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xanthine; endo F, endoglycosidase F/N-glycosidase F; H/F, hexahistidine/FLAG; PMSF, phenylmethylsulfonyl fluoride; RT, room temperature;
SDS, sodium dodecyl sulfate; TM, transmembrane; XAC, xanthine amine congener; EGTA, ethylene glycol bis(�-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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SUMMARY
Structure-based design of subtype-selective ligands for the A1
adenosine receptor will require a reliable model of the ligand-
binding pocket. It should be possible to develop a reliable
model based on the results of affinity labeling experiments that
provide atomic coordinates for the ligand in relation to pre-
dicted receptor helices. A high affinity, A1-selective xanthine
antagonist photoaffinity probe, 125l-3-(4-azidophenethyl)-1 -

propyl-8-cyclopentylxanthine, was used to covalently modify
the A1 receptor. Chemical or enzymatic fragmentation experi-
ments were performed to localize the region or regions of
incorporation within the receptor. The fragmentation profiles for
radiolabeled A1 receptor obtained with endoproteinase Glu-C,
endoproteinase Lys-C, cyanogen bromide, and hydroxylamine
were consistent with the interpretation that the covalent linkage

was within the first four predicted transmembrane regions. This
interpretation was confirmed by the demonstration that the
radioactive endoproteinase Glu-C fragment derived from an A1
receptor that contains an amino-terminal FLAG epitope was
recognized by an anti-FLAG monoclonal antibody. Sequential
digestion with endoproteinase Glu-C/endoproteinase Lys-C
limited the possible labeling to the first three predicted trans-
membrane spans, and endoproteinase Glu-C/trypsin digestion
refined this prediction to include only transmembrane spans Ill
and IV. Taken together, our findings suggest that the adenosine
antagonist ‘25l-3-(4-azidophenethyl)-1 -propyl-8-cyclopentyl-
xanthine covalently modifies transmembrane Ill of the A1 re-
ceptor because this was the only receptor region common to all
radiolabeled fragments.

Four adenosine receptor subtypes have been cloned from

several different species. These receptors have been classi-

fled according to the rank order of potency of agonists and

antagonists as the A1 receptor (1-8), the A2a receptor (9-13),

the A2b receptor (14-16), and the A3 receptor (17-21). The

existence of these subtypes and the possibility of the exis-

tence of other subtypes provide opportunities to develop sub-

type-selective agents that may be used to modulate specific
physiological actions of adenosine without producing un-

wanted side effects. Establishment of the orientation of var-

ious agonists and antagonists while they are within the bind-
ing pocket ofthe receptor should facilitate the construction of

a reliable three-dimensional model of the regions of amino

acids potentially involved in ligand binding. Such a model

could be useful in the protein structure-based design of se-

lective ligands for the receptor.
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GM21220 (J.N.W.) and HL37942 (J.L.), and a Vanderbilt University Research
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One approach to the identification of the ligand-binding

pocket of the A1 receptor is to couple a ligand covalently to

the receptor using an affinity labeling technique (22). This

information should provide spatial coordinates that could be

used to develop a three-dimensional model of the receptor

even if it fails to identify the specific amino acids involved in
ligand binding. Establishment of such coordinates will re-

quire a knowledge ofthe dimensions ofthe ligand and knowl-

edge of the contact points within the receptor to the same or

similar ligand that has had the reactive moiety moved to

different positions on the ligand. This approach complements

the limitation of site-directed mutagenesis, which is the in-

ability to determine the effect of particular amino acid sub-

stitutions on overall protein structure. Covalent modiflca-

tion, for example, has been an important component of

mapping the binding pocket for antagonist ligands (23, 24) of

f3-adrenergic receptors. Similarly, photoaffinity labeling was

used to identify receptor domains thought to be involved in

the binding of analogs of the tachykinin substance P peptide

to the substance P receptor (25) and the enzyme domains
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involved in the binding of the factor IX propeptide to vitamin

K-dependent -y-glutarnyl carboxylase (26). A covalent modifi-

cation approach also has been used to localize the covalent

attachment sites for 125I-2-[4-{2-12-[(4-azidophenyl)methyl-

carbonylamino]ethylarninocarbonyl]ethyljphenyljethyl-arnino-
5’-N-ethylcarboxamidoadenosine on the �a adenosine receptor

(27).

The purpose of the current study was to localize the region
ofthe A1 adenosine receptor that was covalently labeled with

‘25I-azido-BW-A844U (28), an antagonist at the A1 adenosine

receptor. This photoaffinity label has a light-sensitive azide

located on the 3-position of the xanthine moiety. Bovine and

H/F-tagged human A1 receptors were used for the labeling.

The A1 receptors are highly conserved (>90% amino acid

identity) (29) across species with only small differences in

ligand affinities. The bovine and human receptors contain

only 19 amino acid differences, with only 7 of these different
amino acids occurring in the TM spans where ligand binding

is predicted to occur. Photoaffinity labeling of partially pun-

fled receptor followed by fragmentation using a variety of

overlapping chemical and enzymatic strategies provided data

suggesting that the antagonist probe covalently modifies

amino acids within putative TM span III ofthe adenosine A1

receptor.

Experimental Procedures

Materials. I3HIDPCPX and carrier-free 125J radionuclide were

purchased from DuPont-New England Nuclear (Wilmington, DE).

Carrier-free ‘251-BW-A844U [‘251-3-(4-aminophenethyl)-1-propyl-8-

cyclopentylxanthinel and ‘251-azido-BW-A844U were synthesized ac-

cording to Patel et at. (28) with minor modifications. Flavobacterium

meningosepticum endo F (sequencing grade), endoproteinase Asp-N
(sequencing grade, and endoproteinase Lys-C from Lysobacter en-

zymogenes (sequencing grade) were from Boehringer-Mannheim

Biochemicals (Indianapolis, IN). Adenosine deaminase (EC 3.5.4.4)

Type VIII from calfintestinal mucosa, trypsin (Type XIII from bovine

pancreas; N-tosyl-L-phenylalanine chloromethyl ketone treated), and
peptide molecular weight markers were purchased from Sigma

