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�-1 receptors represent unique binding sites that are capable
of interacting with a wide range of compounds to mediate dif-
ferent cellular events. The composition of the ligand binding
site of this receptor is unclear, since no NMR or crystal struc-
tures are available. Recent studies in our laboratory using radio-
labeled photoreactive ligands suggested that the steroid binding
domain-like I (SBDLI) (amino acids 91–109) and the steroid
binding domain-like II (SBDLII) (amino acids 176–194) regions
are involved in forming the ligand binding site(s) (Chen, Y.,
Hajipour, A. R., Sievert, M. K., Arbabian, M., and Ruoho, A. E.
(2007) Biochemistry 46, 3532–3542; Pal, A., Hajipour, A. R.,
Fontanilla, D., Ramachandran, S., Chu, U. B.,Mavlyutov, T., and
Ruoho, A. E. (2007) Mol. Pharmacol. 72, 921–933). In this
report, we have further addressed this issue by utilizing our pre-
viously developed sulfhydryl-reactive, cleavable, radioiodinated
photocross-linking reagent: methanesulfonothioic acid, S-((4-
(4-amino-3-[125I]iodobenzoyl) phenyl)methyl) ester (Guo,
L. W., Hajipour, A. R., Gavala, M. L., Arbabian, M., Martemy-
anov, K. A., Arshavsky, V. Y., and Ruoho, A. E. (2005) Bioconju-
gate Chem. 16, 685–693). This photoprobe was shown to deri-
vatize the single cysteine residues asmixed disulfides at position
94 in the SBDLI region of the wild type guinea pig �-1 receptor
(Cys94) and at position 190 in the SBDLII region of a mutant
guinea pig �-1 receptor (C94A,V190C), both in a �-ligand (hal-
operidol or (�)-pentazocine)-sensitive manner. Significantly,
photocross-linking followed by Endo Lys-C cleavage under
reducing conditions and intramolecular radiolabel transfer
from the SBDLI to the SBDLII region in the wild type receptor
and, conversely, from the SBDLII to the SBDLI region in the
mutant receptor were observed. These data support a model in
which the SBDLI and SBDLII regions are juxtaposed to form, at
least in part, a ligand binding site of the �-1 receptor.

The � receptors represent unique nonopioid and nonphen-
cyclidine binding sites that are distinct from other known neu-
rotransmitters or hormone receptors (4). Initially, Martin et al.
(5) proposed the � receptors as opioid receptors based on the

psychomimetic effects of N-allyl-normetazocine (SKF-10047),
which could not be explained by �- or �-opioid receptors (5).
This hypothesis, however, was later corrected when the � recep-
tors were found to be insensitive to a common opioid receptor
antagonist, naloxone (6–8). Two well known subtypes of the �
receptor have been identified, the�-1 receptor and the�-2 recep-
tor, which are distinguishable by their ligand binding properties
and molecular weights (2, 9). They are ubiquitously expressed in
different tissues, such as brain, adrenal gland, testis, ovary, spleen,
lung, heart, blood leukocytes, and cancer cells (10–15).
Pharmacological studies have indicated that the�-1 receptor

is able to bind a wide range of compounds, including opiates (7,
16, 17), antipsychotics (18), antidepressants (18), antihista-
mines (16), phencyclidine-like compounds (19), �-adrenergic
receptor ligands (7, 16), serotonergic compounds (16), cocaine
and cocaine analogs (1, 20, 21), cholesterol (22), steroids (23–
25), and neuropeptides (25), although intriguingly no known
natural specific ligands have been discovered. In addition, �-1
receptor knock-out mice are viable and fertile, showing no
overt constitutive phenotype (26). However, the broad tissue
distribution as well as the ability to bind different classes of
ligands allows the �-1 receptor to mediate various cellular
events, such as modulation of voltage-gated K� channels (27),
calcium release (28), regulation of lipid compartmentalization
on the endoplasmic reticulum (29), and “ligand-operated”
chaperoning activity at “mitochondrion-associated endoplas-
mic reticulum membranes” (30). Regulation of cocaine effects
(31, 32), neuroprotective effects (33), increase in extracellular
acetylcholine levels (34), and inhibition of proliferative
responses to mitogens (35) have also been ascribed to the �-1
receptor. A role in psychostimulant actions has been proposed
for the �-1 receptor, based onmethamphetamine binding (36).

The�-1 receptor has been cloned fromdifferentmammalian
species, including guinea pigs (37), humans (38, 39), rats (40,
41), and mice (42), and shares about 90% identity and 95% sim-
ilarity across these species. However, the �-2 receptor has not
been cloned yet. The cloned �-1 receptor has 223 amino acids
and shares 30% identity and 67% similarity with a yeast sterol
C8-C7 isomerase (ERG2), which is involved in cholesterol syn-
thesis (43). Interestingly, unlike the yeast sterol isomerase, the
�-1 receptor does not possess any sterol isomerase activity (37)
and, in addition, shares no sequence homology with any known
mammalian proteins, including the mammalian C8-C7 sterol
isomerase. Hydrophobicity analysis indicates that the � recep-
tor and fungal sterol isomerases are topologically similar, each
containing three hydrophobic regions. The first hydrophobic
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segment was proposed as a transmembrane domain (TMD)2
(amino acids 11–29) (37), and the other two hydrophobic seg-
ments (highly conserved regions among the species), were pro-
posed previously as the steroid binding domain-like I (SBDLI)
(amino acids 91–109) and steroid bindingdomain-like II (SBDLII)
(amino acids 176–194) regions due to high sequence homology
with the steroid binding domain of the ERG2 (1). The model
proposed by Aydar et al. (44) suggested that the �-1 receptor
contains two TMDs (amino acids 11–29 and 80–100) with the
orientation of both the N and C termini on the same side of the
membrane bilayer. Amodel proposed byHayashi et al. (30) also
contains both theN andC termini at the same side of themem-
brane bilayer but with an opposite orientation to that proposed
previously (44).
Regardless of receptor topology, it has been reported that

