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Abstract

In rat striatum A2A adenosine receptors activate adenylyl cyclase through coupling to Gs-like proteins, mainly Golf that is expressed at high

levels in this brain region. In this study we report that the sulfhydryl alkylating reagent, N-ethylmaleimide (NEM), causes a concentration- and

time-dependent inhibition of [3H] 2-p-(2-carboxyethyl)phenylethylamino)-5V-N-ethylcarboxamido adenosine ([3H]CGS21680) binding to rat

striatal membranes. Membrane treatment with [14C]N-ethylmaleimide ([14C]NEM) labels numerous proteins while addition of 5V-
guanylylimidodiphosphate (Gpp(NH)p) reduces labeling of only three protein bands that migrate in SDS-polyacrylamide gel electrophoresis

with apparent molecular masses of f 52, 45 and 39 kDa, respectively. The 52- and 45-kDa labeled bands show electrophoretic motilities as

Gas-long and Gas-short/Gaolf subunits. An anti-Gas/olf antiserum immunoprecipitates two 14C labeled bands of 44 and 39 kDa. The band

density decreases by 21–26% when membranes are treated with NEM in the presence of Gpp(NH)p. An anti-A2A receptor antibody also

immunoprecipitates two 14C labeled bands of 40 and 38 kDa, respectively. However, such protein bands do not show any decrease of their

density upon membrane treatment with NEM plus Gpp(NH)p. These results indicate that in rat striatal membranes NEM alkylates sulfhydryl

groups of both Gas/olf subunits and A2A adenosine receptors. In addition, cysteine residues of Gas/olf are easily accessible to modification when

the subunit is in the GDP-bound form. The 39- and 38-kDa labeled proteins may represent proteolytic fragments of Gas/olf and A2A adenosine

receptor, respectively.
D 2003 Elsevier Science B.V. All rights reserved.
Keywords: A2A adenosine receptor; Gs protein; Cysteine residue; Chemical modification; N-ethylmaleimide

1. Introduction subtypes, A , A , A and A [1]. The nature of the
Adenosine modulates a variety of physiological functions

both in the central and peripheral nervous system via

stimulation of four G protein-coupled receptor (GPCR)
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responses to adenosine and other agonists depends on the

selective coupling of the activated receptor to distinct G

proteins. Whereas, A1 and A3 adenosine receptors are

mainly coupled to Gi/Go proteins, A2A and A2B adenosine

receptors activate the adenylyl cyclase system through the

interaction with Gs-like proteins [2,3]. Three distinct iso-

forms of Gas subunits that share 88% identity in their amino

acid sequences [4] have been biochemically characterized,

Gas-short, Gas-long and Gaolf [5]. Whereas the Gas sub-

units have a widespread distribution, the Gaolf subunit is

distributed in a more restricted manner [6]. Originally, Gaolf

was found expressed in olfactory epithelium, thus support-

ing the notion that it was exclusively involved in olfactory

signaling [4]. Subsequently, Gaolf was also found in some

brain regions and its expression is particularly high in

striatum [6,7]. A2A receptors are known to activate Gs but

recent anatomical and biochemical evidences indicate that in
ed.
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striatum these receptors stimulate adenylyl cyclase and

cAMP-dependent signal transduction by activating Golf

rather than Gs [8].

Similar to other GPCRs, adenosine receptors have the

characteristic secondary structure of seven a-helical mem-

brane spanning domains connected by three extra- and

intracellular loops, respectively. Sequence analysis of A2A

adenosine receptors from various species has shown that

this receptor subtype is particularly rich in cysteine residues

in the extracellular loops and transmembrane domains

[9,10]. Some of the cysteine residues in the extracellular

loops may form disulfide bridges stabilizing receptor struc-

tural features [11,12]. In a previous work [12], we have

shown that the thiol-alkylating reagent, N-ethylmaleimide

(NEM), inhibits agonist binding to A2A adenosine receptors

in rat striatal membranes causing a two-fold reduction of

receptor affinity for [3H]CGS 21680. Since neither agonist

nor antagonist ligands protect receptors from NEM effect,

alkylated cysteine residues do not form part of the ligand

binding site. On the other hand, guanosine-5V-O-(3-thiotri-
phosphate) (GTPgS) and 5V-guanylylimidodiphosphate

(Gpp(NH)p) are able to prevent NEM effects, suggesting

modification of cysteine residues that are involved in

receptor G protein coupling and activation.

