. b Kieselgel GF254 (Merck plates). Solvent 
systems: (A) 1-butanol/acetic acid/water 4:1:1; (B) acetonitrile/ 
methanol/water 4:1:1; (c) ethyl acetate/pyridine/acetic acid/water 
12/4/1.2/2.2. c Composition of eluent: 0.1% aqueous TFA/acetoni-
trile (70/30, v/v, isocratic).-

those for the x-opioid receptor using guinea pig cerebel-
lum membranes and PH]U69593 (Tables 3 and 4). 

The L-/5-Me amino acid containing TIPP analogues 
showed only relatively minor changes in ó-receptor 
affinity as compared to the parent peptides TIPP-OH 
or TIPP-NH2. The effect of changing the configuration 
at the /S-carbon on ó-receptor binding was generally 
found to be quite small, except in the case of the (2S,3S)-
/LMeTic analogue 5 which showed 14-fold reduced 
ó-receptor affinity. On the other hand the /¿-receptor 
affinity was affected to a somewhat larger extent by the 
configurational change at the /J-carbon, particularly at 
the 4-position residue. This is indicated by the fact that 
the (2S,3S)-/?-MePhe4 analogue 10 showed a receptor 
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Table 3. Receptor Binding Affinities and Activities in MVD and GPI Bioassays of TIPP Analogues Containing 1>/J-Me Amino Acids 

bioassay 
receptor binding (g¡, nM) G P I ( I C b o ) MVD (K, DPDPE) 

no. f f i N = 3 - 5 â»N=3-6 kcN=2 agonist [nM] antagonist [nM] 

1 H-Tyr-Tic-Phe-Phe-OH >10000 0.48 ± 0.07 >10000 >10000 4.80 ± 0.20 
2 H-Tyr-Tic-Phe-Phe-NHz 178 ± 26 0.83 ± 0.11 838 ± 116 1700 ± 2 2 0 18.0 ± 2.2 
3 H-(2S,3S)-^MeTyr-Tic-Phe-Phe-NH2 352 ± 100 2.88 ± 0.25 >10000 >10000 102 ± 6 
4 H-(2S,3R)-0MeTyr-Tic-Phe-Phe-NHz 284.0 ± 63.5 1.21 ± 0.06 >10000 1210 ± 260 partial agonist (max 50%) 

IC25 = 1030 ± 120 
6 H-Tyr-(2S,3S)/JMeTic-Phe-Phe-OH >10000 6.81 ± 0 . 3 1 >10000 10000 2.09 ± 0.10 
6 H-Tyr-{2S,3fi)-/?MeTic-Phe-Phe-OH >10000 0.53 ± 0.08 >10000 >10000 1.61 ± 0.29 
7 H-Tyr-Tic-(2S,3S)^MePhe-Phe-NHj 973 ± 309 2.91 ±0.40 3396 ± 655 6520 ± 6 4 0 18.2 ± 3.4 
8 H-Tyr-Tic-(2S,3R)-)3MePhe-Phe-NH2 149 ± 31 0.66 ± 0.04 4324 ±1978 5080 ± 700 7.24 ± 0.11 

_ a _ _H-.Tyr-Tic^2S.3«)-^MeEhfcPheHQîL >10000 0.38 ±0 .01 >10000 >10000 0.192 ± 0.025 
10 H-Tyr-Tic-Phe-(2S,3S)-/?MePhe-NH2 47.0 ± 12.4 1.60 ± 0.18 1282 ± 87 636 ± 62 5.36 ± 1.05 
11 H-Tyr-Tic-Phe-(ZS,3K)-/3MePhe-NH2 2021 ± 202 1.68 ± 0.15 253 ± 10 2740 ± 360 5.37 ± 0.84 

a / t : PHJsufentanil (rat forebrain). 4 Ô: PfflDPDPE (NzG 108 CC 15 cells). ' k\ pH]U69596 (guinea pig cerebellum). 

Table 4. Receptor Binding Affinities and Activities in MVD and GPI and Bioassays of TIPP Analogues Containing o-fi-ULe Amino 
Acids 

receptor binding (X¡, nM) 
bioassay 

paN = 5 dbN = S n°N = 2 GPI (ICso) agonist [nM] 
MVD (A, DPDPE) 
antagonist [nM] 

12 H-(2R,3R)-0MeTyr-Tic-Phe-Phe-NH2 1596 ± 412 28 ± 2 1180 ± 63.5 >10000 1020 ± 150 
13 H-<2R,3S)-/SMeTyr-Tic-Phe-Phe-NH2 >10000 113 ± 14 2509 ± 300 >10000 317 ± 62 
14 H-Tyr-D-Tic-Phe-Phe-NHz2 7.30° ± 0.52 519e ± 46 37.1 ± 2.6 agonist: ICso = 454 ± 72 
16 H-Tyr-(2R,3R)-/JMeTic-Phe-Phe-OH >10000 543 ± 6 0 >10000 >10000 1560 ± 120 
16 H-Tyr-(2K,3S)-ySMeTic-Phe-Phe-OH >10000 474 ± 81 >10000 >10000 401 ± 9 6 
17 H-Tyr-Tic-D-Phe-Phe-NHz60 658/ 7.83e >10000 125 ± 6 
18 H-Tyr-Tic-D-Phe-Phe-OH60 4000° 6.76e >10000 partial agonist (max 45%) 
19 H-Tyr-Tic-(2R,3R)-0MePhe-Phe-NH2 >10000 74 ± 5.1 442 ± 5 2 >10000 54.4 ± 5.8 
20 H-Tyr-Tic-(2R,3S)/ÎMePhe-Phe-NH2 84 ± 2 1 0.50 ± 0.07 1190 ± 452 127 ± 19 agonist: IC50 = 1.78 ± 0.25 
21 H-iyr-Tic-(2R,3S)/ÎMePhe-Phe-OlC 810 ± 185 0.76 ± 0.10 >10000 partial agonist (max 70.%) partial agonist max 60%) 

IC35 = 519 ± 62 ICso = 0.623 ±0.12 
22 H-Tyr-Tic-Phe-(2R,3R)-/3MePhe-NH2 498 ± 1 5 0 4.1 ± 0.3 766 ± 18 partial agonist (max 70%) 20.5 ± 0.7 

IC35 = 1710 ± 270 
23 H-Tyr-Tic-Phe-(2R,3S)-0MePhe-NH2 >10000 11.00 ± 1.01 2844 ± 519 4510 ± 750 27.7 ± 5.5 

« ft: pHlsufentaniL 4 ó: PfflDPDPE (NXG 108CC15 cells). < 
2).'<5: PH1DSLET (rat brain, see ref 2). 

<r. PH1U69593 (guinea pig cerebellum). d p : [3H1DAGO (rat brain, see ref 

binding profile similar to t ha t of the parent peptide 2, 
whereas the epimeric (2S,3f2)-/J-MePhe4 analogue 11 
displayed 11-fold reduced /¿-receptor affinity and, con-
sequently, increased ¿-selectivity. 

h i the D-/J-Me amino acid containing TIPP analogues, 
the effects of the /¡-methyl substitution are much more 
dramatic. Substitution a t Tyr1 results in ¿-selective 
compounds, t he (2R,3R) epimer 12 being more potent 
than the (2R.3S) analogue 13. In contrast to [L-Tic2]-
TIPP-NH2 2 which is ¿-selective, the [D-Tic2] analogue 
14 is /¿-selective.2 The /¡-methyl substitutions of the 
D-Tic residues 15 and 16 did not appreciably affect the 
moderate ¿-affinity observed with the parent peptide, 
but abolished the /¿-affinity. [D-Phe3]TIPP-NH217 and 
[D-Phe3]TEPP-OH 18 are both approximately 10 times 
less potent a t t he ¿-receptor t han 1 or 2. Whereas the 
(2R, 3J?)-/?-Me-Phe3 analogue 19 showed 10 times lower 
¿-affinity than its corresponding parent peptide and no 
/¿-affinity, t he epimeric (2R,3S) analogue 20 displayed 
subnanomolar ¿-affinity. As expected, replacement of 
the C-terminal carboxamide function in 20 with a 
carboxylic acid group resulted in a compound 2 1 with 
fur ther improved ¿-receptor selectivity. The /¡-methyl 
substitutions performed a t D-Phe4 resulted in the still 
quite potent and very ¿-selective analogues 22 and 23. 

The binding to «¿-opioid receptors remains low in all 
cases. 

The in vitro opioid activities of the TIPP analogues 
were tested in bioassays based on inhibition of electri-

cally evoked contractions of the GPI and of the MVD 
(Tables 3 and 4). The GPI preparation contains mainly 
/¿-receptors, whereas in the MVD assay the opioid effects 
are primarily mediated by ¿-receptors.34 ¿-Antagonist 
potencies were determined against the agonist [p—Pen2, 
D-Pens] enkephalin (DPDPE).36 In the L-0-Me amino 
acid series (Table 3), all analogues retained the ¿-an-
tagonist properties of 1 and 2, wi th the exception of the 
(2S, 311 h/î-MeTyr1 analogue 4, which was a partial 
¿-agonist. In general, the ¿-antagonist potencies cor-
related quite well with the ¿-receptor affinities deter-
mined in the binding assay. The (2S,3R)-/J-MePhe3 

analogue 9 has a, very high ¿-antagonist potency with 
no /¿-agonist or /¿-antagonist effect a t concentrations up 
to 10 /¿M. In comparison with 2, compounds 10 and 11 
are mixed/¿-agonist-antagonists with 3-fold increased 
¿-antagonist potency and with 3-fold enhanced /¿-agonist 
potency in the case of 10 and 1.6-fold decreased /¿-ago-
nist potency in the case of 11. Compounds 10 and 11 
are less potent and less balanced than other mixed 
/¿-agonis t -antagonis ts derived from TJÛPP-NH2.26 In 
the D-/J-Me amino acid containing analogue series (Table 
4), the /¡-MeTyr1 analogues 12 and 13 were found to be 
weakly potent ¿-antagonists, in agreement with their 
relatively low ¿-receptor affinities. The D-/J-MeTic2 

isomers 15 and 16 both turned out to be weak ¿-antag-
onists, in contrast to compound 14 which is a ¿-agonist. 
Very interestingly, the (2R,3R)-/J-MePhe3 analogue 19 
is a moderately potent but quite selective ¿-antagonist. 
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((S.S)P-MeTic )TIPP-OH 
trans 

71 % 

CIS 

2 9 % 

J(H a ,H p ) = 2.6 Hz 
NOE(H a ,H p ) = strong medium 
NOE(H a ,CH 3 ) = strong medium 

\ 
gauche(+) 

((S.R)P-MeTic )TIPP-OH 5 9 % 41 % 

J(Ha .H (1) =5.9 Hz 5.4 Hz 
= strong strong 

NOE(H a ,CH3) = medium -

ganche(-t-) 

((R,R)P-MeTic2)TlPP-OH 71 % 

gauche(-) 

2 9 % 

J(H<\HP) = broad line broad 
= strong strong 

NOE(H a .CH 3 ) = strong strong 

I 

((R.S)P-MeTic )TIPP-OH 8 3 % 17% 

J(H°J1 P ) = 5.6 Hz 4.5 Hz 
= strong — 

NOECH^.CHj) = weak very weak 

I 
ganche(-) 

gauche(-) gauche(+) 

F i g u r e 1. NMR parameters of/3-MeTic protons relevant for the conformation of the /¡-MeTic residue in TIPP-analogues. 

On the other hand, the {2R,3S) epimer 20 is a very 
potent full ¿-agonist and a moderately potent /z-agonist. 
The corresponding C-terminal carboxylic acid analogue 
21 is a partial agonist at both receptors. The D-/?-
MePhe4 analogues 22 and 23 maintain moderate ¿-an-
tagonist potency. Whereas 23 is a very weak but full 
/z-agonist, the epimeric 22 is a partial /z-agonist. 

