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Abstract 

Two different -SH groups associated with the opiate receptors of the mouse neuroblastoma X 
rat glioma hybrid NG108-15 have been identified. Modification of these by iV-ethylmaleimide (NEM) 
(presumed to be via alkylation) or bypara-chloromercuribenzoic acid (presumed to be via formation 
of mercury adducts) decreases the binding of both opiate agonists and antagonists to these receptors. 
Agonist binding is more sensitive than antagonist binding to modification by NEM. Losses in 
antagonist binding are accounted for totally by decreases in the number of binding sites; there are 
no corresponding losses in antagonist affinity. Losses of antagonist binding exhibit a pseudo-first 
order rate constant; the modification of only one such group completely destroys the binding site. 
Both agonists and antagonists protect against modification of this group by NEM. Sodium and 
lithium, but not GTP, also protect this group, indicating that the action of these monovalent cations 
is directly on the receptor moiety. Losses in agonist binding stem not only from decreases in receptor 
number but also from selective losses in affinity. This -SH group appears to be different from the 
one at the binding site as sodium, GTP, and antagonist ligands do not protect against losses in 
agonist affinity. Agonist high affinity also is lost in a pseudo-first order fashion indicating that an 
alteration of only one -SH group per receptor complex is sufficient to produce this effect. The 
possible roles of two sulfhydryls in opiate receptor function are discussed. 

The presence of opiate receptors in cultured cells was 
first demonstrated in the mouse neuroblastoma x rat 
glioma hybrid NG108-15 (Klee and Nirenberg, 1974) and 
has since been reported in other mouse neuroblastoma 
clones as well (Chang et al., 1978). In all of these lines, 
the receptors have been likened to those found in the 
brain and the mouse vas deferens and have been sub- 
classified as “delta” (Lord et al., 1977; Chang and Cua- 
trecasas, 1979). In NG108-15, opiate agonists (both al- 
kaloids and peptides) regulate the activity of at least two 
enzymes located within the cell’s plasma membrane: 
adenylate cyclase (Sharma et al., 1975) and a GTPase 
(Koski and Klee, 1981). Sodium and guanine nucleotides 
are required, in vitro, for these two opiate sequelas 
(Blume et al., 1979a; Koski and Klee, 1981) and both 
agents modify the binding of opiate agonists to their 
receptors (Blume, 1978; Blume et al., 197913). 

Two different ZV-ethyhnaleimide (NEM)-sensitive sites 
(presumed -SH groups) have been described recently 
by Larsen et al. (1981) in the neuroblastoma x glioma 
hybrid. One is intimately related to the ligand-binding 
domain on the opiate receptor and the other is related to 
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a site involved in controlling opiate agonist affinity. The 
first descriptions of the importance of sulfhydryl groups 
to opiate receptors within the brain can be traced to 
demonstrations of specific binding of [“Hletorphine (Si- 
mon et al., 1973). These data indicate for the brain opiate 
receptor that there appears to be an essential -SH group 
close to or within the ligand-binding domain. Subse- 
quently, Wilson et al. (1975) showed that sulfhydryl 
reagents differentiated agonist and antagonist interac- 
tions with respect to the opiate receptor by utilizing [3H] 
naloxone and [3H]dihydromorphine. While monovalent 
cations (Simon et al., 1975) and guanine nucleotides 
(Childers and Marsh, 1980; Zukin et al., 1980) selectively 
decrease agonist affinity (Pert and Snyder, 1974; Childers 
and Snyder, 1978,1980), these agents, as well as agonists 
and antagonists (Pasternak et al., 1975; Simon et al., 
1975), protect -SH groups related to opiate receptors 
from modification by NEM. 

