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Abstract: A series of side-chain constrained tyrosine derivative’s§'-dimethyl{3-methyltyrosines (TMT),
has been designed and incorporated into position 1 of the highly selettooid agonists DPDPE (Tyw-

1
Per?-Gly-Pheo-Perf-OH) and deltorphin | (DELT I, Tym-Ala-Phe-Asp-Val-Val-Gly-NH). Molecular mechanics
calculations on isolated TMT residues and nuclear magnetic resonance (NMR) studies of thedfitéining peptides

in DMSO showed that each of the four stereocisomers of TMT favors one particular rotamer of the sidg:chain
torsional angle. Therefore, substitution of four TMT isomers for Bjlows us to perform a systematic conformational

scan through three staggered rotamers of the aromatic side ghathe(—), trans andgauche(+), and to explore
specific binding requirements of the receptor in relation to the side chain conformation. The potency and selectivity
of four isomers of [TMT]DPDPE and four isomers of [TMDELT | were evaluated by radioreceptor binding
assays in the rat brain usipg andd-selective radiolabeled ligands and by bioassays with guinea pig ileum (GPI,

u receptor) and mouse vas deferens (M\Dreceptor). In the DPDPE series only one isomerSRR)-TMT1]-

DPDPE showed high potency and selectivity for thepioid receptors. The favorable side-chain rotamers found

for this analogue, i.e., thans rotamer of TMT and thegauche(—) rotamer of Ph were proposed as the most
probabled receptor-binding conformations of DPDPE analogues. Two [TJRELT | isomers possessed considerable

o receptor potencies. The$3R)-TMT! isomer appeared to be a superpotent, but moderatsblective agonist,

while the (2S,3S)-TMTisomer showed the highest selectivity for theeceptors in this series. Surprisingly, R2R)-
TMTYDELT | also was moderately potent at theeceptor. These results suggest thatdhieceptor requirements

for the linear DELT | analogues may be satisfied with two different modes of binding of the (2S,3S)-%8){2
TMT!isomers. This study provides important guidance for the design of peptide and non-peptide ligands selective
for the 6 opioid receptor.

Introduction respiratory depression, constipation, or other adverse effects.
Enkephalins, the endogenodi®pioid ligands’, are not selective

or stable enough to be considered as potential nonaddictive pain
relievers. Therefore, considerable effort has been made to
develop highly potent and selective ligands fér opioid
receptors. A successful approach in our laboratories involved

Existence of multiple opioid receptors, (0, «, and possibly
others) is now well documenté@nd demonstrated by direct
cloning of the three major opioid receptor tygedhe endog-
enous opioid peptides including enkephalins, dynorphins, and
p-endorphin are not very ;elecgve for any of the opioid applying global conformational constraints to the linear en-
recept_or§. Hence, systematic, ratmnal approaches are nee.d.edkephalins. This led to the highly selectivie opioid ligand
to design potent and selective ligands for each type of opioid cycldp-Per, p-Perflenkephalin (DPDPE, Figure 18)which
receptor§. . ) ) o also is highly resistant to enzymatic degradatioixtensive

Selectived opioid agonists have se_veral potential cI|n|_caI NMR and molecular modeling studfeas well as the recently
advantages oveg or « receptor agonistS,as the analgesia  plished X-ray crystal structitéiave revealed a constrained
mediated through thé receptors is likely not accompanied with  ~onformation of the 14-membered disulfide ring of DPDPE.
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Figure 1. (a) Structure of a-Per?, p-Pertlenkephalin {, DPDPE).
(b) Structure of deltorphin 1§, DELT I).

However, determination of the three-dimensiodateceptor
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Figure 2. Structure ofg-methyl-2,6'-dimethyltyrosine (TMT).

tions in position 4 resulted in several potent and highly
o-selective analoguédwhich allowed us to suggest a probable
“pioactive” conformation of the PHeside chain in DPDPE®
The modifications in position ¥ gave only one moderately
potent and selective §3R)-stereoisomer off-MeTyr ]DPDPE,
which showed that an optimal topography for thegide chain
has not been achieved in that study. On the other hand, our
recent NMR studies of$-MePhe-containing analogues of
cholecystokini#’ and DPDPE® have shown thap-methyl
substitution does not constrain conformational mobility of
aromatic side chains dramatically. Two of thrgerotamers

of B-MePhe in both series of analogues were relatively highly
populated. Therefore, further modification still was desirable,
which would combine the advantage ffmethylated amino
acids, as a tool for systematical exploration of receptor topo-
graphy, with more substantial restrictions of side-chain mobility.
In this study we present a new tyrosine derivativeg'2
dimethyl5-methyltyrosine (TMT, Figure 2), which was de-
signed®to constrain rotation around both tpeandy torsional
angles of the aromatic side chain.

pharmacophore of DPDPE has remained a challenging problem  peltorphins, natural amphibian skin peptides with the amino

due to the conformation mobility of the Tyresidue and the
Phé side chain. Even in the crystal structure of DPDREree
molecules found within the same crystal unit differ in conforma-
tions of the Tyt residue. Therefore, it was important to explore
topographical requirements of tidereceptor for the Tyrand

acid sequence Tyw-Ala-Phe-Xxx-Val-Val-Gly-NH, where

Xxx = Asp (DELT I, Figure 1b), or Glu (DELT II), have been
found to possess high affinity and selectivity for thepioid
receptort® Unlike enkephalin analogues, the tyrosine and
phenylalanine in deltorphins are separated by only one residue,

Phé side chains of DPDPE USing substitutions with conforma- a D-amino acid residue. It was interesting to compare the

tionally constrained amino acids.

influence of similar side-chain constraining modifications on

During the past few years, design of side-chain-constrained the biological activities of DPDPE and linear deltorphin

amino acid¥-13 such ags-methyl derivatives of aromatic amino

analogues. In our preliminary sti®yncorporation of the (2S,-

acids have been of special interest, because they presented 3S)-stereoisomer of TMT into position 1 of DPDPE and
unique possibility to constrain or bias side-chain conformational deltorphin | (DELT I) provided analogues with considerably
preferences systematically, using four isomers with different different potencies and selectivities for tfeopioid receptor.
stereochemistry, but with similar physicochemical properties In the present study, all four optically pure isomers of TMT
(electronegativity, hydrophobicity, etc.). Since methods of were asymmetrically synthesized using recently reported meth-

asymmetric synthesis of-methyl amino acids have been
developed? 8-methyl derivatives of phenylalaning-MePhe),
tyrosine (3-MeTyr), and tryptophang-MeTrp) were incorpo-
rated into several biologically active peptidé€s!l’ A second

odologied! and incorporated into DPDPE and DELT | by solid

phase peptide synthesis. Using a combination of extensive
biological, pharmacological, and conformational studies we have
determined optimal side-chain conformations of the residue in

generation of DPDPE analogues was prepared by introductionposition 1 which are required for the specific recognition of

of four stereocisomers gi-MeTyr andS-MePhe (orp-NO;-3-
MePhe) into positions 1 and 4, respectivEly®> The modifica-

the two series of opioid peptides selective for theopioid
receptor.
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Figure 3. The (1,x2) energy maps for N'-methylamides of tyrosine ghhethyl-2,6'-dimethyltyrosine (TMT): (a).-tyrosine; (b)o-tyrosine; (c)
(2S39-TMT; (d) (2R,3R)-TMT,; (e) (2S3R)-TMT; (f) (2R,39-TMT. Conformational energies were calculated using the united-atom AMBER
force field with distance-dependent dielectrics: 4.0r;. Theyy,x» torsional angles were varied with the°2fteps, and energy was minimized over
all other degrees of freedom, starting with the extended backbone conformpation 180°. Contours of equal enerd¥ — Enin are drawn with
the 1.0 kcal/mol intervals from 1.0 to 7.0 kcal/mol for the Tyr platandb and with 2.0 kcal/mol intervals from 1.0 to 9.0 kcal/mol for the TMT
plots c—f. Higher energy contours are not shown. Relative energies at local minima are shown to the closest integers (in kcal/mol).

Results carboxylic groups of Tyr and TMT were converted M
methylamides to mimic their connection to the rest of a peptide.

