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SUMMARY

BW373U86 is a potent and highly selective nonpeptidic agonist
for é-opioid receptors. To determine its ability to couple with G
protein-linked second messenger systems, this study examined
the effects of BW373U86 on the inhibition of adenylyl cyclase
and the stimulation of low-K, GTPase activity. In rat striatal
membranes, BW373U86 inhibited basal adenylyl cyclase activity
in a GTP-dependent manner, with maximal inhibition levels similar
to those of the prototypic 4 agonist [D-Ser?, Thré]Leu-enkephalin
(DSLET). However, BW373U86 was approximately 100 times
more potent than DSLET in inhibiting adenylyl cyclase. Analysis
of the inhibitory activity across 10 brain regions revealed that
both low and high concentrations of BW373U86 inhibited aden-
ylyl cyclase activity in a manner similar to that of DSLET. Inhibi-
tion of adenylyl cyclase by BW373U86 was é receptor selective,
because the & receptor-selective antagonist naltrindole was sig-
nificantly more potent than naloxone and the n. receptor-selective

antagonist p-Phe-Cys-Tyr-b-Trp-Om-Thr-Pen-Thr-NH, was inef-

fective in blocking BW373U86 inhibition. BW373U86 also inhib-
ited adenylyl cyclase activity in membranes prepared from
NG108-15 cells, with an ICs, value 5 times lower than that of
DSLET. This increased potency was not observed in concentra-
tion-effect curves for agonist-stimulated low-K, GTPase in
NG108-15 membranes. BW373U86 is a competitive inhibitor of
[®H]diprenorphine at & receptors of NG108-15 cell membranes.
However, unlike DSLET, BW373U86 displacement of [°H]dipren-
orphine binding to NG108-15 cell membranes was not affected
by sodium and guanine nucleotides. This lack of GTP effect on
binding apparently produced slow dissociation rates for this
agonist, because naltrindole was less potent in blocking
BW373U86 inhibition of adenylyl cyclase when membranes were
preincubated with this agonist. These results demonstrate the
novel finding that the binding of a full agonist to a G protein-
coupled receptor is not regulated by GTP, and they also show
how the lack of regulation in receptor binding affects agonist
potency.

3-Opioid receptors were first identified as the opioid receptor
type that binds enkephalin and related peptides with high
affinity (1-3). Agonists that display extremely high selectivity
for & receptors have been prepared; however, in all previous
cases, such compounds were structural analogs of traditional
opioid peptides (4-6). The recent synthesis of the novel com-
pound BW373U86, (+)-4-[(a-R*)-a-[(2S*5R*)-4-allyl-2,5-di-
methyl-1-piperazinyl}-3-hydroxybenzyl]-N,N-diethylbenza-
mide, offers an alternative ligand system for the study of &
receptors (7). This compound is a nonpeptidic derivative and
displays selective actions at § receptors both in mouse vas
deferens and in receptor binding assays with brain membranes.

This research was supported in part by United States Public Health Service
Grants DA02904 and DA06634 from the National Institute on Drug Abuse.

This compound demonstrates its agonistic activity to inhibit
electrically induced contractions of the mouse vas deferens that
are blocked by 6 receptor-selective antagonists like NTI and to
produce opioid analgesia when injected intrathecally (8). Such
a nonpeptidic agonist should be important in delineating prop-
erties of & receptors under circumstances where the limited
bioavailibility of peptide analogs prevents their effective use as
pharmacological agents.

Like other opioid receptor types, é receptors are coupled to
G proteins. Both sodium and guanine nucleotides inhibit &
receptor binding in a manner typical of G;-linked receptors (9-
11). Moreover, even though & receptors are coupled through G
proteins to other effector systems like potassium channels (12),
the best studied second messenger system associated with §
receptors is inhibition of adenylyl cyclase. This reaction was

ABBREVIATIONS: NTI, naltrindole; DSLET, [p-Ser? Thré]Leu-enkephalin; Gpp(NH)p, guanylyl-5’-imidodiphosphate; App(NH)p, adenylyl-5’-imidodi-
phosphate; DTT, dithiothreitol; EGTA, ethylene glycol bis(s-aminoethyl ether)-N NN’ N’-tetraacetic acid; CTOP, p-Phe-Cys-Tyr-0-Trp-Om-Thr-P

Thr-NH.
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characterized in NG108-15 neuroblastoma X glioma hybrid
cells (13-15), and later studies extended the finding of this
system in brain membranes as well (16-20). Although it is still
not clear which of the physiological actions of § agonists are
mediated through changes in cAMP levels, it is nevertheless
clear that many (if not all) of these actions are mediated
through G proteins.

