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Receptor characteriration using radioligands 

Prior to the development of radioligand binding 
methods, receptors could only be characterized 
through biological assays where a behavioral or 
tissue response was related to a particular receptor. 
A number of different bioassays were developed for 
the characterization of opioid compounds including 
isolated tissue preparations such as the guinea pig 
ileum and mouse vas deferens and in uiuo assays of 
analgesia ]I, 21, Effects produced by opioid agonists 
in these assays are indirect to the extent that they 
occur only after the activation of a polysynaptic 
pathway. The agonist potency measured by these 
assays may be described as a function of receptor 
binding affinity and the efficacy of the agonist. 
Measurements of drug potency are subject to at least 
three independent variables: the affinity of the drug, 
its efficacy, and the density of the target receptor 
in the tissue preparation [3]. This complicates 
comparisons between different drugs acting at the 
same receptor and for different receptors being acted 
on by the same drug. 

Radioligand binding studies provide a simplified 
measure of drug-receptor interaction that is only 
dependent on receptor binding affinity. Receptors 
can be characterized in terms of their binding affinity 
for different ligands independent of the efficacy of 
the ligand or the receptor density in the tissue 
preparation. To be useful, however, it is necessary 
to know the identity of the receptor being labeled 
by the radioligand which is dependent on the 
selectivity of the radioligand for that receptor. 

The binding selectivity of a ligand is defined in 
terms of its relative affinity between two or more 
receptors that must be labeled by selective 
radioligands [4]. These measurements are made by 
radioligand binding inhibition studies where the 
ability of the ligand to inhibit binding of a radioligand 
over a range of ligand concentrations is determined. 
The measurement is valid to the extent that the 
radioligand specifically labels the intended receptor 
and the inhibition is competitive. A competitive 
interaction between ligand and radioligand requires 
that the Iigand prevents binding of the radioligand 
through the occupation of the radioligan~s binding 
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site. Noncompetitive inhibitory interactions include 
allosteric mechanisms where the ligand binds to a 
distant, but physically coupled, site recognized by 
the radioligand in a way that reduces the binding 
affinity of the radioligand. In this way the allosteric 
site modulates the binding affinity of the radioligand 
binding site. 

Apart from ordinary errors of measurement, the 
precision of binding selectivity determinations is 
affected by the conditions used. The inhibition 
constant (~0) determined for a ligand is dependent 
on the radiohgand concentration used for the 
experiment through the simplified Cheng-Prusoff 
relationship [S]: 

K+“=Kj 1+ 
[LJ (0 1(,1’ 

In this formula Ki is the equilibrium inhibition 
constant, [L] the concentration of the radioligand, 
and Kd the equilibrium dissociation constant of the 
radioligand. From this relationship it can be seen 
that the IC, value measured will increase as the 
concentration of the radioligand becomes large 
reiative to its binding affinity at the receptor. This 
error can be avoided by using K, instead of IC,, 
values for the determination of selectivity ratios but 
this relationship is only valid if the Kd value of the 
radioligand under the experimental conditions used 
for the inhibition study is known. 

The precision of a binding selectivity measurement 
is also dependent on the conditions used for the 
binding experiments in another way. It is possible, 
even likely, that the different receptors selected for 
the studies will have different optimal binding 
conditions. This introduces a bias toward greater 
apparent selectivity if the experimental conditions 
used favor higher binding affinity to one receptor 
over the other. 

The selectivity of a ligand can only be defined for 
the receptors chosen by the investigator. Typically, 
the choice of receptors is based on structural 
considerations of the Iigand (e.g. an opioid derivative 
will be tested for binding to opioid, but not 
muscarinic, receptors). This can occasionally lead to 
surprises. Examples include the observations that 
certain cholecystokinin analogs have unusually high 
binding affinity at 6 opioid receptors 161, while some 
somatostatin analogs have high affinity at ~1 opioid 
receptors 171. 
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Opioid drugs are, and wilt continue to be, essential 
therapeutic agents ts]. They provide the uftimate 
treatment for pain, but their use is comp~jcated by 
many non-therapeutic actions. The most notable 
include respiratory depression. sedation, and gas- 
trointestinal dysfunction. (The gastrointestinal 
effects of opiates, such as constipation, can be 
considered therapeutic in the case of diarrhea, 
however.) Chronic use of opiates can aiso resutt In 
addiction and physical dependence though this is 
rare when they are used for therapeutic reasons. 
The non-analgesic effects of opiate drugs are a strong 
inceptive to develop new opioids less capable of 
producing them. The ~delltification of mn~t~ple opioid 
receptor types and the production of compounds 
selective for them may provide a means to safe 
analgesics tq. 

~~~~~~1~ opioid recepmrs. Efforts to identify safer 
apiaid drugs in the middle of this century led to the 
synthesis of many new opiate analogs and non-opiate 
compounds with opiate-like activity. Differences in 
the actions of these drugs suggested the possibility 
of muttiple opiate receptors. This hypothesis was 
confirmed by the studies of Martin and colleagues 
[IO, Ii] that charaeterized three distinct sites of 
opiate drug action. Named for their prototype 
agonists, they were defined as the ~1 ~mo~hine), K 
(ketocy~laziue~, and cr ~SKF-l~4} receptors. While 
subsequent studies demonstrated the non-opioid 
nature of the tf receptor fl2& the p and f; receptors 
remain important opioid receptor types. The 
observation that these receptors mediated different 
non-analgesic effects opened the possibility that 
some opiate side-effects might be avoided by more 
selective drugs acting on different opioid receptor 
papuiations. 

