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SUMMARY

The structural determinants of o receptor affinity have been
evaluated by examining a wide range of compounds related to
opioids, neuroleptics, and phenylpiperidine dopaminergic struc-
tures for affinity at ¢ receptor-binding sites labeled with (+)}-[°H]
3-PPP. Among opioid compounds, requirements for ¢ receptor
affinity differ strikingly from the determinants of affinity for con-
ventional opiate receptors. ¢ sites display reverse stereoselectiv-
ity to classical opiate receptors. Multi-ringed opiate-related com-
pounds such as morphine and naloxone have negligible affinity
for o sites, with the highest o receptor affinity apparent for
benzomorphans which lack the C ring of opioids. Highest affinity
among opioids and other compounds occurs with more lipophilic

N-substituents. This feature is particularly striking among the 3-
PPP derivatives as well as the opioids. The butyrophenone
haloperidol is the most potent drug at ¢ receptors we have
detected. Among the series of butyrophenones, receptor affinity
is primarily associated with the 4-phenylpiperidine moiety. Con-
formational calculations for various compounds indicate a fairly
wide range of tolerance for distances between the aromatic ring
and the amine nitrogen, which may account for the potency at o
receptors of structures of considerable diversity. Among the
wide range of structures that bind to ¢ receptor-binding sites,
the common pharmacophore associated with high receptor affin-
ity is a phenylpiperidine with a lipophilic N-substituent.

Certain opioids can induce psychosis in humans (1, 2) and
associated effects in animals, implying mediation by a unique
opiate receptor subtype, designated ¢. o receptors were first
defined based on the unique effects, in the chronic spinal dog,
of SKF 10,047, the prototypic o agonist from the benzomorphan
structural class of opioids (3). These “o” effects of SKF 10,047
include autonomic stimulation (e.g., mydriasis, tachycardia,
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and tachypnea) and “canine delirium,” which was likened to
the psychotomimetic effects seen in humans with similar drugs,
i.e., o opioids.

Although “¢” psychotic effects are elicited by widely used
opiate analgesics, such as pentazocine, certain pharmacological
features of these effects now indicate that they are not mediated
via a classically defined type of opiate receptor. Most strikingly,
the o behavioral effects in animals are not antagonized by
opiate antagonists such as naloxone (4-8). Moreover, the o-like
behavioral effects manifest reversed stereoselectivity from clas-
sical opiate receptors (4, 6, 8-11).

As some psychotomimetic opioids interact with receptor sites
for the psychotomimetic drug phencyclidine, it has been sug-
gested that o-like behavioral effects may involve phencyclidine

receptors (12). However, receptor binding sites _w
whi istinct from phencyclidine receptors, have been

identified and display a specificity
pharmacolo cal actions of o drugs (I3-I9). For instance, o-
binding sites labeled with the prototypic o drug (+)[°H]SKF
10,047 demonstrate reversed stereoselectivity from classical
opiate receptors and are negligibly influenced by non-psycho-
tomimetic opiates such as morphine and naloxone (14, 17, 20).

ABBREVIATIONS: SKF 10,047, N-allyinormetazocine; Bme., maximal number of binding sites; EBDA, equilibrium binding data analysis; 1Cso,
concentration giving 50% inhibition; K,, equilibrium dissociation constant; MMP2, molecular mechanics program; 3-PPP, 33-hydroxyphenyi)}-N-(1-
propyi)piperidine; PCP, phencyclidine; EKC, ethylketocyclazocine; HW165, trans-7-hydroxy-1,2,3,4,4a,5,6,10b-octahydrobenzofflquinoline; MPTP,
N-methyl-4-phenyt-1,2,3,6-tetrahydropyridine; N-1-Pr-MPTP, N-1-propyl-4-phenyl-1,2,3,6-tetrahydropyridine; NPA, 1-propyl-norapomorphine; OHBQ,
(1.2,3,4,4a,5,6,10b)-octahydrobenzofflquinoline; RU 38796, 3-(3-hydroxyphenyl)}-N-(1-propyi)-1,2,5,6-tetrahydropyridine; i-Pr, isopropyl; n-Pr, n-

propyl; n-Bu, n-butyl; Bn; benzyl; Pheth, phenethyl.
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The striking differences in the structural determinants of ¢
receptor-binding sites and conventional opiate receptors have
raised questions as to the biologic role of o-receptor-binding
sites and the possibility of endogenous ligands active at these
sites (21, 22). Identification of drugs lacking opiate structures,
but demonstrating even higher affinity for ¢ receptors than
many of the opiate-associated o drugs, has emphasized the
unique conformational requirements of ¢ sites. The neuroleptic
haloperidol has the highest affinity of any known drug for ¢
receptors and can serve as a ligand to label o sites with an
equilibrium dissociation constant of about 2 nM (18, 23). The
phenylpiperidine (+)-[*H]3-PPP, which in intact animals dis-
plays dopaminergic actions (24-28), has nM affinity for ¢ sites
and serves as a useful radioligand in labeling these sites (14,
23).

In the present study we have attempted to characterize the
structural determinants of ¢ receptor affinity by labeling o
receptor-binding sites with (+)-[°H]3-PPP and examining
structure-affinity relationships of an extensive series of 3-PPP
analogs, opioid drugs, and various other compounds.