However, in preliminary studies in NATG1 neuroblastoma
cell membranes,! BW373U86 demonstrated effects that were
not typical of G protein-coupled receptor agonists. Although
BW373U86 was potent in binding to & receptor binding sites,
addition of either sodium or guanine nucleotides had no effect
on its binding affinity. Thus, in this assay, BW373U86 behaved
more like an antagonist than a typical agonist of a G protein-
coupled receptor. Because other studies demonstrated that
BW373U86 was a full agonist (7), these results suggested either
that BW373U86 was not acting through a G protein-coupled
system like other 6 agonists or that its G protein-coupled
properties were different from those of other agonists. The
present study was designed to determine whether BW373U86
acted through G proteins, by examining its ability to inhibit
adenylyl cyclase and to stimulate low-K,, GTPase. These re-
sults show that this novel agonist is indeed coupled to this
second messenger system like other 6 agonists and that the
lack of guanine nucleotide and sodium regulation of binding
creates an agonist that is significantly more potent than would
be predicted from traditional binding assays.

Experimental Procedures

Materials. [*H]Diprenorphine (~40 Ci/mmol) was purchased from
Amersham (Chicago, IL), whereas [a-**P]JATP (25 Ci/mmol), [y-**P]
ATP (3000 Ci/mmol), [*HJATP (30 Ci/mmol), and [y-**P]GTP (30
Ci/mmol) were obtained from New England Nuclear (Boston, MA).
Sprague-Dawley rats were purchased from Zivic-Miller (Zelienople,
PA). NTI was synthesized according to the method of Portoghese et al.
(21). BW373U86 was synthesized in the Division of Organic Chemistry,
Burroughs Wellcome Co. (Research Triangle Park, NC). DSLET and
CTOP were purchased from Peninsula Laboratories (Belmont, CA).

Cell culture. NG108-15 cells were cultured at 37° in a humidified
atmosphere of 5% C0,/95% air, in Dulbecco’s modified Eagle’s medium
containing 100 units/ml penicillin, 100 ug/ml streptomycin, 2.5 mg/ml
amphotericin B, 5% fetal bovine serum, 100 uM hypoxanthine, 0.4 uM
aminopterin, and 16 uM thymidine. To prepare membranes for receptor
binding and adenylyl cyclase assays, cells were harvested and centri-
fuged at 345 X g for 10 min. The pellet was resuspended in 50 volumes
of 50 mM Tris- HCI, pH 7.4, with 1 mM EGTA, and were homogenized
with a Polytron. The homogenate was centrifuged at 500 X g for 10
min, and the supernatant was placed on ice. The pellet was resuspended
in Tris-EGTA and centrifuged at 500 X g for 10 min. The two super-
natants were combined and centrifuged at 26,700 X g for 20 min at 4°.
The resulting pellet was then resuspended in Tris-EGTA, and aliquots
were stored at —80°. For low-K,, GTPase assays, membranes were
prepared as described by Vachon et al. (22), with some modification.
Cells were homogenized in 3.2 mM sucrose, 1 mM DTT, in Tris-EGTA
(buffer A), with a Dounce homogenizer. The homogenate was centri-
fuged at 1000 X g for 10 min at 4°, and the supernatant was removed
and placed on ice. The pellet was resuspended in buffer A and centri-
fuged at 1000 X g for 10 min. The two supernatants were combined
and centrifuged at 27,000 X g for 20 min at 4°. The membrane pellet
was resuspended in buffer A without sucrose (buffer B) and centrifuged
at 27,000 X g for 30 min. Membranes were resuspended in buffer B,
homogenized with a Dounce homogenizer, and stored at —80°.

'K.-J. Chang, M. A. Collins and R. W. McNutt, unpublished observations.

Opioid receptor binding. NG108-15 cell membranes (30 ug of
protein) were incubated in buffer C containing 50 mm Tris, pH 7.4, 0.2
mM Tris-EGTA, 0.3 mM DTT, 3 mM MgCl;, and 0.25 nM [*H]dipren-
orphine, in a final volume of 2 ml. The saturation binding was con-
ducted with nine different concentrations of [*H]diprenorphine, rang-
ing from 0.03 nM to 10 nM, in the absence and presence of 2 nM
BW373U86. Nonspecific binding was defined as the difference between
total binding and binding in the presence of 10 uM naloxone. Tubes
were incubated at 24° for 90 min, and reactions were terminated by
rapid filtration through Whatman GF/C glass fiber filters. Bound
radioactivity was determined by liquid scintillation counting (50%
efficiency) after overnight extraction of the filters in 4 ml of scintilla-
tion fluid.