Residues. The f1,72) energy maps of- and p-tyrosine and Comparison of the Tyr and TM'_B((,)_(Z) maps iq Figure 3_shows _
of the four stereoisomers of ,&-dimethyl-methyltyrosine that the _three methyl sub_stltutlons restrict the side-chain
(Figure 3) were calculated to examine how the combination of cpnformatlonal space dramatically. There are very small energy
constraining modifications in the’ 8- and S-positions could  differences (less than 1 kcal/mol) between the three low energy
affect the conformational space available to the tyrosine side x1 rotamers in the.- andp-tyrosine derivatives (Figure 3a,b).
chain. Since the TMT isomers are incorporated into the first The energy differences between the lowest-energy conformer
position of thed opioid agonists, the free amino group in its and two othey; conformers of the TMT side chain range from
netitral NH form was retained in the models while the aboit R to more than 6 kcal/mol The most interestinag restilt

Molecular Modeling of 2',6'-Dimethyl-#-Methyltyrosine
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obtained from this modeling is that each individual TMT isomer
provides a single highly preferred rotamer of thengle. Thus,
(25,3S)-TMT favors thegauche(—) rotamer, (R3R)-TMT
favors thegauche(+) rotamer, and (8 3R)-TMT and (R,39)-
TMT favor thetransrotamer. Therefore, the clear advantage
of TMT residues is that by incorporating all four isomers into
d opioid agonists, we can systematically probe the side chain
topology of the tyrosine residue which is critical for the receptor
recognition. In a previous NMR stuéiwe have demonstrated
that the energy barrier for rotation about theangle in TMT
derivatives ranged from 15 to 20 kcal/mol. The calculated
(x1,x2) energy surfaces of TMT isomers have two saddle points
aty, ~ 0° with energies of about 13 and 19 kcal/mol above the
global minima (the high-energy contours are not shown in Figure
3). These values, which may be accepted as theoretical
estimates of energy barriers for the rotation, are in good
agreement with the previous experimental determinafidns.

Nuclear Magnetic Resonance (NMR) Studies.1D proton
NMR spectroscopyz-filtered total correlation spectroscopf(
TOCSY)Z22 rotating frame Overhauser enhancement spectros-
copy (ROESY proton detected heteronuclear single quantum
correlation spectroscopy (HSQ&)and temperature dependent
studies of NH proton chemical shifts were performed on all
eight TMT!-analogues 4—5 and 7—10) of DPDPE () and
DELT | (6). Details of the methods are described in the
Experimental Section. The sequential assignment of proton
resonances was carried out by usirfijtered total correlation
spectroscopyZFTOCSY) and ROESY spectra, and the corre-
sponding chemical shifts are listed in Tables 1 and 2. One-
dimensional (1D) proton and two-dimensional (2B)TOCSY
spectra were used to measure the homonuclear vicinal coupling
constants listed in Tables 1 and 2:Filtered carbon coupled
HSQC-TOCSY experimert3were used for the assignment of
carbon resonances and for the evaluation of long range hetero-
nuclear coupling constants. The rotamer populations of side
chain conformations were obtained from the measured homo-
nuclear $Juonp) and heteronucleatduqc,) coupling constants.
In the case of peptide®, 5, 7, 9, and 10, the conformational
dependence of/-substituent effect82? also were used for
determination of the side chain rotamer populations of TMT
Details of the calculations are described in the Experimental
Section, and the calculated rotamer populations for ghe
torsional angles of TMT isomers and the PR residues
are listed in Tables 3 and 4.

Binding Assays. The results obtained for compountis10
in thein vitro binding assays usingH][ p-CI-Phe¢]DPDPE ¢

selective ligand) and3[-l]-D-Phe-CIys-TyrB-Trp-Orn-Thr-F|>en-
Thr-NH; ([3H]CTOP, u selective ligand) are shown in Table 5.
Incorporation of (&3S)-TMT into DPDPE led to a 130-fold
decrease in the binding affinity to thi& opioid receptor but
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IH Chemical Shifts ¢ in ppm) and Coupling Constantd inh Hz) for [TMTYDPDPE Analogues

Table 1.

Hr

He

H(l

NH
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2

residue

4.41 453 4.30 3.28 3.57 3.32 3.49 1.15 1.25 1.12 1.31
71 3y =70 Jp, =74 Yy, =74

10.1 Jys=11.3 Jop

417
J

TMT?

1.50

1.01
1.33

0.46

Jpy

4.12

114 Jp=11.1

4.63

4.34

o —
4.57

8.99 7.52

8.08

p-Per? 8.67

B3 (
1140

1.26

‘]NH(l =6.3 JNHa =9.0 ‘]NH(l =8.9 JNHa =8.9

8.51

4.23 @)
3.07¢)

4.43 @)

3.210)

4.34 ()
3.18¢0)

4.33

8.54 8.15
JNHQ = 93 JNHa = 90 JNHQ = 91 JNHa = 84 327(1')

8.45

Gly3

InHe = 2.6 InHe = 1.4 Inba = 3.0 Inve = 3.3 Jowr = 14.6 Juow = 14.6 oo = 14.9 Juw = 14.5

8.77
JNHa

4.28
Jus=3.8

8.78 8.78 8.69 4.30 4.28 4.32
81 Juwe=7.8 I Jup
10.9 Joy =10.7 J

7.6 INHo

Phe

3.09 )
2.833)

3Bp( 3.076) 3.090)
2.84(3))

2.846')

10.9 J/g/;'

4.32

14.2 Jpp=14.1

2.796)
14.3 J/g/g' =14.3 Jﬁ/g' =

op —

=4.2

=4.0

g =

Jup

3.8
Jop =113 J

= =78 Jy=

1.38

1.33

1.30

1.24

aThe chemical shifts and coupling constants are dependent on individual isomers of ZM(PS3S)-TMTYDPDPE; 3, [(2S3R)-TMTYDPDPE; 4, [(2R,3R)-TMT!DPDPE;5, (2R,39-TMTDPDPE.

Chemical shifts of the TMTaromatic protons are between 6.2 and 6.5 ppm; chemical shiftsebfdEmethyl protons are at 2.22, 2.32 ppm2nat 2.15, 2.37 ppm i3, at 2.33, 2.35 ppm id, and at 2.09, 2.31

ppm in5. Chemical shifts of the Pharomatic protons are between 7.2 and 7.3 ppm in each analogee305 K, DMSOs.

1.37

1.31

4.32 4.26 4.38

7.28
8.5 InHa

7.26
8.0 JINHa

7.20

8.6 InHa

pD-Pert 7.28

Y82 (
1.2%()

=85

\]NH(l
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IH Chemical Shifts ¢ in ppm) and Coupling Constants in Hz) for [TMT?]Deltorphin | Analogue%

Table 2.

Hy

Hp

Ha

NH

o
—

10
3.53

10
4.08

10

7

residue

1.26

1.28 1.10

1.09

351 3.29

331

4.17

4.06

4.19

TMTL

7.3

Jpy

73 Y,=74 J,=173

Jpy

Jp =113 Jyp=111 Jyy=11.1 Jy=111
8.86 7.82 453 411 4.41 4.06 0.92 0.22 0.96 0.72
8.0 JNHa =7.8 JNHa =7.6 Ja/j =7.0 Jaﬁ =7.2

7.66

8.95

D-Ala?

Jyp=68
4.57

6.8

4.54

Jup

INHoe = 7.9 INHo

8.44

3.01 )
2,623

3.08 )

2.756')

2.99 B)
2.60(3')

388 (
2.686)

11.4 Jaﬁ' =10.8 J/;ﬁ' =13.7 J[jﬁ'

4.65

4.67
Jyp=6.1

8.27 8.00 4.64
Jup = 3.7

8.28

Phe

13.9

Y B)
2,576

13.8 Jgp

734 B)
2.53')

13.4 Jgp

Y B)
2.49()

28p (
2.518)

Jup = 3.6
4.67

2.9

4.59
Jyp =53

=28

Jup
Jop =114 Jyp =118 Jop
4.61

8.53

8.51

JNHu =8.9 JNHu =8.7 JNHu =8.8 -]NHa =8.8 Jaﬁ
8.58

8.59

Aspt

0.84,0.8

0.81 0.80 0.84,0.81

16.7
1.99

=16.6 Jy
1.98

1.98

Jop =169 Jyp =168 Iy
1.99

6.0

Jup
Jop =71
4.27

=75
4.26

Jup

Jup = 8.7
4.24

5.4

Jup = 8.6
4.24

7.62
8.7 \]NH(l =8.9 JNHa =8.8 Jaﬂ

7.63

7.64

JNHa =7.6 JNHa =77 JNHu =77 JNer =7.6 Jaﬂ
8.6 JINH«

7.66
INHa

Val®

6.8 Jy,=7.0 Js,=756.7 Js, =7.0,6.8

0.85
Jpy=6.7 Jp, =73 J=7.0

Jpy

Jup=6.2
4.10

6.4

4.09
Jup=17.2
3.65 @)

6.4 Juyp=06.2 Jup
4.09

4.10

0.86

0.85
Js, = 6.8

0.84

1.96 1.97 1.99

1.97

7.87

7.85
8.3 JNH“ =8.1 JNHu =8.2 Ja/j

7.85
8.5 INHa

7.86

INHa

Val®

=66
3.67 ()

Jup

6.6

365, ©
3.50¢)

Jup

6.8
3.66(

JNHQ =57 JNHa =57 JNHu =58 JNer =5.8 3.60 (1')

8.02

8.02

8.02

8.04

Gly”

3.59 ()

3.61 @)

Jor =16.5 Joow = 16.4 Jyo = 16.7 oo = 16.7
aThe chemical shifts and coupling constants are dependent on individual isomers of TN(2S,3S)-TMTYDELT I; 8, [(2S3R)-TMTYDELT I; 9, [(2R,3R)-TMTYDELT I; 10, (2R, 39-TMTYDELT I.

