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SUMMARY
In this study we report the systematic investigation of confor-
mational profiles and electronic properties of a series of analogs
of the s-selective opioid peptide, morphiceptin, together with
receptor-binding studies of some of these analogs. In particular,
we have investigated the effect of: substitution in the second
position, substitution of D-Pro for L-Pro in the second and fourth
positions, the addition of an N-methyl group at the third position,
and variations in the carboxyl end group. The binding studies
confirm the preference of these analogs for �- versus s-receptor-

binding sites and also indicate differences in s-receptor affinity
among them. The theoretical analyses allow identification of a
preferred conformation leading to high pt-receptor affinity and
two reliable indicators of relative n-receptor affinities. These
properties are the energy required to obtain the candidate �t-

binding conformer and the extent to which each compound
overlaps with the highest affinity compound in this conformation.
In addition, electronic interactions deleterious to high affinity �-

binding are identified.

With the discovery of multiple opioid receptors, a great deal

of attention has been focused on the molecular requirements

for high affinity binding to each specific receptor subtype. The

two receptor-binding sites which have been best characterized

for enkephalin-type opioid peptides are the opioid receptor

subtypes known as ‘�u” and “t5”. The ti-site is also the high

affinity binding site for classical fused ring opiates, such as

morphine, which bind with lower affinity to the #{244}-site.A

number of theoretical studies on the conformational profiles of

enkephalin-type peptides (i-3) have identified active conform-

ers ofthese peptides and similarities to fused ring opiates which
might lead to high affinity at the s-receptor site.

In a continuing effort to investigate molecular requirements

for high it-receptor-binding affinity of opioid peptides, we re-

port here the structure-activity study of a series of analogs of

morphiceptin, Tyr-Pro-Phe-Pro-NH2, an amidated fragment of

the natural bovine milk protein fl-casomorphin (4). This pep-

tide is of particular interest because it was found to have

morphine-like physiological activity, to bind with fairly high
affinity, and to be extremely selective for the ‘�u”-receptor (5).

Moreover, a series of morphiceptin analogs has been reported

which vary in .t-receptor affinity and retain it-receptor selectiv-

ity (6).

In the work reported here, we have selected 11 analogs (Table

This work was supported by Grant DA 02622 from the National Institute on

Drug Abuse.

1) for study. These analogs were chosen for theoretical studies
in order to investigate the effect of adding a methyl group to

the amide nitrogen of the phenylalanine residue, changing L-

Pro to D-Pro in the second and fourth positions, making chem-

ical modifications to the L-Pro2 residue, and altering the car-

boxyl end group. In addition, detailed receptor-binding studies

of four of the analogs (1, 4, 5, and ii) were done in order to

further verify the n-selectivity suggested by the data reported

in Table i.

A central hypothesis in the theoretical studies is the assump-
tion that a conformer common to each analog is required to

produce the intermolecular interactions necessary for binding

and activity at the it-receptor. As a corollary, it is assumed that

analogs which cannot attain the proper conformation will have

low affinity. By comparing receptor affinities and possible low

energy conformations for various morphiceptin analogs, we

were able to identify a likely n-binding conformer. The relative

energies required to attain the common pt-interacting confor-

mation, and the extent of overlap of the conformer with that

of a high affinity analog, appear to be predictors of relative �t-

receptor affinity.

In addition to optimum accommodation at the receptor,

crucial local interactions of side chain and terminal groups with

receptor subsites can also be important contributions to affinity

and activity. Propitious hydrophobic, electrostatic, H-bonding,

and dispersion interactions can occur by an appropriate match

between functional groups of the peptide and amino acid resi-
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TABLE 1
Morphiceptin analogs studied

Bindings (l�) In vitro

GPI

activitya (ED,,,)

MvDFK33824 DADL

flu nu

1 .

