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SUMMARY

In a recent paper from our laboratory [Mol. Pharmacol. 21:538-547 (1982)] evidence was

presented which suggested that [3H]leucine enkephalin labels a single class of binding
sites (the enkephalin receptor) and that morphine allosterically induces a masking of
enkephalin receptors as a consequence of binding to a receptor (the morphine receptor)
not labeled by the 3H-peptide. Evidence is presented in this paper that [3H]etorphine can

be used to label selectively the morphine receptor and that the inhibitory dissociation
constants (K1) of morphine, etorphine, and human ,8-endorphin for the [3H]etorphine
binding site closely approximate the concentration of these drugs which produce a half-
maximal decrease in the number of enkephalin receptors. Furthermore, an examination
of the interaction of leucine enkephalin and methiomne enkephalin with the morphine

receptor has demonstrated that the pentapeptides are not competitive inhibitors of [3H]
etorphine binding, and that they have much lower affinities for the morphine receptor
than previously thought. On the basis of these data, a working hypothesis has been

formulated which postulates that distinct morphine and enkephalin receptors coexist in
an opioid-receptor complex.

INTRODUCTION

A variety of data support the classification of opioid
receptors into morphine ( mu) receptors and enkephalin
(delta) receptors (1-13). We recently presented data (14)
which suggest that [3H]LE3 labels a single class of binding
sites in a crude particulate fraction of rat brain (mem-
branes), the enkephalin receptor. We further showed that
morphine as a consequence of binding to a receptor not

labeled by [3H]LE, i.e., the morphine receptor, ailosteri-
cally decreases the number of [3H]LE binding sites.
These data suggest that [3H]LE selectively labels the
enkephalin receptor, and that occupation of the mor-
phine receptor by morphine results in a masking of

enkephalin receptors. On the basis of this working hy-
pothesis, we have formulated two predictions.

First, the inhibitory dissociation constant (K1) of mor-
phine for the morphine receptor as measured by direct
binding should equal its dissociation constant as mea-
sured indirectly from its ability to mask enkephalin re-
ceptors.

Second, data in the literature suggest that LE has 2 to
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10 times lower KD values for the enkephalin receptor
than the morphine receptor (2-5). These apparent KD

values were calculated by assuming competitive inhibi-
tion from the concentration of LE which inhibited by
50% (the IC�,o) the binding of the 3H-ligands used to label
morphine and enkephalin receptors. Since our hypothesis
states that [3H]LE does not label the morphine receptor,
a prediction which follows is that the apparent KD of LE
for the morphine receptor is considerably lower than the
actual KD of the peptide for this binding site.

As a probe for the morphine receptor, we selected [3H]
ET because the binding of this ligand was characterized
by linear Scatchard plots (15, 16). In contrast, markedly
biphasic Scatchard plots have been consistently observed
with [3H]dihydromorphine. Data from bioassays suggest
that ET is not selective for the morphine receptor(s).
The current interpretation of ligand binding data (2-5)

supports this notion. The KD of etorphine for the en-
kephalin receptor has been calculated by assuming corn-
petitive inhibition, but this assumption has not been

experimentally validated (2-5). This suggested to us that
ET, like morphine, might have a higher KD for the
enkephalin receptor in vitro than previously thought.

The data presented in this paper demonstrate that, with
the proper experimental conditions, [3H]ET can be used
to label selectively the morphine receptor. With the use

of [3H]ET to label the morphine receptor, the predictions
of the allosteric model have been confirmed.
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MATERIALS AND METHODS

The binding of [3H]LE and [3H]ET was determined as
previously described (14), with two exceptions. First, /3-
endorphin was diluted with buffer containing bovine
serum albumin (1 mg/mI) and with the use of polystyrene
test tubes. The binding assays were conducted in poly-
styrene test tubes (17). The final concentration of albu-

min was 45 /Lg/ml, which had no effect on the binding of
either 3H-ligand. Second, an experiment reported here
used washed membranes (Table 2). The binding of [3H]
ET to washed membranes was equivalent to that ob-
served with unwashed membranes (prepared by centrif-
ugation of the initial homogenate at 27,000 x g for 15
mm) except that the reproducibility of the triplicate
samples was poorer. It was found that inclusion of 5 m�i
MgC12 improved the reproducibility without altering the
specific binding of [3H]ET. Thus the binding of [3H]ET
to washed membranes was conducted in the presence of
5 mM MgC12.

Calculations and statistics were carried out as prey-
ously described (14). Each experiment was carried out
three times with the freshly prepared membranes of
separate rats. Except where indicated, the standard error
of the mean was less than 10% of the mean. An asterisk

indit�’ittt�s p � 0,05 whs�n �ompitr�d with �ontrQ1, its dttsr�
mit��d with Stud�nt’� t�u�st�

[1H1F�T (sp�ifit� iic�tlvfty 41 i�nd �7 CI/rnmoh) wits
pur�huss�d from Amt�rshttm Corporfttion (Arlington

Heights, Ill�)� l1nd [�1iiLE ($p�lt��fl1! uetlvlty 31 C1/mmoki)
Wft$ pur�hii�d from N&�w F�ngliind Ni�w1t�wr Corport*tion

(Boston� Mas�,) Morphine wits u gift of M�r�k (Rnhwi�y�
N J�)1 und humirn /3�ndorphin w�s kindly doni�tt�d by
PrQf�$$or C, H� Li1 Hormotw R�s�ftreh Lubortitory, Uni�
vtwsity of C�tlifornbi (Sen Fri�ncisco, C�1if,), LE und mt�
thionhw �nk�phi�1in w�irt� purt�htist�d from Signu� Chom�
k�t1 Compuny (St’ Louis, Mo,), �tnd ET wus n gift of Dr
jnmtt� Wlthtttt, Nntloniil Institut& on Drug Abu8tt (B�
th�sdft, Md�)� Nft1oxon� HC1 wiis donutttd by Endo Liih�

orutorlts (Oftrdttn City, N, Y)�

RI�$UI.4T�

Evith�ne� (/m( [1H]ET l&�l� (1w rnorphin� r�t�p(or,
Th� rnQrphin� r�ptor h�s previously bt�n d�tt�ttd
indir�t1y by monitoring tht� moi’phint4ndu�d ios� of

i1HILE binding �1t�s Tht� first prediCtion of th� aU1ost�rie
hypoth�si� suttt�s thi�t th�t rnorphini r��ptor should bit
ditrnonstrttblit by diritCt. bibitling, This prttdiction iiddi�
tioniUly stt�tes thiit thit K1 of niorphinit for this siw should
itquftl thit ioon�#{248}ntrntion of morphinit whlvh �susits i� hftlf�
mt4ximi�1 ditioritftstt in thit numbitr of itnkitphitlin rit�itptors1
whiith for thit s4kit of �onvitniitnt�it wit will �ll Its Kiq,

