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M/C. have prc~vioiisly proposed a model ofthe 6-opioid receptor hoiind confi~rmution.fi)r the cyclic 
tc~trapqHidc, Tyr-c[ D-Cys- Phe-D-Pen ] OH (JOM-13) based on its confiwnalionul analysis and 
,from confi,rmation-a~nitj~ relationships observedjbr its analogues with modijied,fir.st and third 
residircs. To ,fiirther verlfi thr model, it is compared here with resiilts qf conformational and 
.CtriictiirP-uctivitY .stiidies,fiir other knovtn confi,rmationally constrained &selective ligands: the 
cyclic pmtupcptidcJ agonist, Tvr-c[ r,-Pc.n-Gly-Ph~.-D-Phe] OH (DPDPE); the peptide antago- 
nist. Tyr- Tic-Phe-PheOH (TIPP) ; the alkaloid agonist, 7-spiroindanyloxymorphone (SIOM) ; 
and thc r d u t d  alkaloid untagonist, oxymorphindole (OMI)  . A candidate &bound conformer 
is idmtificJd,fbr DPDPE thut provides spatial overlap of thr,functionully important N-terminal 
N I I ;  and C-tcrminal COO- groups and the aromatic rings ofthe Tvr and Phe residues in both 
qr l ic  pc~ptidcs. I I  is shown thut all &.selective Iigands considered have similar arrangements of 
thLir pharmucophoric elements, i.e., lhe tyrumine m0iet.v and a second aromatic ring (i.e., the 
rings 0fPh'he3, Ph(14, und Tic' re~sidiies in JOM-13, DPDPE, and TIPP, respectively; the indole 
ring .\ystPm in O M I ,  und thc indanyl ring system in SIOM). The second uromatic rings, while 
occnpj?ng similar regions of space throughout the analogues considered, have diffbrent orienta- 
tions in ugonists and antagonists, bill identicul orientations in peptide and alkaloid Iigands with 
thr samr ugonistic or antagonistic properties. Thcse results agree with the previous1.v proposed 
binding tnodcJ1,fiir JOM-13, are consistent with the view thal 6-opioid agonists and antagonists 
shurc thc sumc binding site, und support the hypothesis ofa similar mode ofbinding f o r  opioid 
peptides and a1kaloid.s. 0 I996 John Wiky & Sons, Inc. 

INTRODUCTION 

The endogenous opioids Leu- and Met-enkephalin 
[ Tyr-Gly-Gly-Phe-Leu( Met)] are linear pentapep- 
tides that display high affinity to and moderate se- 
lectivity for 6-opioid receptors. Early structure-ac- 
tivity studies of Met and Leu enkephalin identified 

the key structural elements of the peptide opioid 
pharmacophore as ( 1 ) a positively charged N-ter- 
minal NH group, ( 2 )  the aromatic ring and phe- 
nolic hydroxyl of Tyr ' , and ( 3 )  the aromatic ring 
of the Phe4 residue.' However, because of the in- 
herent conformational flexibility of short linear 
peptides, Met- and Leu-enkephalin and related lin- 
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FIGURE I 
posed &bound conformation. 

Space-filling model of JOM- 13, in its pro- 

ear analogues are not well suited for the elucidation 
of the precise spatial arrangement of pharmaco- 
phoric elements required for ligand binding to the 
6 receptor. For such determinations, conforma- 
tionally constrained analogues are much more ap- 
propriate. We have recently investigated one such 
conformationally constrained &selective, cyclic 
tetrapeptide, Tyr-c [ D-Cys-Phe-D-Pen] OH (JOM- 
1 3; Pen, penicillamine, is fl,fl-dimethylcysteine) 
using a combination of experimental (x-ray crys- 
tallography, ‘H-nmr spectroscopy) and theoretical 
( molecular mechanics computations) techniques.’ 
This peptide has a single energetically preferred 
backbone conformation for the cyclic tripeptide 
portion of the molecule and two major conformers 
of the disulfide bridge (in the ratio - 2: 1 in aque- 
ous solution). While the cyclic part of the molecule 
is conformationally well defined, the key elements 
of the &receptor pharmacophore (exocyclic Tyr ’ 
residue and Phe3 side chain) are still very flexible 
in solution. Therefore, a number of additional con- 
straints were incorporated into the Tyr ’ and Phe3 
side chains of the parent tetrapeptide, and the bind- 
ing affinities of the resulting analogues were corre- 
lated with their conformational propensities, with 
the underlying assumption that, for such structur- 
ally related analogues, the bioactive conformation 
must lie within the intersection of conformational 
space available to those analogues that exhibit good 
binding affinity. This analysis allowed us to pro- 
pose a precise model for the binding conformation 
of JOM-13 and its  analogue^.^.^ The proposed 6- 
bound conformation is compact (Figure 1 ) ;  the 
Tyr and Phe side chains are close together (distance 

between the centers of the aromatic rings is 5.7 A )  
and have trans (x’ - 180”) and gauche ( X I  - -60”) conformers, respectively, while the main- 
chain fragment between Tyr ’ and the tripeptide cy- 
cle is in an extended conformation (I) of Tyr ’ and 
4 of D-cys2 are - 160”). 