In the present work, we have therefore searched whether

[14C]NEM modification occurred at cysteine residues of the

A2A adenosine receptor, Gas subunits or both. By immu-

noprecipitation with specific antibodies, we show that [14C]

NEM alkylates sulfhydryl groups of 44 kDa Gas-short/Gaolf

subunits and 40–38 kDa A2A adenosine receptors. A

labeled 39-kDa protein band is also immunoprecipitated

by the anti-Gas/Gaolf antiserum. Addition of a GTP analog

reduces alkylation of both 44- and 39-kDa immunoprecipi-

tated proteins. The 39- and 38-kDa bands may represent

proteolytic fragments of Gas/Gaolf subunit and A2A adeno-

sine receptor, respectively.
2. Materials and methods

[14C]N-ethylmaleimide ([14C]NEM) (40 mCi/mmol),

[3H] 2-p-(2-carboxyethyl) phenylethyl amino)-5V-N-ethyl-
carboxamidoadenosine ([3H]CGS21680) (39.5 Ci/mmol)

and EN3HANCEk were purchased from NEN Life Prod-

ucts (Boston, MA). Bacitracin, benzamidine, soyben trypsin

inhibitor, phenylmethylsulfonyl fluoride (PMSF), leupeptin,

aprotinin, antipain, pepstatin, guanosine-5V-O-(3-thiotriphos-
phate) (GTPgS), 5V-guanylylimidodiphosphate (Gpp(NH)p),

Triton� 100, Tween-20, protein A Agarose, sodium ortho-

vanadate (Na3VO4), biotinylated SDS molecular weight

markers, high molecular weight standard mixture (SDS-

6H), Dalton mark VII-L (SDS-7), rabbit IgG, anti-rabbit

and anti-goat IgG peroxidase conjugate were from Sigma

Chemical Co. (St. Louis, MO). Sodium dodecyl sulfate

(SDS), glycine and h-mercaptoethanol were purchased from

ICN Biomedicals Inc. (Aurora, OH). Adenosine deaminase
was obtained from Roche Molecular Biochemicals (Man-

nheim, Germany). Anti-A2A adenosine receptor goat and

rabbit polyclonal antibodies, and anti-Gas/olf rabbit poly-

clonal antibody were purchased from Santa Cruz Biotech-

nology, Inc., (Santa Cruz, CA). All other reagents were from

standard commercial sources and of the highest grade

available.

2.1. Membrane preparation

Striatal tissue was isolated by dissection from male

Sprague–Dawley rat (250–300 g) brains. Membranes were

prepared essentially as previously described [13]. Briefly,

striatal tissue was homogenized in 20 vol. of ice-cold buffer

A (50 mM Tris–HCl, pH 7.4, 1 mM EDTA) containing

protease inhibitors (20 Ag/ml soybean trypsin inhibitor, 200

Ag/ml bacitracin and 160 Ag/ml benzamidine). The mem-

brane homogenate was centrifuged at 48,000� g for 10 min

at 4 jC. The resulting pellet was resuspended in ice-cold

buffer B (50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 10 mM

MgCl2) containing protease inhibitors (as above) and adeno-

sine deaminase (ADA) (2 IU/ml) to 50 mg/ml of the original

tissue weight. The suspension was incubated at 37 jC for 30

min and then centrifuged as described above. The final

pellet was stored in aliquots at � 80 jC until the time of

assay. Protein concentration was determined by the method

of Lowry et al. [14], using bovine serum albumin (BSA) as

standard.

2.2. Membrane treatment with NEM and radioligand

binding assay

NEM treatment of striatal membranes was performed as

previously described [12]. Striatal membranes were resus-

pended (1.5 mg/ml of membrane proteins) in buffer B (pH

7.7) and incubated with various concentrations of NEM

(0.5–5 mM) at 37 jC. At intervals, samples of the reaction

mixture were removed, quenched by the addition of cysteine

(10 mM final concentration) and centrifuged (13,000� g)

for 4 min at 4 jC. The resulting pellets were resuspended in

buffer B and centrifuged for 4 min. This washing step was

repeated twice. The final pellets were resuspended in buffer

B at a protein concentration of 1 mg/ml and used in the

binding assays. Routine binding assays were performed as

previously described [13]. Briefly, incubation was for 90

min at 25 jC in glass tubes containing 0.5 ml of buffer B

with striatal membranes (100 Ag), 5 nM [3H]CGS21680 and

ADA (2 IU/ml). Binding reactions were terminated by

filtration through Whatman GF/C filters under reduced

pressure. Nonspecific binding was defined in the presence

of 100 AM NECA and never exceeded 10% of total binding.