~~~~~~~~o~ t?f endugenou~ o~~~~~ ~~~~~~es. The 
existence of rrpioid receptors ~rn~~~~d the presence 
of endogenous opioid compounds. This was 
demonstrated by the discovery of the ~~ntapeptides 
leucine- and methi~nin~-enkephalin f13j. Their 
discovery resulted in the almost immediate rec- 
ognition of a third opioid peptide, ~endo~hin* 
which was identified as part of the ~-~~~~opju 
sequence [14j_ ~~ndorph~n contains the [Leuj- 
enkephalin sequence as its five N-terminal amino 
acids. Somewhat later another group of peptides 
contalning the amino acid sequence of enkephahns, 
the dynorphins, was identified [lS]. 

While the three classes of endogenous opioid 
peptides, enkephahns, endorphins, and dynorphins~ 
are all reiated through the presence of N-terminaI 
enkephafin sequences, they are the products of 
distinct precursor proteins and have different 
dist~ibntions in the CNS. 

~de~~~~carjo~ of the delta opiuid receptw. The 6 
opioid receptor was identified by virtue of the 
relative@ high potency of ~nk~pha~~ns and @- 
endorphin in the mouse vas deferens compared to 
morphine f161. The greater potency of these peptides 
in the mouse vas deferens contrasted to their lower 
potency relative to morphine in the guinea pig ileum. 
This difference in the rank order of potencies 
between mouse vas deferens and guinea pig ileum 

suggested the presence of a different receptor in the 
vas deferens. It is now known that the mouse vas 
defer-ens has ail three of the major opioid receptor 
types (.u, S. and K) whereas the guinea pig ifeum 
Lacks fnn~t~ona~ B opioid receptors. Selective tS 
opioid agonists are always more potent in the mouse 
vas deferens compared to the guinea pig ileum for 
this reason. 

Rudioligand bindirtg to opioid recepms. Goldstein 
and colleagues [I?] proposed that radiolabeted drugs 
could be used to investigate their binding to opioid 
receptors and suggested methods to d~~tin~u~sh 
receptor bound radroiigand from that bound to other 
elements of tissue. Their efforts to d~nlonstrate such 
receptor binding were unsuc~essfui due to the low 
specific activity of the radioiigands available, but 
subsequent efforts by the laboratories of Snyder 
f Ml. Simon {Is], and Terenius ]20] using high specific 
activity ~d~~~~gands were successful. 

Enkephalin analogs 

Enkephalins are rapidly degraded in oiuo and by 
in c~irro tissue preparations. This accounts for the 
apparent few potency of enkephalins observed in 
the absence af enzyme inh~biiu~ &?I, 22?2]. Efforts to 
produce more stable opioid receptor ligands with 
improved selectivity for opioid receptor types has 
led to the developm~~~t of many new peptide analogs 
w31. 

Early studies showed that the presence of the D- 
isomer of alanine in the Zposition of enkephal~n 
greatly reduces enzymatic cteavage of the ~-terminal 
tyrosine f24,25]. This substitution greatly enhances 
the potency of the peptide by preventing its 
degradation. One of the first enkephahn analogs to 
exploit this characteristic, [D-Ala’, u-Leus]cnke- 
phahn {DADLE)*, is substantially more potent than 
the endogenous opioid peptides by virtue of its 
greater rnetabo~j~ stability (X,25], DADLE atso 
has greater pha~a~o~og~~a~ selectivity for the S 
opioid receptor relative to [Leulenk~pbalin. While 
[“H]DADLE was used as a radioligand for labehng 
6 opioid receptors for many years, it is now 
recognised as having very hmited receptor binding 
selectivity. 