Materials and Methods

Radioligand binding assays. In membrane-homogenate binding
studies, fresh whole brains (male Sprague-Dawley rats, 150-250 g) were
homogenized in 256 volumes of ice-cold 50 mM Tris-HCI buffer (pH 7.7
at 25°) and centrifuged at 45,000 X g for 10 min at 4°. Pellets were
then resuspended in fresh buffer and recentrifuged. This procedure was
repeated once more before membranes were finally suspended in an
appropriate volume of 50 mM Tris-HCI buffer (pH 8.0 at 25°; incubation
buffer) for use in binding assays. This preparation typically results in
a tissue homogenate containing approximately 6% protein by original
wet weight with the Pierce BCA protein assay reagent (Pierce Chemical
Co., Rockford, IL).

In a final assay volume of 0.25 ml, 1-2 nM (+)-[*H]3-PPP was
incubated in the presence of various concentrations of unlabeled drug
with the equivalent of 7.5 mg of tissue (original wet weight; approxi-
mately 450 ug of protein) for 90 min at room temperature. All experi-
ments were performed in the linear concentration ranges for both tissue
and radioligand, and with an incubation time appropriate for the
attainment of equilibrium. The level of nonspecific binding of (+)-[*H]
3-PPP was defined as that in the presence of 1 uM haloperidol and was
always less than 15% of total binding. Incubations were terminated by
the addition of 2.5 ml of ice-cold 5 mM Tris-HCI buffer (pH 7.7 at 25°;
wash buffer) and membranes were collected by filtration under vacuum
onto glass fiber filters (Schleicher and Schuell No. 32; pretreated with
0.5% polyethylenimine). Filters were washed with two consecutive 5-
ml aliquots of wash buffer. The total time taken for the filtration/
washing procedure was less than 10 sec. Radioactivity remaining on
the filters was measured by liquid scintillation spectrometry at 60%
efficiency. Drug competition binding data were analyzed with an iter-
ative curve-fitting computer program, EBDA (29), to determine drug
ICy values.

Conformational analysis by MMP2. The MMP2 molecular me-
chanics program (30), operated on a Microvax Workstation II com-
puter, was utilized for conformational analysis. Molecular mechanics,
or empirical force field, calculations are based on a classical mechanical
model of the molecular structure. In principle, a function describing
the steric energy of the molecule is calculated. The function is a sum
of energy terms representing contributions from bond stretching, bond
bending, angle bending, torsion, and Van der Waals interactions, etc.
Given a starting geometry of the molecule, the program modifies that
geometry to obtain successively lower calculated steric energies. This
iterative process reveals the local minimum energy conformation for
that starting geometry. Thus, a number of different starting geometries
must be analyzed to find all the possible local minimum conformations.

Structural Determinants of c Receptor Affinity 773

The local minimum conformation having the lowest steric energy is
called the global energy minimum conformation.

For this study, starting geometries for MMP2 calculations were
either derived from X-ray crystallography data or created by the
MODEL program (courtesy of W. C. Still, Columbia University, New
York, NY). Input structures of the model compounds cis- and trans-8-
OH-4-Me-OHBQ were chosen to have half-chair/chair conformations,
which represent low energy conformations according to previous studies
of analogous compounds (31, 32). Solvent interactions were not consid-
ered in the calculations performed. As seen in Table 4 (under Results),
the intramolecular distances calculated for the X-ray-derived geometry
and the minimized geometry are very similar in each case. This argues
that solvent effects might be neglected in the calculations of these
molecules since the strong crystal lattice forces (Coulombic interac-
tions, hydrogen bonds, and Van der Waals interactions) in the dense
X-ray crystal—which should be stronger than the potential solvent
effects in aqueous solution—do not appreciably affect the calculated
distances.

Materials. (+)-[*H]3-PPP (107.4 Ci/mmol; 1 Ci = 3.7 x 10" Bq)
was supplied by New England Nuclear/Dupont (Boston, MA). R-(+)-
3-PPP and S-(—)-3-PPP (compounds 7 and 8, respectively) were
provided by Astra Laboratories (Sodertalje, Sweden). The compounds
in the phenylpiperidine and the OHBQ series were provided by the
Organic Chemistry Unit, Department of Pharmacology, University of
Goteborg (Goteborg, Sweden). (+)- (+)-, and (—=)-SKF 10,047 were
obtained from the National Institute on Drug Abuse, Research Tech-
nology Branch (Research Triangle Park, NC). (+)-Pentazocine, (+)-
EKC, and (%)-, (+)-, and (—=)-cyclazocine were supplied by Sterling-
Winthrop Research Institute (Rensselaer, NY). Buspirone was ob-
tained from Bristol-Myers (Evansville, IN). Haloperidol was provided
by McNeil Pharmaceutical (Spring House, PA). The enantiomers of
apomorphine, propylnorapomorphine, and butaclamol were supplied’
by Research Biochemicals, Inc. (Wayland, MA). All other reagents
were obtained from commercial sources.

