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In saturation studies with [*H]dihydromorphine, unlabeled p-Ala*-p-Leu®-enkephalin (1
nM) inhibited the high-affinity binding component far more potently than the lower-
affinity one. Similarly, morphine (1 nM) inhibited the higher-affinity binding of *H-D-
Ala’-pD-Leu®-enkephalin to a greater extent than its lower-affinity binding component,
consistent with a common high-affinity binding site for opiates and enkephalins. Treat-
ment of tissue with either trypsin (1 ug/ml) or N-ethylmaleimide (25 uM) effectively
eliminated the high-affinity binding component of a series of *H-opiates and opioid
peptides. Competition studies following both treatments were consistent with a common
high-affinity binding site. Both treatments also eliminated the ability of low morphine
concentrations (<1 nM) to inhibit 3H-D-Alaz-D-Leu“—enke;:halin binding and of low D-
Ala?-p-Leu®-enkephalin concentrations (<1 nM) to inhibit [*H]dihydromorphine binding.
Protection experiments examining N-ethylmaleimide (25 uM) inhibition of [*H)dihydro-
morphine binding showed significant protection (p < 0.002) by both unlabeled D-Ala?*-D-
Leu’-enkephalin and morphine (both at 1 nM). When studied together, both naloxonazine
and N-ethylmaleimide inhibited [*H]dihydromorphine binding to a similar extent.
Equally important, tissue previously treated with naloxonazine was far less sensitive to
N-ethylmaleimide than was untreated control tissue, consistent with the possibility that
both treatments affected the same site. Together, these results support the concept of a

common high-affinity binding site for opiates and opioid peptides.

INTRODUCTION

Peripheral bioassay systems have played an important
role in the identification of selective morphine (mu) and
enkephalin (delta) sites. While morphine was more po-
tent than the enkephalin peptides in the guinea pig ileum
assay, the reverse selectivity was demonstrated in the
mouse vas deferens (1). In addition, little cross-tolerance
could be demonstrated between the morphine-like drugs
and the enkephalin compounds in these peripheral sys-
tems (2, 3). Together, these studies provided strong evi-
dence for receptors selective for either morphine or the
enkephalins. Results from the central nervous system
were similar. The existence of binding sites which selec-
tively bound either opiates or enkephalins has been
clearly shown by a number of laboratories (4-6). In
addition to their different pharmacological specificities,
these morphine- and enkephalin-selective sites also have
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different regional localizations, by both homogenate
binding techniques (5) and autoradiography (7, 8).

Unlike the results of the peripheral bioassay systems,
studies of opiate and opioid peptide analgesia noted a
number of similarities between the different types of
compounds. For example, the enkephalins, 8-endorphin,
and the opiates were all potent analgesics given intracer-
ebroventricularly (9-14). Analgesic tolerance following
chronic administration was reported for the enkephalins
and S-endorphin (12-14). More important, both the en-
kephalins and S-endorphin showed cross-tolerance to
morphine (12-15). Enkephalins also suppressed with-
drawal symptoms in morphine-dependent animals (12).
The common actions of the opioid peptides and opiates
with regard to analgesia raised the possibility of a unique,
common receptor for both types of ligands in contradis-
tinction to the receptors observed in the peripheral sys-
tem, which were selective for only one type.

Recent studies from our laboratory have suggested that
the high-affinity opiate binding site, originally described
in 1975 (16), might correspond to this common site. The
high-affinity binding component for both opiates and
enkephalins had a similar sensitivity to the irreversible
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antagonist naloxazone (17-20). These findings, coupled
with detailed competition experiments, suggested that
both classes of compounds bound with highest affinity
to a common site (21). Other evidence also suggested
that this high-affinity binding component corresponded
to a distinct binding site. The high-affinity binding site
had a unique developmental appearance (22, 23), phylo-
genetic distribution (24, 25), and regional localization
(26). In vivo studies using both the naloxazone and the
developmental models also indicated an association of
the high-affinity binding site with opiate and opioid
peptide analgesia (17-20, 22, 23, 27). In these studies,
the lower-affinity (Kp 1-10 M) binding components se-
lectively bound the various subclasses of opiates and
opioid peptides (21, 28). We now present additional
biochemical evidence supporting the existence of mu,
(high-affinity) opioid binding sites.

