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ABSTRACT: Binding pockets of the opioid receptors are presumably formed among the transmembrane
domains (TMDs) and are accessible from the extracellular medium. In this study, we determined the
sensitivity of binding of $H]diprenorphine, an antagonist, tg 6, and« opioid receptors to charged
methanethiosulfonate (MTS) derivatives and identified the cysteine residues within the TMDs that conferred
the sensitivity. Incubation of the opioid receptor expressed in HEK293 cells with MTS ethylammonium
(MTSEA), MTS ethyltrimethylammonium (MTSET), or MTS ethylsulfonate (MTSES) inhibitéd]{
diprenorphine binding with the potency order of MTSEAMTSET > MTSES. Pretreatment qf, d,

and« opioid receptors with MTSEA dose-dependently inhibitéd]fliprenorphine binding with MTSEA
sensitivity in the order ok > u > ¢. The effects of MTSEA occurred rapidly, reaching the maximal
inhibition in 10 min. (-)-Naloxone, but not<{)-naloxone, prevented the MTSEA effect, demonstrating
that the reaction occurs within or in the vicinity of the binding pockets. Each cysteine residue in the
TMDs of the three receptors was mutated singly, and the effects of MTSEA treatment were examined.
The mutants had similar affinities foPH]diprenorphine, and C7.38(321)S, C7.38(303)S, and C7.38-
(315)S mutations rendered 6, andx opioid receptors less sensitive to the effect of MTSEA, respectively.
These results indicate that the conserved Cys7.38 is differentially accessible in the binding-site crevice of
these receptors. The second extracellular loop ofctheceptor, which contains several acidic residues,
appears to play a role, albeit small, in its higher sensitivity to MTSEA, whereas the negative charge of
Glu6.58(297) did not. To the best of our knowledge, this is the first report to show that a conserved
residue among highly homologous G protein-coupled receptors is differentially accessible in the binding-
site crevice. In addition, this represents the first successful generation of MTSEA-insensitive mutants of
u, 0, andk opioid receptors, which will allow determination of residues accessible in the binding-site
crevices of these receptors by the substituted cysteine accessibility method.

Structure-activity relationships of G protein-coupled by mutation or in chimeric receptors can be due to changes
receptors (GPCR5have been intensively studied. Lack of in direct ligand-receptor interaction, global conformational
high-resolution three-dimensional structural information on changes in the receptor, and local conformational changes
GPCRs makes it necessary to probe structaivity in or around the binding pocket, which may complicate the
relationships by site-directed mutagenesis, chimeric receptorsjnterpretation of data.

and affinity labeling approaches. These studies have provided Karlin and his colleague$( 6) developed three small and
insights into the potential functional roles of specific residues charged methanethiosulfonate (MTS) reagents that react

and domains of receptors as well as the mechanisms ofspecifically with reduced sulfhydryl groups: MTS ethylam-
receptor binding and activation (for reviews, see tefdl).

Identification of the residue forming a covalent bond with ! Apbreviations: buffer A. 25 mM HEPES buffer. 140 mM NaCl
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monium, CHSO,SCH,CH;NH3" (MTSEAY), MTS ethyl- within the binding site or in close proximity to the binding
trimethylammonium, CeBQ,SCH.CH,N(CHy)st (MTSETY), site. NEM inhibited binding by at least two mechanisms:
and MTS ethylsulfonate, G33O,SCHCH,SO;~ (MTSES)). direct inhibition by alkylation of the receptor or indirect
When reacted with cysteine; SCH,CH,NH3t, —SCH- inhibition by uncoupling G proteins and the recept8v<{
CHyN(CHj3)s", and—SCHCH,SO;™ of these reagents form  39).

mixed disulfide bonds with the-SH group of cysteine. MTS Within the putative seven TMDs of the, ¢, and

reagents react 2Gimes faster with ionized thiolates than receptorsi there are eight’ six, and five Cysteine residues,
with un-ionized thiOiS-(), and ionization of CySteine is iikeiy respectiveiy (Figure 1, Table 1) Of these Cysteine residuesy
to occur to a significant extent only for water-accessible five are conserved among the three receptors (C4.48, C5.41,
residues®). The reaction rate of charged sulfhydryl-specific c5.57, C6.47, and C7.38), one is present in hotand o
reagents with CySteine residues would be eXpeCtEd to bereceptors (C143), and two are unique in ime’eceptor
highest with water-accessible cysteine residues and much Ies§C3_44 and C7.47) (Table 1) (see Materials and Methods
with those in the interior of proteins or faCing iipid When for numbering schemes)_ Effects of MTS reagents on ||gand
reacted with cysteine residues within the pore of the nicotinic binding to thex and ¢ opioid receptor in membrane
acetylcholine receptor, these reagents disrupt the ion transporpreparations and to purified opioid receptors have been
function of the channels5{. A method was developed, reported 86, 40, 41). Since MTS reagents react readily with
named the substituted CySteine accessibility method (SCAM) water-accessible reducecSH groups, using membranes or
(for reviews, see ref8 and9), to identify the residues that  purified receptors allows reactions with accessible cysteine
lined the channel of the nicotinic acetylcholine recep®r ( residues in intracellular domains of the receptor molecules,
Each residue within the transmembrane domain was mUtateCiNhich may Compiicate the interpretation of the data. In
to CyStEine, one at a time, and the microenvironment of the addition, no MTS-insensitive mutants of tpandé 0p|0|d
engineered cysteine residue was probed using these MTSeceptors have been identified under the published experi-
reagents. If the mutant containing an engineered cysteine ismental conditions. In the present study, we used intact cell
sensitive to MTS reagents, it is inferred that the residue being preparations and short incubation periods with MTS reagents
substituted lines the pore. to examine their effects orfHi]diprenorphine binding ter,
Binding pockets of GPCRs are presumably formed by the ¢ andx receptors. Using such a paradigm, similar to that of
seven putative TMDs and are accessible to the extracellularjavitch et al. {6), we sought to minimize penetration of
medium. Within the binding pocket, water-accessible residues MTSEA into cells and hence its reactions with cysteine
can directly interact with ligands. Javitch et alOf used  residues in intracellular domains. The objectives of this study
the MTS reagents to identify Cys118 being exposed in the are twofold. First, we examined whether the wild-type,
binding-site crevice of the Ddopamine receptor. Subse- and « opioid receptors were sensitive to MTS reagents.
quently, Javitch and his colleagues have applied SCAM to Second, if the receptors were sensitive to these reagents, we
map residues accessible in the binding-site crevice within then determined the cysteine residues in the binding pocket
the TMDs 2, 3, 5, 6, and 7 of the.[lopamine receptor  that conferred the sensitivity. Three criteria were used to
(11-16). establish that a cysteine was accessible in the binding-site
Opiate and opioid compounds act on opioid receptors to crevice (0): (1) MTSEA added extracellularly irreversibly
produce pharmacological and physiological effects, most inhibited ligand binding, (2) binding activity was protected
notably analgesia. Multiple opioid receptors §, «, €) have  from MTSEA by pretreatment with opioid ligands, and (3)

been demonstrated, which have unique ligand specificities, mutation of cysteine in the binding pocket to serine reduced
anatomical distributions, and physiological functiohg, (L8). sensitivity to the MTS reagent.

