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Identification of a Membrane Adenosine Deaminase Binding Protein from 
Human Placenta? 

Paul P. Trotta 

ABSTRACT: A class of proteins has been described that binds 
specifically to type C adenosine deaminase (ADase; M, 35 000) 
to produce a high molecular weight, tissue-specific form. In 
the present study an ADase binding protein has been identified 
in membrane fractions and, in particular, syncytiotrophoblastic 
plasma membrane in human placenta and purified to a high 
degree of homogeneity. Extraction of both 12000g and 
105OOOg pelleted fractions with deoxycholate-Triton X- 100 
yielded high specific ADase binding activity and resulted in 
a large stimulation of ADase activity. When purified tro- 
phoblastic plasma membrane was extracted with the same 
detergent mixture, similarly high levels of ADase binding 
activity and 6-fold increase in ADase activity were observed. 
Both membrane-derived and soluble ADase were characterized 
by gel filtration as type A enzymes (M,  2200 000). With an 
ADase affinity resin ADase binding protein was purified over 
480-fold to greater than 95% homogeneity as judged by sodium 

%e proteins that control the metabolism of adenosine and 
2’-deoxyadenosine are of special interest because of a sub- 
stantial body of in vitro and clinical data that supports an 
important role for these nucleosides in regulating the growth 
and differentiation of mammalian cells. Both cytotoxic and 
cytostatic effects of these naturally occurring nucleosides have 
been reported in mammalian cells [e.g., Green & Chan (1973) 
and Ishii & Green (1973)l in addition to bacteriostatic action 
[e.g., Shobe & Campbell (1973)l. The fact that this toxicity 
is generally potentiated by inhibitors of ADase’ (adenosine 
aminohydrolase, EC 3.5.4.4) suggests an important role for 
the deamination reaction in detoxification. It is consistent with 
this function that an inherited deficiency of ADase in man is 
the apparent cause of a severe combined immunodeficiency 
disease, in which both B-cell development and T-cell devel- 
opment are severely impaired (Dissing & Knudsen, 1972; 
Giblett et al., 1972). Similarly, administration of an ADase 
inhibitor to mice is highly lymphocytotoxic (Trotta et al., 
1981). 

ADase, which catalyzes the hydrolytic deamination of 
adenosine, 2‘-deoxyadenosine, and a number of synthetic 
adenosine analogues to the corresponding 6-oxy derivatives, 
is a ubiquitous enzyme found in virtually all mammalian tissues 
and in a variety of organisms [e.g., Brady & O’Donovan 
(1965) and Ma & Fisher (1968, 1969)l. It is polymorphic 
in both size and charge. The normal human enzyme is 
characterized by two cytoplasmic forms that differ in mo- 
lecular weight: type A ( M ,  1200000) and type C (MI ca. 
35000) (Ma & Fisher, 1968, 1969). The intermediate type 
B enzyme (M,  ca. 100000) is found mainly in tissues of lower 

dodecyl sulfate electrophoresis; the subunit molecular weight 
was estimated as 110000. Binding to concanavalin A-Se- 
pharose and wheat germ lectin-Sepharose resins and elution 
with specific sugars supported the presence of carbohydrate. 
The ADase binding activity of the purified protein was 
characterized by the following: (1) a concave-downward 
Scatchard plot with an apparent limiting value for the asso- 
ciation constant of 3.5 X 10” M-’; (2) a stoichiometry of 0.95 
mol of ADase bound/MI 110000; (3) a strict linear rela- 
tionship between the concentration of binding protein and the 
conversion of ADase to high molecular weight species; (4) a 
rapid time course of binding. These data lead to the hypothesis 
that a form of ADase anchored to the plasma membrane 
through a specific binding protein functions to protect the 
mammalian cell from the toxic effects of adenosine and 2’- 
deoxyadenosine entering from the extracellular space. 