2.3. Membrane treatment with [14C]NEM

Striatal membranes (750 Ag of protein) and 2.5 mM

[14C]NEM (25 ACi) were incubated in the presence and
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absence of 100 AM Gpp(NH)p in 500 Al of buffer B (pH

7.7) containing 0.1 mM PMSF, 1 mM benzamidine and

ADA (2 IU/ml). After 3 h at 30 jC, the membrane

suspension was diluted by the addition of 500 Al of buffer
B and the sample was centrifuged as described above. The

resulting pellet was resuspended in buffer B and recentri-

fuged. This washing step was repeated twice. Control

samples were prepared as outlined above, except that 2.5

mM NEM was added to the membrane suspensions.

2.4. SDS-polyacrylamide gel electrophoresis

Discontinuous gel electrophoresis was performed essen-

tially as described by Laemmli [15], using homogeneous

11% (w/v) polyacrylamide resolving gels and 5% (w/v)

polyacrylamide stacking gels. The final membrane pellet

was solubilized in SDS sample buffer (120 Ag protein/20 Al)
and boiled for 3 min. Gels were run for 5 h at 30 mA. After

electrophoresis, gel proteins were fixed in 10% (v/v) glacial

acetic acid and 3% (v/v) methanol for 30 min. Then, gels

were soaked in the EN3HANCEk solution for 1 h under

gentle agitation. After this treatment, gels were dried,

exposed to Kodak Biomax MR films with dual intensifying

screens for 48–72 h at � 80 jC and developed by an

automatic film processor. The intensity of radiolabeled

bands was quantified by densitometric scanning using the

Bio-Rad Model GS-670 Imaging Densitometer (Bio-Rad

Laboratories, Hercules, CA, USA).

2.5. Western blotting

SDS-polyacrylamide gel electrophoresis of membrane

proteins (f 120 Ag/well) was carried out according to the

method of Laemmli [15]. Proteins were electroblotted to

nitrocellulose (0.2 AM, Sigma) which was then incubated in

PBS (10 mM NaH2PO4, pH 7.5, 0.9% NaCl) containing 3%

BSA for 45 min at room temperature (RT). Subsequently,

nitrocellulose was incubated in PBS containing 1% BSA

(PBS/BSA) and anti-Gas/olf rabbit (1:100 dilution) or -A2A

receptor goat polyclonal antibodies (1:100 dilution) for 1 h

at RT followed by two washes with PBS/0.05% Tween-20

(v/v). Afterwards, nitrocellulose was incubated in PBS/BSA

containing peroxidase-labeled secondary antibody (1:8000

dilution) for 1 h at RT. The washing step was repeated as

described above, followed by one wash with PBS. Immu-

noblots were incubated in a staining development solution

prepared in PBS buffer by addition of 4-chloro-1-naphtol

(2.8 mM), 15% methanol and 0.06% H2O2 (30%). The

reaction was carried out under constant, gentle shacking

until reaching the desired staining intensity. Biotinylated

molecular weight markers were used as standards. Alter-

natively, after electroblotting nitrocellulose was incubated in

PBS (as above) containing 3% milk (w/v), 0.2% Tween-20

(v/v) (PBS/milk buffer) for 30 min at RT. Subsequently,

nitrocellulose was incubated in PBS/milk buffer containing

either anti-Gas/olf or -A2A receptor rabbit polyclonal anti-
bodies (1:100 dilution) for 1 h at RT followed by four

washes with PBS/milk buffer. Then, nitrocellulose was

incubated in PBS/milk buffer containing peroxidase-labeled

secondary antibody (1:8000 dilution) for 1 h at RT. The

washing step was repeated as described above, followed by

one wash with PBS and one with water. Immunoblots were

incubated in an enhanced chemiluminescent substrate for 1

min at room temperature and then exposed to a Kodak

Biomax ML film for a few seconds. The intensity of

immunoreactive bands was quantified by densitometric

scanning using the Bio-Rad Model GS-670 Imaging Densi-

tometer (Bio-Rad Laboratories).