De&a ree+or select&x i&ear peprides. Greater 
S opioid receptor selectivity relative to DADLE was 
found forthe enkephaiin analogs [D-Serz,Leus.Thrh]- 
enkephahn (DSLET) [26] and [D-Thr”,Leu5.Thrh]- 
enkephalin (DTLET) 1271. Like DADLE, these 
analogs have good pharmacoLogica selectivity 
between p and 6 opioid receptors as determined by 
their potency ratios in the mouse sas deferens and 
guinea pig ileum bioassays. However, Like DADLE 
they show much more limited binding selectivity 
between these opioid receptors 1281. §~Ibstantia~ly 
better 6 opioid receptor binding selectivity is 
observed for the newer ligands fr>-Ser’(O-rerl- 

’ Abbr~~~~~~~n~: DADLE. jrs-AIa’.o-Leu”]enkephatin; 
DSLET, Ir,-Ser’,Leui,Thrh]enkepbalin; DTLET. ID- 
Thr?, Leu”, Thr’] enkephalin; DSTBULET, In-Serz (0-rerr- 
butyl),Leu’,Thr”]enkcphalin; BUBU, [n-Ser”(O-fcrl- 
butyl),Leu”,Thr’(O-rcrr-butyl)]enkephalifl; DPDPE, [D* 

Pen’, u-Pen”]enkephalin; and JGI-DPDPE, [o-Pen’,4’- 
Cl-Phe’,u-RnSfenke~I,,71in. 
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butyl) , Leu5, Thr”] enkephalin (DSTBULET) and 
[ D - Ser? ( 0 - rert - butyl ) , Leu5,Thr6(O-tevt-butyl)]- 
enkephalin (BUBU). 

DSTBULET is an analogue of DSLET, differing 
by the presence of an ~-~~~#-butyl substitution on 
the serine hydroxyl side chain group &X9,30]. This 
modification produces a small enhancement of 
DSTBULET binding affinity for 6 opioid receptors 
(less than 2-fold relative to DSLET) but substantially 
reduces its binding affinity to p opioid receptors 
(about IO-Fold relative to DSLET) when measured 
using rat brain membranes. The binding affinity of 
DSTBULET is 130-fold higher at 6 relative to p 
opioid receptors in contrast to about lo-fold for 
DSLET. [3H]DSTBULET rapidly binds to sites in 
rat brain with an association rate constant (k,,) of 
1.04 x 10s M-l min-’ at 35”. The dissociation rate 
constant (k_,f measured under the same conditions 
is 3.94 x 10-2min-1. The & value obtained from 
the kinetic studies fk_l/k+i = 379pM) is nearly S- 
fold less than what was measured by equilibrium 
binding (rC, = 2.3 nM). 

The further modification of DSTBULET though 
the addition of a second O-tert-butyl group on the 
threonine side chain hydroxyl group to produce 
BUBU provides a marginal 2-fold increase in 6 
opioid receptor binding afffinity and 6 to lt selectivity 
[29,30]. 

Structural comparisons between heterocyclic 
opiate drugs and the enkephalins suggest that the 
tyrosyl ring of enkephalins is analogous to the 
phenolic hydroxyl group of morphine while the ty- 
amino group of the N-terminal tyrosine may be 
analogous to the secondary nitrogen. These analogies 
provided a rationale for the preparation of an 
enkephalin antagonist by ~,~-bisdialIylsubstitutions 
of the tyrosine a-amino group of a [Leu]enkephalin 
analog where the glycine-phenylaianine peptide 
bond was replaced by a methylene thio linkage. The 
resulting ~LeuJenkephalin analog (ICI 154,129) is a 
low potency antagonist at the 6 opioid receptor [31). 
Improved selectivity and potency are observed for 
the related [Leulenkephalin analog, ICI 174,864 
where the two glycines are replaced by two a-amino 
isobuytyric acid substitutions [32]. Neither ICI 
154,129 nor ICI 174,864 has sufficient affinity for 6 
opioid receptors to permit their use as radioli~ands 
though they are important Iigands for the charac- 
terization of agonists in 6 receptor bioassays. 

~~nf~rrn~~io~a~ s&dies of e~ke~hali~. ft is 
generaly assumed that receptors bind ligands that 
are in a specific conformational state. The 
characterization of the receptor-bound con- 
formational state would be helpful for the rational 
design of selective ligands since chemical modi- 
fications that force a ligand to assume that state 
would facilitate its binding to the receptor while 
hinde~ng its binding to other sites. It is difficult to 
obtain such information for the enkephahns, 
however. 

Enkephalins, like other linear peptides comprised 
of naturally occurring amino acids, are capable of 
assuming a large number of different conformations 
in solution. Both solution and solid phase studies 

suggest that enkephalins can adopt a folded structure 
where the C-terminal amino acid approaches the N- 
terminal tyrosine 133). From this information it was 
hypothesized that analogs of the enkephalins forced 
to assume a folded conformation through the 
introduction of an intermolecular bridge might be 
better Iigands for opioid receptors. This hypothesis 
was tested by the synthesis of cyclic enkephalin 
analogs. 