It has already been shown that both disulfide and 
sulfhydryl groups are intimately associated with the abil- 
ity of the opiate receptors of tissue culture cells to form 
clusters on the surface of the plasma membrane (Hazum 
et al., 1979a, b, 1980). In situ modification of opiate 
receptors by phenoxybenzamine (Cicero et al., 1974) and 
a Cu2+ . oxidized glutathione complex (Marzullo and 
Friedhoff, 1977) have a naloxone-blockable analgesic ac- 
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tion (Elliot et al., 1976; Marzullo and Friedhoff, 1977; 
Marzullo and Hine, 1980). This suggests that an essential 
role of opiates may be their interaction with thiol groups 
associated with their receptors. We have therefore un- 
dertaken to examine in closer detail the -SH groups in 
the NG108-15 opiate receptors, paying special attention 
to the ability of ligands, cations, and GTP to protect 
these sites from modification. A preliminary report of 
these findings has been presented (Blume et al., 1981). 

Materials and Methods 

Cells and membranes. Crude membranes devoid of 
intact cells and nuclei were isolated from whole cell 
homogenates made from frozen mouse neuroblastoma x 
glioma hybrid NG108-15 cells (Klee and Nirenberg, 1974) 
as previously detailed (Larsen et al., 1981). Protein de- 
terminations were by the method of Lowry et al. (1951). 

Treatment with thiol reagents. The membranes were 
suspended at protein concentrations of 3 to 5 mg of 
protein/ml in buffer A (50 mM Tris-HCl buffer, pH 7.4, 
2 mM EDTA, and 0.4 mM EGTA) containing no other 
additions or various opiates, cations, or GTP (as noted in 
the text) and then were incubated for 5 to 10 min at 
32’C. Afterwards, NEM or other thiol reagents (see the 
text) were added to a final concentration of 2 mM (unless 
specified otherwise) and the incubation was continued at 
32°C for the various times noted. All thiol reactions were 
stopped by adding dithiothreitol (DTT) to a final con- 
centration of 10 mM. The controls for all of these treat- 
ments were duplicate incubation mixtures to which 10 
mM DTT (final concentration) was added prior to the 
addition of any other thiol reagent. No difference in 
binding was observed due to the presence or absence of 
10 mM DTT. The membranes then were washed by one 
of the following two methods. In the cases where the 
reaction volumes were small (i.e., 0.1 ml) and contained 
in l-ml Eppendorf conical tubes, they were diluted lo- 
fold with buffer B (50 mM Tris-HCl buffer, pH 7.4, with 
2.5 mM MgC12; 20°C) and spun for 1 min in an Eppendorf 
microfuge. Thereafter, the supernatant was suctioned off, 
the pellet was suspended in buffer B and was vortexed, 
and the process of centrifugation and suspension was 
repeated three times. The final pellets were suspended in 
0.08 ml of buffer A. Where the reaction volumes were 
large (i.e., 1 to 2 ml) and in 15-ml Corex tubes, they were 
diluted -10 times as above in buffer B and then centri- 
fuged at 39,000 x g for 10 min at 4°C. The resulting 
pellets were suspended in 10 ml of buffer B and recentri- 
fuged. This procedures was repeated four times and the 
final pellet was suspended in buffer A and rehomogen- 
ized. All washed membrane preparations were assayed 
immediately for binding. 

Binding assays. The binding of 3H-ligands, at the 
concentrations noted in the text, was performed at 32°C 
for 20 min in reaction volumes of 0.10 to 0.15 ml. All 
binding reported is “specific” as defined by the difference 
f 10 PM etorphine/HCl. When the membranes were in 
microfuge tubes, the assays were performed therein and 
the reactions were initiated by the addition of the 3H- 
ligand. Otherwise, assays were in plastic tubes and the 
reactions were initiated by the addition of the washed 
membrane preparation. In all cases, separation of bound 

and free 3H-ligand was accomplished by rapid filtration 
over Whatman GF/B filters as described previously (Lar- 
sen et al., 1981). 