In Fig, 1 is shown u typi�l s�tur�tion binding curve
ovitr thit ri�ngit of 0,12�2 niw [1HIET, whk�h is 2�%�-$�
s�turHtion, Thit rtnio of total to nonspititifl� binding
r�ngitd from 6,1 i�t Q12� tmi [�H]ET to � �t 2 n�t [1H1
ET� A Siti�tithi�rd plot of th�sit dftt� w�s linit�r, itonslstitnt.
with thit hypothitsis thst [1HIET w�s lithitling s single
eli�ss of binding sites, or two sites with similar K� vitlues,

Since [�tH]F�T could he Inbeling both morphine iind
enkepMlin rei�eptors with similiir iiffinity, . consistent
with i� lineftr Scfttchit�rd plot1 the binding of [�H1�T w�s
exumined st nIne concentri�tions between 0,062� flM iind

BOUND fmol/mg protein

FIG. 1. Total, specific, and nonsppcific binding of[3HJET

Binding of 0.125, 0.25, 0.5, 1, and 2 n�s [ 3HJET in the absence (0)

and presence of 10 �aM morphine (�) to a crude particulate fraction of

whole rat brain is shown in the left panel. The specific binding (D) was

calculated as the total binding minus the nonspecific binding. A Scat-

chard plot ofthe specific binding, shown in the right panel was analyzed

by linear regression and was characterized by a JC� of 0.38 ± 0.01 nM

and a Bmax of 262 ± 2.5 fmoles/mg of protein (r2 = 0.99). All values are

means � �ttndnrr1 t�rrnr of the � � = 3.

16 nM These dut� �re shown In Fig, 2, flec�use of the
high nonspeei& binding i�t concentrutions i�bout 2 n�i
the binding of [1HIET �t 4 nM 8 UM, �nd 16 nM wus very
imprecise, The Scfttchnrd plot devisted from lineitrity ut
concentrutions ubove 2 nM Anulysis of the dutu by ii

§d$�’

ad 4�#{248} �I 8� u�eo

BOUND fmol/rnq protern
FIO � � i�f()(kt�#{241}(.a�I:�/l, 0411) fr)�l 142, 4, �, qn�f lt.i 1DM /11/

ll�T tp� o � pl#{237}�/

Th� �tanrlitsd 4�avintlon of tim binding oh�rvs�d �ti �tch t�)ncs�nln0�
000 01 1t�*ttI) (4 �htiwn it� �* hor(4ttrnlol sol(d l(ne� Lito�aitr rtgr�abs)un o

ths� fir�t �)x point� (0�O(i�2� DM-� rtM) w� i.’on���t@nt with �*

binding ��tntpo,it�itt �huufuttler(�d by �o Ku of 03i ± � 001 flM �tIItI �t

of �7ft �; SM fm�tls��/mg of prottin (r� � 097) Nonl)n�*s ti�o�(-bqtuui’e�i

itnul�v�ib Of ths� d�o for high� �rnd low�u*mnity K, pond � vithss�
,vital4et:t � = 0�3a PM Kg � 37 nM fl514�11� �O t’molt�/mg of prottin
uond � � 1089 t’rno$�/ntg of prou�in1 whIch fit � dutot well (p K

0?0� Th� �urvs pr�d)et&a4 by the�ta pitu’�met�r� is shoWn (- � -I Th�

st�rtk’al lltu� do nul indw�t� trror b�trs Tht� (ntsins�.’tions of ths�st� l(nt�
with tht �rror bars rs�p��t�nI ttw �kpt�r)m�fltst poiiflb. Thua s�ps�rim�nI�l

nwdlurn wuts fltts�rs�4 �tt�r a 4-hr )neuh�*t)on on )o#{248}AU valu� i*rs� mt�ans

�; �andurrl �‘rror of the msa�n; o =
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550 ROTHMAN AND WESTFALL

nonlinear least-squares curve-fitting program according

to a two-site model yielded high- and low-affinity KD

values of 0.33 nM and 37 nM, and high- and low-affinity
Bmax values of 250 and 1089 fmoles/mg of protein, re-

spectively, which fit the observed data well (p <0.05).
Linear regression of the high-affinity component of the
Scatchard plot (the binding at concentrations between
0.0625 nM and 2 nM [3H]ET) yielded a KD of 0.33 ± 0.01
nM and a Bmax of 279 ± 6 frnoles/mg of protein. Thus,
linear regression of the first six points of the Scatchard
plot yielded an excellent estimate of the high-affinity

binding component. This is consistent with the 112-fold
difference in the KD values of [3H]ET for the two binding
sites. According to these parameters, 80% of [3H]ET
binding at 2 nM is to the high-affinity component. These
data indicate that the high-affinity binding site can be
studied by using concentrations of [3H]ET less than or
equal to 2 nM.

In order to explore the hypothesis that the high-affinity
binding site of [3H]ET may in fact be a composite of
morphine and enkephalin receptors, the displacement of

0.4 nM [3H]ET by 10 concentrations of morphine between
2 nrvi and 1024 nM was examinned. A Hill plot of these
data, shown in Fig. 3, was characterized by a Hill coeffi-
cient of 0.72 ± 0.008 and IC �o of 37 ± 1 n�i. A K1 of 14
± 0.4 nM was calculated assuming competitive displace-
ment from a single site to which [3H]ET bound with a
KD of 0.25 nM. This KD value was chosen since a Scat-
chard plot of the binding of [3H]ET was not determined
in the same membranes used for the displacement exper-
iment. The KD was assumed to be about 0.25 nri�i, since
this value yielded a K1 of morphine very close to what
had been observed in two other experiments (Ki = 12.5
± 0.5 nM and 13 ± 1 nM, respectively) and was within the
range of KD values we typically obtained with [3H]ET.

