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SUMMARY

The mechanism by which u ligands inhibit the binding of prototypic 6 agonists to
preparations of brain membranes is controversial. Most investigators assume competitive
inhibition. In this study, we examine the interaction of the u agonist oxymorphone and
6 agonist DSTLE (p-Ser?-Thré-Leu-enkephalin) with [*H]D-Ala?-D-Leu®-enkephalin
(DADL) binding to membranes of rat brain. According to the two-site competitive model,
u ligands are competitive inhibitors at both sites. The two-site allosteric model supposes
that u ligands are competitive inhibitors at one binding site, and noncompetitive inhibi-
tors at the other binding site. Quantitative analysis of DSTLE and oxymorphone binding
demonstrated that the two-site allosteric model fit the data significantly better than did
the two-site competitive model, and that oxymorphone is a noncompetitive inhibitor of
the lower affinity [*’H]DADL-binding site. Autoradiographic studies demonstrated that
the lower affinity [°’H]DADL-binding site (u-noncompetitive binding site) had an ana-
tomical distribution apparently indistinguishable from that obtained with [*H]oxymor-
phone (type I pattern), supporting the hypothesis that the lower affinity §-binding site is
the é-binding site of an opiate receptor complex consisting of interacting u- and é-binding

sites.

INTRODUCTION

The classification of opiate receptors into u, 6, and «
receptors is widely accepted and well supported by ex-
perimental data (1), although not proven at the molecular
level. Recently, three novel models of the opiate receptors
were proposed which share a common theme (2-4): a
population of receptors which are composed of interact-
ing u- and §-binding sites. Based upon ligand-binding
studies, Rothman and coworkers (4-7) suggested the
existence of a receptor complex which consisted of phys-
ically associated u- and §-binding sites. Lee and Smith,
integrating physical and pharmacological data, proposed
a protein-lipid model of the opiate receptor (3), and
subsequently named this receptor the “beta-endorphin
receptor” (8). In an elegant autoradiographic study,
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Bowen et al. (2) presented evidence that [*HJDADL'
labeled two anatomically and biochemically distinct &-
binding sites in rat caudate. The type II receptor, dif-
fusely localized throughout the caudate, was not affected
by alterations in the composition of the assay medium.
In contrast, the type I receptor localized to striatal
patches and the subcallosal streak was affected. Based
upon condition-dependent alterations in the ligand se-
lectivity pattern, it was suggested (2) that the type I
receptor in the patches could interconvert between x and
6 conformations.

According to a one-site allosteric model, [*H]LE labels
a single class of § receptors at which morphine is a mixed
competitive-noncompetitive inhibitor (4-7). In view of

!The abbreviations used are: DADL, D-Ala?-D-Leu®-enkephalin;
DSTLE, D-Ser*-Thr®-Leu-enkephalin; OXY, oxymorphone; BIT, 2-
(p-ethoxybenzyl)-1-diethylaminoethyl-5-isothiocyanatobenzimidizole;
FIT, N-phenyl-N-[1-(2-(p-isothiocyanato)phenylethyl)-4-piperidinyl]
propanamide; MOPS, 3-[ N-morpholino]propanesulfonic acid; BSA, bo-
vine serum albumin; LE, Leu-enkephalin.
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the data briefly summarized above (2), Rothman and
Westfall (7) postulated that [*H]LE labeled two classes
of binding sites in vitro, distinguished by the manner in
which morphine inhibited [*H]LE binding. According to
this hypothesis, morphine is a pure competitive inhibitor
at one class of sites, and a pure noncompetitive inhibitor
at the other class of sites.

In this study, we examine this hypothesis by studying
the interaction of u agonist oxymorphone and é agonist
DSTLE with [*)H]DADL binding. We consider two
models: the widely accepted two-site competitive model
(1, 9) and a two-site allosteric model. The former model
hypothesizes that [PH]DADL labels two binding sites,
and that u ligands are competitive inhibitors at both
sites. The latter model postulates that u ligands inhibit
[*H]DADL binding competitively at one site, and non-
competitively at the other site.

In recent papers Rothman et al. (10, 11) reported that
brain membranes pretreated with the é-selective irre-
versible ligand FIT (12) were devoid of detectable higher
affinity [PH]DADL-binding sites. Using these mem-
branes, 1 agonists were apparent noncompetitive inhib-
itors of § binding to the residual lower affinity binding
sites (10, 11).

An important issue not addressed in those studies was
if the noncompetitive interactions resulted from treat-
ment of the membranes with the site-directed alkylating
agent. To rule out this possibility requires that the non-
competitive interactions be demonstrated in membranes
not treated with alkylating agent. The experiments in
this paper address this issue. Using recently described
methods of experimental design and analysis (13, 14)
and membranes not treated with an alkylating agent, we
show that the two-site allosteric model fits the data
significantly better than does a two-site competitive
model.