Materials. [3H]Naloxone (50 Ci/mmol) and the en- 
kephalin analogue TyrDalaGlyPheMetNHa i3Hl 
Dala2met5amide) (30 to 50 Ci/mmol) were obtained from 
New England Nuclear, Boston, MA. iV-Ethylmaleimide, 
iodoacetamide, and para-chloromercuribenzoic acid 
were purchased from Sigma Chemical Co., St. Louis, MO, 
and Dala2met5amide was from Boehringer Mannheim 
Biochemicals, Indianapolis, IN. The following were gifts: 
naltrexone/HCl and naloxone/HCl from Endo Pharma- 
ceuticals, Garden City, NY; cyclazocine and pentazocine 
from Sterling Winthrop Research Institute, Rensselear, 
NY; and etorphine/HCl, normorphine, and human /3- 
endorphin from Hoffmann-La Roche Inc., Nutley, NJ. 
[3H]Naltrexone (25 Ci/mmol) was a gift from the Na- 
tional Institute of Drug Abuse, Bethesda, MD. All other 
chemicals were of the highest available purity. 

Results 

NG108-15 membranes lose the ability to bind all types 
of opiates when incubated with n-ethylmaleimide 
(NEM). Interestingly, in such experiments the binding of 
opiate agonists is lost faster than is the binding of opiate 
antagonists when measured with subsaturating concen- 
trations of 3H-ligands (Fig. 1). For example, with mem- 
branes treated with 2 mM NEM, binding of the enkeph- 
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Figure 1. Losses in opiate agonist and antagonist binding 
induced by NEM. Membranes were incubated in buffer with 2 
mM NEM for the times indicated. After washing three times, 
using the microfuge technique (see “Materials and Methods”), 
the binding of [“HlDala’met’amide (9.5 to 13.7 nM) (O), r3H] 
naloxone (8 to 10 nM) (Cl), and [3H]naltrexone (5 to 7 nM) (A) 
was assayed. The data are the mean + SEM obtained from 
three separate experiments and are given as percentages of the 
binding seen in control membranes. 
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alin analogue Dala”met”amide disappears with a pseudo- 
first order rate constant of 0.08 min-‘. In contrast, the 
binding of the antagonist naloxone or naltrexone decays 
almost 9 times slower (rate constant = 0.009 min-‘) when 
exposed to the same amount of NEM. In a predictable 
manner, the binding of opiate agonists is more sensitive 
than the binding of antagonists to treatment with in- 
creasing concentrations of NEM for fixed times (Fig. 2). 
In these cases, the differential sensitivity to NEM is seen 
as a lower I&, for inhibition of agonist binding (i.e., ICm 
= 0.3 mM) than antagonist binding (i.e., IC& = 0.65 mM). 

Not all thiol-reactive compounds so differentiate the 
binding of an opiate agonist from an opiate antagonist. 
When NGlOB-15 membranes are incubated with increas- 
ing concentrations of para-chloromercuribenzoic acid 
(PCMB), binding of both Dala2met5amide and naloxone 
is lost. However, the interaction of the receptor with both 
ligands is inhibited in a like manner: the IC50 for PCMB, 
in each case, is 0.3 mM. Finally, there are thiol reagents 
which have no visible effect on the opiate receptors in 
NGlOB-15 membranes under our assay conditions. Iodo- 
acetamide appears to be one of these compounds as 
concentrations of up to 10 mM do not alter the binding of 
either Dala2met5amide or naloxone (Fig. 2). 