IT IT I I I II 11 II 111 1 II II IJITI 1j111T1

-98 -8.5 -80 -75 -78 -65 -68 -55

LOG [MORPHINE]

FIG. 3. Displacement ofthe binding ofo.4 flM [‘H]ET by 2, 4, 8, 16,

32, 64, 128, 256, 512, and 1024 nr�c morphine (0) as a Hill plot

The data predicted by the two-site model, as described in the text,

are also shown (x). Linear regression yielded Hill coefficients and IC�

values for the observed and predicted data of 0.72 ± 0.008 and 0.74 ±

0.007, and 37 ± 1 nM and 39 ± 0.8 nM, respectively (r2 = 0.99 for both

sets of data). The control binding was 1 13 ± 5 fmoles/mg of protein.

For the observed data, all values are means ± standard error of the

mean; n = 3. The observed data fit the predicted data (p < 0.001) as

calculated using the x2 statistic.

(The variation in the K1 of morphine was always less
than the variation in the KD [3H]ET.)

The data of the same displacement curve were ana-

lyzed by the nonlinear least-squares curve-fitting pro-
gram according to a two-site model, as described by the
following equation:

ET
Bound = A x

ET + KD(1 + M/Kmu)

ET
+(100-A) x

ET + KD(1 + M/Kenic)

where ET equals the concentration of [3H]ET (0.4 nM),

KD equals 0.25 nI� (assumed to be the same for both
morphine and enkephalin receptors), Kmu equals the KD

of morphine for the morphine receptor, Kenk equaLs the

lCD of morphine for the enkephalin receptor, A equals the
percentage of total binding sites that are morphine re-
ceptors, and M equals the concentration of morphine.
The parameters that yielded the best fit to the observed
data were Kmu 6.6 n�, Kenk 172 11M, and A = 74. This

solution in fact closely resembles both the selectivity of
morphine for enkephalin and morphine receptors, and
the relative numbers of these two receptors reported by
Chang and Cuatrecacas (2). The calculated data de-
scribed the observed data quite well (p < 0.001). A Hifi
plot of the displacement curve predicted by the two-site

model using the above parameters is shown in Fig. 3. The
Hifi coefficient and IC� were not signfficantly different
from that of the observed data. (The derivation of this
equation is given in ref. 14.)

Quite clearly, then, the displacement of [3H]ET from
the high-affinity binding site by morphine is consistent
with both a single-site and a two-site model. In order to
distinguish between these models, the effect of 10 and 40
nM morphine on the high-affinity binding component of
[3H]ET was examined and compared with data predicted

by the two-site model.
The two-site model predicts that 10 nr& morphine wifi

be a competitive inhibitor of the binding of [3H]ET with
a K1 = 10 nM. An additional prediction is that 40 nM
morphine would be expected to cause an apparent 19%
decrease in the Bmax with a 2.88-fold increase in the KD

from which a K1 of 21 n�i can be calculated. A Scatchard
plot of the predicted data is shown in Fig. 4A. On the

other hand, the single-site model predicts that both 10
and 40 nM morphine will be competitive inhibitors with
K1 values of about 12 nM. The obst �‘ed data are shown
in Fig. 4B. As predicted by both models, 10 n�i morphine
was a competitive inhibitor with a K1 of 12 ± 0.4 riM. The

effect of 40 nM morphine was not in accord with the data
predicted by the two-site model. This concentration of
morphine was a competitive inhibitor and caused a 4.14-
fold increase in the KD from which a K1 of 12.7 ± 1.1 nM
was calculated. Thus, the observed data are not in agree-
ment with the data predicted by the two-site model, but
are consistent with the one-site model.

Taken together, the preceding data strongly suggest

that the high-affinity [3H]ET binding site is the morphine
receptor. A Scatchard plot of the binding of [3HJET over
the concentration range of 0. 125 nM to 2 riM is linear and
provides an accurate estimate of the high-affinity [3H]
ET binding site. Additionally, displacement of [3H]ET
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4 5. Ward and A. E. Takemori, personal communication.

5 R. Barrett and J. L. Vaught, personal communication.

LTJ
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FIG. 4. Scatchard plots of the binding of 0.125, 0.25, 0.5, 1, and 2

flM [3H]ET in the absence (0) andpresence of 10 flM (t�) and 40 tiM

(0) morphine

A. The binding curves predicted by the two-site model (see text)

were characterized by Kb values of 0.25, 0.50, and 0.72 nr�e and Bmax

values of 100, 99, and 81% saturation, respectively (r2 = 0.99 for all

three curves).

B. Linear regression of the data yielded r2, K0, and Bmax values of

0.99, 0.98, and 0.87; 0.41 ± 0.008 nM, 0.74 ± 0.024 nt,e, and 1.7 ± 0.15*

nM; and 280 ± 3, 289 ± 6, and 270 ± 18 fmoles/mg of protein,

respectively. K, values of 12 ± 0.4 ni�i and 12.7 ± 1.1 ni�i, respectively,

were calculated. All values are means ± standard error of the mean; n

= 3. *� < 0.05 when compared with control.

from the high-affinity binding site by morphine is not
consistent with the hypothesis that this binding site is a
composite of both morphine and enkephalin receptors.
Furthermore, linear Scatchard plots of [3H]ET binding
have been observed by Dunlap et al. (15), Minneman et

al. (16), Ward and Takemori,4 and Barrett and Vaught.5

In order to determine the concentration of morphine
which caused a half-maximal decrease in the number of

enkephalin receptors, the percentage decrease in the
Bmax versus the percentage decrease in the Bmax divided
by the concentration of morphine was plotted (a modified
Scatchard plot) and analyzed by linear regression. These

data were presented in a previous paper (14). The KM of
morphine (1/slope), as shown in Table 1, is 10 ± 1.5 n�.i,
whereas the K1 of morphine for the [3H]ET binding site
is 12 ± 0.4 nM (Fig. 4B). The close agreement between
the K1 of morphine determined by direct binding and the
KM of morphine determined by measuring an effect of
morphine strongly suggest that [3H]ET labels the mor-
phine receptor predicted by the allosteric hypothesis.
The extrapolated maximal decrease in the Bmax of 45%,
which we have called the V�x, is consistent with the
observed data documented in our previous paper (14).