Cyclic e~ke~~~ljn analogs. The first systematic 
effort to examine the effect of an intermoIecuIar 
bridge on enkephalin interactions with opioid 
receptors was made by Schiller and colleagues 
[34,35]. The major finding of these studies was that 
enkephalin analogs constrained in this way retained 
activity at ~1 and S opioid receptors with a small 
degree of pharmacological selectivity for the [d 
receptor. 

Parallel studies by Hruby and associates focused 
on the introduction of additional conformational 
constraint to cyclic enkephalins. This was achieved 
by the use of penicillamine substitutions in the 2- 
and 5-positions of the enkephalin sequence [36,37]. 
FenicilIamine (Pen) is related to cystine but differs 
by the presence of two methyl groups on the @- 
carbon. These methyl groups reduce rotation around 
the dithio bridge formed with another sulfhydryi 
amino acid by steric hindrance. The incorporation 
of two Pen substitutions at the 2- and 5-positions 
produced the first highly selective 6 opioid receptor 
agonist, [D-Pen’,&Penslenkephalin (DPDPE). This 
cyclic enkephalin is over 3000-fold more potent at 1s 
relative to g opioid receptors and generally shows 
over 600-fold greater 6 to r~ receptor binding affinity. 

~~H]DPDPE has long served as the most seIective 
radioligand available for the characterisation of S 
opioid receptors. While it has high affinity (& = l- 
5 nM) for 6 receptors of NG 108-15 cells and those 
of rat and guinea pig brain, its low association rate 
constant requires extended incubation times (>4 hr 
for concentrations below 1.0 nM) to achieve 
equilibrium [38,39]. [‘H]DPDPE shows similar 
binding properties to intact NG 108-15 cells under 
physiological conditions (binding in cell culture 
medium at 37”) as are observed for cell homogenates 
in 50 mM Tris buffer f4O]. 

An important advance in the understanding of the 
difference between the Iigand requirements of the ~1 
and 6 opioid receptors resulted from studies designed 
to explore the effects of electronegative group 
substitutions in the phenylalanine ring of DPDPE 
f41f. Nitro group and halogen atom substitutions in 
the &-position of the Phe4 ring gave small but 
significant improvements in binding affinity at the S 
opioid receptor, but produced dramatic reductions 
in binding affinity at the p receptor. One of these 
ligands, [D-Pen2,4’-Cl-Phe’,D-Pen5]enkephalin (p- 
Cl-DPDPE), was selected for radiolabeling. 

p-Cl-DPDPE was tritium-labeled (sp. act. = 40 Ci/ 
mmol) and binding measurements were made with 
crude rat brain membranes less cerebellum in Tris 
buffer f42f. Saturation binding data analyzed by 
non&near regression methods for one- and two-site 
models consistently showed binding to a single site 
with a mean I& of 330 pM and a receptor density of 
X7 fmoI/mg protein at 25”. As expected, elevation 
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of the assay temperature to 37” decreased the binding 
affinity (I& = 603 PM). The rece tor density value 
was also reduced (B,,, = 69 fmol P mg protein) which 
is interpreted as being a result of receptor, rather 
than radioligand, degradation. [3Hlp-CI-DPDPE is 
an unusually stable peptide and is recovered intact 
even after systemic administration in rats [43]. 

In contrast to the single site binding observed 
by saturation binding studies, [‘Hip-Cl-DPDPE 
consistently shows biphasic receptor association. 
Dissociation is monophasic so two Kd values can be 
calculated. Approximately 90% of the binding at a 
[3Hlp-CI-DPDPE concentration of 750 pM was 
associated with a site having a Kd value of 201 pM 
while about 10% of the binding had a Kd value of 
8.4 pM. The high-affinity site detected by the kinetic 
studies could not have been observed over the 
concentration range used for the saturation studies 
(SO-5000 PM). The higher affinity seen for the second 
site in the kinetic studies relative to the lower affinity 
measured by saturation studies is most likely due to 
the effect of receptor concentration on saturation 
binding measurements. Observed binding affinity in 
saturation studies is inversely proportional to 
receptor concentration with high affinity being 
measured at lower receptor concentrations [44,45]. 
This effect cancels out when the same tissue 
preparation is used for both association and 
dissociation kinetic studies. The two sites observed 
by the kinetic studies are thought to represent 
different affinity states for the same receptor rather 
than independent receptor sites. This conclusion is 
consistent with the agonist properties of the 
radioligand and has also been observed for the p 
opioid receptor. 

[3Hlp-CI-DPDPE is beginning to replace [3H]- 
DPDPE as the radioligand of choice for the 
radioligand characterization of 6 opioid receptors. 
Compared to DPDPE, p-Cl-DPDPE is 5-fold more 
selective for 6 relative to p opioid receptors and is 
more selective than the linear enkephalin analogs 
described above but it is less selective than the 
recently described amphibian 6 opioid ligands (see 
below). [3H@-CI-DPDPE has more than twice the 
affinity of [ H]DPDPE and has somewhat lower 
nonspecific binding. 