The disappearance of 3H-opiate antagonist binding 
which accompanies the treatment of membranes with 
NEM is due solely to a loss in the number of opiate 
binding sites (Fig. 3). Before NEM treatment, the num- 
ber of agonist and antagonist binding sites are equal (2 
pmol/mg of protein), and the apparent KD for naloxone 
at these sites is approximately 30.4 nM (Fig. 3) After 
incubation with 2 mM NEM for 20 min, naloxone still has 
the same or even a slightly better receptor affinity, but 
there are fewer binding sites. Longer treatment with 2 
mu NEM causes bigger losses in receptor number (Lar- 
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Figure 2. Susceptibility of opiate agonist and antagonist 
binding to different thiol reagents. Membranes were incubated 
in buffer for 20 min with increasing concentrations of either 
NEM (m, q ), PCMB (A, A) or iodoacetamide (0, 0). After 
washing three times using the microfuge technique (see 
“Materials and Methods”), the membranes were assayed for 
the binding of [3H]Dala2met”amide (2 to 5 nM) (solid symbols) 
and [“Hlnaltrexone (2 to 5 nM) (open symbols). The data are 
given as a percentage f SEM of the binding seen in control 
membranes. This experiment was repeated twice. 
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Figure 3. Losses in binding sites and affinity induced by 
NEM. Membranes were incubated in buffer for 20 min with 2 
mM NEM; appropriate controls (see “Materials and Methods”) 
also were included. Afterwards, the membranes were washed 
and the specific binding of [3H]Dala2metSamide and [“Hlnal- 
oxone was determined over the concentration range 1 to 100 
nM. The data are given as saturation binding isotherms (A ) and 
Scatchard plots (B ) . [ 3H]Dala2met5amide binding to control 
(0) or NEM-treated membranes (0) and [“Hlnaloxone binding 
to control (0) or NEM-treated membranes (U) are indicated. 
For r3H]Dala2metSamide, average KD values are 5.6 + 1.4 and 
18.8 + 6.7 nM for control and NEM-treated membranes, respec- 
tively. Values for [“Hlnaloxone are 30.4 f 5 and 28 f 3 nM for 
control and NEM-treated membranes, respectively. 

sen et al., 1981). In agreement with the known ability of 
NEM to alkylate thiol groups covalently, the above ef- 
fects are not reversed upon washing the membranes free 
of this reagent or by adding DTT. The degree of reduc- 
tion in the number of receptors is the same when judged 
by the binding of 3H-opiate agonist or antagonist (Larsen 
et al., 1981). 

Losses in [3H]Dala2met5amide binding directed by 
NEM stem not only from the above documented loss in 
receptor number but also from another action of NEM. 
At those binding sites which remain after NEM treat- 
ment, the affinity for Dala2met5amide is 2- to 6-fold less 
than that seen with control membranes (Fig. 3). This 
condition is not reversed by washing the membranes free 
of the reagent or by adding DTT. Such losses in affinity 
due to incubation with NEM are observed with numerous 
opiate agonists and apparently are not specific for any 
one class of opiate agonist (Larsen et al., 1981). 

In an attempt to delineate the sites of action of NEM 
involved in these two processes (i.e., reduction in receptor 
number vs. affinity), we analyzed the ability of different 
agents to protect against one or both of these actions. In 
these experiments, membranes were incubated with or 
without various opiate ligands, cations, or GTP and 2 
mu NEM for various times. The residual binding of 
subsaturating concentrations of [3H]naloxone was mon- 
itored to assess the quantity of receptors protected. On 
the other hand, when protection of agonist affinity was 
of interest, the residual binding of subsaturating concen- 
trations of [3H]Dala2met5amide was monitored. The fol- 
lowing are noteworthy in relation to the protection af- 
forded by various ligands. (1) The presence of naltrexone 
(at -5 times its KD) during NEM treatment provides 
little protection of 3H-agonist binding. The tl12 for loss in 
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r3H]Dala2met5amide binding increases from 12 to 18 min 
(Fig. 4A). Yet, this amount of naltrexone completely 
protects against losses in 3H-antagonist binding for as 
long as 150 min (Fig. 4B). (2) The presence of 
Dala2met5amide (at -10 times its Ko) affords a great 
deal of protection for both [3H]Dala2met5amide and [3H] 
naloxone binding. In these instances, the rate of decay of 
3H-agonist binding is decreased by almost 6-fold (Fig. 
4A), while there is almost no loss in 3H-antagonist bind- 
ing for up to 80 min (Fig. 4B). Therefore, both naltrexone 
and Dala2met5amide appear more efficient at protecting 
antagonist than agonist binding from inactivation and/ 
or modification by NEM. That Dala2met5amide can pro- 
vide protection for such long times is in agreement with 
our ability to follow its binding and regulation of adenyl- 
ate cyclase activity at 32°C for as long as 60 min (unpub- 
lished results). The increases in specific binding of r3H] 
naloxone after short times with NEM (i.e., 540 min) is 
not unexpected as such treatments cause up to a 2-fold 
increase in the affinity for antagonists (Larsen et al., 
1981). 