TMDI, TMDII (including SBDLI regions), and the C terminus
of the�-1 receptor containing the SBDLII region are important
for ligand binding (45–47). Mutations of the residues in TMDI
(A13T, L28P) and TMDII (A86V) showed �60% haloperidol
binding compared with the wild type receptor, as reported by
Ganapathy et al. (45). Mutations of S98A, Y103F, and L105/
106A in the SBDLI region resulted in 70, 16, and 39% of control
NE100 binding, respectively (47). It has also been reported that
Asp126 and Glu172 are obligatory for �-1 receptor ligand bind-
ing (46). Recently, it has been shown that the regions spanning
the amino acids 161–180 and 191–210 at the C-terminal end of
the �-1 receptor are important for cholesterol binding in
remodeling lipid rafts (22), and the region of 116–223 is capable
of performing protein chaperoning activity (30).
Previous work from our laboratory showed that a struc-

turally rigid cocaine-based radioiodinated photoaffinity
label, methyl-3-(4-azido-3-[125I]iodo-benzoyloxy)-8-methyl-8-
azabicyclo[3.2.1]octane-2-carboxylate ([125I]IACoc), specifically
photolabeled aspartate 188 of the SBDLII region (amino acids
176–194) as part of the cocaine binding site (1). Recently, we also
found that a flexible radioiodinated fenpropimorph-like photoaf-
finity label, 1-N-(2�,6�-dimethylmorpholino)-3-(4-azido-3-[125I]-
iodo-phenyl)propane ([125I]IAF), covalentlyphotolabeledboth the
SBDLI (amino acids 91–109) and SBDLII (amino acids 176–194)
regions of the guinea pig �-1 receptors in a haloperidol-protect-
able manner, suggesting that both regions may be involved in
forming the ligand binding site(s) (2).Moreover, [127I]IAF showed
a single population of binding sites, as determined by competitive
radioligand binding against 10 nM (�)-[3H]pentazocine (R2 �
0.992,Kd � 194� 27.5 nM). Based on these findings, we proposed
two models: a single ligand binding site where the SBDLI and
SBDLII regions are juxtaposed to form a single binding site or,
alternatively, two ligandbinding siteswithexactly the sameaffinity
for [125I]IAF in which SBDLI and SBDLII are separate parts of the
two closely related ligand binding sites (2). In this paper, we report

� ligand-sensitivemixeddisulfidederivatizationof thepure, single
cysteine containing wild type (Cys94) and mutant (C94A,V190C)
guinea pig �-1 receptors. We have chosen position 190 for cys-
teine mutation, since this position is near the [125I]IACoc
insertion site at Asp188. The mixed disulfide was formed in
the dark using a reagent previously reported from our labo-
ratory, which is a sulfhydryl-reactive, cleavable, radioiodi-
nated photocross-linking reagent, methanesulfonothioic
acid, S-((4-(4-amino-3-[125I]iodobenzoyl) phenyl)methyl)
ester ([125I]IABM) (3). We further show an intramolecular
radiolabel transfer between the SBDLI and SBDLII regions
of the �-1 receptor following intramolecular photocross-
linking of the derivatized receptors and cleavage with Endo
Lys-C and CNBr in a reducing agent-sensitive manner. Thus,
this report supports our previously proposed model (2) in
which the SBDLI and SBDLII regions are juxtaposed to form,
in part, a ligand binding site of the �-1 receptor.

EXPERIMENTAL PROCEDURES

Materials—The E. coli plasmid pMal-p2X, amylose resin,
and all restriction endonucleases were purchased from New
England Biolabs (Beverly, MA). Primers for PCR amplification
were synthesized by Integrated DNA Technologies (Coralville,
IA). Nova Blues chemically competentEscherichia coli and Fac-
tor Xa protease were from Novagen (Madison, WI). Radioac-
tive Na125I and (�)-[H3]pentazocine were from PerkinElmer
Life Sciences. Endo Lys-C was from Promega (Madison, WI).
CNBr and all other chemicals were purchased from � unless
otherwise mentioned.
Expression and Purification of the Wild Type (Cys94) and the

Mutant (C94A,V190C) Guinea Pig �-1 Receptors—The wild
type guinea pig �-1 receptor sequence with a His6 tag on the C
terminus was inserted into a pMal-p2X vector (New England
Biolabs), as described by Ramachandran et al. (48). This con-
struct was used for the expression of the maltose-binding pro-
tein (MBP)-�-1 receptor fusion protein containing a Factor Xa
cleavage site linking the MBP and the �-1 receptor. The wild
type guinea pig�-1 receptor sequence contains a single cysteine
at position 94. For construction of theC94A,V190Cmutant�-1
receptor, cysteine was replaced by alanine at position 94 using
QuikChange site-directed mutagenesis (Stratagene). This con-
struct was subsequently used to replace valine with cysteine at
position 190 to generate a single cysteine-containing V190C con-
struct. In all cases, the constructs were sequenced to ensure the
absenceof additionalmutations. Sequencingwascarriedoutat the
Biotechnology Center (University ofWisconsin, Madison,WI).
Both the wild type (Cys94) and mutant (C94A,V190C) con-

structswere transformed into BL21(DE3) separately for protein
expression and purification as described previously (48).
Briefly, the E. coli biomass was collected by centrifugation at
3000 rpm for 30 min, sonicated for 15 min at 4 °C. The lysate
was centrifuged at 100,000 � g for 1 h at 4 °C. The pellets were
resuspended and extracted for 3 hwith stirring at 4 °C in 20mM
Tris, pH 8.0, 0.2 M NaCl, 1 mM 2-mercaptoethanol, and 1 mM
EDTA supplemented with a protease inhibitor mixture and 1%
TritonX-100 (w/v). The extracts were centrifuged at 100,000�
g for 1 h at 4 °C. The supernatants containing the fusion pro-
teins were then purified on an amylose column and cleaved