A second halogenated analog of DPDPE, [D-Pen’, 
4’-‘251-Phe4,D-Pen5]enkephalin ([‘Z51]DPDPE), has 
also proved to be an exceptional radioligand. The 
recognition that iodine substitution into the Phe4 
aromatic ring of DPDPE produced a more selective 
6 opioid receptor ligand with enhanced affinity led 
to efforts to incorporate lZsI into this position. The 
procedure of Escher [46], based on the classic 
Sandmeyer approach for the replacement of an 
aromatic diazonium grou with a halogen atom, was 
modified to produce P [I2 I]DPDPE [47]. Described 
briefly, the precursor ([D-Pen2,4’-NHz-Phe4,D-Pen’] 
enkephalin) is diazotized with nitrous acid and then 
reacted with sodium lzsI in the presence of 
cuprous cyanide. The monoiodinated product with 
a specific activity of 2200 Ci/mmol is easily separated 
from the parent peptide by reverse phase high 
performance liquid chromatography. 

[12’I]DPDPE has two advantages over tritium- 
labeied S opioid radioligands. First, the high specific 

activity facilitates measurements of binding to tissues 
with low (<20fmol/mg protein) 6 opioid receptor 
densities. Second,[‘“‘I]DPDPEisa betterradioligand 
for receptor autoradiography studies since the high 
energy yradiation does not show different quenching 
resulting from variations in tissue composition 
compared to the lower energy /3 particle emitted by 
tritium. 

The 6 opioid receptor binding properties of 
[“51]DPDPE were characterized using rat brain 
membranes in 50 mM Tris buffer containing 5 mM 
MgC12 (481. [‘2SI]DPDPE binds to a single class of 
sites in whole rat brain membranes with a dissociation 
constant of 420pM. This affinity is essentially the 
same as is observed for [3Hlp-CI-DPDPE (330 PM) 
and is significantly higher than that of [“HIDPDPE 
(1.0 to 5.4nm for rat). The receptor density 
measured for whole rat brain membranes (including 
cerebellum) is 36fmol/mg protein which is about 
half that observed for [‘Hip-Cl-DPDPE or [jH]- 
DPDPE using membranes prepared from rat brains 
without the cerebellum. The reason for this difference 
remains unclear. 

The fast receptor binding kinetics of [‘?“I]DPDPE 
provides another important advantage of this 
radioligand over the non-iodinated DPDPE analogs. 
A l.OnM concentration of [‘251]DPDPE reaches 
steady-state binding in less than 1 hr at 25” 
while similar concentrations of [3Hlp-CI-DPDPE 
(0.75nM) and [3H]DPDPE (1.0 nM) at this tem- 
perature require 4.5 and 8 hr, respectively [39, 421. 
The extremely slow binding kinetics of [3H]DPDPE 
are seldom recognized by investigators using this 
radioligand and probably account for the wide range 
of binding affinities described for it. Both the 
association and dissociation binding processes of 
[12’I]DPDPE are monophasic with k,, and k~. , 
rate constants of 5.8 x 10’ Mm’ min-’ and 
0.9 X lo-* min-‘. respectively. The Kd value cal- 
culated from these rate constants is 160 pM or about 
2-fold less than the Kd obtained by equilibrium 
binding. 

As expected, [“‘IIDPDPE is an excellent 
radioligand for 6 opioid receptor autoradiography 
studies. Receptor labeling in the granular cell layer 
of the cerebellum is clearly evident in rat brain tissue 
sections treated with l.OnM [lZ51]DPDPE and 
exposed for only 48 hr. [“‘I]DPDPE has also been 
used to measure the b opioid receptor density of 
mouse vas deferens tissue (unpublished). The b 
receptor density measured for this tissue is 5.3 fmol/ 
mg protein. 

Naltrindole: A delta opioid receptor antagonist 

The heterocyclic 6 opioid receptor antagonist 17- 
cyclopropylmethyl-6,7-dehydro-4,5~-epoxy-3,14-di- 
hydroxy-6,7,2’,3’-indolomorphinan (“naltrindole”) 
developed by Portoghese and colleagues [49] is an 
example of the use of the “message-address” concept 
of ligand design [50]. It contains an oxymorphone 
nucleus (representing the antagonist “message”) 
with an element thought to be functionally related 
to the Phe4 aromatic ring of enkephalin (representing 
the binding site “address”). Regardless of the validity 
of this design hypothesis, naltrindole acts as a 
selective and highly effective b opioid receptor 
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Table I. [lH]Naltrindole binding constants for selected 
tissue preparations 