2.
Tyr-Pro-Phe-Pro-NH2
Tyr-D-Pro-Phe-Pro-NH2

63
1 0,000

30,000 (1 00,000) 31 8
NP

4,800
NT

3. Tyr-Pro-N(Me)Phe-Pro-NH2 37 10,000 225 2,300
4. Tyr-Pro-Phe-oPro-NH2 4.3 20,000 81 194
5. Tyr-Pro-N(Me)Phe-DPro-NH2 5.5 10,000 34 240
6. Tyr-Pro-N(Me)Phe-DPro-OH 186 20,000 255 2,700
7. Tyr-Pro-N(Me)Phe-DPro-ol 5 20,000 NT NT
8. Tyr-Pro-N(Me)Phe-DPro-GIy-NH2 8.7 20,000 31 303
9. Tyr-40H Proc 800 40,000 NT NT

10. Tyr��\Proc 21 30,000 NT NT
1 1 . Tyr�Pipc 16 30,000 NT NT

a Data from Refs. 5 and 6.
0 NT, not tested.
C Analogs 9, 10, and I 1 are variations of peptide 5 with the 2-position substituted as indicated.

dues in the binding site of the receptor. Conversely, affinity

can be greatly reduced by modifications in the peptide which
destroy this complimentarity. Thus, in addition to conforma-

� ., ,“‘ :J properties, electronic properties which could modulate

relative receptor affinities were investigated in two ways. In

one type of comparison, crucial functional group overlaps were
compared. For example the p-hydroxy phenethylamine (tyra-

mine) moiety of the peptide and morphine were compared, as
were the c-terminal groups of different peptide analogs. In the

other comparison, MEP equi-energy contours have been cal-

culated to characterize electronic properties of the modified
proline (9-11) residues in the second position. These properties
also appear to modulate relative receptor affinities.

Methods

Theoretical. Energy-optimized conformations were obtained using

a modified version of ECEPP (8, 9), a program developed in the

laboratory of Dr. Harold Scheraga. The empirical energy expression

used in ECEPP consists of five terms: electrostatic, repulsion, Van der

Waals (dispersion), hydrogen-bonding, and torsion-angle energy corn-

ponents. Parameters required for this energy expression have been
reported elsewhere in the literature (9). This program has been modified

in our laboratory to include atom types for nonstandard amino acids

and nucleic acid components, and to characterize intermolecular inter-
actions.

Initial conformations to be used as input were constructed using
efficient, interactive, structure-generating programs coupled to graphic
displays, contained in a package called MOLECULE (10) developed in

collaboration with NASA-AMES colleagues.
The extent of overlap between any two conformers was determined

by using a program called MOBLS. This program determines the
minimum rms of the distance between user-selected, matched atoms in

two molecules, without allowing conformational change of either mol-

ecule. In this study, when comparing two conformers, all atoms in the

two molecules were included in the overlap calculation.
To determine a set of conformations available to each analog for

binding at the receptors, a two-part search strategy was used.

The first part employed an “aufbau” procedure for analogs 1 and 3.

The procedure entails: 1) optimizing the conformers of each single
amino acid (11); 2) combining them to form dipeptide conformers

which are then energy optimized; 3) using the resulting low energy

dipeptide conformers to form initial tetrapeptides; and 4) energy opti-
mization to attain final possible tetrapeptide conformations for each
analog.

In this manner, 49 unique, energy-ordered conformers were obtained

for morphiceptin, 1, and 54 conformers for NMePhe-morphiceptin, 3.

The lowest energy conformer of each analog was assumed to be the

global minimum, and the remaining conformers spanned a relative

energy range, i.E, of about 70 kcal/mol.

In the second part ofour search strategy, a set ofcommon conformers

for analogs 1 and 3 was identified with �E � 7.5 kcal/mol, which was

used as a reasonable estimate of energy available for conformational

changes at the receptor site. This set of conformers was used to

construct initial conformations for all of the remaining analogs studied.

Initial conformers of each analog were optimized and energies and

conformations compared to those of analog 5, one of the highest affinity

analogs and, thus, presumably one with an excellent fit at the receptor

site.

The fused ring and peptide opiates have in common a p-hydroxy

phenethylamine moiety. In the fused ring systems the relative position

of the p-OH phenyl and the ethylamine moiety are fixed. The terminal

amine and tyrosine side chains which mimic this unit in the peptide

are more flexible. Total overlap of this portion of the peptide with the

fused ring opioids can be achieved if the side chain angles of the

tyrosine are set at Xi = 267”, X2 = 193”.

