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ABSTRACT. The localization of the low-affinity adenosine binding protein adenotin-1 with respect to 
distribution in rat organs and subcellular compartments was investigated. Adenotin-1 was characterized by 
5’-N-ethylcarboxamido[2,8-3H]adenosine (PH]NECA) b’ d’ g m m and Western blotting. Cytosolic as well as 
membrane fractions of all tissues contained adenotin-1. Highest levels of membrane-bound adenotin-1 were 
found in the liver (liver > kidney a spleen = lung > forebrain m cerebellum > fat = heart ~1 striated muscle), 
whereas highest levels of cytosolic adenotin-1 were detected in spleen, liver, lung and fat. Subcellular fractions 
from rat liver were prepared by differential and density gradient centrifugation. Like the homologous proteins 
endoplasmin or gp96, adenotin-1 is enriched in the endoplasmic reticulum. Cytosolic and membrane-bound 
adenotin-1 species are pharmacologically distinct, because in the liver particulate fraction adenotin-I showed a 
more rapid binding kinetics, a twofold lower affinity for rH]NECA (K, 227 nM vs. 105 nM) and a sevenfold 
higher affinity for 2-chloroadenosine than the cytosolic protein ( Ki 1.48 p.M vs. 9.25 ~.LM). In rat liver cytosol, 
two different binding sites were found, which differed in rH]NECA binding kinetics and displayed a 
hundredfold difference in their affinity for 2-chloro-5’-N-methylcarboxamidoadenosine (Ki 45.8 nM vs. 4.76 
p.M). The presence of adenotin-1 in subcellular fractions, as determined by radioligand binding, was confirmed 
by Western blotting. Adenotin-1 was detected as a 98-kDa band in all rat liver subcellular fractions, which agrees 
with the molecular mass determined for the purified protein. In the cytosol, a 65-kDa band was labeled more 
intensely than the 98-kDa band. This additional band probably represents the pharmacologically distinct species 
of adenotin-1 found in the cytosol. BIOCHEM PHARMACOL 55;4:455-464, 1998.0 1998 Elsevier Science Inc. 
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Adenotin-1 is a ubiquitous protein which was initially 
characterized as an adenosine binding protein distinct from 
G-protein-coupled adenosine receptors [l-6]. The pharma- 
cological profile of adenotin-1 differs from that of adeno- 
sine receptors, namely in its lack of affinity for adenosine 
receptor antagonists and N6-substituted agonists [7]. An- 
other adenosine-binding membrane protein is pharmaco- 
logically distinct from adenotin-1, because it also binds 
inosine and adenine nucleotides with high affinity [8]. In 
contrast, adenotin-2 is a recently described additional 
adenosine binding protein which is localized in cytosolic as 
well as in particulate s&cellular compartments 191. Adeno- 
tin-2 shares with adenotin-1 the lack of affinity for N6- 
substituted agonists and xanthines. It can be distinguished 
from adenotin-1 pharmacologically because it is not sensi- 
tive to ClAt, but instead interacts with cyclic AMP in 
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nanomolar concentrations. Adenotin-1 has a low affinity of 
approximately 20 p,M for adenosine [lo-121. Purification 
from human placenta [ 10, 111 and human platelets [12] 
revealed a glycoprotein nature of this protein and a molec- 
ular mass of 98 kDa. The amino-terminal amino acid 
sequence of purified adenotin- 1 is highly homologous to the 
N-terminus of the endoplasmic reticulum protein grp94 
[ 11, 121. As pointed out by Munro and Pelham [ 131, grp94 
from different species has also been referred to as endoplas- 
min [14], ERp99 [15, 161, and hsp108 [17]. Grp94 is 
probably also identical to gp96 [18] and CaBP4 [19]. 
Furthermore, a considerable homology of adenotin-1 with a 
98-kDa protein kinase from porcine brain microvessels was 
observed [20, 211. 

Interestingly, unlike the closely related heat shock pro- 
tein family, glucose-regulated proteins such as grp94 are not 
induced by high temperatures, but rather by oxygen depri- 
vation, low extracellular pH and the presence of malfolded 
proteins in the ER [22, 231. In hypoxic states such as 
ischemia, which lead to induction of grp94, tissue concen- 
trations of adenosine are elevated [24]. These concentra- 
tions are probably also sufficient for occupation of adeno- 
sine binding sites of adenotin-1. In a fashion parallel to 
grp94 in neural cells, which is induced by ethanol [25], 



456 A. Lorenzen et al. 

adenotin content of PC 12 cells is increased by ethanol 
exposure of the cells [26]. 

Diverse functional activities have been ascribed to grp94: 
a molecular chaperone activity [27-301, a role in antigen 
presentation and immunity against specific tumors, which 
requires ATPase activity [18, 311, an autophosphorylating 
activity [32], and the ability to bind calcium ions [19, 301. 
The s&cellular localization of grp94 is still controversial. 