We have also assessed the ability of other ligands (at 
- 10 times their &) to protect against any NEM-induced 
loss of 3H-opiate agonist binding (Table I). These results 
clearly illustrate that many different opiates can protect 
against the loss of agonist binding. Included among these 
is the larger endogenous opioid P-endorphin and the two 
nonpeptide opiates normorphine and etorphine. In ad- 
dition, some protection, although not as great as that 
seen with full agonis A, is provided by ligands with mixed 
agonist and antago 

s” 
ist properties (i.e., cyclazocine and 

pentazocine). Pur opiate antagonists (i.e., naltrexone 
and naloxone) also provide some protection. 
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Figure 4. Protection by ligands against the actions of NEM. 
Membranes were incubated for 10 min at 32°C without any 
ligands (0,O) or with 50 nM Dala’met’amide (Cl, n ) or 150 nM 

naltrexone (A, A). NEM (2 mM) was added and the incubation 
was continued for up to 150 min as noted. After washing three 
times (microfuge method) membranes were assayed for the 
binding of either [“H]Dala2met5amide (9.5 to 13.7 nM) (open 
symbols) or [3H]naloxone (7 to 8 nM) (solid symbols). Data are 
the mean f  SEM from three separate experiments and are 
expressed as a percentage of the binding seen in control mem- 
branes. 

TABLE I 
Protection by ligands against losses in ~HJDala2me~amide binding 

induced by N-ethylmaleimide 
Membranes were incubated first with the various ligands noted and 

thereafter were incubated with 2 mM NEM. After 20 min of NEM 
treatment, they were washed by the microfuge technique (see 
“Materials and Methods”) and then assayed for [3H]Dala2met5amide 

binding (6.4 to 10 nM). Appropriate controls were included (see 
“Materials and Methods”). 

Protecting Ligand 

[:‘H]Dala*met%unide Bound 
(% Control) 

Experiment Number 

None 

Agonists 

1 2 3 

35 24 32 

Dala*met”amide (50 nM) 

/3-endorphin (300 nM) 
Etorphine (30 no) 
Normorphine (7 PM) 

Agonists-antagonists 

78 62 98 

65 ND” ND 
56 59 80 

59 62 89 

Pentazocine (1.7 PM) 
Cyclazocine (80 nM) 

Antagonists 

ND 53 78 

ND 26 64 

Naltrexone (150 nM) 
Naloxone (400 nM) 

” ND, not determined. 

ND 47 50 

ND ND 67 

As losses in “H-antagonist binding simply reflect losses 
in receptor number, the protection of [ 3H]naloxone bind- 
ing should be due to retention of the control number of 
receptors. To test this prediction, membranes were 
treated with NEM in the presence or absence of either 
Dala2met5amide or naltrexone for 80 min (Fig. 5). During 
these incubations, in the absence of any ligands, the 
number of sites is reduced to 5 % of normal. In all of 
these experiments, the membranes were washed five 
times to ensure as complete removal of the free ligands 
as possible. Clearly, the presence of either the opioid 
peptide or the opiate antagonist increases the number of 
receptors which survive this treatment. In agreement 
with experiments previously described, there is no sig- 
nificant loss in antagonist affinity after this NEM treat- 
ment. However, sometimes when protecting ligands are 
present during the incubation stage, there are less recep- 
tors than are seen in controls. As there is no correspond- 
ing loss in [ 3H]naloxone affinity, these losses in receptors 
cannot be due to free protecting ligand contaminating 
the assay stage of the experiment. 