Conformat ional S tudies . Previous conformational 
studies on L-Tic containing peptides have indicated that 
the conformation of the Tic heterocyclic ring corresponds 
to a gauche(+) conformation of the side chain {gauche-
(—) for D-Tic) when the Tic residue is at an internal 
position in the peptide sequence.7136,37 The introduction 
of a /3-methyl substituent in the (2S.3R) or (2R,3S) 
isomer is expected to stabilize this conformation because 
of its pseudoequatorial position (Figure 1). In contrast, 
in the (2S,3S) or (2R,3R) isomers the pseudoaxial 
position of the methyl in the gauche(+) or, respectively, 
gauche(-) configuration may shift the equilibrium 
toward the conformation having the two substituents 
in an equatorial position. Therefore, NMR studies in 
DMSO solution were performed on the four /J-MeTic 
containing TIPP analogues 5 , 6 and 15,16. As in TIPP, 
these four isomers all display a slow cis / trans isomer-
ization around the Tyr-Tic peptide bond. In all cases 

this peptide bond in the major conformer was assigned 
the trans configuration on the basis of the characteristic 
Tyr CaH nuclear Overhauser effect (NOE) with Tic CPHa 
in the trans or with Tic C3H in the cis conformation.38 

The chemical shifts were assigned using two-dimen-
sional homonuclear Hartmann—Hahn and rotating 
frame NOE spectroscopy. A distinction between the 
Phe3 and Phe4 signals was made on the basis of CaH— 
NH NOEs. The NMR parameters which are relevant 
for /3-MeTic are presented in Figure 1. It is clear that 
the /J-methyl substituent does not change the side chain 
conformation to an appreciable extent: both the vicinal 
coupling constants and the NOEs indicate a predomi-
nant gauche(+) orientation in both (2S)-/S-MeTic2 ana-
logues 5 and 6 and a gauche(-) orientation in both (2R)-
/3-MeTic2 analogues 15 and 16, as observed previously 
for L-Tic and D-Tic containing peptides.7,36,37 

D i s c u s s i o n 
The intramolecular distance between the aromatic 

rings of Tyr1 and Tic2 is a crucial factor determining 
the ¿-antagonism in TI(PP). The Phe3 or Phe4 residues 
may prevent the hydrophobic collapse of the Tyr-Tic 
rings and/or can engage in additional receptor interac-
tions. The introduction of a /3-methyl group on each of 
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t he residues in the tetrapeptides may therefore have 
profound effects on receptor affinity, on selectivity, and 
on the agonist/antagonist character by biasing the side 
chain topology to a part icular gauche conformation. 
NMR studies of CCK-8 analogues have indicated t h a t 
the introduction of a /3-methyl subst i tuent in t he Phe 
side chain virtually eliminates t he trans gi-rotamer in 
the erythro isomers (2S.3S and 25 ,35 ) and strongly 
reduces the population of the gauche(+) ro tamer in the 
(25,35) threo isomer and of the gauche(—) ro tamer in 
the (25,35) threo isomer. Both other retainers a re 
populated to an appreciable extent (Table l).39-40 These 
results were confirmed by theoretical calculations, 
indicating t h a t there is a small (less t h a n 2 kcal/mol) 
energy preference to the xi-rotamers which places both 
Cl-substi tuents in a gauche conformation to H a and a 
slight disfavor for the xi-rotamer t ha t places both CP-
subst i tuents gauche to the CO group.10 Overall, sub-
stitution of L-/?-methyl amino acids in TIPP had a 
minimal effect on ¿-receptor affinity and on ¿-antagonist 
potency. The overlap studies of TTP(P) peptides with 
naltrindole indicate a t r ans xi for Tyr1 in all models.6 

Clearly, t he small differences in opioid activities seen 
between the two /3-MeTyr1 isomers 3 and 4 do not allow 
a conclusion with regard to t he required side chain 
conformer. The common allowed rotamer for both the 
(25,35) and (25,35) isomers is gauche(-), which is not 
consistent with the theoretical models and with the. 
observed solution conformation for Tyr-Tic dipeptide 
analogues 4 1 and with the solid-state conformation of 
l . 4 2 The difference in ¿-affinity is much higher in the 
highly constrained dipeptide /3-methyl-2',6'-dimethylty-
rosine-Tic, for which a t r ans Xi is proposed.43 For the 
diketopiperazine c [Tyr-Tic] a gauche(-) orientation for 
Tyr is observed in the NMR spectra and in the crystal.44 

The cyclic compound displays, however, much weaker 
¿-affinity and antagonism than the linear ones. The 
(25,35)-/3-MeTyr l analogue 4 becomes a par t ia l ¿-ago-
nist (max = 50%). A similar effect of ^-methylation on 

, the transduction properties of somatostatin-derived 
opioids has been observed and was interpreted as due 
to differences in geometrical a r rangement of t he phar-
macophores.16 

For the Tic2 residue, /J-methylation does not change 
the preferred gauche(+) orientation. The (25,35)-/?-
MeTic2 analogue 5, having the /3-methyl group in the 
pseudoaxial orientation has, approximately 13 t imes 
less ¿-affinity than the (25,35)-/3-MeTic2 analogue 6, 
having the methyl group in t he pseudoequatiorial . 
position, bu t both have very similar ¿-antagonist po- ' 
tency. 

For Phe3 , the (25)35)-/3-MePhe isomer 8 is more 
potent t h a n its (25,35) analogue 7. As expected, the 
receptor selectivity of 8 can be increased by changing 
the ¿- te rminal amide to t he carboxylic acid 9. The high 
antagonist potency of 9 suggests t h a t models having the 
side chain of Phe 3 in a gauche(+) conformation6 a re to 
be considered unlikely candidates of the bioactive 
conformation. The higher potency of the (25,35) epimer 
8 compared to the (25,35) epimer 7 may indicate t ha t 
a trans Xi is preferred. In the lowest energy conforma-
tion ofH-Tyr-TicV)(CH2NH)Phe-Phe-OH, the Phe3 takes 
the trans orientation, which makes i t more exposed and 
accessible for interaction with the ¿-receptor.6 
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Compound 9 ranks among the most potent ¿-antag-
onists reported to da te with a Revalue (0.192 nM) 
comparable to that of the highly ¿-selective pseudopep-
tide H-Tyr-TicvCCHzNHJCha-Phe-OH (Kt = 0.219 nM)4 

and to tha t of H-Dmt-Tic-Phe-Phe-OH (5« = 0.152 
nM).46 In Tyr-Tic peptides, the substitution by 2',6'-
dimethyltyrosine increases antagonist potency and se-
lectivity by several orders of magnitude.46 The Ke for 
H-Dmt-Tic-OH of 5.7 nM and for the lV,AMMe)2-Dmt-
Tic-OH (Ke = 0.25 nM)47 a re also comparable to tha t of 
9, as well as their receptor selectivity. In the /J-MePhe4 

analogues 10 and 11 the configuration a t the ^-carbon 
has no effect on ¿-affinity and potency. This can be 
consistent with the fact t h a t both isomers can adopt a 
common gauche(-) orientation. Since /¿-affinity is af-
fected to a larger extent, the (25,35)-/?-MePhe4 isomer 
11 becomes more ¿-selective. 

In the D amino acid containing analogue series, some 
remarkable effects of the ^-methyl substitution on opioid 
activity profile are observed. The low potency of both 
(25,35)- and (25,35)-^-MeTyr1 analogues 12 and 13 is 
not surprising, since a D-Tyr1 residue is not tolerated 
in opioid peptides. According to our NMR observations, 
the conversion of the /¿-selective agonist H-Tyr-D-Tic-
Phe-Phe-NBfe into the weak ¿-selective antagonists 15 
and 16 cannot be explained by a change in the side chain 
(or ring) conformation of the Tic residue: The added 
methyl group therefore either causes an overall confor-
mational change of the backbone or has an effect on the 
transduction mechanism. The former is rather unlikely 
in view of its orientation outside the cleft formed by the 
Tyr1/Tic2/Phe3 aromatic rings, whereas precedent for the 
la t ter has been reported.16 

A similar but stereospecific effect of the /3-methyl 
substitution is observed in the (25)-Phe3 analogues: 
whereas the introduction of a /3-methyl with (35) 
configuration in [D-Phe3]TIPP-NH217 to give analogue 
19 does not change the antagonist character, the epimer 
with (25,35) configuration 20 is a veiy potent ¿-agonist 
and a moderately potent /¿-agonist. I t is therefore 
tempting to speculate t h a t the trans ^í-retamer, which 
is highly disfavored in the (25,35) isomer but.allowed 
in t he (25,35) isomer, is causing the effect. Veiy subtle 
effects, even remote from the essential Tyr-Tic phar-
macophore can influence the antagonism: the change 
from amide 17 to acid 18 results in partial ¿-agonism, 
which is maintained on (3S)-/J-methyl substitution. In 
contrast the D-/?-MePhe4 analogues, 22 and 23 remain 
moderate ¿-antagonists, but in 22 partial /¿-agonism is 
observed. This observation is similar to the one ob-
served in the lr/3-MePhe4 isomers 10 and 11. 

C o n c l u s i o n s 

The introduction of a /J-methyl substituent on each 
residue in TIPP can have important effects on receptor 
selectivity and on agonist/antagonist properties. Al-
though i t h a s been demonstrated tha t the dipeptides 
Tyr-Tic and especially Dmt-Tic have the necessary 
requirements for ¿-antagonism, the present results 
demonstrate tha t substitutions a t Phe3 and Phe4 can 
strongly influence the biological profile. Despite the fact 
t h a t a single /J-methyl substi tuent is reported not to 
dramatically constrain the conformational mobility of 
aromatic amino acids in jj-space,10 the usefullness of 
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these topographically constrained amino acids for creat-
ing differences in biological activity of peptides is 
demonstrated. As equally stated,1 0 the.results of such 
/J-methyl substitutions are not easily interpreted in 
terms of topographical requirements of the receptor to 
the side chain conformations. More bulky substituents, 
such a s /¡-isopropyl, or combined substitutions, such as 
/J-methyl-2',6'-dimethyl, may provide additional infor-
mation due to the higher energy differences between the 
rotamers.1 0 

E x p e r i m e n t a l S e c t i o n 
General Methods. TLC was performed on 2.5 x 10 cm 

plates pre coated with Mends silica gel 6OF254 using the 
following solvent systems: (A) l-butanol/acetic acid/water (4: 
1:1), (B) acetomtrile/methanol/water (4:1:1), (C) ethyl acetate/ 
pyridine/acetic add/water (12/4/1.2/2.2), (D) cMoroform/metha-
nol/acetic add (90:82), and (E) hexane/ethyl acetate (1:1). TLC 
spots were detected under UV light and using iodine vapor. 

• Melting points were measured with a Bflchi 510 apparatus. 
NMR spectra were obtained in either CDCls, DzO, or DjQ/TFA 
on a Broker AC 250-P 250 MHz spectrometer. 

Mass spectra were recorded on a AEI/902S spectrometer 
with fast atom bombardment (FAB) ionization using xenon 
gas. Reversed phase HPLC (RP-HPLC) was performed on a 
Vydac 218TP54 analytical column (25 x 0.46 cm) or on a Vydac 
218TP510 semipreparative column (25 x 1.0 cm) using UV 
detection at X = 210 nm, 

Synthesis of JV-lerf-Butyloxycarbonyl-eryfhro-fl-me-
thylphenylwlnnine and N°-fer<-Butyloxycarbonyl-<Arieo-
//-methylphenylalnnine. The pure erythro-(2S,3S and 2R,3R) 
racemate and the pure threo42S,3R and 2R.3S) raoemate were 
obtained by fractional crystallization * of the isomeric mixture 
prepared by the method of Kataoka.49 A solution of 5 g (23 
mmol) of ezyi/iro-yS-methylphenylalanine hydrochoride salt or 
5 g (23 mmol) of threo-(S,R and R,SV-/3-methylphenylalanine 
hydrochloride salt in 60 mL of dioxane/water (2:1) is cooled in 
an ice bath. To this solution are added 30 mL of 1 N sodium 
hydroxide and 522 g (24 mmol) of di-terf-butyldicarboiiate. The 
solution is stirred at room temperature for 25 h, whereby the 
pH is continuously adjusted to 7.5 with 1N sodium hydroxide. 
After evaporation of the dioxane, the residue is diluted with 
water and the pH is adjusted to 3 with a saturated KHSO< 
solution under cooling in an ice bath. The aqueous phase is 
extracted with 3 x 100 mL portions of ethyl acetate. The 
combined organic phases are dried over MgSO« and evapo-
rated. The residue is then dissolved in a minimum amount 
of ethyl acetate, and petroleum ether is then added slowly to 
give white crystalline products. N"-Boc-e?yiAn>-0-methylphe-
nylalanine: yield 6.42 g (75%); mp 109-112 "C (lit.9 mp 108 
*C), Rf 0.82 (B). A/tt-Boc-f/ireo-/?-methylphenyla]anine: yield 
428 g (50%); mp 96-97 °C (lit9 mp 96 *C); Rf 0.82 (B). 

Synthesis of erythro-(2SflS and 2H,3K)-0-Methylty-
rosine and threo-(2S,8R and 2R,3S)-/?-Methyltyrt>sine. 
2-Phenyl-4-[a-£/Z-p-methoxyphenylethylidene]-5(4H)-
oxazolOne. A mixture of 15 g (0.08 mol) of bjppuric arid and 
23 mL (024 mol) of acetic anhydride is cooled to approximately 
10 "C. Dropwise, 9 mL of sulfuric arid is added under stirring. 
To the yellow solution is added 12.6' g (0.09 mol) of solid 
p-methoxyacetophenone, and the reaction mixture is left 
stirring until room temperature is readied. The .solution is 
then heated at 60 °C for 15 min and left stirring overnight at 
room temperature. 

The resulting dark brown oil is poured into 150 mL of ice 
cold water, whereby the product precipitates. The water is 
decanted, and the residue is washed 3 times with ice cold 
water. Then, 100 mL of hot water is added under stirring. 
The residue is filtered, dried over P2O5, and dissolved in 350 
mL of hot ethanol. After cooling, the yellow crystals are 
filtered to yield 20.37 g (83%) of product (£.2 = 70:30 as 
determined from the methyl signal in NMR). 