MATERIALS AND METHODS

Male Sprague-Dawley rats were purchased from Charles River
Breeding Laboratories (Wilmington, Mass.). All *H-labeled ligands and
Formula 963 scintillation fluor were obtained from New England
Nuclear Corporation (Boston, Mass.). Trypsin (210 units/mg) was
purchased from Worthington Biochemicals (Freehold, N. J.), and N-
ethylmaleimide from Sigma Chemical Company (St. Louis, Mo.). Bind-
ing assays for all *H-labeled ligands were performed as previously
described (29). Briefly stated, brain membranes were homogenized with
a Brinkmann Polytron, centrifuged (49,000 X g for 20 min), resus-
pended, incubated at 37° for 30 min, recentrifuged, and resuspended.
The particulate preparations were then subjected to further treatments
or used immediately for assays. Treatments with naloxonazine were
performed at 25° for 30 min, followed by two washes. Each wash
consisted of resuspension, incubation at 37° for 10 min, and centrifu-
gation. Previous studies have documented that this washing procedure
effectively removed reversible opiates originally present at the same
concentrations (30). Treatments with N-ethylmaleimide (25 uM), or
trypsin (1 ug/ml; 210 units/mg) were performed at 25° for 30 min
followed by centrifugation and resuspension before assaying. These
methods have been utilized previously (29, 31). All binding assays were
performed at 25° for 60 min and terminated by rapid filtration over
Whatman glass-fiber filters (GF/B). All results are reported as specific
binding, the difference between binding in the presence and absence of
levallorphan (1 uM). All experiments were replicated a minimum of
three times with similar results. Analysis of saturation experiments
was performed by computerized nonlinear regression analysis of the
saturation data. For the convenience of the reader, the results are
presented graphically as Scatchard plots. Statistical analysis was de-
termined, where appropriate, by either Student’s ¢t-test or analysis of
variance.

RESULTS

Competitive interactions between mu and delta ligands.
Morphine inhibited the binding of *H-labeled enkephalin
derivatives in a multiphasic manner, with only a small
portion of the radiolabeled enkephalin binding easily
competed for by low morphine concentrations (<1 nM)
(4, 5, 21). Similar multiphasic curves were observed in
the competition of [*H]dihydromorphine binding by un-
labeled D-Ala%-D-Leu®-enkephalin (21). In addition, sat-
uration studies of both [*H]dihydromorphine and *H-b-
Ala?-p-Leu®-enkephalin demonstrated high- (Kp <1 nM)
and low- (Kp 2-10 nM) affinity binding components (1,
4-6, 16-23, 27, 28, 30). To determine whether the mor-
phine-sensitive °H-D-Ala’>-D-Leu®-enkephalin binding
and the enkephalin-sensitive [*H]dihydromorphine
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FIG. 1. Saturation analysis of [*H]dihydromorphine binding in the
presence and absence of unlabeled D-Ala*-D-Leu®-enkephalin

Rat brain particulate preparations were prepared and assayed in
absence (®) and presence (O) of unlabeled D-Ala’-D-Leu®-enkephalin
(1 nM) using concentrations of [°H]dihydromorphine ranging from 0.02
to 2.3 nM. Results (specific binding) are from a representative experi-
ment. Binding parameters were determined by computer analysis as
described under Materials and Methods. The control binding was best
fit with two binding components. The higher-affinity binding compo-
nent had a Kp of 0.14 nM and a B, of 0.91 fmole/mg of tissue. The
lower-affinity component had a Kp of 1.0 nM with a B,,, of 4.8 fmoles/
mg of tissue. The binding data obtained in the presence of unlabeled
D-Ala%-D-Leu®-enkephalin were best fit as a single component whose
Kp was 2.1 nM and whose B,,.. was 6.9 fmoles/mg of tissue. The
experiment was replicated three times with similar results.

binding observed in the competition studies corre-
sponded to the high- or low-affinity component of each
%H-ligand seen in the Scatchard plots, we performed
saturation studies with [°’H]dihydromorphine and 3H-b-
Ala?-D-Leu®-enkephalin in the presence and absence of
low concentrations of unlabeled D-Ala?-D-Leu®-enkeph-
alin and morphine, respectively. First we examined the
competitive interactions between [*H]dihydromorphine
and unlabeled D-Ala’-Dp-Leu®-enkephalin (Fig. 1). The
control binding for [*H]dihydromorphine yielded a cur-
vilinear Scatchard which consisted of high- (K, 0.14 nM)
and lower-affinity (Kp 1.0 nM) components as deter-
mined by computer analysis. In the presence of unlabeled
D-Ala?-D-Leu®-enkephalin (1 nM), the shape of the Scat-
chard plot became linear with an apparent affinity of 2.1
nM and with a B, value (6.9 fmoles/mg of tissue)
similar to the sum of the two By, values of both com-
ponents from the control curves (5.7 fmoles/mg of tis-
sue). This greater effect of D-Ala?-D-Leu®-enkephalin at
1 nM upon the high-affinity component of [*H]dihydro-
morphine compared with its lower-affinity binding com-
ponent suggested that the “mu characteristics” of en-
kephalins resulted from interactions with the high-affin-
ity [*H]dihydromorphine binding site.