MATERIALS AND METHODS

Experimental design. The question addressed in this study requires
distinguishing between similar models. One approach is an analysis of
binding surfaces (13, 14). The essential concept of this approach is that
the observed binding, B, is a function of two independent variables, D,
the radiolabeled ligand, and I, the inhibitor: B = F(D,I). Plotting F
requires three axes for the concentration of D, the concentration of I,
and the observed binding. Thus, the binding function describes a three-
dimensional surface. When thought of in this manner, it is clear that
a single displacement isotherm and saturation isotherm describe only
a small portion of the binding surface, thus providing minimal infor-
mation about F.

The goal of this quantitative study is to determine the functional
form of F, i.e., determine the model which best fits the data, and to
determine the parameters of the model as accurately as possible.

Equations describing the models. The two-site competitive model is
described by the following equation (6):

D 1 + B, D 1 (1)
D+ Kp~(1 + —) D+ Kp[_(l + —)

B = Bu
K”; KIL

This equation describes the binding of a radiolabeled drug, D, to two
binding sites. The number of binding sites is given by By and By,
respectively. The dissociation constants (Kp) of the drug and the
inhibitor, I, for the high and low affinity binding sites are Kpy and
Kp., and K,y and K|, , respectively.

The two-site allosteric model is described by the following equation:
D

1
D+ Kor1 + o)

1
+ (l I+ K‘)BL

B=BH

D

1 (2)
D+ Kpl_<l + Ku,)
According to this model, D labels two classes of binding sites. The
inhibitor I is a competitive inhibitor at the high affinity binding site,
and a mixed competitive-noncompetitive inhibitor at the low affinity
binding site. K, is the dissociation constant of the u ligand for the u-
binding site of the opiate receptor complex, which is the site through
which noncompetitive inhibition of [P[HJDADL binding is effected. As
formulated above, the model has seven parameters, whereas the two-
site competitive model (Eq. 1) has six parameters. When fitting data
to Eq. 2, the value of K;, was invariably in excess of 1 M. Since the
concentration of I did not exceed 10~ M, this indicates that, within the
limitations of the techniques used in this paper, I was a pure noncom-
petitive inhibitor of ['H]DADL binding to the low affinity binding site.
For this reason, the value of Ky, is not reported.

Curve-fitting procedure. All curve fitting was done with MLAB (15),
a curve-fitting language which utilizes a nonlinear least squares algo-
rithm. Displacement curves were expressed as B/B,, where B, is the
specific binding in the absence of inhibitor, and B is the specific binding
in the presence of inhibitor. Saturation binding curves were expressed
as B/B,, where B, was the initial estimated B.., and B the specific
binding. Thus, both displacement curve data and saturation binding
data were expressed in units ranging from 0 to 1.0. In all cases, the
predicted data points (which changed, of course, with each iteration),
were weighted in the following manner: for displacement curve data,
1/(0.0001 + 0.0003y), and for saturation curve data, 1/(0.0001y?), where
y is the data point predicted by the current parameter values (16).2

Statistics. The F-test was used to determine if fits obtained with
different models were statistically different (17):

_ (88, — §8,)/(dfs — dfs)
S8,/df,

SS, and SS; are the sum of squares of the residuals of models 1 and 2,
respectively, while df, and df, are the degrees of freedom of models 1
and 2, respectively. Statistical significance between models can be
assessed only if the degrees of freedom differ. As defined by Eqgs. 1 and
2, the two-site competitive and two-site allosteric models differ by one
degree of freedom.

Unfortunately, there is no widely accepted statistical test to deter-
mine if a model fits the data significantly. Rothman et al. (13) suggested
that comparing observed and predicted “secondary characteristics” of
curves might accomplish the goal (for instance, comparing observed
and predicted ICs values). We have not utilized this approach here
(with the exception of Table 6), since the predicted curves clearly fit
the data remarkably well.

Preparation of membranes. Membranes were prepared as previously
described (18). Briefly, a lysed P2 fraction was prepared from 20 rat
brains, minus cerebellum (Sprague-Dawley males, 150-250 g). The
membrane suspension was aliquoted to 1.5-ml Microfuge tubes and
centrifuged. The supernatant was aspirated and the pellets were stored
at —70°. Thalamic/hypothalamic regions were dissected out and mem-
branes were prepared as described above.

Membrane-binding assay. The binding of [*H]DADL and [*H]OXY
to brain membranes was determined as previously described (18).
Briefly, to 12 X 75 mm polystyrene test tubes were added 100 ul of
isotope in protease cocktail (10 mMm Tris-HCI, pH 7.4, 40 ug/ml leupep-
tin, 20 ug/ml chymostatin, 100 ug/ml bestatin, 1000 ug/ml bacitracin),
100 ul of a “salt solution” containing drugs, if indicated, and 800 ul of

F

2D. Rodbard, personal communication.
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membranes in buffer. For assay in the Na/Mn/GTP condition, the salt
solution contained 10 mm Tris-HCI, pH 7.4, 1 M NaCl, 24 mM MnCl,,
and 20 uM GTP. For assay with Mn only, the salt solution contained
24 mM MnCl,. Samples were filtered under reduced pressure over
Whatman GF/B glass fiber filters and washed twice with 5 ml of ice-
cold 10 mM Tris-HCI, pH 7.4. The filter-bound tritium was determined
by liquid scintillation spectrophotometry after an overnight extraction
in 10 ml of Aquassure. Nonspecific binding was assessed by incubations
in the presence of 20 uM levallorphan.