In the light of the close similarities of grp94 and 
adenotin-1 with respect to amino terminal sequences and 
conditions for induction, which may point to similar 
functions or even identity of these proteins, we studied the 
organ distribution and the subcellular localization of adeno- 
tin-l, also with respect to hypothetical isoforms in different 
cellular compartments, and compared it with the localiza- 
tion of grp94 (= endoplasmin, ERp99, hsp108, gp96, 
CaBP4). In addition to the membrane-associated form, 
soluble adenotin-1 was characterized previously in the 
cytosol of human placenta [ 1 l] and shown to consist of two 
isoforms with a molecular mass of 98 kDa and 74 kDa, 
respectively, but no pharmacological differences between 
these two forms were observed. In the present study, we 
have investigated if adenotin-1 is enriched in any subcel- 
lular particulate fraction or in cytosol. Adenotin-1 from 
different subcellular fractions was detected and character- 
ized by radioligand binding and immunoblotting. 

MATERIALS AND MEmODS 
Materials 

[3H]NECA (20-30 Ci/mmol) and UDP-[4,5-3H]galactose 
(50 Ci/mmol) were obtained from NEN-Du Pont. Adeno- 
sine deaminase (from calf intestine; E.C. 3.5.4.4; 200 
U/mg) and R-PIA were supplied by Boehringer. Monoclo- 
nal rat anti-chickengrp94 (IgGz,) antibody came from 
Biomol. Polyethyleneimine, ClA, CHAPS, and rabbit 
anti-rat IgG (peroxidase-coupled) were obtained from 
Sigma. Prepacked PD-10 gel filtration columns were pur- 
chased from Pharmacia. ECLTM Western blotting reagents, 
HyperfilmTM ECL, and RainbowTM molecular weight mark- 
ers (14.3-220 kDa) were from Amersham-Buchler. GF/B 
glass fiber filters were purchased from Whatman. Nitrocel- 
lulose membranes (0.45 km) came from Schleicher and 
Schuell. Purified adenotin-1 from human platelets was 
kindly provided by Dr. Thomas Fein, Institute of Pharma- 
cology, University of Heidelberg, Germany. ClMECA was 
a generous gift from Prof. R. A. Olsson, Dept. of Internal 
Medicine, University of South Florida, Tampa, Florida. All 
other chemicals were from standard sources and of the 
highest purity commercially available. 

Preparation of !&&I& and Par&&e Fractions from 
Rat Tissues 

Male Sprague-Dawley rats (8-12 weeks old) were anaes- 
thesized with ether and decapitated. Organs were quickly 
removed and stored on ice. All subsequent steps were 

performed at O-4”. Organs were homogenized in 9 volumes 
of 0.32 M sucrose with a Polytron (Kinematika) for 20 set 
(setting 6). The homogenate was centrifuged for 60 min at 
100,000 X g in a Beckman Ti 60 rotor. The supematant 
was used as cytosol and was aspirated, frozen in liquid 
nitrogen and stored at -75” until use. The pellet was 
washed twice after resuspension in 50 mM Tris-HCl, pH 
7.4 and centrifugation for 60 min at 100,000 X g as 
described above. This crude membrane fraction was frozen 
in liquid nitrogen and stored at -75”. 

Membranes (10 mg/mL) were incubated with 0.4% (w/v) 
CHAPS in 50 mM Tris-HCl, pH 7.4, for 30 min on ice. 
After centrifugation for 30 min at 100,000 X g at 4”, the 
CHAPS concentration of the supematant was reduced to 
0.02% by gel filtration over prepacked PD-10 columns. 

Prefnwation of Swbcelbckr (hpades fmn aat Liver 

Rat liver homogenate was prepared and stored as described 
by Fleischer and Kervina [33]. Plasma membranes, nuclei, 
mitochondria, smooth and rough ER, and cytosol were 
enriched according to a published method 1341. Golgi 
fractions were isolated following the protocol of Tabas and 
Komfeld [35]. Fractions were frozen in liquid nitrogen and 
stored at -75”. 

M&er Enzymes and DNA Content 

Enrichment of subcellular fractions was assessed by mea- 
surement of specific marker enzymes and DNA content. 
5’-Nucleotidase (EC. 3.1.3.5) [36,37] was used as a marker 
for plasma membranes, lactate dehydrogenase (EC. 
1.1.1.27) for cytosol [38], fumarase (EC. 4.2.1.2) for mito- 
chondria [39], glucose-6phosphatase (E.C. 3.1.3.9) for 
microsomes [40], UDP-galactosyltransferase (EC. 2.4.1.38) 
for Golgi fractions [41], and DNA content for nuclei ]42]. 

Protein Determination 

Protein content of the samples was measured according to 
Peterson [43], using bovine serum albumin as reference 
protein. 