These opioid receptors are coupled through G proteins to
affect a variety of effectors, which include adenylate cyclase, MATERIALS AND METHODS
potassium channels, calcium channdl8)(and a mitogen-

activated protein kinase pathwag0j. In 1992, Kieffer et Materials. [*H]Diprenophine (58 Ci/mmol) andf]-
al. (21) and Evans et al.2Q) cloned a mouse opioid bremazocine (26.2 Ci/mmol) were purchased from NEN Life
receptor by expression cloning. Subsequentlyand « Science (Boston, MA). Diprenorphine ane)naloxone

receptors were cloned from several spec3sad references ~ Were provided by the National Institute on Drug Abuse)-(
cited therein). The deduced amino acid sequences of theséValoxone was a gift from DuPont/Merck Co. (Wilmington,
clones display the motif of seven putative transmembrane DE). MTSEA [(2-aminoethyl)methanethiosulfonate hydro-
domains (TMDs) connected by alternating intracellular and bromide], MTSES [sodium (2-sulfonatoethyl)methanethio-
extracellular hydrophilic loops, which is characteristic of sulfonate], and MTSET [[2-(trimethylammonium)ethyl]-
GPCRs. On the basis of the arrangement of sevelices methanethiosulfonate bromide] were purchased from Toronto
from a 9 A proiection map of bovine rhodopsimz(, 25) Research Chemicals (North York, Ontario, Canada).

and electron micrographs of frozen-hydrated two-dimensional Numbering Schemes for Amino Acid Residues in Opioid
frog rhodopsin crystal26), several groups have constructed ReceptorsTwo numbering schemes were used. Amino acid

molecular models of opioid receptor87-29). residues in the opioid receptor were identified by their
Ligand binding to opioid receptors was shown to be sequence numbers. In addition, the generic numbering
inhibited by sulfhydryl alkylating agents, such Blsethyl- scheme of amino acid residues in GPCRs proposed by

maleimide (NEM), iodoacetamide, apehydroxymercuriben-  Ballesteros and Weinstei2)(was used. According to this

zoate B0—39). The presence of an agonist or antagonist nomenclature, amino acid residues in putative TMDs were
protected the receptor from alkylation by these sulfhydryl assigned two numbers (N1.N2). N1 refers to the TMD
reagents, indicating that the sensitiv&H group(s) is (are) = number. For N2, the most conserved residue in each TMD
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(C) Human « opioid receptor
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Ficure 1: Schematic representation of amino acid sequences of the haimand, and human opioid receptors and cysteine residues

within the putative transmembrane domaifike single letter amino acid codes are used for the amino acid sequences. The numbers refer

to the positions of the residues within the protein sequences. The dark circles indicate cysteine residues in the transmembrane domains that
were mutated in the present study. Fragments that were exchangéddhimeras | and Il (F «1—184/:194—268k263—380 and lI=
u1—193k185-262u269—398) are indicated by the symbaix) at both ends.

Table 1: Mutation of Each Cysteine Residue to Serine or Pro276;«, Pro289), and Pro7.50 in TMD7( Pro333;9,

Methionine within the TMDs of the Rat, the Humans, and the Pro315;«, Pro327).
Human«k Opioid Receptors: Identification by Generic Numbers and Construction of Epitope-Tagged, o, and « Opioid
Sequence Numbets ReceptorsThe ratu receptor 42) was epitope-tagged with

143 344 448 541 557 647 738 747 the hemagglutinin (HA) sequence (YPYDVPDYA) im-
u C79S C159S C190S C€2355 C251S C292S C321S C330M megiately after the first methionine residue and subcloned

o C60S C171S C216S C232S C273S C303S : . : . .
« C181S C229S C245S C286S C315S into Hindlll and Xbal sites of the mammalian expression

a Each cysteine residue within the TMDs of the sathe humary, vector pcDNAS as described previoussd.

and the humar opioid receptors was mutated to serine or methionine, AN ~130-bp fragment containing the FLAG tag sequence
one at a time. The first row shows generic numbers of all cysteine was excised wittHindlll and Ncd from a f5,-adrenergic

residues mutated according to Ballesteros and Weins®inThe receptor construct in pcDNA3, which was FLAG-taggeéd 5

second, third, and fourth rows represent the corresponding sequencgq the initiation codon44). The humark opioid receptor in

number of each cysteine and its mutant in theurahe humard, and . )

the humanx opioid receptors, respectively. the Sad and Pst sites of the vector pBK/CMV 45) was
digested withNcd and Xhd to generate an~1.26-kb

was assigned 50, and the other residues were numbered ifragment. TheHindlll/Ncd-generated~130-bp fragment
relation to this conserved residue, with numbers decreasingcontaining the FLAG epitope and théca/Xhad-treated«
toward the N-terminus and increasing toward the C-terminus. opioid receptor were ligated intdindlll and Xhd sites of
The generic numbering allows for easy comparison amongthe vector pcDNA3. A polymerase chain reaction was
the three opioid receptors and cross-reference to the published€rformed on thig receptor construct to remove restriction
literature on other GPCRs. The following are residues that €nzyme sites using AGA CCC AAG CTT CAATTC GAG
correspond to the most conserved residues in each TMD ofC as the 5Sprimer and GAG CTC GAG CTG CAG TAG
the ratu, humand, and human opioid receptors: Asn1.50 TGA TCT GAG TTA as the 3primer. The~1.4-kb PCR

in TMD1 (u, Asn86;0, Asn67;k, Asn77), Asn2.50in TMD2  product was digested witHindlll and Xhd and cloned into
(u, Asn114;6, Asn95;k, Asn105), Arg3.50 in TMD3 4, Hindlll and Xhd sites of the vector pcDNAS3.

Argl65; 6, Argl46; «, Argl56), Trp4.50 in TMDA4 g, A silent mutation (underlined) was introduced into the
Trpl192;9, Trpl73;k, Trpl83), Pro5.50 in TMD5y, Pro244; human o opioid receptor cDNA to generate MHcd site

0, Pro226;«, Pro238), Pro6.50 in TMD6u Pro295;9, around the initiation codon by polymerase chain reaction
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using GCG GCC GCC ATG GAA CCG G as thégimer
and the SP6 promoter sequence as therBner and the
humand opioid receptor in the vector pcDNAKE) as the
template. The resultant product was digested Witidl and
Xba. FLAG-tagged humard opioid receptors were con-
structed by ligating theHindlll/Ncd-generated~130-bp
fragment containing the FLAG epitope and tRed/Xbal-
treatedd opioid receptor intdHindlll and Xbd sites of the

vector pcDNA3. DNA sequences of the clones were deter-

mined with the method of Sanger et a7) to verify correct

Xu et al.

pH 7.4), and centrifuged again. In some experiments, Kreb’s
solution (NaCl, 130 mM, KCI, 4.8 mM, KEPQ,, 1.2 mM,
CaCh, 1.3 mM, MgSQ, 1.2 mM, glucose, 10 mM, and
HEPES, 25 mM, pH 7.4) was used in place of buffer A,
which yielded similar results. The pellets were resuspended
in buffer A, and aliquots of the cell suspension were
incubated with freshly prepared MTS reagents at the stated
concentration at room temperature for 5 min. After the
reaction, cell suspensions were then diluted 10-fold, washed
with buffer A, and pelleted again. The pellet were resus-

construction. The tag sequences did not affect binding pended in 80@L per dish of buffer A solution, and 20Q4L

properties of thet, 6, andx receptors. Epitope-tagged opioid

aliquots were used fofif]diprenorphine and*H]bremazo-

receptors have been used in many studies (for example, seeine binding to intact cells as described previoushp)(

refs 48 and 49).