The frozen membrane pellets were diluted such that 800 ul delivered
400-600 pug of protein. Each point was determined in triplicate with
less than 10% variation. Experiments were repeated two to four times
with less than 15% variation between experiments. Protein was meas-
ured by the method of Lowry et al. (19).

The concentration of free *H-labeled ligand was calculated by sub-
tracting the specifically bound ligand from the total ligand added. In
control experiments, the concentration of free ligand was directly
determined by pelleting the membranes and counting the supernatant.
Less than 5% of added ligand was bound and the calculated concentra-
tion of free ligand was essentially identical to the directly determined
concentration of free ligand.

Receptor autoradiography. Slide-mounted coronal sections (20 um
thick) of rat brain at the level of the caudate nucleus were prepared as
described by Herkenham and Pert (20), except that the sections were
stored under vacuum in a desiccated container overnight in a refriger-
ator. This modification was essential to ensure that the sections did
not fall off the slides during the long protocols to be described below.
Sections were stored at —70° prior to use.

For treatment with the site-directed alkylating agents BIT and FIT
(10-12), slides were removed from slide boxes and placed into stainless
steel slide racks (25 slides/rack). Following a 30-min preincubation at
25° in 500 ml of MOPS/sucrose (10 mM MOPS, 100 mM sucrose, pH
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F1G. 1. Effect of NaCl, MnCl,, and GTP on [*H]DADL binding

The binding of 3.0 nM [*'H)DADL to membranes derived from whole
brain and thalamus/hypothalamus was determined as described in
Materials and Methods using three different conditions. In the absence
of effectors (control), the specific binding was 37.7 (80% specific
binding) and 10.2 fmol/ml (57% specific binding) using whole brain
and thalamus/hypothalamus, respectively. The concentrations of effec-
tors were: 100 mM NaCl, 2.4 mM MnCl,, and 2 uM GTP. In the presence
of Na/Mn/GTP, the per cent specific binding was 87 and 78.5 using
membranes derived from whole brain and thalamus/hypothalamus,
respectively. Each point is the mean + standard deviation of two
experiments, each determined in triplicate.

7.4), the slides were placed into plastic cytomailers containing 10 ml of
MOPS/sucrose with 2.4 mM MnCl; and alkylating agent at a concen-
tration of 1 uM. Control sections were treated identically, but were not
incubated with an alkylating agent. Following a 60-min incubation at
25°, the slides were placed in stainless steel slide racks and washed by
three sequential 10-min immersions in 500 ml of 10 mM Tris-HCI, 100
mM sucrose, 0.1 mg/ml BSA, pH 7.4, at 25°. Sections were then assayed
for [*H]DADL and [*H]OXY binding as described below.

For assay with [*H]DADL, slides were placed into cytomailers
containing 10 ml of 50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 2.4 mM
MnCl,, 2 uM GTP, 1 mg/ml BSA, 0.1 mg/ml bacitracin, 0.004 mg/ml
leupeptin, and 0.004 mg/ml chymostatin. For assay with [*H)OXY,
slides were placed into cytomailers containing 10 ml of 50 mM Tris-
HCI, pH 7.4, 2.4 mM MnCl,, and 1 mg/ml BSA. Following a 90-min
incubation at 25°, the sections were washed by five sequential 40-sec
immersions in ice-cold 10 mM Tris-HCl, pH 7.4, and dried with a
stream of cool air. After overnight desiccation under vacuum, the slides
were placed into a Wolf X-ray cassette and placed against LKB tritium-
sensitive film. The film was developed as previously described (20)
after a 46-day exposure.

Chemicals and supplies. ["H]DADL (specific activity, 43.6 Ci/mmol)
and Aquassure were purchased from New England Nuclear Corp.
Peptidase inhibitors leupeptin, chymostatin, bestatin, bacitracin, and
GTP (as the lithium salt) were purchased from Sigma Chemical Com-
pany. [*HJOXY (specific activity, 41 Ci/mmol) was purchased from
Amersham Ltd. Synthetic peptides were purchased from Peninsula
Laboratories.

RESULTS

Selection of Assay Conditions.

Ionic conditions. The binding of opiate agonists is
affected by ionic conditions (21). Bowen et al. (2) re-
ported that [’H]DADL binding to slide-mounted sections
of rat caudate was substantially augmented when assayed
in the presence of 100 mM NaCl, 3 mM MnAc, and 2 uM
GTP. They also showed that, using this condition, [*H]
DADL labeled two anatomically distinct binding sites in
the rat caudate nucleus. In addition, the binding of [*H]
DADL to solubilized opiate receptors requires the Na/
Mn/GTP condition (22, 23).