Chemical (St. Louis, MO). Tricine was a product of Fisher (Fair
Lawn, NJ). Digitonin used for solubilization of the adenosine recep-

tor was purchased from Gallard-Schiesinger (Carle Place, NY. So-
dium cholate, another component of the solubilization buffer, was

purchased from Calbiochem (San Diego, CA). BioRad (Richmond,

CA) was the supplier for Affi-Gel 10, acrylamide, N,N’-methylene

bisacrylamide, Triton X-100, BioRad protein assay reagent, and

SDS. Hydroxylamine hydrochloride was obtained from Pierce Chem-

ical (Rockford, IL). Cyanogen bromide (5 M solution in acetonitrile)

was purchased from Aldrich Chemical (Milwaukee, WI). XAC {8-[4-

[R1(2-aminoethyl)amino]carbonyllmethylloxy]phenyll-1,3-dipropyl-
xanthine} was purchased from Research Biochemicals (Natick, MA),
and the XAC resin was prepared according to Nakata (30). FLAG

peptide and anti-FLAG M2 affinity gel were from Kodak IBI (New

Haven, CT).

Preparation of membranes from bovine brain. Fresh bovine

brains were obtained from a local slaughterhouse. The meninges

were removed as quickly as possible in the cold room. Two brains

weighing -430 g (total) were divided into 75-g portions for homoge-

nization. Each portion was homogenized in 3 volumes (225 ml) of 50
mM Trisacetate, pH 7.2, 1 mM EDTA, and 1 mM PMSF (30) with a

Brinkman Polytron (Bninkman Instruments, Westbury, NY) at half-
maximal speed for 30 sec on ice. The homogenate was centrifuged at

13,000 x g for 30 mm at 4#{176}.The pellets were washed three times in
3 volumes (225 ml) ofthe same buffer and resuspended in 3 volumes
(225 ml) of the same buffer. The membranes were treated with 2

units/mi adenosine deaminase for 20 mm at 30#{176}.After the 20-mm

incubation, the membranes were centrifuged at 13,000 X g for 30

mm at 4#{176}and resuspended in 3 volumes (225 ml) of 50 mM

Trisacetate, pH 7.2. The membranes were frozen in liquid nitrogen

and stored at - 80#{176}.

Solubilization and partial purification of bovine brain A1
receptor. The affinity-purification procedure of Nakata (30) was

used with some modifications. Briefly, frozen bovine brain mem-

branes (200 ml) were thawed at 4#{176}and centrifuged at 49,460 x g for
20 mm at 4#{176}.The pellets were resuspended by 10 passages through
a 20-gauge needle attached to a 3-mi syringe on ice in 50 mM

Trisacetate, pH 7.2, 1% digitonin, 0.1% sodium cholate, 100 mM

NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 0.1 mM PMSF,

1 �xg/ml pepstatin A, and 1 pg/mi leupeptin (digitonin buffer) using a
ratio of 1.5 ml of digitonin buffer/i ml of (25 mg of protein) mem-

branes. The resuspended pellets were homogenized with a poly(tet-
rafluoroethylene glass homogenizer attached to a motor using 30

strokes up and down on ice and then combined in a chilled beaker.

Additional digitonin buffer was used to rinse the centrifuge tubes

and glass homogenizer, and this was added to the remainder of the

homogenate to make the final ratio of 2.5 ml of digitonin buffer/i ml

of membranes. This was gently stirred in the cold room for 1 hr and

then centrifuged at 100,000 x g for 1 hr at 4#{176}.The 500 ml of clear
supernatant was combined as the solubilized preparation and imme-

diately applied at a flow rate of 18 mI/hr at 4#{176}to a 0.6 X 2.3-cm XAC
resin that had been equilibrated with buffer A (50 mM Trisacetate,

pH 7.2, 0.1c% digitonin, 100 mM NaCI, 10 mM EGTA). The column was

washed quickly with 5 bed volumes of buffer A, and then 1 mM

theophyiiine in buffer A was used to elute the proteins bound to the
resin. Both the wash and the eiution were carried out at 18 mI/hr

at 4#{176}.
Fractions of 1 ml each were tested for [3H]DPCPX binding after an

aliquot was desaited over a small Sephadex G-50 Fine column to

remove the theophylline. The unliganded, solubilized, and purified

receptor was incubated with 3 nrvt 13H]DPCPX in buffer A. Some

assay tubes included 1 mM theophyiline to determine nonspecific

binding. The reactions totaling 300 �d were incubated on ice for 1 hr

and terminated by the addition of 3.5 ml of ice-cold 50 mM TrisHCl

and 10 mM MgC126H2O, pH 7.4, followed by vacuum filtration

through 0.3c% poiyethylenimine-treated GF/C filters (31) and then

two washes with 3.5 ml of the same buffer. Fractions containing
significant specific I3HIDPCPX binding were pooled and stored at 4#{176}

in the presence of 1 mM theophylline. Binding activity was retained

for �3 months when this preparation was stored at 4#{176}.

Photolabeling of affinity-purified bovine A1 receptor and
endo F treatment of photolabeled receptor. Immediately before

use in photolabeling reactions, 400 �xi of the receptor preparation
was diluted with 1600 jxl of buffer A, and the theophylline was

removed by chromatography over a 1 x 16-cm Sephadex G-50 Fine

column. Approximately 100 �tl (0.2 pmoi) ofthe diluted receptor was

incubated with 5 pJ of 1251-azido-BW-A844U (0.6 pmol) in a total

volume of 150 �xl in a quartz tube on ice for 1 hr in the dark. Some

assay tubes included 1 mM theophylline to determine nonspecific

labeling. After the incubation, the mixture was irradiated with ul-

traviolet light at 254 nm for 1 mm in a Rayonet photochemical

minireactor (model RMR-500, The Southern New England Ultravi-

olet Company, Hamden, CT) in the cold room (4#{176}).The reaction

mixture was transferred to a microcentrifuge tube and either treated

or not treated (control) with 0.2 unit of endo F for 24 hr at RT. After

24 hr, 4X sample loading buffer (0.8% SDS, 4’�i f3-mercaptoethanol,

8% glycerol, 0.01% bromphenol blue, 42 mM TrisHCl, pH 6.8 final)

was added, and the reaction was loaded and resolved on a Tricine-

SDS-polyacrylamide gel that is capable of resolving peptides as low

as 2500 Da (32). The separating gel consisted of 16.5% T (acrylamide

and N,N’-methylene bisacrylamide) and 3% C (N,N’-methylene bi-
sacrylamide). The following constant voltage was applied regardless

of the number of gels being run: 30 V for 1 hr and then 95 V for 17
hr with 25#{176}H20 cooling the electrophoresis unit. When the dye front
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reached the bottom of the gel, the gel was placed into fixative solu-

tion (50% methanol, 10% acetic acid) for 1 hr. The gel then was

stained with 0.1% Coomassie Brilliant Blue R-250 in 10% acetic acid

for 1.5 hr and destained in 10% acetic acid for 2 hr before drying.