Adenylyl cyclase assays. For the assay of adenylyl cyclase in brain
membranes, the method of Childers and LaRiviere (23, 24) was used.
Male Sprague-Dawley rats (180-250 g) were decapitated, and striata
(along with selected other regions in certain experiments) were quickly
dissected on ice and homogenized by using a Polytron (setting 5, 15
sec), in assay buffer (50 mM Tris- HC], 3 mm MgCl,, 1 mMm DTT, pH
7.4). Membranes were prepared by centrifugation of the homogenate
at 48,000 X g for 10 min. Brain membranes were then pretreated at low
pH (23) by resuspension in 50 mM sodium acetate, 1 mmM DTT, pH 4.5
(1 ml of buffer/100 mg of original wet weight of tissue), and were
incubated on ice for 20 min. After addition of 5 ml of assay buffer,
membranes were isolated by centrifugation at 48,000 X g for 10 min.
Membranes (100-200 ug of protein) were resuspended in assay buffer
containing 10 mM theophylline, 120 mM NaCl, 50 uM GTP, 20 mMm
creatine phosphate, 10 units of creatine phosphokinase, 30 uM cAMP,
100 uM ATP, and 1 uCi of [PHJATP, together with various drug
additions, in a total volume of 100 ul. Enzyme blanks consisted of
identical tubes in which membranes had been immersed in boiling
water for 2 min before addition of substrate. The reaction was initiated
by addition of [*'H]ATP, and the tubes were incubated at 30° for 10
min. The reaction was terminated in boiling water for 2 min, and then
tubes were cooled on ice for 5 min. Before application of samples to
the high performance liquid chromatography column (23), [*H}adeno-
sine was removed by incubation with 0.75 units of adenosine deaminase
at 30° for 5 min. Tubes were placed back on ice, and remaining ATP
was precipitated by the sequential addition of 20 ul of 1 M Ba(OH),,
followed by 20 ul of 1 M ZnSO, and 250 ul of water, with 5 min between
each addition. Tubes were centrifuged at 1000 X g for 15 min and
supernatants were transferred into tubes for automatic sample injection
onto a C-18 reverse phase high performance liquid chromatography
column, as described previously (23). Radioactivity was determined by
liquid scintillation counting (40% efficiency) after addition of 5 ml of
Ecoscint scintillation fluid (ICN, Irvine, CA).

Assay of adenylyl cyclase in NG108-15 cell membranes was per-
formed by the method of Salomon (25). Membranes (70 ug of protein)
were incubated for 15 min at 30°, in the presence and absence of various
drugs, in assay buffer containing 50 uM ATP, [a-*?P]ATP (1.5 uCi),
0.2 mM DTT, 3 mM MgCl,, 0.01% bovine serum albumin, 50 uM cAMP,
50 uM GTP, 120 mM NaCl, 10 mM theophylline, 5 mM phosphocreatine,
and 20 units/ml creatine phosphokinase, in a final volume of 100 ul.
The reaction was terminated by boiling in a water bath for 2 min. [*?P]
cAMP was isolated by the method of Salomon (25). Radioactivity was
determined by liquid scintillation counting (35% efficiency for *H) after
4 ml of the eluate had been dissolved in 12 ml of Ecolite scintillation
fluid (ICN, Irvine, CA).

Low-K,, GTPase assay. NG108-15 cell membranes (3-5 ug of
protein) were incubated for 20 min at 30°, with and without various
drugs, in assay buffer containing 0.5 uM GTP (including 0.1 uCi of
[v-**P]GTP), 0.2 mM DTT, 3 mM MgCl,, 0.01% bovine serum albumin,
120 mM NaCl, 1 mM ATP, 1 mM App(NH)p, 5 mM phosphocreatine,
and 20 units/ml creatine phosphokinase, in a final volume of 100 ul.
The low-K,, GTPase assay was conducted as described previously (22,
26). Nonspecific (“high” K,,) GTP hydrolysis was determined by the
inclusion of 50 uM GTP. In some experiments, 120 mM NaCl was
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replaced by 0-120 mM NaCl. The reaction was terminated by boiling
in a water bath for 2 min, followed by the addition of 100 ul of 40 mM
phosphoric acid. After the addition of 800 ul of a 5% activated charcoal
suspension in 20 mM phosphoric acid, the tubes were centrifuged at
2600 x g for 30 min. Radioactivity was determined after 700-ul aliquots
of the supernatant had been dissolved in 5 ml of scintillation fluid.
Nonspecific activity (high-K,, GTPase plus nonenzymatic hydrolysis)
accounted for 50-70% of total 3P released.

Miscellaneous assays and data analysis. Protein values were
determined by the method of Bradford (27). Unless otherwise indicated,
results are mean = standard error values of separate experiments, each
of which was conducted in triplicate. All ICs and Hill slope values were
calculated by computer analysis (EBDA).

Results

Effects of BW373U86 on adenylyl cyclase in rat brain
membranes. Adenylyl cyclase was assayed in rat striatal mem-
branes that had been pretreated at pH 4.5 before assay at pH
7.4, to increase maximal inhibition of activity hy opioid agonists
(18, 24). To determine whether BW373U86 possessed the phar-
macological properties of a § agonist in this system, agonist
concentration-effect curves were generated for both BW373U86
and the § agonist DSLET. Results (Fig. 1) showed that, when
50 uM GTP was included in the adenylyl cyclase assay, both
DSLET and BW373U86 inhibited adenylyl cyclase with ap-
proximately the same efficacies, providing 30-35% inhibition
of basal activity. However, in the absence of GTP, neither
agonist had any significant effect on basal adenylyl cyclase
activity. In addition, BW373U86 was significantly more potent
in inhibiting adenylyl cyclase than was DSLET. The ICs, value
of DSLET was 300 nM (similar to that reported previously in
brain membranes (18), whereas the ICs value of BW373U86
was 4 nM (Table 1). Interestingly, the inhibition of adenylyl
cyclase by BW373U86 occurred over 4 orders of magnitude of
concentration for this agonist. The Hill slope calculated for the
concentration-effect curve of DSLET was 0.95, whereas the
Hill slope for BW373U86 was 0.41.