vertebrates (Ma & Fisher, 1972). Much evidence strongly 
implies that the relative amounts of the type A and type C 
enzymes, which are tissue dependent, are determined by the 
presence of an ADase binding protein, also referred to as a 
conversion or complexing protein (Akedo et al., 1970, 1972). 
This high molecular weight glycoprotein, which previous 
studies have implied to be cytoplasmic in origin (Van der 
Weyden & Kelley, 1976), specifically and stoichiometrically 
combines with type C enzyme and thus becomes incorporated 
into the quaternary structure of the type A ADase (Schrader 
& Stacey, 1977; Dadonna & Kelley, 1978, 1979). Free 
binding protein in excess of enzyme is found in selected tissues 
as, for example, human kidney and lung (Nishihara et al., 
1973; Van der Weyden & Kelley, 1976). Similar proteins also 
occur in certain tissues of the rabbit (Trotta et al., 1979). 

The precise biological significance of the ADase binding 
protein or of two molecular weight forms of the enzyme re- 
mains elusive. It is notable that both types of ADase are 
similar in substrate specificity and various catalytic properties 
(Nishihara et al., 1973; Ma & Magers, 1975) and that ad- 
dition of ADase binding protein to purified type C enzyme does 
not produce a significant alteration in the maximum velocity 
(Dadonna & Kelley, 1978) or the Michaelis-Menten constant 
for hydrolysis of adenosine (Schrader & Pollara, 1978). 
Previous studies (Trotta & Balis, 1978) have suggested that 
changes in the properties of these proteins or in their rate of 
biosynthesis may be a fundamental property of the malignant 
cell. 

An indication of a possible function for these proteins is 
provided by the observation that although ADase is generally 
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found in the cytoplasmic fraction, in some mammalian cells, 
as, for example, human erythrocyte (Agarwal & Parks, 1975), 
it may be closely associated with the plasma membrane. The 
data presented here establish for the first time that a binding 
protein can be extracted and purified from the particulate 
fractions, and, in particular, the plasma membrane, of human 
placental syncyticial trophoblast, It is consistent with these 
findings that the majority of the ADase in this tissue was found 
to be membrane bound and was released from its latent state 
by extraction with detergent. These results lead to the hy- 
pothesis that in human placenta, and perhaps in other tissues 
as well, these binding proteins function to juxtapose at least 
a part of the cellular ADase to the plasma membrane. 

Materials and Methods 
Calf intestinal ADase (50% glycerol-0.01 M potassium 

phosphate, pH 6.0), bovine liver glutamate dehydrogenase, 
horse heart cytochrome c, @-glycerophosphate (disodium salt), 
N-acetyl-D-glucosamine, imidazole, Triton X- 100, 2,6-di- 
chlorophenolindophenol, Escherichia coli @-galactosidase, and 
rabbit muscle phosphorylase A were purchased from Sigma 
Chemical Co. (St. Louis, MO). Sodium deoxycholate and 
Coomassie brilliant blue were obtained from Fisher Scientific 
Co. (Fair Lawn, NJ), and methyl @-D-mannopyranoside was 
from Calbiochem-Behring Corp. (La Jolla, CA). Ampholines 
(pH 5-7) were obtained from LKB Instruments (Hicksville, 
NY). Dulbecco’s phosphate-buffered saline (2.7 mM KCl-1.5 
mM KH2 PO4-8.1 mM NaH2P04-136.9 mM NaC1, pH 7.2) 
and Hank’s balanced salt solution were purchased from 
GIBCO (Grand Island, NY). The source of [14C]AMP 
(diammonium salt; water-ethanol solution, 1: 1; 54.6 mCi/ 
mmol; uniformly labeled) was New England Nuclear (Boston, 
MA). Molecular weight standards (thyroglobulin, bovine 
serum albumin, and ovalbumin), cyanogen bromide activated 
Sepharose, Sephadex resins, and blue dextran 2000 were from 
Pharmacia Fine Chemicals (Piscataway, NJ). Thin-layer 
cellulose plates were purchased from Eastman Kodak 
(Rochester, NY). Acrylamide and bis(acry1amide) were 
purchased from Bio-Rad Laboratories (Richmond, CA). 