After the gels were dried, they were subjected to autoradiography

using DuPont Reflection film and two DuPont Cronex Quanta III

Intensifying screens at -80#{176}(Wilmington, DE).

Maintenance of and membrane preparation from CHO-Ki

cells expressing HIF A1 receptor. Membranes from CHO-Ki cells
transfected with the H/F human A1 receptor were prepared as de-

scribed previously (33). Membranes were resuspended in HE buffer

(10 m�t HEPES, 1 mM EDTA, 0.02% NaN3, pH 7.4) supplemented

with 20 �.tg/ml benzamidine, 17.4 �xg/ml PMSF, and 2 jxg/ml concen-

tration each of aprotinin, leupeptin, and pepstatin A, and then

quickly frozen in liquid N2 and stored at -80#{176}until needed. Protein

concentrations were determined by BioRad protein assay with hu-

man y-globulin standards.
Proteolysis of photolabeled affinity-purified bovine A1 re-

ceptor in solution with endoproteinase Glu-C or endoprotein-

ase Lys-C. Proteolysis of affinity-labeled bovine A1 receptor with

endoproteinase Glu-C was performed by incubation with 2 .tg of

endoproteinase Glu-C for 24 hr at RT. A second dose of endoprotein-

ase Glu-C was added -� 17 hr into the 24-hr incubation. Concomitant

treatment with endoproteinase Glu-C and endo F was carried out by

adding both enzymes (including the second dose of endoproteinase
Glu-C added later) to the same tube for 24 hr at RT. Proteolysis with
endoproteinase Lys-C was performed by incubation with 0.2 �xg of

endoproteinase Lys-C as described for endoproteinase Glu C.
Cyanogen bromide or hydroxylamine cleavage of affinity-

purified bovine A1 receptor in a gel slice. Photolabeling of af-

finity-purified bovine A1 receptor and endo F treatment of photola-

beled receptor were carried out as described previously. The samples
were resolved on a Tricine-SDS-polyacrylamide gel, and autoradiog-

raphy was performed directly on the wet gel or on a dried gel. The

area ofthe gel corresponding to the radiolabeled A1 receptor (treated

or not treated with endo F) was cut out and placed in a microcentri-

fuge tube for cyanogen bromide treatment or the dried gel was

freeze-pulverized (34) for hydroxylamine treatment. A total of two

native A1 receptor-containing gel slices and two endo F-treated gel

slices were used for each experiment; all four gel slices were pro-

cessed separately. Cyanogen bromide cleavage was performed ac-

cording to the procedure ofNikodem and Fresco (35). Hydroxylamine
cleavage was conducted according to Bornstein and Balian (36).

Proteolysis of the bovine A1 receptor endoproteinase Lys-C
fragment with cyanogen bromide. Proteolysis of photolabeled

affinity-purified bovine A1 receptor in solution with endoproteinase
Lys-C was carried out as described above. Autoradiography was

performed on the wet Tricine-SDS-polyacrylamide gel. The area of

the gel corresponding to the endoproteinase Lys-C-generated, radio-

labeled fragment was excised. Fragments obtained by simultaneous

treatment with endoproteinase Lys-C and endo F also were gener-
ated and excised. Cyanogen bromide cleavage was performed as

described above.

Proteolysis of the bovine A1 receptor endoproteinase Glu-C
fragment with endoproteinase Asp-N, endoproteinase Lys-C,
or trypsin. Proteolysis of photolabeled affinity-purified bovine A1

receptor in solution with endoproteinase Glu-C was carried out as
described above. Autoradiography was performed on the Tricine-

SDS-polyacrylamide gel after processing in fixative, stain, and

destain solutions and drying of the gel. The area of the gel corre-

sponding to the endoproteinase Glu-C-generated, radiolabeled frag-

ment was excised. Fragments obtained by simultaneous treatment

with endoproteinase Glu-C and endo F also were generated and

excised. These gel slices contained between 10,000 and 20,000 cpm of
radioactivity as a result of the 1251-azido-BW-A844U photoaffinity

label. The gel slices were frozen in liquid nitrogen and pulverized in
a dental amalgamator (34), and the gel pieces were resuspended in

800 M1 of RIPA buffer without EDTA (150 mM NaC1, 1% Nonidet

P-40, 0.5% deoxycholic acid, sodium salt, 0.1�% SDS, 50 mM TrisHCl,
pH 8.0) (37).

For endoproteinase Asp-N treatment, 0.2 �xg of endoproteinase
Asp-N added at zero time and at 17 hr (0.4 jig total) was incubated

for 24 hr from the first addition at 37#{176}.For endoproteinase Lys-C

treatment, 0.2 jig of endoproteinase Lys-C added at zero time and at
17 hr (0.4 pg total) was incubated for 24 hr from the first addition at

37#{176}.For trypsin proteolysis, 9 pmol (2 pJ) oftrypsin freshly dissolved

in H2O was added and incubated for 24 hr at RT. After 24 hr, the gel

pieces were centrifuged quickly, and the RIPA buffer was removed.

The gel pieces were washed twice with 500 jxl of H2O and then

resuspended in 300 jxl ofH2O and 50 xl of4x sample loading buffer.

The samples were loaded and resolved on a Tricine-SDS-polyacryl-

amide gel.