Resuits

Binding of (+)-[*H]3-PPP to Brain Membranes

Equilibrium-saturation analysis of (+)-[*H)3-PPP binding to
rat brain membranes and the drug specificity of those binding
sites have been extensively described previously (14, 23).
Briefly, (+)-[*H]3-PPP labels a single class of high affinity
sites exhibiting a Kp of 30 + 1.5 nM (n = 9) with B,., of 520 +
40 fmol/mg of protein (n = 9) in rat whole brain membranes
(23). The drug specificity of (+)-[*H]3-PPP binding to brain
membranes is nearly identical to that demonstrated for o
receptor-binding sites labeled with high affinity by (+)-[*H]
SKF 10,047 (13, 14, 17, 20), (+)-[*H]SKF 10,047 in the presence
of high concentrations of naloxone (33, 34), [*H]haloperidol
(18, 23), or 1,3-di(2-[5-*H]tolyl)guanidine (19). For nearly all
of the compounds presented, psuedo-Hill plots of drug compe-
tition data reveal slopes of essentially unity. The few exceptions
include various benzomorphans which have been shown to
exhibit pseudo-Hill plots with slopes of less than unity (23),
suggesting a complex interaction with the binding site. Yet,
kinetic and equilibrium analyses reveal that the influence of
benzomorphans upon (+)-[*H]3-PPP binding to ¢ sites is con-
sistent with a competitive interaction.*

Comparisons of Structural Determinants Among Drug
Classes
Opioids. Among classical opioid compounds, the more bulky

morphine and morphinan analogs have lower affinity for o sites
than the smaller benzomorphan analogs (Fig. 1, Table 1). Of

¢ B. Largent, unpublished obeervations.
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morphine

dextromethorphan

(-)cyclazocine

(+)cyclazocine

6aR-apomorphine

6aS-apomorphine

trans-4aS,10bS-
9-OH-4-Me-OHBQ

trans-4aR,10bR-

perhaps greater importance than relative bulkiness is the lipo-
philicity of certain portions of the molecule. Removal of the
oxy-bridge as well as the hydroxy- and keto-substituent on the
C ring results in a greater potency of levallorphan compared
with naloxone. The more lipophilic N-allyl group of levallor-
phan may explain its greater potency than levorphanol, which
possesses an N-methyl substituent.

Among the benzomorphans, pentazocine is most potent (ICs,
= 25 nM; Table 1). Pentazocine’s approximately 10-fold higher
affinity than SKF 10,047 may be attributable to the N-di-
methylallyl substituent of pentazocine compared to the N-allyl
of SKF 10,047. Similarly, the N-phenethyl substituent of phen-
azocine may account for its considerable potency, similar to

Fig. 1. Structural features determining
o receptor affinity. Emphasis is placed
on the importance of proper stereo-
chemistry for o receptor site affinity. The
stereoisomer pairs for cyclazocine, apo-
morphine, and 9-OH-4-Me-OHBQ are
presented together with the lower affin-
ity compound displayed on top. The
hindrance on ¢ site affinity by structural
bulkiness in certain compounds is best
demonstrated by comparing the struc-
ture of morphine (a relatively weak com-

with the benzomorphan cycla-
zocine (a relatively potent compound).
The stereopictures were piotted from
the CHEMX graphics system on a Cal-
comp plotter. The use of stereoviewers
is recommended for the best perception
in three dimensions. All structures were
oriented in the xy plane prior to display.
Morphine, dextromethorphan, and (—)-
and (+)-cyclazocine were subsequently
rotated (y axis) —20, +20, —30, and
+30 degrees, respectively. @, nitrogen
atoms; O and O, oxygen and carbon
atoms, respectively.

that of pentazocine. In contrast, the 8-keto substituents of
ketocyclazocine and ethylketocyclazocine, conferring greater
hydrophilicity, may account for their lower affinity, only about
1% that of pentazocine. The simpler phenylpiperidine opioid
structures also retain affinity for o receptor-binding sites. Of
the two phenylpiperidines evaluated, the 6.5-fold greater po-
tency of fentanyl compared to meperidine might reflect the
greater lipophilicity of the N-phenethyl substituent in fentanyl
contrasted to the N-methyl of meperidine.

Consistent variations in affinity relate to stereoselectivity.
Two benzomorphans, tested in their enantiomeric forms, ex-
hibit moderate stereoselectivity ratios (3.7 and 3.9 for the (+)-
isomers of cyclazocine and SKF 10,047, respectively; Table 1).
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TABLE 1

Potencies of various compounds for inhibition of (+)-[*H]3-PPP binding to rat whole brain membranes
MMMOSWMMMMWW1-2m(+)-[’ﬂ]3-PPPfor90uhatvoommue(50uuTns—Hcl pH 8.0) in the presence
of 10 varying concentrations of drug. Nonspecific binding of (+)-{*H]3-PPP was estimated in the presence of 1 um haloperidol. Drug ICe, values were determined from
Mdatabymmmmmm EBDA (29). The ICy values presented are the mean (nm) + standard error of three to eight determinations. Structures for
each of the compounds are provided and drugs are grouped into structural classes for ease of comparison.

