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SUM MARY

PASTERNAK, GAVRIL W. & SNYDER, SOLOMON H. (1975) Opiate receptor binding:
enzymatic treatments that discriminate between agonist and antagonist interac-
turns. Mol. Pharmacot., 11, 478-484.

Several enzymatic treatments differentially influence receptor binding of’ opiate agonists
and antagonists. Low concentrations of trvpsin (EC 3.4.4.4), chvmotrvpsin (EC 3.4.4.S).

and phospholipase A (EC 3.1.1.4) reduce receptor binding of’ agonists more than that of

antagonists. while phospholipases C (EC 3.1.4.3) and D (EC 3.1.4.4) and neuraminidase

(EC 3.2.1.18) have negligible influence on the binding of agonists or antagonists. Binding
of’ the opiate agonist [3H ]dihydromorphine is more sensitive to inhibition by enzymatic

treatments when assays are conducted in the presence than in the absence of’ sodium.
Moreover, enzymatic treat ments markedly reduce the concentrations of’ sodium required

to inhibit [3H jdihydromorphine binding. The extent of reduction of’ [3H ]dihydromor-
phine binding by enzymatic treatment correlates closely with the sensitivity of’ [3H Jdihy-
dromorphine to sodium. These observations suggest that a major action of enzymatic
treatments is to enhance the sensitivity of opiate agonist binding to sodium.

INTRODUCTION

Biochemical identif’ication of’ opiate re-

cept()r binding (1-3) has permitted the
characterization of’ many properties of’ the

pharmacologically relevant opiate recep -

tor, including regional variations in the
brain (4, 5). occurrence in specif’ic clones of
neuroblastoma cultures (6), phylogenetic
variations (7), localization to synaptic

membranes (8), and the influence of’ en-
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zymatic treatment (9). The ability of’ phys-
iological concentrations of’ sodium to en-

hance ant agonist binding and reduce agon-

ist binding proportionately (10, 11) has

suggested a model to explain the pharma-

cological actions of’ agonists and antago-

nists (11, 12). The opiate receptor is postu-
lated to exist in two interconvertible fOrms,

one in the presence of’ sodium, which binds
antagonists preferentially. and one in the

absence of’ sodium, which has preferential
affinity for agonists. Interference with con-
formational changes of’ the receptor would

be expected to af’f’ect agonist and antago-
nist binding differentially, as has been

demonstrated for several protein -modify-

ing reagents (13, 14). In the present study
we examined the influence of’ enzymatic
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treatments on binding of’ opiate agonists

and antagonists.

MATERIALS AND METHODS

Trypsin (205 units/mg), a-chymotrypsin

(45 units/mg), neuraminidase (0.5 unil/
mg), and phospholipase C (from Ctos-

tridium u’etchii, 1.5 units/mg) were pur-

chased from Wort hington Biochemical
Corporation. Phospholipase A (from Vip-

era rus.s’etti, 14 units/mg). phospholipase C
(from cabbage, 19 units/mg), and soybean
trypsin inhibitor were obtained from

Sigma Chemical Company. [3H JNaloxone

(23.6 Ci/mmole) and [3H ]dihydromorphine
(46 Ci/mmole) were purchased from New
England Nuclear Corporation, and Hy-

dromix scintillation fluor, from Yorktown.
[3H]Levorphanol (5.4 Ci/mmole) and

[3H ]levallorphan (7.6 Ci/mmole) were tnt-

itated and purified as previously described
(10). [3H]Diprenorphine (13 Ci/mmole)
was purchased from Amersham/Searle
Corporation. Levallorphan was the gener-
ous gift of’ the Roche Company.

Brain homogenates, prepared as previ-
ously described (13), were incubated with
the appropriate amount of appropriated

enzyme for 30 mm at 25#{176}and centrifuged

at 49,000 � g for 20 mm. The pellets were
then resuspended and assayed with both

[3H ]naloxone and [3H Jdihydromorphine in

the presence and absence of 100 mr�i NaCl,

according to a slight modification (13) of’
described methods (9). and counted at 45�
efficiency. Unless otherwise indicated, the

concentrations of’ [3H]naloxone and
[3H ]dihvdromorphine were 1 and 0.8 nM,

respectively. Solutions of phospholipase A
were immersed in a boiling water bath for 7

mm to destroy contaminating proteolytic

enzymes (15). When soybean trypsin inhib-
itor was used, it was added prior to the
trypsin at a ratio of 4 parts inhibitor to 1
part trypsin, by weight. All values were
determined from triplicate samples as-
sayed in the presence and absence of 1 �1M

levallorphan, and specific binding was de-

fined as the difference between them. All
tniplicates varied by less than i0�, and all

experiments were replicated at least three
times.