Oligodeoxynucleotide-Directed MutageneS#e-directed
mutagenesis was performed on the HA-tagged r&ceptor,
the FLAG-tagged humad receptor, and the FLAG-tagged
humank receptor with the overlap PCR method described
by Higuchi et al. 50). Mutants of HA-tagged rat opioid
receptor and FLAG-tagged humanand « receptors were
cloned into the vector pcDNA3, atfindlll and Xbd sites
for u, Hindlll and Xba sites ford, andHindlll and Xhd

Briefly, cells were incubated with-0.3 nM [H]diprenor-
phine or~3 nM [*H]bremazocine fo 1 h atroom temper-
ature. Naloxone (1Q«M) was used to define nonspecific
binding. The fractional inhibition was calculated as {1
(specific binding after the MTS reagent)/(specific binding
without the reagent)k 100%. Data were analyzed by one-
way ANOVA followed by Dunnett’s post hoc test usimy

< 0.05 as the level of significance.

Determination of Second-Order Rate Constani$ie

sites fork receptors, respectively. The DNA sequence was second-order rate constant of interaction betweenuthe

determined with the method of Sanger et 4l7)(to confirm

or x opioid receptor and MTSEA was determined to gain

the presence of desired mutations and the absence ofyyantitative information on MTSEA sensitivity, according

unwanted mutations.
Construction of Chimerigi/kx ReceptorsTwo chimeric

to Javitch et al. 16) with modifications. Each receptor was
incubated with indicated concentrations of MTSEA for 5

receptors (Figure 1), chimera | and Il, were constructed min. The results were fit to the equations:

previously from ratu and « opioid receptors §1). The

fragments exchanged extended from the middle of the TMD4

to the middle of the third intracellular loop. Chimera | was
constructed on the basic structure of thexragéceptor with
a ratu receptor fragment (amino acidl—184/194—268/
k263—380). Chimera Il was the reciprocal of chimera | and
had the rau receptor basic structure with a fragment of the
rat « receptor (amino acig1—193k185-2624269—-398).

Transfection of HEK293 Cell$1EK293 cells were grown
in 100-mm culture dishes in minimum essential medium
supplemented with 10% fetal calf serum, 100 units/mL
penicillin, and 100ug/mL streptomycin in a humidified
atmosphere consisting of 5% G@nd 95% air at 37C.
Cells were transfected with the wild type or a mutan®,
or « opioid receptor cDNA using the calcium phosphate
method 62).

Saturation BindingMembranes were prepared from HEK
cells as described previousl§3). Kq andBnax values of the
wild type and mutank, 0, andk receptors were determined
with a series of concentrations éH]diprenorphine (ranging
from 25 pM to 2 nM). Binding was carried out in 50 mM
Tris-HCI buffer containing 1 mM EGTA and 1M
leupeptin (pH 7.4) (TEL buffer) at room temperature for 1
h in duplicate in a volume of 1 mL with 1020 ug of
membrane protein. Naloxone (M) was used to define
nonspecific binding. Binding data were analyzed with the
EBDA program b4).

Effect of MTS Reagents on Opioid Receptor Binding.

Y = (extent of inhibition) €'+ plateau

extent of inhibition+ plateau= 1.0

Y is the fraction of the initial bindingk is the second-order
rate constant (M s™1), ¢ is the concentration of MTSEA
(M), andt is the incubation time (300 s).

Protection by Naloxone against MTSEA ReactibDis-
sociated cells were incubated with indicated concentrations
of (=)-naloxone or {)-naloxone for 20 min for binding to
reach equilibrium. Cells were then treated with a concentra-
tion of MTSEA that was just sufficient to achieve maximal
inhibition of binding to each receptor (see Figure 2B):

10 mM; 9, 50 mM; k, 3 mM. Cells were washed three times
by centrifugation, then resuspended in buffer A, and assayed
for [*H]diprenorphine binding.

Determination of Protein ContenProtein contents of
membranes were determined by the bicinchoninic acid
method of Smith et al.56) with bovine serum albumin as
the standard.

RESULTS

Effects of MTS Reagent Pretreatment éH]Diprenor-
phine Binding to the Opioid ReceptorBretreatment of
HEK293 cells transiently transfected with the opioid
receptor with MTSEA, MTSET, and MTSES for 5 min at

These experiments were performed using a procedure modi+oom temperature followed by washing inhibiteéH]-

fied from that of Javitch et al.16). Sixty to seventy-two

diprenorphine binding to intact cells in a dose-dependent

hours after transfection, cells were detached by use of manner (Figure 2A). MTSEA is the most potent of the three

Versene solution, pelleted at 1@P@or 1 min at room
temperature, washed with buffer A (NaCl, 140 mM, KClI,
5.4 mM, EDTA, 1 mM, HEPES, 25 mM, and 0.006% BSA,

MTS reagents with an l§gvalue of 0.5+ 0.08 mM, followed
by MTSET with an IGg value of 20.0£ 1.2 mM (h = 3).
In contrast, the negatively charged MTSES was ineffective



Effects of MTSEA on Opioid Receptors

120

=
(=)
o

@
o

60

(% of control)

40

[*H]diprenorphine specific binding

20

107 10°

Concentration (M)

B)

(% of control)

[HIdiprenorphine specific binding

—&— Mu
—— Delta
—&— Kappa

Ll L d !

10 107 102 10"

ol dd L I

107 10% 10°
MTSEA concentration (M)

FIGURE 2: (A) Effect of pretreatment with MTS reagents G-
diprenorphine binding to the rat opioid receptor. HEK293 cells
transiently transfected with the ratopioid receptor were treated
with MTSEA, MTSET, and MTSES at the indicated concentrations
for 5 min at room temperature. (B) Effect of MTSEA pretreatment
on [H]diprenorphine binding to the rat, humand, and human
opioid receptors. HEK293 cells transiently transfected with the rat
u opioid receptor, the huma# receptor, or the huma opioid
receptor were treated with MTSEA at the indicated concentrations
for 5 min at room temperature3H]Diprenorphine binding was
performed on whole cells after washing as described in Materials
and Methods. Each point represents the measem of three
independent experiments in duplicate.

at inhibiting binding at concentrations below 10 mM (Figure
2A). These results are similar to the findings of Javitch et
al. (10) in D2 dopamine receptor. Javitch et dl6)f suggested

that a microdomain composed of three acidic residues in

Biochemistry, Vol. 39, No. 45, 2003909
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FicurRe 3: Time courses of the effect of MTSEA orfH]-
diprenorphine binding to the rat humand, and humarx opioid
receptors. HEK293 cells were transfected with the«ahe human

9, or the humarx opioid receptor and treated with 0.5, 10, or 0.1
mM MTSEA, respectively, for the indicated time periods at room
temperature. 3H]Diprenorphine binding was determined after
washing as described in Materials and Methods. Each point
represents the meah sem of three independent experiments in
duplicate.