To determine whether BW373U86 inhibited adenylyl cyclase
in the same brain regions as did DSLET, assays of both low
(0.1 uM) and high (10 uM) concentrations of BW373U86, to-
gether with a high (10 uM) concentration of DSLET, were

100
w-
§ eo.
* 70-
1 10 100 1000 10000
Drug (nM)

Fig. 1. Inhibition of adenylyl cyclase in rat striatal membranes by DSLET
and BW373U86 in the presence and absence of GTP. Striatal membranes
were pretreated at pH 4.5, washed, and assayed for adenylyl cyclase
with the indicated concentrations of DSLET and BW373U86, with and
without 50 um GTP. Data are expressed as percentage of basal adenylyl

cyclase activity (156 pmol/min/mg).
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performed in 10 different rat brain regions. Results (Table 2)
showed that BW373U86 produced regional differences in inhib-
iting adenylyl cyclase similar to those of DSLET, regardless of
the concentration used. For both agonists, relatively high in-
hibitory levels were observed in striatum, hippocampus, and
frontal cortex. Moderate levels were observed in sensomotor
cortex, amygdala, hypothalamus, and thalamus. Low levels
were observed in colliculus, brainstem, and cerebellum. This
distribution is similar to that previously reported for [D-
Ala? Met®]enkephalinamide-inhibited adenylyl cyclase in rat
brain membranes (18). Not only were the regional differences
in inhibition produced by both low and high concentrations of
BW373U86 the same as those produced by DSLET, but there
was little difference between the levels of inhibition produced
by 0.1 uM or 10 uM BW373U86 in any of the regions tested.
These results suggested that the increased potency of
BW373U86, compared with DSLET, was not restricted to
striatum but was observed throughout the brain.

To determine the 4-opioid receptor selectivity of BW373U86,
agonist concentration-effect curves were obtained in striatal
membranes in the presence of 0.1 uM concentrations of the 5-
selective antagonist NTI, 1 uM concentrations of the relatively
u-selective antagonist naloxone, or 1 uM concentrations of the
u-selective antagonist CTOP (28) (Fig. 2). Both NTI and
naloxone produced competitive antagonism of the BW373U86
inhibition curves, inasmuch as they increased the ICy value
without changing the maximum inhibition level of BW373U86.
However, NTI was significantly more potent; at 0.1 uM it
increased the ICs, value of BW373U86 by almost 3 orders of
magnitude, whereas 1 uM naloxone increased the agonist ICs
value by approximately 50-fold. Approximate K, values were
0.1 nM for NTI and 20 nM for naloxone in blocking the
inhibitory effect of BW373U86 on adenylyl cyclase. In contrast,
CTOP had no significant effect on the potency or maximal
inhibition of adenylyl cyclase by BW373U86 (Fig. 2).

Effects of BW373U86 in NG108-15 cells. The surpris-
ing finding that BW373U86 was 100 times more potent than
DSLET in inhibiting adenylyl cyclase in brain membranes led
to the question of its potency in inhibiting adenylyl cyclase in
NG108-15 cells. § agonists are significantly more potent inhib-
itors of adenylyl cyclase in NG108-15 membranes than in brain
membranes (9, 29). Experiments were therefore performed to
determine whether BW373U86 displayed an increase in po-
tency, compared with DSLET, in NG108-15 cell membranes
equal to that shown in brain membranes. Results of adenylyl
cyclase assays (Fig. 3, top) revealed that DSLET and
BW373U86 inhibited adenylyl cyclase with approximately the
same maximal degree of inhibition (approximately 35%). The
ICso value of DSLET was 10 nM, and the ICs value of
BW373U86 was approximately 5 times lower, at 2 nM (Table
1). Thus, although BW373U86 was more potent than DSLET
in inhibiting adenylyl cyclase in NG108-15 membranes, it did
not display the dramatic increase in potency observed in brain
membranes.

To further explore this relationship, é receptor-stimulated
low-K,, GTPase was assayed in NG108-15 membranes (Fig. 3,
bottom). In these assays, both BW373U86 and DSLET in-
creased low-K,, GTPase activity to the same extent, by approx-
imately 50%. Interestingly, the two agonists were approxi-
mately equipotent in this assay, both exhibiting ECs, values of
2-3 nM. The potency of BW373U86 did not change between
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TABLE 1