RESUI.’I’S

The influence of’ several enzymes was

examined upon opiate receptor binding of’
[3H Jnaloxone and (3H ]dihydromorphine

assayed in both the presence and absence
os sodium (Table 1; Figs. 1-3). Low con-

centrations of’ trypsin markedly decrease
[3H ]dihydromorphine binding assayed in

the presence of’ sodium, with much less

effect on the binding of’ 13H Jnaloxone. As
little as 0.1 �1g/ml of’ tr�’psin reduces

[3H Jdih�’dromorphine binding in the pres-
ence of’ sodium by 50�, while more than 30
times as much trvpsin lowers [3H ]naloxone
binding only by 25�. This trypsin effect is
due to enzymatic activity, because soybean
trypsin inhibitor abolishes the degradation

of opiate receptor binding. Log prohit anal-
ysis of’ trvpsin ef’f’ects on [3H jnaloxone and

[3H Jdihydromorphine binding shows a 6-
fold steeper slope for the inactivation of’

[3H Jdihydromorphine than of [‘H ]nalox-
one, which might indicate different modes

of’ action on agonist and antagonist bind-

ing. The influence of’ trypsin on [3H ]nalox-
one and [3H ]dihydromorphine binding de-

.�

#{176}6

TRYPSINJ e.g/mI

2 3

FIG. 1. Effect of trvpsin on binding of l3Hlnalox-

one and [3Hjdihydromorphine

Tissue homogenate was prepared, allowed to react

with trvpsin. trvpsin and soybean inhibitor, or no

enzyme, and then assayed with 100 m�i NaCl as

described in MATERIALS AND METHODS. The specific

binding of the treated homogenates was compared

with the specific binding of the control, all assayed in

the presence of sodium chloride. Trypsinized tissue

was assayed with [3H Jnaloxone (S) and l3H Jdihydro-

morphine (A). Homogenates trvpsinized with soy-

bean inhibitor were also assayed with 13H Inaloxone

(0) and l3Hldihydromorphine (M. All values are

based on the means of triplicate samples and repre-

sent specific binding.
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pends on sodium. [3H]Dihydromorphine
1)inding is much more sensitive to degrada-

tion h�’ trypsin when assays are conducted
in the presence than in the absence of’
sodium. By contrast. 13H Inaloxone binding
is lowered somewhat more by trypsin when

assayed in the absence than in the presence
of’sodium (Table 1).

Chymotr�’psin also clearly differentiates
between 13H ]naloxone and [3H ]dihydro-
morphine binding (Fig. 2 and Table 1). It is
considerably less potent t han trypsin, since
about 30 times as much chymotrypsin as
trypsin is required to reduce [3H ]dihydro-
morphine binding by 50� when assayed in

the presence of sodium. ��‘hen the effects of’

chymotrypsin digestion assayed in the
presence of’ 100 mM NaCl are analyzed by

the log prohit technique, the slope of’
[‘H�dihydromorphine inhibition is 1.8

times that of’ [3H Jnaloxone inhibition. This
suggests that chymotrypsin, like trypsin,
inhibits the binding of’ agonists and an-
tagonists in a different manner. As was
observed with trypsin, [‘H ]dihydromor-

phine binding is more sensitive to chymo-

trypsin when the assays are conducted in
the presence than in the absence of so-
dium, while the reverse situation occurs
with [‘H jnaloxone binding.

Phospholipase A is extremely potent in

reducing [‘H ]dihydromorphine binding,
lowering it by 8S’� at only SO ng/ml (Fig. 3).

The influence of phospholipase A cannot
be attributed to proteolytic enzymes which
often contaminate commercial prepara-
tions, because the action on opiate receptor
binding requires the presence of’ calcium
ions, is abolished by 1 m�i ethylene glycol
his (�3-aminoethyl ether)-N,N’-tetraacetic
acid, and is retained after boiling the
enzyme preparation. As with trypsin and

chymot rypsin, phospholipase A inhibits
receptor binding of’ [3H ]dih�’dromorphine
more than that of’ [‘H ]naloxone when as-
sayed in the presence of sodium chloride.
Moreover, [‘H ]dihydromorphine binding is
reduced more and [3H]naloxone binding
reduced less when assays are conducted in

the presence rather than in the absence of’
sodium.

