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SUMMARY

Two isomenc isothiocyanate derivatives of the A1 adenosine
receptor antagonist xanthine amine cogener (XAC) have been
synthesized and found to be potent affinity labels (irreversibly
bound Iigands)for A1 adenosine receptors. The interaction of m-
and p-isomers of 1 ,3-dipropyl-8-isothiocyanatophenyl(aminothio-
carbonyl(2-aminoethylaminocarbonyl(4-methyloxy(phenyl)))))-
xanthine (DITC-XAC) with rat brain A1 receptors is of high affinity
(EC50 = 27 and 52 n�, respectively) as determined by radioligand
competition curves. These compounds reduced the number of
A1 receptors (>90% at 500 n�i m-DITC-XAC) in brain mem-
branes, without any change in the affinity of the remaining
receptors for [125I]N6-2-(4-aminophenyl)ethyladenosine. Prior re-

action of the isothiocyanate moiety with ethylenediamine did not
alter the affinity of the XAC derivative for the A1 receptor but
eliminated its ability to covalently incorporate into the receptor.
Incubation of brain membranes with radiolabeled p- and m-DITC-
XAC results in the specific labeling of a Mr 38,000 peptide. This
labeling can be blocked with both an A1 adenosine receptor-
specific agonist and an antagonist. This specific protein has the
same molecular weight as the protein labeled with A1-selective
photoaffinity probes. The much higher efficiency of incorporation
of these affinity probes compared with photoaffinity probes
should make them extremely useful for structural studies of A1
adenosine receptors.

In the last several years, the development of reversible and

photoaffinity radioligands of high affinity for the A,AR has

advanced knowledge concerning the structure and function of

these physiologically important receptors. Photoaffinity probes

have been utilized to define (a) the receptor binding subunit

using both agonist and antagonist ligands (1, 2); (b) the glyco-

protein nature of the A1AR (3); (c) the peptide structure of

AIAR from a variety of tissues in direct comparisons by partial

peptide mapping techniques (3); (d) the presence of spare

A,ARs (4); and (e) potential differences in receptors following

pathophysiological regulation of the A1AR (5, 6).

A major drawback to photoaffinity/photoaffinity cross-link-
ing radioligands is the relative inefficiency of their incorpora-

tion into the receptor. For the cross-linking process, the effi-
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ciency is ‘��0.1-3.O% (7) whereas for direct photoaffinity probes

using aryl azides, incorporation in the range of �-20% is achiev-

able (7). However, for an agent to be useful for complete

structural studies, it is necessary to use direct affinity probes

containing chemically reactive groups, such as a bromoacetyl’

moiety or an isothiocyanate group, which can directly couple

covalently with a nucleophilic residue such as an amino or thiol

group of a protein. A useful affinity probe must contain a highly

reactive chemical group (while maintaining high affinity and

selectivity) and be amenable to radiolabeling to high specific

activity with either tritium or radioiodine. A very useful ap-

proach to the design of adenosine receptor ligands has been

that of “functionalized congeners” such as XAC, which can

serve as intermediates for the synthesis of biologically active

conjugates (8, 9).

In this manuscript, we report the successful synthesis and

utility of a prototypical affinity label for the A1AR. The non-

radiolabeled compound can covalently incorporate into the

ABBREVIATIONS: A1AR; A1 adenosine receptor; XAC, xanthine amine cogener 8-[4-[[[[(2-aminoethyl)amino]carbonyl]methyl]oxy]phenyl]-1 3-
dipropylxanthine; DITC-XAC, 1 ,3-dipropyl-8-(isothiocyanatophenyl(aminothiocarbonyl(2-aminoethylaminocarbonyl(4-methyloxy(phenyl)))))xanthine;
APNEA, N6-aminophenylethyladenosine; IBMX, 3-isobutyl-1-methylxanthine; CHAPS, 3-[(3-cholamide propyl)dimethylammonio]-1-propane sulfo-
nate; R-PIA, R-N6-phenylisopropyladenosine; DMSO, dimethyl sulfoxide; PAPAXAC, 8-[4-[[[[2-(4-aminophenyl acetylamino)ethyl]carbonyl]methyl]

oxyjphenyl]-1 ,3-dipropylxanthine; SOS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; EO-p-OITC-XAC, 1 ,3-dipropyl-8-(2-ami-
p-DITC, 1 ,4-phenylene-

diisothiocyanate; m-OITC, 1 ,3-phenylenedisothiiocyanate; [1251] AZPNEA, [125I]-N�-2-(4-aridophenyl)ethyIadenosine.
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A1AR with high efficiency (>75%) to block subsequent radio-

ligand binding. In addition, the tritiated form can be used to

identify the binding subunit of the A1AR in membranes by

fluororadiography.