The energy required to attain this overlap of the tyramine moiety of

the tetrapeptides with the corresponding region of fused ring opiates

was determined by setting the side chain dihedral angles (xi, X2) of the

tyrosine residue of conformers of analog 5 to the corresponding values

found in morphine (xi = 267”, X2 = 193”). The conformers were then

optimized with and without allowing these side chain angles to vary.

For analogs 9- 1 1 , involving nonstandard proline residues, optimized

geometries for input into ECEPP were obtained using the semi-empir-

ical quantum mechanical method called Modified Neglect of Differen-

tial Overlap (MNDO) (12) as developed in the laboratory of Michael

Dewar. The optimized structures and electron distributions obtained

from the MNDO program were also used in a program (MOLGRAF)

developed in our laboratory to calculate the MEP in specified planes

around the side chain groups of this amino acid.

The MEP values, expressed as equi-energy contours, are the energy

of interaction of the residue with a point positive charge placed any-

where along each contour. Also obtained was the position of maximum

interaction, V,,.�, with a point positive charge.

MEP calculations were done for derivatives of proline, the two

optical isomers of 4-OH proline, 3,4-dehydro proline, and pipecolinic

acid. For each amino acid, MNDO-optirnized geometries were used

with the backbone angles frozen as in the tetrapeptides. The derivative

of each residue (in the scheme shown below) was used to mimic the

electronic effects of neighboring amino acids in the peptide.
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rms value of 1.1 primarily reflecting the change in spatial

�-�--�1

OC�.N-’ Q��-�N�H

Cl.!3

Opiate receptor binding. Opiate receptor-binding assays were

performed essentially as described by Pasternak et at. (13) Briefly, rat

(Sprague-Dawley) whole brain homogenates were prepared, preincu-

bated at 37” for 1 hr, and resuspended in Tris, pH 7.7, at 6.7 mg of

tissue per ml. Receptor-binding incubations contained 1.8 ml of tissue

suspension, 0.1 ml of labeled ligand, and unlabeled drugs in a total

volume of 2.0 ml. The tubes were incubated in triplicate at 25” for 50

mm prior to filtration.

In the present studies, self- and cross-competition experiments were
conducted using two different concentrations of the five tritiated li-

gands: tritiated naloxone, DADL, DSLET, and DHM. In addition to

the resulting five-by-five “matrix” of competitive inhibition behavior,

inhibition of binding of all five labeled ligands with each morphiceptin

analog was performed, again at two labeled ligand concentrations.

Data obtained were analyzed by a modified version of the program

LIGAND (14) which predicts a set of self-consistent receptor-binding

affinities and capacities assuming different receptor site models by

using a weighted, nonlinear, least squares regression analysis procedure.

In the procedure used, all self- and cross-competition studies involv-

ing the five labeled ligands were analyzed together assuming one-,

two-, three-, four-, five-, and six-site models of receptor binding, and

results were compared for statistical significance and other indications

of reliability. Inhibition data for morphiceptin and its three analogs
were then added to the matrix obtained for the labeled and unlabeled

ligands and the data were reanalyzed simultaneously for self-consistent

receptor-binding affinities and capacities. Three-, four-, and five-site

models for receptor binding were systematically explored.

Materials. [3H]Naloxone, [3H]DADL, [3H]EKC, and [3HJDSLET

were from New England Nuclear; [3HJDHM was from Amersham.

Morphiceptin and analogs 4 and 5 were from Peninsula Laboratories.
Analog 1 1 was the generous gift of Dr. K. J. Chang of Burroughs

Wellcome Inc.

Results and Discussion

Receptor binding. A five-by-five matrix of inhibition ex-
periments using labeled and unlabeled naloxone, DADL, EKC,

DSLET and DHM yielded a five-receptor site model statisti-
cally more significant than one-, two-, three-, or four-site

models. The binding data for the morphiceptin analogs were

then added to the matrix. This set of 90 experiments was

analyzed simultaneously assuming three, four, and five sites,

and again in the five-site fit was statistically the best. The

results are shown in Table 2.