Potencies of DSLET and BW373U86 in brain and NG108-15 membranes

Ti ivi GTP (Coo o ECer
1ssue
Aoty BW373U86 DSLET
uM M
Brain Adenylyl cyclase 50 49+ 21 320 + 120
NG108-15 celis Adenylyl cyclase 50 19+03 9706
NG108-15 cells Low-K, GTPase 0.5 1.7+02 27+02
NG108-15 cells Binding, Mg** 0 1.7£0.2 1.4 0.1
NG108-15 cells Binding, Mg®* + Na* + GTP 50 15+0.2 47 + 4
NG108-15 cells Binding, Mg?* + Na* + Gpp(NH)p 50 1.7+03 48 + 11
TABLE 2
DSLET and BW373U86 effects on adenylyl cyclase in membranes 1001
from rat brain regions
Membranes were prepared from various rat brain regions and assayed for adenylyl -
cyclase in the presence of either 0.1 um or 10 um BW373U86 or 10 um DSLET, as .3 |
described in Experimental Procedures. Data are presented as percentage of 3 %0
inhibition of basal adenylyl cyclase activity and represent mean + standard error
values from three separate experiments. §
Inhibition of basal adenytyl cyclase activity g 801
Region 0.1 um 10 um =
BWIaBs  Bwarags  10MOSLET 8
% : 701 e pSLET
Striatum 243+23 327+31 27.3%76 © BW373Uee
Hippocampus 242+65 249+69 262x6.0 60 o
Frontal cortex 308+52 323+45 197+83 0 .1 1 10 100 1000
Sensomotor cortex 218+27 184108 20671
Amygdala 159+71 239+48 17752 Concentration agonist (nM)
Hypothalamus 112+26 121+15 150%21
Thalamus 121+45 172+49 172+89 60
Superior colliculus 20+28 82+55 105+38
Brainstem 91+14 93+8.0 33+59 50
Cerebellum 15+5.2 0157 03+13
[ ]
e 401
1001 R E
o
§ 301
&
g % 2 20
&
R ® DSLET
E o0 101 O BW373U86
0+—OC== ¥ v ~ -
3 ® CONTROL .01 A 1 10 100 1000
2 701 B 0.1uMNTI Concentration agonist (nM)

A 1M Naloxone

O 1uMCTOP
” — r - o v
0 B 1 10 100 1000 10000
Concentration BW373U88 (nM)

Fig. 2. Effect of opioid antagonists on BW373U86-inhibited adenytyl
cyclase in rat striatal membranes. Membranes were assayed for adenylyl
cyclase as described in Procedures, with the indicated
concentrations of BW373U86 in the presence of either 1 um naloxone,
0.1 um NTI, or 1 um CTOP. Data are expressed as percentage of basal
adenylyl cyclase activity (175 pmol/min/mg).

the two assays, although the potency of DSLET was signifi-
cantly higher in stimulating low-K,, GTPase than in inhibiting
adenylyl cyclase.

One possible explanation for the different potencies of
DSLET, compared with BW373U86, in low-K,, GTPase versus
adenylyl cyclase assays is the different concentration of GTP
utilized in the two assay systems. As indicated in Table 1, the

Fig. 3. Comparison of BW373U86 and DSLET inhibition of adenytyl
cyclase (top) and stimulation of low-K, GTPase (bottom) in membranes
from NG108-15 cells. Membranes were prepared from cultured cells as
described in Experimental Procedures. Adenylyl cyclase was determined
with 50 um GTP, and low-K,, GTPase was assayed with 0.5 um GTP, in
the presence of various concentrations of DSLET and BW373U86. Data

are expressed as percentage of basal adenylyl cyclase activity (11 pmol/
min/mg) or as percentage stimulation of basal low-K,, GTPase activity
(38 pmol/min/mg).

GTPase assay contained 0.5 uM GTP, whereas the adenylyl
cyclase assay contained 50 uM GTP. Data in mouse brain and
vas deferens membranes (30) indicated that, unlike with other
opioid agonists, guanine nucleotides had no effect on the po-
tency of BW373U86 to inhibit [*’H]NTI binding. These findings
suggested that this unusual property of BW373U86 may explain
why varying concentrations of GTP would affect the potencies
of DSLET and BW373U86 differently. To confirm these sug-
gestions, opioid receptor binding was assayed in membranes
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from NG108-15 cells, using the antagonist [*H]diprenorphine.
To mimic the conditions of the adenylyl cyclase assay, [°H]
diprenorphine binding was assayed in the presence of either 3
mM Mg?* alone, Mg?* plus 120 mM NaCl and 50 um GTP
(adenylyl cyclase conditions), or Mg?* plus 120 mM NaCl and
50 uM Gpp(NH)p. Fig. 4 (bottom) shows the effect of these
varying additions on displacement of [*H]diprenorphine bind-
ing by DSLET. This analog behaved like a typical agonist
binding to a G protein-linked receptor, because the addition of
NaCl and GTP, or NaCl and Gpp(NH)p, decreased the ICs,
value of DSLET by a factor of 40-fold. In contrast (Fig. 4, top),
NaCl and GTP had no effect on the IC5, value of BW373U86.
To confirm that the lack of guanine nucleotide and sodium
effects was not due to GTP hydrolysis, the same experiment
was repeated in the presence of NaCl and Gpp(NH)p, and the
results (Fig. 4, top) again showed no change in IC;, values for
BW373U86. Calculated ICs values for both DSLET and
BW373U86 are presented in Table 1.