Chemical shifts of the TMTaromatic protons are between 6.2 and 6.5 ppm; chemical shifts@fdimethyl protons are at 2.23, 2.29 ppminat 2.12, 2.28 ppm i, 2.23, 2.29 ppm ir9, and at 2.2 ppm

in 10. Chemical shifts of the PRha@romatic protons are between 7.0 and 7.5 ppm in each analdgee305 K, DMSO#s.
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Table 3. Populations of the Side Chain Rotamers in DPDPE and
[TMTDPDPE Analogues Calculated from NMR Data

population (%3

amino acid gauche gauche

peptide residue =) trans  (+)
DPDPE Tyt 42 30 28
Phe 72 7 21
[(2S39-TMTYDPDPE (&B39-TMT? 63 5 32
Phe 75 3 22
[(2S3R)-TMTYDPDPE (B3R)-TMT? 18 75 7
Phe 71 4 25
[(2R3R)-TMTYDPDPE (R,3R)-TMT? 0 24 76
Phe 69 6 25
[(2R39-TMTIYDPDPE (R39-TMT? 5 73 22
Phe 71 2 27

2The most populated rotamers of TM$ide chains are shown in

bold.

Table 4. Populations of the Side Chain Rotamers in Deltorphin |
and [TMTYDELT | Analogues Calculated from NMR Data

population (%3

amino acid gauche gauche

peptide residue (-) trans  (+)
Deltorphin | TyR 31 20 49
Phe 86 4 10

[(2S39-TMTYDELT I  (2S39-TMT? 75 3 22
Phe 80 2 18

[(2S3R)-TMTYDELT I (2S3R)-TMT? 13 73 14
Phe 84 3 13
[CR3R)-TMTYDELT | (2R3R)-TMT* 15 15 70
Phe 76 1 23

[(2R39-TMTIDELTI (2R,39-TMT? 12 73 15
Phe 70 1 29

2The most populated rotamers of TM$ide chains are shown in
bold.

hardly affected the binding affinity to the receptor 2, Table

5), thus providing more than a 100-fold decrease indthes u
receptor selectivity of analogu2 compared to DPDPE.
Incorporation of (&3R)-TMT into DPDPE led to a 3- and
7-fold decrease in binding affinity to thé and u opioid
receptors, respectively. Analogueis the most potent and
selectived opioid ligand in the [TMT]DPDPE series with a
nanomolar binding affinity and higher selectivity than DPDPE.
Incorporation of the-TMT isomers did not provide either high-
affinity or highly selective DPDPE analogue$ §nd5, Table

5). The binding affinity of [(R,3R)-TMTDPDPE @) de-
creased more than 2000-fold at theeceptor and more than
100-fold at theu receptor relative to DPDPE. Incorporation
of (2R,39-TMT into DPDPE provided the inactive analogue
5. Inthe series of DELT | analogues, incorporation d,85)-
TMT (7, Table 5) resulted in a 5- and 8-fold decrease in binding
affinity at thed andu receptors, respectively, making analogue
7 slightly mored receptor selective but less potent than DELT
I. Incorporation of (&,3R)-TMT into DELT I (analogueB) led

to a 1.7-fold decrease in binding affinity atreceptors and a
3.4-fold increase gt receptors, thus providing a slightly less
potent and selectivé opioid ligand than DELT I. Incorporation
of thep-TMT isomers into DELT | provided analogu@sand

10 with lower affinities and selectivities for thé opioid
receptor. However, the 3R)-TMT isomer Q) retained
surprisingly high binding potency at tldeopioid receptor, (16

= 39 nM), with a moderate selectivity for tleopioid receptor,
while [(2R,39-TMTYDELT I (10) did not bind well either to

0 or to u receptors.

MVD and GPI Bioassays. The results obtained for com-
pounds1—10 in the in zitro guinea pig ileum (GPly) and
mouse vas deferens (MVD) bioassays are shown in Table 6.
I(2<2AQ-TMTUDPDPE (analoatd@) cshowed a 40-fold decreace
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Table 5. Binding Affinities of [TMT!DPDPE and [TMT]DELT I Analogues
binding data G (nM) = SEM selectivity binding data 16 (M) +£ SEM selectivity
peptide [BMCTOP B[ p-CIPhé]DPDPE (uld) peptide PHICTOP BH][p-CIPh€]DPDPE (uld)
DPDPE () 609+ 70 1.6+0.2 380 DELT | 6) 2100+ 690 0.6+ 0.3 3500
2 722+ 126 2114+ 33 3 7 17100+ 3900 3.0+0.2 5740
3 4270+ 820 5.0+ 0.1 850 8 613+ 47 1.0+ 0.2 610
4 77100+ 5900 3500+ 228 22 9 7000+ 3000 39+ 1.0 180
5 0% at 10uMP 9% at 10uMP N/A 10 31200+ 4100 655+ 123 48

22-[(2539-TMTYDPDPE;3-[(2S 3R)- TMTDPDPE;4-[(2R,3R)- TMTYDPDPE;5-[(2R,39-TMT|DPDPE; 7-[(2S 39)-TMTYDELT I; 8-[(2S3R)-
TMTHDELT I; 9-[(2R,3R)-TMTYDELT I; 10-[(2R,39-TMTDELT I. ® Percent of maximum binding achieved at this concentration of the peptide.

Table 6. Biological Potencies of [TMIDPDPE and [TMTDELT | Analogues

bioassay data Eg(nM) += SEM selectivity bioassay data E€(nM) += SEM selectivity
peptidé GPI () MVD (9) (/) peptide GPIg) MVD () (ul9)
DPDPE () 73004+ 1700 4.1+ 4.6 1780 DELT I 6) 2900+ 250 0.36+ 0.04 8100
2 293+ 1 168+ 37 2 7 3840+ 850 0.66+ 0.06 5800
3 0% at 6QuMP 1.8+0.3 >33000 8 147+ 3 0.07+ 0.01 2100
(antagonist, 1€ = 5 uM)
4 49900+ 33000 2200t 780 23 9 5330+ 3640 11.0+ 3.6 485
5 75% at 82uMP 28% at 1QuMP N/A 10 23100+ 6400 2090+ 260 11

a2-[(2S39-TMTYDPDPE;3-[(2S3R)-TMTYDPDPE;4-[(2R,3R)- TMTDPDPE;5-[(2R,39-TMTYDPDPE;7-[(2539-TMTYDELT I; 8-[(2S3R)-
TMTYDELT I; 9-[(2R,3R)-TMTYDELT I; 10-[(2R,39-TMTYDELT I. ® Percent of maximum effect achieved with this concentration of peptide.

Table 7. Analytical Characterization of DPDPE, DELT I, and Their [TR}fAnalogues

TLC? Rrvalues HPLCK (Tg, min) FAB-MS (M + 1)"
peptide | 1l ] \Y \Y Vi calc found
1 0.27 0.64 0.33 0.67 6.69 (19.1) 5.08 (15.1) 646 646
2 0.22 0.65 0.30 0.71 6.56 (18.8) 4.87 (14.6) 769 769
3 0.43 0.67 0.44 0.69 8.05 (22.4) 6.71(19.1) 688 688
4 0.44 0.66 0.43 0.72 6.90 (19.6) 5.38 (15.8) 688 688
5 0.45 0.69 0.44 0.68 7.23(20.4) 5.65 (16.5) 688 688
6 0.41 0.62 0.34 0.67 6.77 (19.3) 5.14 (15.2) 688 688
7 0.32 0.71 0.44 0.74 7.38 (20.8) 5.93 (17.2) 811 811
8 0.24 0.69 0.24 0.73 7.00 (19.8) 5.51(16.2) 811 811
9 0.22 0.65 0.19 0.69 7.07 (20.0) 5.68 (16.6) 811 811
10 0.18 0.63 0.22 0.68 6.74 (19.2) 5.14 (15.2) 811 811

aMerck DC-Fertigplatten Kieselgal 604 plates (ninhydrin monitored). Solvent systems are as follows: |, butsawdtic acid-water 4:1:5;
I, butanokpyridine—acetic acied-water 15:10:3:12; Ill, butanelwater (3.5% acetic acid and 1.5% pyridine) 1:1; IV, 1-amyl alcetmridine—
water 7:7:6. Capacity factorK') and retention timeTg, min) was recorded from the following systems: Vydac 218TP104 C18 columi @3
cm) with V (linear gradient 855% of CHCN in 30 min with 0.1% TFA) and VI (linear gradient 3%5% of CHCN in 30 min with 0.1% TFA)
at a flow rate of 1.5 mL/min at 280 nm1-DPDPE,2-DELT |, 3-[(2S39-TMT!DPDPE, 4-[(2S,3R)-TMTDPDPE,5-[(2R,3R)-TMT!|DPDPE,
6-[(2R,39-TMTDPDPE, 7-[(2S39-TMTYDELT I, 8-[(2S3R)-TMTYDELT I, 9-[(2R,3R)-TMTYDELT I, 10-[(2R,39-TMTYDELT I.