15 20 25 30 35

Time Courses of the Effects of MTSEA ér]Diprenor-
phine Binding tou, 6, andx Opioid Receptorsu, 6, andx
receptors transiently transfected into HEK293 cells were
treated with 0.5, 10, and 0.1 mM MTSEA, respectively,
which are IGg values (5 min at room temperature) at these
receptors. MTSEA pretreatment substantially reduéeid|
diprenorphine binding in 2 min and reached a plateau in
about 10 min (Figure 3). At the plateau level, approximately
25—-40% of PH]diprenorphine binding remained, which may
in part represent the intracellular receptors. Unreacted
receptors may also contribute to the binding, since the
concentrations used were quite modest. A 5-min pretreatment
period was chosen for all subsequent experiments since it is
close to the plateau and thg of MTSEA in agueous media
is about 12 min §). In addition, a short incubation time
minimizes the entry of MTSEA into cells and possible
reactions with intracellular cysteines both in the receptor and
in other moleculesY7).

Protection of Opioid Receptors from MTSEA Inhibition
by Naloxone(—)-Naloxone, but not its inactive isomet{-
naloxone, prevented the inhibitory effect of MTSEA SHT
diprenorphine binding to the, 6, andx receptors in a dose-
dependent manner (Figure 4), indicating that the MTSEA
reacts with a—SH group within or near the binding sites.

Effects of Pretreatment with MTSEA ofH|Diprenor-

TMDs 2 and 3 may account for the enhanced rate of reactionphine Binding to Cys to Ser or Met Mutants of the Opioid

of positively charged MTSEA. We thus used MTSEA in
subsequent experiments énand « opioid receptors.
Pretreatment of thé or « opioid receptor with MTSEA
followed by washing inhibited®H]diprenorphine binding in
a dose-dependent manner with ang€alue of 10.04+ 2.3
mM and 0.10+ 0.03 mM § = 3), respectively (Figure 2B).

ReceptorsEach cysteine residue in the TMDs was mutated
to serine one at a time. There are five cysteine residues
conserved among the three opioid receptors (4.48, 5.41, 5.57,
6.47, and 7.38), one common toand o receptors (1.43),
and two unique to tha receptor (3.44 and 7.47) (Table 1).
Eight mutants of the ratt receptor [C1.43(79)S, C3.44-

The second-order rate constants of MTSEA reaction were (159)S, C4.48(190)S, C5.41(235)S, C5.57(251)S, C6.47-

calculated to be 3.# 0.56, 0.424+ 0.12, and 34.3t 2.12
M~1s 1 for theu, &, andk receptors, respectively, indicating
that the order of MTSEA sensitivity i8 > u > 0.

(292)S, C7.38(321)S, and C7.47(330)S], six of the human
0 receptor [C1.43(60)S, C4.48(171)S, C5.41(216)S, C5.57-
(232)S, C6.47(273)S, and C7.38(303)S], and five of the
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20 e Table 2: K¢ and Bmax Values of PH]Diprenorphine Binding to the
—#— Delta Wild Type and Cysteine to Serine or Methionine Mutants of the Rat
2 o0 | | Keppa u, the Humand, and the Humamr Opioid Receptors Transiently
2 Expressed in HEK293 Cefls
;__ 80 | receptor Bmax (pmol/
S 5 constructs Kg(nM) mg of protein)
@£ u wild type 0.14-+ 0.03 5.23+ 0.35
23 8T C1.43(79)S 0.38 0.10 0.81+ 0.07
£'6 C3.44(159)S 0.1% 0.03 1.02+ 0.04
é & a0 | C4.48(190)S 0.3% 0.03 1.41+ 0.10
o C5.41(235)S 0.12 0.01 2.09+ 041
-_% C5.57(251)S 0.14 0.01 1.394+ 0.03
T 20 r C6.47(292)S 0.1% 0.03 1.244+ 0.09
= C7.38(321)s 0.1% 0.01 0.46+ 0.05
0 C7.47(330)M 0.21+ 0.003 2.06t 0.05
e L L " o o wild type 0.29+ 0.05 1.79+ 0.65
o . P B . - C1.43(60)S 0.72 0.02 1.26+ 0.60
10 10 10 10 10 10 C4.48(171)S 0.24:0.08 1.10+0.25
(-) Naloxone concentration (M) C5-41(glg)5 Ogi 0.09 0.97+0.08
Ficure 4. Protection by £)-naloxone against MTSEA effects on gg%gz%gg 82& 88? 8gi 8%)&13
[®H]diprenorphine binding to the rat the humand, and the human C7.38(303)S 0.3@ 0.03 1.214+ 0.22
« opioid receptors. HEK293 cells transiently transfected with the )
rat x4, the humand, or the humank opioid receptor were K wild type 0.15+ 0.02 1.56+ 0.04
preincubated with the indicated concentrations-efraloxone for C4.48(181)S 0.14-0.02 1.44+0.36
20 min at room temperature and then reacted with MTSEA for 5 C5.41(229)S 0.23 0.03 1.94+0.44
min at room temperature at a concentration that was just sufficient C5.57(245)S 0.2€-0.03 1.16+0.10
to cause the maximal extent of inhibition for each receppgri0 C6.47(286)S 0.16:0.03 1.73+0.25
mM; 6, 50 mM; «, 3 mM. The cells were washed three times, C7.38(315)S 0.3%0.03 143022
resuspended in buffer A, and assayed $stjfliprenorphine binding a Saturation binding of®H]diprenorphine to the wild type and the
as described in Materials and Methods. Each point represents themutants was performed, arity and Bnax values were calculated as
mean+ sem of three independent experiments in duplicate. described in Materials and Methods. Data represent the mesem

of three to four independent experiments, each performed in duplicate.
human receptor [C4.48(181)S, C5.41(229)S, C5.57(245)S, b C7.47(330)S displayed no detectabRH]diprenorphine binding;
C6.47(286)S, and C7.38(315)S] were generated (Table 1).erefore. the C7.47(330)M mutant was generated.
No [*H]diprenorphine binding to C7.47 f t - .
re?:e[pto]rd vx?ag doetF;cteg PI'hL(JjS, %7217?330) fs’r?c)fc; 47?3?30),\/' The findings that naloxone protected the receptors against
mutants were generated. While ribi[diprenorphine binding MTSEA ?ﬁ?Ct .anq that C7.385 appears to cqnfer mo;t .Of
to C7.47(330)A was detectedH]diprenorphine binding to the sensitivity indicate th‘."‘t Cys7.1_38 _reS|dl_Jes In the op|0|_d
C7.47(330)M was detectable. Each mutant bouftd]-| receptors are exposed in th_e binding-site crevice. It is
diprenorphine with similar affinities as the respective wild- noteworthy that Phe7.38(411) in the D2 dopamine receptor,

N : corresponding to Cys7.38 in the opioid receptors, is acces-
type receptor (Table 2), indicating that none of the mutations . - . ! .
z;/f?ected tF;]e éinding gockets sugbstantially. However each sible from the binding-site crevice and likely faces the TMD6

mutation reduced the expression level of the receptor to a(14). The second—order reaction rate constant of F7.3_8C with
varying extent (Table 2) MTSEA was determined to be 6:61.1 Mt s (14), which
' is similar to that of the: receptor (3.7 0.56 M1 s7%) but