The experiments reported in Fig. 1 examine the effect
of ionic conditions on [*H]DADL binding to whole brain
and thalamic/hyg)othalamic membranes. As expected,
Mn stimulated ["H]DADL binding to both membrane
preparations. The Na/Mn/GTP condition similarly
stimulated [*H]DADL binding. Thalamic/hypothalamic
membranes were especially sensitive to Na/Mn/GTP, in
that [’ H]DADL binding increased 300% over the binding
observed in the absence of ions. All other experiments
reported in this paper utilize the Na/Mn/GTP condition,
since not only does this condition yield the greatest
specific binding, but, using this condition, [*H]DADL
labels two anatomically distinct binding sites (2).

Time of incubation. Association and dissociation ex-
periments are shown in Fig. 2. Surprisingly, it took 4 hr
at 25° to achieve steady state. Similar results were ob-
tained with freshly prepared, unfrozen membranes. The
dissociation half-life was approximately 1 hr. Thus, the
typical assay was incubated for four to five half-lives.
We have not attempted a more sophisticated analysis of
the kinetic data, since, as the following experiments
indicate, [*H]DADL must be associating and dissociating
to and from two independent binding sites. Also, as
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F1G. 2. Association and dissociation experiments

Left panel: total and nonspecific binding of 1.3 nM [PH]DADL to whole brain membranes at 25° was determined in the presence of 100 mM
NaCl, 2.4 mM MnCl;, and 2 uM GTP. The time course of specific binding is presented. Similar results were obtained in two additional
experiments, one using frozen membranes, the other using freshly prepared membranes. Each point is the mean of triplicate determinations,
which differed by less than 10%. Right panel: to follow the dissociation of prebound [*'H]DADL, 3.2 nM [*H]DADL was incubated with whole
brain membranes in the presence of 3 nM DSTLE, in the absence and presence of 20 uM levallorphan. DSTLE was included in the incubation
to place a higher proportion of [P’HJDADL on the lower affinity binding site. After a 4-hr incubation at 25°, 0XY and DADL were added to both
the total and nonspecific binding conditions to give final concentrations of 100 nM. Triplicate samples were filtered at the indicated times from
both total and nonspecific binding conditions. The specific binding, which was a percentage of the specific binding at steady state, is plotted as

a function of time. The nonspecific binding did not change as a function of time. Similar results were obtained in two other experiments.

TABLE 1
Time course of [*H]oxymorphone binding to rat brain membranes in
the presence of 100 mM NaCl, 2.4 mm MnCl, and 2 um GTP
The specific binding of 2 nM [PHJOXY was determined at the
indicated time points. Each point is the mean + standard deviation of
two separate experiments, each determined in triplicate.

Time Specific binding
hr fmol/ml

0.17 37T+ 2

0.50 52+3

1.00 615
2.00 63+3

3.00 0t4

4.00 2+£2

6.00 72+3

7.50 72+2

reported in Table 1, [PHJOXY binding was at steady
state by 4 hr. Additional control experiments indicated
that [*(H]DSTLE binding was at steady state within 4 hr
(data not shown).

Protease inhibitors. In control experiments, the effect
of the protease inhibitor cocktail and bacitracin alone on
[*H]DADL and [*H]OXY binding was ascertained using
the Na/Mn/GTP condition. As shown in Table 2, rela-
tive to no protease inhibitors, the cocktail decreased the
binding of both ligands by about 25%. The fact that
bacitracin alone decreased the binding by about the same
extent suggests that bacitracin is responsible for the

TABLE 2

Effect of protease inhibitors on [*H]DADL and [*H]OXY binding

The specific binding of [*H]DADL and [*H]OXY were determined
as described in Materials and Methods in the absence of protease
inhibitors (control), in the presence of protease cocktail, and in the
presence of 0.1 mg/ml bacitracin. The control specific binding of 2.35
nM [*H]DADL and 2.07 nM [*H]OXY were 74 + 4 and 73 + 3 fmol/
ml. Each value is the mean + standard deviation of two experiments,
each determined in triplicate.

Condition Specific
binding
[*H]DADL [FH)OXY
% control
Control 100 100
Protease cocktail 74+3 72+4
Bacitracin (0.1 mg/ml) 6 +2 6+3

slight inhibition of binding. Given the long period of
incubation required to achieve equilibrium, we opted to
maximize protease inhibition at the expense of a slight
decrease in specific binding.