In the five-site fit, a site appears which has high affinity of
all of the labeled ligands. We have called this site “.t�”, in

accordance with Pasternak’s finding of a site with high affinity

for most ligands (15). Recently, a similar site was described

using similar computer analysis techniques (16). Sites were also

labeled fL2, #{244},and “it,” as defined by high affinity for nal-

oxone, DSLET, and EKC, respectively. In repeated analyses,
naloxone always shows high affinity at “it.” The “anomalously”

high affinity of naloxone at this site may reflect the increased

accuracy in generating affinity constants by computer analysis

or it may be defining a site different from that normally called

“K.” Computer analysis also indicates one other site with high

capacity and relatively low affinity for all ligands. This site

may be related to nonspecific binding or may be a composite

of sites, and is probably unrelated to opioid activity.

The morphiceptin analogs also seem to have highest affinity

at �, with next highest affinity at �2, followed by it, with very

low affinity at #{244}.These detailed binding studies provide further

evidence that morphiceptin and analogs possess high affinity

at � with an extremely marked selectivity over the 5-site and

are suitable templates for the investigation of peptide confor-

mation leading to ti-receptor binding.

Identification of a set of possible active conformers.
Using the authau method, as shown in Fig. 1, 27 unique con-

formers of morphiceptin were found within 7.5 kcal/mol of the

lowest energy conformer. This result indicates that, even

though morphiceptin is constrained by having two proline rings

in its backbone structure, this tetrapeptide retains significant

flexibility.

By contrast, when the same method was used for NMePhe3-

morphiceptin (also shown in Fig. 1), only 10 unique conformers

with relative energies within 7.5 kcal/mol of its lowest energy

conformer were found. Although the aufbau procedure con-

verged upon 12 conformers within that energy range, 2 con-

formers (2 and 1 1) had dihedral angles identical to 2 others (3

and 10) and were therefore not further explored. The unique

conformers could be classified into two basic types, one resem-

bling a f311-type turn and the other resembling a repeating C7

structure. Comparing these results to those for morphiceptin,

it appears that the steric hindrance of the additional methyl

group significantly restricts the possible low energy conformers

of morphiceptin analogs.

When the conformers for the two analogs obtained by the

aufbau procedure were compared in detail, no significant over-

lap was found between the stable conformers of morphiceptin
and NMePhe3-morphiceptin. None of the morphiceptin con-

formations determined from low energy single amino acids and

dipeptides by the aufbau procedure could accommodate an N-

methyl group on phenylalanine. The energy cost of maintaining

any low energy conformer of morphiceptin with the additional

constraint of the methyl group at Phe3 was of the order of

hundreds of kcal/mol. By contrast, when the methyl group was

removed from the 10 low energy NMePhe3-morphiceptin con-

formers, 7 of the 10 resulting morphiceptin conformers were

within about 14 kcal/mol of the lowest energy morphiceptin

conformer found by the aufbau procedure. The remaining three

were also within this range after minimization which did not

result in major conformational change as indicated by rms

values no greater than 1.5. Since morphiceptin could accom-

modate the 10 low energy NMePhe3-morphiceptin conformers

either directly or with minor conformational change, these 10

conformers were selected as the set of potential conformers

used in further investigations of the remaining analogs.

Selection of a candidate conformer. The relative energies

obtained when D-Pro4 was substituted for L-Pro4 into NMe-

Phe3-morphiceptin and the tetrapeptide reoptimized are given

in Table 3a. This substitution produced 10 conformers span-

ning the same energy range, z�.E � 7.5 kcal/mol, as found for

the L-Pro4 analog (Fig. 1). The rms values, a measure of

similarity of the two analogs (NMePhe3-morphiceptin with L-

or D-Pro4), show several relatively low energy conformers with

reasonable overlap (i.e., rms � 1.2). As shown in Fig. 2, con-

former 3th1 is essentially the same for the two analogs, with the
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TABLE 2
Receptor affinities and maximum binding capacities for a five-receptor site model

K0 (nu)

Sitel

M1

Site2
�z2

Site3
#{246}

Site4
a

.