Methods

‘25I-APNEA was synthesized as described previously (1). Na’25I was
purchased from Amersham (Arlington Heights, IL). p-DITC was pur-

chased from Fluka (Buchs, Switzerland). Sprague-Dawley rats were
from Charles River (Wilmington, MA) and bovine brain was from a

local abattoir. [3H]XAC (8) and 2,5-diphenyloxazole were from NEN

Research Products (Boston, MA). Electrophoresis reagents were from
BioRad (Richmond, CA).

Synthesis of m-DITC. A modification ofthe procedure of Newman

et aL (10) was used� 1,3-Phenylenediamine (4.0 g, 37 mmol; Fluka) was
dissolved in 300 ml of chloroform. Water (100 ml) and sodium bicar-
bonate (8.0 g, 95 mmol) were added and the mixture was stirred

vigorously. After 10 mm, 8.0 ml (104 mmol) of freshly distilled thio-
phosgene was added. After 1 hr the phases were separated, and the

organic layer was dried (Na2SO4) and evaporated. The residue was
recrystallized from petroleum ether and then from acetonitrile. The
product was isolated as a white solid (5.6 g, 79% yield), melting at 50.5-
51.

Preparation of m-DITC-XAC. 1,3-Phenylenediisothiocyanate

(0.2 g, 1.04 mmol) was dissolved in 15 ml of dimethylformamide in a

glass container. XAC (8) (0.2 g, 47 mmol) was added in portions while
the mixture was stirred. After 1 hr the solution that formed was filtered

through neutral alumina. Dry ether (50 ml) and petroleum ether (50
ml) were added, and two layers formed. The upper layer was removed

and ether and petroleum ether were added to the lower layer. After the
glass was scratched with a glass rod, a precipitate was formed slowly.
The solid was filtered, washed with ether, and dried under a vacuum,
providing 0.18 g (62% yield) of product, m-DITC-XAC, m.p. 186-188’.

Uv absorption peaks in methanol were at 248, 272, and 310 nm.
Analysis for CseH32N8O4S2. 0.5 H20: calculated, 55.31% C, 5.28% H,

17.79% N; found, 55.06% C, 5.50% H, 18.16% N. A similar procedure
was used for the synthesis ofp-DITC-XAC, obtained in 56% yield.

The isomers of DITC-XAC were shown by thin layer chromatogra-
phy (silica, chloroform/methanol/acetic acid, 85:10:5) to be quantita-
tively reactive towards primary amines, such as ethylenediamine, in
molar excess (for which R�.-values of 0.87 and 0.33 were obtained for
p-DITC-XAC and product, respectively). The isomers of DITC-XAC

are stable to storage at -20’.
NMR spectrum ofp-DITC-XAC in DMSO-d,:#{244} 9.79 (NH), 8.31 (t,

1H, NH), 8.07 (d, 2H, 8-Ar, C-2 and C-6, J = 8.8 Hz), 7.95 (1H, NH),
7.50 (d, 2H, NH-Ar, C-3 and C-5, J = 8.8 Hz), 7.33 (d, 2H, NH-Ar, C-
2 and C-6, J = 8.7 Hz), 7.10 (d, 2H, 8-Ar, C-3 and C-5, J = 8.8 Hz),
4.57 (s, 2H, CH2O), 4.02 and 3.87 (each t, C-i Pr, 3.62 (m, 2H, C-2 Et),
3.4 (2H, C-i Et), 1.74 and 1.58 (each m, 2H, C-2 Pr), 0.89 (q, 6H, C-3

Pr).
Synthesis of the tritiated forms of DITC-XAC was using a similar

procedure, scaled down to a solution of 25 zCi of [3H]XAC in 50 ,�l of
ethanol/DMSO (50:50) to which was added a 1000-fold excess of m- or

p-DITC in DMSO. The mixture was incubated at 25#{176}for 2 hr and used

directly for labeling studies. For all labeling experiments, the tritiated
forms ofp- and m-DITC-XAC were made immediately before use.