ADase Binding Activity. The amount of ADase binding 
protein was quantitated by incubating sample containing 
binding activity with a saturating amount of 1Z51-labeled calf 
intestinal ADase and measuring the number of picomoles of 
1251-labeled calf intestinal ADase converted to radiolabeled 
high molecular weight enzyme. The radiolabeled high mo- 
lecular weight enzyme was separated from excess low mo- 
lecular weight [ 1251]ADase by chromatography on Sephadex 
G- 150. In brief, the sample to be assayed for binding activity 
was incubated for 20 min in a final volume of 0.3 mL con- 
taining 1251-labeled calf intestinal ADase (6.6 pg; 50000 dpm), 
L-glutamate dehydrogenase (300 pg), and 13% sucrose in 50 
mM imidazole hydrochloride-1 00 mM sodium chloride, pH 
7.0. This solution was applied to a Sephadex G-150 column 
(39 X 1 cm) equilibrated with 50 mM imidazole hydro- 
chloride-100 mM sodium chloride, pH 7.0. Elution was 
performed with the same buffer at a flow rate of 8-10 mL/h 
at room temperature; 1 .O-mL fractions were collected. Ra- 
dioactivity appearing in the excluded volume, which was de- 
termined with dextran 2000, was fully resolved from low 
molecular weight ADase and was quantified in a Beckman 
Radioimmuno-Analyzer. So that the background of contam- 
inating high molecular weight enzyme present in the lZ5I-la- 
beled calf intestinal ADase preparation could be determined, 
a control solution consisting of 1251-labeled calf intestinal 
ADase (6.6 fig; 50000 dpm), L-glutamate dehydrogenase (300 
pg), 13% sucrose, and 50 mM imidazole hydrochloride-100 
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mM sodium chloride, pH 7, in a 0.3-mL final volume was also 
chromatographed under identical conditions. This background 
value, which represented ca. 2% of the total radioactivity 
present, was subtracted from the dpm appearing in the ex- 
cluded volume to yield the net radioactivity produced by ADase 
binding protein. The mean recovery of radioactivity after 
chromatography was 79 f 3% ( fSD)  (mean of 10 determi- 
nations) of the total radioactivity applied to the column. This 
recovery was constant over the entire range of radiolabeled 
ADase employed in the Scatchard analysis (Figure 3). 

A unit of ADase binding activity2 is defined as the amount 
of protein that produces 1 pmol of radiolabeled high molecular 
weight enzyme under the specified conditions of preincubation 
and chromatography. On the basis of the above considerations, 
the units of ADase binding activity are calculated from the 
ratio (net dpm appearing in excluded column volume)/ [specific 
radioactivity of calf intestinal ADase X 0.79 (dpm/pmol of 
enzyme)]. 

Zodination. Commercially obtained purified calf intestinal 
ADase (0.5 mg) was iodinated with Na1251 (5 pCi) by em- 
ploying Chloramine T as the oxidizing agent, essentially as 
described by Hunter (1973) and previously performed in this 
laboratory (Trotta et al., 1979). 

Adenosine Deaminase. ADase was determined by a sen- 
sitive radioactive assay in which the conversion of [8-14C]- 
adenosine to radioactive products was quantified under the 
reaction conditions previously employed (Trotta et al., 1979). 
Thin-layer cellulose chromatography in 1-butanol-concen- 
trated ammonium hydroxide (99: 1) was employed for reso- 
lution of product and substrate, followed by quantitation by 
liquid scintillation spectrometry. The micromoles of adenosine 
deaminated is calculated from the percentage of the total 
radioactivity appearing as the products inosine and hypo- 
xanthine. Incubation times and sample volumes were chosen 
to produce a maximum of 20% conversion to product. A unit 
of activity is defined as the amount of enzyme that deaminates 
1 pmol of substrate per minute under the specified steady-state 
conditions. 