�

Naloxone 0.50 ± 0.10 4.35 ± 0.60 28.7 ± 2.32 0.44 ± 0.07 92.6 ± 21.7

DADL 1 .16 ± 0.25 23.5 ± 3.35 2.65 ± 0.26 410 ± 114 10800 ± 4290
EKC 0.67 ± 0.15 5.71 ± 0.72 20.5 ± 1.71 0.035 ± 0.012 00.Ob
DSLET 3.88 ± 0.88 79.4 ± 12.3 1.33 ± 0.13 1618 ± 342 183 ± 40
DHM 0.18 ± 0.033 11.1 ± 1.87 167 ± 13.4 690 ± 218 49.3 ± 12.0

5 6.85 ± 1 .12 10.3 ± 2.60 58480 ± 6582 310 ± 81 .1 1 1420 ± 5335
1 1 5.65 ± 1 .44 31 .0 ± 6.79 40490 ± 3880 439 ± 1 07 190 ± 83.0
4 4.27±1.09 51.3 ±10.1 19690 ±1913 2110 ±547 193 ±88.3
1 32.1 ± 9.97 94.3 ± 25.0 122900 ± 20000 1 000 ± 236 833 ± 444
B�, (pmol/g) 3.78 ± 0.55 26.34 ± 1 .88 1 0.48 ± 0.95 2.93 ± 0.20 96.68 ± 18.34

��a�3I:i.lic� used for binding experiments.
b value held equal to zero.

Tyr..pro_Ph_.�.Pro..t4H2S Tyr_Pro�Ph.N(M*)PhtPrONH2b

26
25 _________23
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19
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I ii
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3.5 t
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TABLE 3

Relative energies and extent of overlap of morphiceptin analogs with the highest �-aftinity compound

a. Tyr-Pro-N(Me)Phe-DPro-NH2 (5)

Conf 1 13,’ 4(3,, 3fl,, 6C7 5f3 7C7 8C7 9C7 1 0/3,, 12C7
�E 0.0 0.3 1.6 1.9 2.6 3.3 4.1 4.5 5.2 7.0
rmSa 1.2 1.5 1.1 1.1 1.1 1.3 1.1 1.3 1.7 1.2

b. Tyr-�p-N(Me)Phe-DPro-NH2 (11)

�\E 13.3 13.8 0.0 1.8 1.2 14.6 3.0 3.4 12.6 12.6
0.8 0.8 1 .2 2.3 1 .2 0.8 2.8 1 .3 0.9 1.8

c. Tyr-�Pro-N(Me)Phe-DPro-NH2 (10)

�E 0.0 0.6 3.1 3.8 3.8 5.1 5.0 5.5 4.4 3.8
rThSb 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.4 0.7 1.7

d. Tyr-4-OHaPro-N(Me)Phe-DPro-NH2 (9a)
�\E 0.0 0.4 1 .3 1 .8 2.2 3.5 3.7 4.5 5.0 6.9
rms�’ 0.04 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02

e. Tyr-4-OHbPro-N(Me)Phe-DPro-NH2 (9b)
�\E 0.0 0.4 1.8 2.0 2.8 3.5 4.3 4.9 5.2 7.0
rms” 0.04 0.03 0.01 0.02 0.01 0.03 0.01 0.03 0.03 0.02

f. Tyr-Pro-Phe-DPro-NH2 (4)
�E 2.6 2.6 3.7 0.3 5.4 0.0 3.7 5.0 8.4 1.2
rm&’ 0.2 0.2 0.2 2.2 0.4 3.1 0.9 0.8 0.6 1.2

g. Tyr-Pro-Phe-Pro-NH2 (1)

�E 4.4 4.4 5.5 0.00 7.1 0.4 3.5 3.9 12.1 1.6
miS” 1.1 1.1 0.8 2.0 1.0 1.9 0.7 0.7 1.0 1.5

h. Tyr-Pro-N(Me)Phe-oPro (6)
�E 1.1 1.4 2.9 0.0 3.7 1.7 3.2 3.6 6.3 7.1
rThS5 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2

i. Tyr-Pro-N(Me)Phe-DPro-c� (7)
�E 0.0 0.0 0.5 1.1 1.5 1.1 3.0 3.0 5.6 5.6
rThS5 0.2 0.1 0.2 0.1 0.4 0.2 0.1 0.1 0.2 0.1

j. Tyr-Pro-N(Me)Phe-oPro-�y-NH2 (8)
�E 3.2 3.2 0.0 2.8 1.2 2.8 4.7 4.7 5.3 6.4
rmsb 0.4 0.4 1.0 0.8 1.1 0.8 0.8 0.8 0.7 0.2