The sensitivity of each mutant to MTSEA pretreatment higher than that of thé receptor (0.42- 0.12 M~ s~%) and
was examined. MTSEA concentrations used representediower than that of the receptor (34.3 2.12 Mt s79).
those producing at least 60% inhibition of the wild-type  Effects of Pretreatment with MTSEA di[Bremazocine
receptors: 4, 2.5 mM; 6, 15 mM; x, 1 mM. Among all  Binding to Cys to Ser or Met Mutants of the Opioid
mutants, the C7.38S mutant of thed, or « receptor became  ReceptorWe examined3H]bremazocine binding to Cys to
substantially less sensitive to MTSEA (Figure 5). Forghe  Ser or Met mutants of the: opioid receptor following
receptor, MTSEA treatment reducedi[diprenorphine bind-  MTSEA pretreatment to determine whether bindingf]f
ing of the wild type to about 20%, whereas the C7.38S bremazocine and®f]diprenorphine was differentially af-
mutant still retained about 90% binding activity (Figure 5A). fected. The C7.38(321)S mutant of tpeopioid receptor
For theo receptor, the wild-type binding was inhibited by became significantly less sensitive to MTSEA, whereas other
15 mM MTSEA treatment to about 35%, whereas about 65% mutants were similarly sensitive as the wild type (data not
of the PH]diprenorphine binding to the C7.38S mutant was shown). Thus, C7.38(321) contributes to the majority of
unaffected (Figure 5B). For the receptor, while 1 mM MTSEA sensitivity regardless of whether binding was
MTSEA incubation decreased the wild-type receptor binding conducted with JH]bremazocine or3H]diprenorphine.
to 20%, 80% of the3H]diprenorphine binding to the C7.38S Effects of Pretreatment with MTSEA ofH|Diprenor-
mutant remained (Figure 5C). These results indicate that thephine Binding to Glu6.58(297) Mutants of tkeReceptor.
conserved residue Cys7.38 confers most of the sensitivity As shown in Figure 2Bu, o, and« opioid receptors are
of opioid receptors to MTSEA. In contrast, C6.47S mutants differentially sensitive to MTSEA with the order of sensitiv-
of theu andd, but not thex, opioid receptors appear to be ity beingx > u > 6. We next examined the basis of the
more sensitive to MTSEA than the wild-type receptors higher MTSEA sensitivity of thec receptor tharu and 6
(Figure 5). receptors. According to the molecular models of opioid
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FiGURE 5: Effect of pretreatment with MTSEA orfH]diprenor-
phine binding to the wild type and Cys to Ser or Met mutants of
(A) the ratu opioid receptor, (B) the humahopioid receptor, and
(C) the humank opioid receptor. HEK293 cells transiently
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receptors constructed by Strahs and Weinst2m, the 6.58

loci of theu, 0, andk receptors are in the vicinity of Cys7.38.
We hypothesized that since most MTSEA molecules are
positively charged at physiological pH, the negative charge
of Glu6.58 in thekx receptor may attract MTSEA and
facilitate its reaction with Cys7.38. To test this possibility,
we generated the E6.58Q mutant. In addition, Glu6.58 was
converted to Lys and Trp, the corresponding residues in the
u and o receptors, respectively. E6.58(297)K and E6.58-
(297)Q mutants had affinities fofH]diprenorphine similar

to that of the wild type, withKy values of 0.32+ 0.04 nM

(n = 3, meant sem) and 0.25- 0.04 nM f = 3, meant
sem), respectively. In contrast, the E6.58(297)W mutant
yielded no detectable binding. The E6.58(297)K and E6.58-
(297)Q mutants showed sensitivities to MTSEA similar to
that of the wild-typex receptor, with 1G, values of 0.10t
0.06 mM and 0.26+ 0.04 mM f = 5—7, mean+ sem),
respectively, compared to 0.12 0.03 mM for the wild-
type k receptor. The second-order rates were determined to
be 41.7+ 7.7 and 30.0t 4.3 M~ s for E6.58(297)K and
E6.58(297)Q mutants, respectively, compared to 3729

M~1 s for the wild type. These results indicate that Glu6.58-
(297) does not play a significant role in the heightened
sensitivity of thex receptor to MTSEA.

Role of the Second Extracellular Loop of th&keceptor
in Its MTSEA Sensitity. The second extracellular loop of
the « opioid receptor contains several acidic residues and
was shown to be important in the high-affinity binding of
dynorphin peptides, which have several Lys and Arg residues
(51, 58). We therefore tested the hypothesis that the second
extracellular loop is important for the higher sensitivity of
the « receptor to MTSEA, compared with the and o
receptors. We previously constructed two chimeni
receptors §1). Chimera | is the rat opioid receptor with a
ratu opioid receptor fragment from the middle of the TMD4
to the middle of the third intracellular loop containing the
second extracellular loop. Chimera Il is the patopioid
receptor containing the corresponding fragment of the rat
opioid receptor. Chimeras | and Il were transiently transfected
into HEK293 cells and examined for effects of MTSEA
treatment onJH]diprenorphine binding. Chimera | displayed
a low level of PH]diprenorphine binding, which did not allow
us to determine its MTSEA sensitivity with confidence.
Chimera Il had an affinity forJH]diprenorphine similar to
that of the wild-typeu and x receptors as previously
demonstratedy1). Pretreatment of chimera Il with MTSEA
reduced {H]diprenorphine binding with an I§gvalue of 0.53
+ 0.10 mM f = 8, meard- sem) (Figure 6). The wild-type
rat « receptor had an I§ value of 0.084+ 0.004 mM f =
4, meart: sem), indicating that the rat and humawopioid
receptors are similarly sensitive to MTSEA. Thed@alue
for the u receptor was 1.06= 0.13 mM ( = 4, meant
sem). Thus, the sensitivity of chimera Il to MTSEA is
between those of the and« opioid receptors. Similarly,
the second-order rate of chimera Il (7.581.45 Mt s™%)

transfected with the wild type or the mutants of each receptor were Was higher than that of the wild-type receptor (2.40+
treated with MTSEA at the indicated concentrations for 5 min, and 0.51 M s™1) but lower than that of the wild-typereceptor

[*H]diprenorphine binding was determined after washing as de- (28.20+ 1.09 M1 s71). These results indicate that the second

scribed in Materials and Methods. Each point represents the mea
+ sem of three to eight independent experiments in duplicate. An

asterisk indicatep < 0.05, as compared to the wild type by one-
way ANOVA followed by Dunnett’s post hoc test.

"extracellular loop of the receptor may play a role, albeit

small, in the heightened sensitivity of theopioid receptor
to MTSEA.



13912 Biochemistry, Vol. 39, No. 45, 2000

120

100

Qo
(=]

o]
[=}

(% of control)

40

—@— chimera Il
—— Mu
—a— Kappa

[*Hidiprenorphine specific binding

N
(=]

0 L | L Ll . PR TR | Ll L)

107 10% 10° 10" 10° 107

MTSEA concentration (M)

FiGURE 6: Effect of pretreatment with MTSEA orfHl]diprenor-
phine binding to the rat and« opioid receptors and théx chimera
Il. HEK293 cells transiently transfected with the ratopioid
receptor (rmor), the rat opioid receptor (rkor), or the/k chimera
Il were treated with MTSEA at the indicated concentrations for 5
min at room temperature, andH]diprenorphine binding was
determined after washing as described in Materials and Methods.
Each point represents the mearsem of four to eight independent
experiments in duplicate.

DISCUSSION

We have demonstrated that pretreatment with MTSEA
decreasesiH]diprenorphine binding to the, 6, andk opioid
receptors in a time- and concentration-dependent manner
Theu, 6, andk opioid receptors have differential sensitivities
to MTSEA, with thek receptor being most sensitive and
the 6 receptor being least sensitive. In all three opioid

Xu et al.

the TMDs (184/187), with only one amino acid residue
different in each of the TMDs 1, 4, and 5. The gateceptor
is therefore a good model for the human receptor.