2.6. Immunoprecipitation of G�s/G�olf and A2A receptor

For immunoprecipitation assays, radiolabeled membrane

pellets (700 Ag proteins) were resuspended in 175 Al of 1%
SDS (1:20 w/v) and boiled for 3 min to solubilize membrane

proteins. After cooling, 2.8 ml of solubilization buffer (1%

Triton X-100, 10 mM EDTA, 10 mM NaF, 100 AM
Na3VO4, 100 mM NaH2PO4, 50 mM HEPES, pH 7.2, at

4 jC) containing 1 mM PMSF, 3 mM benzamidine, 2 Ag/ml

soybean trypsin inhibitor, 10 AM leupeptin, 10 Ag/ml

aprotinin, 1 Ag/ml antipain and 1Ag/ml pepstatin A (buffer

C) was added to each sample. After incubation in ice for at

least 1 h, samples were centrifuged at 13,000� g for 10 min

at 4 jC. Supernatants (f 1.4 ml each) were collected,

mixed with 14 Al of anti-Gas/olf or -A2A receptor rabbit

polyclonal antibodies (1:100 dilution) and incubated over-

night at 4 jC under constant rotation. Nonspecific immu-

noprecipitation was assessed using nonimmune rabbit IgG

(1.4 Ag/14 Al). After overnight incubation, 80 Al of a 1:1

dilution of protein A-Agarose suspension in distilled water

was added to each sample and incubation was extended for

an additional 2 h at 4 jC as described above. Immunopre-

cipitates were separated by centrifugation in a microcentri-

fuge for 5 min and washed three times with 1.5 ml of 50

mM NaH2PO4, 50 mM HEPES, pH 7.2 at 4 jC, 1% Triton

X-100, 100 mM NaCl, 100 mM NaF. Final pellets were

resuspended in 35 Al of Laemmli sample buffer [15], boiled

for 5 min and then centrifuged as described above. Sample

proteins were resolved by SDS-polyacrylamide gel electro-

phoresis. After electrophoretic separation, gels were sub-

jected to fixation and EN3HANCE treatment as described

above. After drying, gels were exposed to Kodak Biomax

MR films as described above. Nonimmune rabbit IgGs were

visualized by Coomassie blue staining.

2.7. HPLC separation of immunoprecipitate proteins

HPLC analyses were performed with a Waters W600E

Multisolvent Delivery System, equipped with a Waters 996

DAD as detector. Data were acquired using the software

Millennium v.3.2 (Waters). The column was a Chrompack

Lichrosphere 10 RP18 (250� 4.6 mm, Merck) and the run

started with 100% water added with 0.2% of formic acid to
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reach in 30 min 100% of acetonitrile (acidified with 0.2% of

formic acid) with a linear gradient. The flow was of 1 ml/

min and the chromatograms were extracted at 280 nm.

2.8. Analysis of data

Statistical analysis (Student’s t test) and curve-fitting

were performed using the GraphPad Prism Version 3.0

computer program (GraphPad Software, San Diego, CA,

USA).
Fig. 1. Time-dependent inhibition of [3H]CGS 21680 binding by NEM.

(Panel A) Rat striatal membranes were preincubated with four different

concentrations of NEM (0.5 to 5 mM) for various periods of time at 37 jC,
washed three times with buffer and incubated with 5 nM [3H]CGS 21680 as

described under Materials and methods. Specific binding is presented as a

function of preincubation time. Control binding refers to binding of tracer to

membranes pretreated with only buffer B for each indicated time. Data

points are the mean of triplicate determinations with S.E. less than 10%.

These results are representative of experiments conducted two additional

times. (Panel B) The percent of residual binding is plotted on a logarithmic

scale as a function of preincubation time.
3. Results

In a previous paper we have shown inhibition of

[3H]CGS 21680 binding to A2A adenosine receptors in rat

striatal membranes by the sulfhydryl alkylating reagent,

NEM [12]. In the present work, the possibility that one or

more cysteine residues were implicated in mediating NEM

effects was investigated. Such residues might be part of

receptor and/or G protein sequences since they are not

implicated in forming the receptor binding site [12] and G

proteins modulate receptor affinity state.

In order to study the kinetic of receptor binding inhibition,

rat striatal membranes were treated at 37 jC with different

concentrations of NEM (0.5 to 5 mM) for different times.