Dryg (Ceo (W) Structure

Butyrophenones and Related
Structures

Ho 9

Haloperidol 3+05 °'—< >J< N— (CH2)3 —o—< >——F
Ho Q
g o)

— OGO

N 7\
Buspirone 129+ 11 )—N N—(CHp)s —N
CN \/

Azaperone 131+ 17 O— N—(CHz2)3C —@—
Pipamperone 148 + 29 < ﬁn_(cﬂz)sc F

/\
N—(CHz)3C

Benperidol 430 + 70 N-—(CHz)a c

O
O

|

othiazines and Related
Structures
cl

|
26+ 3 (CH2)a \
N N—(CH2)2OH

O

|
CH
(CH2)3 \

|
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|

N—(CH2)2 OH
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TABLE 1—continued
Dryg 1Coo (W) Structure
cl
t-Clopenthixol 145 = 11 |
CH
CH2) N/_\N} e H
HO( 2=
\_/
Cl
c-Clopenthixol 152 £ 17
N— (CHgz)2 OH
(—)-Butaclamol 173+ 21
(+)-Butaciamol 1940 + 140
Chiorpromazine 435 + 32
|
(CH2)3 N(CH3)2
Promazine 440+ 74 @E cl
'.‘
(CH2)3 N(CH3)2
0.
N
|
Thioridazine

820 + 83 (CHa)2 \(_}
N

e/
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TABLE 1—continued
Dnyg 1Coo (M) Structure
Tricyclics, Phenyipiperidines,
and Other Heterocyclic
N-1-Pr-PTP 15+3
" o O
HO. ’n- Pr
N
RU 38796 41+4
Imipramine 345+ 70
(CH2)3 N(CH3)2
Desipramine 2470+ 70
(CH2)3 NHCH,
?OE
Fentanyl 354 + 52 @_N_CN_ (CHa)a _O
Cl
Trazadone 850 + 21 N N— (CHz)3 —N\
\__/ N
Meperidine 2290 + 430 N—CHg
cooa
Morphines and Related Struc-
tures OH
S-(+)-NPA 4190 + 730
R«—)-NPA 35,000 + 3900
.'
6 oH
Q
(1)) S<+)-Apomorphine 15,000 + 1600

N
|
Cl
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TABLE 1—continued
Drug ICso (W)
<
T
&‘
R<«—)-Apomorphine 110,000 + 15,000
Morphine >100,000
Naloxone >100,000
Morphinans
Dextrallorphan 163 + 22
Levaliorphan 1890 + 140 &
N —
CHCH==CH,
Dextromethorphan 810+ 72
Levorphanol >10,000
6’ Benzomorphans
Q
0 (+)-Pentazocine 25+ 2
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TABLE 1—continued
Drug (oo (W)

(—)-Pentuzocine 31+6
(+)-Phenazocine 46 + 10
(+)-Cyclazocine 118 + 14
(+)-Cyclazocine 102+ 6
(—)-Cyclazocine 432 + 68
(+)-SKF 10,047 365 + 33
(x)-SKF 10,047 395 + 14
(—)-SKF 10,047 1440 + 110
(£)-Ketocyclazocine 2990 + 981
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TABLE 1—continued

Onyg 1o (W)

(£)}EKC 4840 + 814

Chg
CHaCHg

The absolute configuration of the chiral carbon bound to the
nitrogen of the more potent (+)-enantiomers of these benzo-
morphans is S-, representing the same relative stereochemistry
as the more active trans-4aR,10bR-OHBQs (discussed below,
see Fig. 1). In contrast, morphine and naloxone, which are
relatively weak at o-binding sites, both have the R absolute
configuration at the chiral carbon which carries the nitrogen.
Apomorphine has the 6aR absolute conformation and is very
weak (ICg = 110 uM; Table 1), whereas the chemically synthe-
sized 6aS-enantiomer of apomorphine [S-(+)-apomorphine]
displays an 8-fold higher affinity for ¢-binding sites (ICs = 15
uM), presumably reflecting its common stereochemical config-
uration with the preferred (+)-benzomorphans. This pattern of
stereoselectivity is also observed with the enantiomers of NPA,
with S-(+)-NPA being, again, approximately 8 times more
potent than R-(—)-NPA. These stereochemical considerations
are further substantiated by the morphinan enantiomers, dex-
trallorphan and levallorphan, with dextrallorphan having the
same relative stereochemical conformation as (+)-benzomor-
phans and exhibiting roughly 10-fold higher o site affinity than
levallorphan. The non-preferential stereochemistry of mor-
phine and naloxone probably serves as a general explanation
for the low o site affinity of these, as well as other, classical
opioid compounds.