2 The abbreviations used are: TMD, transmembrane domain; SBDLI, steroid
binding domain-like I; SBDLII, steroid binding domain-like II; [125I]IACoc,
methyl-3-(4-azido-3-[125I]iodo-benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]oct-
ane-2-carboxylate; [125I]IAF, 1-N-(2�,6�-dimethylmorpholino)-3-(4-azido-3-
[125I]iodo-phenyl)propane; [125I]IAMBM, S-[[4-(4-amino-3-[125I]iodobenzoyl)
phenyl] methyl] ester; Endo, endoproteinase; MBP, maltose-binding protein;
ABM, 4-methanethiosulfonate methyl-4�-aminobenzophenone; WT, wild
type; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine.
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with Factor Xa at room temperature for 36–48 h. Both the wild
type and mutant �-1 receptors containing a His6 tag at the C
terminus were collected on a Ni2� column and eluted using
0.25 M imidazole in the wash buffer (50 mM sodium phosphate,
pH 8.0, 0.3 M NaCl) containing 1% Triton X-100. The proteins
eluted from the Ni2� column were further purified by incubat-
ing with an agarose resin coupled with anti-MBP antibody
(binding capacity of �0.4 mg of MBP/ml) at 4 °C for 18–24 h.
After incubation was complete, the mixtures were centrifuged
at 4000 rpm at room temperature, and the supernatants con-
taining the pure wild type and mutant guinea pig �-1 receptors
were adjusted to concentrations ranging between 3 and 5
mg/ml and stored at �20 °C with 30% glycerol.
Radiosynthesis of Methanesulfonothioic Acid, [125I]IABM—

[125I]IABM was prepared as reported previously with a slight
modification (3). RadioactiveNa125I (5mCi) (specific activity�
2200 Ci/mmol) in 14 �l of 0.1 M NaOH was neutralized
by adding 14 �l of 0.1 M HCl and then diluted with 50 �l
of 0.5 M sodium acetate buffer (pH 5.6). For a standard reac-
tion, 4-methanethiosulfonate methyl-4�-aminobenzophenone
(ABM) (3) (10�l of 25mg/ml in 0.5M sodiumacetate buffer, pH
5.6) was then added to the reaction. Iodination was initiated by
adding 30�l of chloramine-T (1mg/ml inwater) and continued
for 15 min at room temperature. The reaction was terminated
by the addition of 100 �l of Na2S2O5 (5 mg/ml in water). The
reaction mixture was then extracted three times with 1 ml of
ethyl acetate. The pooled extracts were evaporated under N2 to
�50 �l and streaked on a 0.25-mm-thick silica gel (60/254)
plate (10 � 20 cm), which was developed with a solvent system
of toluene/methanol (9:1, v/v). The radioactive band that co-
migrated with authentic [127I]IABM (Rf � 0.54) on the TLC
platewas extractedwith ethyl acetate (3� 1ml), dried underN2
gas, and stored at �20 °C (yield 0.734 mCi, 14.6%). Since the
starting ABM (Rf � 0.41) was completely separated from
[125I]IABM, the specific radioactivity of [125I]IABM was taken
as 2200 Ci/mmol following purification.
Radioligand Binding Assays—The ligand binding properties

of the pure WT (Cys94) and mutant (C94A,V190C) �-1 recep-
tors were determined using methods described previously with
slightmodifications in times and temperatures (45, 48, 49). The
pure receptors (40 ng/well) were incubated with varying con-
centrations of (�)-[3H]pentazocine at 30 °C for 1 h. Binding
was carried out in 50mMTris-HCl (pH 8.0) in a total volume of
100�l. After incubation, the receptorswere harvested on a 0.5%
polyethyleneimine-treatedWhatmanGF/B filters using aBran-
del Cell Harvester (Brandel, Gaithersburg, MD). Haloperidol
(10 �M) was used to determine nonspecific binding. Radioac-
tivity on the filters was detected by liquid scintillation spec-
trometry using PerkinElmer Life Sciences formula 989 as a scin-
tillation mixture. The values were plotted according to a
nonlinear regression curve using the software “Graphpad
Prism” version 4.0c (GraphPad Software Inc., San Diego, CA),
and the equilibrium dissociation constants,KD, were calculated
using the Cheng-Prusoff equation (50).
[125I]IABM Derivatization of the Pure Guinea Pig �-1

Receptors—Both the pure WT (Cys94) guinea pig �-1 receptor
and the C94A,V190Cmutant (10 �g/tube) in 100 �l of incuba-
tion buffer (50 mM Tris-HCl, pH 8.0, containing 0.5% (v/v) Tri-

ton X-100) were incubated separately with 10 nM [125I]IABM
for 6 h at room temperature in the presence or absence of the �
ligands (�)-pentazocine (1 �M) or haloperidol (10 �M). After
derivatization to form themixed disulfide bondwith cysteine at
position 94 or 190, proteins were then purified with Ni2� beads
and eluted with 200 �l of incubation buffer containing 250 mM
imidazole. Half of the eluted protein was used as a dark control,
and the other half was used for photocross-linking. To deter-
mine the specificity of the mixed disulfide [125I]IABM derivat-
ization, eluted proteins from the Ni2� beads were treated with
SDS-PAGE sample buffer with or without reducing agent (100
mM �-mercaptoethanol) for 8 h at room temperature before
separation on 15% SDS-polyacrylamide gels.
Intramolecular Photocross-linking of the Purified, [125I]IABM-