This model of the &receptor pharmacophore 
was developed from the comparison of compounds 
with the same tripeptide cycle, c [ D-Cys-X-D-Pen] , 
where X is L- or D-Phe or a structurally related re- 
placement r e ~ i d u e . ~ , ~  The present study further 
verifies this model by demonstrating that appropri- 
ate low energy conformers of other conformation- 
ally constrained 6-selective ligands possessing al- 
ternative types of rigid “scaffold” connecting their 
pharmacophoric groups are consistent with it. An- 
alogues from several different structural classes are 
compared here ( Figure 2 ) : Tyr-c [ D-Pen-Gly-Phe- 
D-PenIOH (DPDPE),’ a cyclic pentapeptide re- 
lated to JOM- 13 but containing an additional gly- 
cine residue interposed between the pharmacopho- 
ric Tyr and Phe residues, and that replaces the 
~-Cys*  residue of JOM- 13 with a second D-Pen resi- 
due; the linear &selective antagonist Tyr-Tic-Phe- 
PheOH (TIPP),6 where Tic is 1,2,3,4-tetrahydroi- 
soquinoline carboxylic acid, a conformationally 
constrained Phe analogue: the alkaloid &selective 
agonist 7-spiroindanyloxymorphone ( SIOM)’ ; 
and the structurally related &selective antagonist 
oxymorphindole ( OMI).8 While several other 6 
models, discussed below, have been proposed from 
comparisons of some of the 6 structural classes 
listed above, our study is the first to attempt to ex- 
plain observed structure-activity relationships for 
all these &selective peptide and alkaloid agonists 
and antagonists in the framework of a unified con- 
formational model. Further, previous models en- 
compassing both peptide and alkaloid 6 ligands 
were developed by fitting the more flexible peptide 
ligand to the rigid alkaloid scaffold, in essence as- 
suming a common binding conformation. Our 
model, developed from consideration of the tetra- 
peptide JOM- 13 and its analogues, alone, has no 
such limitation, and consequently provides sup- 
port for the hypothesis ofa  similar mode ofbinding 
for opioid peptides and alkaloids. 

METHODS 

Since complete conformational calculations of DPDPE 
have been reported by others,’-I3 this was not repeated 
here. Instead, the previously reported theoretically 
generated’-l3 and x-ray l 4  conformers of the D-Pen-Gly- 
Phe-D-Pen cycle of DPDPE were used in initial struc- 
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Tyr-c[D-Cys-Phe-D-PenIOH 

(JOM-13) 

Tyr-c[D-Pen-Gly-Phe-D-PenIOH 

(DPDPE) 

Tyr-Tic-Phe-PheOH 7-Spiroinda~1yloxymorphone R = Me, Oxymorphindole (OMI) 

(TIPP) (SIOM) R = CPM, Naltrindole (NTI) 

FIGURE 2 Structures of &selective opioid peptides and alkaloids. 

tures, and spatial positions of the flexible exocyclic ele- 
ments (Tyrl residue and Phe3 side chain) were opti- 
mized using a conformational search. The initial torsion 
angles of the D-Pen-Gly-Phe-D-Pen cycle (+ and x ' of 
D-Pen', p and $ of Gly3 and Phe4, and p and X I  of 
D-Pen') from each published structure of DPDPE were 
combined with all possible combinations of torsion an- 
gles I) of Tyrl and p of D-Pen' (60" increments within 
allowed areas of the Ramachandran plot) and x side- 
chain torsion angles corresponding to rotamers of Phe 
and Tyr residues (x I = -60", 60", and 180"; x ' = 90") for 
subsequent energy minimization using the CHARMm 
force field. After energy minimization, every confor- 
mation of DPDPE was compared with the initial one 
to ensure that the conformation of the D-Pen-Gly-Phe- 
D-Pen cycle was not markedly changed and still corre- 
sponded to the same local energy minimum as in the 
original publication. The differences in all individual 
torsion angles before and after minimization were 
< 30", and rms deviations ofall atoms within the disul- 
fide-bridged cycle were < 0.4 A. 

Low energy conformations of the Tyr-Tic fragment 
(Tyr-Tic-methylamide) of TIPP were calculated using a 
grid search with subsequent energy minimization in the 
space of torsion angles # and x I of Tyr ' and w (cis and 
tr-uns configurations) and p of Tic' for two possible con- 
formations of the Tic 6-membered aliphatic ring (all pos- 
sible combinations ofthe angles were considered with the 

same initial values of p, +. and x angles as for DPDPE). 
For the alkaloid structures, the energetically preferred 
equatorial position was chosen for the N"-CH3 group. In 
SIOM, there are two conformers of the 5-membered ring 
of the 7-indanyl group. The slightly higher energy con- 
former ( AE = 1.3 kcal/mol) of SIOM provides better 
superposition of its 7-indanyl ring with the Phe3 aro- 
matic ring of JOM- 13. 

All molecular mechanics calculations of DPDPE, 
Tyr-Tic-methylamide, and alkaloid opiates were done 
with the QUANTA 3.2/CHARMm force field.15,1h A 
compromise value of the dielectric constant, c = 10, was 
used, and the adopted basis Newton-Raphson method 
of minimization was employed. This intermediate value 
of E has previously been found to be appropriate for the 
conformational analysis of peptides and for computa- 
tions of electrostatic energy in proteins." Superpositions 
were done with the QUANTA 3.3  Molecular Similarity 
system. 

RESULTS AND DISCUSSION 

The Candidate &Bound Conformation 
of DPDPE 

The conformational possibilities of DPDPE have 
been extensively studied using computational 



Table I Comparison of Interproton Distances (A) Estimated from NOE Cross-Peak Initial Buildup Rates (rNOE) of 
DPDPE in DMSO” and in Aqueous Solution with Calculated Distances from Its Energy-Optimized X-Ray Structure 
(r,.,,,; Conformer I, Table 111) 

From To 

Residue Proton Residue Proton 

TYr LYH D-Pen2 N H  
TYr PH D-Pen2 Me(pro-S) 
TYr PH TYr Ar(meta) 
D-Pen2 N H  D-Pen’ Me(pro-S) 
D-Pen’ RH D-Pen2 Me(pro-R) 
D-kn’  CVH D-Pen2 Me(pro-S) 
D-Pen’ LY H GlY N H  
D-Pen2 NH GlY aH(pro-R) 
D-Pen’ Meoiro-R) GlY N H  
GlY NH GIY aH(pro-R) 