Analogs of 3-PPP. A number of structural analogs of 3-
PPP, many resolved to individual enantiomers, were tested for
their potencies in inhibiting (+)-[*H)3-PPP binding to rat brain
membranes (Table 2). Some of these compounds have been
previously tested in vivo for apparent pre- and postsynaptic
dopaminergic activity (35, 36). Generally, the R-enantiomers
are more potent than the S-analogs as inhibitors of (+)-[*H]3-
PPP binding. A prominent trend from this series of resolved
phenylpiperidines is that compounds with larger N-substit-
uents (R,) exhibit higher affinity for o receptor-binding sites.
Larger N-substituents provide for greater lipophilicity in these
compounds (37) in an analogous fashion to the opioid com-
pounds. This pattern is valid in both the R- and S-series of
enantiomers. Interestingly, in the R-series this trend is broken
by compound 9, with an i-Pr N-substituent, which drops 8-fold
in affinity as compared to its n-Pr analog, while the correspond-
ing S-enantiomer (compound 10) drops only a factor of 1.3 in
an analogous comparison. This might indicate differences in
sensitivity to steric bulk for the two different N-alkyl directions
for these enantiomeric series.

For the R; function in the phenylpiperidine series, a 4-OH
substituent (compound 15) is less optimal for ¢ site affinity
than the corresponding 3-OH substituent (compounds 7 and
8). Interestingly, a hydrogen bond donor function (i.e., phenolic
hydroxyl), which seems to be necessary for the dopamine-like
agonist effects of these analogs, is not a prerequisite for o site
affinity as indicated by the relatively high affinities exhibited

N
\CHz—Q
TABLE 2

Potencies of compounds in a series of phenyipiperidines for inhi-
bition of (+)-[*H]3-PPP binding to rat whole brain membranes

The ICy values presented are the mean (nM) + standard error of three to eight
determinations. Detalsofexpedmenuprooeduesmpmsemedhmeboendto
Table 1 and under Materials and Methods. The R, group represents the N-
substituent of the piperidine, while the R; group denotes the substituent on the
pheny! moiety for the given structure. Abbreviations of substitutions: H, hydrogen;
Me, methyl; Et, ethyl. Others are defined in the text footnote.

3
4
Rz
R
N
Compound G
bt T Setorr
nw~
1,2 H 3-OH 4570+ 190 15,600 +2300 3.4
3,4 Me 3-OH 373166 1910+ 350 5.1
56 Et 3-OH 111x12 1030 + 66 9.3
7,8 n-Pr 3-OH 32+2 165 + 18 5.2
9,10 i-Pr 30H 2479 208 + 12 0.8
11,12 nBu 3-OH 9+08 315 34
13,14 Pheth 3-OH 8+18 16+3 2.0
15 n-Pr 4-OH 276 = 5°
16 n-Pr 3-CF 317 £ 2*
17 n-Pr 3-F 49 + 11*

* Compounds 15-17 are racemic mixtures.

by the 3-F and 3-CF; (R;) analogs, compounds 17 and 16,
respectively. Furthermore, an electronegative aromatic substi-
tution is not necessary as evidenced by the high affinity of the
N-1-Pr analog (N-1-Pr-PTP) of MPTP (Table 1).

cis- and trans-OHBQs. The OHBQs comprise a series of
semirigid analogs having in their framework the 3-phenylpi-
peridine moiety, which seems to be the prominent pharmaco-
phore at ¢-binding sites for these compounds. Both trans- and
cis-isomers were tested against (+)-[°*H]3-PPP binding (Table
3). The trans-OHBQs generally have higher affinity for (+)-
[*H]3-PPP-binding sites than their cis counterparts. The rela-
tive trans/cis affinity ratios are (for the resolved compounds
the value for the enantiomer with the higher affinity was
chosen): 6.3, 4.1, 4.0, 6.0, and 3.1 for compounds 18/38 (7-OH-
OHBQ), 23/40 (7-OH-4-n-Pr-OHBQ), 27/41 (8-OH-4-n-Pr-
OHBQ), 28/42 (9-OH-OHBQ), and 30/43 (9-OH-4-n-Pr-
OHBQ), respectively. When comparing compounds with the
common n-Pr N-substitution, the 8-position for the OH-sub-
stituent seems optimal for highest affinity, followed in order by
positions 9, 7, and 10. This pattern is valid for both the trans-
and cis- series. Interestingly, position 8 in the OHBQs is
equivalent to the hydroxyl position in the benzomorphans.
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TABLE 3

Potencies of compounds in a series of octahydrobenzo{f]
quinolines for inhibition of (+)-[*H]3-PPP binding to rat whole brain

The ICso values presented are the mean (nm) + standard error of three to eight

7
8
Rz ‘Q 48
R
9 N/ 1
10
Compound number Ry Ry m:m ICso

nM

trans-Compounds
18 H 7-O0H 4aR,10bR 2370 + 310
19 H 7-O0H 4aS,10bS 3610 + 290
20 Me 7-OH  racemic 610 £ 30
21 Et 7-O0H  racemic 236 + 25
2 nPr 7-OH racemic 135+ 20
23 nPr 7-O0H 4aR,10bR 48+ 8
24 nPr 7-0H 4aS,10bS 483 + 67
25 n-Bu 7-OH racemic 23+ 4
26 Pheth 7-OH  racemic 65+8
27 nPr 8OH racemic 10+1.6
28 H 9-OH racemic 1940 + 380
29 nPr 9-OH racemic 19+1
30 nPr 9OH 4aR,10bR 212
31 nPr 9-OH 4aS,10bS 520 + 35
32 nBu 9-OMe racemic 5+05
33 nBu 9-OH racemic 1007
34 Bz 9-OMe racemic 5+06
35 Bz 9-OH racemic 10+09
36 Pheth 9-OMe racemic 14+04
37 Pheth 9-OH racemic 27 £1.7

cis-Compounds
38 H 7-OH  racemic 14,900 + 2400
39 nPr 7-O0H 4aR,10bS 416 + 48
40 nPr 7-O0H 4aS,10bR 197 £ 13
41 nPr 8OH racemic 40+2
42 H 9-OH racemic 11,600 + 1350
443 nPr 9-OH racemic 66+ 4
44 nBu 9-OH racemic 35+2
45 nPr 10-OH racemic 1930 + 280