of the potency in the MVDd) assay and a 25-fold increase of was a poorly potent and nonselectiveopioid ligand. The

the potency in the GPL{ assay, which lead to a weakly potent  (2S539)- and (5,3R)-TMT? isomers of DPDPE and all four

and nonselective opioid ligand. In contrast, incorporation of TMT! isomers of DELT | showed considerable analgesic

(2S3R)-TMT isomer into DPDPE led to a highly potent and activities in mice (to be published elsewhere).

exceptionally selective) opioid agonist3 (Table 6). The

potency of analogu@ in the MVD assay increased 2.3-fold  Dijscussion

with respect to DPDPE, and it showed no agonist activity in

the GPI { receptor) assay. In fact this analogue was foundto  NMR Data and Side-Chain Rotamer Populations. The

be a weak antagonist in the GPI assay. To our knowledge, essential parameters of the NMR spectra of [TfDPDPE and

analogue3 is the first example of an enkephalin analogue that [TMTYDELT | analogues including proton chemical shifts and

is ad-agonist/k-antagonist opioid ligand. Incorporation of the coupling constants are summarized in Tables 1 and 2. Pre-

two b-TMT isomers provided DPDPE analogues gnd 5) liminary models for the solution conformations for th&@s)-

which have little or no activity at eithe¥ or u receptors. stereoisomers in [TMDPDPE and [TMT|DELT | (analogues
The potencies of [(839)-TMTYDELT I (7) both in the GPI 2 and7) have been reported earli®r.In this section we will

and in the MVD assays were very similar to those for DELT | note the general similarities and differences in the solution

(6, Table 6). Incorporation of @3R)-TMT isomer into DELT structures of the two series of peptides, as they appear from the

I (analogueB) led to a 5-fold increase in potency in the MVD  basic NMR characteristics, and discuss in detail the rotamer

assay and a 20-fold increase in potency in the GPI assay, thugPopulations obtained for the biologically important TMT and

providing a super-potent, but slightly less selectivepioid phenylalanine side chains.

agonist than DELT I. Incorporation of RR3R)-TMT isomer Very similar chemical shifts an@Jyn, coupling constants

into DELT I led to a 30-fold decrease of potency in the MVD were observed for NH and®El protons in positions 3, 4, and

assay but did not affect potency in the GPI assay, thus providing 5 of all four [TMTYDPDPE analogues (Table 1). The most

a moderately potent (&g= 11 nM) and quite selectiv& opioid striking feature revealed by these NMR parameters is a

aqgonictO The othem-TMT1 containina isomer analoat e cons<iderable noneatiivalence of the two diastereotrosid C
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protons of the Gl§residues, which is manifested by the extreme
difference both between their chemical shiftej(= 1.0-1.2
ppm) and between thefdyn, coupling constants (about 9.0

Qian et al.

the erythroisomers (&39S and (R,3R) display quite good
overlap of the above atoms (Figure 4a; R¥S).1 A) in their
preferred side chain conformatiommuche(—) andgauche(+),

Hz and less than or about 3.0 Hz). These common featuresrespectively. The same is true for the pairtbfecisomers

indicate that the disulfide rings in the four [TM[DPDPE

isomers have similar well-defined conformations. In contrast,

chemical shifts of the NH and“El protons in residues 1 and 2
and the®Jyne coupling constants af-Per? differ considerably

in the four analogues, which suggests that the isomers of [FMT
DPDPE may have different favorable conformations for the
exocyclic N-terminal TMT moiety. Similar sets of NH and
C®H proton chemical shifts and vicinal coupling constants
observed for the four isomers of [TMIDELT | (Table 2)
indicate similar conformational properties for analogided.0

in DMSO. The only noticeable difference is in the NH and
C*H chemical shifts of the-Ala? residues, which again may
reflect different conformational preferences in the N-terminal
moieties of the four isomers. However, in contrast to the

(2S3R) and (R,39) with thetransy; rotamers (Figure 4b; RMS

= 0.1 A). These similarities mean that the respective pairs of
stereoisomers might have comparable receptor binding affinities,
if the receptor does not require a strict stereospecific fit of
substituents at the. and/orf positions. On the contrary, the
pair of (2539)- and (%5 3R)-stereocisomers with their favorable
x1 rotamers do not display a close overlap of the amino and
aromatic moieties (Figure 4c; RMS 0.64 A), and, at the best
overlap, the amide bonds connecting the two isomers of TMT
with the rest of a peptide are directed almost oppositely.
Therefore, one cannot expect similar binding affinities of the
(2S39- and (B3R)-TMT!-containing peptides when they
interact with the same receptor binding site. The same
expectation is true for the pair of RBR)- and (R,39-TMT?

DPDPE analogues, these NMR characteristics do not indicateisomers.
the presence of a unique backbone conformation of the DELT  From the NMR study the PHeside chain in DPDPE
I analogues in DMSO. A preliminary computer modeling based analogues and the Peide chains in DELT | analogues showed

on nuclear Overhauser effects (NOE) observed fo5/3-
TMTYDELT 120 resulted in two alternative conformational
models, none of which satisfied all of the NMR data. Thus,

a clear preference forgauche(—) y1 rotamer. A similar, but
less pronounced preference for thauche(—) rotamer have
been reportel® for the Phé residue of DPDPE in DMSO.

the [TMTYDPDPE analogues all seem to possess well-defined Structure —Activity Relations of [TMT JDPDPE Ana-

solution conformations which are similar to that previously
found for DPDPE and differ only in the acyclic N-terminal
moieties of the four analogues, while the [TRDELT I
analogues appear to be flexible in DMSO.

logues. Introduction of the three additional methyl groups

increases the volume and lipophilicity of the tyrosine side chain
and considerably restricts its conformational mobility. All these
effects can affect the receptor binding affinities and biological

Despite these differences in overall conformational features, potencies of the TM¥containing peptides. It was shown
a striking similarity has been found between the side-chain previously that increase in the lipophilicity of the Fyesidue,
conformational preferences of TMT isomers in the two series such as incorporation of-2nethyltyrosiné® and 2,6'-dimethyl-
of analogues in DMSO (Tables 3 and 4). Each stereocisomertyrosiné® into DPDPE, leads to more potent, although less

of TMT both in DPDPE and in DELT | favors one particular
x1 rotamer, thegauche(—) rotamer 1 ~ —60°) for (2S39)-
TMT, the gauche(+) rotamer §; ~ +60°) for (2R,3R)-TMT,
and thetrans rotamer f1 ~ 18C°) for (253R)- and (R,39)-
TMT. The most favorable; rotamers are populated at about

selectived ligands. Incorporation of the-constrainegs-MeTyr!
derivatives did not provide highly potent and selective DPDPE
analogued® The most potent isomer of3{MeTyr']DPDPE,
(2S3R), had 50 times lower binding affinity than DPDPE and
five times lower activity in the MVD bioassay. In the present

70%, and the rotamer preferences are similar for the same! TMT study the (&3R)-isomer of [TMT]DPDPE showed only
isomers in DPDPE and DELT | analogues. Moreover, the most slightly lower ¢ receptor affinity than DPDPE, but its potency

populated rotamers of the TMBide chains in DMSO exactly
correspond to the lowest-energy conformers found in the

in the MVD assay was two times higher than that of DPDPE
(Tables 5 and 6). Comparison of these analogues suggests that

computational studies on isolated N-terminal TMT residues (see the highly constrained @3R)-TMT? side chain exactly fits the
Figure 3). This close correlation between the most favorable topographical requirements of the receptor, and its three

TMT side-chain rotamers found for two structurally different

additional methyl groups do not cause steric hindrance with the

series of peptides in DMSO and calculated for isolated TMT receptor. Increased lipophilicity of the TMTresidue may

residues shows that the rotamer preferences are determined

enhance interactions of analogte with the receptor. In

by local steric interactions within the TMT isomers and are not addition, analogu& showed exceptionally high selectivity for
influenced substantially either by an overall molecular structure the ¢ opioid receptor, which is due in part to its poor affinity

or by environment.