derivatized Guinea Pig �-1 Receptors—Ni2� bead-purified and
specifically [125I]IABM-derivatized receptors (both WT and
V190C mutant) were photocross-linked using the methods
reported previously (3). Briefly, the derivatized proteins in
1.5-ml ultraclear microcentrifuge tubes (Axygen) were incu-
bated in the dark on ice for 15 min and then illuminated at 350
nm and �4 °C in a RPR-100 Rayonet photochemical reactor
(Southern New England Ultraviolet) three times (5-min dark
intervals on ice after each 10 min of UV light). Similarly, the
cross-linked proteins were treated with SDS-PAGE sample
buffer with orwithout reducing agent (100mM �-mercaptoeth-
anol) for 8 h at room temperature before separation on 15%
SDS-polyacrylamide gels.
Endo Lys-C and CNBr Digestion of the Derivatized and Pho-

tocross-linked Guinea Pig �-1 Receptors—Prior to the enzy-
matic cleavage with Endo Lys-C, both derivatized (dark con-
trol) and intramolecularly photocross-linked receptors (both
WT and C94A,V190C mutant) were incubated with SDS-
PAGE sample buffer with or without reducing agent (100 mM
�-mercaptoethanol) for 8 h at room temperature. Proteinswere
then separated by electrophoresis on a 15% SDS-polyacrylam-
ide gel and visualized by wet gel (unstained) autoradiography.
The autoradiogram was used as a template to excise the specif-
ically derivatized photocross-linked as well as the ligand-pro-
tected �-1 receptors from the gel with a razor blade. The gel
slices were minced and placed into a 1.5-ml microcentrifuge
tube containing 1ml of water. The tubes weremaintained over-
night at 4 °C, and the gel slurries were transferred to spin col-
umns (Bio-Rad). The eluted �-1 receptors in the supernatant
extracts were collected by centrifugation at 1600 � g for 5 min
and cleaved with Endo Lys-C as reported earlier (2). The proteo-
lytic digestions were terminated by adding SDS-PAGE sample
buffer (with or without reducing agent) and separated by 16.5%
SDS-Tricine/PAGE. For CNBr digestion, the peptides were again
identified by wet gel autoradiography, excised and eluted with
water, concentrated (to �30 �l), and mixed with 70 �l of CNBr
solution (0.15 M in 70% formic acid solution) for 15–18 h at room
temperature by tumbling as described previously (2).

RESULTS

Expression, Purification, and Characterization of the Guinea
Pig C94A,V190C Mutant �-1 Receptor—The C94A,V190C
mutant guinea pig �-1 receptor was expressed and purified in a
fashion similar to the WT guinea pig �-1 receptor. For this
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purpose, the WT �-1 receptor was
mutated first from cysteine at posi-
tion 94 to alanine and then further
mutated at position 190 to intro-
duce a single cysteine replacing
valine. The mutant receptor was
expressed in E. coli as an MBP-�-1
receptor-His6 fusion with a factor
Xa cleavage site between MBP and
the�-1 receptor. The fusion protein
was purified on an amylose column
and cleaved with factor Xa. The
mutant �-1 receptor was then puri-
fied using Ni2� columns to a final
concentration of about 3 mg/ml.
The purified mutant receptor was
characterized based on (�)-
[3H]pentazocine binding and pho-
tolabeling with [125I]IAF (structure
shown in Fig. 1) (2), followed by
Endo Lys-C digestion (Fig. 2). The
mutant receptor showed binding
affinity for (�)-[3H]pentazocine
with a Kd value range of 40.3 � 2.8
nM which was comparable with that
of the WT receptor (Kd range of
21.2� 2.4 nM) (Fig. 2A). Themutant
receptor also showed a specific
[125I]IAF photolabeling pattern
(Fig. 2B) similar to that reported
previously for the WT receptor (2).
The specificity of the photolabeling
was demonstrated by protection
with 10 �M haloperidol (Fig. 2B,
compare lanes 5 and 6 with lanes 7
and 8). Following cleavage of the
specifically [125I]IAF-photolabeled
mutant receptor with Endo Lys-C,
both the 16.3- and 9.8-kDa peptide
contained specific radiolabel (Fig.
2B, compare lanes 9 and 10 with
lanes 11 and 12). Therefore, the
purified mutant (C94A,V190C)
guinea pig�-1 receptorwas similar to
the WT (Cys94) in their ligand bind-
ing and photolabeling properties.
[125I]IABM Derivatization of

the Pure WT (Cys94) and the
C94A,V190C Mutant Guinea Pig
�-1 Receptors—Both the WT and
the C94A,V190Cmutant �-1 recep-
tors contained a single cysteine res-
idue, which was derivatized to form
a mixed disulfide under dark condi-
tions with the radioactive cross-
linking agent, [125I]IABM (Fig. 3).
The derivatizationswere highly spe-
cific for cysteine, since the mixed

FIGURE 1. Structures of [125I]IACoc) and 125I]IAF). The [125I]IAF photoprobe was used to specifically photola-
bel the WT and mutant (C94A,V190C) �-1 receptor in Fig. 2B. The [125I]IACoc photoprobe was used together
with [125I]IAF in the experiments reported in Fig. 6.