In contrast to the very potent effects of’

trypsin, chymotrypsin. and phospholipase

A. other enzymes. including phospholi-

pases C and D and neuraminidase, have
negligible effects on receptor binding of

either [‘H ]naloxone or [‘H ]dihvdromor-
phine whether assays are conducted in the
presence or absence of sodium.

To examine whether the effects of’ these
enzymes are applicable to all agonists and

antagonists or are confined to [‘H ]nalox-
oiie and [‘H ]dihydromorphine, we evalu-
ated the influence of trypsin and chymo-
trypsin on receptor binding of’ the addi-
tional agonist [3Hjlevorphanol and the an-
tagonists [3H]levallorphan and [3H]di-
prenorphine. (Table 2) As was observed

with [‘H ]naloxone and [‘H ]dihydromon-
phine, both enzymes reduce the receptor

binding of the agonist more than the bind-
ing of the antagonist. Moreover, binding of

[‘H Ilevorphanol is more sensitive to en-
zymatic degradation when assays are con-
ducted in the presence than in the absence
of’ sodium, and the reverse situation is true
for receptor binding of’ [‘H ]levallorphan

and [‘H Jdiprenorphine. The effects of en-
zymatic treatments on the binding of 3H-
opiates cannot be due to a direct effect of

the enzymes upon the opiates themselves,
because tissue preparations were washed
free of the enzymes prior to receptor assay
with the 3H-opiate. Also, [3H]naloxone and

[‘H ]dihydromorphine, incubated with 1
�g/ml of’ each enzyme for 30 mm at 2S#{176},
followed by inactivation of’ the enzyme,

bind to the receptor to the same extent as
untreated I3Hjnaloxone and [3Hjdihydro-
morphine.

Previously we reported that the selective
degradation of receptor binding of opiate
agonists but not of antagonists by protein-

modifying reagents was related to an in-
crease in the sensitivity of agonist binding
to inhibition by sodium ion (13, 14). The
observation that enzymatic treatments re-

duced [3H ]dihydromorphine binding more
when assayed in the presence than in the

absence of sodium suggests that these en-
zymes might also increase the sodium sen-
sitivity of agonist binding. To examine this

question directly, we treated rat brain
membrane preparations with trypsin (0.1
/AgJml), chymotrypsin (7.5 �g/ml), or no

enzyme as described in MATERIALS AND



TABI.F. 1

Effect of enzymes on binding of [3lllnaloxone and l3Hldih�dromorphine in the presence and absence of sodium

ion

Brain homogenate was prepared and assayed as described in MATF.}SIAI.s ANt) METH0I)s. Values were

determined by dividing the specific binding in treated homogenates b�’ the specifi(’ binding in control

homogenates assayed under identical conditions.

Enzyme Concentration Binding

Assayed with 100
m�,i NaCi

13H INal- l3H lDihv-
oxone dromor-

phine

Assayed wi thout NaCi

13H Nal-
oxone

13H lDih�’-
dromor-

phine

(7 control (7 control

Trypsin 30 ng/ml 86 79 104 75

100 ng/ml 85 48 75 74

300 ngJml 98 37 58 52

1 pgJml 79 20 65 :37

3 pg/mI 74 5 38 45

Trypsin + soybean in- 30 ng/mi 95 101 96 104

hibitor 100 ng/ml 107 98 94 68

300 ng/ml 88 106 119 92

1 pgJml 99 95 121 96

3 pg/mi 105 97 114 1(X)

Chymotrypsin I pg/ml 88 79 86 90

5 pg/ml 79 53 61 63

l0pgJml 71 45 62 54

25 pg/mI 71 45 52 :34

SOpg/ml 61 15 34 21

Phospholipase A + 10 ng/ml 97 77 77 85

5 mMCaCI2 SOng/mI 50 15 19 23

lOOng/ml 41 0 8 6

200ng/ml 8 0 5 0

Phospholipase A + 10 ngJml 94 89 98 105

1 mMEGTAa 25 ngJml 110 112 104 106

100 ngJml 93 73 83 9:3

Phospholipase D 10 pg/mi 88 84 91 85

50 pg/ml 83 78 99 89

200 pg/mI 90 83 97 84

400 pg/mi 84 89 84 78

Phospholipase C 10 pgJml 83 86 92 92

25 pg/mI 93 65 86 105

75 pg/ml 83 85 87 84

100 pg/ml 80 95 82 106

150 pg/mI 94 95 75 91

250 pg/ml 102 93 98 92

Neuraminidase 5 pg/mI 91 100 85 91

10 pg/mi 90 109 94 103

2Opg/ml 95 108 94 92

50 pg/mi 98 94 87 100

EGTA, ethylene glycol bis(�-aminoethyl ether)-N,N’-tetraacetic acid.
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CHYMOTRYPSIN pg/mI