Synthesis of ED-p-DITC-XAC. p-DITC-XAC (22 mg, 35 �tmol)
was dissolved in a minimum of dimethylformamide and treated with
ethylenediamine (24 � 0.35 mmol). The solvent was evaporated under
a stream of nitrogen with gentle heating on a steam bath, and ether
was added to form a solid. The residue was recrystallized from dimeth-
ylformamide/ether. The solid was filtered, washed with ether, and dried

in vacua, providing 18 mg (75% yield) of product, ED-p-DITC-XAC,
which melted at 148’. The NMR spectrum was consistent with the

assigned structure.
Membrane preparation. Rat cerebral cortex and bovine cerebral

cortex membranes were prepared as previously described (1, 7). Mem-

branes were treated with adenosine deaminase (0.5 units/mI) for 20

mm at 37’ before radioligand binding assays or incorporation studies.

Radioligand binding assay. Membranes (40 jzg of protein, 150 �l)

were incubated for 1 hr at 37’ in a total volume of 250 Ml� containing

50 � of radioligand at the indicated concentration and 50 �tl of com-
peting ligand. p-DITC-XAC and m-DITC-XAC were weighed out just
before use and dissolved in DMSO and then diluted in H20. Bound

and free radioligand were separated by addition of 4 ml of 50 mM Tris/

10 mM MgCl2/i mM EDTA, pH 8.26 at 5’ (buffer A) with 0.02%
CHAPS, followed by vacuum filtration on glass filters with additional

washes totaling 12 ml of buffer. Filters were counted in a ‘y counter at

an efficiency of 75%. Nonspecific binding was defined with 10” M R-

PIA.

Saturation and competition binding data were analyzed using corn-
puter modeling programs as previously described (11, 12).

Protocols for incorporation of nonradioactive compounds.
Membranes were prepared as described above and then incubated with

the indicated concentration of ligands for 45 mm at 37’. Initial exper-
iments demonstrated that complete incorporation had occurred by 30

mm (data not shown). Membranes were then washed three times by
sequential resuspension and centrifugation with buffer A containing
0.02% CHAPS. Membranes were then suspended in buffer A, contain-

ing iO� M IBMX and incubated at 25’ for 18 hr. This prolonged
incubation is not associated with a decrease in A,AR binding. Mern-
branes were then washed with buffer A twice, treated with adenosine

deaminase as described above, and used in radioligand binding assays

as described above.
The overnight treatment with IBMX was found to be necessary to

remove all the noncovalently bound p- and m-DITC-XAC from the

A,ARS. It was found that multiple washes (up to eight) alone were

insufficient to remove all the noncovalently bound compounds.
Incorporation of radiolabeled ligands. Membranes prepared as

above were incubated with the indicated concentration of radiolabeled
p- and m-DITC-XAC with and without competitors for 1 hr at 37’.

Membranes were then washed twice with buffer A containing 0.03%
CHAPS. Membranes were solubilized in 8% SDS, 25 mM Tris, pH 6.8
at 25’, 10% glycerol, 0.01% bromophenyl blue, and 5% fl-rnercaptoeth-

anol. Proteins were resolved on 11% polyacrylamide gels as described
by Laemmli (13). Gels were then fixed in 10% trichloroacetic acid and
subjected to fluororadiography using the method described by Bonner

and Laskey (14). Dried gels were then exposed to Kodak XAR-5 film
at -80’ for 2-7 days.

Results

Both p-DITC-XAC and m-DITC-XAC and their radioactive
analogs were synthesized as potential affinity probes capable

of interacting directly with the A1AR in an irreversible covalent

manner. As demonstrated in Fig. 1, these two compounds

competed for specific A1AR binding sites, as assessed by 125I

APNEA binding [an A1AR-selective radioligand (3)J to rat

brain membranes. IC�0 values of 51.8 ± 2.1 nM for p-DITC-

XAC and 26.6 ± 0.5 nM for m-DITC were obtained. Also shown

in Fig. 1 is the competition curve for ED-p-DITC-XAC, which
is a nonreactive derivative of p-DITC-XAC in which the iso-

thiocyanate group has been inactivated by reaction with eth-

ylenediamine. This compound demonstrates an IC�) of 37.1 ±

5.5 nM. For the first two ligands, the IC&) values represent
essentially nonequilibrium conditions, because the ligands in-

teract with receptor in a nonreversible manner and the values

are for the specific conditions described. The apparent potency

of an irreversible ligand will increase with time (15).