Polyacrylamide Gel Electrophoresis. Samples were boiled 
for 2 min in a final volume of 0.1 mL containing 1% Na- 
DodSO,, 1% mercaptoethanol, and 0.1 M Tris, pH 9-10. 
After addition of sucrose (final concentration 10%) and 
bromphenol blue marker, electrophoresis was performed in a 
discontinuous buffer system (Neville, 1971) with 6%-15% 
gradient in polyacrylamide gel concentration in an all-glass 
vertical apparatus (85 mm X 135 mm X 1.0 mm). All samples 
including standard proteins were boiled for 2 min in 1% 
mercaptoethanol-1% NaDodSO,, pH 8. Gels were stained 
with 0.25% Coomassie brilliant blue in 50% methanol-7.5% 
acetic acid-3% glycerol. 

Affinity Chromatography. Purified calf intestinal ADase 
(10 mg) was reacted with cyanogen bromide activated Se- 
pharose, as previously performed in this laboratory (Trotta 
et al., 1979). A control resin in which bovine serum albumin 
(10 mg) replaced ADase was prepared similarly. A 10-mL 
sample of each resin, previously equilibrated with 50 mM 
imidazole hydrochloride-100 mM sodium chloride, pH 7.0, 
was reacted with 25 mL of a deoxycholate-Triton X-100 
extract of the 12OOOg pellet (prepared as described below) 
containing 5000 units of ADase binding activity. Reaction 

ADase binding activity is distinct from ADase enzymic activity. The 
former, sometimes referred to simply as “binding activity”, refers to the 
capacity of the specific protein studied here to bind to low molecular 
weight type C ADase, while the latter refers to the capacity of ADase 
to hydrolyze adenosine to inosine and ammonia. 
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The preparation is highly enriched in plasma membrane, as 
judged by the enzyme composition in Table I1 and the electron 
microscope studies of Smith et al. (1977). 

Enzyme Marker Assays. For establishment of the purity 
of the plasma membrane preparation, several enzymes that 
are readily assayed and have previously been demonstrated 
to monitor the presence of specific organelles in either placental 
trophoblast (Carlson et al., 1976; Smith et al., 1977) or various 
other tissues [e.g., Leighton et al. (1968) and Steck & Wallach 
(1970)l were employed as markers. Briefly, these assays were 
as follows. (1) Plasma membrane markers: 5’-Nucleotidase 
was determined by a radioactive assay in which product and 
substrate were resolved by thin-layer chromatography. Sample 
was incubated for 20-40 min at 37 OC in 0.1 mL containing 
0.3 mM [14C]AMP, 50 mM magnesium chloride, and 100 
mM /3-glycerophosphate in 100 mM Tris-HC1, pH 8.2. After 
the reaction was terminated by boiling for 2 min, 0.01 mL of 
4 mM adenosine-4 mM inosine was added as a marker for 
product. A 0.02-mL sample was chromatographed on thin- 
layer cellulose in a solvent composed of 71 mL of 95% ethanol, 
30 mL of 1 M ammonium acetate, and 4 mL of H,O, pH 7.5. 
Spots corresponding to substrate and product were cut out and 
counted by liquid scintillation spectrometry. Alkaline phos- 
phatase was determined by monitoring the hydrolysis of p -  
nitrophenyl phosphate at 493 nm (Sussman et al., 1968). (2) 
Mitochondrial marker: Glutamate dehydrogenase was de- 
termined by the decrease in absorbance at 340 nm (Ellis & 
Goldberg, 1972). (3) Microsomal marker: NADH diaphorase 
was determined by reduction of 2,6-dichlorophenolindophenol 
(Mahler et al., 1952). (4) Peroxisomal marker: Catalase was 
quantitated by following the decomposition of hydrogen per- 
oxide at 240 nm (Luck, 1965). (5) Cytoplasmic markers: 
Lactic dehydrogenase was monitored by the oxidation of 
NADH at 340 nm (Kornberg, 1955), and pyruvic kinase was 
determined in the presence of excess lactic dehydrogenase by 
a similar assay at 340 nm (Biicher & Pfleiderer, 1955). 