FIGURE 2. A, binding of (�)-[3H]pentazocine to the pure guinea pig WT (Cys94) and the mutant
(C94A,V190C) �-1 receptor. Various concentrations of (�)-[3H]pentazocine (0 – 80 nM) were incubated
with pure receptors (40 ng/well) separately for 1 h at 30 °C. Haloperidol (5 �M) was used to determine
nonspecific binding. The values were plotted using GraphPad Prism software (version 4.0c) (nonlinear
regression curve). (�)-[3H]Pentazocine bound to the WT and mutant receptors with KD values of 21.2 � 2.4
and 40.3 � 2.8 nM, respectively, indicating that both the WT and mutant receptors have similar ligand
binding properties. Error bars, S.D. values of triplicates from two different experiments. B, PhosphorImager
visualization of Endo Lys-C cleavage of the pure guinea pig WT and C94A,V190C mutant �-1 receptor
specifically photolabeled with [125I]IAF (2). The [125I]IAF (structure shown in Fig. 1)-photolabeled pure WT
(lanes 1– 4) and mutant (C94A,V190C) �-1 receptor (lanes 5– 8) showed a similar Endo Lys-C cleavage
pattern as reported previously (2). Specific photolabeling was determined by comparing radiolabel incor-
poration in the absence of 10 �M haloperidol (lanes 1, 3, 5, 6, 9, and 10) and in the presence of 10 �M

haloperidol (lanes 2, 4, 7, 8, 11, and 12). Upon treatment with Endo Lys-C, the specifically [125I]IAF-photo-
labeled WT and mutant receptors showed radiolabel on both the SBDLI (16.3 kDa) and SBDLII (9.8 kDa)
regions (lanes 5 and 6), as previously reported for the WT receptor (2).
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disulfide radiolabel was quantitatively removed when treated
with 100 mM �-mercaptoethanol (Fig. 3A, compare lanes 1–3
and 7–9with lanes 4–6 and 10–12, respectively). Interestingly,
derivatization was also sensitive to the presence of the �
ligands, (�)-pentazocine and haloperidol (Fig. 3A, compare
lanes 1 and 7with lanes 2 and 8 and lanes 3 and 9, respectively).
Densitometric quantitations (n� 3) (Fig. 3B) using the software
“Imagej” showed that (�)-pentazocine inhibited the
[125I]IABM derivatization of theWT (Cys94) and C94A,V190C
mutant by �31.4 � 2.9 and 38 � 2.6%, respectively, as com-
pared with the control (without ligand; Fig. 3A, lanes 1 and 6),
whereas haloperidol inhibited the [125I]IABMderivatization by
28.6 � 4 and 53.2 � 2.4%, respectively (Fig. 3B).
Intramolecular Radiolabel Transfer from SBDLI to the

SBDLII Region in the Pure WT �-1 Receptor—The strategy of
the radiolabel transfer assay for the WT �-1 receptor is dia-
grammed in Fig. 4, A and B. The mixed disulfide [125I]IABM
derivatization of the single cysteine residue at position 94 in the
SDBLI region of theWT�-1 receptorwas highly specific aswell
as sensitive to reducing agent. Under dark conditions, following
treatment with Endo Lys-C, the SDS gel-purified, [125I]IABM-
derivatized receptor (Fig. 4C, lane 1) produced two peptides

with molecular masses of 16.5 and
9.8 kDa (Fig. 4C, lanes 2 and 3), as
reported previously (2). Approxi-
mately 93% of the total radioactivity
was found in the SBDLI-containing
16.3-kDa peptide (Fig. 4C, lanes 2
and 3) and as also depicted in the
diagram shown in Fig. 4B. As
expected, almost all of the radioac-
tivity was removed by 100 mM
�-mercaptoethanol (Fig. 4C, lanes 4
and 5), confirming the cysteine-spe-
cific derivatization at position 94.
Before photocross-linking, the free
excess [125I]IABM was removed
from the [125I]IABM-derivatized
WTguinea pig�-1 receptor by puri-
fication on Ni2� beads followed by
SDS-PAGE. After photocross-link-
ing and cleavage with Endo Lys-C
under nonreducing conditions, the
majority of the radioactivity
remained at the 26.1 kDa position
(see Fig. 4, B and C, lanes 7 and 8),
suggesting that the two cleaved pep-
tides were held together by the
cross-linker. On the other hand,
after Endo Lys-C cleavage of the
photocross-linked receptors fol-
lowed by the disulfide bond reversal
under reducing conditions, 90% of
the radioactivity was found in the
SBDLII-containing 9.8-kDa peptide
(Fig. 4C, lanes 9 and 10). In addition,
when the 9.8-kDa radiolabeled pep-
tide was further cleaved with CNBr

at Met170, the covalently photoinserted radiolabel was located
in the SBDLII-containing 6.8-kDa fragment spanning from
position 171 to 223 (Fig. 4C, lanes 11 and 12) as reported earlier
(2) (see also the diagram in Fig. 4B).
Intramolecular Radiolabel Transfer from SBDLII to the

SBDLI Region in the C94A,V190C Mutant—If the SBDLI and
SBDLII regions are juxtaposed, then the reverse intramolecular
radiolabel transfer from SBDLII to SBDLI should occur.
Accordingly, the radiolabel transfer assay using the E. coli
expressed and purified mutant C94A,V190C guinea pig �-1
receptor was performed in the same manner as the WT recep-
tor (diagrammed in Fig. 5A). Due to the presence of the single
cysteine residue at position 190 in the SDBLII region of the
mutated �-1 receptor, under dark conditions (Fig. 5B, compare
lane 1with lane 3), most of the derivatized radiolabel was found
in the 9.8-kDa SBDLII-containing peptides when cleaved with
Endo Lys-C (Fig. 5B, compare lane 2 with lane 4, and as
depicted in Fig. 5A). After photocross-linking (Fig. 5B, lane 5),
Endo Lys-C treatment under nonreducing conditions again
showed the full-length, 26.1 kDa radioactive band (Fig. 5B, lane
6), whereas under reducing conditions, the 16.3-kDa SBDLI-
containing peptide appeared as themajor radioactive band (Fig.