Since reaction of Cys7.38 with MTSEA appeared to be
responsible for the inhibition ofiH]diprenorphine binding,
the differential sensitivities afi, 6, and« opioid receptors
to MTSEA must result from different rates of reaction of
Cys7.38 with MTSEA in the different receptors. Because
the thiolate is vastly more reactive with MTSEA than the
thiol (7), differences in the ionization of the Cys at 7.38
would be expected to impact on its reactivity. The microen-
vironment in which Cys7.38 is situated may be different
among the three receptors, in terms of both the charge and
the steric factors that might directly impact on the access of
MTSEA to Cys7.38. According to the models of Strahs and
Weinstein (1997), locus 6.58 is in the vicinity of Cys7.38,
with Glu6.58(297) in thex receptor, Trp6.58(284) in thé
receptor, and Lys6.58 (303) in thereceptor.

The presence of nearby negatively charged residues may
facilitate the interaction of MTSEA with Cys7.38 in the
receptor, as compared to those in thendd receptors. Our
results that the E6.58(297)Q and E6.58(297)K mutants of
the human receptor had sensitivities to MTSEA similar to
that of the wild-typec receptor, however, ruled out the effects
of the electrostatic factor at the 6.58 locus on MTSEA
sensitivity of Cys7.38.

Another possibility is that negative charges in the second
extracellular loop of the receptor, which contains five Asp
residues and three Glu residues, may facilitate the reaction
of MTSEA with thex receptor. Our results that chimera I,
the u receptor with a fragment of the receptor including
the second extracellular loop, became twice as sensitive to
MTSEA as the wild-type: receptor suggested that the second

receptors, the conserved residue Cys7.38 largely confers theextracellular loop may play a small role in the higher

sensitivities to MTSEA.

That preincubation with «)-naloxone, but not +)-
naloxone, protected the receptor from the inhibitory effects
of MTSEA indicates that the reactive thiol group of Cys7.38
is directly exposed in the binding site or in the vicinity of
the binding site. The finding that Cys7.38 is the only Cys
residue accessible in the binding-site crevices ofithé,
andk opioid receptors under conditions defined in this study
would be useful for medicinal chemists in designing affinity

sensitivity of thex receptor to MTSEA.

The second-order reaction rate constant ofdtieceptor
with MTSEA was 9- and 82-fold lower than thoseofind
K receptors, respectively. One possibility is that W6.58 of
the o receptor inhibited the reaction of MTSEA with Cys7.38
by blocking the entry of MTSEA into the binding site.
Unfortunately, the low expression level of the E6.58(298)W
k receptor mutant did not allow us to test this hypothesis.
However, our recent SCAM results on the TMD6 of ihe

ligands reacting with cysteines. Naloxone was used in thesereceptor that several residues on the intracellular side of the
protection experiments for three reasons. First, naloxone canTrp6.58 were sensitive to MTSEA (Xu et al., manuscript in
be easily removed by washing. Second, an antagonist likepreparation) indicate that Trp6.58 does not block the entry

naloxone is not likely to cause as substantial conformational

of MTSEA into the binding-site crevice of th& receptor.

changes in the receptor as an agonist, which might complicateThus, the most likely explanation for the low sensitivity of

the interpretation of results. Third, the availability off )¢
naloxone, the inactive stereoisomer ef){naloxone, allows
us to examine whether the protective effect of naloxone is
stereospecific, since the stereospecificity of naloxone binding
is a hallmark of opioid receptors.

In the present study, we have used the hurdaand «
opioid receptors and the ratopioid receptor. There are two

Cys7.38 in thed receptor is that this conserved residue is
only partially accessible from the binding-site crevice. In
contrast, the rates of reaction of Cys7.38 with MTSEA in
theu andx receptor are consistent with their being directly
exposed in the binding pocket. Thus, there may be a rotation
of thea-helical axis in relation to the binding pockets among
the three receptors relative to each other. We are currently

reasons why we chose to use the rat, instead of the humangonducting SCAM analyses on the TMDs 70fd, andx

u opioid receptor. First, in our hands, the expression level
of the humaru opioid receptor was low~0.2 pmol/mg of
protein), much lower than that of the rat receptor, which may

make interpretation of data ambiguous in some cases.

Second, human and rat opioid receptors share high
sequence identity, 93.5% overall (374/400) and 98.4% within

opioid receptors to delineate the amino acid residues acces-
sible in the binding-site crevices, which will provide a better
understanding of the differential sensitivities of the C7.38
residues to MTSEA.