Aliquots of the fractions (75 pg/lane) and purified adeno- 
tin1 from human platelets (50 r&lane) were subjected to 
SDS/PAGE 1441, using RainbowTM molecular weight mark+ 
ers (14.3-220 kDa), and transferred to nitioceih&se mem- 
branes in a semi-dry blotting device (TE 70 SemiphorTM, 
Hoefer Scientific Instruments). Rat monoclonal anti- 
chicken-GRP-94 ( IgGza, 2 Fg/mL) was used as primary 
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antibody, which also detects purified adenotin-l.* Anti- 
gen-antibody complexes were visualized with peroxidase- 
coupled rabbit anti-rat-IgG (1:4000) using ECLTM Western 
blotting reagents and exposure of the membranes to Hy 
perfilmTM ECL. 

RadioIigand Binding 

Radioligand binding was measured in a total volume of 250 
p-L in 50 mM Tris-HCl, pH 7.4 containing 0.02% (w/v) 
CHAPS, 0.2 U/mL adenosine deaminase, lo-200 pg sam- 
ple protein, and 20 nM [3H]NECA, if not indicated 
otherwise. Total binding to adenotin-1 was determined in 
the presence of 100 p-M R-PIA, which suppresses binding of 
the radioligand to adenosine receptors. Nonspecific binding 
was determined by the addition of 100 p,M ClA. All 
samples were incubated for 22 hr on ice, if not indicated 
otherwise. Incubations were terminated by filtration of 200 
p-L aliquots over glass fiber filters (GF/B), followed by 
washing with two 4 ml-portions of 50 mM Tris-HCl, pH 
7.4. For the filtration of cytosolic and solubilized samples, 
filters had been impregnated with 0.3% (w/v) polyethyl- 
eneimine. Filters were transferred into scintillation vials, 
and 4 mL of scintillation cocktail (Aquasafe 300 Plus, 
Zinsser) was added. Radioactivity in the samples was 
determined in a Beckman LS 1801 liquid scintillation 
counter after equilibration of the samples for at least 6 hr at 
room temperature. All experiments were performed at least 
three times with duplicate samples. 

Data Analysis 

Equilibrium binding data from saturation and competition 
experiments were analyzed by nonlinear curvefitting using 
the SCTFIT Program 1451. Geometric means with 95% 
confidence limits are indicated for ligand affinities, and 
maximum binding capacities are given as arithmetic 
means t SEM. Data from kinetic experiments were fitted 
as described previously [46] with the SigmaPlot program. 
Data were fitted to a two-site model, if fitting to two sites 
improved the fit significantly (P < 0.05) compared to a 
one-site model. 

RESULTS 
LocalizationofAdetwtin- 1 

The adenotin-1 content of soluble and particulate fractions 
from seven different rat organs was determined by 
[3H]NECA binding to adenotin-1 (Fig. 1). Adenotin-1 
showed different distributions between soluble fractions 
and the crude membrane fractions. In crude membrane 
fractions from liver, radioligand binding to adenotin-I 
(1921 * 36 fmol/mg protein) exceeded the levels in other 
organs at least threefold. Lowest concentrations were mea- 
sured in heart and muscle. In contrast, approximately equal 

* Fein et al., manuscript in preparation. 
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FIG. 1. L.oc&.ation of adenotin-1 in rat tissues. The concen- 
tration of adenotin-1 in soluble (cytosol, upper panel) and 
particulate (crude membranes, lower panel) fractions from rat 
tissues (100 &tube) was determined by measurement of 
binding of 20 nh4 [‘H]NECA for 22 hr on ice. Total binding 
was measured in the presence of 100 ph4 R-PIA to inhibit 
radioligand binding to adenosine receptors, and nonspecific 
binding was determined in the presence of 100 PM Cl A. Data 
are given as arithmetic means from three experiments f SEM. 

amounts of [3H]NECA binding to adenotin-1 were mea- 
sured in soluble fractions from lung (570 2 50 fmol/mg), 
spleen (765 rt 60 fmol/mg), liver (705 2 42 fmol/mg), fat 
(666 2 58 fmol/mg), an cerebellum (454 + 38 fmol/mg). d 
Since highest concentrations of adenotin-1 were found in 
the liver, further characterization of this protein was per- 
formed in fractions from this organ. 

Subcellular fractions from rat liver were prepared by 
differential and density gradient centrifugation. Specific 
marker enzyme activities indicated enrichment in the 
appropriate fractions (Table 1). Highest levels of radioli- 
gand binding to adenotin-1 were found in the smooth and 
rough endoplasmic reticulum, followed by plasma mem- 
branes, cytosol, mitochondria, Golgi fractions and nuclei 
(Fig. 2). 