Additionally, substitution of an OMe— for the OH—, for each
of the available compounds tested (32-33; 34-35; 36-37)
results in approximately a 2-fold increase in affinity, again
indicating that the ability of substituents of the aromatic ring
to be hydrogen bond donors is not essential for high ¢ site
affinity.

There is a stereoselectivity trend within the trans- series
with preference for 4aR,10bR- over 4aS,10bS-enantiomers. The
relative affinity ratios are 1.5, 10, and 25 for compounds 18/
19 (7-OH-OHBQ), 23/24 (7-OH-4-n-Pr-OHBQ), and 30/31
(9-OH-4-n-Pr-OHBQ), respectively, with the more potent com-
pounds exhibiting greater stereoselectivity. Among the cis com-
pounds, the enantiomers of cis-7-OH-4-n-Pr-OHBQ were
tested (compounds 39 and 40) with the 4aS,10bR-enantiomer
exhibiting a modest 2-fold stereoselectivity at o sites. For this
example, the stereochemistry at carbon 4a is opposite to that
of the more active enantiomers for the trans-OHBQs. However,
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the data available are too limited for an extended comparison
between enantiomers of cis- and trans-OHBQs.

Butyrophenones and related compounds. Of all the com-
pounds tested, the butyrophenone haloperidol demonstrates
the highest affinity (ICs = 3 nM) for (+)-[*H]3-PPP-binding
sites. When comparing the structure of haloperidol to those of
other compounds, the lipophilic N-alkyl substituent, i.e., the
butyrophenone moiety of haloperidol, appears important for
the high affinity. However, the 4-phenylpiperidine moiety is
probably the primary pharmacophore. Thus, the butyrophe-
none spiperone, which lacks the 4-phenylpiperidine group, is
200-fold less potent than haloperidol. The high affinity (ICs =
148 nM) of the butyrophenone pipamperone suggests that the
aromatic portion of the phenylpiperidine moiety is not abso-
lutely necessary. Pipamperone contains a nonaromatic piperi-
dine ring system instead of the aromatic phenylpiperidine. The
only aromatic ring in pipamperone is the phenyl ring of the
butyrophenone moiety.

The structural similarity between haloperidol and the neu-
rotoxin MPTP led us to test this compound as well as its N-1-
Pr analog (Table 1). MPTP is weak (IC;, = 2860 nM) at
inhibiting (+)-[*H]3-PPP binding, whereas its N-1-Pr analog,
with a more lipophilic N-substituent, is 2000 times more potent
(ICs = 15 nM), supporting the generalization that increased
lipophilicity of the N-alkyl substituent greatly improves affinity
for o receptors.

pH Dependency of ¢ Site Binding

The effect of pH on the binding affinity of (+)-[°*H]3-PPP is
also consistent with a role for lipophilicity within the piperidine
N-alkyl region in determining affinity at o receptor-binding
sites. (+)-[*H]3-PPP binding is enhanced with increasing pH
values in the range 7.0-8.9 (Fig. 2). The shape of the pH
dependency binding curve suggests that the binding affinity
may continue to increase at pH values above 8.9. The macro-
scopic pK, values for the phenolic hydrogen and the piperidine
nitrogen of 3-PPP are in the range of 9.3 to 9.8.° Thus, one
may reasonably predict that the effect of incubation pH on (+)-
[*H]3-PPP binding is partially mediated through net changes
in charge at those substituents in the 3-PPP molecule. Since
substitution of an —OMe for the phenolic hydroxyl in OHBQs
increases affinity 2-fold to o sites, it is unlikely that elevated
pH enhances binding by creating net negative charge on the
phenolic hydroxyl. Conversely, increasing pH removes net pos-
itive charge at the piperidine nitrogen, effectively increasing
the ring’s lipophilicity, which suggests that enhanced affinity
at higher pH reflects a more lipophilic, uncharged piperidine.

Conformational Caiculations for Phenothiazines and Other
Structures

Phenothiazines are not readily compared to the other struc-
tures discussed above, due to their flexible side chains. Pheno-
thiazines and thioxanthines with a piperazine side chain have
higher affinities than those with an N,N-dimethyl substitution
pattern, which in turn give higher affinities than those with
the mono-N-methyl substituent, again indicating that more
carbon atoms attached to the “piperidine” nitrogen (e.g., higher
lipophilicity) results in higher ¢ site affinity.