Photolabeling of H/F A1 receptor, proteolysis with endo-
proteinase Glu-C, and isolation by anti-FLAG immunoaffinity
chromatography. Fifty microliters of membranes containing H/F

A1 receptor (3.75 pmol) that had been treated for 20 mm at 30#{176}with
1 unitJ4O.tg membrane protein of adenosine deaminase were incu-

bated with 5 �xl of ‘251-azido-BW-A844U (0.18 pmol) in a total volume

of 200 M1 for 30 mm at RT in the dark. After the incubation, the

reaction mixture was irradiated with UV light at 254 nm for 1 mm in

a Rayonet photochemical minireactor at 4#{176}.Each irradiated mixture
was diluted with cold HE buffer. Five diluted reactions were corn-

bined and centrifuged (29,000 x g) for 1 hr at 4#{176}.The resulting

pellets were extracted with 4% Triton X-100, 2 mi�i EDTA, 4 �xg/ml

pepstatin A, and 40 pg/mI benzamidine by mixing at 4#{176}for 1 hr. The

mixtures were then centrifuged in a Beckman (Beckman Instru-

ments, Palo Alto, CA) Airfuge ultracentrifuge A95 rotor (134,000 X

g) for 1 hr at 4#{176}.A portion of the clear, solubilized supernatant was
proteolyzed with 8 �xg of endoproteinase Glu-C in 50 mM NH4HCO3

pH 7.8, for 24 hr at 37#{176}.At -17 hr into the incubation, another 8 �g

of endoproteinase Glu-C was added. Control supernatant was incu-

bated in 50 mM NH4HCO:1, pH 7.8, for 24 hr at 37#{176}.After 24 hr,

diisopropyl fluorophosphate (5.73 mM final concentration) was

added, and the samples were incubated at 37#{176}for 30 mm to inhibit

endoproteinase Glu-C. The proteolyzed proteins and the control non-

proteolyzed proteins were purified separately on anti-FLAG M2 af-

finity gel that had been equilibrated with wash buffer (25 mM

HEPES, 150 mM NaC1, 0.i� Triton X-100, pH 7.4). Each sample was

cycled over a 0.5-mi column three times, the columns were washed

three times with wash buffer, and the bound proteins were eluted

with wash buffer containing 400 pg/mi FLAG peptide and 10%
glycerol. Sample buffer (4x ) was added to portions of the column

flowthrough and elutions, and the proteins were resolved on a

Tricine-SDS-polyacrylamide gel. The dried gel was exposed to film.

Results

Affinity purification and photoaffinity labeling of

the bovine brain A1 receptor. Only one photolabeled A1

receptor band was seen at -�38-42 kDa on a Tricine-SDS-

polyacrylamide gel with the XAC-purified preparation (Fig.

1). Total radioiodination of the XAC-purified preparation re-

vealed a second prominent protein band in the preparation,

migrating at -36 kDa, which was resolved from the photoaf-

finity-labeled receptor. Thus, as reported by others (30, 38),

the XAC column alone was not able to purify the A1 receptor

to homogeneity. However, because the only photoaffinity-

labeled band demonstrated a specificity of labeling, charac-

terization of the A1 receptor and interpretation of the migra-

tion of photoaffinity-labeled bands after chemical and

enzymatic digestion were not confounded by the presence of

this second protein in the photolabeled preparation.

Proteolysis of photolabeled affinity-purified bovine

A1 receptor in solution with endoproteinase Glu-C.
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Fig. 1 . Autoradiograph of Tricine-SDS-PAGE-resolved, endoprotein-
ase Glu-C (V8 protease) digest of affinity-purified bovine A1 receptor.
The XAC affinity column purified A1 receptor was photolabeled with
125l�idoBWA844U in the presence or absence of 1 mrvi theophylline
as described in Experimental Procedures. The photolabeled receptor
was treated with 0.2 unit of endo F for 24 hr at RT. Proteolysis with

endoproteinase Glu-C was carried out by the addition of 2 �tg of
protease for 24 hr at RT. A second dose of protease was added at -17
hr into the 24-hr incubation. Simultaneous treatment with protease and

endo F was performed in the same manner as above to the same
sample. The samples were loaded onto and resolved by electrophore-
sis on a Tricine-SDS-polyacrylamide gel, and autoradiography was
performed on the dried gel.

Endoproteinase Glu-C (Staphylococcus aureus V8 protease)

has been reported to cleave proteins on the carboxyl-terminal

side of glutamate or aspartate residues in phosphate buffers

but only glutamate residues in ammonium bicarbonate buff-

ens (39). In contrast, this protease was shown to cleave after

glutamate residues 3000-fold faster than after aspartate res-

idues independent of the buffer (40). Undigested bovine A1

receptor migrated on this Tricine-SDS-polyacrylamide gel

with a molecular mass of 41 kDa (Fig. 1). When treated with

endo F to deglycosylate the receptor, the receptor migrated

with a molecular mass of 35 kDa, a shift of -6 kDa from the

glycosylated receptor. Endoproteinase Glu-C digestion of the

photolabeled bovine A1 receptor in solution resulted in a

fragment of -21.5 kDa. Simultaneous digestion with endo-

proteinase Glu-C and endo F resulted in a fragment of -17

kDa.

Proteolysis of photolabeled CHO-Ki H/F human A1

with endoproteinase Glu-C and anti-FLAG immunoaf-

finity isolation of receptor and/or receptor fragments.

Epitope tags are powerful tools for purification of proteins

such as members of the G protein-coupled receptor family,

which are usually found in low abundance and require de-

tergent extraction for removal from their membrane environ-

ment. The H/F human A1 receptor has had hexahistidine and

FLAG epitopes engineered onto the amino terminus of the

receptor. The H/F A1 receptor was expressed by CHO-Ki
cells at � 15 pmollmg of membrane protein (33). The recom-