Inhibition of specific [3H]CGS 21680 binding proceeded

according to apparent first-order kinetics (Fig. 1A). Preincu-

bation with 0.5 mMNEM caused an almost linear decrease of

specific binding without reaching a plateau. On the other

hand, specific binding decreased rapidly at 10 min of pre-

incubation with 1 to 5mMNEM and then it did not change up

to 60 min of preincubation. When the percent of residual

binding was plotted on a logarithmic scale (Fig. 1B), the

decrease was linearly related to the preincubation time only at

0.5 mM NEM. The biphasic nature of the other plots

suggested that at least two cysteine residues were alkylated

when NEM concentration was increased over 0.5 mM.

To discriminate whether NEMmodified sulfhydryl groups

on A2A adenosine receptors and/or Gas subunits, we labeled

cysteine residues of membrane proteins with [14C]NEM.

Rat striatal membranes were incubated with [14C]NEM in

the presence and absence of 100 AM Gpp(NH)p. Proteins

were separated by SDS-polyacrylamide gel electrophoresis

and radiolabeled bands visualized by EN3HANCE fluo-

rography. Densitometric scanning of autoradiograms re-

vealed the presence of three protein bands with apparent

molecular masses of 51.2F 1.5, 44.5F 0.7 and 39.2F 0.5

kDa (n = 3) that showed reduction of 14C labeling of

19.1F 0.6, 33.0F 1.2 and 26.0F 2.9%, respectively, when

membrane treatment was carried out in the presence of

Gpp(NH)p (Fig. 2A and B). A similar reduction of such

band intensity was also evident after treatment in the pre-

sence of GTPgS (data not shown). These results are con-

sistent with guanine nucleotide protection by NEM effects

as reported previously [12].
Western blotting analysis of rat striatal membranes was

performed to define the relative mobility in SDS-polyacry-

lamide gels of A2A adenosine receptor and Gas subunits.

Blots were probed with anti-A2A or -Gas/olf polyclonal

antibodies. Anti-Gas/olf and -A2A receptor antibodies recog-

nized protein bands of f 52 and f 46 kDa (Fig. 3A) and

39–40 kDa (Fig. 3A), respectively. Derived mean values

of relative molecular masses were 51.3F 0.4, 46.4F 0.3

(n = 4) and 39.9F 0.4 (n = 3) kDa in accordance with the

reported molecular masses of Gas-long, Gaolf/Gas-short

subunits [4,16–18] and the deglycosylated A2A adenosine

receptor [19]. However, other minor immunoreactive bands

were also visible using the 4-chloro-1-naphtol staining

detection system. To increase sensitivity, more membrane

proteins (180 Ag) were loaded on gels and a detection



Fig. 3. Western blot analysis of anti-Gas/olf and -A2A receptor antibody

binding to rat striatal membrane proteins. Membrane proteins were

solubilized in SDS sample buffer, separated (120 Ag/lane, panel A; 180
Ag/lane, panel B) by SDS-polyacrylamide gel electrophoresis and electro-

blotted onto nitrocellulose as described under Materials and methods.

Antibody binding to proteins was revealed using either the 4-chloro-1-

naphtol staining (panel A) or a chemiluminescent (panel B) detection

system as described under Materials and methods. These are representative

immunoblots of two to four independent experiments.

Fig. 2. [14C]NEM alkylation of rat striatal membrane proteins. (Panel A)

Rat striatal membranes were incubated with 2.5 mM [14C]NEM for 3 h at

30 jC in the presence and absence of 100 AM Gpp(NH)p. After three

washes, membrane pellets were solubilized in SDS sample buffer, proteins

separated by SDS-polyacrylamide gel electrophoresis and radiolabeled

bands detected by gel fluorography as described under Materials and

methods. Lane 1: [14C]NEM treated membranes (120 Ag of proteins). Lane

2: [14C]NEM treated membranes in the presence of 100 AM Gpp(NH)p

(120 Ag of proteins). The illustrated results are from a representative

experiment repeated two additional times. (Panel B) Quantitative analysis

of 52-, 45- and 39-kDa 14C labeled bands. The density of radiolabeled

protein bands was measured using the Bio-Rad Model GS-670 Imaging

Densitometer. Bars represent the integrated area of 52-, 45- or 39-kDa band

divided by the integrated areas of all bands present in the sample. Values are

meanF S.E. of three independent experiments. Values that are significantly

different from corresponding control (no Gpp(NH)p), as determined by

Student’s t test, are indicated (***P < 0.001; **P< 0.01; *P < 0.05).
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system based on chemiluminescence was used. In these

conditions, probing blots with anti-Gas/olf antibodies re-

vealed five intense immunoreactive bands of apparent
molecular masses ranging between f 50 and f 35 kDa

(Fig. 3B) while in immunoblots probed with anti-A2A

receptor antibodies, two bands of f 43 and f 40 kDa

showed the most intense density (Fig. 3B). The relative

mobility of A2A and Gas immunoreactive bands was very

similar to that of 14C labeled bands that showed a decrease

of density upon alkylation in the presence of GTP analogs.