Conceivably, when interacting with ¢ receptor-binding sites,

* H. Van de Waterbeemd, Universitee de Lausanne, Switzerland, unpublished
observations.
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Fig. 2. pH dependency curve for binding of (+)-{*H]3-PPP to ¢ receptors.
The effect of incubation pH on the affinity of (+){>*H]3-PPP for o receptor-
binding sites is evaluated as the ratios of apparent K, and Bmex at a given
pH to their corresponding values at pH 8.0. Note the lack of significant
variation in Bre, values, whereas the apparent K, decreases with increas-
ing incubation pH. Data were obtained from equilibrium-saturation ex-
periments in which rat whole brain membranes were incubated with 1-
2 nm (+HH]3-PPP and various concentrations of uniabeled 3-PPP (1-
1000 nm). Kp and Bmex Values were derived from the data by computer-
assisted utilizing EBDA (29) and are the average of two separate

with 12 concentration points (in quadruplicate), with the
results varying by less than 20%. In this instance, the values obtained at
pH 8.0 were Kp = 47 nm and Bmex = 1070 fmol/mg of protein.

the aromatic ring and the closest nitrogen for phenothiazines
mirror corresponding groups in the more rigid structural
classes. To explore the importance of the nitrogen to aromatic
ring distance, as well as other intramolecular distances, molec-
ular mechanics calculations were performed for haloperidol,
cis- and trans-clopenthixol, (—)-cyclazocine, and (+)-dexclamol
(a very similar structural analog of butaclamol with an isopro-
pyl substituted for the tert-butyl group), morphine, dextrome-
thorphan, and apomorphine. The corresponding structures de-
rived from X-ray crystallography data were used for these
compounds as input to the molecular mechanics calculations,
with the assumption that those structures represent low energy
conformations, which are close to the global minima in these
calculations. Intramolecular distances for the X-ray structures
and for the energy-minimized structures of the molecules in-
vestigated can be compared with corresponding data for the
model compounds cis- and trans-8-OH-4-Me-OHBQ (Table 4).
Since the cis- compound can have two different chair confor-
mations of the piperidine ring, one with N-axial and one with
N-equatorial, both of these conformations are included in the
calculations. Since the difference in steric energy between the
free amine forms of cis-N-axial and cis-N-equatorial is only
0.97 kcal/mol, with the cis-N-equatorial being the more stable
conformation, initially, both conformations should be consid-
ered.

The calculated minimized conformations of (—)-cyclazocine,
cis- and trans-clopenthixol, haloperidol, and (+)-dexclamol are
close to their respective X-ray structures. The N-aromatic ring
plane distance is not critical for ¢ receptor interactions of these
compounds, because that distance varies substantmlly (0.08-
2.9 A) (selecting the shortest distance for cis- and trans-clopen-
thixol) within the various structures. The distances N-(mid-
point of the aromatic ring) and N-(polar function) vary between
4.3-6.4 A and 6.5-89 A, respectively. This large degree of

TABLE 4

Experimental and calculated data for intramolecular distances
within various compounds tested for ¢ receptor site affinity
Comparisons are made among various selected of intramolecular
distances which have been calculated by the MMP2 molecular mechanics program
(30) or obtained from X-ray data. Reference to the appropriate drug structures in
Tables 1 and 3 will facilitate the identification of the described
distances being measured.

Intramolecular distances (A)
Compound Naomatc MM oy
fing plane® g W function®
cis-8-OH-4-Me-OHBQ
Axial calculated 19 43 6.6
Equatorial calculated 0.28 5.2 7.9
trans-8-OH-4-Me-OHBQ (cal- 0.080 5.2 7.9
culated)
Morphine
X-ray 0.59 4.8 71
Calculated 0.78 48 71
Dextromethorphan
X-ray 1.6 4.7 6.9
Calculated 1.6 4.7 7.0
(—)-Cyclazocine
X-ray 13 4.6 71
Calculated 1.6 45 7.0
cis-Clopenthixol
X-ray 2.7/3.8 6.4/7.5 7.3/6.8
Calculated 2.9/4.2 6.3/7.5 7.1/6.7
trans-Clopenthixol
X-ray 1.9/0.4 5.8/7.6 7.6/8.7
Calculated 2.4/0.6 5.8/7.6 7.5/8.8
Haloperidol®
X-ray 0.7 5.7 8.8
Calculated 1.3 5.7 8.9
(+)-Dexclamol
X-ray 0.19 5.2
Calculated 0.54 5.2
Apomorphine
X-ray 0.86 5.2 6.5
Calculated 1.1 5.2 6.5

® For cis- and trans-ciopenthixol the distances are: (closest N to its closest ring)/
(most distant N to its closest ring) obtained from X-ray data.
® For cis- and trans-clopenthixol the distances are: (closest N to midpoint of cis-
ring/closest N to midpoint of trans-fing).
Polar functions are OH, OH, OMe, OH, S/Cl, Cl, and 11-OH for cis- and trans-
, morphine, , (—)-cyclazocine, cis- and trans-
clopenthixol, halopeﬁdol and

respecﬁvety
“The distances for haloperidol were retrieved from the phenylethlyamine moiety
(ring A).

variation among interatomic distances may explain why such
a variety of chemical structures exhibit reasonable affinity for
o-binding sites.