binant receptors were photoaffinity labeled and then solubi-

lized. The detergent-solubilized receptor preparation was

proteolyzed (or not) with endoproteinase Glu-C, and the re-

ceptor and/or receptor fragments were isolated by an anti-

FLAG monoclonal antibody affinity resin. As stated earlier,

endoproteinase Glu-C preferentially cleaves proteins on the

carboxyl-terminal side of glutamate residues in ammonium

bicarbonate buffer. Samples of the column flowthroughs and

elutions from proteolyzed and control samples were resolved

on a Tnicine-SDS-polyacrylamide gel, and the ‘251-labeled

receptor and/or receptor fragments were visualized by auto-

radiography (Fig. 2). The column flowthrough from the en-

doproteinase Glu-C-treated membranes (Fig. 2, lane 1 ) con-

tamed several radiolabeled bands, whereas elutions 2 and 3

(Fig. 2, lanes 3 and 4) contain two radiolabeled bands; one at

-43 kDa, which is consistent with the migration of the re-

combinant A1 receptor, and a smaller band at -18 kDa. The

endoproteinase Glu-C fragment was -� 18 kDa regardless of

whether the photolabeled membranes were treated with

endo F before proteolysis. This result implies that the 18-kDa

fragment did not contain the amino acid residues conferring

N-linked glycosylation (data not shown). The column

flowthrough from the control membranes (Fig. 2, lane 5) also

contained several nadiolabeled bands, whereas elutions 1-3

(Fig. 2, lanes 6-8) contained only one radiolabeled band at

-43 kDa (which is consistent with the migration of the re-

combinant A1 receptor). The column flowthrough of both Glu

C-treated and control membranes consistently contained a

radioactive species that migrated at -20 kDa. This band was

present regardless of whether theophylline was present dun-

ing the photolysis and was not detectable in the FLAG elu-

tion fractions. The absence of the 18-kDa band in the control

membranes implies that this fragment was a result of the

endoproteinase Glu-C treatment. The observation that this

fragment is retained on the anti-FLAG column and is specif-

ically eluted by FLAG peptide demonstrates that the frag-

ment contains the FLAG epitope and is, therefore, derived

from the amino-terminal half of the receptor.

Proteolysis of photolabeled affinity-purified bovine

A1 receptor in solution with endoproteinase Lys-C. En-

doproteinase Lys-C preferentially cleaves proteins on the

carboxyl-terminal side of lysine residues (41). Full-length

1 2 3 4 5 6 78

;-�z 12

Fig. 2. Column flowthroughs and elutions from anti-FLAG immunoaf-
finity isolation of endoproteinase Glu-C proteolyzed (lanes 1-4) or
control (lanes 5-8) photolabeled, solubilized CHO-Ki membranes con-
taming H/F human A1 receptors. Membranes were photolabeled with

125l-azido-BW-A844U, solubilized with 4% Triton X-100, and proteo-
lyzed or not (control) with endoproteinase Glu-C. The proteolyzed or
control samples were applied to anti-FLAG affinity gel, and after wash-
ing, bound proteins were eluted from the gel with FLAG peptide. Shown
are column flowthrough (lane 1) and elutions 1-3 (lanes 2-4, respec-
tively) from Glu-C proteolyzed membranes and column flowthrough
(lane 5), and elutions 1-3 (lanes 6-8, respectively) from control mem-

branes. The samples were resolved by electrophoresis on a Tricine-
SDS-polyacrylamide gel, and autoradiography was performed on the

dried gel.
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bovine A1 receptor migrated with a molecular mass of 38 kDa

on this Tricine-SDS-polyacrylamide gel (Fig. 3). The frag-

ment obtained after proteolysis with endoproteinase Lys-C

had a molecular weight of 26,000. Treatment with the pro-

tease plus endo F resulted in a fragment with a molecular

weight of 19,000. As in the studies above with endo F, this

shift in migration is interpreted to mean that this peptide

fragment contains the sites for N-linked glycosylation of the

receptor.

Cyanogen bromide cleavage of photolabeled affin-

ity-purifled bovine A1 receptor in a gel slice. Cyanogen

bromide cleaves proteins on the carboxyl-terminal side of

methionine residues (35). Native and endo F-treated recep-

tons migrated on this Tnicine-SDS-polyacnylamide gel at 42

and 36.5 kDa, respectively (Fig. 4). Three fragments were

obtained after treatment of native and endo F-treated recep-

tors with cyanogen bromide. The largest fragment (34.5 kDa)

migrated at 28.5 kDa without carbohydrate moieties. The

next largest fragment similarly shifted to 19 from 25 kDa

without the presence of carbohydrate groups. The smallest

fragment was 15 kDa with both native and endo F-treated

receptors. Increasing the length of time of incubation with

cyanogen bromide to 24 hr from 2 hr did not produce frag-

ments smaller than 15 kDa.

Hydroxylamine cleavage of photolabeled affinity-

purified bovine A1 receptor in a gel slice. Hydroxy-

lamine has been reported to cleave preferentially at the

asparagine-glycine bond and to a minor extent at the

asparagine-leucine bond (36). Incubation of the receptor

with 2 M hydroxylamine in a potassium carbonate buffer, pH

9.0, and subsequent electrophoresis on a Tnicine-SDS-poly-

Fig. 3. Autoradiograph of Tricine-SDS-PAGE-resolved, endoprotein-
ase Lys-C digest of affinity-purified bovine A1 receptor. The XAC affinity
column purified A1 receptor was photolabeled with 125l-azido-BW-
A844U in the presence or absence of 1 mr�i theophylline as described
in Experimental Procedures. The photolabeled receptor was treated
with 0.2 unit of endo F for 24 hr at RT (data not shown). Proteolysis with
endoproteinase Lys-C was carried out by the addition of 0.2 �.tg of
endoproteinase Lys-C for 24 hr at AT. A second dose of endoprotein-
ase Lys-C was added at -17 hr into the 24-hr incubation. Simultaneous
treatment with endoproteinase Lys-C and endo F was performed in the
same manner as above to the same sample. The samples were loaded
onto and resolved by electrophoresis on a Tricine-SDS-polyacrylamide
gel, and autoradiography was performed on the dried gel.

Fig. 4. Autoradiograph of Tricine-SDS-PAGE-resolved, cyanogen bro-
mide cleavage of affinity-purified bovine A1 receptor. The XAC affinity
column purified A1 receptor was photolabeled with 125l-azido-BW-
A844U as described in Experimental Procedures. The photolabeled
receptor was treated with 0.2 unit of endo F for 24 hr at AT. The
samples were loaded onto a Tricine-SDS-polyacrylamide gel, and au-
toradiography was performed directly on the gel without processing in
stain or destain or drying the gel. Cleavage with cyanogen bromide was
carried out by the addition of 33 mg of cyanogen bromide to the gel
slice containing the receptor for 2 hr at AT. The samples were loaded
onto and resolved by electrophoresis on a Tricine-SDS-polyacrylamide
gel, and autoradiography was performed on the dried gel.

acrylamide gel resulted in a major fragment of 16.95 kDa,

regardless of the presence of carbohydrate groups on the

receptor (Fig. 5). This finding was reproduced using a differ-

ent protocol in which the gel slice was treated with 2 M

hydroxylamine in a buffer containing 6 M guanidine hydno-

chloride, 15 mM Tris base, and 4.5 M lithium hydroxide, pH

9.3 (42). The molecular weight of this fragment was 16,000

regardless of the presence of carbohydrate groups on the

receptor (data not shown), suggesting that this fragment did

not contain the amino acid residues conferring N-linked gly-

cosylation to the receptor.