Phamaa.coIogicaI CItaracter+rtion af 
Adetwtin-I Fractions 

Since the enrichment of [3H]NECA binding in ER might 
have been due to either an enrichment of the protein or to 
a higher affinity of adenotin-1 in this fraction compared to 
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TABLE 1. charaeterizntion of sub&&r fee&ens from rat liver p teen ticm 

5’.NT LVFI Fum DNA UDF-GT Glc&P 
mU/mg mU/mg mU/mg 

Homogenate 27.6 + 6.3 1308 + 78.8 448 2 42.4 73.7 + 13.4 4.1 2 0.3 50.6 +- 2.5 
Cytosol 12.0 t 0.9 2466 + 271 584 + 32.1 23.6 t 5.9 0.8 2 0.1 6.7 + 2.5 
Nuclei 9.6 t 4.8 49.6 + 16.2 0.3 2 0.2 1254 + 194 0.8 2 0.1 19.4 -’ 0.7 
PM 267 + 31.3 84.7 r 0.2 82.8 5 30.1 61.2 ? 36.1 5.7 2 3.7 32.2 + 14.6 
Mito Rl 13.2 + 8.0 48.9 k 3.7 567 + 61.7 73.4 + 42.7 0.4 + 0.1 6.9 -c 1.3 
Mito R2 16.4 + 3.2 151 + 20.9 702 2 121 30.6 + 6.7 2.9 + 2.2 21.7 2 12.8 
Smooth ER 99.9 2 5.1 448 -c 93.4 58.2 + 18.4 40.4 + 7.8 7.6 + 0.4 103 ? 6.9 
Rough ER 17.7 ? 4.1 97.0 * 34.5 43.7 + 4.0 41.2 + 8.8 1.9 -+ 0.3 123 + 6.6 
Golgi 110 2 35.1 98.7 2 19.7 20.8 ? 8.0 15.0 + 7.7 186 -c 28.0 40.5 2 6.5 

Marker enzymes and DNA content were measured in homogenate, cytosol, nuclei, plasma membmuea (PM), mitochondci~ (n&to), smooth and rwgh E&, and G&t Ii&t&as. 
Results are given as means I+ SEM from three preparations. 5’-NT, 5’-nucleotidase; LDH, lactate deiq&ogenme; Fum, fumrauc; UDP-GT, UDP-galac~lwnderene; Ok-6-P, 

other subcellular compartments, we performed [3H]NECA 
saturation experiments and determined the affinity for the 
radioligand and the maximum binding capacity in the 
homogenate, cytosol, and smooth and rough ER (Fig. 3). 
Scatchard plots indicate&hat a&notin-1 in the homoge- 
nate and &e two ER fra&ons showed a un&nm affinity for 
the &and, whereas adesmtin-1 in’& =cytoaaZ had a twofold 
higher affinity (225, 205, and 241 nM in homogenate, 
smooth and rough ER respectively, and 105 nM in cytosol; 
P < 0.005 vs. homogenate, P < 0.05 vs. smooth and 
rough ER). Therefore, when measured at single radioligand 
concentrations, the levels of adenotin-1 are overestimated 
in the cytosol. Since the affinities of adenotin-1 for 
pH]NECA were not different between homogenate and 
the ER fractions, binding levels indicate a significant 
enrichment in the ER, which is supported by the higher 
B max values in ER determined in saturation experiments. 

Because the saturation experiments indicated that ad- 
enotin-1 in cytosol and in particulate fractions m 
pharmacologically diffetent, we investigated the radioli- 
gand binding characteristics more closely in kinetic studies 
and in competition experiments. Kinetics of IaHjNECA 
binding were markedly dtirent between cytosolic and 
crude membrane fractions (Fig. 4). Whereas binding to 
membranes reached equilibrium after one hour incubation 
and followed a monophasic association and dissociation, 
binding to the cytosolic adenotin-1 was much slower. In 
addition, the data both for the association and the dissoci- 
ation were better fitted with a two-site than a one-site 
model, indicating the presence of two kinetically d?ff&rent 
[3H]NECA binding sites on adenotin-1, or two different 
adenotin-1 subtypes in the cytosol. In order to investigate if 
these different kinetic properties were merely due to the 
different location of adenotin-1 in the cytosol, crude 
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FJIG. 3. Saturation of adenotin-1 with [3H]NECA. 20-150 cg 
of homogenate (W), smooth (+) or rough ER (A), or cytoph~ 
mic fractions (0) were incubated with l-1000 nM [‘HINECA. 
I(DandB, values were determined by nonlinear curvefitting 
and ir&ated the presence of a single biding site in each 
preparation. The following parameters were obtained: homoge- 
nate: KD 225 (213-238) t&f, B, 17,250 f 1,110 fmol/mg; 
cytosol: I& 105 f&4-132) nM, B, 3,480 f 200 fmol/mg; 
smooth ER: K,, 205 (152-277) nM, B_ 48,020 f 1,750 
fmol/mg; rough ER: 241 (173-334) nM, B, 37,610 f 2,010 
fmol/mg. Kn values are given as geometric means with 95% 
confidence limits, and B, values as arithmetic means f SEM 
from three different preparations. 