Isolation of 2-Phenyl-4-[a-£-p-methoxyphenyleth-
ylidene]-5(4£D-ozazolone. The E/Z mixture of oxazolone 
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(E:Z = 70:30) is crystallized from ethanol once again and gives 
the oxazolone ( £ 2 = 98/2) with a yield of 68%: NMR (CDCls) 
Ô 8.08 (2H, aromatic, d,J = 8.4 Hz), 7.50 (5H, aromatic), 6.93 
(2H, aromatic, d, J = 8.4 Hz), 3.85 (3H, s, OCHs), 2.64 (3H, s, 
CHs); mp 123-127 *C; Rf 0.77 (E); MS (m/z, RI) 294 (M+ + 1). 

2-Phenyl-4-[a-Z-p-methoxyphenyIethylidene]-6(4£D-
oxazolone. A solution of 0.3 g (1.02 mmol) of the oxazolone 
(£.2 = 7020) in 15 mL of pyridine is stirred for 10 min at 
room temperature. The solution is poured into a beaker which 
contains 20 mL of 0.6 M hydrochloric arid and 30 g of ice water. 
The oxazolone precipitates, and the Bolid is filtered as quickly 
as possible over a layer of dicalite. 

The residue is dissolved in 300 mL of hot ethanol and the 
dicalite is filtered off By adding water to the solution, the 
oxazolone ( £ 2 = 4:96) crystallizes with a yield of 73% (022 
g): NMR (CDCla) 6 8.07 (2H, aromatic, d, J = 8 2 Hz), 7.50 
(5H, aromatic), 6.98 (2H, aromatic, d, J = 8.2 Hz), 3.877 (3H, 
s, OCHs), 2.77 (3H. a. CHs); mp 95-98 *C; Rf 0.77 (E); MS 
(m/z, RI) 294 (M+ + 1). 

E-2-benzoylamino-3-p-methoxyphenyl-2-butenoic Acid 
Methyl Ester. To a solution of 0.125 g (5.43 mmol) of sodium 
in 50 mL of anhydrous methanol is added 5 g (17.06 mmol) of 
oxazolone (£:Z = 98/2) in portions. This mixture is stirred 
for 2 h at room temperature. The precipitated solid is filtered 
and washed with methanol. After neutralization of the filtrate 
with concentrated hydrochloric arid, additional material pre-
cipitates and is collected by filtration. The remaining filtrate 
is then evaporated in vacuo. The combined solids are crystal-
lized from ethanol/water and a yield of 4.77 g (86%) qf the 
E-isomer is obtained: NMR (CDCls) 6 7.86 (2H, aromatic, d, 
J = 8.3 Hz), 7.35 (4H, aromatic), 7.16 (2H, aromatic, d , J = 
8.7 Hz), 6.86 (2H, aromatic, d, J = 8.7 Hz). 3.87 (3H, s, 
COOCHs). 3.50 (3H, s, OCHj), 2.16 (3H, s, CHj); mp 147-148 
"C; Rr 0.33 (E); MS (m/z, RI) 326 (M+ + 1, 9), 185 (30), 105 
(70). 

Z-2-Benzoylamino-3-p-methyIoxyphenyI-2-butenoic 
Acid Methyl Eater. The synthesis was started from Z-
oxalozone, and the procedure was the same for the E-
oxazolone: NMR (CDCb) 6 7.86 (2H, aromatic), 7.35 (3H, 
aromatic), 7.16 (2H, aromatic, d, J = 8.7 Hz), 6.86 (2H, 
aromatic, d, J = 87 Hz), 3.8 (3H, s, COOCHs), 3.5 (3H, s, 
OCHs), 229 (3H, s, CHs); mp 138-140 °C; Rf 0.33 (E); MS 
identical that of the E isomer. 

eryf/iro-N-Benzoyl-^-methyl-p-methory-phenylala-
nine Methyl Ester. A mixture of 4.73 g (14.55 mmol) of the 
£ isomer of the foregoing butenoic arid methyl ester in 190 
mL of methanol and 0.4 g of Pd/C catalyst (10% type 90, 
Johnson Matthey, powder) is hydrogenated for 4 days at room 
temperature at a pressure of 50 psi in a Parr-hydrogenator. 
Then the catalyst is filtered over a layer of Celite, and the 
filtrate is evaporated in vacuo. The yellow oil is dissolved in 
hot ethanol and crystals appear on addition of water to the 
solution: yield 3.77 g (76%); NMR (CDCls) à 7.67 (2H, 
aromatic, d, J = 8.7 Hz), 7.45 (3H, aromatic), 7.12 (2H, 
aromatic, d, J = 8.6 Hz), 6.86 (2H, aromatic, d, J = 8.6 Hz), 
6.28 (1H, NH, d,J= 8.1 Hz), 5.00 (1H, Ho, dd, J = 8.1 and 
5 2 Hz), 3.78 (3H, s, OCHs), 3.72 (3H, s, COOCHs), 3.46 (1H, 
m, Hfi), L38 (3H, CHs, d, J = 7 2 Hz); mp 80-83 °C; Rf 0.42 
(E); MS (fhlz, RI) 328(M+ +1,15), 268 (13). 135 (19), 105 (100). 

ffc/Teo-JV-Benzoyl-/?-methyI-p-methoxy-phenylalainne 
Methyl Ester. A mixture of the foregoing butenoic arid 
methyl esters (Z:£ = 80:20) was submitted to the hydrogéna-
tion as for the E isomer NMR (CDCls) (the spectrum contains 
additional signals of the erythro isomer as described above, 
for about 20%) 6 7.67 (2H, aromatic, d, J = 8.7 Hz), 7.45 (3H, 
aromatic), 7.12 (2H, aromatic, d, J = 8.6 Hz), 6.86 (2H, 
aromatic, d, J = 8.6 Hz), 6.54 (1H, NH, d, J = 8.2 Hz), 4.96 
(1H, Ho, d, J = 5 2 Hz), 3.78 (3H, s, OCHs), 3.72 (3H, s, 
COOCHs), 3.46 (1H, m, Hfi), 1.43 (3H, CHs, d, J = 7.3 Hz); 
mp 125-128 *C; Rr 0.42 (E); MS identical to that of the erythro 
isomer. 

eryiAro-/?-Methyltyrosine. To a solution of 6.2 mL of 48% 
HBr (aqueous) and 10.4 mL of acetic arid is added 1 g (3 mmol) 
ofe/ytAro-N-benzoyl-ff-methyl-p-methoxy-phenylalnnine meth-
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yl ester. The solution is refluxed for 24 h and evaporated in 
vacuo. The resulting oil is dissolved in water and evaporated 
again. To the residue is added 5 mL of water, and the flask is 
placed in a refrigerator. Purplercolored crystals of benzoic arid 
are filtered, and the remaining solution is extracted with ethyl 
acetate. The aqueous phase is adjusted to pH 6 with am-
monium hydroxide, and e/yf/iro-^-methyltyrosine precipitates. 
The precipitate is filtered, and a yield of 0.361 g (58%) is 
obtained after xecrystallization from hot water NMR (DjO/ 
TFA) 6 13.6 (1H, s, COOH), 6.76 (2H, aromatic, d, J = 8.6 
Hz), 6.43 (2H, aromatic, d, J = 8.6 Hz), 3.65 (1H, Ho, d, J = 
7.2 Hz), 3.07 (1H, HP, m). 0.94 (8H, CHs, A, J = 13. Hz); mp 
228-231 "C; Rf 0.47 (A); MS (m/z, RD 196 (M+ + 1,60), 110 
(50). 

fhreo-/?-Methyltyrosine. 7%reo-N-Benzoyl-/l-methyl-p-
methoxy-phenylalanine methyl ester was hydrolyzed in 48% 
HBr (aqueous) and acetic acid as above. Any erythro isomer 
was removed by chromatography on a Lobar (Merck) LiChro-
prep RP8 (40-63) column, using 1% aqueous methanol as 
eluent: NMR (D2O/TFA) 6 13.6 (1H, s, COOH), 6.81 (2H, 
aromatic, d, J = 8.6 Hz), 6.43 (2H, aromatic, d, J = 8.6 Hz), 
4.11 ( lH ,Ho,d ,« /=7 .2 Hz), 3.37 (1H, HP, m), LSI (3H, CHs. 
d, J = 7.0 Hz); mp 228-231 aC; 2^0.47 (A); MS identical to 
that of the erythro isomer. 

A^ferf-Bnlyloxy carfaonyl-eryfftro^-methyllyrusine ««1 
lV^-fer/-Butyloxycarbonyl-/hreo^-methyltyro8ine. A so-
lution of 1.41 g (5.13 mmol) of erythro-(2S,3S and 2R,3R)-P-
methyltyrosine or 1.41 g (5.13 mmol) of threo-{2S,3R and 
2R, 3S)-/?-methyltyrosine in 30 mL of dioxane/water (2:1) is 
cooled in an ice bath. To this solution is added a 4 N sodium 
hydroxide solution under stirring until a pH of 10 is reached 
and then 1.3 mL (1.1 equiv) of B0Q2O is added. For 2 h this 
solution is stirred at 0 "C while the pH is continuously adjusted 
to 10. Then another 0.4 mL of Boc^O is added, and the mixture 
is stirred overnight at room temperature. 

After evaporation of the dioxane, the residue is diluted with 
a few milliliters of water and the pH is adjusted to 2—3 with 
a saturated KHSO« solution under ice cooling. The aqueous 
layer is then extracted 3 times with 50 mL of ethyl acetate. 
The combined organic phases are washed with water, a 
saturated NaCl solution, and again with water. After drying 
over MgSO« and evaporation in vacuo, the oil is diluted in a 
minimum amount of ethyl acetate and slowly added to 130 
mL of ice-cooled petroleum ether with vigorous stirring. A 
white precipitate is formed, filtered, and immediately dried 
in vacuo over P1O5: yield 1.40 g (92.3%) of N^Boc-erythro-fi-
methyltyrosine or L06 g (70%) of W-Boc-fAreo-0-methylty-
rosine. 

N^Boc-erythro-P-meOxyl-Tyr. NMR (DMSO-ds) 6 12.55 
(1H, s, COOH), 9.17 (1H, s, OH), 7.06 (2H, aromatic, d, J = 
8.3 Hz), 6.64 (2H, aromatic, d, J = 8.8 Hz), 6.55 (1H, NH, d, 
J = 8.6 Hz), 3.98 (1H, Ho, dd, Ji~J2 = 8.6 Hz), 2.94 (1H, 
HP, m), 1.33 (9H, a, i-Bu), LIS (3H. CHs, "d, J = 7.0 Hz); mp 
79-82 *C; 22/0.80 (A); MS {m/z, RI) 296 (M+ +1,40), 240 (60),-
196 (55). 

N^Boc-threo-P-metbyl-Tyr. NMR (DMSO-ds) & 1^35 (1H, 
s, COOH), 9.16 (1H, s, OH), 7.26 (2H, aromatic, d, J = 8.4 
Hz), 7.16 (1H, NH, d, J = 8.7 Hz), 7.00 (2H, aromatic, d, J = 
8.4 Hz), 4.08 (1H, Ho, dd, J i ~ J 2 = 8.7 Hz), 3.22 (1H, HP, m), 
1.33 (9H, a, f-Bu), 1.15 (3H, CHS, d, J = 7.1 Hz); mp 87-90 
*C; Rf 0.80 (A); MS (m/z, RD 296 (M+ +1 ,40) , 240 (100), 194 
(70), 185 (90). 

erythro- a n d threo-P-Me-Tic. Pure erythro-(2S,3S and 
222, 322)-0-MePhe-HCl (3.15 g) was suspended in 20 mL of 
concentrated HC1,5 mL of a formaldehyde solution (37%) was 
added, and the mixture was refluxed for 30 min at 110 *C. 
Then 5 mL of concentrated H Q and 2.5 mL of formaldehyde 
solution were added to the reaction mixture, which was further 
refluxed for an additional horn:. The liquid was evaporated 
and the remaining solid was crystallized from water, erythro-
/J-Me-Tic-HCL yield 2.4 g (72.2%); NMR (DsO) & 7.57-7.5 (4H, 
aromatic, m), 4.53 (2H, Hi, d , J = 18 Hz), 3.89 (1H, Hs, m), 
3.54 (1H, H4. m), 1.59 (CHs, d, J = 7.5 Hz); mp 278-281 *C; 
22/0.47 (A); MS (m/z) 192 (M+ + 1,100). Threo-p-Me-Tic was 
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prepared in the same way starting with 2 g of threo I erythro • 
(8:2) /J-Me-Fhe: yield 1.60 (66%) g ofi/m»-0-Me-Tic-HCl (10% 
erythro); NMR (DsO) 6 7.52-7.35 (4H, aromatic, m), 4.58 (2H, 
Hi, d , J = 18 Hz), 4.47 (1H, Hs, m), 3.74 (1H, H4. nO, 1.39 
(CHs, d, J = 7.5 Hz); mp 253-257 aC; Rf 0.45 (A); MS (m/z) 
192 (M+ + 1,100). 