Chemical cleavage of the photolabeled affinity-pun-

fled bovine A1 receptor endoproteinase Lys-C frag-

ment with cyanogen bromide. Proteolysis ofthe bovine A1

receptor with endoproteinase Lys-C generated bands with a

67kDa -

43kDa -

3OkDa -

2OkDa -

l4kDa -

Fig. 5 Autoradiograph of Tricine-SDS-PAGE-resolved, hydroxylamine
cleavage of affinity-purified bovine A1 receptor. The XAC affinity column

purified A1 receptor was photolabeled with 125l-azido-BW-A844U as
described in Experimental Procedures. The photolabeled receptor was
treated with 0.2 unit of endo F for 24 hr at AT. The samples were loaded
onto a Tricine-SDS-polyacrylamide gel, and autoradiography was per-
formed after processing the gel in fixative, stain, and destain solutions
and drying the gel. Cleavage was carried out by the incubation of the
pulverized gel slice containing the receptor with 2 M hydroxylamine for
24 hr at 45#{176}.The gel pieces were loaded onto and resolved by elec-
trophoresis on a Tricine-SDS-polyacrylamide gel, and autoradiography

was performed on the dried gel.
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Fig. 6. Cyanogen bromide cleavage of endoproteinase Lys-C frag-
ment of affinity-purified bovine A1 receptor. The XAC affinity column
purified A1 receptor was photolabeled with 125l-azido-BW-A844U as
described in Experimental Procedures. Proteolysis with endoprotein-
ase Lys-C was carried out by the addition of 0.2 �g of endoproteinase
Lys-C for 24 hr at AT. A second dose of endoproteinase Lys-C was
added at - 1 7 hr into the 24-hr incubation. Simultaneous treatment with
endoproteinase Lys-C and 0.2 unit of endo F was performed in the
same manner as above to the same sample except that endo F was
added only once at the beginning of the 24-hr incubation. The samples
were loaded onto a Tricine-SDS-polyacrylamide gel, and autoradiog-
raphy was performed on the wet gel. Cyanogen bromide cleavage of
the receptor fragment was performed as described in Experimental
Procedures. The samples were loaded and resolved by electrophoresis
on a Tricine-SDS-polyacrylamide gel, and autoradiography was per-
formed on the dried gel.
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molecular mass of29 kDa without treatment with endo F and

22.7 kDa with endo F treatment (Fig. 6). These fragments

were cleaved further with cyanogen bromide, and the result-

ing fragments were resolved by electrophoresis on a Tricine-

SDS-polyacrylamide gel. Autoradiography revealed frag-

ments with a molecular mass of 16 kDa with and without

previous endo F treatment, which is consistent with the

interpretation that this fragment did not contain the sites for

N-linked glycosylation.

Proteolysis of the photolabeled affinity-purified bo-

vine A1 receptor endopnoteinase Glu-C fragment with

endoproteinase Asp-N, endoproteinase Lys-C, or tryp-

sin. Endoproteinase Asp-N cleaves at the amino-terminal

side of aspartic acid residues (and cysteic acid residues of

oxidized proteins) (43, 44). Initial proteolysis of the receptor
with endoproteinase Glu-C resulted in fragments of -22.8

and -- 18.3 kDa on a Tricine-SDS-polyacrylamide gel (without

and with endo F treatment, respectively). Further fragmen-

tation of the endoproteinase Glu-C fragments with endopro-

teinase Asp-N resulted in both the 22.8- and 18.3-kDa frag-

ments being converted almost completely to 17.5-kDa

fragments (Fig. 7), providing evidence that the 22.8- and

18.3-kDa fragments contained the consensus sequence (NXS)

that conferred N-linked glycosylation to the receptor.

Under the same conditions, the endoproteinase Glu-C frag-

ments were digested with endoproteinase Lys-C. The size of

the original endoproteinase Glu-C fragments are not shown

for simplicity but can be seen on the autoradiograph (Fig. 7)

due to the incomplete digestion of the endoproteinase Glu-C

fragments. A fragment of - 1 1.4 kDa could be seen in both

endo F-treated and -untreated lanes after digestion with

endoproteinase Lys-C.

ENDOPROTEINASE LYS-C � � + +

- + - +

CYANOGEN BROMIDE + +

Fig. 7. Endoproteinase Asp-N, endoproteinase Lys-C, or trypsin pro-

teolysis of the endoproteinase Glu-C fragment of the affinity-purified
bovine A1 receptor. The XAC affinity column purified A1 receptor was

photolabeled with 125l-azido-BW-A844U as described in Experimental
Procedures. Proteolysis with endoproteinase Glu-C was carried out by
the addition of 2 ;Lg of endoproteinase Glu-C for 24 hr at AT (lane 1). A
second dose of endoproteinase Glu-C was added at -17 hr into the
24-hr incubation. Simultaneous treatment with endoproteinase Glu-C

and 0.2 unit of endo F was performed in the same manner as above to
the same sample except that endo F was added only once at the
beginning of the incubation (lane 2). The samples were loaded onto a
Tricine-SDS-polyacrylamide gel, and autoradiography was performed
on the dried gel. Endoproteinase Asp-N (lanes 3 and 4), endoproteinase
Lys-C (lanes 5 and 6), or trypsin (lanes 7 and 8) proteolysis of the
receptor fragment was performed as described in Experimental Proce-
dures. Lanes 1, 3, 5, and 7, not treated with endo F. Lanes 2, 4, 6, and
8, treated with endo F. The gel pieces were loaded and resolved by
electrophoresis on a Tricine-SDS-polyacrylamide gel, and autoradiog-
raphy was performed on the dried gel.