Protein Determination. Protein was quantified by the 
method of Lowry et al. (1951) with bovine serum albumin as 
the standard. Samples that contained interfering substances 
(e.g., ampholines) were dialyzed against 50 mM imidazole 
hydrochloride-100 mM sodium chloride, pH 7.0, prior to 
protein determination. 

Results 
An analysis of a typical distribution of ADase binding 

protein, ADase, and the plasma membrane marker 5’-nu- 
cleotidase in supernatants and particulate fractions obtained 
from a fresh, full-term human placenta is summarized in Table 
I. 

A significant level of ADase binding protein in the placental 
homogenate indicates that this tissue belongs to the class in 
which ADase binding protein is present in excess of enzyme. 
The most notable feature of this distribution, however, is the 
extraction of high levels of ADase binding activity from 
membrane-derived fractions. Thus, detergent extractions of 
12000g and 105000g pellets revealed a total number of ADase 
binding units of 32 880 and 9704, respectively. The specific 
ADase binding activity in these extracts exceeded by 1 order 
of magnitude the corresponding value in the 105OOOg super- 
natant. In comparison, the addition of a final concentration 
of 2% deoxycholate-1% Triton X-100 to this soluble fraction 
was observed to have no effect on the level of ADase binding 
activity. 

The general distribution of ADase enzymic activity paral- 
leled that observed for the binding protein. The specific ac- 
tivity of ADase in the placental homogenate of 1.7 units/mg 

proceeded with end-to-end turning for 60 rnin at room tem- 
perature. The resin was collected by filtration on scintered 
glass and washed with a minimum of 10 volumes of 50 mM 
imidazole hydrochloride-1 00 mM sodium chloride, pH 7.0, 
containing 0.5 mg/mL cytochrome c and 0.1% ampholines 
(pH 5-7). The resin was poured into a column (14 X 1 cm) 
and eluted at 10 mL/h with 50 mM sodium succinate, pH 3.0, 
containing cytochrome c and ampholines as described above. 
Fractions of 1.0 mL were collected and immediately neu- 
tralized to pH 7-8 with 1 N Tris. For removal of cytochrome 
c and ampholines, the purified binding protein was concen- 
trated by Amicon XM-50 ultrafiltration to 1 .O mL and applied 
to a Sephadex G-100 column (50 X 0.9 cm) equilibrated with 
50 mM imidazole hydrochloride-1 00 mM sodium chloride, 
pH 7.0, and eluted with the same buffer. Fractions of 1 .O mL 
containing ADase binding protein were pooled and concen- 
trated by Amicon XM-50 ultrafiltration. 

Subcellular Fractionation. All solutions contained penicillin 
(100 units/mL) and streptomycin (0.1 mg/mL) and were 
maintained at 4 OC through all procedures. A full-term, 
normal human placenta obtained within 20 min of delivery 
was immediately placed on ice and trimmed of connective 
tissue. After blood was removed by extensive flushing with 
0.9% sodium chloride, the placenta was homogenized at low 
speed in a Waring Blendor with 10 volumes of 0.25 M sucrose, 
1 mM magensium chloride, 1 mM ATP, and 10 mM Tris- 
HCl, pH 7.4, conditions described by Fox & Marchant (1976). 
The homogenate was centrifuged at 12000g for 30 rnin in a 
Sorvall 5B centrifuge, and the pellet was washed 3 times with 
PBS. The postmitochondrial, 12000g supernatant was cen- 
trifuged for 65 rnin at 105000g in an OTD-65 Sorvall ultra- 
centrifuge to obtain the microsomal pellet, which was washed 
as described above. 

For extraction of membrane components, the washed 
12000g pellet was stirred for 30 rnin successively with 200, 
100, and 100 mL, respectively, of 2% deoxycholate-1% Triton 
X- 100-0.1 % ampholines (pH 5-7) in 10 mM Tris-HC1, pH 
7.4. Ampholines were included in the extraction medium for 
stabilization of 5’-nucleotidase, as described by Fox & Mar- 
chant (1976). After each treatment the suspension was cen- 
trifuged at 20000g for 20 min. The washed 105000g pellet 
was extracted by homogenization in a motor-driven glass 
homogenizer successively with 60, 50, and 40 mL of the de- 
oxycholate-Triton X-100 solution described above. After each 
extraction the suspension was centrifuged at 20000g for 20 
min. 