Our findings thatu, 6, and « opioid receptors have
differential sensitivity to MTSEA were different from those
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of Shahrestanifar and Howelld@), who reported thattH]- pletely negatively charged. Similar to the nicotinic acetyl-
bremazocine binding to theandd receptors in membranes  choline receptor§2) and D2 dopamine receptal(@), theu
was equally sensitive to MTSEA. In addition, these research- opioid receptor contains negative charges within the binding
ers found that every cysteine to serine mutant of gthe pocket, e.g., Asp residues in TMD2 and TMDS3. These
receptor, including C7.38S, was still sensitive to MTS negative charges have been suggested to contribute to the
reagents. In contrast, Deng et a1l showed that H]- higher reactivities of the D2 dopamine receptor to MTSEA
DAMGO binding to four mutants of the humanreceptor and MTSET than to MTSESLE). In contrast, Gioannini et
[C3.44(161)S, C4.48(192)S, C5.41(237)S, and C7.47(332)S]al. (36) reported that MTSET and MTSES treatment inhibited
exhibited lower sensitivity to MTSEA, compared with the [*H]DAMGO binding to purified bovinex opioid receptor
wild type. (Note that the numbering of the humareceptor with equal potencies. Possible reasons for these discrepancies
differs from that of the rafu receptor by 2 due to two include the factors discussed above, such as conformational
additional residues in the N-terminal domain.) There are differences due to the different buffers used, different
several possibilities that may account for the differences preparations (intact cells vs purified receptors), and the
between these findings and our own. First, in the presentdifferent ligands used. Gioannini et aB€] found that fH]-
study, pretreatment with MTSEA and receptor binding were DAMGO binding was much more sensitive to inactivation
conducted in a physiological buffer (buffer A), whereas by MTS reagents tharffilboremazocine binding.
Shahrestanifar and Howells4@ and Deng et al. 41) The site of MTSEA reaction determined in the present
performed their studies using Tris buffer. Our buffer (buffer study is different from that of NEM alkylation identified by
A) contains 140 mM NaCl, and Nahas been shown to  Shahrestanifar et al3§), Gaibelet et al.32), and Ehrlich et
induce conformational changes in opioid recept@s),( al. (35). By chimeric u/6 opioid receptor and mutation
which may affect the accessibility of the reactive groups studies, Shahrestanifar et al34f showed that H223S
(59-61) and in part contribute to the observed differences. mutation in the second extracellular loop greatly reduced the
Second, while Shahrestanifar and Howedl§)(and Deng et inhibitory effect of NEM on fH]bremazocine binding3d).
al. (41) used membrane preparations, we used intact cells,Gaibelet et al. 32) reported that alkylation witiN-ethylma-
and the integrity of the cells was maintained by using a leimide reduced®H]DAMGO binding affinity and that the
physiological buffer. In intact cell preparations, MTSEA sites of alkylation were both Cys81(1.43) in TMD 1 and
added extracellularly reacts with water-accessible reducedCys332(7.47) in TMD7 of thet opioid receptor. Ehrlich et
cysteine residues, most likely within the extracellular do- al. (35) reported that none of the cysteine-to-serine mutants
mains and/or within the binding-site crevice formed by the within the TMDs of thed opioid receptor was resistant to
TMDs. Although uncharged MTSEA is able to cross the the inhibitory effect of NEM on binding. As discussed above,
membrane§7), the amount of MTSEA that crosses during the differences between the present study and the three
the short incubation time (5 min) is expected to be relatively studies cited here may be attributed to differences in tissue
small at physiological pH, and the intracellular reducing preparation, ligand, and buffer used. In addition, NEM and
environment would be expected to further reduce the MTSEA may have different actions. Shahrestanifar et3, (
concentration of intracellular MTSEA. Using membranes for 40) reported that althoughilbremazocine binding to the
MTSEA reaction allows MTSEA to react with reduced Cys u and 6 receptors in membranes was equally sensitive to
residues both in the binding-site crevice and in intracellular MTSEA, NEM pretreatment exerted more profound inhibi-
domains. Thus, using intact cells vs membranes may Yyieldtion on PH]bremazocine binding to the receptor than the
different results. Third, diprenorphine, bremazocine, and ¢ receptor. NEM, in addition to reacting with cysteine, can
DAMGO may have some different contact sites within the react with imidazole groups of histidines andmino groups
binding pocket, and reactions of cysteine residues with of lysines 63). In contrast, MTS reagents are specific for
MTSEA that interfere with binding of one ligand may not water-accessible reduced sulfhydryl grou@s (n addition,
affect binding of the other. Javitch et al.3) found that the NEM was shown to react with anSH group outside of the
reaction of MTSEA with Cys118 in D2 dopamine receptor binding pocket, possibly within the G protein or the region
decreased the affinity of substituted benzamide antagonists,of the receptor involved in G protein coupling, which resulted
such as YM-09151-2, by 562800-fold, whereas the affini-  in diminished agonist affinity without affecting antagonist
ties of other antagonists, such ldamethylspiperone, were  affinities or the receptor numbe81—39).
decreased: 6-fold. However, in the present study, we found Our finding that mutation of each cysteine to serine or
that MTSEA reaction with the Cys to Ser or Met mutants of methionine within the TMDs of the:, 6, and « opioid
theu opioid receptor appears to affeét]diprenorphine and  receptors did not affect binding affinity offi]diprenorphine
[®H]bremazocine binding similarly. suggests that none of these cysteine residues are involved
Among the three MTS reagents, the potency in inhibiting directly in ligand-receptor interaction, consistent with the
[®H]diprenorphine binding to the opioid receptor is in the  reports of Gaibelet et al3@) and Ehrlich et al. 5). One
order of MTSEA> MTSET > MTSES. These findings are  minor difference is that we found no detectabf]f
similar to the reports of Shahrestanifar and Howelid) ©on diprenorphine binding to the C7.47(330)S mutant but similar
the effects of MTS reagents oftH{]oremazocine binding to  binding affinity for the C7.47(330)M mutant, suggesting that
the u receptor. In addition, a similar rank order of potency C7.47(330) may play an indirect role in binding by maintain-
of the three MTS compounds has also been reported for otheling structural integrity. Thus, cysteine residues in the TMDs
molecules, including D2 dopamine recept@f)(and nico- are not involved significantly in ligand binding in the 9,
tinic acetylcholine receptor6@). At physiological pH, the  and k receptors. Reaction with NEM, MTS reagents, io-
majority of MTSEA is positively charged, and MTSET is doacetamide, angthydroxymercuribenzoate has been shown
permanently positively charged, whereas MTSES is com- to inhibit opioid receptor binding. This is most likely due to
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the introduction of a bulky and/or charged group to cysteine
that reduces binding by direct steric hindrance. Javitch et
al. (13) observed that MTSEA reaction with Cys118 in the
TMD3 had inhibitory effects on D2 dopamine receptor

binding similar to substitution of Cys118 with Lys.
C6.47S mutants of thg and d, but not thek, opioid

receptors appear to be more sensitive to MTSEA than the
wild-type receptors (Figure 5), suggesting that the C6.47S
mutation in thex ando receptors may cause conformational

changes leading to exposure of one or more additiet&it

groups to reaction with MTSEA. This is one potential
limitation of any mutagenesis study, as alterations resulting
from the mutation can be due to changes in the locus
mutated, global conformational changes in the receptor, and
local conformation changes in or around the binding pocket.
Javitch et al. §4) showed that C6.47, while inaccessible in
the wild-type.-adrenergic receptor, became accessible in
the binding-site crevice in a constitutively active mutant and
this locus may modulate receptor conformation and affect

receptor activation.
In conclusiony, 8, andx opioid receptors are differentially

sensitive to MTSEA, and the conserved Cys7.38 confers the

MTSEA sensitivity in each receptor. While C7.38 in the

and « receptors is readily accessible from the binding-site

crevice, this conserved residue in theeceptor appears to

be much less accessible. The negatively charged Asp and »g.
Glu residues of the second extracellular loop may facilitate
the reaction of the receptor with MTSEA, whereas the 6.58
locus did not play a role. To the best of our knowledge, this
is the first report to show that a conserved residue among 28.
highly homologous G protein-coupled receptors is differen-
tially accessible in the binding-site crevice. In addition,
despite attempts by several laboratories, this represents the30.
first report on the successful generation of MTSEA-insensi-

tive mutants ofu, 6, andx opioid receptors, which allows

us to proceed to determine the residues accessible in the
binding-site crevices of these receptors by the substituted
33.

cysteine accessibility method (for example, 14j.

ACKNOWLEDGMENT

We thank Dr. Harel Weinstein of Mount Sinai School of

Medicine for insightful discussions.

REFERENCES

1. Savarese, T. M., and Fraser, C. M. (1992Biochem. 283
1-19.

2. Ballesteros, J. A., and Weinstein, H. (19849thods Neurosci.
25, 366-428.

3.Ji, T. H.,, Grossmann, M., and Ji, |. (199B)Biol. Chem. 273
17299-17302.

4. Gether, U., and Kobilka, B. K. (1998). Biol. Chem. 273
17979-17982.

5. Akabas, M. H., Stauffer, D. A., Xu, M., and Karlin, A. (1992)

Science 258307—-310.

6. Akabas, M. H., Kaufmann, C., Archdeacon, P., and Karlin,

A. (1994) Neuron 13 919-927.

7. Roberts, D. D., Lewis, S. D., Ballou, D. P., Olson, S. T., and

Shafer, J. A. (1986Biochemistry 255595-5601.

8. Karlin, A., and Akabas, M. H. (1998)lethods Enzymol. 293
123-145.

9. Javitch, J. A. (1998Methods Enzymol. 29831—346.

10. Javitch, J. A., Li, X., Kaback, J., and Karlin, A. (1992oc.
Natl. Acad. Sci. U.S.A. 9110355-10359.

11.

12.

13.

14.

I

16.

17.

[

5.

8.

Xu et al.

Javitch, J. A., Fu, D., Chen, J., and Karlin, A. (198&uron

14, 825-831.

Javitch, J. A., Fu, D., and Chen, J. (198)chemistry 34
16433-16439.

Javitch, J. A., Fu, D., and Chen, J. (1996)!. Pharmacol.