Finally, endoproteinase Glu-C fragments were treated

with trypsin. The potential cleavage sites for trypsin are on

the carboxyl-terminal side of lysines and arginines. Proteol-

ysis under the same conditions as above failed to result in the

production of a similar amount of radiolabeled fragments.

Nonetheless, a fragment could be seen migrating at 16.5 kDa

that migrated at 1 1.7 kDa without the presence of carbohy-

drate groups (Fig. 7).

Discussion

Photoaffinity labeling of the affinity-purified bovine brain

A1 receptor with 125I-azido-BW-A844U (28) resulted in pho-

toincorporation of the radiolabel into a single band of -40

kDa on a Tnicine-SDS-polyacrylamide gel (the molecular

mass range was 38-42 kDa in different experiments) that

was completely inhibited by incubation with 1 mM theophyl-

line, an adenosine antagonist, suggesting that this band rep-

resents the adenosine A1 receptor. Digestion of the photola-

beled receptor with endo F to remove the N-linked

carbohydrate chains caused the radiolabeled band to migrate

at -35 kDa (Fig. 1), which is similar to the predicted molec-

ular mass of 36,570 Da for the cloned bovine A1 receptor (5,

7). The recombinant H/F human A1 receptor photolabeled

with 125I-azido-BW-A844U also migrated on Tricine-SDS-

polyacrylamide gels with an apparent mass of 40 kDa, and

the photoincorporation of radioactivity was abolished by the

presence of 1 mM theophylline (data not shown).

The canine A1 receptor contains one consensus site for

N-linked glycosylation (N-X-SiT) at amino acid 159; treat-

ment of the canine receptor with endo F resulted in a shift of

-5 kDa. Both the bovine and human A1 receptors contain

two consensus sites for N-linked glycosylation at amino acids

148 and 159 (Fig. 8). It is likely that only one amino acid

actually is glycosylated because the size difference between
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Fig. 8. The deduced amino acid sequences of the bovine and human A1 receptors. The bovine A1 receptor sequence is depicted according to
the proposed secondary structure of the protein in the bilayer. Residues in gray, positions at which bovine and human sequences differ; next to
residues in gray is the corresponding amino acid in the human sequence. Numbered bold arrows, proposed cleavage sites based on our
interpretation of the data presented in Figs. 1-5; numbered small arrows, landmarks to facilitate identification of residues mentioned in the text.

deglycosylated and glycosylated bovine receptors is the same

as that of the canine receptors, which have only one consen-

sus site. In addition, the predicted close proximity of amino

acid 148 to the membrane bilayer makes it likely that only

Aspl59 is modified by a carbohydrate group. The knowledge

that the carbohydrate moieties changed the migration of the

receptor (and that of a fragment of the receptor) by 4-7 kDa

and knowledge of the position of carbohydrate modification

in the deduced amino acid sequence of the cloned bovine

receptor allowed the tentative localization ofthe radiolabeled

receptor fragments obtained in fragmentation experiments to

either contain or not to contain the amino acid at 159.

Digestion of the photolabeled bovine A1 receptor with en-

doproteinase Glu-C resulted in a single radiolabeled frag-

ment that was sensitive to endo F treatment (Fig. 1). The

17-kDa fragment that was obtained after double digestion

with the protease and endo F was localized to amino acids

1-164, although estimates of mass from electrophoretic mo-

bility did not allow us to distinguish among cleavage at

G1u164, Glu168, or Glu172. Cleavage at any or all of the
residues would generate fragments that encompass TM

spans I-TV and include the consensus glycosylation site.

Amino acids 1-164 have a calculated mass of 17,667 Da. A

similar fragment (16 kDa) was obtained after digestion of the

38-kDa rat A1 receptor with endoproteinase Glu-C (45). In

these proteolysis studies with the bovine A1 receptors, the

conclusion was made that endoproteinase Glu-C cleaved only

on the carboxyl-terminal side of glutamate residues under

the conditions used.

Digestion of the recombinant H/F human A1 receptor with

endoproteinase Glu-C resulted in a single radiolabeled frag-

ment of -18 kDa (Fig. 2), which is in agreement with the

results from proteolysis of the photolabeled bovine receptor.

Even though the absence ofan endo F effect on the human A1

endoproteinase Glu-C fragment differs from the results ob-

tamed with the bovine receptor proteolysis, the results from

both proteolysis experiments are consistent with the probe

labeling the front halfofthe receptors. The 18-kDa human A1

receptor fragment contained the H/F tags because the frag-

ment was specifically eluted from anti-FLAG M2 affinity gel,

and therefore the covalently modified amino acid or acids

must reside within the amino-terminal portion of the recep-

ton. The HJF tags plus the residues through amino acid 153

(human A1 numbering) (TM spans I-N) of the human recep-

tor have a calculated mass of 18,571 Da. Because there was

no other proteolytic product detected in the column

flowthrough from the endoproteinase Glu-C-treated mem-

branes, it appears that the probe is labeling no other part of

the receptor. The results ofthe proteolysis ofthe recombinant

human receptor imply that the probe covalently modifies

only amino acids within the first four TM spans, and this
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Fig. 9. Tentative localization of the fragments obtained by proteolysis of the endoproteinase Lys-C or endoproteinase Glu-C fragment of the
bovine A1 receptor. The molecular weights of the radiolabeled fragments obtained by digestion of the endoproteinase Lys-C fragment of the A1
receptor with cyanogen bromide (A) or by digestion of the endoproteinase Glu-C fragment of the A1 receptor with endoproteinase Asp-N (B),
endoproteinase Lys-C (C), or trypsin (D) were estimated through comparison of the relative mobility (A1) of the fragment with a calibration curve
generated from the R1 of protein molecular weight standards. These estimated molecular weights were compared with the calculated molecular
weights of the predicted fragments based on the deduced amino acid sequence of the receptor and the reported proteolysis sites. Lines,
localization of the fragments obtained from the first digestion with endoproteinase Lys-C (A) or endoproteinase Glu-C (B-D). Black, areas of the
receptor most closely matching the estimated molecular weights of the fragments. The consensus site for N-linked glycosylation is located in the
second extracellular loop.

result was used to interpret any further proteolysis of the

receptor or receptor fragments.