Gly NH([WO R )  GIY aH(pro-S)  
GIY t~H(pr0-R) Phe N H  
Gly N H([,ro-s) Phe NH 
Phe NH Phe P@ro-R) 

Phe NH  pen' NH 
Phe NH  pen' NH 
Phe BH D-Pen’ Me(pro-S) 
D-Pen’ N H  D-Pen’ Me(pro-S) 
 en' NH  pen' Me(pro-R) 

GIY NH GIY NH(pV0-S) 

Phe NH Phe m r 0 - S )  

2.8 
3.2’ 
2.6 
3.6 
2.5 
2.8 
2.3 
3.5’ 
2.7 
2.8 
s’ 

1.8 
3.4 
2.3 
2.8 
W‘ 
2.7 
2.4’ 
2.9’ 
s’ 

3.0 

3.5 (2.3)d 
5.6 (3.5)d 
2.4 
3.4 
2.8 
2.4 
2.2 
4.3 
2.4 
2.3 
2.8 
I .8 
3.4 
2. I 
2.5 
3.6 
2.5 
3.5 
5.0 
3.0 
2.5 

a The closest protons of methyl groups were chosen to calculate distances. 
NOE was not detected in aqueous solution. 
NOE was not detected in DMSO. Sand W (strong or weak) represent qualitative estimation of NOE intensity in aqueous solution. 

‘’ Distance in alternative conformation (A&‘ = I .3 kcallmol) ofthe flexible Tyr’ residue. 

methods,’-” nmr spectroscopy, “),20 and x-ray crys- 
ta l l~graphy.’~ The crystal unit cell contains three 
independent molecules of DPDPE that have al- 
most identical structure within the conformation- 
ally constrained, 14-membered tetrapeptide cycle 
but differ in the orientation of the flexible exocyclic 
Tyr residue. This crystal structure of the c[  D-Pen- 
Gly-Phe-D-Pen ] cycle was calculated theoretically, 
prior to its experimental determination (con- 
formers 3a‘, Table 3 in Ref. 9, and DK 1 1.1, Table 
1 in Ref. 10). Together with similar agreement be- 
tween calculated and experimental conformers ob- 
tained for JOM- 1 3, this illustrates the applicabil- 
ity of Assisted Model Building with Energy Re- 
finement (AMBER) and CHARMm force fields, 
in vacuo, for conformational calculations of short 
cyclic peptides. The crystal structure of DPDPE is 
in agreement with NOE cross-peak intensities and 
vicinal coupling constants 3JH.Nca.H observed in 
aqueous and DMSO solutions (Tables I and 11): 
most deviations of interproton distances within the 
c [ D-Pen-Gly-Phe-D-Pen ] cycle estimated from ‘H- 

nmr spectral data and calculated from the crystal 
structure of DPDPE (Table 111) are < 0.5 A, and 
deviations of JHNC“.,, are < 0.5 Hz (Table 11). The 
coupling constants observed for the Gly’ residue 
are reproduced well if calculated from the torsion 
angle cp observed directly in the crystal (98”, 107”, 
and 99” in molecules I ,  2, and 3, respectively, in 
the unit cell 14), but larger differences arise if these 
coupling constants are calculated from the p tor- 
sion angle of the energy-optimized crystal structure 
[conformer I ,  Table 111 (cp = 66”); Table 111. These 
discrepancies may be due to flexibility of the Gly 
cp torsion angle, which in calculations depends on 
conformations of the conformationally labile exo- 
cyclic Tyr’ residue and the Phe3 side chain. Addi- 
tionally, the value of the Gly3 torsions may be in- 
fluenced by interactions of main-chain peptide 
groups with water. A similar situation was ob- 
served for JOM- 13: the value of the cp angle for the 
D-CYS~ residue directly observed in crystal struc- 
ture “A” of the peptide provides much better 
agreement with the vicinal coupling constant of 
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Table 11 
('JeXp, from Ref. 20) and Calculated for Crystal S t r ~ c t u r e ' ~  and Energetically Optimized (in vacuo) Crystal 
Structure of DPDPE [(3Je'c(qx-ray)) and (3Jr'c(qc'c)), Respectively] 

Comparison of 3JH.Nc-,, Vicinal Coupling Constants (Hz) Measured for DPDPE in Aqueous Solution 

( 3  Jclc(cpc"))a I>" Residue Coupling C o n s t a n t  (3Jclc(Px-ray 3 J'"" 

D-Pen' H-NP-H 7.8 9.0-9.8 9.1-9.9 

Gly' H-NC"-H (pro-R) 4.3 3.7-4.9 7.2-7.9 
Phe4 H-NC"-H 6.0 5.2-6.4 5.8-5.9 

Gly' H-NC"-H (elm-S) 8.4 8.1-9.5 3.9-4.2 

 pen' H - N C"- H 8.6 8.7-9.9 8.5-9.2 

"The lJ&".k, constants were calculated using coefficients from Ref. 21. The interval of values for the constants reflects their 
possible dynamic averaging with equal probability in the interval of rp angle k30" around the equilibrium value calculated for the 
energy-minimized Structure of DPDPE or directly from crystal  coordinate^'^ (corresponding values of rpC" and pp"~ray torsion angles are 
presented in Table I l l  for conformcr I) .  The differences in among molecules I .  2. and 3 in the crystal unit cell were taken into 
account calculating the interval of values of (3Jc'c((px-ray)). 

protons H-NC"-H measured in aqueous solution 
than do the values of cp in energetically optimized 
conformers.' The x-ray structures of both JOM-I 3 
and DPDPE show the presence of numerous water 
molecules within the crystals which underlies the 
similarity between the crystal and aqueous confor- 
mations. 