Similar results were seen using *H-D-Ala?-D-Leu®-en-
kephalin and unlabeled morphine (Fig. 2). Control bind-
ing was nonlinear, with a high-affinity (Kp 0.6 nM; Bpax
1.9 fmoles/mg of tissue) and a lower-affinity component
(Kp 3.2 nM; By,ax 9.2 fmoles/mg of tissue). The presence
of unlabeled morphine at 1 nM linearized the plot (Kp
2.5 nM; Buax 9.9 fmoles/mg of tissue). Thus morphine
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F1G. 2. Saturation analysis of 3H-D-Ala?- D-Leu®-enkephalin binding
in the presence and absence of unlabeled morphine

Rat brain homogenates were prepared and assayed in the absence
(®) and presence (O) of unlabeled morphine (1 nM) using concentra-
tions of *H-D-Ala?-p-Leu®-enkephalin ranging from 0.04 to 2.7 nM.
Results (specific binding) are from a representative experiment. Bind-
ing parameters were determined by computer analysis as described
under Materials and Methods. The control binding was best fit with
two binding components. The higher-affinity component had a Kj of
0.6 nM and a B.., of 1.9 fmoles/mg of tissue. The lower-affinity
component had a Kp of 3.2 nM and a Bp,, of 9.2 fmoles/mg of tissue.
The binding data obtained in the presence of unlabeled morphine were
best fit as a single component whose Kp was 2.5 and whose B, was
9.9 fmoles/mg of tissue. The experiment was replicated three times
with similar results.

also inhibited with greatest pobency of the high-affinity
binding component of *H-D-Ala?-D-Leu®-enkephalin.

The question of agonist versus antagonist conforma-
tions was addressed by performing saturation studies
with the mu antagonist ["H!naloxone in the presence
and absence of D-Ala’-D-Leu®-enkephalin. As with pre-
vious results, the enkephalin inhibited the higher-affinity
[*H]naloxone binding to a greater degree than did the
lower-affinity component.

Effects of N-ethylmaleimide on °H-opioid binding.
Since 3H-opiate binding was also quite sensitive to a
variety of protein-modifying reagents, particularly
sulfhydryl group reagents (29), we investigated the ef-
fects of a low concentration of N-ethylmaleimide (25 uM)
on saturation studies using [*H]dihydromorphine (Fig.
3) and *H-D-Ala?-D-Leu®-enkephalin (Fig. 4). The high-
affinity binding components of both *H-ligands seen in
control tissue were lost following incubations with these
low concentrations of N-ethylmaleimide (25 uM). Com-
petition experiments (Fig. 5) were also performed. In
both the competmon for [3H]d1hydromorphme bmdmg
by D-Ala?-D-Leu®-enkephalin and for *H-D-Ala’-p-Leu®-
enkephalin binding by morphine, allowing tissue to react
with N-ethylmaleimide markedly reduced the ablhty of
low concentrations of unlabeled drug to compete for *H-
ligand binding. For example, D-Ala*-D-Leu®-enkephalin
at 1 nM lowered [*H]dihydromorphine binding about 30%
in control tissue. Following treatment of the membranes
with N-ethylmaleimide, this low enkephalin concentra-
tion did not lower [*H]dihydromorphine binding. Simi-
larly, morphine (1 nM) decreased *H-D-Ala*-D-Leu®-en-
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F1G. 3. Saturation analysis of [*H]dihydromorphine binding in re-
agent-treated tissue

Rat brain homogenates were prepared and incubated with nothing
or N-ethylmaleimide (25 uM; A) and washed as described under Ma-
terials and Methods. Saturation analysis was performed on tissue from
both treatments at the same time in the same experiment using
concentrations of [*H]dihydromorphine ranging from 0.1 to 3.0 nM.
Only specific binding was reported. Binding parameters were deter-
mined by computer analysis of the saturation data as described under
Materials and Methods. The control binding was best fit with two
binding components. The higher-affinity binding component had a K
of 0.4 nM and a By, of 0.64 fmole/mg of tissue. The lower-affinity
binding component had a K, of 7.0 nM and a B, of 5.1 fmoles/mg of
tissue. The data obtained in tissue treated with N-ethylmaleimide were
best fit with a single component whose K, was 8 nM and whose B,
was 5.4 fmoles/mg of tissue. The experiment was replicated three times
with similar results.
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FiG. 4. Saturation analysis of *H-D-Ala*- D- Leu®-enkephalin binding
in reagent-treated tissue

