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SPETEA, M., F. @VOS, G. TOTH, T. M.-D. NGUYEN, P. W. SCHILLER AND A. BORSODIInteraction
of agonist peptide JH]Tyr-p-Ala-Phe-Phe-NH with w-opioid receptor in rat brain and CHQe/1 cell line.
PEPTIDES 19(6) 1091-1098, 1998.—Opioid receptor binding properties ] Tyr-o-Ala-Phe-Phe-NH
(TAPP) were characterized in rat brain and Chinese hamster ovary (CHO) cells expressingithecegitor. In
rat brain, PH]TAPP labeled a single class of opioid sites with a dissociation constaptaqi0.31 nM and
maximal number of binding sites (B,) of 119 fmol/mg protein. In CHQ/1 cell membranes, the kand B, .,
values were 0.78 nM and 1806 fmol/mg protein, respectively. Binding to rat brain was demonstrated to be
pharmacologically identical to that obtained with CH@t cell membranes and modulated by Nmns and
guanine nucleotides. The high affinity and selectivity B]JTAPP together with its low non-specific binding
make this radioligand a useful tool for labeling the native and clopespioid receptor. © 1998 Elsevier
Science Inc.
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Radioligand binding

AMONG the three main opioid receptor types, referred to asficity and affinity for theu-receptor among all endogenous
K, & and k, u-opioid receptors are perhaps of the greatesopioid compounds discovered so far in the mammalian
clinical importance (22). They bind morphine with high nervous system.

affinity and are associated with drug addiction and modu- During the past two decades, one of the aims of opioid
lation of pain perception. The presence of multiplepioid  pharmacology has been to design drugs with high selectivity
receptor subtypes has also been suggested (16,23,38). fior each of the three receptor types (4,30,35). Some of them
addition to the opioid alkaloids, endogenous opioid peptidesire already used as therapeutic agents because they permit
are also known to bind t@-receptors. Recently, two tet- improved treatment for pain, but their use is complicated by
rapeptides have been isolated from bovine frontal cortexnany other effects. Since the naturally occurring enkepha-
and were named endomorphin-1 (Tyr-Pro-Trp-PhesNH lins (Tyr-Gly-Gly-Phe-X, where X is Met or Leu) are rap-
and endomorphin-2 (Tyr-Pro-Phe-Phe-NI#1). These en- idly degraded by various peptidases, initial efforts were
dogenous peptides were found to exhibit the highest spe@imed at making the peptide molecules more resistant to

1 Correspondence should be addressed to Dr. Anna Borsodi, Institute of Biochemistry, Biological Research Center, Hungarian Academy of Sciences,
H-6701, Szeged, P.O. Box 521, Hungary. E-mail: BORSO@everx.szbk.u-szeged.hu
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enzymatic degradation, and this goal was achieved througfM ETHOD
introduction ofp-Ala in position 2 of the peptide sequence
and through amidation of the C-terminal carboxyl group.
The p-amino acid in the second position was found to be
vital for receptor binding and biologic activity (18). In
contrast to mammalian opioid peptides, those isolated fro

amphibian skin, such as dermorphin and dermorphin-relate = .
P P P were purchased from Bachem Feinbiochemica, Bubendorf,

eptides, contain a-Ala residue in the second position of . . .
![Ohep peptide sequence and carboxyamide groﬂp at the f_wnzerland. U69,593 was obtained from Upjohn Company

) : . Kalamazoo, MI). lI&deltorphin 1l (29), TIPP (Tyr-Tic-
terminal end. The dermorphins were shown to be highl ' : 2 .
potent and selectiva-opioid agonists (17,21,28). A num- Phe-Phe-OH) (32), and dihydromorphine were synthesized

ber of linear analogs of enkephaling-casomorphins, and in our Isotope Laboratory. Cyprodime was synthesized by

. . - - Dr. H. Schmidhammer (Institute of Organic and Pharma-
dermorphins with selectivity for the-opioid receptors have : . ; .
been developed. some of them also in radiolabeled formceutlcal Chemistry, University of Innsbruck, Innsbruck,
veloped, ! ! Austria; 33). Naltrindole (26) was a gift from Dr. S. Hosztafi
Among them are: DAMGO ([D-Ala Me-Phé, Gly- (Alkaloida Chemical Company Ltd., TiszavdsivaHun-
olPenkephalin; 12); PL017 (Tyr-Pro-NMePhe-D-Pro-NH