The overall agreement between the x-ray and 
nmr data suggests that the conformation of the 14- 
membered cycle observed in the x-ray structure is 
also the highest populated conformer in aqueous 
solution. However, nmr data for DPDPE in 
DMSO solution reveal some additional nuclear 
Overhauser effect (NOE) cross peaks ( H "  Phe4/ 
HN D-Pen', H p  Phe4/CYHI D-Pen', and C"H D- 
Pen2/C"H Gly3) that are inconsistent with the 
crystal structure, suggesting the importance of al- 
ternative conformations of the cycle in this solvent. 
The presence of many such alternative main-chain 
conformations with similar energies has been 
clearly demonstrated in theoretical studies of 
DPDPE.'-'' This can be contrasted to the observa- 
tions for JOM-I 3, in which nmr, x-ray, and com- 
putational results all indicate a small set of very 
similar conformations of the smaller, more rigid 
1 1 -membered cycle. 

Two alternative conformations of the D-Pen- 
Gly-Phe-D-Pen cycle, previously identified in com- 
putational studies, are stabilized in analogues of 
DPDPE in which D- and L-Ala are substituted for 
the Gly' residue. These conformations of the cycle 
with energetically optimized orientations of the 
flexible exocyclic elements (Tyr I residue and Phe 
side chain) are represented in Table 111 as conform- 
ers I1 and 111. Within the disulfide-bridged cycle, 
conformer I1 of DPDPE corresponds to the crystal 
structure of its D-Ala3 a n a l ~ g u e ~ ~ . ~ '  and is similar 
to the crystal structure of DPDPE itself (Table I I I ) ,  

except for torsion angles of the disulfide bridge that 
assume a different conformer possessing unexpect- 
edly high energy (5.3 kcal/mol), ascalculated with 
the CHARMm force field, in vacuo. This alternate 
conformer (conformer 11, Table 111) of the disul- 
fide-bridged cycle has been identified previously in 
theoretical studies [ 3e' in Table 3 of Ref. 9 and 3 in 
Table 3 in Ref. 13). and its stabilization in the crys- 
tal of [ ~ - A l a ~ ]  DPDPE may be due to energetically 
preferred intermolecular packing and solvation by 
water, which forms a network of hydrogen bonds 
with the peptide backbone in the It 
should be noted that H-nmr spectroscopy of [ D- 
Ala3] DPDPE suggests that this relatively high en- 
ergy conformer I1 is not stabilized in aqueous solu- 
tion since the set of NOES observed was essentially 
the same as for the parent peptide, DPDPE.2' 

Unlike [ ~ - A l a ~ ]  DPDPE, which exhibits greatly 
reduced 6 affinity compared with DPDPE but has 
a similar crystal structure, Gly to ~ - A l a ~  replace- 
ment, to yield [ L - A ~ ~ ~ I D P D P E ,  does not signifi- 
cantly affect 6 binding24 but leads to stabilization 
of a rather different main-chain structure of the di- 
sulfide-bridged In the crystal structure of 
DPDPE, the combination of Gly' main-chain p 
and II/ torsion angles (p  = +98", II/ = - 14 1 ', Table 
111) corresponds to the area of the Ramachandran 
plot that is forbidden for L residues but is allowed 
for Gly and D residues. Therefore, the Gly to L-AI~'  
replacement stabilizes an alternative conformer of 
the cycle (111 in Table I I I ) ,  also previously calcu- 
lated for DPDPE ("1"  in Table 7 in Ref. 9) ,  with 
relative energy 0.3 kcal/mol and p and II/ torsion 
angles of residue 3 (cp = -98", II/ = -87") more 
appropriate for L residues. Stabilization of the 
14-membered cycle of this conformer of [L- 
Ala'] DPDPE in aqueous solution is suggested by 
the appearance of new NOE cross peaks between 
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Table I11 Comparison of DPDPE Conformers (I-IV) Calculated with CHARMm Force Field, the Proposed &Bound 
Conformation of JOM-13>4 and the Micelle-Bound Structure of Met-Enkephalin 
Determined by ‘H-nmr S p e c t r o s ~ o p ~ ’ , ~  

DPDPE 

Peptide Ib I1 Ill IV JOM- 13 Met-enkephalin 
Conformer “crystal” “D-Ala-like” “L-Ala-like” &Bound &Bound‘ SDS Boundd 

AE (kcal/rnol) 
Tyr’ + 

x i  
X 2  

DPen2 
cp + 
X ’  
X 2  
x3 (S-S) 

c i y 3  

cp + 
Phe4 

cp 
# 
X’ 
X 2  

D - P d  
cp 
X I  
X 2  

0.0 

-37(-157) 
59 (-68) 

-80 ( 1  18) 

127 ( I  10) 
-147 (-147) 

-40 (-58) 

-107 (-105) 
-39 (-73) 

66 (98) 
- 1  10 (-141) 

-78 (-74) 
-46 (-36) 
-59 (-67) 

99 (-85) 

137 (126) 
-69 (-51) 
174 (174) 

5.3 

-36 
70 

-78 

138 
-125 
-167 

173 
-107 

115 
-55 

-160 
-6 1 

-179 
78 

127 
70 

-79 

0.3 

-4 1 
68 
67 

75 
43 

-57 
171 
112 

-98 
-87 

-84 
-41 
-55  
108 

139 

71 
-80 

0.0 

I36 
-159 
-99 

138 
44 

-49 
-179 

1 1 1  

-165 
36 

-143 
-56 
-58 

96 

103 
-66 

77 

- 

1 38 ( I 59) 

80 (84) 

165(136) 
41 (18) 

-167 (70) 

-58 (-51) 
-148(-141) 

94 (89) 

- 
- 

-85 (-84) 
-40 (-15) 
-59 (-83) 

93 (76) 

141 (133) 
-7 1 (-76) 

52 (SO) 

- 

167 

144 
51 

164 
56 

-159 
-70 

- I06 

a Calculated conformers I, 11, and 111 of DPDPE correspond closely to the crystal structures of DPDPE, itself, and its D-Ala3 and L- 
Ala3 analogues, respectively, while IV is the proposed &bound conformer of DPDPE. Measured torsion angles of crystal structures of 
DPDPE ( I ) ,  [ D - A I ~ ~ ] D P D P E  (11). [L-AI~’]DPDPE ( I I I ) ,  and JOM-13 are indicated in parentheses. The torsion angles of the disulhde- 
bridged cycle arc indicated in bold. 