FIGURE 3. A, protection of specific [125I]IABM derivatization of the guinea pig WT (Cys94) and mutant
(C94A,V190C) �-1 receptor by � receptor ligands. Pure WT (Cys94) and C94A,V190C mutant �-1 receptors (10
�g/lane, 100-�l volume) were derivatized separately using 10 �l of [125I]IABM in the absence (�) (compare
lanes 1 and 6 with lanes 4 and 9, respectively) or the presence of 1 �M (�)-pentazocine (�P) (compare lanes 2
and 7 with lanes 5 and 10, respectively) and 10 �M haloperidol (�H) (compare lanes 3 and 8 with lanes 6 and 12,
respectively). After mixed disulfide derivatization for 6 h at room temperature, samples were treated with
either no reducing agent (lanes 1–3 and 7–9) or with 100 mM �-mercaptoethanol (lanes 4 – 6 and 10 –12) for 8 h
at room temperature and visualized by phosphorimaging after separation on 15% SDS-polyacrylamide gels
followed by staining-destaining. B, densitometric quantitation of [125I]IABM derivatization using Imagej soft-
ware. (�)-Pentazocine (�P) (1 �M) and haloperidol (10 �M) showed the specific [125I]IABM derivatization of the
guinea pig WT receptor (Cys94) by 68.6 � 2.9 and 71.7 � 3.5%, respectively, and the mutant (C94A,V190C) �-1
receptor by 62 � 2.6 and 46.8 � 2.5%, respectively, as compared with control (no ligand). Error bars, S.D. values
from three different experiments (n � 3).
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FIGURE 4. A, reaction of methanesulfonothioic acid, [125I]IABM, with the thiol group of the �-1 receptor. B, schematic diagram of different lanes shown C for the
photocross-linking/radiolabel transfer using the pure guinea pig WT (Cys94) �-1 receptor with [125I]IABM. C, photocross-linking/radiolabel transfer assay of the pure
guinea pig WT (Cys94) �-1 receptor using [125I]IABM. Under dark conditions (lanes 1–5), the gel-purified, [125I]IABM-derivatized receptor (lane 1) produced the SBDLI
region-containing 16.5-kDa Endo Lys-C-cleaved peptide as the major radioactive band (lanes 2 and 3) that was sensitive to the reducing agent�-mercaptoethanol (100
mM) (lanes 4 and 5). After photolysis (lanes 6 –10), the photocross-linked receptor under nonreducing conditions (lanes 6 – 8, no �-mercaptoethanol) appeared as the
full-length receptor even after the treatment of Endo Lys-C (lane 7–8), whereas under reducing conditions, radiolabel transfer occurred from the SBDLI-containing
16.5-kDa peptide to the SBDLII-containing 9.8-kDa Endo Lys-C-cleaved peptide (compare lanes 2 and 3 with lanes 9 and 10). Further cleavage of this 9.8-kDa radiola-
beled peptide with CNBr produced 6.8-kDa peptides (lanes 11 and 12), consistent with the radiolabel incorporation in the SBDLII regions, as reported earlier (2).
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FIGURE 5. A, schematic diagram of the photocross-linking/radiolabel transfer using the pure guinea pig mutant (C94A,V190C) �-1 receptor with [125I]IABM.
B, photocross-linking/radiolabel transfer assay of the pure guinea pig mutant (C94A,V190C) �-1 receptor using [125I]IABM. Under dark conditions (lanes 1– 4),
the gel-purified, specific mixed disulfide [125I]IABM-derivatized receptor (compare lane 1 with lane 3) produced the SBDLII region-containing 9.8-kDa Endo
Lys-C-cleaved peptide as the major radioactive band that was sensitive to the reducing agent �-mercaptoethanol (100 mM) (compare lane 2 with lane 4). After
photolysis (lanes 5– 8), the photocross-linked receptor under nonreducing conditions appeared as the full-length receptor even after treatment with Endo Lys-C
(compare lane 5 with lane 6). Under reducing conditions, the majority of the radiolabel was transferred from the SBDLII-containing 9.8-kDa peptide to the
SBDLI-containing 16.3-kDa Endo Lys-C-cleaved peptide (compare lane 7 with lane 8 for Endo Lys-C cleavage, and compare lane 2 with lane 8 for radiolabel
transfer). Further cleavage of this 16.3-kDa radiolabeled peptide with CNBr produced both the expected 10.5- and 5.5-kDa peptides as radiolabel bands, but the
majority of the radiolabel was detected in the smaller 5.5-kDa peptide (lanes 9 and 10), consistent with the radiolabel photoincorporation into the SBDLI
regions.
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5B, compare lane 7with lane 8). CNBr digestion at methionine
residues (Met2, Met90, andMet93) of the 16.3 kDa band further
showed that both the expected 10.5-kDa (amino acids 1–90)
and 5.5-kDa (amino acids 94–142) peptides contained radiola-
bel and the majority of the radioactivity incorporated into the
smaller 5.5-kDa fragment (amino acids 94–142) (Fig. 5B, lanes
9 and 10), which contains almost the entire SBDLI region, as
reported earlier (2).
Protection of Endo Lys-C Cleavage of the Native, Ligand-pho-

tolabeled �-1 Receptor—As previously reported (2), both the
photoaffinity ligands [125I]IACoc and [125I]IAF (structures
shown in Fig. 1) specifically covalently photolabeled the pure
WT guinea pig �-1 receptor binding site(s) in the SBDLI and
SBDLII regions. We hypothesized that the presence of the
covalently attached ligand binding site-occupying photoprobes
in the SBDLI and SBDLII domains of the pure �-1 receptor
would protect against Endo Lys-C cleavage at Lys142. Accord-
ingly, the photolabeled pure guinea pig �-1 receptor was
cleaved with Endo Lys-C under native (i.e. in 0.5% Triton
X-100) and denatured conditions (i.e. SDS gel-eluted). The