In order to demonstrate the covalent incorporation of these
putative affinity probes into the rat brain A1AR, membranes

were incubated with a range of concentrations of these ligands.
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Fig. 1. 125I-APNEA competition curves of XAC derivatives for A1AR. Rat
brain membranes were prepared as described in Methods. Radioligand
binding was performed using 0.2 n� 125l-APNEA and the indicated
concentration of competing ligand for 1 hr at 37#{176}.Binding in the absence
of competitor was 0.02 n�. Each curve was replicated two to five times.
The curves shown are representative. The curves were modeled using
a four-parameter logistic equation (11)

N

112511 APNEA (nM)

Fig. 2. Inactivation of A1AR by p-DITC-XAC. Rat cerebral cortex mem-
branes were incubated with the indicated concentration of p-DITC-XAC
or vehicle (CONTROL) for 45 mm at 37#{176}and then washed extensively as
described in Methods. Membranes were subjected to saturation curve
analysis with increasing concentrations of 1251-APNEA (similar results
were obtained with [3H]XAC as the radioligand). Nonspecific binding was
determined with 1 06 M R-PIA and was identical in control and p-OITC-
XAC-treated membranes. These are representative curves, which were
replicated three or four times. Oats were analyzed using a nonlinear least
squares curve fitting program (12).

The membranes were then washed extensively, as described in

Methods, and subjected to radioligand binding. As shown in

Fig. 2, control membranes bound ‘25I-APNEA with a K1 of 0.7

± 0.3 nM and specific binding of 0.12 ± 0.02 nM. Membranes

incubated with 50 nM and 500 nM p-DITC-XAC demonstrated

a decrease in specific binding (Bmax) by 26% and 85%, respec-

tively. There was no change in the K!) for ‘25I-APNEA under

these conditions, suggesting that these ligands are interacting

in an irreversible manner.

As further controls, separate aliquots of membranes were

incubated with 100 nM XAC or 100 nM ED-p-DITC-XAC under

exactly the same conditions and subjected to the same wash

procedures. Under these conditions, there was no decrease in

specific binding compared with membranes incubated in the

absence of XAC derivatives (data not shown).

In a similar manner, the effects of m-DITC-XAC on A1AR

specific binding are shown in Fig. 3. Under the conditions

described, ‘25I-APNEA bound with a K0 of 1.5 ± 0.3 nM in

control membranes, with specific binding of 0.16 ± 0.02 nM. At

a concentration of 500 nM, m-DITC-XAC specific binding

decreased by 92%, with no change in the K!) for 125I-APNEA.

A summary ofthe inactivation ofthe A,AR by these compounds
at different concentrations is shown in Table 1.

As further confirmation that these A1AR affinity ligands

were interacting with the same A1AR binding subunit previ-

ously identified by photoaffinity labeling using iodinated ago-

nist and antagonist photoaffinity probes (1, 2, 4, 7), we prepared

tritiated analogs of p- and m-DITC-XAC and incorporated

them into the A1AR of cerebral cortex membranes. We have

previously demonstrated that the AIAR binding subunit resides

on a Mr 38,000 protein (1, 2). After incubation of membranes

with the 3H-labeled affinity probe either in the absence or

presence of competing ligand for 1 hr at 37#{176},the membranes

were washed, solubilized, and separated by SDS-PAGE. Cova-

lently labeled proteins were then detected by fluororadiography.

As can be seen in Fig. 4, the radioactive affinity ligand cova-

lently incorporated into a large number of proteins, as would

be expected from its ability to react chemically with amino or

thiol groups. However, of great importance is the fact that

incorporation into a Mr 38,000 protein is specifically blocked

by inclusion of either XAC at 10� M or (R)-PIA at 10� M.

This specifically labeled protein is precisely the same molecular

weight protein labeled by both t25I-AZPNEA and ‘25I-PA-

PAXAC (2, 7). These data, therefore, confirm that these two

affinity probes not only inactivate the receptor, as determined

by the inability of an A,AR-specific radioligand to bind to the

A1AR after exposure to these affinity probes, but also interact
with the same A1AR binding subunit as previously described

by photoaffinity/photoaffinity cross-linking probes.

Discussion

This paper describes the pharmacological and biochemical

properties oftwo potent affinity ligands (p- and m-DITC-XAC)

for the AIAR. These xanthine isothiocyanates interact with the

AIAR of rat brain membranes with affinities in the 20-50 nM

range and with the A1AR of bovine brain membranes with

approximately 10 times higher affinity (data not shown). This

interaction is nonreversible and covalent in nature. It is of

interest that m-DITC-XAC is of slightly higher affinity and

incorporates with greater efficiency than p-DITC-XAC (see

Table 1 and Fig. 2 and 3).