I, Torsion angles for “molecule 1 ,” one of three molecules in the unit cell, are indicated in parentheses. Relative energy AE refers to 
energy-optimized crystal conformer. 

From Refs. 2-4. The D-Pen’ residue of DPDPE is replaced by D-C~S’ in JOM-  13. Torsion angles of “conformer A,” one of two 
conformers of JOM- I3 observed in the unit cell (and the major conformer in aqueous solution2). are indicated in parentheses. 

Structure “3” of Met-enkephalin from Table 7 in Ref. 37. The D-Pen2 and D-Pen’ residues of DPDPE are replaced by Gly’ and 
Met’, respectively. 

NH protons (NH Pen2/NH Ala3 and NH Ala3/ 
NH Phe4) and the significant decrease in intensity 
for the H”  Pen2/NH Ala3 cross peak in [L- 
Ma3]  DPDPE compared to the parent peptide, 
DPDPE.23 These NOE cross peaks are indicative of 
correlated changes of adjacent $ ( D-Pen *) and 40 
( Xxx3) torsion angles (also coordinated with a 
change in structure of the disulfide bridge) in this 
conformer (Table 111). 

The energy-minimized crystal structure of the 
smaller ( des-Gly ’), disulfide-bridged cycle in 
JOM- 13 (Table 111) is very different from that of 
DPDPE, but is remarkably similar to the crystal 
structure of the more constrained, high affinity [ L- 

Ala’] DPDPE and the corresponding low energy 
conformer (conformer 111, Table 111) of DPDPE: 
deletion of the Gly residue produces only minor 
(<40”) changes for all individual torsion angles of 
conformer 111 of DPDPE within the cycle (Table 
111). However, the inserted Gly residue affects the 
size of the cycle, preventing good superposition of 
the key 6-opioid pharmacophore residues, Tyr and 
Phe, of conformer 111 of DPDPE with JOM-13. 
Similarly, these critical Tyr and Phe residues are 
widely separated in conformer I of the D-Pen-Gly- 
Phe-D-Pen cycle of DPDPE and remain so for all 
low energy (<3  kcal/mol) combinations of exocy- 
clic torsion angles ($  and x ’ for Tyr ’ , p for D-Pen *, 
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P 

I 

N+ 

N+ 
FIGURE 3 Superposition (stereoview) of &bound conformers of JOM- 13 (solid line) and 
DPDPE (dashed line) shown from two perspectives. N" and OH groups of the tyramine frag- 
ment are indicated. 

and x for Phe4). Consequently, the pharmaco- 
phore elements of these residues (i.e., their aro- 
matic rings and N" of Tyr ')  cannot be superim- 
posed with those of Tyr' and Phe3 residues of 
JOM- 13 in its proposed &bound conformation. 

Although conformer 111 of DPDPE does not 
provide good superposition of the key 6-opioid 
pharmacophore residues Tyr and Phe with those of 
JOM- 13, excellent superposition with the pro- 
posed &bound model for JOM- 13 can be achieved 
with a low energy conformer of DPDPE previously 
calculated by Froimowitz (conformer 3b in Ref. 
9),  which differs from conformer 111 of Table 111 
only in the cp and $ angles of the flexible Gly resi- 
due. This conformer (IV in Table 111) is isoener- 
getic with the minimized crystal conformer of 
DPDPE and is proposed here to be the probable 6- 
bound conformer of DPDPE. Superposition 
(Figure 3 )  of the proposed &bound conformers of 
JOM- 13 and DPDPE provides a good fit of their 

respective Tyr ' residues, Phe aromatic rings, and 
C-terminal COO- groups (rms deviation for the 19 
corresponding nonhydrogen atoms is 0.56 A). 
This carboxyl group is important for 6 selectivity 
and affinity in both cyclic peptides and corresponds 
to the similarly important side-chain COO- group 
of Asp or Glu residues in de l to rph in~ .~~  The aro- 
matic rings of the Phe residues are overlapped in 
JOM- 1 3 and DPDPE but differ slightly in orienta- 
tion; the aromatic rings of the Phe and Tyr residues 
are closer to a parallel arrangement in the latter. 
The x angle of the Phe side chain is - -60" in the 
&bound conformations of both peptides, as was de- 
termined for JOM-13 from our studies of its p- 
methyl substituted Phe3 analogues4 It is this ro- 
tamer of the Phe side chain that was observed in 
all crystal conformers of JOM-13, DPDPE, L- 
Ala3[ DPDPE], and ~ - A l a ~ [  DPDPE] ,2314322 and 
that is preferred for DPDPE in aqueous solution 
(rotamer population - 60%) and in DMSO 
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(rotamer population - 70%),*' as well as for the 
(2S, 3S)-P-methyl 2',6' dimethyl-Tyr' (TMT' )  
analogue of DPDPE in DMSO (rotamer popula- 
tion - 75% ) .*' 