N^-Hoo-erythro- and threo-P-Me-Tic. The procedure 
described above for the preparation Boc-erythro- or threo-P-
Me-Phe was also used for the synthesis of erythro- or threo-
/J-Me-Tic, starting with l g of amino adds. N^Boc-eiythro-P-
Me-Tic: yield 1.00 g (66.3%); NMR (CDCls) (the spectrum 
shows signals of the cis—trans isomers around the N—Boc bond 
in a ration of43/57) (7.2-7.0 (4H, aromatic, m), 4.9-4.45 (4H, 
Hi, Hs, m), 3.45 (0.S7 H, H,, m), 3.25 (0.43 H, H«, m), L57 and 
1.43 (9H, t- Bu, s), 1.27 (3H, CHs, d,«/ = 9 Hz); mp 80-82 aC; 
22/0.48 (D); MS (m/z) 292 (M+ +1,86) , 236 (100) and 192 (98). 
Yield 0.84 g (55.7%) AP-Boc-tA/wHS-Me-Tic: NMR (CDCls) d 
7.25-7.05 (4H, aromatic, m), 4.85-4.40 (3H, Hi,Hs, m), 3.30 
(1H, H«, quintuplet, J = 6.8 Hz), 1.47-1.27 (12H, t-Bu, CHs); 
mp 149 aC; Rf 0.48 (D); MS identical to the one of the erythro 
isomer. 

Genera l Methods fo r t h e Synthesis of TIPP Ana-
logues. All the peptide analogues of TIPP were synthesized 
by the solid-phase method using a semiautomatic Labortec 

' SP640 synthesizer. Chloromethylated (1.7 mmol/g resin) 
polystyrene resin 1% cross-linked with divinylbenzene (Fluka) 
was used for the C-terminal carboxyhc add analogues; 4-me-
thylbenzhydrylamine (0.53 mmol/g resin) polystyrene resin 
(Neosystem, Strasbourg, France) was used for the C-terminal 
amides. A/"-Boc-protected amino adds were obtained from 
Neosystem. The W-tert-butyloxycarbonyl-phenylalanine was 
attadied to the Merrifield resin by the Gisin method.49 

Removal of the Boc protecting group was performed by 
washing with a TFA/DCM/anisole (33:65:2) solution during 5 
and 20 min, followed by DCM washes (4 x 0.5 min), a 
neutralization with 20% DIEA ( 3 x 1 min), and DCM washes 
(4 x 0.5 min). Amino adds were coupled in 1.5 IP-Me amino 
adds) to 2-fold (Fhe, Tic, tyr) excess using either diisopropy-
lcarbodiimide/HOBt or BOP/HORt/DDSA. Completion of the 
coupling reactions was monitored by the ninhydrin 60 or 
chloranil test.61 Since important amounts of Tyr'-deletion 
peptides were detected after purification, Boc-Tyr-OH or Boc-
T^r(2,6-Cl2Bzl)-OH were used in either single or double 
couplings, without, however, any significant improvement. The 

. peptides were cleaved from the resin with anhydrous HF (5 
mL/g resin) with anisole added as scavenger (1 mlVg resin) 
for 1 h at 0 °C. The peptide was extracted from the resin by 
washing with anhydrous ethyl ether and then stirring of the 
resin in 60 mL of a 50% aqueous solution of acetic add for 0.5 
h. 

The filtrate was lyophilized. Purity was determined by 
analytical RP-HPLC. Purification and separation of the 
diastereomeric peptides was performed by preparative RP-
HPLC (Gilson 712 HPLC system) using an acetonitrile/water 
system with 0.1% TFA as éluent. The (M +1) + molecular ions 
and fragmentation patterns were obtained by FAB-MS and 
were in agreement with the calculated molecular weights for 
each peptide (m/z = 648 for peptide amides, 649 for peptide 
adds). Yields varied from 2 to 12% for each isomer, and in 
almost every peptide synthesis a similar amount of tyrosine-
deletion peptide isouiers was isolated. 

Ident i f ica t ion of Enan t iomers of 0-Methyl Amino 
Acids i n Peptides.62*3 Identification of enantiomers of/J-m-
ethyl amino adds in peptides involved three steps: add 
hydrolysis of peptides, derivatization of the resulting amino 
acids with chiral derivatizing reagent GITC or FDAA, and 
separation and identification of derivatized amino adds by 
HPLC. The separation of derivatized amino adds was carried 
out on a Vydac 218TP54 Cig column. The peaks of derivatized 
/¡-methyl amino adds were identified by application of stan-
dards of (222,35)- and (2R,32?)-/J-methyl amino adds, obtained 
by L-AA oxidase digestion of the racemic erythro or threo 
isomers. 
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Radioligand Binding Methods. /«-Opioid Receptor 
Assay.62 Wistar rats (160—200 g) are sacrificed, the brain is _. 
removed and forebrain is dissected. The forebrain is homog-
enized in 10 volumes (v/w) of homogenization buffer (0.25 M 
sucrose, 85.5 g/L) using a Dual homogenizer. The homogenate 
is centrifuged at 0 - 4 °C for 10 min at 350g (2000 rpm), the 
supernatant is carefully removed and the pellet is homogenized 
again in 5 volumes (v/w) of buffer and centrifuged at 830g 
(3000 rpm) for 10 min. The combined supematants are diluted 
to the double volume with incubation buffer (50 mM Tris-HCl, 
pH 7.4, 6 g/L, containing 5 mM MgCl2, 5 mM EGTA, 0.1 mM 
toluenesulfonyl fluoride, 0.1 mM bacitracin, and 0.1% bovine 
albumin) and centrifuged at 2350Qg (16000 rpm) for 20 min. 
The pellet is rehomogenized in fresh incubation buffer, incu-
bated at 37 °C for 30 min, and then centrifuged, and the 
resulting pellet is suspended in 200 volumes of (v/w) incubation 
buffer using a Dual homogenizer. Radioligand binding inhibi-
tion assay samples consisted of 0.4 mL of rat forebrain 
membrane suspension, 0.05 mL of PH] sufentanil (0.5 mM in 
10% DMSO, specific activity 15 Ci/mmol, Janssen Research 
Foundation, Belgium), and 0.05 mL of solvent (10% DMSO),-
peptide analogue or blank. The blank consisted of dextro-
moramide (1.1 x 10"3 M in DMSO stock solution, diluted 1/50 
into 10% DMSO). Peptide analogues were assayed over a 
concentration range of 0.3 mM to 10 /<M. Incubations were 
performed at 25 SC for 60 min, after which 5 mL cold Tris-
HCl buffer was added and the samples were filtered through 
GF/B glass fiber filters, presoaked in 0.1% poly(ethyleneimine) 
for 1 h. The filters were washed two times with 5 mL of Tris-
HCl buffer and transferred to scintillation vials. The radio-
activity was measured using a Tri Carb 1500 liquid scintilla-
tion analyzer after adding 2 mL of Ultima Gold (Packard) 
scintillation fluid, shaking for 5 min, and allowing the samples 
to equilibrate over 12 h. 

Inhibition curves were plotted and were analyzed by least-
squares regression. 

¿-Opioid Receptor Assay.53 NXG108CC15 cells were 
cultured in DMEM medium, supplemented with 10% (v/v) 
foetal calf serum, 2 mM glutamine, antibiotics (100 /«U/mL 
penicillin and 0.1 mg/mL streptomycin), 0.1 mM hypoxantine, 
0.001 mM aminopteridine, and 0.016 mM thymidine. After 
at least two passages, cells are scraped off carefully and 
centrifuged at 200g (1500 rpm) in a Sorvall RC-5B s-centrifuge. 
The cells are washed once with 0.9% saline, and the cell pellet 
is suspended in 0.9% saline in a concentration of 107 cells/ 
mL, which is divided into 2 mL aliquots and stored at —80 °C 
for several weeks. For the receptor binding experiments, a 
vial is thawed and homogenized in incubation buffer (see 
/¿-receptor assay). Radioligand binding inhibition assay samples 
consisted of 0.4 mL of cell suspension, containing 5 x 10s cells, 
0.05 mL of PH] DPDPE (2 nM, specific activity 30-32 Ci/mmol, 
New England Nuclear, Boston, MA), and 0.05 mL of solvent 
(10% DMSO), peptide analogue or blank. The blank consisted 
of naltrindole (1 /¿M). Assay conditions and analysis were as 
described.for the /¿-receptor assay. 

K-Opioid Receptor Assay.54 Guinea pigs (200-250 g) are 
sacrificed by decapitation, the brain is removed, and cerebel-
lum is dissected. The cerebellum is homogenized in 10 
volumes (v/w) Tris-HCl buffer (50 mM, pH 7.4,6.06 g/L) using 
an Ultra Turrax homogenizer. The homogenate is centrifuged 
at 0 - 4 °C at 23500g (16000 rpm) in a Sorvall RC-5B centri-
fuge. The pellet is washed twice by rehomogenization and 
recentrifugation. Finally, the pellet is suspended in 100 v/w 
incubation buffer (see /¿-receptor assay) using a Dual homog-
enizer. Radioligand binding inhibition assay samples con-
sisted of 0.4 mL of guinea pig cerebellum membrane suspen-
sion, 0.05 mL of PH1U69593 (0.5 mM in 10% DMSO, specific 
activity 60—65 Ci/mmol, Amersham), and 0.05 mL of solvent 
(10% DMSO), peptide analogue or blank. The blank consisted 
of spiradoline (1 /¿M in 10% DMSO). Assay conditions and 
analysis were as described for the /¿-receptor. 

GPI and MVD Bioassays. In vitro opioid activities of the 
compounds were tested in the GPI55 and MVD56 bioassays as 
reported in detail elsewere.57-58 A log dose response curve was 
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. determined with [Leu5] enkephalin as standard for each ileum 
. and vas deferens preparation, and ICso values of the com-
pounds being tested were normalized according to a published 
procedure.69 & values for the antagonists were determined 
from the ratio of ICso values obtained in the presence and 

' absence of a fixed antagonist concentration, tű described in 
the literature.34 
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R e f e r e n c e s 
(1) Abbreviations and definitions are those recommended by IUPAC-

IUB Commission on Nomenclature (J. Biol. Chem. 1972, 247, 
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Recently a new class of S opioid antagonists has been discovered by using Tyr-Tic sequence. 
The substitution of "fyr1 by Dmt resulted in a new analogue (H-Dmt-Tic-OH) with enhanced 
affinity and selectivity. Because of its excellent property we chose it for labelling with tritium. 
At the same time peptides containing Tic at position 2 undergo spontaneous diketopiperazine 
formation in some solvents, and they lose some of their binding ability. To avoid this unwanted 
side- reaction we synthetized the N-methylated analogue (N,N(Me)2- Dmt-Tic-OH), and it was 
more stable under storage condition , but 6 affinity declined moderately. On the basis of this 
information we prepared diiodinated analogues of these dipeptides. Catalytic dehalotritiation of 
precursors resulted in tritiated peptides. High specific radioactivity, 44.67 Ci/mmol with 
[3H]Dmt-Tic-OH and 59.88 Ci/mmol with N,N(Me)2-l 3H) Dmt-Tic-OH were achieved. 