In order to determine an unequivocal identification of
14C labeled bands, we performed immunoprecipitation of

[14C]NEM alkylated membrane proteins using anti-Gas/olf

or -A2A receptor antibodies. The anti-Gas/olf antibody was

able to immunoprecipitate 44- and 39-kDa radiolabeled

proteins (Fig. 4A) while nonimmune rabbit IgG did not

show this pattern of immunoprecipitation (data not shown).

In addition, 52- and 33-kDa alkylated proteins which

migrate with similar electrophoretic mobility than rabbit

IgG heavy and light chains were present in immunopreci-

pitated samples (Fig. 4A). When membrane treatment with

[14C]NEM was carried out in the presence of 100 AM
Gpp(NH)p, the intensity of 44- and 39-kDa immunopreci-



Fig. 4. Immunoprecipitation of 14C labeled bands by either an anti-Gas/olf or -A2A receptor antiserum. Rat striatal membranes were treated with [14C]NEM,

protein solubilized, immunoprecipitated using either anti-Gas/olf or -A2A receptor polyclonal antibodies and separated by SDS-polyacrylamide gel

electrophoresis as described under Materials and methods. Gels were treated with EN3HANCE and subjected to fluorography as described under Materials and

methods. (Panel A) Lane 1: 14 Ag/lane of non-immune rabbit IgG stained with Coomassie Blue; lane 2: membrane treated with [14C]NEM and protein

immunoprecipitated using 1 mg/ml anti-Gas/olf rabbit polyclonal antibodies; lane 3: membrane treated with [14C]NEM in the presence of 100 AM Gpp(NH)p

and protein immunoprecipitated using 1 mg/ml anti-Gas/olf rabbit polyclonal antibodies; lane 4: membrane treated with [14C]NEM and protein

immunoprecipitated using 1 mg/ml anti-A2A receptor rabbit polyclonal antibodies. The illustrated results are from a representative experiment repeated one or

two additional times. (Panel B) Quantitative analysis of 14C labeled bands. The density of radiolabeled protein bands was measured using the Bio-Rad Model

GS-670 Imaging Densitometer. Bars represent the integrated area of 44-, 39-, 40- or 38-kDa band divided by the integrated areas of all bands present in the

sample. Values for immunoprecipitation with anti-Gas/olf antibodies are meansF S.E. of three independent experiments while values for immunoprecipitation

with anti-A2A antibodies are averages of two experiments.
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pitated bands decreased by approximately 21–25% (Fig. 4A

and B). The density of the 33-kDa band was also reduced

while that of the 52-kDa band increased. These results

suggest that treatment of rat striatal membranes with NEM

causes alkylation of sulfhydryl groups of Gas/Gaolf proteins

(44 kDa) but modification of IgG cysteine residues also

occurs during the immunoprecipitation reaction. The radio-

labeled 39-kDa band may represent a proteolytic fragment

of Gas/olf subunits. Indeed, the presence of a GTP analog

during the alkylation reaction decreased labeling of both 44-

(Gas-short/Gaolf) and 39-kDa protein bands (Fig. 4A and

B). Immunoprecipitates obtained with anti-A2A receptor

antibodies showed 52- and 33-kDa 14C labeled bands

corresponding to IgG heavy and light chains and two other

labeled proteins migrating with apparent molecular masses

of 40 and 38 kDa, respectively (Fig. 4A). Such protein

bands show mobility as deglycosylated and proteolyzed

forms of the A2A adenosine receptor. The density of these
bands does not change upon treatment of membranes with

[14C]NEM plus Gpp(NH)p (Fig. 4B).

Reverse-phase HPLC analyses of immunoprecipitated

complexes obtained with either anti-Gas/Gaolf or -A2A

receptor antibodies revealed the presence of two separate

peaks with retention time of 24.7F 1.1 and 29.2F 0.7 min.