A common feature of the proposed &bound 
conformations of JOM- 13 and DPDPE is the trans 
conformer of the Tyr side chain ( x I - 1 S O 0 )  and 
compact packing of its aromatic ring with the di- 
sulfide-bridged cycles, stabilized by hydrophobic 
and van der Waals interactions and by a hydrogen 
bond between OvH of tyrosine and the C-terminal 
COO- groups in both peptides. This feature may 
be important for stabilizing the bound conforma- 
tion. The free energy stabilizing contribution of a 
hydrogen bond between two flexible side chains in 
aqueous solution is relatively small, - -0.3 kcal/ 
m 0 1 , ~ ~  but can reach ~ 1.6 to -2.0 kcal/mol when 
a hydrogen bond is embedded in a rigid nonpolar 
environment in a The nmr data pro- 
vide indications that, in solution, the Tyrl aro- 
matic ring interacts with the rest of the molecule. 
For example, depending on experimental condi- 
tions, NOE cross peaks between the Tyr ' aromatic 
ring and the CYH3 and NH protons of D-Pen2, ''.30 

and from H p  of Tyrl to CYH3 of D-Pen2,*' have 
been observed. Moreover, the vicinal coupling 
constants H-C"C"2-H and H-C"CB3-H of Tyr I in 
DPDPE (9.5 and 6.5 Hz) and JOM- 13 (9.5 and 6.0 
Hz) suggest that conformers with x 1  - 180" are 
preferred ( rotamer population > 60%) .20 'I  As a re- 
sult, nmr-derived structures of DPDPE are rather 
compact, with Tyr' and Phe' side chains pointed 
toward each other and interacting with the disul- 
fide-bridged cycle. I 9  lo Such intramolecular close 
packing of the Tyr ' side chain was not observed in 
crystal structures of either peptide; instead, the side 
chain adopts spatial positions providing optimal 
intermolecular packing of peptide and water mole- 
cules in the crystal. 

Similar "local folding"32 features may also be 
present in linear opioid peptides. ' H-nmr studies 
of deltorphin-I,33 its TMT ' analogue,26 and 
dermenkephalin 34 in DMSO solution; of deltor- 
phin-I1 in dodecylphosphocholine m i c e l l e ~ ~ ~  and 
aqueous solution3'; and of Met-enkephalin in SDS 
micelles3' demonstrate the formation of relatively 
compact, though still flexible, structures with sev- 
eral medium-range NOE contacts. In all these pep- 
tides except [ TMT ' ] deltorphin-I, medium-range 
NOES involving the Tyr ' aromatic ring indicate its 
interaction with the rest of the molecule. In all 
three DMSO studies. the x ' angle of the Phe3 resi- 
due in deltorphins and dermenkephalin was deter- 
mined unequivocally as -60", in agreement with 

the crystal, solution, and proposed bound con- 
formers of JOM- 13 and DPDPE. This side-chain 
conformer of the Phe residue was also observed 
in all "0-turn" crystal structures of linear 
e n k e p h a l i n ~ ~ ~  and in crystal structures of the 6-se- 
lective peptide agonist DTLET (Tyr-D-Thr-Gly- 
Phe-Leu-Thr) 39 and the antagonist N ,  N-dial- 
lyl-( O-t-b~tyl)-Tyr-Aib-Aib-Phe-Leu-OMe.~" This 
side-chain conformer may be stabilized by local in- 
teractions of the aromatic side-chain and main- 
chain peptide groups of the adjacent small (Gly, 
Ala, or Aib) residue, as has been detected by nmr 
spectroscopy, for short fragments of bovine pancre- 
atic trypsin inhibitor in aqueous s ~ l u t i o n . ~ '  It is es- 
pecially interesting that, in complex with SDS mi- 
celles, Met-enkephalin forms a well-defined struc- 
ture, very similar to the &bound conformation of 
DPDPE proposed here (Table I I I ) ,  which is stabi- 
lized by a hydrophobic cluster at the water/ 
detergent interface involving the Tyrl, Phe4. and 
Met5 side chains. In the set of Met-enkephalin con- 
formers calculated from nmr data in micelles, 37 the 
x' torsion angle of the Tyr' side-chain is - 180" 
and x I ofPhe3 may fluctuate between the +60"and 
-60" positions, again agreeing with the &receptor 
bound model of DPDPE presented here. Taken to- 
gether, these results suggest that receptor bound 
conformations of opioid peptides may be partially 
prearranged in solution, especially when the pep- 
tides interact nonspecifically with hydrophobic 
surfaces. 

Comparison of JOM-13 with &Selective 
Alkaloids 

The results described above strongly suggest a sim- 
ilar &receptor binding mode for JOM-13 and 
DPDPE, as well as for linear enkephalin and delt- 
orphin analogues. The development, by Porto- 
ghese and co-workers, 73,42-46 of a class of high 6- 
affinity and moderate &selectivity alkaloids, which 
includes both agonists and antagonists, provides a 
structurally distinct set of compounds for compar- 
ison with this 6 model. In this alkaloid series a sec- 
ond aromatic moiety, proposed to be a critical 6- 
pharmacophore element corresponding to the en- 
kephalin Phe side chain, was introduced, linked to 
the morphinan structure of naltrexone or oxymor- 
phone. The structures of SIOM, an example of a 6- 
selective agonist in this series, and of OMI, an an- 
tagonist member of the series, are shown in Figure 
2. The superposition of JOM- 13 in its proposed 6- 
bound conformation with these agonist and antag- 
onist members of this alkaloid series is shown in 
Figures 4 and 5 ,  respectively. As can be seen from 
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N+ 

. 