Coomassie staining pattern of the
native specifically photolabeled �-1
receptor is shown in Fig. 6A (lanes 1
and 2 for [125I]IACoc-labeled and
lanes 7 and 8 for [125I]IAF-labeled),
and the corresponding autoradio-
gram is shown in Fig. 6B (lanes 1 and
2 for [125I]IACoc-labeled and lanes
7 and 8 for [125I]IAF-labeled). Fol-
lowing Endo Lys-C cleavage of the
native receptor, the nonphotoincor-
porated population of �-1 receptor
molecules was readily cleaved into
the expected 16.3- and 9.8-kDa frag-
ments (Fig. 6A, lanes 3 and 4 and
lanes 9 and 10). However, the �-1
receptormolecules thatwere specif-
ically photolabeled by the photo-
probes were not as readily cleaved
(Fig. 6B, lanes 3 and 4 for [125I]IA-
Coc and lanes 9 and 10 for
[125I]IAF). This result occurred
because a fraction of the �-1 recep-
tor molecules were specifically
covalently labeled with the photo-
probes, and the covalent positioning
of the photoprobes in the SBDLI/
SBDLII binding site protected
against Endo Lys-C cleavage at
Lys142. To further support these
conclusions, when the native specif-
ically photolabeled receptors were
first denatured with SDS prior to
Endo Lys-C cleavage, then a more
robust cleavage of the �-1 receptors
to the 16.3- and 9.8-kDa fragments
occurred (Fig. 6A, lanes 5 and 6 and
lanes 11 and 12). Now the dena-

tured photolabeled �-1 receptor molecules were also cleaved
to reveal the peptides of specific derivatization; i.e. for
[125I]IACoc, radiolabel was seen exclusively on the 9.8-kDa
fragment (Fig. 6B, lanes 5 and 6), whereas with [125I]IAF, spe-
cific labeling was distributed between the 16.3- and 9.8-kDa
fragments (Fig. 6B, lanes 11 and 12). This result is further con-
sistent with juxtaposition of the SBDLI and SBDLII regions of
the �-1 receptor binding site.

DISCUSSION

For the past few decades, the �-1 receptor has been persis-
tently enigmatic. The ability to bind different classes of ligands
allows this receptor to mediate various cellular events. As a
result, it is extremely important to obtain structural informa-
tion regarding the ligand binding site(s). The fact that neither
any atomic structure nor any homolog is available for the �-1
receptor, necessitates biochemical approaches to investigate
the binding site(s). Thus, we utilized a photocross-linking/ra-
diolabel transfer approach, which is a powerful technique to
investigate intramolecular domain-domain interaction(s) or

FIGURE 6. A, Coomassie staining pattern of Endo Lys-C cleavage of the pure guinea pig �-1 receptor photola-
beled with [125I]IACoc and [125I]IAF under native (0.5% Triton X-100) and denatured (SDS gel-eluted) condi-
tions. B, phosphorimaging visualization of the gels shown in Fig. 6A. Both [125I]IACoc-photolabeled (lanes 1– 6)
and [125I]IAF-photolabeled (lanes 7–12) pure guinea pig �-1 receptor showed specific derivatization, as deter-
mined by comparing the photolabeling in the absence of 10 �M haloperidol (lanes 1, 3, 5, 7, 9, and 11) and in the
presence of 10 �M haloperidol (lanes 2, 4, 6, 8, 10, and 12). Under native conditions, the specifically photola-
beled receptor using both of the photoprobes showed resistance to the cleavage at Lys142 with Endo Lys-C
(lanes 3 and 4 for the [125I]IACoc-labeled receptor and lanes 9 and 10 for the [125I]IAF-labeled receptor). The
Coomassie staining pattern (Fig. 6A) showed that the majority of the receptors that were not photolabeled
were cleaved by Endo Lys-C. On the other hand, under denatured conditions (SDS gel-eluted), the specifically
photolabeled receptor showed no resistance to Endo Lys-C cleavage as visualized by phosphorimaging and
Coomassie staining (lanes 5 and 6 for [125I]IACoc-labeled receptor and lanes 11 and 12 for [125I]IAF-labeled
receptor), as reported earlier (2).
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intermolecular protein-protein interactions. Location of the
radiolabeled “donor” and “receiver” regions of the �-1 receptor
were determined by taking advantage of Endo Lys-C-sensitive
cleavage at Lys142 and chemical cleavage with cyanogen bromide
at positions 2, 90, 93, and 170. In recent years, our laboratory has
successfully applied this technique to identify protein-protein
interactions (3, 51–54).
Recent reports from our laboratory showed that the highly

conserved hydrophobic regions of the �-1 receptor SBDLI
(amino acids 91–109) and SBDLII (amino acids 176–194) com-
prise at least parts of the ligand binding site(s), as shown by
photolabeling with two highly specific radioactive photoprobes
[125I]IAF and [125I]IACoc (1, 2). The [125I]IACoc photoprobe
specifically photolabeled the �-1 receptor at Asp188, which is in
the SBDLII regions, whereas the [125I]IAF-mediated photolabel
incorporation was found in the peptides containing both the
SBDLI and SBDLII regions. From these [125I]IAF photolabeling
data, we hypothesized that the SBDLI and SBDLII regions are at
least partly involved in constituting the �-1 receptor ligand
binding site(s), and possibly these regions are in close proximity
to each other.
Since the cloned wild type guinea pig �-1 receptor contains