Tissue ($) 
&X,X 

(fmol/mg protein) 

Rat brain 37 * 3 63 F 2 
Mouse brain 5159 64 r 2 
Mouse vas deferens 32 f 17 5.0 t 2.0 

~~HlNaltrindole binding was measured by filtration 
methods using membranes-suspended in 50 mMTris buffer 
(oH 7.4) at 25”. M&I, (5.0 mMj was uresent for the mouse 
Grain and vas deKre;s tissues: Nonspecific binding was 
defined as radioligand bound in the presence of 
l.OpM [4’-Cl-Phe4]DPDPE. Tissue protein values were 
determined using the protein assay of Lowry et al. [52]. 
Values are the means (2 SEM) of three determinations. 

antagonist. Naltrindole has much higher affinity for 
6 opioid receptors compared to the linear peptide 
antagonists (see above) which allows its use as a 
radioligand. 

Tritium-labeled naltrindole was prepared from the 
5’-bromo-naltrindole precursor by catalytic exchange 
to a specific activity of 20.5 Ci/mmol by T&h and 
associates at the Isotope laboratory of the Biological 
Research Center at Szeged, Hungary [51]. The 
receptor binding properties of this radioligand were 
characterized usin rat brain membranes in 50 mM 
Tris buffer [Sl]. [ B H]Naltrindole bound to a single 
site in whole rat brain membranes (including 
cerebellum) with a Kd value of 37 pM and a receptor 
density of 63 fmol/mg protein when p-Cl-DPDPE 
was used to define nonspecific binding. The site 
labeled by [3H]naltrindoie at a concentration of 
100pM shows high affinity for selective 6 opioid 
ligands including [D-Ala2,Glu4]deltorphin (see 
below) and p-Cl-DPDPE and low affinity for k and 
Kopioid receptor ligands consistent with the expected 
properties of a 6 opioid receptor. 

More recently, the receptor binding properties of 
[3H]naltrindole were also characterized in mouse 
brain and mouse vas deferens. The results of these 
studies in comparison with those obtained from rat 
brain membranes are given in Table 1. The binding 
affinity of [ 3H]naltrindole is probably not significantly 
different for the three tissues though clearly the B,,, 
value for the mouse vas deferens tissue is different 
from either of the brain membrane preparations. 
The B,,, value for the mouse vas deferens (5.0 fmol/ 
rnq protein) is consistent with that measured using 
[I2 I]DPDPE (5.3 fmol/mg protein, see above). 
[3H]Naltrindole binding for all three tissues showed 
no significant improvement when fitted to a two-site 
model showing that a single class of binding sites 
was labeled. 

[“HjNaltrindole is probably the highest affinity 
radioligand with selectivity for the 6 opioid receptor. 
The antagonist properties of this ligand are suggested 
by its displacement from multiple sites when its 
binding is inhibited with agonists. The potent agonists 
AD-Ala*,Glu4]deltorphin and p-CI-DPDPE inhibit 
[3H]naltrindole binding with low Hill slope values 
consistent with the presence of at least two sites 

showing different affinities for the agonists. The 
most likely explanation for these observations is that 
the two sites represent different affinity states of the 
same S opioid receptor. [3H]Naltrindole binds to 
these affinity states with equal affinity while the 
agonists have different binding affinity for the states. 
The presence of agonist affinity states is seen for 
opioid and non-opioid receptors. Antagonists appear 
to bind with equal affinity to such conformational 
forms of these receptors. The observation that 
naloxone inhibits ]3H]naltrindole binding from a 
single site is consistent with this hypothesis. The 
observation of agonist affinity states by radioligand 
binding represents a facet of receptor binding studies 
that is influenced by l&and efficacy. 

The 6 opioid receptor, like other opioid receptor 
types, is probably coupled to a guanylyl nucleotide 
binding protein (G-protein) effector mechanism 1531. 
Agonist binding affinity to G-protein coupled 
receptors is influenced by the presence or absence 
of bound G-protein. G-proteins can be induced to 
dissociate from the cytoplasmic portion of the 
receptor by the addition of guanosine 5’-triphosphate 
(GTP) or more stable analogs like guanylyl- 
imidodiphosphate (Gpp(NH)p). Sodium ions are 
also required for this dissociation. The dissociation 
of the receptor-G-protein complex produces a 
receptor conformational state with reduced binding 
affinity for agonists that can be measured by 
radioliagand binding studies. 