Rat brain homogenates were prepared, divided, and incubated with
nothing (®) or N-ethylmaleimide (25 uM; O) and washed as described
under Materials and Methods. Saturation analysis was then performed
on both treatments at the same time in the same experiments using a
range of H-D-Ala’-D-Leu®-enkephalin concentrations from 0.07 to 2.7
nM. Control binding was best fit with two binding components. The
higher-affinity component had a K of 0.5 nM and a B, of 1.4 fmoles/
mg of tissue whereas the lower-affinity binding component had a K
of 4.1 nM and a By, of 12.1 fmoles/mg of tissue. The binding remaining
after trypsin treatment was best fit with a single component. After
trypsin treatment, the Kp was 4.8 nM and the Bp., was 8.5 fmoles/mg
of tissue. The experiment was repeated three times with similar results.
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FiG. 5. Effect of N-ethylmaleimide on inhibition of *H-opioid binding

Rat brain particulate preparations were incubated with either noth-
ing (@) or N-ethylmaleimide (25 uM; O), washed, and assayed with (A)
[*H]dihydromorphine (2 nM) or (B) *H-D-Ala?-D-Leu®-enkephalin (2
nM) and the designated amount of unlabeled drug. Only specific binding
is reported, and each value represents the mean + standard error of
the mean of triplicate samples from an experiment which was replicated
three times with similar results.

kephalin binding almost 25% in control tissue, whereas
binding in reagent tissue was virtually unaffected by 1
nM morphine. Thus, N-ethylmaleimide lowered the high-
affinity binding component of mu and delta ligands ob-
served in saturation studies as well as the morphine-
sensitive radiolabeled enkephalin binding and the en-
kephalin-sensitive [*H]dihydromorphine binding dem-
onstrated in competition experiments.

Protection of [*H]dihydromorphine binding from N-
ethylmaleimide by morphine and D-Ala®-D-Leu®-enkeph-
alin. Previous reports using a concentration of N-ethyl-
maleimide (500 uM) 20-fold greater than that used in our
studies (25 uM) failed to show cross-protection between
opiates and enkephalins (32). Using the low concentra-
tion of reagent, which was far more selective for the high-
affinity binding component, we examined the ability of
both morphine and D-Ala?-D-Leu®-enkephalin to protect
[*H]dihydromorphine binding from N-ethylmaleimide
(Table 1). Unlike the previous report using 500 uM N-

TABLE 1
Protection of [*H]dihydromorphine binding from N-ethylmaleimide by
morphine and D-Ala®-D- Leu®-enkephalin

Rat brain particulate preparations were preincubated at 25° for 10
min with morphine (1 nM), D-Ala?-D-Leu®-enkephalin (1 nM), or noth-
ing and then incubated for an additional 30 min at 25° in the presence
and absence of N-ethylmaleimide (25 uM). All samples were then
centrifuged (49,000 X g for 20 min), washed twice, and assayed with
[*H]dihydromorphine (1 nMm). Each wash consisted of a 10-min incu-
bation at 37°, centrifugation, and resuspension in the original volume
of buffer. The results represent the means + standard error of the
mean of three separate experiments. Control binding (mean + standard
error of the mean) was 3257 + 363 cpm in the three separate experi-
ments. Unlabeled morphine and D-Ala’-D-Leu®-enkephalin signifi-
cantly decreased the inhibition of [*H]dihydromorphine binding by N-
ethylmaleimide as determined by analyses of variance (p < 0.002; Fy¢
= 22.9).

Addition Inhibition of binding
Nothing 50 + 6%
Morphine 28 + 4%
D-Ala’-D-Leu®-enkephalin 9+2%

ethylmaleimide, both the mu ligand morphine and the
delta compound D-Ala’-D-Leu’-enkephalin protected
[*H]dihydromorphine binding from 25 uM N-ethylmal-
eimide (p < 0.002). In fact, D-Ala’-D-Leu®-enkephalin
was more effective than morphine.