Fi;. 2. Effect of c’hymotr-cpsin on binding of

3H)naloxone and 13H )dihvdromorphine

Tissue homogenate was prepared. allowed to react

with ch�’motrypsin 01’ �() enzs-me. and then assayed

with 1(8) mM NaC1 as described in MATERIALS ANt)

METHODS. The specific binding of the treated homoge-

nates was then compared with the specific binding of

the control, both assayed in the presence of sodium

chloride. The homogenates were assayed with both

fHjnaloxone (#{149})and 3Hjdihydromorphine (A). All

values are based on the means of triplicate samples

and represent specific binding.

100

�:: �

00 25 50 00 50 200

PHOSPHOLIPASE A �g/ml

Fi;. :3. Effect of pho.spholipa.se .4 on binding of

3H naloxone and 13H ldihvdromorphine

Tissue homogenate was prepared. allowed to react

with boiled phospholipase A and 5 m�i CaCl2 or no

enzyme, and then assayed with 100 m�i NaC1 as de-

scribed in MATERIALS ANt) METHODS. The specific’

binding of’ the treated homogenates was then com-

pared with the specific binding of the control, all

assayed in the presence of sodium chloride. The

homogenates were assayed with both 13H Jnaioxone

(O) and 3Hjdihvdromorphine (A) in the presence of

1(X) m�i NaCI. All values are based on the means of

triplicate samples and represent only specific binding.

ME’FHODS and measured [‘H ]dihydromor-

phine binding in the absence of’ sodium and
in the presence of’ 1, 10, 20, 50, 75, and 100
m�i sodium. When assayed in the presence
of’ 100 m�i NaCl, trypsin and chymotrypsin

reduce [‘H Jdihydromorphine binding by
52% and 40%, respectively. The concentra-

tion of NaC1 for S0� inhibition of [‘H }dihy-

dromorphine binding without enzymatic
treatment is 40 mM, whereas after trypsin
treatment the ID50 is reduced to 3 mr�i, and
after chymotrypsin digestion, to 14 m�i.
Thus both trypsin and chymotrypsin in-
crease the sensitivity of’ [‘H ]dihydromor-
phine binding to sodium.

If the enzymatic treatments act by alter-
ing sensitivity to sodium, one might expect
a close correlation between the reduction in
[3H]dihydromorphine binding by en-

zymatic treatment and the sensitivity of

the remaining [‘H Jdihydromorphine bind-
ing to sodium. Greater inhibition of’ bind-

ing by enzymatic treatment should be

associated with greater sensitivity of agon-
ist binding to sodium. Previously we dem-

onstrated such a correlation for the influ-
ence of’ protein-modifying reagents upon
[‘H ]dihydromorphine receptor binding

(13). Using the experimental results which
contributed to the data of’ Table 1, we have

TARI.E 2

Effect of tryp.sin and chvmotrvpsin on opiate receptor

binding of 3H-agoni.sts and 3�-f -antagonists

Rat brain homogenates were prepared, allowed to

react with 1 pg/mi of chymotrypsin or I pg/mi of

trypsin. and assayed with the appropriate 3H-opiate

in the presence of 1(X) ms�i NaCi. as described in

MATERIAI.S AND METHODS. Values are expressed as

percentage of control, calculated by dividing the

specific’ binding in the enzyme-treated homogenates

by the specific binding in the unreacted homogenates.

The fiiiowing amounts of 3H-opiate per sample were

used: l3H Inaloxone, 90,0(X) cpm: i3H diprenorphine.

4500 cpm: I3Hlie�’allorphan, 26,000 cpm: 3Hldihy-

dromorphine. 76,000 cpm: (3H Jievorphanol, 26,000

cpm.