and potency at the receptors. The latter effect can be attributed

The above features make TMT isomers an important and €ither to the constrained mobility of the§2R)-TMT! side chain

effective tool for investigating the topographical and confor-
mational requirements for peptigeeceptor interactions. Since
the dominanj1 conformations of different TMT isomers cover
all three staggereg; rotamers available for natural aromatic
amino acids, systematic substitution with four TMT isomers
allows one to perform a “rotamer scan” over gilrotamers of

which completely loses complimentarity for thereceptor or

to unfavorable interaction of theR3methyl group with theu
receptor. In contrast, the $39-TMT! isomer showed con-
siderably decreased potency at theaeceptor but increased
potency at the: receptor, which suggests that the conformational
preferences of the @39)-TMT! side chain are inconsistent with

Tyr! and to explore specific binding requirements of the receptor the topographical requirements of thie receptor but may
for a side-chain conformation. Figure 4 shows pairwise overlaps €nhance its interactions with the receptor. The very low

of the four stereoisomers of the N-terminal TMT residues in

potencies of (R,3R)- and (R,39)-TMT?! isomers3 and4 were

their most favorable conformations. The overlaps were per- Not surprising, as an-configuration at thex-position of Ty

formed by a best-fit matching of N, <CCt, and G atoms,
assuming that thei-amino andp-hydroxyl groups as well as
the para andortho carbons of the aromatic ring of TMTare
directly involved in receptor binding. Despite the opposite
confiauration of stibstittients both in theand in thel no<itions

is known to be important both fa¥ and foru receptor binding
and p-Tyr! derivatives have never led to potent analogues of
DPDPE.

Results of the present biological, NMR, and molecular
modelina stiidies enable i to formiilate the conformational
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requirements to the THTMT? side chains of DPDPE analogues
for an efficient interaction with the opioid receptor. The
conformationally flexible Ty¥ side chain of DPDPE can fit the

d receptor topography without a noticeable increase in potential
energy of intramolecular interactions. In contrast, the T™T
side chains have a limited freedom for an induced fit to the
tyrosine-binding site of thé receptor. The TMT containing
analogues whose favorable side-chain conformation and/or
configuration of substituents ator g carbons do not fit steric
and topographical requirements of the receptor will have
considerably lower receptor affinity than the parent peptide. The
high affinity and biological activity of [(3,3R)-TMTDPDPE
strongly suggest that this isomer binds to theeceptor with

the sterically most favorabl@ans conformation of the TM¥

side chain. In this case, a properly constraiggetbrsional angle
also may be crucial for its high affinity and selectivity for the

o opioid receptors. The high affinity of this analogue suggests
also that the additional Bmethyl group does not cause a
noticeable steric hindrance at theeceptor. The (839-isomer

of TMT? which favors thegauche(—) y1 rotamer and strongly
disfavors theransrotamer (relative energy above 4 kcal/mol;
see Figure 3c) leads to a considerably less potent and selectiv
analogue. It may be suggested that in this case part of the
energy of ligane-receptor interaction is spent to move the
(2539-TMT! side chain in its sterically unfavorableans
conformation, which causes an overall loss in the free energy
of binding to thed receptor. A steric hindrance of th&anethyl

with the receptor also may be responsible for the decreased
affinity of this analogue. Thus, this study supplies strong
evidence that thed opioid receptor recognizes th&ans
conformation £; ~ 18C°) of the Ty&/TMT? aromatic side chain

in DPDPE analogues.

NMR data show also that the Ptede chains of the DPDPE
analogue®—4 favors agauche(—) y1 rotamer in DMSO. The
previous study on thg-MePhé derivatives of DPDPE did
not reveal a strong discrimination betwee,@5)- and (5 3R)-
B-MePhé isomers ind receptor binding affinities and biological
potencies. Our recent NMR stuhhas shown that thgauche
(=) rotamer was the only common, highly populated rotamer
of the phenylalanine side chains in the two most pote85&-
and (25,3R)-sterecisomers offfMe-p-NO.Phe¢/]DPDPE. The
gauche(—) rotamer of Phtwas indicated also in a model for
the biologically active conformation of DPDPE proposed in an
earlier conformation-activity stuck?. Although the preferred
conformation of the nonconstrained phenylalanine side chain
may, in principle, change upon interaction with the receptor,
the consistency of all the above data allows us to suggest the
gauche(—) y1 rotamer as a putative “bioactive” conformation
of the Phé side chain in DPDPE analogues.

Structure —Activity Relations of [TMT %]Deltorphin | Ana-
logues. The four stereoisomers of [TMJDELT | revealed
more complicated structurectivity relations than the [TMT-

DPDPE analogues. Three of the four isomers showed ConS'der_ﬂ-receptor affinities for analogues under this study does not

able binding affinities for thé receptor and biological activities
in the MVD bioassay (analogués 8, and9 in Tables 5 and
6). The (5 3R)-stereoisomer (analogu} was a superagonist
in the 6 receptor MVD assay with a potency about five and 60
times higher than that of DELT | and DPDPE, respectively.
This allows us to suggest that §3R)-TMT1DELT | with the
TMT! side chain in its most favorabteans conformation ideally
fits binding requirements for th& opioid receptor. The
increased lipophilicity of the TMT side chain also may aid to
the increased potency of this analogue. Models of dhe
receptor-bound conformations proposed recétty the highly
constrained deltornhin-related tetranentide ®wr-Cvs-Phep-

J. Am. Chem. Soc., Vol. 118, No. 31, 190887

Pen]OH (JOM-13) and its analogues also suggestaas y1
rotamer for the side chains in position 1 of this ligand.

On the other hand, the §39)-stereoisomer (analogug was
almost equipotent to the parent DELT | and had only nine times
lower MVD activity than the super-potent$3R)-stereoisomer.
The (25,39)-stereoisomer prefers tlyauche(—) conformation
of the TMT! side chain and definitely disfavors theans
conformation (Figure 3c). If the two stereoisomers of [TIAT
DELT I interacting with a receptor binding site assume the same
conformation, which is favorable for one of them and sterically
unfavorable for the other, one would expect a considerable
difference in binding affinities of analoguésand 8, as was
observed for the respective isomers of [TNDPDPE (ana-
logues2 and3). Therefore, the high potencies shown by both
(2S3R)- and (%5,39)-stereoisomers of [TMIDELT | suggest
that each of them may interact with opioid receptors in its
sterically favorable conformation, i.e., that the deltorphin-related
ligands may have two different modes of bindingdmpioid
receptors. If the latter is the case, the relatively high potency
of the (R,3R)-stereoisomer (analog@® can be explained taking
into account a good overlap between the tyramine moieties of

he (2539)- and (R,3R)-TMT residues as shown in Figure 4a.

n this case, it seems that stabilization of a preferred side chain
conformation may overcome a negative effect of the
configuration ab-position. The (3,39)- and (R,3R)-stereoi-
somers with thegauche(—) and gauche(+) rotamers of the
TMT! side chain, respectively, may represent the same mode
of d receptor binding, while the &3R)-stereocisomer represents
another, more selective mode of the receptor interaction, which
does not allow a tight binding of its 3S)-TMT* counterpart
(analoguel0). The suggested diversity may be possible due
to a relative conformational mobility of the message domain of
deltorphin analogues, which may allow a proper orientation of
the tyramine and phenylalanine pharmacophores in more than
one binding conformation. On the contrary, the conformation-
ally constrained backbone of DPDPE allows only one “bioac-
tive” arrangement of pharmacophores, which may be achieved
effectively only by the parent peptide and one of its TMT
containing isomers. Furthermore, the conformationally con-
strained deltorphin-like tetrapeptide JOM-13 also appeared to
possess a uniqué receptor binding conformatiol¥. A com-
bination of TMT' substitutions with backbone-constraining
modifications seems to be a promising approach for further
conformation-activity studies of deltorphins.

It is interesting to note that among the [TMDELT |
analogues only the &3R)-stereoisomer possesses a noticeable
binding affinity and biological potency ip receptor assays.
This, however, makes the super-potent agdhistess selective
0 opioid ligand than the parent deltorphin | and itsS@5)-
TMT!- analogue7. The fact that two different TM¥stereoi-
somers of DELT | and DPDPE show the highasteceptor
affinities may reflect different topographical requirements for
theu receptor binding of peptide ligands with phenylalanine in
positions 3 and 4. However, the generally low level of

allow us to determine these requirements explicitly.
Thus, the TMT stereoisomers appears to be a powerful tool
to enhance thé vs u opioid receptor selectivity of DPDPE

(28) Hansen, Jr., D. W.; Stapefeld, A.; Savage, M.; Reichmane, M.;
Hammond, D. L.; Haaseth, R. C.; Mosberg, HJ1Med. Chem1992 35,
684—687.