k. Tyr�D�Pro.Phe�Pro�NH2c (2)
�E 12.6 7.8* 12.1c 6.71” 6.5
rms” 1.3 1.4 1.5 2.7 2.1

a � root mean square overlap of each conformer of Tyr-Pro-N(Me)Phe-DPro-NH2 with corresponding conformer of Typr-Pro-N(Me)-Phe-LPro-NH2 from which it

was generated.
a For all other analogs the rms = root mean square of the overiap of each optimized conformation with its initial conformation generated from that of analog 5.
C Five optimized energies for this analog obtained from substituting D-Pro for L-Pro in the second position of morphiceptin and adjusting the initial conformer to achieve

maximum overlap with the L-Pro analog. The lowest energy conformer was optimized from the lowest energy morphiceptin conformer with no attempt to overlap the two
analogs.

TYR

Fig. 2. Maximum overlap of Tyr-Pro-N(Me)Phe-Pro-NH2 (white) with Tyr-
Pro-N(Me)Phe-D-Pro-NH2 (black), both in candidate conformer 3(flll).

position of the C-terminal amide group caused by replacing L-

Pro4 with D-Pro4.

The 10 conformers of the high affinity analog, Tyr-Pro-

N(Me)Phe-DPro-NH2, shown in Table 3a, were then used as

templates for the remaining analogs. Initial geometries for each

analog were generated using the corresponding conformation

of analog 5 and then reoptimized. A lowest energy conformer

was found for each new tetrapeptide analyzed, and the energies

of the remaining conformers were compared to its energy. The

rms value was determined for the overlap of each optimized

conformer of the new peptide with its initial conformer, the

one corresponding to the same conformer ofanalog 5. All atoms

were included in the comparison. The results are given in Table

3, b-k.

Of all the high affinity analogs analyzed, only 1 1 (Table 3b)

produces a clear differentiation, in terms of relative energy,

among the 10 conformers. Substitution of the six-membered

pipecolinic acid ring for the five-membered proline ring, form-

ing analog 1 1, is only accommodated by 5 of the 10 conformers

with �E � 7.5 kcal/mol. Of these five, only three (3/3��, 5f3�,
9C7) have a reasonable rms value (i.e., rmps � 1.2) indicating
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that this substitution does not produce significant distortion

from their initial conformations. Thus, these three conformers

are the only common low energy conformers found for analogs
5 and 1 1 . Since both 5 and 1 1 bind with a reasonably high

N-i

PHE

. C-TERMINUS
L-PR0

C-TERMI NUS
D-PR0

PHE

TYR

analog.

a Residual value of root mean square atom-atom displacement of each analog

conformer with respect to the template conformer (rms = 0) after rigid overlap
optimization.
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Fig. 3. Comparison of �3,-type (white) and Crtype (black) candidate
conformers for Tyr-Pro-NMePhe-DPro-NH2.

TABLE 4

Energies req
NH2

uired or tyramin e overlap of Tyr-Pro-NMePhe-o-Pro-

Conformer E�5” �C

Tyro�ne side
ch5lfl �

Tyramane

1f3,, 0 7.25 0.0 290 277 No
4/3,,

313,,#{149}
0.3
1 .6

7.28
10.74

0.0
6.77

290 279
255 225

No
Yes

6C7 1.9 12.13 1.74 297 286 No
2.6 10.91 7.27 263 214 Yes

7C7 3.3 12.26 1 .86 297 286 No
8C7 4.1 10.15 0.0 296 285 No
9C7 4.5 10.13 0.0 296 285 No

101:!,, 5.2 3.03 -2.71 250 230 Yes
12C7 7.0 13.18 2.82 297 288 No

a Optimized relative energies corresponding to Table 4a.

b Additional energy required for induced tyramine overlap for each conformer.

� = E�,,,,,.,, - E,,,,.�. Constrained optimization means that the tyrosine side
chain angles were held fixed at values of x� = 267#{176},X2 = 193#{176}for total tyramine
overlap and all other torsion angles optimized.

C The additional energy required to reach the local minimum conformer closest
to tyramine overlap:

� = E,�(optimized with initial values of
xl = 262#{176},X2 193#{176})- E,,�(optimized original conformer).

a Values of x, for local minimum conformer closest to tyramine overlap; values
si9niflcantly different from x� = 262#{176},X2 1 93#{176}mean there is no morphine-like
local minimum for this conformer.