Effects of both N-ethylmaleimide and naloxonazine on
3H-opiate binding. Previous work from our laboratory
demonstrated a selective, persistent loss of the high-
affinity binding component of a number of 3H-labeled
opiates and opioid peptides following treatment of tissue
with naloxonazine or naloxazone (17-21, 28, 30). To
examine whether N-ethylmaleimide treatment was in-
hibiting the same site as that blocked by naloxonazine,
we examined the ability of N-ethylmaleimide (25 uM) to
inhibit [*H]dihydromorphine binding in tissue previously
treated with either naloxone or naloxonazine (50 nM)
(Fig. 6). Under the conditions used, binding in naloxone-
treated tissue was the same as that in untreated tissue,
indicating that the wash procedures effectively elimi-
nated all of the naloxone. Both N-ethylmaleimide and
naloxonazine alone decreased [*H]dihydromorphine
binding to a similar extent (48 + 6% and 52 + 3%,
respectively). N-Ethylmaleimide decreased [*H]dihydro-
morphine binding in tissue initially treated with nalox-
onazine only an additional 9% (63 + 2% less than con-
trol), implying that the binding lost with the naloxona-
zine treatment included the binding most sensitive to the
reagent.

Effect of trypsin on *H-opiate binding. Earlier studies
examining the actions of proteolytic agents on *H-opiate
binding raised the possibility of binding site heteroge-
neity (31). Subsequent phylogenetic studies have con-
firmed differing sensitivities of the various subtypes of
binding sites to enzymes (25). In rats, a portion of binding
was very sensitive to low trypsin concentrations (<1 ug/
ml) whereas the remainder was far more resistant (31).
To determine whether the trypsin-sensitive portion of
binding corresponded to a particular subtype of binding
site, we performed saturation experiments in trypsinized
tissue with mu and delta *H-ligands. The control binding
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F1G. 6. Effect of N-ethylmaleimide on [PH]dihydromorphine binding
in tissue pretreated with either naloxone or naloxonazine

Rat brain particulate preparations were incubated with either nalox-
one or naloxonazine (50 nM), centrifuged, and washed twice by incu-
bating for 10 min at 37° and centrifuging. Homogenate from each
treatment was then divided and incubated with either nothing or N-
ethylmaleimide (25 uM) at 25° for 30 min, centrifuged, resuspended,
and assayed with [*H]dihydromorphine (1 nM). Binding in all groups
was expressed as the percentage of binding in the tissue treated only
with naloxone. Under these wash conditions, naloxone is completely
removed. Results represent the mean + standard error of the mean of
three separate experiments. Naloxonazine lowered binding 52 + 3%.
Following naloxone treatment, N-ethylmaleimide decreased binding 48
+ 6%. However, N-ethylmaleimide lowered binding only an additional
9% (63 + 2%) in naloxonazine-treated tissue as compared with nalox-
onazine alone.

for both [*H]dihydromorphine (Fig. 7) and *H-D-Ala?-D-
Leu®-enkephalin (Fig. 8) yielded curvilinear Scatchard
plots which were dissected into high- and lower-affinity
binding components by nonlinear regression analysis of
the saturation curve. As previously reported (16, 17, 21),
the density (Bms) of the higher-affinity was much less
than the lower-affinity ones. Prior treatment of the tissue
with trypsin (1 ug/ml) converted the curvilinear Scat-
chard plots to linear ones whose affinities (Kp 3 and 4.8
nM, respectively) corresponded more closely to the lower-
affinity binding components. In contrast to the apparent
complete loss of the high-affinity component, the lower-
affinity components for both ligands appeared to be less
sensitive to trypsinization, with decreases of only ap-
proximately 50% and 35%, respectively. The similar
ability of trypsin to decrease preferentially the high-
affinity binding component of [*H]naloxone (data not
shown) implied that the enzyme was not merely inducing
an agonist/antagonist conformation shift. Similar results
were seen with [°H]ethylketocyclazocine and *H-labeled
SKF 10,047. Treating the tissue with trypsin (1 ug/ml)
virtually eliminated the high-affinity (Kp 0.6 and 0.2 nM,
respectively) component of both *H-ligands while having
far less effect on the lower-affinity (Kp 9 and 13 nM,
respectively) components.

This decrease in binding by trypsin was due to its
proteolytic actions. Prior administration of soybean tryp-

2

|l T I 1

o—e Control
0—0 Trypsin

1.5

0.5

Bound/free (fmoles/nM)

1 1 1 1
(0] 0.5 1 1.5 2 2.5
3H-Dihydromorphine Binding
(fmoles/mg tissue)

FiG. 7. Saturation analysis of [*H]dihydromorphine binding in en-
zyme-treated tissue