(29) Nikiforovich, G. V.; Hruby, V. J.; Prakash, O.; Gehrig, C. A.
Biopolymers1991, 31, 941-955.

(30) (a) Mosberg, H. I.; Lomize, A. L.; Wang, C.; Kroona, H.; Heyl, D.
L.; Sobczyk-Kojiro, K.; Ma, W.; Mousigian, C.; Porreca, F..Med. Chem.
1995 37, 4371-4383. (b) Mosberg, H. |.; Omnaas, J. R.; Lomize, A.; Heyl,
D. L.; Nordan, I.; Mousigian, C.; Davis, P.; Porreca, F.Med. Chem.
1005 7 4R84-4201
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Figure 4. Superposition of the lowest-energy conformers of four
stereoisomers of TMT by the best-fit matching of, N, C¢ and G
atoms: (a) (839-TMT (bold) vs (R,3R)-TMT (shadow); (b) (&3R)-
TMT (bold) vs (R,39-TMT (shadow); (c) (53S)-TMT (bold) vs
(2S3R)-TMT (shadow).

Qian et al.

Since many peptide hormones and neurotransmitters have
aromatic pharmacophores important for their receptor binding
and bioactivities, the approach used here to probe the stereo-
chemical requirements for selective recognition of dhepioid
receptors also should be very useful in the design of potent and
selective constrained peptide ligands of other opioids and such
bioactive peptides as oxytocin, vasopressin, cholecystokinin,
melanocyte-stimulating hormone, etc. The systematic “rotamer
scan” with topographically constrained analogues of aromatic
amino acids may provide an important supplement to such
traditional methods of structureactivity studies for peptides,
as “alanine scan” anc*amino acid scan”. The “rotamer scan”
will supply valuable information about receptor-ligand interac-
tions and can help to obtain new peptide leads for the design
of non-peptide mimetics.

Experimental Section

General Methods for Peptide Synthesis and Purification. All
analogues were synthesized by solid phase peptide methods using
procedures similiar to those previously used for DPDPE, deltorphin I,
and their analogué2? Chloromethylated (0.7 mmol/g) polystyrene resin
1% cross-link with divinylbenzene (Peptides International, Louisville,
KY) was used as a solid support for the syntheses of the DPDPE
analogues. 4-Methylbenzhydrylamine polystyrene resin (0.51 mmol/
9), 1% cross-link with divinylbenzene (Bachem California, Torrance,
CA), was used as a solid support for the syntheses of deltorphin | and
its analoguegt All syntheses were carried out on a Vega 1000
semiautomatic peptide synthesizeéM®*-t-Butyloxycarbonyl (Boc) pro-
tected amino acids were used throughout. The unprotected amino acids
(Gly, Val, Phe) (obtained from Aldrich, Milwaukee, WI) and thden-
Sp-MeBzI (obtained from Peptides International, Louisville, KY) were
converted to theilN*-tert-butyloxycarbonyl derivatives with dert-
butyldicarbonate (Bachem California, Torrance, CA). NieBoc-D-

Ala and theN*-Boc-.-Asp-5-benzyl ester were obtained from Bachem
California (Torrance, CA). The four isomers of,@-dimethyl3-
methyltyrosine were prepared as described previdusind were
converted to theilN*-tert-butyloxycarbonyl derivatives with dert-
butyldicarbonate (Bachem California, Torrance, CA) following standard
procedures. Thé&l*-Boc-pD-PenS-p-MeBz|l was attached to the chlo-
romethylated polystyrene resin by Gysin’s metliddDiisopropylcar-

and DELT | analogues. Furthermore, antinotiception studies bodiimide (DIC) and 1-hydroxybenzotriazole (HOBT) (Aldrich, Mil-
in vivo indicated that the two series of analogues tend to interact waukee, WI) were preparedd M solutions in DMF prior to use in

with two different subtypes of thé opioid receptor (results of
this pharmacological study will be published elsewhere).

Conclusions

the coupling reactions which were monitored by the ninhydrin3est.
Benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophos-
phate (BOP reagent, Bachem California, Torrance, CA)) and diisopro-
pylethylamine (DIEA, Aldrich, Milwaukee, WI) in 1-methyl-2-
pyrolidinone (NMP, Aldrich, Milwaukee, WI) was used to couple the

A series of novel, highly side-chain constrained tyrosine Ne-Boc-TMT isomers. Following completion of the syntheses, the
derivatives (TMT) have been designed which can selectively peptides were cleaved from the resin with anhydrous HF (10 mL/g

bias rotamer populations of the torsional angle and constrain
rotational mobility around thg, torsional angle. The TMT

resin) with p-cresol and thiocresol as scavengers (0.5 g each/g resin)
for 60 min at 0°C. The cleaved peptide resin was washed with

substitution allowed us to evaluate in a systematic way the side-anhydrous ether (& 60 mL), and the peptide was then extracted into
chain conformation-biological activity relationships of two series 2cetic acid (5x 60 mL). The acetic acid solutions were combined,

of opioid peptides. Modifications with the same TMEomers
resulted in different profiles of biological activities for DPDPE
and DELT | analogues. Incorporation of TMTsomers into

frozen, and lyophilized to afford the crude peptide. The linear DPDPE
analogue was then cyclized using a 0.1 M solution gfF&€(CN)]
using previously published metho#s.The peptide analogues were
purified by RP-HPLC (Perkin Elmer) using a Vydac 218TP101@ C

the backbone-constrained DPDPE led to a potent and extremelyeyerse-phase column (25 el cm) and a linear gradient of 15%

selectived opioid ligand [(5,3R)-TMTYDPDPE. We suggest

75% CHCN in 0.1% aqueous TFA, at a flow rate of 3 mL/min with

that the most favorable side chain conformations of this UV detection at 280 nm. The purity was detected by TLC on silica

analogue, i.e., thérans y; rotamer of TMT and thegauche

gel in four solvent systems and by analytical HPLC (Table 7). Amino

(—) rotamer of Ph&represent the topography of DPDPE ana- acids analyses were performed on a 420A ABI amino acid analyzer.

logues which is selectively recognized by thepioid receptor.
Incorporation of TMT isomers into the flexible deltorphin |

resulted in analogues with a broad spectrum of potencies and

The (M+ 1)" molecular ions and fragmentation patterns were obtained

(31) (a) Cavagnero, S.; Misicka, A.; Knapp, R. J.; Davis, P.; Burks, T.
F.; Yamamura, H. |.; Hruby, V. Life Sci 1991 49, 495-503. (b) Misicka,

opioid receptor selectivities, including a super-potent analogue, A.: Lipkowski, A. W.; Horvath, R.; Davis, P.; Kramer, T.H.; Yamamura,

[(2S3R)-TMTYDELT I, and a highly selective analogue for the
o opioid receptor, [(339-TMTYDELT I. Based on these
structure-activity relations, two possible modes of binding of
ITMTLUDEI T | analoaties taS recentors i sliaaested

H. I.; Hruby, V. J.Life Sci 1992 51, 1025-1032.

(32) Gysin, B. F.Hely. Chem. Actal973 56, 1476-1482.

(33) Kaiser, F.; Colescott, R. L.; Bossinger, C. D.; Cook, PAnal.
Biochem 197Q 34, 595-598.

(R4) Mi<icka A Hriibv VV 1Polich 1 Chem19904 AR LK02—-K0Q
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by FAB-MS and were consistent with the amino acid sequence and 4-Methylbenzhydrylamine polystyrene resin (0.51 mmol/g) 1% cross-
structure of the peptides. The analytical results are listed in Table 7. link with divinylbenzene (Bachem California, Torrance, CA) was used
c-[o-Per?, p-Perflenkephalin (DPDPE, 1). The title compound as a solid support for the syntheses of the title comp®jrehd the
was prepared by the methods described above and was found to beollowing protected amino acids were added in a stepwise fashion to
identical to the compound previously synthesiZét. the growing peptide chainN*-Boc-Gly, N*-Boc-Val, N*-Boc-Val, N*-
Deltorphin | (6). The title compound was prepared by the methods Boc-L-Asp-3-benzyl esterN®-Boc-Phe,N*-Boc-D-Ala, and optically
described above (without the cyclization procedure) and was found to pureN*-Boc-(2S, 3R)-TMT. An excess (2 equiv) of protected amino

be identical to the compound previously synthesiZed. acids [except foN*-Boc-(2S, 3R)-TMT], HOBT, and DIC was used
General procedure for synthesizing [TMTDPDPE analogues for the coupling reactions, which were monitored by ninhydrin tests.
is illustrated by the preparation of [EBR)-TMTYDPDPE (3). Ne¢- Ne-Boc-(25,3R)-TMT (1.2 equivy® was added to the growing peptide