1 Introduction 

The heterogeneity of opioid receptors is well established and it is accepted that there 
are at least three types of opioid receptor (p, 8 and K). AS no opioid ligand has been 
found to exhibit absolute specificity for any particular receptor type, several labzora-
tories have made an effort to develop ligands that have as high specificity as possible. 
Recently opioid dipeptide antagonists containing tyrosine and 1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid (Tic) (1) have been described for the 8 receptor. Replace-
ment of Tyr by the more hydrophobic residue 2',6'- dimethyl tyrosine (Dmt) resulted in 
new analogues. The peptide Dmt-Tic retained in vitro 5 opioid antagonism (2) and 
exhibit exceptional 5 receptor affinity (KIS = 0.022 nM) and extraordinary high 
selectivity (K,p/K;5 = 150000). One liability of small peptides is cyclization to a diketo-
piperazine during storage in acidic or some inorganic media(3,4,5). This reaction might 
decrease the activity of ligands. This phenomenon occurs not only for peptides contain-
ing Tic or other constrained residues at the C- terminus, but also with other amino 
acids (6). On the basis of these results we have synthetised N-alkylated analogue of 
Dmt-Tic with the purpose of avoiding the diketopiperazine formation (7). N,N-Di-
methylation affected the 8 receptor binding properties and the affinity of N,N(Me)2-
Dmt-Tic-OH moderately declined (5-fold) in comparison with that of H- Dmt-Tic-OH; 
however a 8 affinity (Ki8 = 0.118 nM) and selectivity of 20000 took it an exceptional 
opioid ligand. 
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2 Experimental section 

Materials: H-L-Dmt-OH was a generous gift from and synthetized by Dygos et al. 
(8). H-Tic-OH was obtained from Bachem Feinchemikalien AG. Melting points were 
determined on a Kofler apparatus and were uncorrected. Optical rotations were 
determined at 10 mg/ml in MeOH with a Perkin-Elmer 241 polarimeter with a 10 cm 
water-jacketed cell. Analytical HPLC analyses were carried out with a Bruker liquid 
chromatography LC 21-C instrument, using a Vydac 218 TP 5415 C18 column 
(250 x 4.6 mm, 5 pm particle size) and equipped with a Bruker LC 313 W variable-
wavelength detector. Recording and quantification were accomplished with a chroma-
tographic data processor coupled with an Epson computer system (QX10). TLC was 
performed on precoated plates of silica gel F254 (Merck, Darmstadt, Germany). 
Ninhydrin (1 %, Merck) and UV light were employed to detect the peptides. NMR 
samples were run at 400 MHz on a Bruker AM- 400 instrument equipped with an 
Aspect 3000 computer and at 500 MHz on a Bruker AMX-500 instrument equipped 
with an X-32 computer. For the determination of mass ions a triple-stage quadruopole 
mass spectrometer (TSQ 700; Finnigan MAT, San Jose, CA, U. S. A.) was used. 
PdO/BaSOi (10 % Pd) catalyst was from Merck. 3H2 gas was purchased from Techno-
bexport, Russia, and contained at least 98 % tritium. The amount of tritiated material 
was measured by UV detection on a Shimadzu-160 spectrophotometer. For radio-
chemical purification, we used a Jasco PU 980 HPLC equipped with a Merck 50943 
LiChroCart 125-4 LiChrospher 100 RP-18 (5 pm particle size) column. Detection was 
performed with a Jasco UV-975 detector at 214 nm and a Packard Flow-one/13 A-500 
radiodetector. Radioactivity was counted with a Searle-Delta- 300 liquid scintillation 
counter in a toluene-Triton X-100 scintillation cocktail. Radiochemical purity was 
checked with Berthold Radichromatogram Tracemaster. 

3 Methods 

The peptides were prepared by standard solution methods. N- Dimethylated pep-
tide was obtained by exhaustive methylation of the corresponding deprotected linear 
dipeptide with aqueous formaldehyde and NaBILCN in acetonitrile (9). The peptides 
containing L-Dmt were prepared from the optically pure L-Dmt amino acid. All 
analogues showed less than 1 % impurities when monitored at 220 nm. 

Synthesis of H-Dmt(3,5-l2)-Tic-OH:- The diiodináted precursor H-Dmt(3',5'-I2)-Tic-
OH was prepared by treating Dmt-Tic-OH with* chloramine T and sodium iodide 
according to reported methods (10). Dmt-Tic-OH (0.1 g; 0.21 mM) was dissolved in 
HaO/acetonitrile 1:1 (10 ml) at room temperature and treated by the simultaneous 
addition of chloramine T (0.3 g; 1.05 mM) and sodium iodide (0.16 g; 1.05 mM). After 
5 minutes the reaction mixture containing mono- and diiodinated peptides was iced 
and lyophilized. The residue was purified'on a preparative HPLC [Waters Delta Prep 
3000 L 30 x 3 cm; 15 jxm] column; with a linear gradient of 0-60 % B in 25 min. at a flow 
rate of 50 ml/min. (solvent A = 10 v/v % acetonitrile in 0.1 % trifluoroacetic acid; solvent 
B = 60 v/v % acetonitrile in 0.1 % trifluoroacetic acid) and identified by NMR, 
MALDI-TOF mass spectrometry and elemental analysis. Analytical characterization 
of H-Dmt(3\ 5'-I2)-Tic-OH: yield 0.12 g (81 %); TLC Rf = 0.51 (mobile phase: 
nBu0H/Ac0H/H20 4:1:1); m.p. 166-168 °C; [cc]D20 + 21.4 (c = 1, MeOH); MH+ 621; 
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lH-NMR (DMSO) 8 = 2.18 (s, 6H); 3.16-3.46 (m, 4H); 4.16-4.67 (m, 4H); 7.08 (s, 4H); 
9.12 (s, 1H). HPLC analysis was monitored at 220 nm. The peptide was eluted with 
a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. k' = 5.61 tR = 16.16 
min. During HPLC analysis, the formation of a small amount of cyclic derivative may 
occur, which under the same conditions as reported above has tR = 21.03 min.. 
Analytical characterization of H-Dmt(3'-I)-Tic-OH: yield 0.02 g (19 %); TLC Rr= 0.45 
(mobile phase: nBu0H/Ac0H/H20 4:1:1); m.p. 150-152 °C; [cc]D20+22.2 (c = 1, MeOH); 
MH* 495; ^ - N M R (DMSO) 8 = 2.17 (s, 6H); 2.79-3.25 (m, 4H); 4.13-4.58 (m, 4H); 6.56 
(s, 1H); 7.13 (s, 4H); 9.9 (s, iH). HPLC analysis was monitored a t 220 nm. The peptide 
was eluted with a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. 
k' = 5.19. 

Synthesis ofN,N(Me)2-Dmt(3',5'-l2)-Tic-OH:-The diiodinated precursor, N,N(Me)2-
Dmt(3',5'-I2)-Tic-OH was prepared by treating N,N(Me)2-Dmt-Tic-OH with chloramine 
T and sodium iodide according to reported methods. Briefly, N,N(Me)2-Dmt- Tic-OH 
(0.11 g; 0.21 mM) was dissolved in H20/acetonitrile 1:1 (10 ml) at room temperature 
and treated by the simultaneous addition of chloramine T (0.3 g; 1.05 mM) and sodium 
iodide (0.16 g; 1.05 mM). After 5 minutes the reaction mixture containing mono- and 
diiodinated peptides was iced and lyophilized. The residue was purified on a prep-
arative HPLC [Waters Delta Prep 3000 L 30P3 cm; 15 pm particle size] column; with 
a linear gradient of 0-60 % B in 25 min. at a flow rate of 50 ml/min. (solvent A = 10 v/v 
% acetonitrile in 0.1 % trifluoroacetic acid; solvent B = 60 v/v % acetonitrile in 0.1 % 
trifluoroacetic acid) and identified by NMR, MALDI-TOF mass spectrometry and 
elemental analysis. Analytical characterization of N,N(Me)2-Dmt(3\5'- I2)-Tic-OH: 
yield 0.13 g (80 %); TLC Rr = 0.53 (mobile phase: nBu0H/Ac0H/H20 4:1:1); m.p. 
153-155 °C; [a]D20+25 (c = 1, MeOH); MH+649; 1H-NMR (DMSO) 8 = 2.29 (s, 6H); 2.65 
(s, 6H); 2.77-3.24 (m, 4H); 4.16-4.67 (m, 4H); 7.17 (s, 4H); 9.41 (s, 1H). HPLC analysis 
was monitored at 220 nm. The peptide was eluted with a linear gradient of 0-100 % B 
in 25 min. at a flow rate of 1 ml/min. k' = 5.84. Analytical characterization of 
N,N(Me)2-Dmt(3'-I)-Tic-OH: yield 0.03 g (20 %); TLC Rr = 0.47 (mobile phase: 
nBu0H/Ac0H/H20 4:1:1); m.p. 140-142 °C; [alD20+126.7 (c = 1, MeOH); MH+ 523; *H-
NMR (DMSO) 8 = 2.19 (s, 6H); 2.44 (s, 6H); 2.74-3.34 (m, 4H); 4.16-4.62 (m, 4H); 6.54 
(s, 1H); 7.18 (s, 4H); 10.2 (s, 1H). HPLC analysis was monitored at 220 nm. The peptide 
was eluted with a linear gradient of 0-100 % B in 25 min. at a flow rate of 1 ml/min. 
k' = 4.84. 

Preparation ofH-[3',5'-3H]Dmt-Tic-OH:- H-[3H]Dmt-Tic-OH was prepared by cata-
lytic dehalogenation of the precursor using 3H2 gas and Pd as catalyst. To a solution 
of 1.6 mg (-2.5 jimol) H-[3.,5.-I2]-Dmt-Tic-OH in 1 ml DMF 12 mg Pd0/BaS04 (10 % 
Pd) and 0.8 pi TEA were added (Fig. 1.) and the reaction vessel was connected to the 
tritium manifold (11). After freezing of the reaction mixture with liquid nitrogen and 
evacuation, tritium gas (555 GBq [15 Ci]) was introduced. The mixture was stirred 
with a magnetic stirrer and the reaction was followed by a manometer measuring the 
tritium pressure. The reaction time was 80 min. The reaction was terminated by 
adsorption of the unreacted tritium gas on pyrophoric uranium. The vessel was taken 
off the tritium manifold to work up the crude mixture. The catalyst was removed by 
filtration through a Whatman GF/C filter and washed several times with ethanol. The 
traces of labile tritium were removed by repeated evaporation from the ethanol/water 
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Fig. 1 T h e tr i t ia t ion of 3',5'-l2-Dmt -Tic-OH and the sidereaction under s torage 

(1:1) s o l u t i o n of t h e r a d i o l a b e l e d product . T h e to ta l r ad ioac t iv i ty of t h e r a d i o l a b e l e d 
p e p t i d e w a s m e a s u r e d by l iquid scint i l la t ion coun t ing , a n d i t p roved to b e 3 .96 GBq 
(107 mCi ) . T h e c r u d e t r i t i a t e d pep t ide w a s pur i f ied by R P - H P L C . W e u s e d g r a d i e n t 
e l u t i o n a n d t h e so lven t s y s t e m w a s A; acetoni t r i le / 0 . 1 % T F A , B; w a t e r / 0 . 1 %TFA. 
T h e p u r i f i e d p e p t i d e w a s s to red in 18.5 MBq/ml (0.5 mCi /ml ) c o n c e n t r a t i o n in 
MeOH/E&O 1:4, w i t h t h e p H a d j u s t e d to 9 w i th NHUOH, a n d t h e so lu t ion w a s s to r ed 
in l i qu id N2. 

OH OH 

y.S'-L-N.N-dimethyl-Dtrrt-Tic 3,,S,-IH2-N1N-d"imethyl-Dmt-Tic 

Fig. 2. The tritiation of 3\5'-I2-N,N(Me)2-Dmt-Tic-OH 
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Tritiation of delta opioid-receptor selective antagonist 

Preparation of N,N(Me)2-[3',5'-3H]-Dmt-Tic-OH:- N,N(Me)2-l3H]Dmt-Tic-OH was 
prepared by catalytic dehalogenation of the precursor using 3H2gas and Pd as catalyst. 
To a solution of 2 mg (-2.5 jimol) N,N(Me)2[3,5-I2]-Dmt-Tic-OH in 1ml DMF 12 mg 
PdO/BaSCMlO %Pd) and 0.9 pi TEA were added (Fig. 2.) and we connected the reaction 
vessel to the tritium manifold. After freezing of the reaction mixture with liquid 
nitrogen and evacuation, tritium gas (555 GBq [15 Cil) was introduced. The mixture 
was stirred with a magnetic stirrer and the reaction was controlled by following the 
tritium pressure. The reaction was terminated by adsorption of the unreacted tritium 
gas on pyrophoric uranium. The reaction was completed in 80 min. The catalyst was 
removed by filtration through a Whatman GF/C filter and was washed several times 
with ethanol. The traces of labile tritium were removed by repeated evaporation from 
the ethanol/water (1:1) solution of the radiolabeled product. The total radioactivity of 
the tritiated peptide was measured by liquid scintillation counting, and it resulted 
2.96 GBq (80 mCi). The crude tritiated peptide was purified by RP-HPLC using the 
same instrumentation as described above. We used gradient elution and the solvent 
system was A; acetonitrile / 0.1%TFA, B; water / 0.1%TFA. The purified peptide was 
stored in 18.5 MBq/ml ( 0.5 mCi/ml) concentration in AcCN/H20 1:4 under liquid N2. 

4 Results 

In the case of H-[3H]Dmt-Tic-OH the gradient was at 0 min. 15 % A/85 % B, at 10 
min. 20 % A/80 % B, at 15 min. 32 % A/68 % B and at 25 min. 50 % A/50 % B. The flow 
rate was lml/min. The tR = 15.97 min. and k' = 10.2. The retention time of diketo-
piperazine derivative was 19.3 min., k' = 12.7. The purity of radiolabeled peptide was 
assessed by RP- HPLC at the same conditions, and we found it at least 95 %. After the 
purification we observed 1.6 % of diketopiperazine. During storage in methanol it 
increased to 18.9 % after 24 hours. We did not use TLC because of the increase in the 
diketopiperazine level. The amount of peptide was determined by UV spectrometry 
using unlabelled TFAH-Dmt-Tic-OH as a standard (e = 29.74 dm3/mmol.cm at 214 nm) 
[29740 cm2/mmol]. The specific activity of the purified H-[3H)Dmt-Tic-OH was 1.65 
TBq/mmol (44.67 Ci/mmol). 