Interaction of ET and f3-endorphin with morphine
and enkephalin receptors. To provide additional data
with which to examine the first prediction ofthe allosteric
hypothesis, the effect of unlabeled ET and /3-endorphin
on the saturation binding of [3H]LE was examined. As
shown in Fig. 5A, 1 nM etorphine caused a 28% decrease
in the Bmax, with no significant alteration in the KD. A

TABLE 1

Scatchard analysis ofthe drug-induced masking of enkephalin

receptors

Modified Scatchard plots of the concentration-dependent decrease

in the number of [3H]-LE receptors induced by ET, morphine, and

$H-endorphin were analyzed by linear regression and the KM (1/slope)

and the extrapolated maximal percentage decrease (the X-intercept)

Vmax were compared with the dissociation constant (K, or Ky) of these

drugs for the [3H]ET binding site. All values are means ± standard

error of the mean; n = 3.The correlation between the KM and K, values

was characterized by an r� of 0.99.

Drug r2 KM Vmax K,

% decrease nM

Etorphine 0.97 0.6 ± 0.07 45 ± 1.8 0.47 ± 0.01

Morphine 0.74 10 ± 1.5 45 ± 1.7 12 ± 0.4

$-Endorphin 0.88 5.0 ± 1.1 42 ± 4.7 4.7 ± 0.2

concentration of 5 nM ET elicited a 39% decrease in the

Bmax and a 1.7-fold increase in the KD, from which a K1 of
7.1 ± 0.2 nM was calculated. In another experiment (data
not shown), 0.5 n�i ET elicited a significant 19% decrease
in the Bmax without significantly altering the KD. Scat-
chard analysis of the dose-dependent decrease of the
Bmax, shown in Table 1, resulted in a KM of 0.6 ± 0.07 nM,
which is in close agreement with the KD of [3H]ET
determined by direct binding. The Vmax of 45 ± 1.8% also
agrees with that determined for morphine. These data
provide further evidence that the high-affinity [3H]ET
binding site is the morphine receptor predicted by the
allosteric working hypothesis.

As shown in Fig. 5B, 5 and 15 nr�i fJ-endorphin also

BOUND fmol/mg protein BOUND fmol/mq protein

FIG. 5. Scatchard plots of the binding of [�H]LE in the absence

and presence of ET and fi-endorphin

A. The binding of 0.75, 1.5, 3, 6, and 12 nM [3H]LE in the absence

(0) and presence of 1 nM (�) and 5 ni�i (D) etorphine. The r2, K,, and

Bmax values were 0.93, 0.98, and 0.98; 5.0 ± 0.3 nr�i, 4.7 ± 0.1 nai, and 8.5

± 0.3 nM; and 204 ± 9, 146 ± 3*, and 124 ± 3* fmoles/mg of protein,

respectively. All values are means ± standard error of the mean; n = 3.

*p < 0.05 when compared with control.

B. The binding ofO.75, 1.5, 1.5, 3, 6, and 12 nM [�H]LE in the absence

(0) and presence of 5 nM (Li) and 15 nM (D) $-endorphin. The r2, K!),

and Bmax values were 0.93, 0.94, and 0.81; 4.8 ± 0.3 nM, 6.4 ± 0.4 nM*

and 8.8 ± OP nM; and 193 ± 8, 151 ± 7*, and 129 ± 12� fmoles/mg of

protein, respectively. All values are means ± standard error of the

mean; n = 3. *p < 0.05 when compared with control.
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552 ROTHMAN AND WESTFALL

caused dose-dependent decreases in the number of [3H]
LE binding sites of 19% and 33%, respectively. Both

concentrations of /3-endorphin increased the KD, from
which K1 values of 15 ± 0.9 and 18 ± 2 ni�’i were calculated.

The mean of these two values, 17 ± 2 n�i, is therefore a
good estimate of the K1 offl-endorphin for the enkephalin
receptor. An additional experiment (data not shown)
indicated that 2 nM /3-endorphin caused a significant 12%
decrease in the Bmax with no significant alteration in the

KD. Scatchard analysis of the dose-dependent decrease
in the Bmax, shown in Table 1, yielded a KM of 5.0 ± 1.1
nM and a Vmax of 42 ± 4.7 ni�. Scatchard analysis of the
binding of [3H]ET in the absence and presence of 4 nM

/3-endorphin (a concentration well below its K1 for the
enkephalin receptor) as shown in Fig. 6 demonstrated
competitive inhibition. A K1 of 4.7 ± 0.2 nM was calcu-
lated, which closely agrees with the KM.

The effect of ET and /3-endorphin on the saturation

binding of [3H]LE is consistent with the same ailosteric
model hypothesized to describe the interaction of mor-
phine with the enkephalin receptor (14). As a check of
the internal consistency of this interpretation, the equa-

tions describing the allosteric interactions of these drugs
with the enkephalin receptor were used to generate pre-
dicted displacement curves of the binding of [3H]LE by
ET and f3-endorphin, which were then compared with
the observed displacement curve. The equation used was

Bound = (i _ � x D ±KM)

2.1 + 4.8 (1 + D/K1)

where D equals the concentration of drug, KM is the
value given in Table 1, and K1 is the dissociation constant
of the drug for the enkephalin receptor. The KD of [tHI

LE was fixed to 4.8, since in the experiments shown in
Fig. 5A and B this closely approximated the observed

BOUND fmol/mg protein

FIG. 6. Binding of 0.2, 0.4, 0.8, 1.6, and 3.2 flM [�H]ET in the

absence (Elil) and presence of 4 nM fi-endorphin �) as a Scatchard

plot

The r�, K�, and B,,�1 values were 0.94 and 0.97, 0.54 ± 0.02 nM and

1.0 ± 0.04* nM, and 286 ± 6 and 303 ± 8 fmoles/mg of protein,

respectively. A K, of 4.7 ± 0.2 nM was calculated. All values are means

± standard error of the mean; n = 3. 5p < 0.05 when compared with

control.

LOG [DRUG]M

FIG. 7. Displacement of the binding of 1.5 nM [3H]LE by 1, 10,

50, and HYJ flM f3-endorphin (0) and 0.2, 1, 10, and 1fY.� tiM ET (D) as

Hill plots

The curves were analyzed by linear regression and were character-

ized by r2, Hill coefficients, and ICr,o values of 0.99 and 0.99, 1.1 ± 0.02

and 0.80 ± 0.02, and 13.7 ± 0.5 nM and 3.8 ± 0.25 ni�i, respectively.