Because the effect of sodium and guanine nucleotides on
traditional agonist binding to opioid receptors is to increase
agonist dissociation rates (9, 10), the lack of effect of NaCl and
GTP on BW373U86 binding (Fig. 4) predicts that the dissocia-
tion rate of bound BW373U86 would be relatively slow, com-
pared with that of DSLET, under adenylyl cyclase assay con-

100
- Mgz’

80 —a— Mg? + GTP + Na*
- —a— Mg® + Gpp(NH)p + Na*
(]
£ 60
4
[]
e 40
w .
o
2

20-

0 T T
1 10 100 1000 10000
BW373U86, (nM)
100
b - Mg”

80- —a— Mg? +GTP +Na*
3 —=— Mg + Gpp(NH)p + Na*
2
= 604
<
Q
e 40
m -4
(o]
£

204

c ' T T hd hd
1 10 100 1000 10000
DSLET, (nM)

Fig. 4. Effect of NaCl and guanine nucleotides on displacement of [°H]
diprenorphine binding in NG108-15 cell membranes by BW373U86 (top)
and DSLET (bottom). Binding was conducted either with 3 mm MgCl,
alone, with Mg?* plus 120 mm NaCl and 50 um GTP, or with Mg?* plus
120 mm NaCl and 50 um Gpp(NH)p. Data are expressed as mean +
standard error of percentage of specific [*H]diprenorphine binding, as
determined in each condition.

G Protein Effects of a Novel Opioid Agonist 831

ditions. Direct assay of BW373U86 dissociation rates cannot
be determined at this time because this agonist is not yet
available as a radioligand. However, an indirect measure of this
effect was examined by determining whether the ability of NTI
to antagonize agonist inhibition of adenylyl cyclase was affected
by pretreatment of NG108-15 cell membranes with agonists.
In this experiment (Fig. 5), membranes were preincubated with
either agonist or antagonist before initiation of the adenylyl
cyclase assay. In the “agonist first” condition, membranes were
preincubated for 10 min at 30° with ICy concentrations of
DSLET (100 nM) or BW373U86 (20 nM) before addition of
various concentrations of NTIL. In the “NTI first” condition
(Fig. 5), the membranes were preincubated for 10 min at 30°
with NTI before the addition of either agonist. The results
showed a clear difference in the ability of NTI to block DSLET
and BW373U86 inhibition of adenylyl cyclase (Fig. 5). Both
DSLET and BW373U86 produced the same (45%) inhibition
of activity in the absence of antagonist. NTI decreased DSLET
inhibition in a concentration-dependent manner; 1 nM NTI
decreased DSLET inhibition approximately 50%, whereas 100
nM NTI completely eliminated DSLET inhibition. Moreover,
the effect of NTI on DSLET-inhibited activity was the same
whether agonist or antagonist was added first. In contrast, the
potency of NTI in blocking BW373U86 inhibition of adenylyl
cyclase depended upon the order of agonist and antagonist
addition. When the antagonist was added first, the effect of
NTI was similar to that observed for DSLET-inhibited activity;
1 nM NTI significantly decreased BW373U86 inhibition,
whereas 100 nM NTI completely eliminated BW373U86 inhi-
bition. On the other hand, when membranes were preincubated
with BW373U86 before the addition of NTI, the antagonist
was significantly weaker; up to 10 nM NTI had no significant
effect on BW373U86 inhibition, whereas 100 nM NTI, which
completely blocked BW373U86 inhibition when the antagonist
was added first, blocked only approximately 20% of BW373U86
inhibition. These results are consistent with the concept that

B NTIFirst [J Agonist First

504! DSLET (100 nM) BW373 (20 nM)

401 -

301 _
10 ﬂ

0 1 10 100 0 1 10 100
Concentration NTI (nM)

Fig. 5. Effect of agonist pretreatment on NT| blockade of agonist-inhibited
adenylyl cyclase in NG108-15 cell membranes. Membranes were prein-
cubated at 30° either with DSLET (100 nm) or BW373U86 (20 nm) for
10 min before addition of NT! (Agonist First) or with various concentra-
tions of NTI for 10 min before addition of agonist (NT/ First). Then [*P)]
ATP was added and adenylyl cyclase activity was measured as described
in Experimental Procedures. Data are expressed as mean + standard
error of percentage inhibition of basal adenylyl cyclase activity (10 pmol/
min/mg).

_|
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BW373U86 dissociation was relatively slow, compared with
that of DSLET.

The finding that guanine nucleotides and sodium had no
effect on BW373U86 displacement of [*H]diprenorphine bind-
ing (Fig. 4) led to the question of whether this novel agonist
actually bound competitively at 8-opioid receptor sites. To
answer this question, the Scatchard plot of [*H]diprenorphine
saturation binding to NG108-15 cell membranes was obtained
in the absence and presence of 2 nM BW373U86 (Fig. 6). The
results showed that, indeed, BW373U86 competed for [*H]
diprenorphine binding to & receptors in a competitive manner;
the slope of the Scatchard plot was reduced by a factor of 5.6
by the presence of 2 nM BW373U86 and the maximal binding
activity (B value) was not significantly altered. An identical
competitive nature of BW373U86 against [*H]diprenorphine
binding was observed whether guanine nucleotide (50 uM) and
sodium ions (120 mM) were present (Fig. 6) or absent (data not
shown).