In similar experiments, we looked to see if protection 
by agonists against losses in 3H-agonist binding reflects 
a protection of either receptor number, affinity, or both. 
The inclusion of the opioid peptide during NEM treat- 
ment leads to an increase in the number of receptors left 
and prevents some of the normal decrease in 
Dala2met5amide affinity (data not shown). For example 
(as shown in Fig. 6), the KD for the opioid peptide is -5 
nM in control, while after NEM treatment it can be -20 
nM. Yet when these membranes are treated with NEM 
in the presence of the opioid peptide, the KD is -12 nM. 
Some of this variability may relate to difficulties in 
removing all of the “protecting” ligand. At present, we 
cannot reach any firm conclusion as to the ability of the 
agonist to protect against losses in agonist affinity, but it 
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Figure 5. Saturation binding of [“Hlnaloxone to membranes 
treated with NEM +- other ligands. Membranes were incubated 
in l&ml Corex test tubes for 80 min in buffer containing 2 mM 
NEM alone (0) or with 50 nM Dala”met”amide (U) or 8000 nM 
naltrexone (A). Appropriate controls (see “Materials and 
Methods”) were run without ligand (0) or with opioid peptide 
(0) or naltrexone (A). After washing five times (see “Materials 
and Methods”), the membranes were assayed for [“Hlnaloxone 
binding over the concentration range of 10 to 100 nM. Dissocia- 
tion constants (Ke, nM) with Dala”met”amide are 17.4 for con- 
trol and 14.5 for NEM-treated membranes. Values for naltrex- 
one are 18.1 and 10.8 nM for control and NEM-treated mem- 
branes, respectively. 

is clear that they protect against losses in receptor num- 
ber. 

The results of studies on the effectiveness of cations 
and GTP as “protectors” against NEM are summarized 
in Figure 7 and Table II. The presence of 0.4 M NaCl has 
only a very minimal effect on the loss in 3H-agonist 
binding; it decreases the rate of loss in [3H] 
Dala”met”amide binding by -50%. This apparently would 
indicate that NaCl cannot protect the high affinity form 
of agonist binding from modification by NEM. This has 
been confirmed directly by monitoring the saturation 
binding isotherms for Dala2met”amide and the competi- 
tion by this peptide for [3H]naloxone binding to mem- 
branes treated with NEM in the presence of NaCl (data 
not shown). GTP (0.2 mM) appears to increase by 2-fold 
the rate of loss of the binding of 3H-agonist (Fig. 7A). 
Sodium chloride, however, affords almost complete pro- 
tection against the NEM-directed losses in [“Hlnaloxone 
binding. The rank order for monovalent cations as pro- 
tecting agents against losses in 3H-antagonist binding is 
Na’ 2 Li’ > K+ >> choline+ (Table II). The maximal 
protection afforded by Na+ and Li+ is approximately 
equal, whereas K’ and choline’ have a much lower 
protective efficacy. GTP does not provide significant 
protection against losses in [3H]naloxone binding. 

Discussion 

Previously it was reported (Larsen et al., 1981) that 
the opiate receptors in NGlO&15 are susceptible to mod- 

20 40 60 60 100 120 

~H]Dala2met5amide ( nM 1 

Figure 6. Saturation binding of [“H]Dala”met”amide to mem- 
branes incubated with NEM f opioid peptide. Membranes 
were treated as described in the legend to Figure 5 with the 
exception that the incubation period with NEM was only 20 
miq. Membranes incubated without NEM (0) plus 
Dala2met5amide (0) and with NEM (0) plus Data”met”amide 
(m) are indicated. Average KU values for control and NEM 
treated plus Dala’met”amide are 6.1 + 2.1 and 22.6 + 10 nM, 

respectively. 
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Figure 7. Protection by NaCl against NEM-induced losses in 
“H-ligand binding. Membranes were incubated in buffer alone 
(0,O) or with 0.4 M NaCl (0, n ) or 0.2 InM GTP (A, A) with 2 
mM NEM for up to 150 min. After washing, the membranes 
were assayed for [“H]Dala”met’amide (A) (6 to 13 nM) (open 
symbols) or [“Hlnaloxone (B) (5 to 10 nM) (solid symbols) 
binding. The data are presented as the mean f SEM from 
three separate experiments and are given as a percentage of the 
binding seen in controls. The y intercepts for control, Na’ 
treated, and GTP treated are 92.3, 92, and 98%, respectively. 
Correlation coefficients for all three lines are greater than 0.87. 