Apparent K, values of 9.6 ± 0.4 nM and 2.7 ± 0.2 flM, respectively, were

calculated. All values are means ± standard error of the mean; n = 3.

Binding in the absence of drug was 38 ± 2 fmoles/mg of protein. The

displacement curves predicted by the allosteric model (see text) for fi-
endorphin (x) and etorphine (i�) are also shown and were characterized

by Hill coefficient and IC�o values of 0.90 ± 0.002 and 0.77 ± 0.02, and

10 ± 1 nM and 2.4 ± 0.13 flM, respectively. The r2 between the observed

and predicted data was 0.99.

lCD. The concentration of [3H]LE was set to 0.44 times
the KD (2.1 nM), since the concentration of [3H]LE used
in the observed displacement curves (1.5 nM) was 0.44
times the KD of [�H]LE in that series of experiments. The
maximal percentage decrease in the Bmax was set to 45%,
since this value approximated the � values observed
with morphine, ET, and /3-endorphin. (The derivation of
this equation is given in ref. 14.)

As shown in Fig. 7, the observed displacement of [3H]

LE by /3-endorphin was well described by the displace-

ment curve predicted by the allosteric model. Similarly,
the observed displacement of [3H]LE by ET was almost
identical with the data predicted by the allosteric model.
For both drugs, the r� between the observed and pre-

dicted data was 0.99. Thus, the allosteric model describes
well both the effect of fixed concentrations of ET and
/3-endorphin on the saturation binding of [3H]LE, as well
as the displacement of a fixed concentration of [tHILE
by increasing concentrations of these drugs as has been
shown to be the case for morphine in our previous paper

(14).
Two important points are made by the preceding ex-

periments. As pointed out previously, LE, /3-endorphin,
and ET are thought to bind to both morphine and
enkephalin receptors with similar KD values. If this were
correct, then ET and /3-endorphin would be competitive
inhibitors of [1H]LE binding. That this is not the case
strengthens the hypothesis that [3H]LE does not label
the morphine receptor. Additionally, the ability of /3-

endorphin to mask [3H]LE binding sites and displace
[‘H]LE binding with a Hill coefficient of about 1.0 is
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inconsistent with the two-site model. Such a two-site
model is characterized by Hifi coefficients less than 1. A
good example of such a model is the displacement of [3H]

spiroperidol by N-propylapomorphine (18).
We believe that the preceding data provide strong

confirmation of the first prediction of the ailosteric hy-
pothesis. Data have been presented which demonstrate
that appropriate concentrations of [3H]ET label a single

class of binding sites distinct from that labeled by [3H]
LE. The K1 values of morphine, /3-endorphin, and etor-
phine for the [3H]ET binding site agree well with the KM

values determined by Scatchard analysis of the dose-
dependent drug-induced masking of enkephalin recep-

tors.
Interaction of LE and ME with morphine and en-

kephalin receptors. The second prediction of the allo-
steric model is that the apparent K1 of LE for the mor-
phine receptor is considerably lower than actual K1 of LE
for the morphine receptor. These apparent K1 values
have been determined from displacement curves and

calculated by assuming competitive inhibition. This sug-
gests that LE may not be a competitive inhibitor of [3H]
ET binding.

The displacement of 0.4 nM [3H]ET by LE and ME,
shown as a Hill plot in Fig. 8, was characterized by Hill
coefficients of 0.69 ± 0.02 and 0.50 ± 0.02 and IC�,o values
of 60 ± 4.2 nM and 5.2 ± 0.6 nM, respectively. Apparent
K1 values of 35 ± 2.4 ni�i and 3.0 flM were calculated for
LE and ME, respectively.

As previously pointed out, displacement curves char-
acterized by low Hifi coefficients are consistent with the

-9 LOG[DRUG] M

IG.8 .D isplacemento ftheb indingo fo.4n M[ 3H]ETb y2 ,1 0,5 0,2

50,a nd1 250t iML E( )a nd1 ,5 ,2 5,1 25,a nd6 25n MM E( Li)a sH illp

lotsT

hec urvesw erea nalyzedb yl inearr egressiona ndw erec haracter-i

zedb yr 2,H illc oefficient,a ndI C�v alueso f0 .98a nd0 .98,0 .69± 0 .02a

nd0 .50± 0 .02,a nd6 0± 4 .2n �ia nd5 .2± 0 .6n M,r espectively.B indingi

nt hea bsenceo fa ddedd rugw as1 49± 8 f moles/mgo fp rotein.S

catcharda nalysiso ft heb indingo f[ 3H]ETt ot hes amem embranesi

ndicateda K !)o f0 .53± 0 .02i ms.W itht hisv alue,a pparentK ,v alueso

f3 5± 2 .4n Ma nd3 .0± 0 .4w erec alculatedf orL Ea ndM E,r espect-

ively.A llv aluesa rem eans± s tandarde rroro ft hem ean;n = 3 .A lsos

howni st heL Ed isplacementc urvep redictedb yt het wo-sitem odel(

0)a sd escribedi nt het ext.T hisc urvew asc haracterizedb ya H illc

oefficiento f0 .65± 0 .02a nda nI C�,oo f5 3± 4 n at.T her 2b etweent heo

bserveda ndp redictedd ataw as0 .99.�

BOUND fmol/mq protein BOUND fmol/mq protein

FIG. 9. Scatchard plots of [‘H]ET in the absence and presence of

LE and ME

A. The binding ofO.125, 0.25, 0.5, 1, and 2 nM [‘H]ET in the absence

(0) and presence of 50 nM (U) and 250 nM (L�)LE. The r� values were

0.99, 0.91 and 0.93, and the K,.� and Bma* values were 0.44 ± 0.01, 0.97

± 0.08*, and 1.24 ± 0.1� flM, and 289 ± 4, 242 ± 13*, 150 ± 8*,

respectively. Apparent K, values of 42 ± 3.5 nM and 136 ± 9 nM,

respectively, were calculated. The dotted and dashed lines indicate the

Scatchard plots predicted by the two-site model for 50 nM and 250 nM

LE, respectively. �p < 0.05 when compared with control. All values are

means ± standard error of the mean; n = 3.