49, 692-698.

Fu, D., Ballesteros, J. A., Weinstein, H., Chen, J., and Javitch,
J. A. (1996)Biochemistry 3511278-11285.

Javitch, J. A., Ballesteros, J. A., Weinstein, H., and Chen, J.
(1998) Biochemistry 37998-1006.

Javitch, J. A., Ballesteros, J., Chen, J., Chiappa, V., and
Simpson, M. M. (1999Biochemistry 387961-7968.
Pasternak, G. W. (1988) ifihe Opiate Receptordiumana
Press, Clifton, NJ.

Mansour, A., Khachaturian, H., Lewis, M. E., Akil, H., and
Watson, S. J. (1988Jrends Neurosci. 11308-314.

19. Childers, S. R. (1991)ife Sci. 48 1991-2003.

9

N

0

21.

N

23.

24.

25.

27.

2.

. Li, L. Y., and Chang, K.-J. (199&)lol. Pharmacol. 50599~

602.

Kieffer, B., Befort, K., Gaveriaux-Ruff, C., and Hirth, C. G.
(1992)Proc. Natl. Acad. Sci. U.S.A. 822048-12052.

Evans, C. J., Keith, D. E., Jr., Morrison, H., Magendzo, K.,
and Edwards, R. H. (1993cience 2581952-1955.

Knapp, R. J., Malatynska, E., Collins, N., Fang, L., Wang, J.
Y., Hruby, V. J., Roeske, W. R., and Yamamura, H. |. (1995)
FASEB J. 9516-525.

Schertler, G. F., Villa, C., and Henderson, R. (199&jure
362 770-772.

Unger, V. M., and Schertler, G. F. (199B)ophys. J. 68
1776-1786.

Unger, V. M., Hargrave, P. A., Baldwin, J. M., and Schertler,
G. F. (1997)Nature 389 203—206.

Strahs, D., and Weinstein, H. (19%fptein Eng. 101019-
1038.

8. Pogozheva, I. D., Lomize, A. L., and Mosberg, H. I. (1998)

Biophys. J. 75612-634.

29. Metzger, T. G., Paterlini, M. G., Portoghese, P. S., and

31.

34.

35.

36.
37.
38.
39.
40.
41.
42.

43.

44,

45,

Ferguson, D. M. (1996[Neurochem. Res. 21287-1294.
Simon, E. J., Hiller, J. M., and Edelman, I. (19P3pc. Natl.
Acad. Sci. U.S.A. 701947-1949.

Pasternak, G. W., Wilson, H. A., and Snyder, S. H. (1975)
Mol. Pharmacol. 11340-351.

2. Gaibelet, G., Capeyrou, R., Dietrich, G., and Emorine, L. J.

(1997) FEBS Lett. 408135-140.

Simon, E. J., and Groth, J. (19 pc. Natl. Acad. Sci. U.S.A.
72, 2404-2407.

Shahrestanifar, M., Wang, W. W., and Howells, R. D. (1996)
J. Biol. Chem. 2715505-5512.

Ehrlich, G. K., Andria, M. L., Zheng, X., Kieffer, B.,
Gioannini, T. L., Hiller, J. M., Rosenkranz, J. E., Veksler, B.
M., Zukin, R. S., and Simon, E. J. (1998jan. J. Physiol.
Pharmacol. 76 269-277.

Gioannini, T. L., Onoprishvili, I., Hiller, J. M., and Simon, E.
J. (1999)Neurochem. Res. 287—42.

Mullikin-Kilpatrick, D., Larsen, N. E., and Blume, A. J. (1983)
J. Neurosci. 3145-152.

Larsen, N. E., Mullikin-Kilpatrick, D., and Blume, A. J. (1981)
Mol. Pharmacol. 20255-262.

Childers, S. R. (1984). Pharmacol. Exp. Ther. 23®84—
691.

Shahrestanifar, M. S., and Howells, R. D. (1986&urochem.
Res. 211295-1299.

Deng, H. B., Guang, W., and Wang, J. B. (2000pharmacol.
Exp. Ther. 293113-120.

Chen, Y., Mestek, A., Liu, J., Hurley, J. A., and Yu, L. (1993)
Mol. Pharmacol. 448—12.

Xu, W., Ozdener, F., Li, J. G., Chen, C., de Riel, J. K.,
Weinstein, H., and Liu-Chen, L. Y. (199%EBS Lett. 447
318-324.

Kallal, L., Gagnon, A. W., Penn, R. B., and Benovic, J. L.
(1998)J. Biol. Chem. 273322-328.

Zhu, J., Chen, C., Xue, J.-C., Kunapuli, S., de Riel, J. K., and
Liu-Chen, L.-Y. (1995)Life Sci. 56 201—207.



Effects of MTSEA on Opioid Receptors

46. Simonin, F., Befort, K., Gaveriaux-Ruff, C., Matthes, H.,
Nappey, V., Lannes, B., Micheletti, G., and Kieffer, B. (1994)
Mol. Pharmacol. 461015-1021.

47. Sanger, F., Nicklen, S., and Coulson, A. R. (1H79c. Natl.
Acad. Sci. U.S.A. 746463-5467.

48. Chu, P., Murray, S., Lissin, D., and von Zastrow, M. (1997)
J. Biol. Chem. 27227124-27130.

49. Jordan, B. A., and Devi, L. A. (199%ature 399 697—700.

50. Higuchi, R., Krummel, B., and Saiki, R. K. (198Blucleic
Acids Res. 167351-7367.

51. Xue, J.-C., Chen, C., Zhu, J., Kunapuli, S., de Riel, J. K., Yu,
L., and Liu-Chen, L.-Y. (1994). Biol. Chem. 26930195~
30199.

52. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) in
Molecular Cloning: A Laboratory Manual Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

53.Li, S., Zhu, J., Chen, C., Chen, Y.-W., de Riel, J. K., Ashby,
B., and Liu-Chen, L.-Y. (1993Biochem. J. 295629-633.

54. McPherson, G. A. (1983yomput. Prog. Biomed. 17107—
114.

55. Li, J.-G., Luo, L.-Y., Krupnick, J. G., Benovic, J. L., and Liu-
Chen, L.-Y. (1999)J. Biol. Chem. 2741208712094.

56.

57.

58.

59.

60.

61.
62.

63.

64.

Biochemistry, Vol. 39, No. 45, 2003915

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K.,
Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goeke,
N. M., Olson, B. J., and Klenk, D. C. (1983nal. Biochem.
150, 76—-85.

Holmgren, M., Liu, Y., Xu, Y., and Yellen, G. (1996)
Neuropharmacology 35/97—804.

Wang, J. B., Johnson, P. S., Wu, J. M., Wang, W. F., and
Uhl, G. R. (1994)J. Biol. Chem. 26925966-25969.

Nijssen, P. C. G., and Childers, S. R. (198d). J. Pharmacol.
135, 355-364.

Blume, A. J. (1978proc. Natl. Acad. Sci. U.S.A. 75713~
1717.

Blume, A. J. (1978).ife Sci. 22 1843-1852.

Stauffer, D. A., and Karlin, A. (1998iochemistry 336840—
6849.

Smyth, D. G., Blumenfeld, O. O., and Konigsberg, W. (1964)
Biochem. J. 91589-595.

Javitch, J. A., Fu, D., Liapakis, G., and Chen, J. (1987)
Biol. Chem. 27218546-18549.

BI001099P