H-Opiate Binding

Trypsin Chymo-
trypsin

cont rot

Antagonists

Naloxone

Diprenorphine

Levaliorphan

Agonists

Dihvdromorphine

Levorphanol

71

81

76

16

15

95

90

93

38

69
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FIG. 4. Correlation of sodium sensitivity of bind-

ing of [3Hjdihydromorphine with degree of inhibition

of binding of L3Hldihvdromorphine by enzymes

The specific binding of (‘H Jdihydromorphine re�

maining after reaction with the enzymes at several

concentrations was compared with the ability of lOt)

mM NaCi to decrease the binding of l3H Idihydromor.

phine in these reacted homogenates. Decrease in

binding from enzymes is defined as the specific

binding of 13H ]dihydromorphine in homogenates after

reaction with enzymes and assayed in the presence of

100 mM NaCi, divided by the specific binding of

l3Hidihsdromorphine binding in unreacted homoge-

nates also assayed with 100 mst NaCl. Decrease in

binding from NaCi is defined as the specific binding

of reacted homogenates assayed with 100 msi NaCl,

divided by the specific binding of identically treated

homogenates assayed in the absence of NaCI.

chymotrypsin: 0, trypsin; �. phospholipase A. The

zero-order correlation coefficient (p) was calculated

on an Olivetti Programma 101 computer and was

significant (p < 0.01).

demonstrated such a correlation (Fig. 4).
In these experiments the decrease of

[3H]dihydromorphine binding due to so-

dium is compared with the decrease to the
enzymes. This correlation further supports
the concept that one ef’fect of’ the en-
zymatic treatments is to enhance the sensi-
tivity of’ [3Hjdihydromorphine binding to

sodium.

DISCUSSION

These studies show that opiate agonist
binding is more sensitive to the actions of’
some enzymes than antagonist binding, in
a manner resembling the effCcts of’ protein-
modifying reagents (12, 13). While this
differential sensitivity might suggest to-
tally dif’ferent receptors for agonists and
antagonists, agonists and antagonists do

show competitive inhibition, which implies
an interdependent manner of binding.

The influence of enzymatic treatments
on agonist and antagonist binding to the
opiate receptor is consistent with a model

for opiate receptor binding previously pos-

tulated on the basis of differential influ-
ences of’sodium (10, 11) and protein-modi-
fying reagents (13, 14) on agonist-antago-
nist binding. According to this allostenic

model ( 12), the opiate receptor can exist in

interconvertible “sodium-antagonist” and
“non-sodium -agonist” forms . Pharmaco-

logical effects of agonists, such as
analgesia, occur only when drugs bind to
the agonist form of the receptor, and an-

tagonists act by maintaining the receptor
in the antagonist form, thus decreasing the

number of available agonist-binding forms.
Antagonists are postulated to have a high
affinity for the antagonist conformation
and low affinity for the agonist conforma-
tion of the receptor, while the reverse

situation occurs fOr opiate agonists. Mixed
agonist -ant agonists bind significantly to
both forms of the receptor. Protein-modify-
ing reagents and enzymatic treatments are
postulated to modify the interconversion of’

the two forms of’ the receptor, increasing

the ability of’ sodium to convert the recep-
ton to the antagonist fOrm and thus de-
creasing the binding of’ opiate agonists

select ivelv.
This model might also hell) to explain

the greater sensitivity of’ [‘H jnaloxone
binding to trvpsin and chymotrypsin in a
previous report (9) than in our present
study. [3H]Dihydromorphine binding in

the present investigation has about the
same sensitivity to trypsin and chymotryp-

sin as [‘H ]naloxone binding in the earlier
study. In the previous report (9) the low
specific activity of’ [‘H Inaloxone required
us to use relatively high concentrations

(about 15 nM), which label both high- and

low-af’finity binding sites (12). In contrast,
the present study involved low concentra-
tions of’ [3H ]naloxone atid [3H jdihydromor-

phine (about 0.8 nM), which hind predomi-
nantly to the high-affinity sites (12). The
apparent differences between the present

and previous studies may be explained if’
the high-affinity binding site f’or [‘H jdih�’-
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1. Pert, C. B. & Snyder, S. H. (1973) Science, 179,

1011-1014.

dromorphine in this study is the same as
the low-affinity [3H]naloxone binding site

examined in the previous study. Other

evidence (12) suggests that the high-affin-
ity binding site for opiate antagonists is

equivalent to the low-affinity site for agon-
ists.

An alternative model also consistent
with our data involves two allostenically

coupled binding sites (one for agonists and
one for antagonists) (16). If binding to one
site prevents binding to the other by induc-
ing a conformational change, inhibition of’

agonist and antagonist binding would re-

semble classical competitive antagonism.
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