ification by N-ethylmaleimide. Two different actions of 
NEM, both assumed to involve sulfhydryl groups, were 
described at that time: one to decrease the number of 
opiate receptors and the other to decrease the affinity of 
these receptors for agonist ligands. The data presented 
in this report are not only in complete agreement with 
the original observations, but they also better define the 
individuality of these two actions of NEM. 
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TABLE II 
Specificity ofprotection of pH]nalonone binding from NEM 

inactivation afforded by monovalent cations 
Membranes were incubated with the cation listed below at 32°C in 

the presence of 2 mM NEM for 80 min. After stopping the reaction, the 
membranes were washed by the microfuge method (see “Materials and 
Methods”) and then assayed for the binding of [3H]naloxone (9.2 nM). 

All cations were added as chloride salts and appropriate controls were 
oerformed as detailed under “Materials and Methods.” 

Cation mkl 
~~~~~~~~~~ Bound 

(96 Control) 

None 29 

Na’ 2 86 
10 81 
50 100 

Li’ 10 51 
50 84 

100 89 

K+ 10 38 
50 36 

100 46 

Choline+ 10 21 
50 40 

100 36 

Our early speculation that the sites of action of NEM 
were sulfhydryl groups is supported now by the finding 
that both PCMB (which forms Hg2+ adducts with -SH 
groups) and NEM (which alkylates -SH groups) de- 
crease the binding of agonists and antagonists to opiate 
receptors. Also, as would be expected with such covalent 
actions, these effects are (1) time and concentration 
dependent, (2) stopped by dithiothreitol, and (3) not 
reversed by washing away the free agent. 

The postulated -SH groups appear to be directly 
accessible for modification. Alteration of the receptor 
subsequent to binding an opiate is not required for these 
-SH groups to be reactive. The hypothesis that there is 
one such -SH group per ligand-binding domain on each 
receptor is substantiated by the following data on the 
action of NEM. Losses in binding of two different opiate 
antagonists, naloxone and naltrexone, are described by 
the same pseudo-first order rate constant. The losses in 
binding subsaturating concentrations of 3H-antagonists 
correlate quantitatively with the reductions in the num- 
ber of receptors seen after treatment with NEM (Larsen 
et al., 1981). No losses in affinity accompany these mod- 
ifications. Therefore, the alteration by NEM (or PCMB) 
of only one such -SH group appears sufficient to modify 
the binding site. Iodoacetamide, for as yet unexplained 
reasons, either cannot alter these groups or its modifi- 
cation produces binding sites that are still within tolera- 
ble limits. Finally, a wide variety of opiate ligands protect 
against this action of NEM. This indicates that these 
-SH groups are in close proximity to or are within the 
ligand-binding domain of the receptor. Among those 
ligands capable of protecting the binding site (i.e., those 
which prevent losses in receptor number) are alkaloids 
and peptide agonists as well as two pure opiate antago- 
nists. If one assumes that the interaction of antagonist 
and receptor is a purely passive event, then the simplest 

explanation of these data would be that ligands mask the 
target -SH group when occupying the binding site. 
Under such circumstances, there would be no need to 
postulate any allosteric alteration of the -SH group in 
response to ligand binding. Although in some cases ago- 
nists protect better than antagonists, it must be remem- 
bered that the action of NEM is irreversible, while ligand 
binding is reversible. This often translates into an advan- 
tage for agonists over antagonists in acting as 
“protectors” as the former generally dissociate from the 
receptor much more slowly than do either of the two 
antagonists that were used. 

The occurrence of an essential -SH group within the 
ligand-binding domain of the NG108-15 opiate receptor 
is very analogous to the situation found with opiate 
receptors in brain and other tissues (Simon et al., 1973, 
1975; Wilson et al., 1975). All of these opiate receptors 
have accessible -SH sites which when modified by NEM 