Examination of DSTLE-Binding Surfaces

To determine accurately the K, values of [*’H]DADL
for the two binding sites, as well as the number of binding
sites, we chose to study the interaction of DSTLE with
[*H]DADL binding for several reasons. Based upon phar-
macological studies (24), DSTLE is very 6 selective. Since
it is a d-selective peptide, we expected it to inhibit [*H]
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F1G. 3. Saturation binding of [*H]DADL to whole brain membranes
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The specific binding of [*H]DADL to whole brain membranes was determined at concentrations between 0.17 and 129 nM. The data are
presented as a binding isotherm. The concentration of bound ligand is expressed as the ratio of observed binding to an estimated Bu., Bo, which
in this case was 375 fmol/mg protein. A Scatchard plot of the same data is shown in the inset. Each point is the mean of two experiments, each
determined in triplicate. The solid lines are generated by the best fit two-site competitive model (Table 3).
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F16. 4. DSTLE-binding surface using whole brain membranes

DSTLE displacement curves were determined using three widely
spaced concentrations of ['H]DADL. The concentrations of free [*H]
DADL were 0.26, 2.77, and 22.1 nM, respectively. Less than 10% of
[*H]DADL was bound. Each point is the mean of four separate exper-
iments, each determined in triplicate. The solid lines are those gener-
ated by the test fit two-site competitive model (Table 3).

DADL binding at both sites in a competitive manner.
Additionally, the lower affinity DSTLE site could be
tentatively identified, according to the two-site compet-
itive model, as the u receptor.

To generate DSTLE-binding surfaces, [*’H]DADL sat-
uration binding curves and DSTLE displacement curves
were determined using membranes derived from whole
brain as well as from thalamus/hypothalamus. The use
of two membrane sources allowed the relative number of
binding sites to vary, leading to a more constrained fit
and greater precision in the estimates of the parameter
values. [*H]DADL saturation curves were calculated
from DADL-binding surfaces. The data of Figs. 3 and 4
describe the DSTLE-binding surface obtained with

whole brain membranes. Figs. 5 and 6 describe the sur-
face obtained using thalamic/hypothalamic membranes.
Thdes experimental details are provided in the figure leg-
ends.

The two DSTLE-binding surfaces were simultaneously
analyzed according to four models. As expected, the two-
site competitive model fit the data much better than a
one-site competitive model. More importantly, the two-
site competitive model fit the data better than the two-
site allosteric model (p < 0.001). The parameters of the
two-site competitive model are reported in Table 3A.
Analysis of the data according to a three-site competitive
model resulted in a statistically significant 6% decrease
in the sum of squares. But as reported in Table 3B, this
is a curve-fitting artifact, since certain B,,,, values were
iterated to zero. :

Examination of an Oxymorphone-Binding Surface

Having accurately determined the Kp values of [*H]
DADL for the two binding sites, as well as the number
of binding sites, using a peptide which proved to interact
competitively at both binding sites, we next examined
the interaction of OXY with [’H]DADL binding. Ac-
cording to the two-site analysis of the DSTLE-binding
surfaces, the lower affinity [*H]DADL-binding site is the
u receptor and OXY should be a competitive inhibitor of
[*H]DADL binding to this site.

To test this hypothesis, we examined regions of the
OXY-binding surface which computer simulation studies
showed best distinguished the two-site competitive model
from the two-site allosteric model. We used thalamic/
hypothalamic membranes, since 90% of the sites are of
the lower affinity variety. As shown in Fig. 7, OXY
inhibited [*H)DADL binding in an apparently noncom-
petitive manner. The surface was fit to both models using
the parameters listed in Table 3A. As reported in Table
4A, the two-site allosteric model fit the data significantly
better than did the two-site competitive model (p <
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FI1G. 5. Saturation binding of [*H]DADL to thalamic/hypothalamic membranes

The specific binding of [*H]DADL to thalamic/hypothalamic membranes was determined at concentrations between 0.33 and 105 nM. The
estimated B, (B,) was 243 fmol/mg protein. A Scatchard plot of the same data is shown in the inset. Each point is the mean of two experiments,
each determined in triplicate. The solid lines are those generated by the best fit two-site competitive model (Table 3).
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FiG. 6. DSTLE-binding surface using thalamic/hypothalamic mem-
branes

DSTLE displacement curves were determined using three widely
spaced concentrations of [*H]DADL. The concentrations of free [°H]
DADL were 0.12, 1.26, and 12.6 nM, respectively. Less than 10% of
[*H)DADL was bound. Each point is the mean of two experiments,
each determined in triplicate. The solid lines are generated by the best
fit two-site competitive model (Table 3).

0.001). These parameters were used to generate the solid
lines in Fig. 7, illustrating the goodness of fit.