TABLE 5

Correlation of a-receptor affinities with calculated relative energies
and overlap with candidate active conformer (3fl,)

lC,� �1E� rmSb

1’ kcal/mol

Tyr-Pro-N(Me)Phe-DPro-NH2 5.3 1 .6 0
Tyr-Pro-N(Me)Phe-DPro-ol 5 0.5 0.19
Tyr-Pro-Phe-DPro-NH2 4.3 3.7 0.23
Tyr-Pro-N(Me)Phe-DPro-�y-NH2 8.7 0.0 0.21
Tyr-Pro-N(Me)Phe-Pro-NH2 37 0.4 1.13
Tyr-Pro-Phe-Pro-NH2 63 5.5 1.34
Tyr-Pro-N(Me)Phe-DPro 1 86 2.9 0.14
Tyr-D-Pro-Phe-Pro-NH2 �1 0,000 7.8 1.92

a � values were calculated with respect to lowest energy conformer of each

TABLE 6

a-Receptor affinities for analogs with x2 substitution with calculated
correlation of relative energies and overlap with candidate active
conformer (3i9,,)

x2
Tyr-X’-(NMe)Phe-D-Pro-NH2

IC,,, flhlS5

nu kca!/mol

Pro 5.3 1.6 0

Pip 16 0.0 1.28

�Pro 21 3.1 0.17

4-OHa Pro
4-OHbPro

800
1.8

0.01
0.01

a � values were calculated with respect to lowest energy conformer of each

analog.
b Residual value of root mean square atom-atom displacement of each analog

conformer with respect to the template conformer (rms = 0) after rigid overlap
optimization.

Fig. 4. Maximum overlap of Tyr-D-Pro-Phe-Pro-NH2 (white) with Tyr-Pro-
N(Me)Phe-D-Pro-NH2 (black), both in candidate conformer 3(/3Il).

Fig. 5. Maximum overlap of Tyr-Pip-Phe-Pro-NH2 (white) with Tyr-Pro-
N(Me)Phe-D-Pro-NH2 (black), both in candidate conformer 3(f(ll).

affinity at the pt-receptor, these three conformers were consid-

ered as possible candidate conformers for binding at the �z-

receptor. The remaining high affinity analogs, shown in Table

3, c-j, all have �\E < 7.5 kcal/mol and low rms values for the

three possible candidate conformers. Conformers � 5$� are
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b)

C)

d)
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0

Fig. 6. Molecular electrostatic potential maps, calculated in the plane perpendicular to view with potentials of the ring. a, Proline; b, �proline; c,
4(OH)proline; d, pipecolinic acid.

identical except for the orientation of the phenylalanine side

chain. By contrast as shown in Fig. 3, conformer 9C7 differs

significantly from the other I3II candidates in the conformation

of the third and fourth residues. Thus, it would represent a
qualitatively different hz-selective conformer.

In addition to being a common feature among the tetrapep-

tides, ap-hydroxy phenethylamine (tyramine) moiety is a struc-

tural feature shared by all fused ring opiates and the N-terminal

tyrosine of opioid peptides. The presence of this tyramine

moiety is widely accepted as a requirement for high �z-affinity

and analgesia for these classes of opioids. Thus, the tyramine
moiety of high affinity peptides should overlap with that of

morphine. The ability ofthe 10 low energy conformers of analog

5 to accept a “tyramine” overlap is shown in Table 4. The

energy required for each conformer to retain this overlap in an

induced conformation ranges from 3 to 13 kcal/mol. When the

side chain dihedral angles were allowed to vary to local minima

values, only three conformers (3, 5, and 10) retained side chain

angles close to those required for tyramine overlap. Two of

these conformers are the fl11-like possible candidate conformers

chosen by the criteria discussed above. Conformer 9C7 does not

accept a tyramine overlap and, therefore, does not appear to be

a viable candidate for the s-binding conformation. Thus, the

requirement of tyramine overlap with morphine combined with

the requirements for low �E and rms for high affinity analogs

has identified two candidate conformers, 3$�� and � of similar

backbone and tyramine conformations.