membranes were solubilized with the zwitterionic detergent 
CHAPS. Since previous investigations [ 121 had shown that 
optimal solubilization of adenotin-1 was accomplished by 
CHAPS concentrations below the critical micellar concen- 
tration of the detergent, we used 0.4% CHAPS in the 
present study. The time-course of radioligand binding to 
adenotin-1 was compared in the cytosol, crude membranes, 
and the solubilized preparation. As shown in Fig. 5, 
membrane-bound and solubilized adenotin- 1 showed iden- 
tical time-courses of [3H]NECA binding, which indicates 
that the different kinetic properties are not simply due to 
the different locations of adenotin-1 with respect to asso- 
ciation to membranes. Protease inhibitors (1 p,M leupeptin, 
1 p,M pepstatin, 100 PM phenymethylsulfonyl fluoride, 100 
p,M EDTA, 10 Fg/rnL amastatin and 10 pg/mL bestatin) 
did not affect the different [3H]NECA binding character- 
istics in the cytosolic, crude membrane or solubilized 
preparation, indicating that the pharmacological differ- 
ences were not due to proteolysis of adenotin during the 
preparation or binding assay. 

Soluble and membrane-associated adenotin-1 were char- 
acterized in more detail in inhibition studies of radioligand 
binding with [3H]NECA (Fig. 6). Membrane-associated 
adenotin-1 in crude membranes and membranes of the 
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FIG. 4. Kinetics of [3H]NECA biding to adenotin-1. [‘HI 
NECA bindiig (20 nA4) to 100 pg membrane protein (upper) or 
150 pg cytosolic protein (lower) on ice was determined after 
different incubation times. Dissociation of the radioligand was 
induced by the addition of 100 @f C 1A. Nonlinear curvefitting 
yielded a monophasic curve for membranes (k_, 0.134 f 0.009 

* -I, kobs 2.92 f 0.163 mitt-‘) and biphasic association and 
foliation curves for the cytosol (k_,, 0.140 f 0.043 min-‘, 
k_,n 0.001 f 0.0001 min-‘; kobsA 0.046 f 0.001 mitt-‘, 
k Obsn 0.001 + 0.0001 min-‘). 

smooth ER displayed identical pharmacological profiles 
(Table 2). Monoph asic inhibition curves were obtained for 
ClMECA (Ki 27.9 nM in crude membranes, 24.9 nM in 
smooth ER), NECA (Ki 296 nM in crude membranes, 264 
nM in smooth ER) and ClA (Ki 1.48 PM in crude 
membranes, 1.29 p,M in smooth ER). The pharmacological 
characteristics of adenotin-1 in the cytosol were signifi- 
cantly different from that of the membrane-associated 
protein (Table 2). NECA (Ki 113 nM) was twofold more 
potent in the cytosol than in membranes (P < O.OOOS), 
whereas the potency of CIA (K, 9.25 p,M) was significantly 
lower in the cytosol (P < 0.0001). The inhibition of 
[3H]NECA binding in the cytosol by ClMECA revealed 
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the presence of two different binding sites. Thirty-six 
percent of radioligand binding was inhibited by ClMECA 
with a Ki value of 45.8 nM, which is twice as high as the K, 
value measured in membranes. The residual [3H]NECA 
binding was inhibited by this compound with a Ki value of 
4.76 PM. 

The notion that adenotin-1 in the cytosol and in a 
membrane-associated state are not identical, which was 
suggested by pharmacological differences, was further cor- 
roborated by immunological characterization of adenotin-1 
of different subcellular localization. Western blotting re- 
vealed adenotin-1 bands of different molecular mass in 
various subcellular compartments (Fig. 7). Two major 
bands of 98 and 65 kDa were detected in all fractions. In 
homogenate and plasma membranes, both forms were 
present, yielding bands of approximately identical densities. 
In smooth and rough ER, the 98 kDa form was clearly 
predominant, whereas in the cytosol the 65 kDa band 
comprised the major form. Nuclei contained five major and 
two minor bands. In addition to the 98- and the 65kDa 
band, five further bands were observed in this fraction (Fig. 
7). The identity of these additional bands cannot be stated 
presently. 

Taken together, these results indicate that adenotin-1 
occurs in different isoforms, which differ in their s&cellular 
localization, their pharmacological properties and in mo- 
lecular mass. 

FIG. 5. Time-course of [3H]NWIA binding to adenotin-1 in partic.&@ and soluble prepararions amI in a &&l+d extract. 
Adenotin-1 was sstubilized from crude membranes hrn rat liver with 0.4% CS#&PS as +ht&bed iu . 
Radioiiid bin&g (20 r&i [3H@JBCA) to adenotin- 1 was compared in cr& mem&anes, cytoeol, and in . 