: Gl 2T gary). DPDPE @§-Pen?, o-Pert]enkephalin (19) was kindly
3,7); TRIMU 5 (Tyr-D-Ala-Gly-NH(CHy)>-CH(CH,),; 11); provided by Dr. K. Medzihradszky (Central Research Insti-
and DALDA (Tyr-D-Arg-Phe-Lys-NH; 31). In the search

e . tute for Chemistry, Budapest, Hungary). Dextrorphan and
for more potenf.-selective ligands, a dermorphin tetrapep-|q,,orphanol were obtained from Hoffmann-La Roche (Nut-
tide analog containing e-Ala residue in position 2 and two ley, NJ). Naloxone hydrochloride, bovine serum albumin
Phe residues in ppsitions 3 and 4 has been synthesized C”%ESA), sodium chloride (NaCl), ‘sguanylyl-imidodiphos-
The prototype ligand Typ-Ala-Phe-Phe-NE (TAPP)  hhate (Gpp(NH)p), Dulbecco’s modified Eagle’s medium
showed hlghp,—recepto_r affinity gnm—seIeCtIVIIY- . (DMEM), and phosphate-buffered saline (PBS) were pur-
Recent cDNA cloning studies have revealed primarychased from Sigma Chemicals (St. Louis, MO). Fetal calf
structures ofu-, 8- and k-opioid receptors. The cloning serym (FCS) was obtained from Jaques BOYS (Remise,
efforts have clearly identified these receptors as members @france), and geneticin (G418) was obtained from Life Tech-

the seven-transmembrane domains G-protein-coupled repjogies (Grand Island, NY). All other reagents used in this
Ceptors Superfamily (14) The avallablllty of the cloned Study were of ana|ytica| grade.

opioid receptors allowed studies of individual receptor types
with regard to pharmacological profile, structure-functionsynthesis of [3,5H]Tyr-p-Ala-Phe-Phe-NH

analysis, cellular effector coupling, and regulation of €X-The diiodinated precursor of TAPP, [3,5Tyr-o-Ala-Phe-
pression. Manipulation of opioid receptors by site-directeobhe_Nl_&’ was prepared by solid-phase synthesis according
mutagenesis, deletions, and chimera constructions was Pros5 the protocol described elsewhere (3TH]TAPP was
viding information protein domains that may be important ,.en4req by catalytic dehalogenation of the diiodinated pre-
for ligand binding and receptor function (13,42). Transfec-.,rsor using Pd/BaSPas catalyst and tritium gas in a
tion of an individual opioid receptor in various heterologousitium manifold (37). The precursor (4.2 mg) was dissolved
host cells can now be used to provide a pure, homogenoys 1 2 m| of dimethylformamide and exposed to 555 GBq
population of receptors. Several cell lines expressing cIoneg15 Ci; Technobexport, Russia) of tritium gas in the pres-
mouse, rat, or humap-opioid receptors are good models gnce of 11 mg PdO/BaSQMerck) and 5ul of triethyl-
for determining binding affinities and selectivities of new gmine for 60 min at room temperature. The catalyst was
opioid drug candidates. The clongeopioid receptors have removed by filtration through Whatman GF/C glass filters
been expressed in epithelial cells like COS (monkey fibro-and washed several times with ethanol. Traces of labile
blast; 39) and CHO (Chinese hamster ovary; 2,6,10,27)itium were removed by repeatedly evaporating with an
Yeast cells (36) and excitable cells, such as the pituitary celéthanol-water (1:1) solution of the radiolabeled product.
line GH; (25) have also been used to investigate pharmaThe radioactivity of the crude peptide was 8.88 GBq (240
cological properties of cloneg-opioid receptors. mCi). The crude tritiated peptide was purified by thin-layer
In the present study we describe the synthesis of the newhromatography on a Kieselgel 69: plate (Merck) using
opioid agonist peptide radioligandH]TAPP showing high  acetonitrile-methanol-water (4:1:1) as the solvent system.
specific radioactivity (56.8 Ci/mmol). Furthermore, we re-The purity of the radiolabeled peptide was assessed by
port the binding characteristics of this radioligand in mem-thin-layer chromatography in the following three different
brane preparations from rat brain and from a CHO cell linesystems: acetonitrile—methanol-water (4:1:1),-R 0.46
expressing the rai-opioid receptor, as determined by using (0.67); butanol-acetic acid-water (4:1:1); R 0.58 (0.64);
direct in vitro ligand binding assays. and butanol-acetic acid—ethylacetate—water (5:1:4:1% R