The Q, values for agonist inhibitors of [3H]- 
natrindole binding to mouse brain 6 opioid receptors 
were increased substantially by treatment with 50 PM 
Gpp(NH)p and 100 mM sodium chloride.* Both [4’- 
Cl-Phe4]DPDPE and [D-Alaz,Glu4]deltorphin icsa 
values were increased from 30- to 35-fold by this 
treatment relative to untreated control tissue. In 
contrast, the tcso value of naltrindole was unchanged. 
Even larger (-lOO-vold) reductions in agonist 
binding affinities were observed for [ 3H]naltrindole 
binding studies using membranes prepared from 
mouse vas deferens. * 

Amphibian peptides 

isolation of amphibian delta receptorpeptides. The 
recent identification of several naturally occurring 
opioid peptides containing D-amino acids is an 
important development for opioid pharmacology. 
The structural dissimilarity to previously identified 
endogenous opioid peptides and remarkable sel- 
ectivity of these peptides for either p or S opioid 
receptor types (Table 2) offer new information on 
the ligand requirements of these receptors. This is 
in sharp contrast to the Other naturally occurring 
opioid peptides including the enkephalins, endor- 
phin, and dynorphin that have very limited selectivity 
between the three major (i.e. p, 6, and K) opioid 
receptor types (41. 

Three different D-amino acid containing peptides 
selective for the 6 opioid receptor have been isolated 
from amphibian skin. Unfortunateiy the names used 
to identify these peptides can lead to confusion and 
in one case several different names have been used 

* L. Fang et al., manuscript in preparation. Cited with 
permission. 
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Table 2. rcs,, values for deltorphin inhibition of [“H][4’-Cl-Phej]DPDPE and (‘HI- 
CTOP binding 

Deltorphin analog f.5 I-c N 

[D-Met~]Deilorphin 
[ D-Ala~,Asp~]Deltorphin 
ID-Ala’.GluJ]Deitorphin 

0.473tO.IiI 1,YSO t 156 5 
0.597 ” 0.304 2,140 t 693 3 
0.732 I? 0.334 t6,goo r 4,310 3 

Ten duplicate concentrations of each deltorphin were used to inhibit the binding 
of 0.75 nM [‘H][4’-Cl-Phe’]DPDPE (6) or 0.5 nM [‘H]CTOP @) binding to rat 
brain membranes. The data represent the arithmetic means -C the standard error for 
the number of determinations (N) shown and were obtained by nonlinear regression 
analysis. All binding data were best fit by a one-site model with Hill coefficient 
values not significantly different from unity. 

for the same peptide. This peptide, Tyr-D-Met- 
Phe-his-Leu-Met-Asp-NH~, was o~ginally named 
deltorphin [54] but in subsequent papers has been 
referred to as dermorphin gene-associated peptide 
([D-Met*]DGAP) 1551 and dermenkephalin (DREK) 
[56]. During this same period a pair of peptides were 
identified in extracts of Phyllamedusa bicolor skin, 
Tyr-u-Ala-Phe-Asp-Val-Val-Gly-NH2 and Tyr-D- 
Ala-Phe-Glu-Val-Val-Gly-NH*, named deltorphin 
I and deltorphin II, respectively [.57]. To avoid 
confusion here we will refer to Tyr-D-Met-Phe-His- 
Leu-Met-Asp-NH2 as [D-Met’ldeltorphin, Tyr-D- 
Ala-Phe-Asp-Val-Val-Gly-NH2 as [D-Ala2,Asp4]- 
deltorphin, and Tyr-D-Ala-Phe-Glu-Val-Vaf-Gly- 
NH2 as [~-Aia~,Glu41deltorphin. 

De~tor~hi~~ radiof~ga~ds. The naturally occurring 
deltorpbins are remarkably selective for 6 opioid 
receptors considering the low selectivity seen for the 
other endogenous opioid peptides. It is not surprising 
for this reason that efforts were made to produce 
radiolabeled forms of these peptides. 

[D-Ala2,Asp4]Deltorphin was radioiodinated in 
the N-terminal tyrosine by oxidative methods using 
Iodogen in the presence of 1.0 mCi sodium 12sI [58]. 
Binding affinity (Kd) measured using mouse brain 
membranes (less cerebellum) by kinetic and 
equilibrium methods was reported as 1.1 and 
0.48 nM,respectively.Thereceptordensitymeasured 
for this tissue was 89 fmol/mg protein. 

Iodination of the N-terminal tyrosine does not 
appear to have a strong adverse effect on 6 receptor 
binding affinity since these values are similar to those 
of native [D-Alaz,Asp4]deltorphin (0.20 nM as 
reported by Dupin et al. [58]). Binding affinity to p 
opioid receptors (as labeled by 0.6nM tyrosine- 
iodinated [‘2zI]Tyr-~-Ala-Gly-(NMe)Phe-Met 
(0)-o]; FK-33-824) is reduced by less than 2-fold so 
that the overall selectivity of iodinated [D-Ala2,Asp4]- 
deltorphin (~:6) is reduced by about 2-fold from 
2890 to 1390. 