At N,N(Me)2-[3H]Dmt-Tic-OH the gradient was at 0 min. 20 % A/80 % B, at 10 min. 
30 % A/70 % B, at 15min. 40 % A/60 % B. The flow rate was 1 ml/min. The tR = 10.2 
min., k' = 8.1. The purity of the radiolabeled peptide was assessed by RP- HPLC and 
TLC and was found to be at least 95%. The amount of peptide was determined by UV 
spectrometry using unlabelled TFA.N,N(Me)2-Dmt-Tic-OH as a standard (e = 30.92 
dm3/pimol.cm at 214 nm) [30920 cm2/mmol]. The specific activity of the purified 
N,N(Me)2-[3H]Dmt-Tic-OH was 2.22 TBq/mmol (59.88 Ci/mmol). We investigated the 
radiochemical purity of N,N(Me)2-[3H]Dmt-Tic-OH repeatedly and found that this 
ligand was very stable under our storage conditions. There is a good chance to use it 
as a ligand, and the tritiated form will be a useful tool for the characterization of opioid 
receptors. The binding data will be published elsewhere, and according to the results 
it promises new antagonist with very high affinity and 8 selectivity. Our data reveales 
that the non-specific binding is very low, much lower than that of TIPP[T].(12,13) 
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Abstract 

Substitution of the Phe3 aromatic ring in H-Tyr-Tici^CH.-NHJPhe-Phe-OH with cyclohexylalanine (Cha) has been reported to result in 
a compound. H-Tyr-Tictp[CH2-NH]Cha-Phe-OH (TICP[<M). showing substantially increased ¿opioid antagonist potency and high 6 
selectivity. TJCPK»] was radiolabeled by catalytic uitiation of its precursor Tyr<3,.5,-II)ITICPU']. Binding characteristics of the new 
tritiatcd pseudopeptide were determined using the radioligand binding assay in rat brain membranes. On the basis of the results of saturation 
binding studies performed at 25°C. an equilibrium dissociation constant (Ka) of 0.35 nM and a receptor density ( B ^ J of 112 fmol/mg 
protein were calculated. This new tritiatcd ligand exhibits high affinity for ¿opioid receptors, whereas its binding to M and K receptors is 
weak. A study of [H3J I H-F[iW binding displacement by various receptor-selective opioids showed the following rank order of potency: ¿ > 
k — p . These receptor binding characteristics of the ligand. together with its high specific radioactivity (41.3 Ci/mmol) and stability, makes 
it a useful tool for labeling ¿-opioid receptors, both in vitro and in vivo. © 1999 Elsevier Science Inc. All rights reserved. 

Keywords: Opioid receptors: ¿Opioid antagonist peptides: Conformational restriction: Radioligand binding 

1. Introduction 

The existence of three'major classes of opioid receptors 
(p. 8. re) is now widely accepted [1]. To elucidate the 
functions of the various opioid receptor classes, it is essen-
tial to develop ligands that are highly selective for distinct 
receptor types. The existence of 8-opioid receptors was first 
postulated in 1977 by Lord et a!. [9]. Since then, progress in 
characterizing the pharmacological and physiological roles 
of 5-opioid receptors has been tied to the development of 
highly selective and potent 8-opioid agonists and antago-
nists. The receptor selectivity of opioid peptides has been 
attributed to a variety of factors, primarily to the chemical 
constitution and conformation of their message and address 

« This work was supported by Hungarian Research Foundation Giant 
GTKA-T022I04. OTKA-TI699I. National Committee for Technical De-
velopment Gram OMFB 96-97-48-1205). Medical Research Council of 
Canada Grant MT-5655. and National Institutes of Health Grant DA-
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domains [6.22.281. The incorporation of conformational 
constraints in biologically active molecules is a well known 
approach for enhancing receptor selectivity and efficacy. 
This has been especially successful in the opioid peptide 
area, where the natural small opioid peptides are known to 
be structurally flexible molecules whose conformation de-
pends on the environment. In effort to obtain better confor-
mational integrity, various conformationally restricted opi-
oid peptide analogs have been developed [21] for agonists 
and antagonists as well. The 8-agonist deltorphin II [4] and 
its highly selective analog [Iles'6]deltorphin II [13] recently 
have been prepared in tritiated form. 

The concept of conformational restriction has been most 
useful in the development of 8-selective opioid peptide 

.antagonists.. Substitution, of .L2J.4-teirahydroisQquinoJine-
3-carboxylic acid (Tic) at the second position of a deltor-
phin related tetrapeptide produced the potent and highly 
selective 8-antagonist H-Tyr-Tic-Phe-Phe-OH (TIPP) [24|. 
which has been prepared in tritiated form 115]. Replacement 
of Tyr' by a more hydrophobic residue 2'.6'-dimethyIlv-
rosine (Dmt) resulted in new analogs with high S-amagonist 
properties in vitro [18.23]. Peptides containing imino acids 

0196-9781/99/S - see from matter O 1999 Elsevier Science Inc. All rights reserved. 
Pit: SO 196-9781(99)00101-I 
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such as Tic in position 2 are prone to cyclization during 
synthesis and storage due to diketopiperazine formation 
[3.5.10]. On the basis of these results, alkylated analogs of 
H-Dmt-Tic-OH were synthesized with the purpose of avoid-
ing diketopiperazine formation. A/JV-Dimethylation resulted 
in a compound. AW(Me),-Dmt-Tic-OH, showing five-fold 
reduced ¿-receptor affinity, as compared to the parent dipep-
-tide.-bur^mewharimprovedfcaritagoi^ 
The dipeptide ¿-antagonist AUV(Me)2-Dmt-Tic-OH has 
been prepared in tritiated form as well [7], Reduction of the 
Tic~-Phe3 peptide bond in TIPP. to prevent spontaneous 
bond cleavage, led to the potent and highly selective ¿-an-
tagonist. H-Tyr-Tic </> [CH2-NH]Phe-Phe-OH. TIPP[fl. 
which turned out to be completely stable against chemical 
and enzymatic degradation [20]. because this structural 
modification altogether eliminates the possibility of Tyr-Tic 
diketopiperazine formation. The tritiated TTPPfi/»] also has 
been prepared and tested in direct radioligand binding as-
says [14]. Saturation of the Phe3 aromatic ring in the pseu-
dopeptide TIPP[d>]. as achieved through substitution of cy-
clohexilalanine (Cha). resulted in a compound H-Tyr-Tic tft 
[CH2-NH]Cha-Phe-OH. TICP[<M. which showed 13-fold 
increased ¿-antagonist potency, while still maintaining ex-
traordinary ¿-receptor selectivity [25]. We now report the 
synthesis and binding characteristics of tritiated TICP[i[r]. 

2. Materials and methods 

2.1. Materials 

DAM GO and [D-Ser.Leu\Thr*]enkephalm (DSLET) 
were purchased from Bachem Feinbiochemica, Bubendorf. 
Switzerland. U69.593 was obtained from Upjohn Com-
pany (Kalamazoo. Michigan, USA). Deltorphin II, 
[Ile5-6]deltorphin II. TIPP, and dihidromorphine were 
synthesized in the Isotope Laboratory of the Biologic 
Research Center. [D-Pen2,D-Pens]enkephalin (DPDPE) 
[11] kindly was provided by Dr K. Medzihradszky (Pep-
tide Research Group, Hungarian Academy of Sciences, 
Budapest, Hungary). Naltrindole [17] was a gift from.Dr 
S. Hosztafi (Alkaloida Chemical Company, Ltd., Tisza-
vasvári, Hungary). Dextrorphan and levorphanol were ob-
tained from Hoffmann-La Roche (Nutley, NJ, USA). All other 
chemicals used in this study were of analytical grade. 

2.2. Synthesis 
* 

The precursor peptide H-TyrO'^'-y-Tic.« [CH2-NH] 
Cha-Phc-OH was synthesized by solid phase peptide syn-
thesis (SPPS) method using published procedure. Introduc-
tion of the reduced peptide bond between Tic2 and Cha3 

required reductive alkylation reaction between 2-Boc-Tic-
aldehyde and the amino group of the resin-bond Cha-Phe 
dipeptide. 2-Boc-Tic-aldehyde was synthesized via prepa-
ration of 2-Boc-Tic-3-(A'-methoxy-/V-methyIamide). The 

peptide was cleaved from the resin by treatment with hy-
drogen fluoride (HF)/anisole. The crude peptide was puri-
fied by reverse-phase high-performance liquid chromogra-
phy using a Vydac 218TPI010 column. The peptide was 
eluted by the acetonitrile/0.1% trifluoroacetic acid (TFA) 
solvent system, using a linear gradient, and its structure was 
confirmed by mass spectrometry. [3H]TICP i(r was prepared 
Ijy^târyticllëKalôgênation ôf th^ precursor peptide using 
3H2 gas and Pd/BaSO« (Merck) as catalyst in the presence 
of triethylamine [29]. The crude tritiated peptide was puri-
fied by thin-layer chromatography on Fcrtigplatten Kiesel-
gel 60 FJ34 (Merck) with the solvent system acetonitrile-
methanol water (4:1:1 ). Rf = 0.49. resulting in pure material 
with a total activity of 1.44 TBq (39 mCi). The purity of the 
radiolabeled peptide was assessed by thin-layer chromatog-
raphy in three different solvent systems : butanol-acetic ac-
id-piridine-water (19:3:12:10). R, = 0.66; butanol-acetic 
acid-water (4:1:1). R( = 0.62; and acetonitrile-methanol-
water (4:1:1), Rf = 0.45. Purity was also established by 
analytical high-performance liquid chromography using a 
Merck 50943 LiChroCart 125-4 LiChrospher 100 RP-18 (5 
/un) column. Gradient elution was used under the following 
conditions: at 0 min 25%A/75%B and at 30 min 50%A1 
50%B. The solvent system was A: acetonitrile/0.1% TFA 
and B: water/0.1% TFA. The flow rate was 1 ml/min, tR = 
14.4 min. and k' = 12.5. The purity of the tritiated TICP [#] 
was found to be at least 95%. The amount of peptide was 
determined by ultraviolet spectrophotometry, using unla-
beled TICP [iM as a standard. The specific radioactivity of 
purified [3H]TICP [ifl was 1.53 TBq/mmol (41.28 Ci/ 
mmol). The purified peptide was stored in ethanol under 
liquid nitrogen at a concentration of 37 MBq/ml ( 1 mCi/ml). 

2.3. Preparation of rax brain membranes 

A crude membrane fraction was prepared from Wistar rat 
forebrains [27], Two-month-old rats were decapitated, and 
the brains without cerebellum were quickly removed and 
washed several times with ice-cold 50 mM Tris-HCl buffer 
(pH 7.4). The brains were weighed and suspended in 5 
vol/wt of brain tissue of the same ice-cold buffer. The brains 
were homogenized using a Teflon-glass homogenizer 
(I 000 rcvVmin, 10-15 strokes), and the resulting mem-
brane suspension was filtered through cheese cloth to re-
move larger aggregates. Additional buffer then was added to 
reach a final buffer volume/membrane ratio of 30. After 
subsequent1 centrifugation at 40000 X g (18 000 revVmin) 
for 20 .min at 4°C, the resulting pellet was resuspended in 
buffer (30 vol/wt) by using a vortex,'The suspension was 
incubated for 30 min at 37°C to'dissociate endogenous 
opioid ligands from their receptors.'"The suspension then 
was recenuifuged under the same conditions as described 
above, and the pellet was resuspended in 50 mM Tris-HCl 
buffer (pH 7.4) containing sucrose (0.32 M) at a final 
protein concentration of 3 -4 mg/ml. The membranes were 
stored in 5-ml aliquots at —70°C until use. The protein 
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concentration was determined by the Bradford method [2]. 
Before being used, the membranes were resuspended in 30 
mM Tris-HCl buffer (pH 7.4) and centrifuged (40 000 X g. 
4°C. 20 min) to remove the sucrose. 

2.4. Receptor binding assay 

The experiments were performed in plastic or polypro-
pylene tubes with 30 mM Tris-HCl buffer (pH 7.4) in a final 
volume of 1 ml and at a protein concentration of 0.3-0.3 
mg/ml. Incubation was started by addition of membrane 
suspension and terminated by rapid vacuum filtration 
through Whatman GF/C filters using a Brandell Cell Har-
vester. After two washings with 10-ml portions of ice-cold 
buffer, the filters were dried for 3 h at 37°C. and the 
radioactivity was measured in a toluene-based scintillation 
cocktail by using a Beckman scintillation counter. Nonspe-
cific binding of [3H]TICP[tM was determined by carrying 
out the experiments in the presence and absence of 10 /jlM 
unlabeled naloxone. Direct binding studies with 
[3H]TICP[t/r] revealed that the binding equilibrium was 
reached after an incubation time of 60 min at 25°C. The 
Scatchard plot was used for the analysis of the [3H]TICP[t/II 
binding saturation curve. The concentration of [3H]TICP[t//] 
used in the competition binding experiments using various 
unlabeled opioid receptor ligands was 0.5 nM. The displace-
ment curves were analyzed with the LIGAND program [12] 
by using a nonlinear least squares algorithm. All experi-
ments were carried out as duplicate assays and repeated at 
least three times. The given values are means ± SEM. The 
same assay conditions were used in the binding kinetics 
experiments. The association rate constant was determined 
by varying the incubation time over a period of 120 min. For 
the determination of the dissociation rate constant, dissoci-
ation of [3H]TICPM from the receptor was initiated by 
addition of unlabeled naloxone at a final concentration of 10 
pM. Kinetic data were analyzed according to the method 
described by Weiland and Molinoff [30]. 