alter the binding site. Apparently, opiate agonists and 
antagonists protect against such modifications. Interest- 
ingly, an early observation concerning these -SH groups 
was that they were protected from NEM best by those 
monovalent cations which would selectively decrease 
agonist affinity for these opiate receptors (Simon et al., 
1975; Spiehler et al., 1978). In strengthening the analogy 
between NG108-15 and brain opiate receptors, we find 
that the same is true with the NG108-15 binding sites: 
sodium and lithium offer a great deal of protection 
against the action of NEM, while potassium and choline 
offer much less. The former two ions selectively decrease 
opiate agonist binding in NG108-15 by some type of 
allosteric mechanism (Blume, 1978). Protection of the 
binding site of the NG108-15 opiate receptors by mono- 
valent cations gives additional support to the idea that 
the opiate receptor, per se, is the site of action of sodium. 

As noted earlier, our initial investigation also indicated 
that there was a second action of NEM: one which was 
related specifically to agonist high affinity. At that time 
(Larsen et al., 1981), it was shown that agonist affinity 
could be greatly diminished without there being a cor- 
responding change in antagonist affinity or loss in recep- 
tor number. In addition, these altered sites not only 
retained their Na’ sensitivity (i.e., further losses in ago- 
nist affinity could be induced by Na+) but were, in fact, 
much more sensitive to monovalent cations. However, 
these altered states could not be regulated by GTP; the 
nucleotide normally decreases agonist affinity. Based on 
the above, we speculated that another -SH group, dif- 
ferent from the one related to the binding site, was 
involved in these reactions. The data presented here 
support the existence of this second -SH group as being 
somewhere within the opiate receptor complex but not 
at the ligand-binding site. Not only can NEM distinguish 
between these two -SH groups, but protection of these 
two sites by ligands and cations is clearly different. 
Whereas antagonists and monovalent cations afford ex- 
cellent protection of the -SH group within the binding 
site, neither are effective protectors of the -SH group 
responsible for binding agonist with high affinity. As 
GTP does not protect either -SH group nor do agonists 
clearly protect the high affinity state, the actual location 
of this second -SH group remains ambiguous. Although 
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it is outside of the general ligand-binding domain, it could 
lie within another domain of the receptor or some other 
protein associated with the receptor moiety. With the 
brain opiate receptors, GTP protects against losses in 
agonist and antagonist binding induced by NEM (Child- 
ers and Marsh, 1980; Zukin et al., 1980). Therefore, these 
receptors apparently do associate with a nucleotide-bind- 
ing component and, furthermore, such associations are 
involved in high affinity opiate agonist binding. Most 
likely an association exists between the NG108-15 opiate 
receptor and a nucleotide-binding protein. With great 
specificity, guanine nucleotides clearly modify opiate 
agonist binding to NGlOB-15 receptors (Blume, 1978; 
Blume et al., 1979a). In addition, the alkylation of a single 
--SH group outside of the opiate ligand-binding domain 
causes both a loss in agonist affinity and a loss in nucleo- 
tide sensitivity. Certainly, such events would be ex- 
plained if modification of these --SH groups prevented 
the proper association of the receptor with the nucleo- 
tide-binding protein. Coupling of such regulatory com- 
ponents with other receptors which control the activity 
of adenylate cyclase has, in fact, been shown to be 
responsible for high affinity agonist binding and its sen- 
sitivity to guanine nucleotides (Ross et al., 1978; Stadel 
and Lefkowitz, 1979; De Lean et al., 1980; Citri and 
Schramm, 1980). Resolution of these issues must await 
the solubilization of some of these components in an 
active form. 
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