The extent to which the energy required to attain the can-

didate conformer (SE) for each analog and its similarity to that

for analog 5 (rms) are reliable indicators of their relative �-

receptor affinities as shown in Tables 5 and 6.

As shown in Table 5, for modifications in the second, third,

and fourth positions, when the C-terminal is not charged at

neutral pH, both relative energy (�.E) and rms are reliable

indicators of relative affinities. Values of these properties tend

to increase as the it-affinity decreases. Analog 2, D-Pro2-mor-
phiceptin, a very low affinity compound has unacceptably high

AE and rms values for our candidate conformers (Fig. 4).

The similarity of the lowest energy possible candidate con-

formers for analogs 5 and 1 1 is shown in Fig. 5. Similar close

overlaps were also found between each remaining high affinity

analog and analog 5.

Specific ligand-receptor interactions. Also shown in Ta-

ble 5 are the effects of alteration of the carboxyl end group.

There is no significant change in any of the torsion angles

when the C-terminal amide ofpro-NH2 is changed to an alcohol

or a free acid or is extended with insertion of a Gly-NH2. The

small changes in z�E and rms are consistent with the high

affinity found for the alcohol and glycyl-amide analogs. In

contrast, the free acid has a 10-fold decrease in affinity, mdi-
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cating that the charged ionic form of the end group, rather
than conformational changes, prevents an essential receptor-

ligand interaction at the C-terminal end. The implied impor-
tance of the C-terminal region for specific receptor interactions
is consistent with another observation: that changing L-Pro4 to

D-Pro4 significantly increases affinity without changing confor-
mation. This change affects the orientation of the C-terminal
amide with respect to the rest of the peptide. Thus, the en-

hanced affinity of the D-Pro4 analog appears to be due to the
localized electronic interactions of the C-terminal end group.
Taken together, these two effects indicate that hydrogen bond-
ing, but not electrostatic interactions, occurs between the C-

terminal region and specific s-receptor subunits.

In addition to identifying the favorable type of receptor
interactions with the C-terminal region, our results also allow

deductions to be made for favorable interaction with the second

residue. In particular, as seen in Table 6, the addition of a 4-

OH group on the proline has little effect on the �E and rms
values but produces a marked lowering in it-affinity (100-fold

increase in IC�).
The low affinity of the 4-OH proline analog can be under-

stood by examining the MEP contours generated by the four
proline analogs corresponding to the variations in the second

position of the morphiceptin analogs 1, 9, 10, and 1 1. Shown
in Fig. 6, a-d, are the MEP equi-energy contours and position
of minimum energy in a plane essentially perpendicular to the
proline ring and peptide backbone and passing through the C4

position of proline. We see from this figure that the three

analogs with similar receptor affinity (KD = 9-21 nM) have

similar MEPS. The side chains of these residues are essentially

hydrophobic, surrounded by small positive potentials repre-
senting steric repulsion of these moieties. By contrast, the

presence of the 4-OH group generates a large negative potential
which would be efficacious for interaction with polar receptor

sites. The observation that such a potential diminishes activity

allows the inference that hydrophobic receptor residues sur-

round the binding site of the proline.
Conclusions. The results of our studies of this series of

morphiceptin analogs demonstrate that relative it-receptor af-
finity is altered by both conformational and electronic proper-

ties. Criteria used for selecting candidate conformers are low

energy and significant overlap for all high affinity compounds,
and possible overlap of the tyramine moiety with that of mor-
phine. The � required to maximize overlap with the candidate

conformer and the extent of overlap as measured by the rms
value proved to be two reliable conformational indicators of

relative s-receptor affinity.
A candidate conformer for high affinity opioid peptide bind-

ing at the s-receptor has been identified as one with a j311-like
turn. This conformer is similar to a conformer involving a flu-
like turn that was found as a candidate conformer in our

previous studies of js-selective enkephalin analogs (18). These
results taken together may indicate a “universal” type of �-

selective opioid peptide conformer. Additional evidence for such

a conformer is provided by a recent X-ray crystal structure
reporting an enkephalin-like opioid peptide with a f�-turn (19).
This type of conformer was found for each of several peptide
molecules in the unit cell when crystalized from both polar and
non-polar solvents.
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