N+ 
FIGURE 4 Superposition (stereoview) of JOM- I3 (solid line) and &selective nonpeptide 
agonist SIOM (dashed line, conformer of 7-indanyl ring with AE = 1.3 kcal/mol) shown from 
two perspectives. 

these superpositions, JOM- 13, in its proposed 6- 
bound conformation, 3.4 and the &selective alka- 
loid ligands have similar arrangements of their ty- 
ramine fragments and “second” aromatic rings 
(the phenyl ring of the Phe residue in peptides and 
the benzene moiety of both the indanyl system of 
SIOM and the indole system of OMI). The orien- 
tations of these “second” rings are identical in pep- 
tide and alkaloid agonists (Figure 4) ,  but differ in 
the antagonist, OM1 (Figure 5 ) .  The superposition 
presented in Figure 4 provides overlap of key tyra- 
mine atoms, N” ,  C‘l, CE2,  C?,  and 0“ of the Tyr’ 
residue of JOM- I3  with the corresponding atoms 
of SIOM (rms deviation < 0.5 A) and coplanarity 
and spatial proximity of the peptide Phe’ aromatic 
ring with the benzene ring of the alkaloid indanyl 
group. In the tyramine fragment, the functionally 
important 0“ atoms almost coincide (the dis- 
tance between them is 0.3 A), while the aromatic 
ring of Tyr I and its counterpart in the alkaloid are 
situated in slightly different planes and shifted rel- 

ative to each other by rotation around the common 
O7 point. This type of superposition is consistent 
with structure-activity results observed for 6-selec- 
tive opioid peptides; in this arrangement, the 2‘- 
and 6’-methyl groups attached to the Tyr’ aro- 
matic ring in high affinity analogues of DPDPE48,40 
and additional aliphatic rings incorporated into 
residue 1 analogues of JOM- 13, which also display 
high affinity, ’ would be overlapped with aliphatic 
rings of the alkaloid. The most obvious deviation 
from ideal overlap of corresponding pharmaco- 
phore elements in the peptide and alkaloid struc- 
tures shown in Figure 4 involves the benzene moi- 
eties of the Phe3 residue of JOM-13 and of the 
indanyl group of SIOM. In the superposition these 
rings are coplanar but are shifted such that the Phe’ 
aromatic ring coincides with the indanyl cyclopen- 
tyl ring. Structure-activity relations for JOM- 13 
indicate that such a deviation can be accommo- 
dated without adversely affecting &binding affin- 
ity. The structural requirements for this “benzene” 
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N+ 

N+ 
FIGURE 5 
tagonist OM1 (dashed line) shown from two perspectives. 

Superposition (stereoview) of JOM-13 (solid line) and &selective alkaloid an- 

&binding site have been extensively studied using 
many different modifications of the Phe side chain 
in JOM- 1 3.5” The most important features of this 
pharmacophoric group are hydrophobicity and a 
“flat”, preferably aromatic structure. Of special 
note, replacement of the Phe residue by the larger 
Trp, 1 -naphthylalanine, or 2-naphthylalanine ( 1 - 
Nal; 2-Nal) residues does not affect 6 binding.50 
The 7-indanyl benzene ring of SIOM is overlapped 
completely with the larger aromatic groups of Trp3 
and Na13 in corresponding high affinity analogues 
of JOM-13. It should be noted that all the men- 
tioned modifications of the residue 3 side chain 
have only minor influences on conformations of 
the Tyr’ residue and the disulfide-bridged cycle of 
JOM- 13 ( Lomize and Mosberg, unpublished 
results). 

The superposition shown in Figure 4 is particu- 
larly noteworthy since it depicts the fit of a rigid 
alkaloid structure to an independently derived pep- 
tide model. It has often been assumed that the ty- 
ramine moiety of morphine and related alkaloids 

corresponds to the tyrosine residue of opioid pep- 
tides and that these corresponding structures in- 
teract with the same receptor binding sites. Conse- 
quently, previous superpositions of alkaloid and 
peptide opioids, from the earliest attempts at 
matching potent oripavine structures to Met- 
enkephalin 5 ’  to more recent superpositions of the 
OMI-related antagonist, naltrindole (NTI ) with 
DPDPE9 and with the amino terminal tripep- 
tide fragment, Tyr-Tic-PheOH, of TIPP, 5 2  have 
mapped the more flexible peptide structure onto 
the more rigid alkaloid structure. The limitations 
of such approaches are clear since they can provide 
no confirmation of the initial assumption of sim- 
ilar binding modes. The results presented here, by 
contrast, strongly support this assumption. 

Comparison of JOM-13 with 6 Antagonists 

NTI, the initial moderately &receptor selective al- 
kaloid in the series developed by Portoghese and 
co-workers, was derived from the alkaloid antago- 
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N+ 

OH 

N+ 
FIGURE 6 Superposition ( stereoview) of Tyr-Tic methylamide fragment of &-selective an- 
tagonist TIPP (solid line. torsion angles: Tyrl - $ = 13 I" ,  x ' = - 177", x 2  = -92"; Tic' - w = 

177", = -85". $ = 120", X I  = 52", x 2  = -37") with &selective alkaloid OM1 (dashed line) 
shown from two perspectives. 

nist naltrexone. The resulting antagonist behavior 
of NTI, therefore, was not surprising and could be 
attributed to the presence of the N-cyclopropyl- 
methyl substituent, long associated with antagonist 
actions in morphinan alkaloids. However, it soon 
became clear that, for 6 ligands, antagonism results 
not only from this cyclopropylmethyl group, since 
its replacement by a methyl substituent (i.e., trans- 
formation of NTI to the oxymorphone derivative, 
OMI),  associated in morphinan structures with ag- 
onist behavior, does not alter its &receptor antago- 
nistic properties in antinociceptive assays.53 Com- 
parison of superpositions of SIOM and OMI, ago- 
qist and antagonist structures, respectively, both 
derived from oxymorphone, with the model for 
JOM- I3 (Figures 4 and 5 ) suggests that the orien- 
tation of the benzene moieties, the critical second 
aromatic function in the peptide and alkaloid 6 li- 
gands, plays the decisive role in determining effi- 
cacy. As noted above, superposition of the agonists 
JOM-13 and SIOM results in a coplanar arrange- 
ment of these aromatic rings (Figure 4) ,  while su- 
perpositioning ofJOM- 13 with the antagonist OM1 
leads to a tilted arrangement of these rings. The im- 
portance of the orientation of the benzene moiety 
for antagonism in the alkaloid series, which in- 

cludes OMI, SIOM, and NTI, has also been sug- 
gested by Portoghese and c o - ~ o r k e r s . ~ ~  