Materials

TAPP was synthesized in the Laboratory of Chemical Bi-
ology and Peptide Research, Clinical Research Institute of
nl]\/lontreal, Montreal, Quebec, Canada, as described (31).
RAMGO and p-Sef, Lew’, Thr’]lenkephalin (DSLET)
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0.46 (0.57); where Rvalues in parentheses refer to the at 20,000X g for 25 min at 4°C, and the final pellets were
precursor diiodo derivative. The purity was also checked byesuspended in fresh Tris-HCI buffer. Aliquots of this prep-
high-performance liquid chromatography on a Vydacaration were stored at -70°C for further use in binding
218TP54 (250 4 mm) column, starting with 20% aceto- assays. Protein concentrations were determined by the
nitrile/0.1% trifluoroacetic acid in water as eluent during 5 method of Bradford (5), using BSA as a standard.

min, then using a gradient of the organic modifier (1.5% o

increase per min). The purity of the radioligand was greateR€ceptor Binding Assays

than 95%, and its total activity was 2.75 GBq (74.2 mCi). All binding experiments were performed in 50 mM Tris-
The amount of pure material was determined by UV specHCI buffer (pH 7.4) in a final volume of 1 ml, containing
troscopy at a wavelength of 275 nm using unlabeled peptid800-500ug protein in the case of the rat brain membrane
as standard. The specific radioactivity of the purifiedhomogenates, and containing 100-25@ protein in the

[*H]TAPP was 2.10 TBg/mmol (56.8 Ci/mmol). case of the CHQs/1 cell membrane preparations. Incuba-
) tions of the membrane suspensions with the radioligand
Membrane Preparations were carried out at 25°C and stopped by rapid filtration

A crude membrane fraction was isolated from Wistar ratthrough Whatman GF/C filters, using a Brandel Cell Har-
brains according to the method previously described (34)vester. The filters were washed with>X35 ml of ice-cold
Rat brains (minus cerebella) were homogenized on ice in 50ris-HCI buffer (pH 7.4). The bound radioactivity was
mM Tris-HCI buffer (pH 7.4) using a Teflon glass homog- measured in a toluene-based scintillation cocktail using a
enizer. The homogenate was centrifuged at 40809 for  Beckman scintillation counter. Non-specific binding was
20 min at 4°. The resulting pellets were resuspended in frestefined as the bound radioactivity in the presence gilV0
Tris-HCI buffer, incubated at 37°C for 30 min, and recen-unlabeled naloxone.
trifuged. The final pellets were suspended in 50 mM Tris-  The time course for association of 0.5 nRH[TAPP was
HCI (pH 7.4) containing 0.32 M sucrose and stored at -70°Qdetermined by incubation of the membrane preparation at
until use. 25°C for various periods of time in the absence or presence
CHO-w/1 cells expressing the ratopioid receptor were of 10 uM unlabeled naloxone to define total and non-
maintained in DMEM supplemented with 10% FCS and 400specific binding, respectively. The reactions were termi-
ng/ml geneticin (G418) in a humidified atmosphere con-nated by immediate filtration at the specified times. The
sisting of 5% CQ and 95% air at 37°C. Membranes from specific binding was calculated by subtraction of the non-
CHO-w/1 cells were prepared according to the publishedspecific binding from the total binding. Determinations in
procedure (10). Cell monolayers were washed twice withduplicate were made for each time point. In the dissociation
PBS, harvested with a rubber policeman, and centrifuged axperiments, the radioligand was incubated with the mem-
1,000 X g for 10 min. Pellets were suspended in 50 mM brane preparation, and its dissociation was initiated by the
Tris-HCI buffer (pH 7.4) and homogenized using a Teflonaddition of an excess concentration of unlabeled naloxone
glass homogenizer. The cell homogenates were centrifuggd 0 wM) once the steady-state had been reached. Saturation
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FIG. 1. Association and dissociation kinetics H[TAPP binding. Membranes from rat brain (A) or CH@1 cell (B) were incubated
with 0.5 nM PH]TAPP for various periods of time at 25°C. Dissociation was initiated by addition giM(aloxone at the steady state.
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TABLE 1