Plasma Membrane Isolation. Syncyticial trophoblastic 
plasma membrane was isolated by a minor modification of the 
procedure of Smith et al. (1977). Procedures were performed 
at 4 OC, and all solutions contained penicillin (100 units/mL) 
and streptomycin (0.1 mg/mL). A fresh, normal human 
full-term placenta was trimmed of connective tissue and 
flushed extensively with 0.9% sodium chloride. Trophoblast 
weighing ca. 150 g was cut into 1-2-cm strips and placed 
immediately in 200 mL of Hank’s balanced salt solution. The 
tissue was collected on gauze in a funnel and washed with 3 
volumes of 100 mM calcium chloride, followed by 3 volumes 
of PBS. The villous tissue was transferred to a beaker con- 
taining 200 mL of PBS and stirred gently for 40 min to remove 
the microvilli. The suspension was centrifuged at 800g for 10 
min; the pellet consisting of erythrocytes and cellular debris 
was discarded. The supernatant was centrifuged at lOOOOg 
for 20 min, and the pellet was discarded. The latter super- 
natant was centrifuged at l05000g for 35 min. The pellet was 
washed 2 times with PBS and resuspended in 5 mL of PBS. 
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Table I: Subcellular Distribution of Human Placental Adenosine Deaminase Binding Protein, Adenosine Deaminase, and 5'-Nucleotidasea 

ADase binding AD ase 5 '-nucleotidase volume protein 
fraction (mL) (mg/mL) units/mg total units units/mgb total unitsb unitslmgb total unitsb 

homogenate 3350 5.0 1.1 18 425 1.7 28.5 19.4 325.0 
12000g supernatant 2650 3.4 1.6 14416 2.3 20.7 23.6 212.6 
12OOOg pelletC 2650 1.6d NDe NDe 0.16 0.7 16.8 71.2 
12000g pellet extractf 4 20 4.5 17.3 32 880 17.6 33.3 6.1 11.5 
105000g supernatant 2540 3.1 1.4 11 024 1.1 12.3 2.6 20.5 
105000g pelletC 2540 0.3d NDe me 6.6 5.0 304.4 232.0 
105000g pellet extractf 150 1.6 40.6 9 704 51.9 12.4 172.8 41.3 

A fresh human full-term placenta was homogenized and fractionated into supernatants and pellets by differential centrifugation as 
described under Materials and Methods. Assays were performed in duplicate by procedures described under Materials and Methods and 
generally agreed to within 5%. The 12000g and 105000g pellets were extracted 3 successive times with 2% deoxycholate-1% Triton X-100, 
0.1% ampholines, and 10 mM Tris-HC1, pH 7. Pellets were obtained after each extraction by centrifugation at 15000g for 30 min. These 
values have been multiplied by These values (Le., 
1.6 and 0.3 mg/mL) were obtained from the difference between the protein concentrations before and after centrifugation, i.e., between the 
protein concentrations of the 12000g supernatant and homogenate and between the 105000g supernatant and 12000g supernatant, respec- 
tively. e Not determined. 

Pellets were resuspended in PBS, and an aliquot of the suspension was assayed. 

These data are the composite of three extractions with 2% deoxycholate-1% Triton X-100. 

of protein, which is comparable in magnitude to the value 
reported by Sim & Maguire (1970), is over 10-fold higher than 
values reported for other human tissues (Van der Weyden & 
Kelley, 1976). Of the total units of ADase detectable in the 
homogenate, 74% and 44% were recoverable in the 12000g 
and 105000g supernatants, respectively. A significant level 
of ADase activity was also present in particulate suspensions 
of each of the pellets, representing together ca. 20% of the total 
units of ADase in the homogenate. The specific ADase activity 
in the resuspended 105000g pellet exceeded specific activities 
in the homogenate and both supernatant fractions. An analysis 
of the activity of the cytoplasmic marker lactic dehydrogenase 
indicated that less than 1% of the activity of this enzyme in 
the homogenate could be detected in either of the resuspended 
particulate fractions, supporting that the measured ADase 
activity was not attributable to cytoplasmic contamination. 