The recently discovered high affinity, highly b- 
selective peptide antagonist TIPP, which has no 
substituent on the terminal amine nitrogen, is con- 
sistent with the concept of a second locus affecting 
efficacy. In TIPP and related peptides, the aromatic 
ring corresponding to the Phe side chain of JOM- 
13 and DPDPE, which is responsible for the 6 se- 
lectivity, affinity, and antagonism in this peptide 
series, belongs to the Tic2 residue. Evidence in sup- 
port of this include the observed moderate 6-affin- 
ity and -antagonist properties of the Tyr-Tic 
dipeptide, 5 4  the high &binding affinity of Tyr-Tic- 
LeuOH tripeptide in which only the side chain of 
the Tic2 residue can correspond to the second aro- 
matic pharmacophore element, 55 and the dramati- 
cally reduced &binding and -antagonistic proper- 
ties accompanying removal of the Tic2 aromatic 
ring via replacement of Tic2 by L-pipecolic acid.56 
To further analyze the possibility that the Tic2 aro- 
matic ring of TIPP and the indole ring of OM1 bind 
with the same subsite of the 6-opioid receptor, we 
calculated the set of low energy conformers of the 
crucial Tyr-Tic dipeptide (as the C-terminal meth- 
ylamide; see Methods) and superimposed them 
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FIGURE 7 Superposition (stereoview) of proposed &-bound conformer of peptide agonist 
JOM- 13 (solid line) and the lowest energy conformer of Tyr '-Tic2 methylamide (dashed line, 
torsion angles as in Figure 6 )  shown from two perspectives. 

with OMI. The dipeptide is very rigid with only 9 
conformers within the energy interval 0-3 kcall 
mol. Superposition of the lowest energy conformer 
of Tyr-Tic-methylamide with OM1 (Figure 6 )  pro- 
vides a good overlap of all pharmacophore ele- 
ments in the peptide and alkaloid antagonists and 
supports the hypothesis of a similar binding mode. 
The same type of superposition of the &-selective 
tripeptide Tyr-Tic-PheOH with OM1 was recently 
considered by Wilkes and Schiller5* as one of two 
possible alternatives. The superposition of Tyr-Tic 
methylamide with the proposed &bound con- 
former of JOM- 13 is shown in Figure 7. As with the 
superposition of the antagonist OM1 with JOM-13, 
depicted in Figure 5,  the superposition shown in 
Figure 7 indicates excellent overlap of the respec- 
tive tyramine portions of the two molecules, with 
the second aromatic rings of the structures (Tic 
side chain of Tyr-Tic methylamide, Phe side chain 
of JOM- 13) occupying similar regions of space but 
tilted with respect to each other. The superposition 

of Tyr-Tic methylamide with the antagonist OM1 
and the agonist JOM- 13 thus further supports the 
hypothesis that agonist vs antagonist activity 
within the structurally diverse set of analogues con- 
sidered here is dependent on the orientation of the 
second benzene-like aromatic moiety, with both 
peptide and alkaloid antagonists sharing similar 
orientations and with peptide and alkaloid agonists 
sharing a different orientation. 

CONCLUSIONS 

We have previously developed a model for the 
binding conformation of ligands at the 6-opioid re- 
ceptor based on conformational analysis of the cy- 
clic tetrapeptide, JOM- 13, and its analogues with 
conformationally constrained first or third resi- 
d u e ~ . * - ~  In the present report, a similar &-bound 
conformer has been identified for the structurally 
related &selective pentapeptide, DPDPE, using lit- 
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erature data and auxiliary conformational calcula- 
tions. This conformer of DPDPE differs from, but 
is isoenergetic with, the crystal structure of the pep- 
tide, and has a conformation of the D-Pen-Gly- 
Phe-D-Pen cycle that is very similar to those in the 
crystal structures of the high &affinity peptides, [ L- 
Ala'] DPDPE and JOM-13. The &bound model of 
JOM- 13 is also consistent with the structures of the 
more rigid fi-selective alkaloid opiates, having spa- 
tially equivalent arrangements of its pharmaco- 
phore elements (i.e., Tyr' residue and Phe aro- 
matic ring) with the corresponding elements of the 
alkaloids SIOM and OM1 (tyramine moiety and 
benzene ring, respectively), and fits well the lowest 
energy conformer of the Tyr-Tic fragment 
(containing the key pharmacophore elements) of 
the peptide antagonist TIPP. The model clearly 
distinguishes between agonist and antagonist con- 
formations: the second aromatic rings (the ben- 
zene moieties of Phe3, Phe4, and Tic2 residues in 
JOM-13, DPDPE, and TIPP, respectively, and of 
the indole and 7-indanyl ring systems in OM1 and 
SIOM, respectively), while overlapped, have 
different orientations in agonists and antagonists. 
This leads to the suggestion that there are two spa- 
tially separated regions of the &receptor binding 
site at which transduction can be blocked: the first 
region interacts with substituents (allyl, cyclopro- 
pylmethyl ) of the opioid cationic amino function, 
while the second one interacts with the aromatic 
benzene moiety of fi-selective ligands. Further, the 
results presented here strongly support the view 
that opioid peptides and alkaloids interact with the 
6 receptor in a similar fashion, with identical orien- 
tations in peptide and alkaloid ligands with the 
same agonistic or antagonistic properties. 

We are grateful to  Katarzyna Sobczyk-Kojiro for provid- 
ing NOE data for DPDPE in aqueous solution. This 
work was supported by the National Institute on Drug 
Abuse through grants DA039 10 and DAOOl18 (Re- 
search Scientist Development Award) to  HIM. 
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