[D-Ala2,Glu4]Deltorphin was also tritium-labeled 
to a specific activity of 206Ci/mmol by catalytic 
dehalogenation of the precursor, [D-Aia2,4’-I- 
Phe~,Glu4~deltorphin [.59]. Saturation bindingstudies 
using rat brain membranes (less cerebellum) were 
consistent with binding to a single class of sites 

having a K, value of 1.9 nM for the radioligand and 
a B,,, value of about 90 fmol/mg protein. 

The association rate constant reported for 35” 
(2 x lo-r3 M-r set-‘) is incorrect.* The value 
should have been stated as 2 x 105M-’ see-’ or 
1.2 x lO’M_r min-’ which is a little slower than that 
measured for [*2sI]DPDPE at 25” (see above). The 
dissociation rate constant for [3H][D-Ala2,Glu4]- 
deltorphin is given as 3.3 x lo-‘isec-t 
(2.0 X 10e2 min-I). 

Radioiodinated [D-Ala*,Glu4]deltorphin can also 
be prepared from [D-Ala2,4’-NH?-Phe3,Glu4]del- 
torphin by the same method used to produce 
[lzI]DPDPE from [4’-NH,-Phe3]DPDPE.t Unlike 
DPDPE which actually gains increased 6 opioid 
receptor binding affinity and selectivity by iodination, 
ED-Ala2,4’-I-Phe3,Glu4~deItorphin shows a signifi- 
cant loss of both. This is also seen for iodination of 
the tyrosine ring of [D-Ala2,Asp4]deltorphin by 
oxidative methods (see above). Given that the 
deltorphin peptides have better 6 receptor binding 
affinity than DPDPE, it appears that the closer 
proximity of the tyrosine and phenylalanine aromatic 
rings of the deltorphins compared with DPDPE is 
more optimal for S receptor binding and that 
halogenation of the DPDPE phenylalanine ring 
serves to overcome this deficiency. However, it is 
also possible that the aromatic ring structure of the 
deltorphins interacts differently with the ligand 
recognition site of the 6 opioid receptor than does 
that of DPDPE. In this regard, it was shown that 
the Tyr-D-Met-Phe-His-NH~ tetrapeptide obtained 
from the [D-Met’ldeltorphin sequence has about 
160-fold greater affinity for the ,u relative to the 6 
opioid receptor, suggesting that the C-terminal 
rather than the N-terminal portion of this deltorphin 
is responsible for its S receptor selectivity [60]. This 
conclusion does not appear to hold for cyclic 
enkephalin analogs in that the addition of the Leu- 
Met-Asp-NH2 C-terminal sequence of [D-Met*]- 
deltorphin to DPDPE nearly eliminated 6 opioid 

* G. Toth, personal communication. Cited with 
permi~ion. 

i L. Fang et at., manuscript in preparation (see above). 
Cited with permission. 
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receptor binding [61]. These observations suggest 
that despite the apparent similarity between the 
aromatic ring structures of the two classes of 6 opioid 
receptor agonists (delto~hins and cyclic enkephahn 
analogs), they probably have different roles in ligand 
recognition site interaction. 

Conclusions 

The introduction of DPDPE allowed the charac- 
terization of 6 opioid receptor-mediated analgesia 
at both spinal and then superspinal levels [62] which 
in turn Ied to greater interest in the development of 
more potent and selective hgands for this receptor. 
Just as [3H]DPDPE came to replace less selective 6 
opioid receptor radioligands like [ 3H]DADLE, it 
is likely that halogenated DPDPE analogues, 
dehorphins, and naltrindole will replace DPDPE. 
Each of these groups has specific advantages. The 
halogenated DPDPE analogues have good binding 
affinity and selectivity while being extremely stable. 
The deltorphin radioligands are even more selective, 
though less stable. Finally, naltrindole has the major 
advantage of being an antagonist which facilitates 
studies of G-protein coupling to the 6 receptor. 
These ligands will further stimulate interest in the 
development of drugs for 6 opioid receptors. 

Recent studies showing that 6 receptors have a 
reduced capacity to produce many of the non- 
therapeutic effects associated with conventional 
opiate drugs that act predominantly at ,u opioid 
receptors such as respiratory depression [G-65] and 
gastrointestinal dysfunction 1661 have increased this 
interest further. 

The agonist ligands described here probably have 
limited clinical relevance due to their low penetration 
into the CNS after systemic administration [43]. 
However, their high affinity and selectivity for S 
opioid receptors make them ideal for basic studies 
of these receptors. Three of the most exciting areas 
of this research are the investigation of S receptor 
heterogeneity, the study of the proposed ,u-& 
receptor complex, and the identification of the 6 
opioid receptor gene. The new ligands discussed in 
this review will make an important contribution to 
these efforts. 
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