A Prediction Experiment

Rothman et al. (13) emphasized the importance of
“prediction” experiments, which are designed to test for
differences between models. To distinguish further be-
tween the competitive and allosteric models, we exam-
ined the displacement of [*’H]DADL binding (at 0.1 nM)
to whole brain membranes by OXY. These conditions
place about 70% of bound [PH]DADL on the high affinity
binding site. Since the two-site competitive model and
two-site allosteric model predict the Kp of OXY at the
high affinity site to be 675 and 2.3 nM, respectively, this
is a discriminating experiment. The results shown in

TABLE 3

Parameters of the DSTLE-binding surfaces according to the two-site
competitive model (A) and the three-site competitive model (B)

A: the 89-point DSTLE-binding surface defined by the data shown
in Figs. 3-6 was analyzed for the parameters of the two-site competitive
model. The SS (sum of squares) was 0.0784 with 81 degrees of freedom.
This was a significantly better fit than that obtained with the one-site
competitive model (SS = 0.517, p < 0.001) or with the two-site allosteric
model (SS = 0.114, p < 0.001). B: the 89-point DSTLE-binding surface
defined by the data of Figs. 3-6 was fit to the three-site competitive
model. The SS was 0.068 with 77 degrees of freedom. The 6% decrease
in the SS relative to the two-site competitive model is a significant
decrease (p < 0.01), but is a curve-fitting artifact since the best fit
parameters describe the same two-site model described above. All
values are mean + SD.

A. High affinity Low affinity
binding site binding site
Kp (nM)
DADL 1.42 £ 0.18 10.6 £ 0.9
DSTLE 0.52 + 0.08 19.2 £ 23
Bo
Whole brain 0.28 + 0.03 0.70 + 0.04
Thalamus/
hypothalamus 0.10 £+ 0.02 0.92 + 0.03
B. Site 1 Site 2 Site 3
Kp (nM)
DADL 1.39+£0.19 833+7.20 13.1+98
DSTLE 0.57£0.09 18.1+6.30 21.2+6.2
Bou
Whole brain 029+004 00011 07410
Thalamus/hypothalamus 0.11 £0.02 085+18 0.00+1.38

Table 4B indicate that the two-site allosteric model
predicted the data better than did the two-site competi-
tive model.

Autoradiographic Visualization of the Higher and Lower
Affinity [’H]DADL-Binding Sites

Studies published elsewhere (10, 11, 25) have demon-
strated that the site-directed alkylating agents BIT and
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Fi1G. 7. Saturation binding of [*H]DADL to thalamic/hypothalamic membranes in the absence and presence of OXY

The specific binding of [*’H]JDADL was determined at concentrations between 0.33 and 105 nM, in the absence and presence of 0.8, 4.0, and
32 nM OXY. The data are presented as a binding isotherm. The estimated Bp.. (Bo) was 243 fmol/mg protein. The solid lines are those generated
by the best fit two-site allosteric model (Table 4A). Each point is the mean of two experiments, each determined in triplicate.

TABLE 4
Parameters of the oxymorphone-binding surface according to the two-
site allosteric model (A) and a prediction experiment (B)

A: the 40-point oxymorphone-binding surface (Fig. 7) was analyzed
for the parameters of the two-site allosteric model. The B.., and K,
values of DADL were fixed to those obtained by analysis of the DSTLE-
binding surfaces (Table 3A). The SS was 0.0199. When fit to the two-
site competitive model, SS = 0.0741 was obtained, with K, values at
the high and low affinity binding sites of 675 + 2878 and 1.9 + 0.2 nM,
respectively. Application of the F test showed that the two-site allo-
steric model fit significantly better than the two-site competitive model
(p < 0.001). B: in a competition experiment using whole brain mem-
branes, 0.14 nM [*H]DADL was displaced by 8 concentrations of OXY
between 0.274 and 600 nM. Each point was the mean of four separate
experiments, each determined in triplicate. The displacement curves
were analyzed by MLAB for the ICs using a two-parameter logistic
equation. Using the parameters in A, predicted displacement curves
were generated and analyzed for predicted ICs values.

A. High affinity binding site Low affinity binding site
Kp (nM) 23+13 109 £ 0.9
B. ICso
nM
1. Two-site 211 + 49¢
2. Allosteric 3.6 + 0.03°
3. Observed data 20+0.1

* Significantly different from the observed ICs, ( p < 0.001, Student’s
t test).

® Not significantly different from the observed ICyx (p < 0.001,
Student’s ¢ test).

FIT, first described by Rice et al. (12), can be used to
prepare membranes highly enriched with either the
higher affinity binding site (BIT-treated) or lower affin-
ity binding site (FIT-treated). Similar results are ob-
tained when slide-mounted sections of unfixed rat brain
are treated with these alkylating agents (10).

The selectivity of the é-selective peptide DSTLE for
the higher affinity binding site suggests that the lower
affinity and higher affinity [PH]JDADL-binding sites
might correspond to the u receptor and é receptor, re-

spectively. To examine this hypothesis, slide-mounted
sections of rat brain were treated with either 1 um BIT
or 1 uM FIT, as described in Materials and Methods.

Consistent with the reported selectivity of BIT and
FIT for the u- and é-binding sites (10-12), respectively,
treatment of sections with BIT reduced [*H)OXY bind-
ing to the level of nonspecific binding, while treatment
of sections with FIT had no detectable affect on the level
of [PH]OXY binding or its typically u-like anatomical
distribution (Fig. 8).