B. The binding ofO.125, 0.25, 0.5, 1, and 2 nM [‘HIET in the absence

(0) and presence of 20 nM ME (Lx) and 50 flM ME (D). The r2 values

were 0.98, 0.96, and 0.93, and the K!) and Bmax values were 0.53 ± 0.02,

1.44 ± 0.08*, and 1.6 ± 0.2* nM, and 371 ± 7, 305 ± 12*, and 195 ± 10�

fmoles/mg of protein, respectively. Apparent K, values of 12 ± 0.6 nM

and 25 ± 3 nM were calculated for 20 nrvi and 50 nM ME, respectively.

All values are means ± standard error of the mean; n = 3. *p < 0.05

when compared with control.

two-site model. These data could be taken to indicate
that [3H]ET labeled both morphine and enkephalin re-
ceptors, and that LE displaced the binding of [3H]ET
with a Hill coefficient much less than 1 owing to a
considerable selectivity for the enkephalin receptor. The

displacement [3H]ET binding by LE was analyzed by the
nonlinear least-squares curve-fitting program. The two-
site model, which was shown to describe quite well the
displacement of the binding of [3H]ET by morphine, was

________ used. The result was that Kmu 97.4 n�vi and Kenk 1.6

-�6 � I I I � � with A fixed to 74. The displacement curve predicted
by these parameters fit the observed data extremely well
(r2 = 0.99). The Hill plot, shown in Fig. 8, agrees quite
well with the observed data.

The same equation was used to predict the effect of 50
and 250 nM LE on the saturation binding of [3H]ET, as
shown in Fig. 9A. Both 50 nM and 250 nM LE are
predicted to cause about a 22% decrease in the Bmax.

Apparent K1 values of 85 nM and 94 nM, respectively, can

be calculated. The observed data are also shown in Fig.
9A. Similar to the predicted data, 50 nM LE caused about
a 17% decrease in the Bmax and increased the KD from
which an apparent K1 of 42 ± 3.5 nM was calculated. The
effect of 250 nM LE on the binding of [3H]ET was not in
accord with the predicted data. As shown in Fig. 9A, 250
nM LE produced a 48% decrease in the Bmax. All apparent

K1 of 136 ± 9 was calculated. As shown in Fig. 9B, similar
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TABLE 2

Rapid reversibility of the LE-induced masking ofmorphine receptors

Membranes were incubated for 60 min on ice in the absence (control)

and presence (treated) of 250 nM LE. After centrifugation at 27,000 x

g for 15 mm, the membranes were resuspended in ice-cold buffer, and

the binding of 1 nM [3H]ET was assayed 1 hr later. All values are means

Ii � < #{216}#{216}5when compared with control membranes.

b � < 0.05 when compared with membranes assayed in the absence

of LE.
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data have been obtained with ME. Thus, both ME and
LE produced essentially parallel shifts to the left in the
Scatchard plot of the binding of [3H]ET. This is clearly
inconsistent with the predictions of the two-site model.

The observations documented in Fig. 9A and B have
been replicated. In another experiment, 250 nM LE
caused a 49% decrease in the Bmax with a 1.78-fold in-
crease in the KD (K1 = 320 imi), and 50 n�,i ME caused a
39% decrease in the Bmax with a 2.4-fold increase in the
KD (K1 = 35 nM).

Thus, the interaction of LE and ME with the morphine
receptor is complex. Like the interaction of ET, mor-

phine, and /3-endorphin with the enkephalin receptor, LE
and ME induce apparent decreases in the number of
morphine receptors. As shown above, the interaction of

LE with the high-affinity [3H]ET binding site is not
consistent with a two-site model. This further supports
the conclusions reached earlier on the basis of the data
described in Figs. 1-5. The ability of LE and ME to mask
morphine receptors contrasts sharply with the competi-
tive interaction of morphine and /3-endorphin with this
binding site. In fact, it is interesting to note that, although
morphine and LE displace a fixed concentration of [3H]
ET with similar Hill coefficients of 0.72 and 0.69, respec-
tively, they do so via different mechanisms. This illus-
trates the limited ability of Hifi coefficients to distinguish

between models.
From these data we conclude that LE and ME do not

interact in a competitive manner with the morphine
receptor. The fact that the fold increases in the KD of
[3H]ET induced by 50 and 250 imi LE and 20 and 50 n�
ME were almost identical suggests that even at these
high concentrations the pentapeptides do not bind to the

morphine receptor. At a concentration of LE about 6
times its apparent K1 of 40 nr�i, the KD of [3H]ET remains
essentially identical with that observed in the presence
of 50 nM LE, resulting in a much larger apparent K1 of
136 ni’,i. In contrast, morphine at a concentration about

4 times its K1 for the morphine receptor (40 nM) caused
a very large increase in the KD of [3H]ET, as shown in
Fig. 4B. Thus, the apparent K1 values of LE and ME for
the morphine receptor, calculated from displacement
curves (35 nM and 3 nM, respectively), are markedly lower
than the actual K1 values of these peptides for the mor-
phine receptor. The decrease in the binding of a fixed
concentration of [3H]ET elicited by these drugs arises
not from competitive displacement but from a removal
of binding sites from the system. This implies that the

assumption of competitive inhibition is incorrect and
confirms the second prediction of the allosteric hypoth-

esis.
The mechanism underlying the ability of LE and ME

to mask morphine receptors has been investigated. As
described earlier, a two-site model is inconsistent with
the observed data, as well as with the data presented in
the first part of Results. The fact that the LE-induced
inhibition of the binding of [3H]ET is rapidly reversible,
as shown in Table 2, rules out the pseudoirreversible
binding of LE to the morphine receptor as a possible
mechanism. In this experiment, complete reversal pre-
sumably would have been demonstrated if the postcen-
trifugation preincubation were long enough to allow com-
plete dissociation of LE from the enkephalin receptor.

± standard error of the mean ; n = 3.