COMPARISON OF BINDING PARAMETERS FORZ®H]TAPP IN
RAT BRAIN AND CHO-u/I CELL MEMBRANES

Rat Brain CHOw/I Cells

Kinetic parameters

k.1 (M tsec?) (x10°) 1.96+ 0.66 2.34+ 1.03

k_, (sec’?) (x107%) 9.29+ 2.49 17.03+ 5.30

Kg (NM)* 0.47 0.73
Equilibrium parameters

Kqg (NM) 0.31+0.02 0.78+ 0.09

B ax (fMol/mg) 119.1+ 8.2 1806+ 138

Ny 1.01+ 0.02 1.04+ 0.07

*The equilibrium dissociated constants,Kwere derived from the averaged
kinetic values as follows: K= k_/k ;.
All values represent the meah SEM of three or four experiments.

SPETEA ET AL.

The effect of incubation temperature on specific
[*HITAPP binding was initially examined using the rat
brain membranes. Since specific binding SfJTAPP at
0°C and 35°C was much less than at 25°C (data not shown),
all subsequent binding experiments were performed at
25°C.

Kinetic studies revealed rapid, monophasic association
and dissociation of the labeled tetrapeptide from the opioid
receptors in the membrane preparations used (Fig. 1). The
specific binding of fH]TAPP to rat brain and CHQ+1 cell
membranes reached the steady-state after 40 min of incu-
bation at 25°C. Dissociation of specifically bound radioli-
gand was initiated by the addition of 10M unlabeled
naloxone at the steady-state and showed that the binding
process was reversible. The associatiop,{kand dissoci-
ation rate constants (§ for [*H]TAPP binding were cal-

binding experiments were performed by incubating theculated, and their values are given in Table 1. From these

membranes with increasing concentrations #]TAPP

rate constants, the kinetically derived equilibrium dissocia-

from 0.01 to 3.5 nM. Competition bmdmg studies were tion constants (@ were calculated and resulted to be 0.47

carried out by incubation of protein with 0.5 nNH]TAPP

and 0.73 nM for binding of H]TAPP to rat brain and

in the presence of different concentrations of unlabeled®HO-u/1 cell membrane preparations, respectively.
ligands. All assays were carried out in duplicate and re- Binding of PH]TAPP at 25°C was saturable and of high
peated at least three times, and the given values are ti@finity in both membrane preparations used. The results of
mean~+ SEM. Kinetic data are analyzed according to therepresentative saturation binding experiments are shown in
method described by Weiland and Molinoff (40). Compe-Figure 2. The I§ and the maximal number of binding sites
tition inhibition constants (¥ were calculated with the (Bma) Were calculated by linear regression analysis of the
LIGAND program utilizing a non-linear least squares fitting Saturation isotherms from Scatchard plots (Table 1). In rat
algorithm (20) brain membranes?H]TAPP bound specifically to a single
class of opioid binding sites with ajalue of 0.31 nM and
RESULTS maximal binding of 119 fmol/mg protein (Fig. 2A). Simi-
To determine appropriate conditions for performing equi-larly, saturation studies with CHO cells expressing the
librium binding studies of H]TAPP, the effect of incuba- u-opioid receptor indicated thatfi] TAPP bound with a I
tion temperature on binding and the kinetics of associatiorvalue of 0.78 nM and a B, of 1806 fmol/mg protein (Fig.
and dissociation were investigated. 2B). The Hill coefficients (p) were calculated and found to
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FIG. 2. Saturation of JH]TAPP binding. Membranes from rat brain (A) or CH@1 cell (B) were incubated with increasing
concentrations of*H]TAPP in the presence and absence ofidd naloxone for 45 min at 25°C. Insert: Scatchard plots.
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TABLE 2

[®H]ITAPP BINDING COMPETITION EXPERIMENTS WITH
VARIOUS TYPE-SELECTIVE OPIOID LIGANDS USING RAT
BRAIN AND CHO-w/I| CELL MEMBRANES