The presence of adenotin-1 has been demonstrated in a 
variety of different tissues, e.g. human placenta [l], human 
platelets [2, 71, mouse mastocytoma cells [3], pig smooth 
muscle cells [4] and rat cerebral cortex [5]. However, the 
relative abundance of adenotin-1 in tissues is difficult to 
assess due to the different species investigated. In the 
present study, we have investigated the localization of 
adenotin-1 with respect to possible enrichment in rat 
tissues and subcellular compartments, because this may 
point to the physiologically relevant site of action of this 
protein. Since the amino-terminal amino acid sequence of 
adenotin-1 is highly homologous to grp94 and related or 
identical proteins [l 1, 121 such as endoplasmin, gp96, 
ERp99 or hsp108, it seemed interesting to compare the 
localization of adenotin-1 to the localization of these 
proteins. We have further performed pharmacological char- 
acterization of adenotin-1 with respect to possible hetero- 
geneity. 

When measured by 13H]NECA binding, highest concen- 
trations of adenotin-1 were derected in membranes of 
t&ues rich in endoplasmic reticulum (Fig. I), a similar 
distribution as f-d previously for the homologous protein 
endoplasmin [14]. in membranes, levels of E3H]NECA 
binding to adenotin-1 were, in decreasing order: liver X- 
kidney c spleen e lung > forebrain = cerebellum > fat = 
heart m striated muscle. ‘Whole cell extracts contained 
hi&est concentrations of endoplasmin in liver and pan- 
creas, intermediate levels in lung, spleen, kidney, heart and 
muscle, and lowest amounts in brain [14], as assessed by 
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FIG. 6. Competition for [3H]NECA bin&g to adenotin-1 by 
adenosine derivatives. Radioligand binding (20 nM [‘HINECA; 
incubation for 24 hr on ice) to crude membranes (upper panel), 
smooth ER fractions (center) from density gradient centrifuga- 
tion, and cytosol (lower) was displaced by increasing concentra- 
tions of NRCA, ClA, and ClMECA. Nonlinear curve-fitting 
yielded monophasic inhibition curves for all compounds in all 
preparations except for ClMECA in the cytosol. The following 
& values were calculated: Membranes: NECA 296 nM (95% 
confidence limits: 261-337 t&f), ClA 1.48 (1.40-1.56) PM, 
ClMECA 27.9 (25.1-31.1) &I; smooth ER: NECA 264 
(197-353) nM, ClA 1.29 (0.97-1.71) PM, ClMRCA 24.9 
(22.7-27.4) nM; cytosol: NECA 113 (108-118) nM, ClA 
9.25 (7.77-11.2) pM, ClMECA 45.8 (32.2-65.3) nM (high 
affinity; 36% of the binding sites in cytosol) and 4.76 (3.39- 
6.70) PM (low affinity). 

immunoblotting with antibodies to endoplasmin. Chicken 
hsp108 showed an identical localization [47]. Considerable 
concentrations of adenotin-1 were also found in cytosolic 
fractions (Fig. 1). Unlike in membranes, the adenotin-1 
content in cytosolic fractions from liver did not greatly 
surpass the content in cytosol from other tissues. 

The subcellular localization of adenotin-1 was investi- 
gated in fractions from rat liver after differential and density 
gradient centrifugation. The subcellular distribution of 
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adenotin-1 (Fig. 2) resembles the distribution of endoplas- 
min [14], ERp99 [15], CaBP4 [19] and grp94 [48], because 
highest concentrations of all proteins are found in ER. 
These homologous proteins contain a carboxyterminal 
KDEL sequence, which acts as a retention signal for the ER 
[13]. In spite of this retention signal, endoplasmin and 
homologues have also been found in the plasma membrane 
[49] and in the Golgi apparatus before secretion into the 
extracellular space [50]. The tumor rejection antigen gp96 
was also found in cytosolic and particulate fractions [5 11. In 
a similar way, lower concentrations of adenotin-1 have also 
been detected in non-ER subcellular fractions (Fig. 2). 
Plasma membranes and cytosol contained approximately 
three- and fivefold lower levels of adenotin-1 than smooth 
ER. 