Discussion

BW373U86 was designed as a nonpeptidic 4-opioid agonist,
and a number of studies confirm this activity (7). For example,
BW373U86 competed much more potently for radiolabeled &
ligand than for u, «, or ¢ ligands in brain membranes, and it
was also potent in inhibiting electrically induced contractions
in the mouse vas deferens. The potencies of selective u and é
antagonists in blocking the agonist effects of BW373U86 in
smooth muscle preparations were also consistent with specific
& agonist actions of this novel compound. Finally, BW373U86
produced significant opioid analgesia when injected intrathe-
cally (8), but not centrally, consistent with the spinal mecha-
nisms known to predominate for 4-opioid-mediated analgesia.
However, one aspect of BW373U86 effect was not consistent
with the actions of known § agonists; in preliminary assays in

30
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5] %"\:’\

[3H]Diprenorphine Bound, pM

30

0 10 20
—— [HiDrenarphine Bound, p
0 1 2 3 4 5 6 7 8 9
Free [3H]Diprenorphine, nM

Fig. 6. Effect of BW373U86 on [*H]diprenorphine saturation binding in
NG108-15 cell membranes. The saturation curves for [*H]dirpenorphine
binding to & receptors in NG108-15 cell membranes were obtained with
nine concentrations of [*H]diprenorphine in the absence (®) and presence
(O) of 2 nm BW373U86 and in the presence of sodium ions (120 mm)
and Gpp(NH)p (50 um). Inset, Scatchard plots. The apparent K, values
are 0.35 nm and 1.98 nm in the absence and of 2 nm
BW373U86, respectively. The Bmex values are 25.7 pm and 25.9 pm in
the absence and presence of BW373U86, respectively. Similar compet-
itive inhibition by BW373U86 of [*H]diprenorphine binding was observed

in three separate experiments.

N4TG1 neuroblastoma cell and brain membranes, neither so-
dium nor guanine nucleotides had any significant effect on the
binding affinity of BW373U86 at 4-opioid binding sites.! The
present studies were undertaken to examine whether this com-
pound had effects on G protein-coupled second messenger
systems that were typical of other é agonists.

In brain membranes, BW373U86 inhibited basal adenylyl
cyclase with the same efficacy (30-35% maximum inhibition)
as did the prototypic 6 agonist DSLET. However, BW373U86
was almost 100 times more potent than DSLET in this assay,
thus making it by far the most potent opioid agonist in inhib-
iting adenylyl cyclase in brain membranes. Previous studies in
brain (16, 18, 24, 30) revealed that most opioid agonists inhib-
ited adenylyl cyclase with ICs, values between 100 and 500 nM.
In guinea pig cerebellum, x-opioid agonists were more potent
in inhibiting adenylyl cyclase, with ICs, values of approximately
50 nM (31). Nevertheless, BW373U86 was at least 10 times
more potent than these agonists. The explanation for this
increased potency was not due to proteolytic degradation of
DSLET, compared with the nonpeptide BW373U86, because
addition of a protease inhibitor cocktail to the adenylyl cyclase
assay had no effect on DSLET potency (data not shown).
Furthermore, previous studies demonstrated that DSLET and
related opioid peptide analogs were not degraded during the
relatively short (10-min) adenylyl cyclase assay (18). The in-
creased potency of BW373U86 was also not produced by a
fundamentally higher affinity of this agonist for § receptors,
compared with DSLET. Indeed, when binding assays with [°H]
diprenorphine were conducted in NG108-15 cell membranes
in the absence of sodium and guanine nucleotides, the ICs,
values of DSLET and BW373U86 were essentially the same
(Table 1).

Another unusual aspect of the actions of BW373U86 on
striatal adenylyl cyclase is the appearance of its concentration-
effect curve, which was significantly more shallow than that of
DSLET or any other opioid agonist in inhibiting adenylyl
cyclase (18, 31). One potential explanation is that BW373U86
may inhibit adenylyl cyclase through multiple receptor types.
If so, the different subtypes may have different regional distri-
butions in rat brain. To explore this issue, the regional distri-
bution of BW373U86-inhibited adenylyl cyclase in brain, using
both low (0.1 M) and high (10 uM) concentrations of agonist,
was compared with inhibition produced by 10 uMm DSLET
(Table 2). These results did not suggest that low and high
concentrations of BW373U86 bound to receptors with different
regional distributions, because the inhibition results were iden-
tical for the two concentrations. These multiple sites cannot
be 1 and § sites, because the u-selective antagonist CTOP had
no effect on inhibition of adenylyl cyclase by BW373U86.
Therefore, identification of possible 4 subtypes mediating these
effects of BW373U86 in brain must await additional experi-
ments.

Assays in NG108-15 cells provided the key data that ex-
plained the discrepancies between DSLET and BW373U86
potencies. Binding experiments with the antagonist [*H]di-
prenorphine showed that, unlike with DSLET and most other
opioid agonists, addition of sodium and guanine nucleotides, at
the same concentrations used in the adenylyl cyclase assays,
had no effect on ICs values of BW373U86. In contrast, the

1K.-J. Chang, M. A. Collins and R. W. McNutt, unpublished observations.