Because the epitope tag of the H/F human A1 receptor
contained the amino acids aspartate and lysine, which direct

proteolysis by endoproteinase Lys-C, endoproteinase Asp-N,

and trypsin, all other fragmentation studies were conducted
using solubilized bovine A1 receptor.

Proteolysis of the solubilized and photolabeled bovine re-

ceptor with endoproteinase Lys-C generated one radiolabeled
fragment that was also sensitive to endo F treatment (Fig. 3).

The endo F fragment had a mass of 19,000 Da. Two theoret-

ical endoproteinase Lys-C fragments of the receptor were

identified that had similar masses and contained the glyco-
sylation site: amino acids 1-173 (18,776 Da) and amino acids

36-213 (19,629 Da).

Chemical cleavage with cyanogen bromide created three
radioactive fragments, the smallest of which was 15 kDa,

regardless of endo F treatment (Fig. 4). One possible assign-
ment of the 15-kDa fragment was to amino acids 1-143 (TM

spans I-IV), which had a molecular weight of 15,199. This

assignment is consistent with the assignment of the endopro-

teinase Glu-C fragment to TM spans I-TV.

To further test the hypothesis that the photoaffinity label

is covalently labeling the bovine A1 receptor at some point in

TM spans I-TV, hydroxylamine cleavage was performed. Hy-

droxylamine is predicted to cleave only at two places in the

sequence: between the amino acid bonds 148-149 and

159-160 (N-L and N-G, respectively). A 16.95-kDa frag-

ment was obtained with hydroxylamine treatment of both

the native and endo F-treated receptors (Fig. 5). The most
likely region for the localization of the fragment was amino

acids 1-148 because ofthe molecular weight, which is 15,948,

and the absence of any effect of endo F treatment. Therefore,

taking together the results ofthe fragmentation experiments

with endoproteinase Glu-C, endoproteinase Lys-C, cyanogen

bromide, and hydroxylamine, our interpretation is that the
photoaffinity label ‘251-azido-BW-A844U covalently modifies

the region ofthe A1 receptor corresponding to TM spans I-TV.

To further defme the region of the receptor interacting
with the photoaffinity label, proteolysis experiments were

carried out on the endoproteinase Glu-C and endoproteinase

Lys-C fragments of the receptor. The full-length bovine A1

receptor was first proteolyzed with endoproteinase Lys-C and

treated or not treated with endo F (amino acids 1-173).

Cyanogen bromide cleavage produced a slightly smaller 16-
kDa fragment regardless of endo F treatment (Fig. 6). This
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fragment was approximately the same size as that obtained

with cyanogen bromide alone, so the assignment was the

same: amino acids 1-143 (TM spans I-TV), which had a

calculated molecular weight of 15,199 (Fig. 9A).

Next, the full-length bovine A1 receptor was proteolyzed

with endoproteinase Glu-C and treated or not treated with

endo F (amino acids 1-164). These fragments were then

subjected to proteolysis with endoproteinase Asp-N. A frag-

ment of 17.5 kDa was obtained with or without endo F

treatment (Fig. 7). This fragment was localized to amino

acids 1-154 (16,465 Da) (Fig. 9B). The endoproteinase Glu-C

fragments were then subjected to proteolysis with endopro-

teinase Lys-C. Fragments of 11.4 kDa were obtained that

were insensitive to endo F treatment (Fig. 7). This fragment

was localized to amino acids 1-110 (11,727 Da) (Fig. 9C).

Last, the endoproteinase Glu-C fragments were digested

with trypsin. A fragment of a similar size (11.7 kDa) as

digestion with endoproteinase Lys-C was obtained but only

with the endo F-treated receptor fragment (Fig. 7). The gly-

cosylated fragment migrated at 16.5 kDa. The amino acids

corresponding most closely to the size of the observed frag-

ment while containing amino acid 159 were amino acids

74-164 (9,971 Da) (Fig. 9D). The region of the receptor la-

beled was narrowed to TM spans I-ITT with the endoprotein-

ase Lys-C digestion of endoproteinase Glu-C fragments (Fig.

9). Finally, the results of the trypsin proteolysis were inter-

preted to indicate that TM spans III and TV were covalently

modified. Taken together, TM span III was the only common

domain covalently labeled with 1251-azido-BW-A844U in all

of the fragmentation experiments performed.

The results of these photolabeling studies are not inconsis-

tent with the results of the mutagenesis studies in which the

ligand-binding domain of the adenosine A1 receptor was ex-

amined. Olah et al. (46) constructed chimenic receptors with

portions of the rat A3 receptor replaced by the analogous

portions of the bovine A1 receptor. They found that the re-

placement in the A3 receptor of TM spans VI and V.11 in

addition to the distal 11 amino acids of the second extracel-

lular loop with the same regions ofthe A1 receptor resulted in

a 50,000-fold increase in the affinity of [3H]DPCPX, an an-

tagonist radioligand at the A1 receptor, almost to the level of

the wild-type A1 receptor. A smaller increase in affinity was

found with adenosine receptor agonists. No specific binding

of [3HIDPCPX to the wild-type A3 receptor was detected. In

addition, Tucker et al. (47) concluded through the use of

chimeric receptors between the bovine and the canine A1

receptors and through site-directed mutagenesis studies that

amino acid 270 in the TM span VII was important in the

binding of the N� region of adenosines (which are a constit-

uent of high affinity agonists at the receptor) and the C8

region of xanthines (which are potent antagonists at the

receptor). The photoaffinity label ‘25I-azido-BW-A844U has

the reactive azide located on the 3-position of the xanthine.

Our finding that the photoaffinity label is labeling TM span

III of the bovine A1 receptor is not inconsistent with the

conclusion that the C8 region of xanthines may interact with

TM span VII. A model of the canine A1 receptor based on
computer analysis has been proposed by IJzerman et al. (48).

This model places the N� region ofcyclopentyladenosine (and

the C8 region of the xanthine DPCPX) close to TM spans

111-VT of the A1 receptor. Again, our interpretation that the

photoaffinity label is labeling TM span III of the bovine A1

receptor is not inconsistent with this conclusion.

Future experiments will be necessary to identify the exact

location of the covalent attachment of the ‘251-azido-BW-

A844U photoaffinity probe. Nevertheless, current and future

models of the three-dimensional structure of the A1 receptor

antagonist binding pocket must accommodate the results of

these fragmentation experiments.
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