Saturation experiments performed with [3H]NECA con- 
firmed that the higher quantity of binding to ER fractions 
compared to the homogenate (Fig. 2) was due to an 
authentic enrichment of adenotin-1 in these fractions. K, 
values in smooth and rough ER fractions were identical to 
the K, value of adenotin-1 in the homogenate, and B, 
values revealed an approximately threefold enrichment of 
this protein in ER. [3H]NECA saturation in the cytosol 
disclosed a significantly higher affinity of cytosolic adeno- 
tin-l for the radioligand than the membrane-bound form 
(Fig. 3 and Table 2). We took this as an indication that 
cytosolic and membrane-associated adenotin-1 may not be 
identical. Therefore, we further studied possible heteroge- 
neities between cytosolic and membrane-associated forms 
of adenotin-1 in kinetic experiments with [3H]NECA (Fig. 
4). In crude membranes, [3H]NECA association and disso- 
ciation were very rapid and followed a monophasic time- 
course, which is in agreement with the kinetics observed for 
adenotin- 1 solubilized from human platelet membranes [7]. 
In contrast, [3H]NECA binding to cytosolic adenotin-1 was 
a biphasic process and much slower than in membranes. 
This finding is not consistent with the results of saturation 
experiments, which revealed the presence of a single 
binding site only. However, differences in affinity may be 
too small to be detected by saturation studies. Altema- 
tively, the two sites found in kinetic studies may even have 
identical K, values, because the K, is calculated as the 
ratio of k_, and k,,. The observed differences in kinetics 
were not due to membrane association or cytosolic local- 
ization, respectively, because adenotin-1 showed identical 
kinetics in the membrane-associated state as well as after 
solubilization (Fig. 5). We do not attribute the appearance 
of different forms of adenotin-1 to proteolysis during the 
experiment, because protease inhibitors (1 JLM leupeptin, 1 
~,LM pepstatin, 100 p,M phenylmethylsulfonyl fluoride, 100 
p,M EDTA, 10 p,g/mL amastatin and 10 pg/mL bestatin) 
were without effect. Proteolysis may have occurred within 
the intact cells. 

We subsequently performed pharmacological character- 
ization of adenotin-1 from different compartments, and the 
results are summarized and compared to the results of other 
investigators in Table 2. Evidence for the presence of two 
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TABLE 2. 

rH]NECA 

NECA 

ClA 

ClMECA 

profiles of adeach- from different sources 

PhkCenta’ Plateletb Liver 

Crude Smooth 
Membranes Cytosol Membranes membranes ER Cytusol 

210 220 155 227 205 105* 
(176-294) (152-277) (84132) 

370 180 182 296 264 113** 
(261-337) (197-353) (108-118) 

1,800 1,500 1,090 1,480 1,290 9,250*** 
(1,400-1,560) (974-1,712) 

n.d.c n.d.’ 18 27.9 24.9 
(7J@7O-$O) 

(25.1-31.1) (22.7-27.4) (32.2-65.3) 
4,760 (36%) 

(3,390-6,700) 

Adenotin-1 was character&d by 13HlNECA binding in crude membmnes, smooth ER and cytex4 from rat liver (present investigation) and after purification fmm membrane or 
cytosolic fractions of human placenta [ll] and mmbmnes of human platelets [12]. K, and K, va ues with 95% confidence limits are given in nmal/L. Tkxa from ref. [I 11; bdata I 
from ref. [12]; “n.d., not determined. *P < 0.01 vs. liver crude membranes; **P < 0.0005 vs. liver crude membranes; ***P < 0.0001 vs. liver crude membranes. 

pharmacologically different subtypes of adenotin-1 in cy 
tosol came from competition experiments (Fig. 6). By 
inhibition of radioligand binding with ClMECA, two 
binding sites with affinities of 46 nM and 4.76 p,M for this 
adenosine analogue were detected, whereas ClMECA 
bound to a single site in membranes with higher affinity 
than to the high-affinity site in cytosol. 

Competition experiments also provided evidence that 
membraneassociated adenotin- 1 is distinct from cytosolic 
adenotin-1. The difference in affinity for NECA observed 
in saturation experiments with the tritiated derivative was 
confirmed in the inhibition studies. In addition, it was 
shown that ClA, although it did not discriminate the two 
cytosolic forms of adenotin-1, displayed a significantly 
higher affinity for the membrane-associated than for the 
cytosolic protein (Table 2). 

The pharmacological characteristics of membrane-asso- 

FIG. 7. Western blotting of adewtin-1 in subce&dar btions. 
Purified adenotin*l (50 ng) and fre&ans (75 & 
Lane) were subjected to 10% SLXYPk&E and trquafer& to 
nitrocelhdnse membranes. Aden&n-1 was by tat 
monochmal snti+chi&en_GRP~94 ant&&y ( and vi* 
sualized with peroxidase-zoupled rabbit anti 1:4ooo) 
using ECLTM Western blot&q rqgents. The mass of 
the detected bands is indicated on the left. A&l, adenotin.1 
purified from human platelets; horn, homogenater cyt, cytosol; 
nut, nuclei; PM, plasma membranes, mite, mitachondria; sER, 
smooth ER; rER, cough RR. 