Strikingly different results were obtained when BIT-
and FIT-treated sections were labeled with [’ H]DADL.
Higher affinity binding sites (BIT-treated sections) had
the distribution characteristic of type II (2) or 4-binding
sites, while the lower affinity [*H)DADL-binding site
(FIT-treated sections) had an anatomical distribution
almost indistinguishable from the u-binding sites labeled
by [PH]OXY (2, 20).

DISCUSSION

The mechanism by which u ligands inhibit the binding
of prototypic & receptor ligands such as [°*H]leucine en-
kephalin and [*H]DADL is controversial. Rothman and
Westfall (26) were the first to report the apparent non-
competitive interaction of u ligands with § receptor bind-
ing. The major focus of their subsequent work was to
distinguish between the widely accepted two-site com-
petitive model and an allosteric model. The former model
hypothesizes that ligands such as DADL and ]eucine
enkephalin, which in physiological systems are “proto-
typic” & agonists (27), bind equally well to u and &
receptors in vitro (9). Computer simulations (13, 28) and
the examination of actual data clearly show that this
model can result in the appearance of apparent noncom-
petitive inhibition.

The alternative model first considered by Rothman
and Westfall is best described as the one-site allosteric
model. This model supposes that § ligands label a single
class of sites (the & receptor), and that x ligands are
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SH-DADLE

FI1G. 8. Autoradiographic visualization of the higher and lower affinity [°*H] DADL-binding sites

Slide-mounted coronal sections of rat brain at the level of the caudate nucleus were treated with either BIT or FIT as described in Materials
and Methods and the anatomical distribution of [PHJDADL- and [*H]OXY-binding sites was autoradiographically visualized. The upper two
panels depict the results obtained with sections not treated with alkylating agent, the middle panels show when sections were treated with FIT,
while the lower two panels depict the results obtained when sections were treated with BIT. Control binding studies utilizing slide-mounted
sections of rat caudate indicated that [*H]DADL labeled two binding sites with K values of 1.1 and 7.3 nM, respectively, and that OXY was a
competitive inhibitor at the higher affinity binding site (Kp = 22.0 nM) and an apparent noncompetitive inhibitor at the lower affinity binding

site (Ku = 2.0 nM).

mixed competitive-noncompetitive inhibitors of é recep-
tor binding. Using a variety of approaches, they pre-
sented evidence that the one-site allosteric model fit their
data better than did a two-site competitive model. To
explain the finding of noncompetitive inhibition, they
proposed that u and § receptors coexisted in an “opioid

receptor complex.” In their autoradiographic study,
Bowen et al. (2) demonstrated that, using the Na/Mn/
GTP condition, [PH]DADL labeled two anatomically and
biochemically distinct populations of binding sites in
sections of unfixed caudate. Recognizing this, Rothman
and Westfall (7) noted that their data were consistent
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TABLE 5
u — & noncompetitive interactions: a summary
A summary of the various in vitro conditions in which a 4 —  noncompetitive interaction has been observed. The last condition is from

unpublished data.
Ligand Assay temp. Protease inhibitors Preparation Assay condition Ref.
°C

[*H]LE 0 No Membranes 80 mM NH Ac buffer; 6
no ions

[*H]ME 0 No Membranes 80 mM NH, Ac buffer; 7
no ions

[*H]LE 0 Yes Membranes 80 mM NH, Ac buffer; 11
no ions

[*H]DADL 25 Yes Slide-mounted Na/Mn/GTP 10

sections

[*H]DADL 25 No Membranes 50 mM Tris-HCI + 33
CaCl;

[*H]LE 25 Yes Membranes 80 mM NH,Ac buffer
+3 mM MnCl,

with the possibility that é ligands label two populations
of & receptors. According to this hypothesis, u ligands are
pure competitive inhibitors at one class and pure non-
competitive inhibitors at the other class of binding sites.
This results in the appearance of mixed competitive-
noncompetitive inhibition if the Kp of the é ligand is
similar at both sites. This model implies the existence of
a receptor complex consisting of interacting u- and é-
binding sites and, in addition, a pure § receptor at which
u drugs interact competitively. We call this the two-site
allosteric model.

We show in this study that [PH]JDADL labels two
binding sites at which DSTLE interacts competitively.
The experimental design used (i.e., analysis of binding
surfaces) led to very precise parameter estimates. An
appropriate portion of the OXY-binding surface gener-
ated using a source of membranes highly enriched in the
lower affinity binding site demonstrated apparent non-
competitive inhibition. Analysis of this surface showed
that the two-site allosteric model fit the data signifi-
cantly better than did the two-site competitive model.
Thus, the extensive set of data presented here is best
described by a model which hypothesizes that [PH]DADL
labels two binding sites, and that OXY is a competitive
inhibitor at the higher affinity binding site, and a non-
competitive inhibitor at the lower affinity binding site.