3. Results 

To determine appropriate conditions for equilibrium 
binding studies of [3H]TICP[t/r], the effect of incubation 
temperature was studied. Because specific binding of 
[3H]TICP[<M at 0°C and 35°C was much less than at 25°C 
(data" norshown)."all subsequent- binding- experiments - were 
performed at 25°C. 

Kinetic studies revealed rapid, monophasic association 
and dissociation of the labeled pseudopeptide from the opi-
oid receptors in rat brain membrane. The results of the 
binding kinetics experiments indicated that a steady state 
was reached in 60 min with [3H]TICP[<W (0.5 nM) at 25°C 
(Fig. 1 ). The half-life of dissociation was measured to be 11 
min. The determined association rate constant (&«.,) was 
1.2 X 106/s/M and the dissociation rate constant (£_,) was 
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Fig. I. Association and dissociation kinetics of (}H|TICP[t{i| binding de-
termined at 25°C. Membranes from rat brain were incubated with 0.5 nM 
['HlTlCPltW Tor various periods of time. Dissociation was initiated by 
addition of 10 pM naloxone at the steady state. Each value represents the 
mean of at least three experiments, carried out in duplicates. 

5.6 X 10~4/s. From these rate constants, a binding equilib-
rium dissociation constant (Kd) of 0.47 nM was calculated. 

Saturation binding experiments were performed with the 
radiolabeled ligand by varying the concentration over a 
range from 0.02 nM to 3 nM (Fig. 2). Specific binding was 
found to be saturable. The Kd and the maximal number of 
binding sites ( 8 J were calculated by linear regression 
analysis of the saturation binding curves from Scatchard 
plots. The obtained results indicated the existence of a' 
single binding site with an equilibrium dissociation constant 
Kd of 0.35 ± 0.03 nM. a value in reasonable agreement with 
the Kd obtained from the binding kinetics experiments. The 
maximal number of binding sites was 112.1. £ 9.6 fmol/mg 
protein, similar to the B ^ values obtained for [3H]TIPP 
(82.4 ± 20.4 fmol/mg) and [3H]TIPP[|M (105.4 ± 49 ftnol/ 
mg) [14,15]. Nonspecific binding of [3H]TICP [<W to rat 

1 2 3 

[3H]fiCP[T] (nM) 

Fig. 2. Saturation binding curve and Scatchard plot tinseii of [<H|TICP(tI'| 
binding. Rat brain membranes were incubated with increasing concentra-
lion of ('HfTICPIiM in the presence and absence of 10 jiM naloxone for 60 
min at 25°C. Each value represents the mean of at lease three experiments, 
carried out in duplicates. 
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total -11 -10 -9 -8 -7 

log[Ggand], M 

Fig. 3. Sieieospeci (icily of |'H|TICP|<f'| binding. Rai brain membranes 
were incubated with 0 3 nM | J H)i n.H>W in (he presence of increasing 
concentrations of levorphanol ( • ) and dextroiphan (•) . as described in 
Section 2. Each value represents the mean of at least three experiments, 
carried out in duplicates. 

Table I 
Inhibition of |*H|TICP|<M binding by various opioid recepior-selcctive 
ligands 

Unlabeled ligand Type K.nM 

l i e " delioiphin II 8 1.54 - 0.85 
Deliotphin II S 2.48 Ï 0.22 
Nalirindole 6 0.61 — 0.19 
DSLET à 3 J 5 = 0.4 
DPDPE 6 10.47 ï 2.51 
T1CP|<M 6 0.35 r 0.01 
TIPP a 4.62 Z 3.2 
TIP|«M a 2.49 r 0.9 

DAMGO M 416.5 Z 16 
Dihidromoiphine M 126.9 i 20.8 

U69393 •r 331.29 t. 194.58 

Membranes were incubated with 0 3 n.M | ''H)TICP|tM the presence of 
increasing concentrations of unlabeled opioid ligands. K| values represent 
the mean - SEM of three-four independent experiments. 

brain preparations was under 45% of total binding at a 
radioligand concentration close to the Kd value. 

Homologous displacement experiments with 0.5 nM 
[sH]TTCP(t/r] and various concentrations of unlabeled 
TICPltW in the presence and absence of 100 mM NaCI were 
performed to evaluate its agonist/antagonist character. The 
calculated sodium index value (Kd with Na4/Afd without 
Na4) was 0.57, which suggested the ligand's antagonist 
character. 

The siercospecificity of [3H]TICP[tJ0 binding to rat brain 
membranes was demonstrated by displacement with levor-
phanol and dextroiphan. The opiate agonist levoiphanol 
presented high affinity lK-t value of 5.45 ± 0.75 nM) toward 
the [3H]TICP[tM sites, whereas its pharmacologically inac-
tive «random« showed very low affinity (K-, > 10 000 nM). 
respectively (Fig. 3). 

The equilibrium competition experiments were per-
formed by the use of various unlabeled ligands selective for 
H-. 5-, or K-receptors to displace bound [3H]TICP[tJi]. The" 
¿-selective opioid ligands competed with much higher af-
finities than the /i-specific DAMGO and the K-specific 
U69.593. The data represented as binding inhibition con-
stants (Ki) are shown in Table 1. The determined equilib-
rium inhibitory constant (K{) values indicate that TICP[tf>] 
has higher affinity for ¿-receptors than all unlabeled ligands 
used in the experiment. 

4. Discussion 

In the present study, the binding properties of the new 
radiolabeled pseudopeptide [3H]TICP [(ft] were determined 
in membrane preparations of rat brain. 

The kinetic studies showed that [3H]TICP[t//] associated 
and dissociated rapidly, in a monophasic manner, from the 
opioid receptors. Saturation binding experiments revealed 

that a single class of opioid binding sites was labeled by this 
radioligand. The affinity for this site agreed well with the 
kinetically determined values for (3H]T1CPIIM binding. 

Interaction of [3H]TTCP[<M with the opioid receptors also 
had been characterized in terms of its modulation by Na4 

ions. The effect of Na4" ions on ]?HjnCP[tM binding was in 
agreement with the expected antagonist character of the 
peptide. As it is well established, agonists have a lower 
affinity for opioid receptors in the presence of Na 4 ions, 
whereas antagonist binding is less affected [16], Mutagen-
esis studies on the cloned opioid receptors suggested that 
the site for Na4 ion modulation of ligand binding is a 
conserved Asp [95] residue in the second transmembrane 
region of the receptor protein [8]. but the molecular mech-
anism of this action remains to be elucidated. 

Comparing the opioid binding properties of the 8-selec-
tive TIPP analogs, we can conclude that the restricted con-
formations resulted in improved binding properties. Reduc-
tion of the second peptide bond (TIPP(iM) increased the 
stability against enzymatic degradation. Further reduction 
of Phe3 aromatic ring in TIPP[t!i] resulted in a compound 
with increased affinity and selectivity toward the ¿-opioid 
receptor. As it is shown in the results, an aromatic residue in 
the third position of the peptide sequence is not required for 
high ¿-antagonist potency. Saturation of the Phe3 aromatic 
ring in TlPPfifr], as achieved through substitution with cy-
clohexylalanine (Cha), led to a compound with high ¿-se-
lectivity and antagonist potency. 

The major conclusion from this work is the fact that 
[3H]TICP[tW is an opioid radioligand'with high ¿-receptor 
affinity and unprecedented ¿-receptor selectivity. In com-
parison with the highly ¿-selective antagonist TIPP l<p] [20], 
T1CP ((//] has comparable ¿-selectivity but 13-fold increased 
¿-antagonist potency [25], Furthermore, in a direct compar-
ison with the ¿-dipeptide antagonist H-Dmt-Tic-OH [19], 
TICP lip] showed 30 rimes higher ¿-antagonist potency and 
5 times higher ¿- versus /i-selectivity [26]. Also, it was 
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shown to be 3 times more potent and 190 times more 
5-seIective than (he nonpeptide ¿-antagonist naltrindole [17] 
in a direct comparison [26]. Therefore. [JH]TICP[t/r] repre-
sents a significantly improved 5-opioid receptor radioligand 
that should turn out to be a valuable tool in the opioid 
receptor research and may also have potential as a thera-
peutic agent. 
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; N,N(Me)i-Dimethyl-tyroslne-1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid-OH (N.N(Me)j-Dmt-Tic-OH) is a very selec-
tive 6 opioid dipeptide with elevated antagonist activity. We 
have radiolabeled this compound by catalytic tritiation of the 
N,N(Me)j-Dmt(3 '.5 '-lj)-Tic-OH precursor. The ligand labelled 

- rat brain membranes with a Ke value of 0.42 nli and a Bn^ of 
63.12 fmol/mg protein. The new tritiated ligand showed high 
affinity for the & opioid receptor whereas its binding at p. and 

K opioid receptors was weak. N,N(Me)i-Dmt-Tic-OH was able 
to inhibit the agonist-stimulated bir g of the non-hydrolysa-
ble GTP analogue [3sS]GTPyS, thus attenuating the activation 
of G proteins via opioid receptors. This simple opioid dipeptide 
in both normal and labelled form may serve as a useful tool to 
study & opioid receptors in vitro and in vivo. NeuroReport 
11:2083-2086 © 2000 Lippincott Williams & Wilkins. 

Key words: Antagonist; Delta opioid receptor, [uS]GTPyS binding; Peptide; Radioligand binding 

I N T R O D U C T I O N 
Receptor type-selective opioid agonists and antagonists are 
of interest both as pharmacological tools and as potential 
therapeutic agents. In the past few years substantial 
progress has been made in the development of peptide 
and non-peptide compounds with high potency and mark-
edly improved selectivity for each of the three main opioid 
receptor types (p, 6, K). Recently, on the basis of conforma-
tional studies related to naltrindole, a new class of 6 opioid 
antagonists characterised by a simple dipeptide sequence 
Tyr-Tic (Tic = 1,2,3,4-tetrahydroisoquinoline-3-carboxylic 
acid) were discovered [1]. Substitution of Tyr1 with 2'fi'-
dimethyltyrosine (Dmt) provided analogues endowed of 
high 6 antagonist potency and selectivity [2]. As reported, 
peptides containing Tic at position 2 undergo spontaneous 
diketopiperazine formation in some solvents which leads 
to a decrease in activity [3-5]. On the basis of these results 
we have synthesised N-alkylated analogues of Dmt-Tic 
with the purpose to avoid the diketopiperazine formation 
[6]. These derivatives, in particular N,N(Me)j-Dmt-Tic-OH, 
show high 5 selectivity and antagonist property with 
values comparable to the non-peptide 6 antagonists [7]. In 
this paper we describe the binding characteristics of the 
newly tritiated opioid dipeptide N,N(Me)2-Dmt-Tic-OH 
[8]. Moreover, a functional approach is used to further 

confirm the high antagonist effect of this dipeptide through 
examination of the effects of N,N(Me)2-Dmt-Tic-OH on G 
protein activation. 

M A T E R I A L S A N D M E T H O D S 
Chemicals: The synthesis and radiolabelling of N,N(Me)2-
Dmt-Tic-OH was carried out as described earlier [8]. 
Guanosine-5'-0-(3-[3SS]thio)-triphosphate (GTPyS, 1204Ci/ 
mmol) was purchased from the Isotope Institute Ltd 
(Budapest, Hungary). Dihydromorphine and naloxone 
hydrochloride were prepared by Dr S. Hosztafi (ICN Alka-
loida, Tiszavasvari, Hungary). DSLET, DAMGO and dy-
norphin A (1-13) were purchased from Bachem (Switzer-
land). All the other peptides were synthesized in the 
Isotope Laboratory of the Biological Research Center 
(Szeged, Hungary). Bovine serum albumin (BSA), EGTA, 
GDP and GTPyS were from Sigma Chemicals (St. Louis, 
MO, USA). All other reagents used were of analytical 
grade. 

Rat brain membranes were prepared as described pre-
viously [9]. 

Receptor binding assays: Binding experiments were car-
ried out in 50 mM Tris-HCl buffer (pH 7.4) in a final 
volume of 1ml containing 0.3-0.5 mg protein. Incubations 
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were started by the addition of membrane suspension and 
continued in a shaking water bath until the steady state 
was achieved. Non-specific binding was determined in the 
presence of 10 pM non-labelled naloxone and found to be 
20.2 ± 3.1%. The reaction was terminated by rapid filtration 
on a Brandel M24R Cell Harvester through Whatman GF/ 
C glass fibre filters and washed with 3 X 5 ml ice-cold 
Tris-HCl (pH 7.4) buffer. The filters were dried at 37°C 
and the bound radioactivity determined in a toluene based 
scintillation cocktail (using a Wallac 1409 scintillation 
counter, v - 0.6). 

i3 5SJGTPyS binding assay: Membranes for this assay 
were prepared from frontal cortex, a delta receptor-rich 
section of the brain. Measurement was carried out as 
described before [10]. 