Rat brain particulate preparations were incubated with nothing (®)
or trypsin (1 ug/ml; O) and washed as described under Materials and
Methods. Saturation analysis was performed on tissue from both treat-
ments at the same time in the same experiment using concentrations
of [*H]dihydromorphine ranging from 0.1 to 3.0 nM. Results (specific
binding) are from a representative experiment. Binding parameters
were determined by computer analysis as described under Materials
and Methods. The control binding was best fit with two binding
components. The higher-affinity binding component had a Kj of 0.4
nM and a B,,, of 0.64 fmole/mg of tissue. The lower-affinity component
had a Kp of 7.0 nM and a B, of 5.1 fmoles/mg of tissue. The trypsin
data were best fit with a Kp of 3.1 nM and a By, of 2.6 fmoles/mg of
tissue. The experiment was replicated three times with similar results.
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F1G. 8. Saturation analysis of *H-D-Ala*- D-Leu®-enkephalin binding
in enzyme-treated tissue

Rat brain homogenates were prepared, divided, and incubated with
nothing (@) or trypsin (1 ug/ml; O) and washed as described under
Materials and Methods. Saturation analysis was then performed on all
three treatments at the same time in the same experiment using a
range of H-D-Ala*-D-Leu®-enkephalin concentrations from 0.07 to 2.7
nM. Control binding was best fit with two binding components. The
higher-affinity component had a Kj of 0.5 nM and a By, of 1.4 fmoles/
mg of tissue, whereas the lower-affinity component had a Kp of 4.1 nM
and a Bue, of 12.1 fmoles/mg of tissue. The binding remaining after
trypsin treatment was best fit with a single component (Kp was 4.8 nM
with a Bp,, of 8.5 fmoles/mg of tissue). The experiment was repeated
three times with similar results.

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

34 NISHIMURA ET AL.

e Control
o Trypsin

__ 4000k .
E
(=%
k)
o 2 3000F
T
[
s
‘6.8 2000
vE
?E
A © 1000
Q
£
w Oé |
0" 1

1 1
10 100

[Morphine] nM

n
o
o
o
3

a
o)
e}

e Control
o Trypsin

500

34-D-ala?-D-leu®-Enkephalin Binding (cpm)
3
[®)

(@)

10 100

[Morphine] nM

Fi1G. 9. Effect of trypsin on the competition for *H-opioid binding by morphine

Rat brain particulate preparations were incubated with nothing (®) or trypsin (1 ug/ml; O) at 25° for 30 min, centrifuged, resuspended, and
assayed with (A) *H-D-Ala?-D-Leu®-enkephalinamide (1.7 nM) or (B) *H-D-Ala®-D-Leu®-enkephalin (1 nM). Only specific binding is presented
(means + standard error of the mean) from a representative experiment which was replicated three times with similar results.

sin inhibitor (4 ug/ml of inhibitor with 1 ug/ml of en-
zyme) prevented any decrease in binding of either [°H)
dihydromorphine or *H-D-Ala?-D-Leu®-enkephalin. The
actions of the trypsin were also confined to the initial
30-min incubation, since the inhibition of *H-opioid
binding in samples where the soybean trypsin inhibitor
was added immediately after the 30-min incubation was
the same as that in samples where the trypsin was merely
washed out without adding the inhibitor.

To examine further the possibility of a common high-
affinity site for these opioids, we next performed detailed
morphine competition experiments using control and
trypsinized tissue (Fig. 9). A portion of both *H-D-Ala’-
Met®-enkephalinamide and *H-p-Ala’-D-Leu®-enkepha-
lin binding was quite sensitive to low morphine concen-
trations, replicating previous reports (4, 21). This bi-

phasic competition profile suggested that both enkeph-
alin compounds bound to several sites, presumably a mu
site which bound morphine with high affinity and was
therefore competed for by low morphine concentrations
and a delta site which bound morphine far less potently.
Treatment of the tissue with trypsin markedly reduced
the ability of low morphine concentrations to decrease
the binding of either *H-enkephalin analogue. At 1 nM,
morphine lowered 3H-D-Ala?-Met®-enkephalinamide
binding approximately 30% in control tissue as compared
with only 13% in trypsinized tissue. Morphine also low-
ered *H-D-Ala’-D-Leu®-enkephalin binding by approxi-
mately 30% in control tissue as opposed to only 15% in
enzyme-treated tissue. Similar losses in the ability of
morphine at low concentrations (<5 nM) to decrease the
binding of the putative kappa ligand [°*H]ethylketocycla-
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F1G. 10. Effect of trypsin on the displacement of *H-opioid binding by D-Ala®-D-Leu®-enkephalin

Rat brain homogenate was prepared with trypsin (1 ug/ml; O) or nothing (®) for 30 min at 25° and then centrifuged, resuspended, and assayed
with [*H]dihydromorphine (1 nM) in the presence of varying concentrations of D-Ala’-D-Leu®-enkephalin. Points represent the means + standard
error of the mean of triplicate determinations from an experiment which was replicated three times with similar results.

zocine and the sigma ligand *H-labeled SKF 10,047 were
observed following trypsin treatments.