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

same agents increased ICs, values of DSLET by 40-fold. If the
presence of sodium and guanine nucleotides is a significant
factor in DSLET potency, then the potency of DSLET should
vary according to the concentration of these agents in each
particular assay. This prediction was confirmed by the results
summarized in Table 1, where DSLET was most potent in the
binding assay in which both sodium and guanine nucleotides
were absent. Addition of 50 uM GTP with 120 mM NaCl to the
adenylyl cyclase assay decreased potency by 10-fold, whereas
addition of a much lower concentration of GTP (0.5 uM) with
120 mM NaCl to the GTPase assay produced only a 2-fold
decrease in DSLET potency, compared with its binding po-
tency. At first glance, it may seem surprising that the potency
of DSLET in inhibiting adenylyl cyclase in brain membranes
is significantly lower than that in the same assay in NG108-15
cell membranes (300 nM versus 10 nM). This discrepancy is
probably caused by an increased effect of guanine nucleotides
and sodium on DSLET binding in brain, compared with
NG108-15 cells. Indeed, the ICs, value of DSLET in displacing
[*H]diprenorphine binding in NG108-15 cells with NaCl and
GTP was 50 nM (Table 1), compared with an ICs, value of 400
nM for DSLET in brain membranes under the same conditions
(data not shown). The reason for this increased effect of guan-
ine nucleotides and sodium in brain is not clear, but it does
explain why opioid agonists are significantly weaker in inhib-
iting adenylyl cyclase in brain membranes, compared with
NG108-15 cell membranes.

This hypothesis also indicates why the binding affinity of
BW373U86 is not affected by NaCl and guanine nucleotides
and predicts that, unlike that of DSLET, the potency of
BW373U86 should be the same regardless of the assay used.
Table 1 shows that this prediction is confirmed for BW373U86
in NG108-15 cell membranes; the potency of BW373U86 did
not change between the adenylyl cyclase assay (with 50 uM
GTP) and the GTPase assay (with 0.5 uM GTP) or between
assays measuring displacement of [*H]diprenorphine binding
with and without NaCl and guanine nucleotides. Further con-
firmation was obtained from the adenylyl cyclase assays in
brain membranes; the ICy value of 4 nM in brain is approxi-
mately the same as the values of 2 nM obtained in various
assays in NG108-15 cells. Therefore, the potency of BW373U86
did not change even in a system like brain, where effects of
NaCl and guanine nucleotides are much more significant than
in cell culture.

A final prediction from these results suggests that
BW373U86 would display fundamentally different binding ki-
netics, compared with traditional agonists, under conditions
that allow agonist inhibition of adenylyl cyclase (i.e., in the
presence of GTP and sodium). The decrease in agonist binding
affinity under these conditions is produced by a large increase
in dissociation rates of the receptor-bound agonist (9, 10). Such
an increase should not occur for BW373U86; therefore, once
this agonist has bound to the receptors, its dissociation should
be very slow, compared with traditional agonists, in the pres-
ence of sodium and GTP. The finding that NTI was much less
effective in blocking BW373U86 inhibition of adenylyl cyclase
when membranes were preincubated for 10 min with
BW373U86 supports this prediction. These results were not
caused by large differences in the K, values for NTI against
BW373U86 and DSLET, because NTI had similar effects on
both agonists when antagonist was added first. Furthermore,
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the effect of BW373U86 was not irreversible, because higher
concentrations of NTI began to block BW373U86 inhibition.
Finally, the finding (Fig. 6) that BW373U86 is competitive in
displacing [*H]diprenorphine confirms that BW373U86 indeed
binds to the & receptor sites and that the novel effects of
BW373U86 are not due to binding at allosteric sites on the
receptor.

These findings have profound implications at both the prac-
tical and mechanistic levels. From a practical point of view,
these data suggest that agonist potency is not just determined
by the fundamental K; of the drug in binding studies but also
depends on the effect of sodium and guanine nucleotides on
binding affinity. Drugs like BW373U86 can be designed so that
sodium and guanine nucleotide effects are minimal, to provide
the highest level of potency in vivo. Equally important, however,
are the implications of this finding for the mechanism of
receptor-G protein interactions. Since it was originally formu-
lated, the ternary complex model of G protein function (32, 33)
has assumed that agonist but not antagonist binding affinities
are reduced by guanine nucleotides. Moreover, in the specific
case of G;/G,-linked receptors, sodium also reduces agonist
affinities in an additive fashion with guanine nucleotides (10).
The discovery that BW373U86 is a full agonist in a G protein-
coupled second messenger system despite the lack of any effect
of sodium and guanine nucleotides on binding affinity suggests
that this action on binding is not necessary for agonist function.
This supports earlier findings from studies that used selective
modifications to show that the functions of guanine nucleotides
in regulating opioid receptor binding and in supporting opioid-
inhibited adenylyl cyclase could be separated from each other
(24, 34). This hypothesis also predicts that this discrepancy
should not be unique to BW373U86; other opioid agonists could
be designed with the same property. One candidate for such an
action might be etorphine, which is affected little by sodium
and guanine nucleotides despite its known role as a full opioid
agonist (10). Recent studies (35) revealed that, unlike other
opioid agonists, the potency of etorphine in binding to u recep-
tors was the same whether it was assayed in isolated membranes
without sodium and GTP or in intact cells. The results from
the present study predict that BW373U86 would display the
same properties.
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