Data analysis: Radioligand binding assays were per-
formed in duplicates, pSJGTPyS binding assays were 
performed in triplicates. AU assays were replicated at least 
three times. The given values are mean ± s.e.m. Data were 
analysed and plotted with the use of GraphPad Prism 2.01 
(GraphPad Software, Inc. San Diego, CA). 

RESULTS 
To determine the appropriate conditions for performing 
equilibrium binding studies with [3H]N,N(Me)2-Dmt-Tic-
OH, the effect of incubation temperature on binding and 
the time course of association were investigated first. 
Determination of specific binding at different temperatures 
revealed that the lowest ratio of non-specific binding could 
be assessed at 25°C (data not shown). The time course of 
[3H]N,N(Me)2-Dmt-Tic-OH binding was rapid and mono-
phasic, reaching a steady state after 25 min of incubation at 
25°C (Fig. 1). 

The binding of [3H]N,N(Me)2-Dmt-Tic-OH was satur-
able and of high affinity (Fig. 2a). Scafchard analysis of the 
saturation binding data was best fitted with a single 
binding site model (Fig. 2b). The equilibrium dissociation 
constant (K^) value and maximal number of binding sites 
(Bmax) were determined and found to be 0.42 ± 0.03 nM 
and 63.12 ± 1.22 fmo l /mg protein, respectively. Based upon 

time (min) 

Fig. I. Time course of .the binding of [3H]N.N(Me)2-Dmt-Tic-OH. 
[3H]N.N(Me)2-Dmt-Tic-OH (O.SnM) was incubated at 2S°C for various 
periods of time with 300-S00 pg rat brain membrane. Data are plotted 
as total (1), non-specific (t) and specific (m) binding. This is a representa-
tive experiment, which was replicated three times. 

radioligand concentration (nM) 

B 

Fig. 2. (a) Saturation binding curve and (b) Scatchard plot of 
[3H]N.N(Me)2-Dmt-Tic-OH binding to rat brain membranes. Increasing 
concentrations of [3H]N,N(Me)2-Dmt-Tic-OH were incubated with 
membranes at 25°C In the absence and presence of 10 pM naloxone for 
estimating total and non-specific binding, respectively. Plots on graph 
represent specific binding. This is a representative experiment which was 
replicated three times. 

the above described experiments the conditions for the 
competition studies were: incubation for 30 min at 25°C, in 
the presence of 0.5 nM [3H]N,N(Me)2-Dmt-Tic-OH. 

In competition experiments the inhibition of the binding 
of [3H]N,N(Me)2-Dmt-Tic-OH by various unlabelled speci-
fic opioid ligands was studied (Table 1). The rank order of 
potencies was found to be 8 » i c > p The reported K, 
values indicate that naltribene and naltrindole have the 
highest affinity for 6 receptor followed by deltorphin I and 
II. The results also confirm that N,N(Me)2-Dmt-Tic-OH 
binds to the 6 receptor with high affinity comparable to 
naltrindole and more tightly than nPPfW] (H-Tyr-
TicW[CH2NH]Phe-Phe-OH) [11]. 

The results with the p. agonists indicate that levorphanol 
has relatively higher 6 affinity while DAMGO ([D-Ala2,N-
Me-Phe4,Gly-ols]-enkephalin), the endomorphins and der-
morphin have a better profile of p / 6 selectivity. The non-
peptide K agonists show very low affinities for 
[3H]N,N(Me)2-Dmt-Tic-OH-labelled 6 sites, while dynor-
phin A (1-11) and (1-13) show somewhat higher affinities. 
The relatively high affinity obtained with EKC should be 
due to this ligand's non-specific nature. 

After characterizing the binding properties of tritiated 
N,N(Me)2-Dmt-Tic-OH, a functional approach was used 
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T a b l e I . Inhibition of [ 'HJN.NfMeh-Dmt-Tic-OH binding by various opioid recep tor selective 
ligands. 

Substance K,(nM) s.e.m. 

Delta N,N(Me)j-Dmt-Tic-OH 0.44 0.13 
Deltorphln II 0.28 0.07 
Deltorphln 1 0.13 0.02 
[l le^Jdeltorphin II 3.39 0.47 
DSLET Z I 0 0 . IS 
DPDPE 1.91 OSS 
Tipppiq 1.31 0.12 
TIPP 16.23 3.76 
NTI 0.14 0.0001 
NTB 0.02 0.01 
BNTX 2.09 0.29 
NTX 4.87 0.76 
NTII 5.32 1.19 

Mu DAM G O I0S3.2 216.8 
Dermorphin 615.00 209.43 
Endomorphln 1 > 10 pM 
Endomorphln 2 > 10 pM 
Levorphanol 8.10 0.69 
Naloxone 6.75 0.85 

Kappa Dynorphln A ( l - l 1) 269.07 65.81 
Dynorphin A (1-13) 248.10 53.23 
U-50.488H 5707.00 1663.41 
U-69.S93 5964.00 609.00 
EKC 10.20 0.32 

Membranes were Incubated with 05 nM [JH]N.N(Me)i-Dmc-Tic-OH in the presence of Increasing concentra-
tions of unlabelled opioid ligands. Values were generated from 3-4 independent experiments. BNTX: 7-
benzylidenenaltrexone; DPDPE: cyclolD-Pen'-OJWienkeplutin; DSLET: Tyr-O-Ser-Gly-Phe-Leu-Thr, EKC: 
ethyl-keto-cyclazocine: NTB: naltribene; NT1: naltrindole: NTH: naitrindole 5'-isothiocyanate; TIPPpF]: H-Tyr-
TkT'fCHjNHJPhe-Phe-OH; U-S0.488H: trans-(-)-3.4-Dichloro-N-methyi-N-[2-(l-pyrrolidinyl)-cyclo-hexyl]ben-
reneacetamide; U-69593: 5a.7a,8fi-(-)-N-methyi-N-P-(l-pyrronlidinyi)-l-oxaspiro(4-5)dec-8-yf]beniyle-aceta-
mide. 

to confirm the high antagonist potency of this dipep-
tide analogue. For this purpose the agonist-stimulated 
[^SlGTPyS binding [12] was utilized. Guanosine-5'-0-(3-
[35S]thio)triphosphate (GTPyS) is a non-hydrolysable GTP-
analogue and its binding to G proteins is stimulated by 
agonist ligands acting at G protein coupled receptors. In 
our experiments we examined the ability of N,N(Me)2-
Dmt-Tic-OH to reverse the G protein activating effect of 
[fle5,6]deltorphin il, a potent delta agonist peptide on 
pSJGTPyS binding. 

To achieve a pronounced stimulating effect of the 
agonist peptide [ne5-£]deltorphin n [13], membranes pre-
pared of the delta receptor-rich frontal cortex [14] were 
used instead of the crude brain membranes utilized in 
the radioligand binding assays. In this system 1 pM 
[He5,6]deltorphin H elevated the binding of [35S]GTPyS to G 
proteins to 1.5-fold of the non-stimulated level. Increasing 
the amount of N,N(Me)2-Dmt-Tic-OH caused a dose-
dependent reversal of this effect (Fig. 3, black bars). The 
EC50 of this antagonistic effect was 8.1 nM. N,N(Me)2-Dmt-
Tic-OH alone did not cause any change in the amount of 
the bound [-^SJGTPyS to G proteins (Fig. 3, white bars). 
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Fig. 3. Inhibition of agonist-stimulated [ ! sS]GTPyS binding by 
N,N(Me)2-Dmt-Tic-OH in membranes of rat frontal cor tex . Different 
concentrations of N.N(Me)2-Dmt-Tic-OH were incubated in the absence 
(white bars) and presence (black bars) of I pM [l le5 ' ]del torphin II, a 
potent delta agonist. Incubations w e r e carried ou t for 60min at 30°C. 
Non-specific binding was 61%. non-stimulated [3SS]GTPyS binding was 
67.3 ± 11.6 fmot/mg protein. Points represent means ± s.e.m. f rom three 
independent experiments carried ou t in triplicates. 

D I S C U S S I O N 
Our results describe the biochemical characterization of .an 
exceptionally potent 6 antagonist dipeptide, N,N(Me)2-
Dmt-Tic-OH. The discovery of dipeptide molecules being 
able to interact with the opioid receptors was a big 

scientific sensation in the mid-1990s [1]. Since this finding 
questioned a long-lived belief about the smallest peptide 
sequence being able to interact with opioid receptors, the 
initial discovery were followed by a number of conforma-
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tional analysis studies [15,16]. One of the conclusions of 
these studies was that peptides carrying the Tyr-Tic unit 
have high 6 selectivity and antagonist potency. Substitut-
ing Tyr by its dimethyl analogue Dmt could enhance these 
properties even further. 

Conformational analysis showed that Tyr-Tic-NH2 and 
Dmt-Tic-NH2 have a very similar conformation to that of 
naltrindole, a highly selective non-peptide 6 antagonist 
[15]. However, it has been reported that peptides contain-
ing Tic at the second position undergo spontaneous diketo-
piperazine-formation, which leads to a substantial decrease 
in affinity and activity. To avoid this reaction, we applied 
different chemical modifications to our dipeptide H-Dmt-
Tic-OH [16-18]. Among these, N,N(Me)2-Dmt-Tic-OH 
showed particularly remarkable affinity and potency. 

The antagonist property of the peptide, shown pre-
viously in MVD tests, was further confirmed here by a 
biochemical approach, PSJGTPyS binding. As shown in 
Fig. 3, N,N(Me)2-Dmt-Tic-OH could potently and effec-
tively reverse the activation of GTP-binding proteins by a 
specific b agonist peptide, [De^Jdeltorphin II, as measured 
by the binding of the non-hydrolysable GTP analogue, 
GTPyS. The EC» value of this effect is in the nanomolar 
range (8.1 nM) which emphasises the potential usefulness 
of this compound. 

The promising features of this ligand made it reasonable 
to radiolabel i t Radiolabelled opioid ligands, especially 
antagonist molecules, where one does not have to conceme 
the multiple affinity states of the receptors are indispensa-
ble tools for opioid research. However, both for radio-
receptor binding and for localisation studies there are a 
number of requirements that a labelled compound has to 
fulfil. Most importantly low amount of non-specific bind-
ing, the reaching of the steady state in a feasible amount of 
time, high specific activity and high selectivity. 

Our new tritiated ligand fulfils all these criteria. Its non-
specific binding is around 20%, while the specific binding 
reaches a steady state in ~25 min. The specific activity is 
59.9Q/mmol. As for specificity, pH]N,N(Me)2-Dmt-Tic-
OH is an exceptionally 6 specific ligand. Measuring the Kj 
values of pH]N,N(Me)2-Dmt-Tic-OH against a number of 
6-specific opioid ligands in radioreceptor binding assays 
reveals that inhibition constants are in the subnanomolar 
or the low nanomolar range (Table 1). One of the lowest Kj 
values was measured against naltrindole (0.14 nM), even 
lower than against N,N(Me)2-Dmt-1ic-OH itself. This ex-
traordinarily low Kj value might be due to the conforma-
tional similarities between this opioid dipeptide and NTI, 
as was described for Tyr-Tic-NH2 by Amodeo et al. [15]. 
Naturally, [3H]N,N(Me)2-Dmt-Tic-OH competed with 
N,N(Me)2-Dmt-Tic-OH with a very low (0.44 nM) Ki value. 
Consequently, Tyr-Tic*P[CH2NH]-Phe-Phe-OH (TIPP[T]) 

gave a K| value close to 1 nM. However, interestingly, its 
parent compound TIPP (Tyr-Tic-Phe-Phe-OH) [19], despite 
the high sequence similarities gave the highest Kj values 
among all 6 compounds. 

p. ligands competed with [3H]N,N(Me)2-Dmt-Tic-OH 
with substantially higher Kj values, although non-peptide 
ligands showed moderately high affinities to 
[3H]N,N(Me)2-Dmt-Tic-OH sites. However, IQ values for 
peptide p ligands are in the micromolar range. This was 
not true for the K ligands, interestingly, where the non-
peptide ligands showed micromolar affinities, while the 
affinities of the peptide ligands, although still low, were 
better by an order of magnitude. 

C O N C L U S I O N 
[n this study we describe the biochemical characterization 
of a new 6 opioid dipeptide. The high spedficity of the 
ligand is proven by radioligand binding experiments with 
a set of subtype-specific opioid ligands. The high antago-
nist potency is confirmed by a functional test, [^SJGTPyS 
binding. We can conclude that the dipeptide 
[3H]N,N(Me)2-Dmt-Tic-OH is one of the most specific and 
potent delta radioligand available for the characterization 
of the delta opioid receptor in in vitro and in vivo studies. 
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