Assay Binding of [3H]ET

Control Treated

fmoles/mg protein

Without LE 180 ± 8 152 ± 2�

With 250 nM LE 61 ± 1 “ 63 ± 5”

DISCUSSION

In a previous paper (14), we presented evidence that
[3H]LE labels a single class of binding sites, the enkeph-
am receptor, and that morphine allosterically modulates
the number of enkephalin receptors by binding to a
distinct receptor not labeled by [3H]LE, the morphine
receptor. On the basis of this allosteric model two predic-
tions were formulated, and data presented in this paper
have confirmed these predictions. These data are dis-
cussed in reference to the following equation, which
describes the ailosteric model:

Bound = (i _ � x M
M+Kmu/

1 Term A 1

LE
x Bmax X LE + KD (1 + M/Kenk)

1-TermB--- 1

This equation describes the concentration-dependent

binding of [3H]LE to a single class of binding sites rep-
resented by Term B and characterized by a dissociation
constant, KD, and a Bmax. Morphine (M) can inhibit the
binding of [3H]LE by binding to the enkephalin receptor
with a dissociation constant Kenk, which results in an
increase in the KD, and also by a mechanism which
results in a decrease in the B�5. This latter mechanism,
represented by Term A, results from the binding of
morphine to a site not labeled by [3H]LE, the morphine
receptor, where its dissociation constant is Kmu. The data
presented in our previous paper (14) and in this paper
fully support this model.

Before we discuss the ramifications of this model, an

important point to be made is that the results we have
reported do not represent something unique to our assay
system.

In order to compare our binding assay with those used
by other investigators, we have determined the ICro
values of several drugs by displacement of the binding of
[3H]LE and [3H]ET. Apparent K1 values were calculated

assuming competitive inhibition. The apparent K1 of a
drug for the enkephalin receptor was divided by its
apparent K1 for the morphine receptor to yield delta to

mu ratios. These ratios were compared with the ratios
determined by Chang et al. (19), who used ‘25I-labeled
[D-Ala2-MePhe4-Met (O)5-ol]-enkephalin to label the
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I, R. B. Rothman and T. C. Westfall, in preparation.

TABLE 3

Comparison of K, values determined from IC�,o values with literature

values

The displacement of the binding of [3H]LE and [3H]ET by nine

drugs was examined. The IC� values were determined by linear regres-

sion of Hill plots, and the K, values were calculated assuming compet-

itive inhibition. The K, for the enkephalin receptor was divided by the

K, for the morphine receptor to yield a delta to mu ratio which was

compared with the ratios determined by four other laboratories.

Drug Delta to mu ratio

Our laboratory Ref. 3 Ref. 19 Ref. 20 Ref. 21

ME 0.54 0.17 0.73 0.46 0.10

LE 0.11 0.19 0.16 0.52 0.10

Naloxone 1.7 1.0 15 4.4 6.0

Cyclazocine 6.6 - 4.0 3.0 -

ET 4.5 4.5 - 2.0 2.5

Morphine 8.1 14 75 12 11.5

$-Endorphin 2.0 3.4 - 6.0 -

DALA” 0.07 0.27 0.4 - -

DAMA” 0.20 - - 1.0 1.5

a D-A1a2-D-Leu”-enkephalin.

b D-A1a2-Met”-enlutphalina.mide.

morphine receptor and lmI�labeled D-Ala2-D-Leu5-en-
kephalin to label the enkephalin receptor; with those
determined by Law and Loh (3), who labeled morphine

and enkephalin receptors with [3H]dihydromorphine and
[3H]LE, respectively; with those determined by Childers
et al. (20), who labeled morphine and enkephalin recep-
tors with [3H]dihydromorphine and [3H]Met-enkephalin,
respectively; and with those determined by Simon and
co-workers (21), who labeled morphinne and enkephalin

receptors with [3H]naloxone and [3H]LE, respectively.
As shown in Table 3, there was good agreement be-

tween the five sets of data. The ratios reported by Chang

et al. (19) for morphine and naloxone are considerably
higher than the ratios found by ourselves and other

investigators. The probable reason for this discrepancy
is that morphine and naloxone displace the binding of
‘25I-labeled D-Ala2-D-Leu5-enkephalin in a biphasic man-
ner (2). The K1 values of morphine and naloxone for the
enkephalin receptor were determined from the low-affin-
ity component of the displacement curves, not from the
actual IC�o. This was based upon the reasonable assump-
tion that the high-affinity component ofthe displacement
curve represented displacement of the radiolabeled pep-
tide from the morphine receptor, and that the low-affinity
component represented displacement of the ligand from
the enkephalin receptor. Calculation of the delta to mu

ratio of morphine based upon the actual ICt�o of about 14
nM (2) yields a ratio of 35, which brings the ratio to a
value close to that observed by ourselves and the other
workers.

Because of the close agreement between the results
generated by our binding assay and those used by other
investigators, we believe that the data we have presented

in this and our previous paper (14) do not represent
something unique to our particular set of conditions, but
rather reflect the fact that we have used experimental
approaches not utilized by other workers. The good

agreement between our results and those of other inves-

tigators who have used other ligands to label the mor-

phine receptor is further evidence that [3H]ET can be

used to label the morphine receptor.
Kosterlitz and Paterson (5) have reported the presence

of a putative kappa receptor in guinea pig brain homog-
enates. According to their data, etorphine binds with
similar affinity to mu, delta, and kappa receptors. In
contrast, LE and D-Ala2-D-Leu5-enkephalin have ex-
tremely low affinities for the putative kappa receptor. If
this receptor were present in our assay system, then the
ability of LE to mask [3H]ET binding sites might arise

from the displacement of [3H]ET from the mu and delta
receptors. The residual binding sites would then be the

kappa receptor. The fact that 160 n�t D-Ala2-D-Leu5-
enkephalin is a competitive inhibitor of [3H]ET binding6
rules out this possibility.

As pointed out under Introduction, the existence of

distinct morphine and enkephalin receptors is well sup-
ported by a variety of experimental data. On the basis of

this information, a reasonable hypothesis is that mor-
phine and enkephalin receptors are physically distinct
and that LE and ME are 5.6-fold and 1.9-fold selective
for the enkephalin receptor (19).