only a single cysteine residue at position 94 (in the SBDLI
region), we utilized this opportunity to test the hypothesis of
the intramolecular juxtaposition of the SBDLI and SBDLII
regions.We derivatized the single cysteine at position 94 via the
MTS group of the radioactive benzophenone cross-linking
agent, [125I]IABM. This cross-linking agent has a photoactive
carbonyl carbon atom, which is �8 Å from the mixed disulfide
bond. After photocross-linking followed by Endo Lys-C cleav-
age, the appearance of full-length receptor under nonreducing
conditions indicated that the 16.5- and 9.8-kDa peptides gen-
erated by Endo Lys-C cleavage remained tethered together via
the mixed disulfide bond (Fig. 4C, lanes 7 and 8). Intermolecu-
lar cross-linking was not observed, since a dimer was not
obtained under any of the conditions reported in this paper (e.g.
see Fig. 4C, lanes 7 and 8). On the other hand, Endo Lys-C
cleavage, followed by treatment with reducing agent (100 mM

�-mercaptoethanol), showed that almost all of the radiolabel
was transferred to the SBDLII-containing 9.8-kDa peptide (Fig.
4C, lanes 9 and 10). Further cleavage of the 9.8-kDa peptide
with CNBr also indicated that the radioactive photolabel was
incorporated into the SBDLII-containing 6.8-kDa peptides
(Fig. 4C, lanes 11 and 12). These results suggest that the SBDLI
and SBDLII regions are likely to be juxtaposed within an
approximate distance of 8 Å.
To explore the possibility of juxtaposition of the SBDLII with

the SBDLI further, we generated amutant of the guinea pig �-1
receptor in which an alanine residue replaced the cysteine at
position 94 and a cysteine residue was introduced at valine 190.
Since the specific [125I]IACoc photolabel insertion in the
guinea pig �-1 receptor occurred at the Asp188 (1), we chose
position 190 for replacement with cysteine. This E. coli
expressed and purified C94A,V190C mutant �-1 receptor was
further characterized by determining the Kd value for (�)-
[3H]pentazocine binding and Endo Lys-C cleavage pattern after
photolabeling with [125I]IAF (Fig. 2). The mutant receptor

showed similar ligandbinding aswell as [125I]IAFphotolabeling
compared with the WT receptor.
In a similar fashion to the derivatization at position 94 in the

WTreceptor, we used [125I]IABMtoderivatize the position 190
cysteine in the SBDLII region of the purified mutant receptor
(C94A,V190C) as amixed disulfide and proved the specificity of
the derivatization by the same methods described for the WT
receptor. In contrast to the data from position 94, �68% of the
total radioactivity after photocross-linking was transferred to
the larger 16.5-kDa peptide following Endo Lys-C cleavage as
depicted in the diagram (Fig. 5A). Interestingly, the CNBr
digestion of this 16.5-kDa peptide produced two radioactive
bands with molecular masses of 10.5 and 5.5 kDa. The larger
10.5 kDaband consists of the putativeTMDI aswell as a portion
of putative TMDII, whereas the lower 5.5 kDa band contained
the SBDLI region. This result leads to the conclusion that the
radiolabeled [125I]IABM, which derivatized the cysteine at
position 190, was intramolecularly transferred to the SBDLI
region as well as to the putative TMDI and/or a portion of
putative TMDII following photolysis, reduction, and Endo
Lys-C cleavage (Fig. 5B). These data further indicate that TMDI
may be also closely juxtaposed to SBDLI and SBDLII and are
consistent with the mutagenesis experiments previously
reported by Ganapathy et al. (45).

Furthermore, partial protection of [125I]IABMderivatization
by the well known � ligands (�)-pentazocine and haloperidol
from both positions 94 and 190 (Fig. 3) supports the conclusion
that these residues are located within a portion of the ligand
binding site(s) or conformationally connected to this region,
since the presence of these ligands rendered cysteine at posi-
tions 94 and 190 less accessible to the [125I]IABM. In addition,
the SBDLI and SBDLII regions comprise at least a portion of the
ligand binding site of the �-1 receptors, since the native
[125I]IACoc or [125I]IAF photolabeled receptors were found to
be not readily cleaved by Endo Lys-C (Fig. 6). This result indi-
cated that the ligand-bound receptors could be structurally dif-
ferent from the non-ligand-bound receptors and comparatively
less sensitive to Endo Lys-C cleavage. Since the Lys142 position
is straddled by the SBDLI and SBDLII regions, this cleavage site
was protected from cleavage by Endo Lys-C when the binding
site was occupied by the ligand photoprobe. Use of limited
proteolysis in the presence of substrates or small molecules
to query binding sites and other structural properties of pro-
teins has been previously utilized extensively with great suc-
cess (55–58).
In conclusion, the radiolabel transfer experiments between

the SBDLI and SBDLII regions are summarized as models in
Fig. 7. The helical structures for SBDLI and SBDLII are consid-
ered based on the high order predicted for these regions by the
PONDR program (available on the World Wide Web) and the
hydrophobicity prediction from the TMPred program (avail-
able on the World Wide Web) (2), and the assumption for the
helical structures of these regions also agrees with a model
reported by Palmer et al. (22). The benzophenones were ori-
ented 180° from the center of the C� atom of the cysteine in the
helix to demonstrate the possible 20 Å reach on either side of
the targeted helix. Both models illustrate that the SBDLI and
SBDLII regions are juxtaposed to form at least part of the
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guinea pig �-1 receptor ligand binding site(s) and may be
important to mediate the proposed functions, such as lipid raft
remodeling (22) or ligand-operated chaperoning (30), and sup-
port the model proposed earlier (2). There also remains the
possibility that the TMDI or a part of the TMDII (residues
80–89) outside the SBDLI region is also in close apposition to
the SBDLII domain and could contribute residues to the ligand
binding site(s), as previously reported (45).
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