Competition experiments examining the effects of D-
Ala®-p-Leu®-enkephalin on [*H]dihydromorphine bind-
ing in trypsinized tissue yielded similar results (Fig. 10).
Trypsin treatment markedly decreased the ability of low
concentrations of D-Ala’-D-Leu®-enkephalin to inhibit
[3H]5dihydromorphine binding. For example, D-Ala®-D-
Leu®-enkephalin (0.3 nM) depressed [*H]dihydromor-
phine binding approximately 50% in control tissue but
only 25% in trypsinized samples. A similar decrease in
the sensitivity of 3H-labeled SKF 10,047 and [*H]ethyl-
ketocyclazocine binding to D-Ala%-D-Leu®-enkephalin (1
nM) in trypsinized tissue was observed.

DISCUSSION

Previous pharmacological studies have established the
existence of mu (morphine) and delta (enkephalin) re-
ceptors in peripheral tissue (1). Correlating these phar-
macological receptors with radioligand binding sites in
the central nervous system has not been easy. Clearly,
differences between the binding of radiolabeled opiates
and enkephalins exist. Investigators have demonstrated
selective sites for either the enkephalins or morphine (4,
6). Furthermore, the regional distribution of radiolabeled
enkephalin binding differed from that of morphine-like
drugs (5, 7, 8). However, both radiolabeled enkephalins
and opiates bound to more than type of site, as indicated
by their multiphasic competition profiles and curvilinear
Scatchard plots demonstrating high- (Kp < 1 nM) and
low- (Kp 1-10 nM) affinity binding components (1, 4-6,
16-28). These results were interpreted by many to mean
that the high-affinity binding component [*H]dihydro-
morphine represented mu sites and correlated with the
lower-affinity component of radiolabeled enkephalin
binding whereas delta sites corresponded to the high-
affinity [°*H]enkephalin and low-affinity [*H]dihydro-

morphine binding. Previous work from our laboratory
raised serious questions about this interpretation (17-
20, 22-25, 27), leading us to propose an alternative ex-
planation (21). Our results suggested three classes of
morphine and enkephalin binding sites. Both morphine
and the enkephalins appeared to bind with highest affin-
ity to a common high-affinity (mu,) site (Kp < 1 nM).
The lower-affinity (mu,) binding component of [*H]
dihydromorphine (Kp approximately 3 nM) preferen-
tially bound morphine far better than enkephalins
whereas the lower-affinity binding component of *H-b-
Ala’-p-Leu®-enkephalin (Kp approximately 5 nM) selec-
tively bound enkephalins more potently than morphine
and corresponded to the previously proposed delta recep-
tor (1, 4-6). Our current studies support this concept of
three classes of morphine and enkephalin binding sites.

In our current series of experiments, we examined the
competitive interactions between enkephalins and mor-
phine. As noted earlier, a portion of radiolabeled enkeph-
alin binding was easily competed for by low morphine
concentrations. To determine whether this morphine-
sensitive binding corresponded to the high- or low-affin-
ity component of *H-D-Ala?-D-Leu®-enkephalin binding,
we performed saturation studies in the presence and
absence of a low concentration of morphine (1 nM).
Assuming competitive interactions, the unlabeled drug
will lower the apparent affinity of the radiolabeled ligand;
i.e., higher concentrations of radiolabeled ligand will be
needed to saturate the binding sites in the presence of
the unlabeled compound. The greater the affinity of an
unlabeled compound for a particular binding site, the
greater the change in apparent affinity of the radiola-
beled ligand. The inclusion of morphine at 1 nM, a
concentration sufficient to compete selectively for the
morphine-sensitive *H-enkephalin binding in competi-
tion studies, had a far greater effect upon the higher-
affinity component of *H-enkephalin binding than its
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lower-affinity component. Similarly, the high-affinity
component of [*H]dihydromorphine binding was more
sensitive to competition by D-Ala®-D-Leu®-enkephalin.