The data we have presented in this paper and in a
previous paper (14) represent an extension and reinter-
pretation of these findings. The demonstration that a
distinct morphine receptor allosterically modulates the
number of enkephalin receptors suggests that these two
distinct binding sites must be in close physical proximity
to each other. Our interpretation is that these two recep-
tors must coexist in an “opioid receptor complex” in

rough analogy with the model of allosteric enzymes pro-
posed by Monod et al. (22), i.e., morphine and enkephalin
receptors may be “subunits” of a larger receptor complex.
The ability of morphine to mask enkephalin receptors
and the ability of enkephalin to mask morphine receptors
would represent allosterically induced increases in the

KD of such magnitude that the binding of drugs to these
high KD conformers would not be detectable. The differ-
ential distribution of morphine and enkephalin receptors
in brain could therefore represent varying ratios of the
two receptors within the receptor complex. In fact, the
morphine-induced masking of enkephalin receptors also

occurs in striatum, cortex, and pooled nonstriatal-non-
cortical brain tissue,” although the ratios of number of
morphine receptors to number of enkephalin receptors
in these three regions vary (ratios of 1.13, 1.33, and 1.9,
respectively). These findings are not dissimilar to the
data reported by Chang et al. (19). However, there may

certainly be discrete regions of the brain where the
allosteric effects do not occur. Because full Scatchard

plots are needed to determine whether or not such allo-
steric effects occur, the limited amount of tissue available
precludes the examination of such regions of the brain at
the present time.

The second important observation documented in this
paper is that both ME and LE have much higher KD

values for the morphine receptor than peviously thought.
According to IC� values determined from displacement
curves, the pentapeptides appear to bind with high affin-
ity to the morphine receptor. As shown in this paper, the
mechanism underlying the displacement of [3H]ET from
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the morphine receptor by LE and ME involves a masking

of receptors. This effect is rapidly reversible, and does
not occur via competitive inhibition. The most likely
mechanism is that the pepetides allosterically mask mor-
phine receptors as a consequence of binding to the en-

kephalin receptor.
At this point it is not possible to determine with

precision the KD values of LE and ME for the morphine
receptor. At the highest concentrations tested, 250 n�i
LE and 50 nM ME, the increase in the KD of [3H]ET was
essentially the same as that observed in the presence of
50 nM LE and 20 nr�i ME. Thus, as the concentration of
the peptides is increased, the calculated K1 is also in-
creased. In principle, at even higher concentrations of
peptides, a further increase in the KD of [3H]ET might
occur, but good data at such high concentrations of
peptides are difficult to obtain.

Although we cannot state with precision what are the
KD values of LE and ME for the morphine receptor, we
believe that the sum of the evidence is that they are

much higher than previously thought. Rather than being
2- to 10-fold selective for the enkephalin receptor, they

are probably at least 100-fold selective for the enkephalin

receptor.
This interpretation resolves two long-standing para-

doxes. First, both ME and LE are weakly analgesic. The
rapid metabolism of these peptides cannot fully account
for their low analgesic potency, as has been elegantly
demonstrated by Craves et al. (23). An excellent discus-

sion of this issue can be found in their paper. The low
affinity of the peptides for the morphine receptor would
therefore be consistent with the low analgesic potency of
these compounds. Second, in the mouse vas deferens,
both pentapeptides appear to interact very selectively
with the enkephalin receptor (1, 11). A KD higher than

previously thought for the morphine receptor is therefore
consistent with the observations made with this prepa-
ration.

ME and LE were isolated and identified as endogenous
morphine-like compounds (24). An important implication
of the hypothesis that ME and LE have very low affinity
for the morphine receptor is that these peptides are not
endogenous ligands of the morphine receptor but would
appear to be the endogenous ligands for the enkephalin
receptor. This raises the question, what is the endogenous
ligand for the morphine receptor? As shown in this paper,

/3-endorphin binds with high affinity to the morphine
receptor. Dynorphin, a recently isolated tridecapeptide
(25), also binds with high affinity to the morphine recep-
tor.6 Thus, there exist at Jeast two known endorphins
which could function as endogenous ligands of the mor-
phine receptor.

A summary of our current working hypothesis is shown
in Fig. 10. Distinct morphine and enkephalin receptors
are shown as black boxes since there are many phenom-
ena not yet understood about each individual receptor.
Hatched arrows connecting the two receptors symbolize
the allosteric interactions between the two receptors.
These arrows do not indicate thermodynamic equilib-
rium or interconversion between two receptor conform-
ers. ME and LE are postulated to bind selectively to the
enkephalin receptor, and morphine to bind selectively to
the morphine receptor. Since the K1 values of /3-endor-

MORPHINE _______ LEU6-ENKEPHALIN

#H_ENDOR PHINn � ��MET�ENKEPHALIN

� MORPHINE -�t#{234}IlIII#{234}Illl)l ENKEPHALIN

L RECEPTOR RECEPTOR

FIG. 10. Schematic illustration of the allosteric model

Distinct morphine and enkephalin receptors are proposed to be

allosterically coupled (hatched arrows) and therefore to coexist in an

opioid-receptor complex. The hatched arrows do not symbolize ther-

modynamic equilibrium or interconversion between receptor conform-

ers, but represent the ability of one receptor to influence the other. ME

and LE are postulated to bind selectively to the enkephalin receptor

and morphine to bind selectively to the morphine receptor. $-Endor-

phin is postulated not to be selective for either receptor. This model

does not postulate that $-endorphin must interact with both receptors

in order to bind to the receptor complex, as proposed by Lee and Smith

(26).

phin for morphine and enkephalin receptors are only
about 5-fold apart, we postulate that /3-endorphin is not
selective for either receptor and can bind to both recep-
tors. This of course is an exaggeration of the real data for

the purposes of illustration. Unlike the model proposed
by Lee and Smith (26), we do not postulate that /3-
endorphin must interact with both receptors in order to
bind to the receptor complex.

In conclusion, data have been presented that [3H]ET
can be used in our assay system to label selectively the

morphine receptor. The dissociation constants of etor-
phine, morphine, and /.?-endorphin for the morphine re-
ceptor are essentially identical with the dissociation con-

stants predicted by the allosteric model. This confirms a
key prediction of the allostenc model. Furthermore, both
LE and ME have been shown to have lower affinity for
the morphine receptor than previously thought, thereby
confirming a second key prediction of the allosteric
model. These data therefore support the hypothesis that
morphine and enkephalin receptors are allosterically cou-
pled and coexist in an opioid-receptor complex.
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Note added in proof. Based on the data presented in this

paper and ref. 14, a model of the opioid analgesic receptor
has been proposed (27). Data supporting the predictions

of this model have been published (28). During the
preparation of the manuscript of this paper, additional
data demonstrating the ability of LE to mask morphine
receptors was published (29).
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