Discussion

This study describes structure-affinity relationships for var-
ious groups of compounds at ¢ receptor-binding sites. These
binding sites were labeled with (+)-[*H]3-PPP, which selec-
tively binds to o sites, in contrast to (+)-[*H]SKF 10,047, which
labels both ¢ and PCP receptor-binding sites with only a 10-
fold selectivity for o sites (13, 14).

Several structural requirements are evident. First, the pri-
mary pharmacophore at ¢ sites seems to be the phenylpiperi-
dine moiety (3- or 4-phenylpiperidine), which is present in most
compounds that are potent at o receptor-binding sites. Second,
affinity is markedly influenced by the N-alkyl substituents,
with more lipophilic substitutions affording greater affinity for
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o receptor-binding sites. Third, compounds of many different
structural classes demonstrate substantial affinity for o sites,
suggesting that certain intramolecular distances (e.g., N to
aromatic ring) are not subject to rigid constraints. Calculated
intramolecular distances for several compounds support this
conclusion. This “permissive” nature of ¢ receptors is further
evidenced by the lack of strict stereospecificity at the binding
sites. Although a consistent stereoselectivity is noted for many
isomer pairs, the degree of stereoselectivity is less than that at
various other receptor types (38). The importance of a phen-
ylpiperidine with a lipophilic N-substituent is apparent from
the commonality of this moiety among several structurally
diverse compounds with substantial ¢ site affinity.

Although ¢ sites were initially defined under an opioid recep-
tor classification as “o opiate receptors” (3), the failure of opioid
antagonists such as naloxone to antagonize “¢” pharmacologic
effects indicates that they are not classical opiate receptors (4-
8, 14). The structure-affinity relationships of o sites support
their distinction from conventional opioid receptor subtypes.
Thus, the stereoselectivity noted at o receptor-binding sites is
generally opposite to that seen at opioid receptors, e.g., the (+)-
isomers of benzomorphans have greater affinity than the (—)-
isomers at o sites. The absolute configuration at the chiral
carbon atom bound to the nitrogen for the preferred (+)-
benzomorphans is opposite to that for classical opioid com-
pounds, such as morphine and naloxone, which lack affinity
for o-binding sites.

(+)-3-PPP and related structures have been extensively char-
acterized for their potential as agonists at presynaptic dopa-
mine receptors (25, 39, 40). In comparing the dopaminergic
effects of these compounds to their:affinities at o-binding sites,
both similarities and differences are apparent. Almost consist-
ently, larger N-alkyl substituents provide greater ¢ site affinity
in the three series of free or embedded 3-phenylpiperidines.
The same structural features predict in vivo dopamine agonist
activity for S-phenylpiperidines and the trans-4aS,10bS-7-OH-
OHBQs, but such a relationship is less straightforward in the
other series of compounds (36, 41).

Focusing on the divergent structural requirements of com-
pounds for dopamine receptors and ¢ sites, new compounds
with better selectivity for o sites can be designed. Interestingly,
among the OHBQs, cis- analogs with a large N-substituent
have considerable ¢ receptor affinity. By contrast, the cis-
OHBQs are weak at dopamine receptors compared to the cor-
responding trans- compounds, some of which are very potent
dopamine D, receptor (pre/postsynaptic) agonists (42). The
dopamine D, receptor agonists have two defined directions for
their N-alkyl substituents, one of which is sensitive and the
other of which is insensitive to steric bulk. The restricted
direction is the one in which aporphines, ergolines, and trans-
9-OH-OHBQs point their respective N-alkyl groups when po-
sitioned at the receptor site according to current dopamine
receptor models (32, 41). It is known that N-n-Pr substitution
in the restricted direction enhances dopaminergic potency, but
N-n-Bu analogs are much less active or even inactive, presum-
ably from steric hindrance. In contrast, at ¢ sites, compound
33 (9-OH-4-n-Bu-OHBQ), with an N-n-butyl substituent, has
higher affinity than its n-Pr analog (compound 29), and even
bulkier groups such as benzyl (Bn) (compound 35) and phen-
ethyl (Pheth) (compound 37) can be accommodated by o-
binding sites with very high affinity. Thus, there are several
interesting opportunities to design ligands for o-binding sites
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which are devoid of pre/postsynaptic dopamine agonist effects.
This goal can be achieved by selecting a cis-OHBQ with high
o” affinity, since all cis-OHBQs studied so far are poor dopa-
mine receptor agonists (42). Another option is to select one of
the non-hydroxylated phenylpiperidines, which are not dopa-
minergic, among which the optimal choice would seem to be
the 3-F analog (compound 17) because of its low dopamine D,
receptor affinity.®
In considering the number of dopaminergic drugs that exhibit
affinity for o-binding sites, such as the phenylpiperidine ana-
logs, OHBQs, and various butyrophenones and phenothiazines,
it is tempting to suggest a functional link or an evolutionary
relationship between dopaminergic receptors and ¢ receptor-
binding sites. In this context, it is interesting to note that o
compounds (e.g., SKF 10,047 and cyclazocine) influence, by an
indirect fashion, dopamine metabolism and neurotransmission
(5, 43-46).
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