Boc-Sp-MeBzl-p-Pen-resin (0.74 g, 0.68 mmol/g, 0.5 mmol) was used chain using BOP reagent (1.44 equiv) and DIEA (1.7 equiv) in NMP
as starting material, and the following protected amino acids were addedfor 15 h. The resin was washed and dried, the protecting groups were

in a stepwise fashion to the growing peptide chalt-Boc-Phe N*- removed, and the peptide was cleaved from the resin in a similar fashion
Boc-Gly, N*-BocD-Pen&-p-MeBzl), and optically pureN*-Boc-(2S, as that for preparation of the DPDPE analogues (see above). The crude
3R)-TMT. The analytical data d*-Boc-(25,3R)-TMT are mp 67.5 product was dissolved in acetonitrile and 0.1% TFA water solution
68.3°C. H-NMR (CDClz, TMS) 6 6.42 (s, br, 2H, 3 5 aromatic- mixture (15:85, v/v) and purified on a Vydac 218TP10L@RP-HPLC

Hs), 4.72-4.79 (m, 1H, G-H), 3.34 (m, 1H, G-H), 2.40 (s, Ar-CH), column (25 cmx 1 cm) with linear gradient elution of £570% CH;-

2.16 (s, Ar-CH'), 1.46 (s, 9H,t-Bu), 1.36 (d,J = 7.3 Hz, 3H, G- CN in 0.1 trifluoroacetic acid (aqueous solution) 1% min at a flow
CHs). ®C-NMR (CDCk) 0 176.2, 155.7, 153.7, 138.7, 129.4, 117.0, rate of 3 mL/min. The more lipophilic impurities were washed from
115.2, 80.5, 56.6, 38.5, 28.3, 21.5, 17.5, 15.6. IR (KBr,§m3375, the column with 95-100% CHCN in 0.1% TFA for 10 min, and after

2975, 1712, 1689, 1609, 1161, 856. CIMSe (relative intensity) equilibrium (11 min, 15% CEkCN) the column was ready for use again.
324.20 (M + 1, 0.5), 73.15 (100). HR-CIMS calcd fori@2sNOs The UV detector was set at 280 nm during the entire purification
323.1733; found (M + 1) 323.1747. §]p**= +1.55 (c0.38, CHC}). process. The major peak was isolated and lyophilized to afford a white
All the N*-tert-butyloxycarbonyl (Boc) protected amino acids (2 equiv)  powder; yield 45%. Amino acid analysis result for §3R)-TMT1]-
except forN®-Boc-(253R)-TMT were coupled to the growing peptide  DELT | (8): (2S3R)-TMT 0.95 (1.00),0-Ala 1.03 (1.00), Phe 1.00
chain using diisopropylcarbodiimide (DIC 2.5 equiv) aXéhydroxy- (1.00), Asp 1.16 (1.00), Val 1.80 (2.00), Gly 1.10 (1.00). The analytical
benzotriazole (HOBT, 2.5 equiv) as coupling reagen-Boc-(2S data are presented in Table 7.

3R)-TMT (1.2 equiv§* was added to the growing peptide chain using Amino acid analysis result for [R3R)-TMTYDELT | (9): (2R.3R)-

BOP reagent (1.44 equiv) and DIEA (1.7 equiv) in 1-methyl-2- TMT 0.98 (1.00)p-Ala 1.10 (1.00), Phe 1.00 (1.00), Asp 1.10 (1.00),
pyrolidinone (NMP) as solvent. After coupling of the last amino acid, val 1.92 (2.00), Gly 1.09 (1.00). Amino acid analysis result for
the resin was washed with dichloromethane(80 mL) and methanol [(2R,39-TMTYDELT | (10): (2R, 39-TMT 0.86 (1.00),0-Ala 1.10

(4 x 35 mL) and dried by nitrogen gas flow (9 psi) for 10 min. The  (1.00), Phe 0.96 (1.00), Asp 1.04 (1.00), Val 1.80 (2.00), Gly 1.09
resin was then storeith vacuofor 24 h. Cleavage of all side-chain  (1.00). The analytical data of [§39-TMTYDELT | was reported
protecting groups and the peptide from the resin was achieved with previously?

liquid HF (approximately 10 mL) and 0.5 g gkcresol and 0.5 g of Radioligand Binding Assays. Membranes were prepared from
thiocresol, as outlined above followed by cyclizatiénThe crude whole brains taken from adult male Sprague-Dawley rats {Z8D
product was dissolved in acetonitrile and 0.1% TFA water solution g) obtained from Harlan Sprague-Dawley, Inc. (Indianapolis, IN).
mixture (15:85, v/v) and purified on a Vydac 218TP101@ RP-HPLC Following decapitation, the brain was removed, dissected, and homog-
column (25 cmx 1 cm) with linear gradient elution of 575% CHs- enized at ®C in 20 volumes of 50 mM Tris-HCI (Sigma, St. Louis,
CN in 0.1% trifluoroacetic acid (aqueous solution) at a flow rate of 3 MO) buffer adjusted to pH 7.4 using a Teflon-glass homogenizer. The
mL/min. The more lipophilic impurities were washed from the column  emberane fraction obtained by centrifugation at 48000 15 min

with 95-100% CHCN in 0.1% TFA for 10 min, and after equilibrium 4t 4 °C was resuspended in 20 volumes of fresh Tris buffer and
(11 min, 15% CHCN) the column was ready for use again. The UV incupated at 25°C for 30 min to dissociate any receptor bound
detector was set at 280 nm during the entire purification process. The endogeneous opioid peptides. The incubated homogenate was centri-
major peak was isolated and lyophilized to afford a white powder. Yield fuged again as described, and the final pellet was resuspended in 20
55 mg (16%). Amino acid analysis result for §2R)-TMT]DPDPE volumes of fresh Tris-HCI buffer.

(3): (2S 3R)-TMT 0.95 (1.00), Gly 1.04 (1.00), Phe 1.00 (1.00). The  Radioligand binding inhibition assay samples were done as previ-
analytical data are presented in Table 7. ously publishet using cyclo-fH][p-Per, p-Cl-Phé, p-Perflenkephalif®

The analytical data of N°-Boc-(2R,3R)-TMT are mp 139.6-140.0 ([*H][p-CIPhé]]DPDPE, 8) at a concentration of 0.75 nM anéH]-
°C dec. 'H-NMR (CDCl;, TMS) 6 6.49 (s, br, 2H, 3 5 aromatic-

I 1
Hs), 4.52-4.67 (m, 1H, G-H), 3.54 (m, 1H, G-H), 2.36 (s, Ar-CHj), D-Phe-Cys-Tym-Trp-Orn-Thr-Pen-Thr-Nbj [*H]CTOP, 1)* (New
2.30 (s, Ar-CH), 1.32 (s, 9H,t-Bu), 1.38 (d,J = 7.4 Hz, 3H, G- England Nuclear, Boston, MA) at a concentration of 0.5 nM as the
CHs). 3C-NMR (CDCk) ¢ 186.6, 117.2, 115.5, 80.7, 57.6, 36.3, 28.0, radioligands.
21.8,16.6, 14.8. IR (KBr, cri) 3353, 2977, 2936, 1712, 1610, 1592, Binding data were analyzed by nonlinear least-square regression
1486, 1454, 1393, 1367, 1302, 1161, 1030, 860. HR-EIMS calcd for analysis program named Inplot 4.03 (GraphPad, San Diego, CA).