The inactivation of the A1AR by covalent incorporation of

these ligands is supported by many findings presented here.

First, incubation of rat cerebral cortex membranes with increas-

ing concentrations of xanthine isothiocyanates followed by

extensive washing and subsequent radioligand binding dem-

onstrates a dose-dependent decrease in A1AR binding with no

alteration in the affinity of the remaining receptors for the
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Fig. 3. Inactivation of A1AR by m-DITC-XAC. Cerebral
cortex membrane preparation, incubation conditions,
and radioligand binding were exactly as described in
the legend to Fig. 2. This is a representative experiment
of three similar experiments. The lower nonspecific
curve is paired with the m-OITC-XAC treated mem-
branes.

4-. 67K

Fig. 4. Incorporation of [3H]p- and m-DITC-XAC in the
A,AR of cerebral cortex membranes. Cerebral cortex

44_. 43K membranes were incubated with ‘-20 n� [3H)p- or m-
DITC-XAC alone or with the indicated concentration
of R-PIA or XAC for 45 mm at 37#{176}.The membranes
were then washed twice with buffer A containing

44�. 3R� 0.03% CHAPS with intervening centrifugations. The
membranes were then solubilized in SOS buffer and
subjected to PAGE and fluororadiography as de-

4- 28K scnbed by Bonner and Laskey (14). A, Membranes
labeled with [3H�-DITC-XAC in the presence and

‘0-� 24K absence of XAC (1 06 M). B, Membranes labeled with

[3H]m-DITC-XAC in the presence and absence of 10�
M R-PIA. Covalent labeling experiments were re-
peated two to five times.

4- 20K

radioligand. The prolonged washing procedure and incubation
with a noncovalent A1AR antagonist such as IBMX was neces-
sitated because it is difficult to remove high affinity, hydropho-

bic ligands from the membranes. This has also been demon-

strated in adrenergic receptor systems (15, 16). Second, incu-

bation of membranes with ED-p-DITC-XAC, in which the

isothiocyanate moiety has been rendered inactive, results in no

loss of receptor number after washing and subsequent radio-

ligand binding. It should be noted that inactivation of the

isothiocyanate group does not appreciably alter the affinity of

the ligand for the A1AR. Similarly, the incubation of mem-

branes with the high affinity antagonist XAC does not reduce

A1AR binding after similar wash procedures.
Third, and most importantly, using the tritiated form of

these ligands we could demonstrate the covalent interaction of

these ligands with the A1AR binding subunit after SDS-PAGE
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728 Stiles and Jacobson

TABLE 1

Inactivation of A1AR

Drug
Decrease in speciftc binding (B.,.,)

N’
5 nM 50 nii 100 flM 500 n�i

%

p-DITC-XAC 9 ± 4 29 ± 3 63 ± 2 77 ± 4 4
m-DITC-XAC 48 ± 5 67 ± 1 91 ± 5 3
ED-p-OITC
XAC

0
0

2
2

a Number of experiments.

and fluororadiography. We have previously demonstrated that

the A1AR of rat and bovine cerebral cortex resides on a M.

38,000-40,000 protein (1, 2). In this study, p- and m-DITC-

XAC specifically incorporated into a Mr 38,000 peptide (see

Fig. 4). As would be expected with a ligand containing a highly

reactive chemical group, a large number of membrane proteins

are nonspecifically labeled with these compounds. This phe-

nomenon has been seen with a variety of tritiated affinity

probes such as [1H]bromacetylalprenololmenthine and [3H]

phenoxybenzamine (16, 17). However, with the A,AR ligands

reported here only a single protein is specifically labeled, as

determined with the A1-selective antagonist XAC or the A1-

selective agonist R-PIA. Thus, incubation of membranes with

XAC (i0� M) or R-PIA (i06 M) prevents the incorporation of

p- and m-DITC-XAC into the M� 38,000 peptide while not

affecting the labeling of all the nonspecifically labeled proteins

(Fig.4).

The covalent coupling of both p- and m-DITC-XAC to the

AIAR appears to be efficient because, at xanthine concentra-

tions of 500 nM, approximately 70% and greater than 90%,

respectively, of the receptors are inactivated. This highly effi-

cient incorporation process should make these compounds ex-

ceptionally useful in studies of receptor turnover and structure-

function relationships and for use in the purification of the

receptor.
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