Ki (nM)*

Ligand Type Rat Brain CHOw/I Cells
Dihydromorphine I 0.28+ 0.02 0.63*= 0.11
DAMGO n 1.16+ 0.29 1.29+ 0.28
Cyprodime I 7.23+1.36 4.59+ 1.60
U69,593 K 591.3+ 23.4 252.8+ 37.2
DSLET ) 8.71* 1.63 7.34+0.72
Naltrindole 13 257+ 1.4 10.8+ 0.8
DPDPE ) 707.1+ 124.9 1013+ 187
TIPP 8 1705+ 333 9153+ 765
lle® € deltorphin Il ) 2518+ 832 1717+ 142
Levorphanol 0.5k 0.13 0.38* 0.06
Dextrorphan 778.8 123.1 538.6+ 216.8

Membranes were incubated with 0.5 nRH[TAPP in the presence of increasing
concentrations of unlabeled opioid ligands for 45 min at 25°C.

* K, values were determined by LIGAND analysis. Each value represents th
mean= SEM of three or four experiments.

be 1.01 and 1.04 for rat brain and CH@? cell membranes,
respectively. The obtained B, value, 119 fmol/mg pro-
tein, for PHJTAPP binding to rat brain membranes is in
agreement with those reported for othetopioid peptide
radioligands, such as’ijdermorphin (1), the enkephalin
analog PHIDAMGO (9) and the B-casomorphin analog
[*H]PLO17 (3). In membranes from transfected Chifl-
cells, the calculated B,, value, 1806 fmol/mg protein, is
similar to that observed forHIDAMGO binding to the
same type of cells (2,6).

Non-specific binding of HITAPP to rat brain prepara-
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concentration equal to the Kalue, whereas in CHQ@4/1
cell membranes it was much lower, about 10% of total
binding under the same conditions.

The stereoselectivity offH]TAPP binding to rat brain
and CHOwu/1 cell membranes was indicated by the high
affinity of the opiate agonist, levorphanol, and the low
affinity of a pharmacologically inactive enantiomer, dex-
trorphan, determined in*fH]TAPP binding displacement
experiments (Table 2 and Fig. 3).

Severalu-receptor selective ligands, including dihydro-
morphine, DAMGO, levorphanol, and cyprodime, com-
peted for fH]TAPP binding sites in both rat brain and
CHO-w/1 cells with much higher affinities than thespe-
cific U69,593, andé-selective peptide ligands DPDPE,
TIPP, and ll&%eltorphin Il. The data represented as bind-
ing inhibition constants (K are shown in Table 2. The;K
values determined with CH@/1 cell membrane prepara-

dion are similar to those obtained with rat brain membranes.

In rat brain homogenates, the-selective ligands display
high affinities with K values between 0.3-7.2 nM. About
the same range of affinities was observed in CHQ@-cell
membranes. The relatively low; Kalues observed with the
6-selective ligands, DSLET (11) and naltrindole (26), is in
agreement with the previously established fact that they are
not among the most selectiveligands.

The specific binding offH]TAPP to rat brain and CHO-
u/1 cell membranes was substantially reduced in the pres-
ence of Nd ions (Fig. 4) or the exogenous guanine nucle-
otides, such as Gpp(NH)p (Fig. 5). NaCl greatly decreased
the specific binding ofH]TAPP to u-opioid receptors with
half maximal inhibition at 10—20 mM salt concentration. In
rat brain membranes?f]TAPP specific binding was al-

tions was under 30% of total binding at a radioligand most completely abolished in the presence of 50 mM NaCl.
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FIG. 3. Stereoselectivity of°H]TAPP binding. Membranes from rat brain (A) or CH@1 cell (B) were incubated with 0.5 nM
radioligand in the presence of increasing concentrations of levorph@aind dextrorphan&) for 45 min at 25°C, as described in the

Method section.
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FIG. 4. Effect of NaCl on{H]TAPP specific binding. Membranes from rat brain (A) or CH¥- cells (B) were incubated with 0.5 nM
[BH]TAPP in the presence of increasing concentrations of NaCl for 45 min at 25°C.