Elution profiles were similar with both antibodies and in all

conditions of membrane treatment. Control rabbit IgGs were

eluted at a retention time of 15 min, suggesting that during

immunoprecipitation cysteine residues of IgG were alky-

lated.
4. Discussion

The present data indicate that in rat striatal membranes

cysteine residues of Gas/Gaolf subunits and A2A adenosine

receptors are alkylated by [14C]NEM. Alkylation of Gas/
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Gaolf subunits is also negatively affected by the presence of

a GTP analog.

In a previous paper [12], we have shown that NEM

treatment of rat striatal membranes causes a dose- and time-

dependent inhibition of [3H]CGS 21680 binding, which is

prevented by either Gpp(NH)p or GTPgS. Neither agonist

and antagonist ligands nor GDP has any protective effect.

Here, we present kinetic data suggesting that at NEM

concentrations between 1 and 5 mM, more than one cysteine

residue is alkylated. After membrane treatment with

[14C]NEM, several protein bands are labeled but the density

of only three bands, f 52, 45 and 39 kDa, decreases in the

presence of Gpp(NH)p. The 45- and 52-kDa proteins show

an electrophoretic mobility as Gas-short/Gaolf and Gas-long

subunits, respectively, while the 39-kDa protein displays a

similar migration pattern as the rat A2A adenosine receptor

in its deglycosylated form [16].

Two 14C labeled protein bands with apparent molecular

masses of 44 and 39 kDa are immunoprecipitated by an

anti-Gas /ol f antiserum. Membrane treatment with

Gpp(NH)p reduces alkylation of both proteins. The 44-

kDa protein shows an electrophoretic mobility as Gas-

short/Gaolf subunits while the 39-kDa band may represent

a proteolytic fragment of the subunit. In immunoblots, this

same anti-Gas/olf antiserum recognizes at least five bands

with molecular masses ranging between 52 and 35 kDa,

suggesting the presence of Gas/Gaolf fragments in our

membrane preparation. Miki et al. [20] have also shown

that anti-Gas and -Gaolf antibodies detect at least three

specific proteins in immunoblots of rat striatal membranes.

In immunoprecipitation experiments, the 52-kDa Gas-long

isoform is not visible since the IgG heavy chain migrates

with similar mobility. Two 14C labeled protein bands with

apparent molecular masses of 40 and 38 kDa are also

immunoprecipitated by the anti-A2A receptor antiserum.

The 40-kDa protein represents the deglycosylated form of

the A2A adenosine receptor while the 38-kDa protein band

is likely a proteolytic product of the deglycosylated recep-

tor. However, the intensity of these bands as well as that of

IgG chain bands does not change upon membrane incuba-

tion with [14C]NEM plus Gpp(NH)p, indicating that the

guanine nucleotide triphosphate does not protect cysteine

residues of A2A receptors from alkylation.

Stimulatory Ga subunits contain numerous cysteine

residues (Gas, eight residues; Gaolf, nine residues) but a

cysteine in switch region II (helix a2) can be the main target

for alkylation. In fact, this region assumes a tight a-helical

conformation upon GTP binding while its conformation is

more relaxed when GDP is bound [21–23]. Thus, the

change of conformation induced by GTP can explain the

partial protection in the presence of Gpp(NH)p since the

sulfhydryl group becomes less accessible. When Ga sub-

units are in the GDP-bound form this same cysteine residue

is part of an interaction site for Ghg [24,25]. Irreversible

modification of this cysteine residue by alkylation disrupts

Ga interaction with Ghg, thus affecting G proteins ability to
interact with activated receptors and stabilize the high-

affinity state for agonist ligands. GTP binding to Ga

subunits also interrupts this interaction, but in a reversible

dynamic fashion, while alkylation induces an irreversible

effect. Therefore, we are able to observe a reduction of

receptor affinity for agonist ligands since heterotrimeric G

proteins cannot effectively couple to activated receptors.

For h1-adrenergic receptors in turkey erythrocyte mem-

branes, an effect of NEM treatment on ligand binding has

been reported [26,27]. Inactivation of h1-adrenergic recep-

tors occurs after membrane treatment with NEM in the

presence of an agonist ligand. The alkylating reagent has no

effect on the free or antagonist-bound forms of the receptor

while guanine nucleotides prevent inactivation. Therefore, it

has been suggested that the reactive sulfhydryl groups may

not reside on receptors but on Gs proteins [27,28]. Here, we

have reported evidences that sulfhydryl groups of Gas

subunits are alkylated by NEM in a fashion that is depend-

ent on the presence of guanine nucleotide triphosphate.
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