CiH2sNOs 323.1733; found (M + 1) 323.1730. o= +23.3 (c Statistical comparisons between one and two site fits were made using
1.05, CHC}). F-ration test using @ value of 0.05 as the cut-off for significanée.
The analytical data of N*-Boc-(2R,39)-TMT are mp 65.5-66.0 Data best fitted by a one site model were reanalyzed using the logistic

°C. H-NMR (CDCl, TMS) 6 6.42 (s, br, 2H, 3 5 aromatic-Hs), equation® Data obtained from independent measurements are pre-
4.70-5.10 (m, 1H, G-H), 3.33 (m, 1H, G-H), 2.41 (s, Ar-CH), 2.16 sented as the arithmetic meanSEM. ‘

(s, Ar-CHy), 1.54 (s, 9Ht-Bu), 1.36 (d,J = 6.84 Hz, 3H, G-CHy). In Vitro Bioassay Methods. Electrically induced smooth muscle
13C-NMR (CDCE) 6 175.2, 155.6, 153.7, 138.2, 129.4, 117.0, 80.4, contractions from mouse vas deferens (MVD) and guinea pig ileum
56.6, 38.6, 28.3, 27.7, 21.5, 15.6, 14.2. CIMf& (relative intensity) (GPI) longitudinal muscle-myenteric plexus were used for bioas¥ays.
324.20 (M + 1, 8), 268.20 (100). IR (KBr, cri): 3329, 2967, 1683, Tissues came from male ICR mice weighing-2® g and from male
1592, 1515, 1450, 1369, 1260, 1142, 1048, 883, 855, 800, 669. HR- Hartley guinea pigs weighing 156100 g. The tissues were tied to

CIMS: calcd for G/H2sNOs 323.1733; found (M + 1) 323.1757. (35) Vaughn, L. K.; Knapp, R. J.; Toth, G.; Wan, Y. P.; Hruby, V. J.;
[a]o® = —1.38 (c 0.44, CHCY). Yamamura, H. ILife Sci 1989 45, 1001-1008.
Amino acid analysis result for [R3R)-TMTDPDPE @): (2R, 3R)- (36) Hawkins, K. N.; Knapp, R. J.; Lui, G. K.; Gulya, K.; Kazmierski,

TMT 0.90 (1.00), Gly 1.12 (1.00), Phe 1.00 (1.00). Amino acid analysis W.; Wan, Y.-P.; Pelton, J. T.; Hruby, V. J.; Yamamura, Hl.IPharmacol.
result for [(R,39-TMTYDPDPE 6): (2R,39-TMT 0.93 (1.00), Gly Exp. Ther 1989 248 73-80.

1.15 (1.00), Phe 1.00 (1.00). The analytical data f@38-TMT* gg Munson, P J.. Rodbard, Binal. Biochem 1950 1%1)/@?&%?%
and [(Z5,39-TMTYDPDPE were reported in our previous study. 235, E97-E102. T e
General procedure for synthesizing [TMT']deltorphin | ana- (39) Shook, J. E.; Pelton, J. T.; Wire, W. S.; Herning, L. D.; Hruby, V.

loatie<i< illlistrated bv the nrenaration of RRR-TMTIDEI T | (8) 1 Riirke TE1 Pharmacol Exn ThernOR7 240 777—777
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gold chains with suture silk, suspended in 20 mL baths containing 37 ey =P’ apJH o +(1-P) stH .

°C oxygenated (95% £ 5% CQ) Krebs bicarbonate solution o~y oy oLy

(magnesium-free for the MVD), and allowed to equilibrate for 15 min.

The tissues were then stretched to optimal length previously determined\yhere P and P’ are rotamer populations corresponding to the anti-
to be 1g tension (0.5 g for MVD) and allowed to equilibrate for 15 yeripjanar (ap) arrangements of the relevant spins. The following values
min. The tissues were stimulated transmurally between platinum plate J4rs =13.9 HZ,"Fpapys = 3.55 HZ,®dioc, = 8.5 Hz, andlac, =

electrodes at 0.1 Hz for 0.4 ms pulses (2.0 ms pulses for MVD) and y 4 1y, \yere used for antiperiplanar and synclinal (sc) arrangerifefits.

sulpramaXImhaI voltage. Drugs v:;e:re _addecti) tohthfe bath; ﬂtﬁ?‘" dAn error of 5% for rotamer populations can be estimated from the

\éo Lrj_me_s. The aglotmsts re_rtr;]aflne hlr&tlssue Ia:' s OEI_?’ min and remove inaccuracy of the coupling constants. For the other peptide analogues,
y rinsing severa imes with Iresh rebs solution.  TISSUes were given the 8-methyl carbon chemical shifts of the TMTesidue were used to

8 min to re-equilibrate and regain predrug contraction height. An- . . . .
tagonists were added to the bath 2 min prior to the addition of the probe the side chain conformations by taking advantage of the well-
known conformational dependepteffect?®?” The contributions to

agonists. Percent inhibition was calculated by dividing height for 1 . . . "
min preceding the addition of the agonist by the contraction height 3 the-Me carbon_ chemical _Sh'ﬂ from the Nl'ar?d G=0 fu_nctlonalltles
min after exposure to the agonist. &@alues represent the mean of ~ ©f the TMT! residue are given by the following equation
not less than four tissues. Estimates and relative potency estimates
were determined by fitting the mean data to the Hill equation by using 13
a computerized nonlinear least-squares metfobh some cases, the 0(p-Me-"C) =
weaku agonist action of these analogues did not permit completion of o
dose-response curves in the GPI.

Nuclear Magnetic Resonance ExperimentsAll NMR parameters
used in the present study were obtained from 1D and 2D experimentswhereP,_,, are the populations of the staggered rotamers 3&fth o,
performed at 305 K with Bruker AM500 or Bruker AC400 spectrometer  gauchgy andoauchgye, vy, are the shielding parameters of the relevant
(500 or 400 MHz proton frequency) equipped with ASPECT 3000 suybstituents equal t63.2,—4.6, and—7.8 ppm, respectivel§f. dis
computer and 5 mm inverse probehead. Peptide samples were dissolveghe 3-Me carbon reference chemical shift which was calculated from

in DMSO-ds at a concentration of 3.5 mg/0.4 mL for §3S)-TMT]- the known rotamer populations and {Bé/e carbon shifts of analogues
DPDPE @) and 10-14 mg/0.4 mL for the other analogues. The proton 3, 7, and8 using the above equation.

and the carbon chemical shifts were referenced to the solvent (2.49

+ PI gal‘ICH%CO + PII gaUCh%NH + PIII g"C‘INICH%CO,NH

ref

ppm for residuatH signal of DMSOds and 39.5 ppm fotC signal). Molecular Modeling. The (71,72) energy maps for bN-(p,L)-Tyr-
Sequential assignmeAt®f proton resonances have been achieved by CO-NHMe and HN-TMT-CONMe isomers were calculated using the
the combined use of 2D total correlation spectroscopfiltered Dri ve module of the MacroModé (version 4.5)° program. The model
TOCSYy?*2 and ROESY experimentd* 2D TOCSY spectra were  Tyr and TMT residues with free neutral amino group and blocked
recorded in phase sensitive mode using TPPI methadd the isotropic carboxyl group were chosen in order to mimic incorporation of these

mixing was achieved by the MLEV-17 sequeffcer the recently residues into N-terminal position of opioid peptides. Thgy) energy
introduced TOWNY sequentewhich suppresses unwanted cross- maps were calculated with the 28teps in both directions within the
relaxation peaks in TOCSY experiments. In ROESY experiments, intervals of —18(° to 18C. Energy was minimized over all other
continuous wave spin-lock field or a recently proposed multiple pulse degrees of freedom using the united-atom AMBER* force field
sequence, [18Qx) 18C°(—x)]n, was employed for spin-lockinf. The implemented in the MacroModel 4.5, with a distance-dependent
advantage of the latter is to avoid undesired TOCSY transfer in ROESY (jelectricse = 4.0r. The dielectric constant of 4.0 was recommeriged
measurements. Thé&H chemical shifts and the conformationally  yith the AMBER force field instead of the original value of 1@n
important homonuclear vicinal coupling constdftgere extracted from  grqer 1o reproduce better experimental characteristics of peptides and
the resolution enhanced 1D spectra, or in case of signal overlap, from proteins. Extended initial backbone conformers withy = 180° were
gSIe highly (lj_|g|t|zed 1D traces og_ZD_ﬂItergﬂ -LOCbSY sp%c_tra. Th? i considered at eaclyi(y2) grid point. Contours of equal relative energies
hary cOUpling constants in combination with the observed intra-residue Enin Of the (1,42) maps were drawn with a step of 1.0 kcal/mol

NOE patterns were used for the stereospecific assignmeny jpfdtbns -
and for the determination of preferred side chain conformafibiRsoton (Tyr) or 2 keal/mol (TMT) using thePIt2D module of MacroModel

detected heteronuclear spectroscopy including heteronuclear multiple ™

guantum correlation (HMQE@¥Pexperiments, multiplet edited HSGE,

andzfiltered carbon coupled HSQC-TOC®experiments were used Acknowledgment. This work was supported by the U.S.
for the assignment of carbon resonances and for the evaluation of long'Puinc Health Service Grant NS 19972 and by the NIDA Grant

range heteronuclear coupling constaiitg,c,. Side-chain conforma- . , .
tions of the TMT residues (with one fiproton) in peptide analogues DA06284. Dr. Katalin E. Kuer thanks the Hungarian Academy

3, 7, and8 were deduced from the measured homonucfags) and of Science for partial support through Grant OTKA T-014982.

heteronuclear3guac,) vicinal coupling constants using the following

equation§’® Supporting Information Available: Tables providing the

13C chemical shifts for the four [TMYDPDPE analogueg, 3,

4, and5 and the four [TMT]Deltorphin | analogueg, 8, 9,
and10 (3 pages). See any current masthead page for ordering
and Internet access instructions.
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