An interpretation consistent with the finding of non-
competitive inhibition is that the lower affinity [*H]
DADL-binding site is the é-binding site of an opiate
receptor complex which consists of interacting and pre-
sumably physically associated u- and §-binding sites. The
autoradiographic study reported in Fig. 8 supports this
hypothesis, in that the lower affinity [*H]DADL-binding
site has the same anatomical distribution as the u-bind-
ing site labeled by [*H]OXY. This is consistent with the
findings of Bowen et al. (29) that 6-hydroxydopamine
lesions of the substantia nigra caused equal decreases of
u and & binding to the same receptor patches in the
ipsilateral striatum. This was taken as evidence that u-
and é-binding sites are localized to the same striatal
dopaminergic nerve terminals. However, since appar-
ently identical anatomical distributions of two binding

sites at the light microscopic level does not prove identity
of the two binding sites at the molecular level, we inter-
pret the autoradiographic experiments in the context of
the membrane-binding studies.

As we document in Fig. 1, the Na/Mn/GTP condition
maximizes [*HJDADL binding. Other studies® suggest
that the enhancement of [°’H]DADL binding results pri-
marily from a decrease in the K of [*H]DADL for the
lower affinity site. Given that the focus of this study is
the interaction of u ligands with the lower affinity [°H]
DADL-binding site, the Na/Mn/GTP condition was a
logical choice. We have not yet studied in detail inter-
esting, but unrelated, questions about the mechanisms
underlying the effect of Na/Mn/GTP (30), although
involvement of receptor thiol groups may be indicated
(31).

The ionic conditions utilized in this study as well as
the fact that the protease inhibitor cocktail inhibited
[*H]DADL binding by 25% raises the possibility that the
observed noncompetitive interactions might be condi-
tion-dependent. However, the ability of u ligands to
inhibit é agonist binding noncompetitively has been ob-
served using a variety of different conditions. These are
reported in Table 5. These data suggest that the noncom-
petitive interactions reported here are not a consequence
of any particular set of assay conditions, but reflect an
underlying property of the lower affinity [*H]DADL-
binding site.

The finding that u ligands noncompetitively inhibit
[*H]DADL binding to its lower affinity binding site led
us to use a terminology which emphasizes the finding
that [PH]DADL labels two 8-binding sites (10). The type
II é-binding site (u-competitive, higher affinity binding
site) is analogous to the diffusely distributed type II
opiate receptor (2). The type I é-binding site (u-noncom-
petitive, lower affinity binding site) is the é-binding site
of the opiate receptor complex. u ligands inhibit [*H]
DADL binding to this site noncompetitively via an in-
teraction at a physically associated u-binding site. An
interesting question is which of these receptors is anal-
ogous to the adenylate cyclase-coupled receptor of the

3 R. B. Rothman et al., in preparation.
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neuroblastoma-glioma hybrid cell (32). Studies in this
regard are now underway.

A question of obvious importance is the relationship
of the two-site allosteric model to other models of the
opiate receptors. The autoradiographic studies reported
in Fig. 8 suggest that the u-competitive (higher affinity)
and p-noncompetitive (lower affinity) [*H]DADL-bind-
ing sites are synonymous with the type II and type I
opiate receptors (2). Our data support the protein-lipid
model of the opiate receptor proposed by Lee and Smith
(3), with the exception that the type II é-binding site is
seemingly inconsistent with the unitary concept of the
opiate receptor that they recently proposed (8). The data
of Pfeiffer and Herz (33) fully support the two-site allo-
steric model. Most investigators identify the lower affin-
ity [*(H]DADL-binding site as the u receptor (1, 9). Our
model extends this widely accepted notion, in that it
allows for the finding that u ligands noncompetitively
displace [*H)DADL binding from this site.

The relationship of our model to that proposed by
Pasternak (34) is not clear. This investigator has pro-
posed a three-site binding model which supposes that u
and § ligands share a single common high affinity binding
site. Analysis of the DSTLE-binding surfaces according
to the three-site competitive model provided no compel-
ling evidence that [*’H]DADL labels three binding sites.
It is possible that our inability to detect three binding
sites is condition-dependent. However, in that Pfeiffer
and Herz (35) and Barrett and Vaught (28), who used
similar quantitative techniques, also failed to find ligand-
binding evidence supporting the Pasternak hypothesis
suggests that this is not the case. Examination of the
effect of naloxonazine in our assay system should help
to clarify the relationship between the Pasternak model
and that which is considered in this study.

In summary, quantitative analysis of the interaction
of OXY and DSTLE with [PHJDADL binding to rat
brain membranes has demonstrated that a two-site al-
losteric model fits the data significantly better than does
the widely accepted two-site competitive model. Thus,
the noncompetitive interactions observed using mem-
branes treated with the site-directed alkylating agent
FIT (10, 11) are not created by the alkylating agent.
Additionally, these findings suggest that prototypic &
agonists like [*H]DADL label two 4-binding sites in vitro
distinguished by the inhibitory mechanism of u ligands.
Our finding of apparent u-5-binding site interactions in
vitro suggests that apparent u-é interactions observed in
vivo may reflect the physiological functions of the opiate
receptor complex (36, 37).
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