ciated adenotin-1 from rat liver described in the present 
study are identical to the characteristics of adenotin puri- 
fied from human placental membranes [ 111. However, there 
are relevant differences between the cytosolic forms of 
adenotin-1 from rat liver and the cytosolic forms of this 
protein from human placenta (Table 2). The affinities for 
[3H]NECA of adenotin- 1 purified from cytosofic and mem- 
brane fractions from human placenta were identical [l 11. In 
contrast, adenotin-1 from rat liver showed a significantly 
higher affinity for the radioligand in the cytosol than the 
membrane-associated protein. A second difference between 
placental cytosolic adenotin-1 and rat liver cytosolic ad- 
enotin-1 was found in inhibition experiments with Cl A. In 
rat liver cytosol, adenotin-1 showed an approximately 
sevenfold lower affinity for this adenosine analogue than 
the membrane-associated protein, whereas no such differ- 
ence was found for placental adenotin-1. Heterogeneity of 
cytosolic adenotin-1 from rat liver was revealed in kinetic 
experiments with [3H]NECA as well as in inhibition 
experiments with ClMECA. Kinetic studies and competi- 
tion of ClMECA with [3H]NECA binding have not been 
performed with cytosolic adenotin- 1 from human placenta, 
and there is therefore no evidence for possible phannaco- 
logical differences between the two cytosolic forms from 
this tissue. 

Adenotin-1 was further studied by immunoblotting of 
s&cellular fractions using a monoclonal antibody against 
grp94 which binds to adenotin-1 purified from human 
platelet membranes, revealing a single band of 9%kDa 
molecular mass.* At 98 kDa, the antibody identified 
adenotin-1 in subceliwlar fractions, as estimated by 
[%&IECA binding (Fig. 7). The anribody also reacted with 
one major bantl of 64-kDa molecular mass, which was most 
prominent in cytosol (Fig. 7). Approximately equivalent 
amounts of the 65 and the 9%kDa proteins were found in 
the homogenate, whereas only one binding site was de- 
tected in this preparation by [3H]NE$CA saturation (Fig. 3). 

*Fein et al., manuscript in preparation. 



Adenotin- 1 Heterogeneity 

As pointed out above, a twofold difference in affinity for 
the radioligand is probably too small to discriminate two 
binding sites in saturation studies. In addition, the affinity 
of the antibody for the 65 and 98skDa forms may not be 
identical, and it is not known if equal staining densities 
actually reflect equal amounts of protein. 

Proteolytic degradation of adenotin-1, which yielded a 
74skDa form, has been described in placental cytosol ill]. 
We assume, therefore, that the 65kDa protein observed in 
the present study represents a fragment of adenotin-1. 
However, the sizes of the fragments from human placenta 
and rat hver are not identical. Therefore, it seems conceiv- 
able that the cytosolic forms from these two tissues may also 
differ pharmacologically, as shown in radioligand binding 
experiments. Molecular heterogeneity has also been de- 
scribed for the highly homologous protein gp96 [52]. 
Purified gp96 preparations from Meth A sarcoma cells, 
although containing identical C- and N-termini and ex- 
hibiting no differences in N-linked glycosylation, were 
found to be heterogeneous with respect to size, charge and 
reactivity with different antibodies. The differences in size 
of gp96 species (96-l 10 kDa) are much smaller than the size 
differences observed for adenotin-1 (65 and 98 kDa). 
Although it seems plausible that the 65kDa band in rat 
liver cytosol (and also in much lower densities in other 
compartments) is identical with adenotin-1 from cytosol, 
which is also pharmacologically distinct, more direct evi- 
dence, e.g. amino acid sequencing, is necessary to deter- 
mine the nature of this protein. 

In conclusion, we have shown that adenotin-1 is highly 
enriched in rat liver ER membranes. In the cytosol, two 
different forms of adenotin-1 were identified. Membrane- 
associated and cytosolic species of adenotin-1 are distinct. 
These biochemically and pharmacologically distinct forms 
of adenotin-1 may have different physiological functions, 
which may be modulated by adenosine according to the 
respective susceptibility of the adenotin-1 isoform. Given 
the sequence homology to grp94, the similarity in organ 
distribution and the enrichment of both proteins in endo- 
plasmic reticulum, one may speculate that the membrane- 
associated form of adenotin-1 possibly has a molecular 
chaperone function as well, which is enhanced under 
circumstances when adenosine concentrations are in- 
creased, e.g. hypoxia or ischemia. The role of the cytosolic 
forms of adenotin-1 is probably distinct. In analogy to 
grp94, to which numerous functions have been ascribed, 
such as molecular chaperone activity [27-301, antigen 
presentation and ATPase activity [18, 311, autophosphory 
lation [32] as well as the ability to bind calcium ions [19, 
301, one may speculate that not all possible activities are 
equally and simultaneously exerted by a single protein 
under all physiological conditions in different cellular 
compartments. Rather, it seems reasonable to assume that a 
protein with several distinct functional activities may be 
microheterogenous, and that modifications of the molecule 
regulate the subcellular localization and the appropriate 
physiological activity. The physiological roles of adenotin-1 
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isoforms may likewise be influenced by subcellular localiza- 
tion and atfmity for adenosine. For the understanding of the 
exact relationship between adenotin-1 and grp94 and its 
homologues, sequencing and cloning of adenotin-1 will be 
necessary. 
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