The non-hydrolysable GTP analog, Gpp(NH), producedsite agreed well with the kinetically determined values for
about an 80% reduction in specifitH|TAPP binding at a  [*HJTAPP binding to both membrane preparations. The Hill

concentration of 10QM. slopes for fH]TAPP binding were close to 1.0, also suggesting
ligand binding to a single population of opioid receptors and
DISCUSSION the non-cooperative nature of the binding process. The higher

In the present study, the binding properties of a new radio#-receptor affinity observed in rat brain may be due to differ-
labeled tetrapeptide opioid analogH[TAPP, were deter- ences in the membrane environment of CQ-cells versus
mined in membrane preparations from rat brain and from &rain homogenates®H]TAPP showed high affinity in both
CHO-u/1 cell line stably transfected with the ratopioid  preparations (Kvalues under nanomolar range), but the num-
receptor. ber of binding sites labeled in transfected CidQ-cell mem-
The kinetic studies showed tha&H]JTAPP associated and branes was significantly higher than that in rat brain homoge-
dissociated rapidly, in a monophasic manner, from specificates, indicating a higheu-receptor expression in the
opioid receptors in the two membrane preparations. Saturatiorecombinant cells. Besides, it is well established that the brain
binding experiments revealed that only a single class of opioigtontains multiple opioid receptors, whereas CHQ- cells
binding sites is labeled by this radioligand. The affinity for this contain a homogenous populationgipioid receptors (2,6).
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FIG. 5. Effect of Gpp(NH)p on3H]TAPP specific binding. Membranes from rat brain (A) or CHil¥:- cells (B) were incubated with 0.5
nM [*H]TAPP in the presence of increasing concentrations of Gpp(NH)p for 45 min at 25°C.
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To further characterize the properties S[TAPP bind- The results obtained in the present study revealed that the
ing, the abilities of several type-selective opioid ligands tonew radiolabeled peptide analotH[TAPP interacted with
displace its binding from rat brain and transfected CHQ@-  high affinity with p-opioid receptor in the two selected
cell membranes was examined. Both the affinity and rankmnembrane preparations. A very good correlation was ob-
order of inhibition by opioid ligands offH]TAPP binding  served betweer?HITAPP binding in rat brain homogenates
in rat brain were similar to those observed in membranesersus that in CHO cells transfected with tleeopioid
from CHO-w/1 cells. These results indicate that in brain receptor. It was demonstrated that in rat brain membranes,
membranes,*H]TAPP labeled a receptor site with pharma- [°*H]TAPP specifically labeled an opioid receptor site with
cological properties identical to those exhibited by thepharmacological properties similar to those exhibited by the
pr-opioid receptors heterologously expressed in CHO celtloned ratu-receptor expressed in CHO cells. Importantly,
membranes. this radioligand fulfilled the criteria of stereoselectivity,

The interaction of H]TAPP with the native and cloned saturability, reversibility, and low non-specific binding nec-
pr-opioid receptor has also been characterized in terms of itessary for useful radioligands. Furthermore, the binding of
modulation by N& ions and guanine nucleotides. The ef- [°H]TAPP was found to be modulated by Naons and
fect of Na" ions and Gpp(NH)p on>H]TAPP specific guanine nucleotides, in agreement with the agonist nature of
binding is in agreement with the agonist character of thighis peptide. This compound exhibits a highereceptor
peptide. As it is well established, agonists have a loweffinity than other well-knownu-specific peptide agonists,
affinity for opioid receptors in the presence of Nans, including dermorphin (1), DAMGO (12), and PL017 (3).
whereas antagonist binding is less affected (24). It has beeFhese properties of H]TAPP, together with its high sta-
hypothesized that the binding of Ndons induces a con- bility and high specific radioactivity (56.8 Ci/mmol), make
formational change which renders the opioid receptor sitét a very promising tool for analyzing the properties and
less likely to bind agonists and more likely to bind antag-function of theu-opioid receptor in native tissue prepara-
onists (24). Mutagenesis studies on the cloned opioid recefions and transfected cells. The use of this radioligand
tors suggested that the site for Naons modulation of should promote a further understanding of the opioid system
ligand binding is a conserved A%pin the second trans- at the molecular level.
membrane region of the protein molecule (15), but the
molecular mechanism of this action remains to be eluciACKNOWLEDGEMENTS
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