We next examined the sensitivity of the high-affinity
binding component of a series of 3H-opioids to a low
concentration of N-ethylmaleimide. Saturation studies
indicated that the high-affinity components of [*H]
dihydromorphine, °H-D-Ala’-D-Leu®-enkephalin, [*H]
ethylketocyclazocine, *H-labeled SKF 10,047, and [*H]
naloxone were all quite sensitive to this reagent. On the
basis of these studies alone, it was not possible to deter-
mine whether the loss of the high-affinity component
reflected the destruction of the site or its conversion to
a lower-affinity one. However, the similar actions of the
reagent on several *H-agonists and the antagonist [*H]
naloxone implied that these results could not be simply
explained by a conversion between agonist and antago-
nist conformations. Thus, the similar sensitivities of all
of these high-affinity binding components remained con-
sistent with a common site, a possibility further sup-
ported by the competition studies. These competition
experiments indicated that the loss of the high-affinity
binding component on saturation analysis was associated
with a marked loss of morphine-sensitive *H-D-Ala%-D-
Leu®-enkephalin binding and of enkephalin-sensitive
[*H]dihydromorphine binding. Although not shown, a
similar decrease in morphine-sensitive and enkephalin-
sensitive [*H]ethylketocyclazocine and 3H-labeled SKF
10,047 binding was also observed following N-ethylmal-
eimide treatment of the membranes.

The ability of both morphine and D-Ala®-D-Leu®-en-
kephalin to cross-protect [*H]dihydromorphine binding
from N-ethylmaleimide also provided strong evidence for
a common binding site. Previous attempts to demon-
strate cross-protection with N-ethylmaleimide were un-
successful (32). However, the concentration of reagent
used in these earlier drugs (0.5 mM) was 20-fold higher
than those used in our investigations (25 uM). The dif-
ferences between these two studies might be explained
by the greater selectivity of the high-affinity component
for the low N-ethylmaleimide concentration.

Much of the previous work suggesting a common high-
affinity morphine and enkephalin binding site was based
upon the ability of the irreversible antagonists naloxa-
zone and naloxonazine to block selectively the high-
affinity binding of a series of *H-opiates and *H-opioid
peptides. We therefore examined the sensitivity of [°H]
dihydromorphine binding to N-ethylmaleimide in tissue
previously treated with naloxonazine. Treating mem-
branes with N-ethylmaleimide alone lowered binding to
a similar extent as naloxonazine. However, tissue whose
high-affinity sites had been previously blocked with na-
loxonazine were far less sensitive to the reagent, implying
that the naloxonazine had eliminated the reagent-sensi-
tive binding site. The absence of an additive effect be-
tween the two treatments suggested that both treatments
might involve the same site. It was interesting to note
that the small decrease in [2)H]dihydromorphine binding
produced by N-ethylmaleimide in naloxonazine-treated
tissue was similar to that previously reported in goldfish
brain membranes, a species with little or no high affinity
[*H]dihydromorphine binding (25). Therefore, this de-

crease might reflect the sensitivity of the lower-affinity
(mu,) site to the reagent.

The actions of trypsin were quite similar to those of
N-ethylmaleimide. Again, the high-affinity binding of
[*H]dihydromorphine, *H-D-Ala?-D-Leu®-enkephalin,
[*H]ethylketocyclazocine, *H-labeled SKF 10,047 and
[*H]naloxone were quite sensitive to the low concentra-
tion of enzyme. In addition, the loss of the high-affinity
binding was also associated with the loss of morphine-
and enkephalin-sensitive binding of all four *H-ligands.
As with the reagent, it was not clear whether the enzymes
actually destroyed the site or merely changed its binding
characteristics.

Our previous proposal (21) of three morphine and
enkephalin binding sites (mu,, mu,, and delta) and our
observations that kappa compounds such as ethylketo-
cyclazocine and the sigma drug SKF 10,047 also bound
with highest affinity to the mu, site (18, 19, 23, 28) were
based upon a number of biochemical and pharmacologi-
cal approaches. These included the effects of naloxazone
and naloxonazine, the developmental appearances of
these binding sites, their phylogenetic distribution, and
their regional localization within the brain. These studies
also included in vivo correlations of the common, high-
affinity (mu,) site with a number of specific opioid ac-
tions, such as analgesia, prolactin release, catalepsy, and
acetylcholine turnover, but not other opioid actions (res-
piratory depression, sedation, growth hormone release,
dopamine turnover, bradycardia, and the guinea pig
ileum bioassay) (33-35). Our current results supported
this concept of three morphine and enkephalin binding
sites. In addition, they provided strong evidence against
the hypothesis that the high-affinity [°H]dihydromor-
phine site corresponded to the lower-affinity *H-D-Ala?-
D-Leu®-enkephalin site and vice versa. Despite the
mounting evidence for a common high-affinity site for
opiates and opioid peptides, further work is needed to
establish it firmly as a distinct receptor site. However,
its proposal does provide an hypothesis which can be
tested both in vivo and in vitro.
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