The highest specific ADase activity was found as a latent 
form in each of the particulate fractions. The specific ADase 
in the detergent-extracted pellets was 1 order of magnitude 
greater than the corresponding value in the homogenate. These 
values represent apparent stimulations of 133-fold and 10-fold 
of the ADase activity in the 12OOOg and 105000g resuspended 
pellets, respectively. In distinction, the addition of a final 
concentration of 2% deoxycholate-1% Triton X-100 to the 
105000g supernatant produced no significant stimulation of 
activity. Thus, the majority of the membrane ADase appears 
to be sequestered and is detectable only after distruption of 
the membrane integrity with detergent. It is notable that a 
greater portion of the ADase activity is latent in the 12OOOg 
pellet compared to that in the 105000g pellet. Negligible 
amounts of the cytoplasmic markers lactic dehydrogenase and 
pyruvic kinase were detectable in any of the detergent extracts. 

Both the 105000g supernatant and the 12000g deoxycho- 
late-Triton X-100 extract were chromatographed on Sephadex 
G- 150 under the conditions described for the ADase binding 
assay under Materials and Methods. Assay of ADase in the 
eluted fractions indicated that the activity in both samples 
appeared exclusively in the excluded volume and is therefore 
classified as type A enzyme ( M ,  1200000). No evidence for 
the presence of low molecular weight (type C) enzyme was 
obtained. 

A bimodal distribution of an enzyme activity in the 12 OOOg 
and 105 OOOg pellets can be considered to represent preliminary 
evidence for a plasma membrane origin since plasma mem- 
brane and its fragments are generally detectable in both 
fractions. So that the distribution of plasma membrane in the 
fractionation of human placenta by differential centrifugation 
could be established, the plasma membrane marker 5'-nu- 

cleotidase was assayed in each of the subcellular fractions 
(Table I). High specific activities of 5'-nucleotidase in both 
pelleted fractions strongly supported the presence of plasma 
membrane or plasma membrane fragments. It is notable that 
extraction of the pellets with deoxycholate-Triton X-100 de- 
pressed the specific activity of 5'-nucleotidase, in distinction 
to the striking stimulation of the ADase activity that was 
observed. The 5'-nucleotidase activity in the 105000g su- 
pernatant suggests a distinct, low-activity enzyme located in 
the cytoplasm, as previously observed in other mammalian cells 
(Drummond & Yamamoto, 1971). 

Identification of ADase and ADase Binding Activity in 
Purified Plasma Membrane. In light of the potential plasma 
membrane origin for ADase and its binding protein indicated 
by the subcellular distribution, syncytiotrophoblastic plasma 
membrane was highly purified from fresh full-term placenta 
by gentle stirring in PBS (Smith et al., 1977). The purified 
plasma membrane preparation was examined for ADase and 
ADase binding activity as well as for selected enzyme markers. 
These assays were performed both on particulate suspensions 
and on detergent extracts (Table 11). 

The plasma membrane preparation exhibited a high specific 
ADase activity that was substantially greater than that ob- 
served in the homogenate or in any of the particulate sus- 
pensions (Table I). The activity was more than 5-fold stim- 
ulated by detergent, providing further support for the existence 
of a latent form of the enzyme. The degree of stimulation, 
however, was significantly less than that observed in either of 
the pelleted fractions, suggesting a greater accessibility of the 
enzyme to exogenous substrate in the purified plasma mem- 
brane. Sephadex G-150 chromatography performed as de- 
scribed under Materials and Methods classified this enzyme 
as completely in the type A form. The detergent extract was 
also characterized by a high specific ADase binding activity 
that was more than 6-fold higher than the binding activity in 
the placental homogenate and was comparable in magnitude 
to the highest value observed in the 105000g pellet extract 
(Table I). 

Plasma membrane markers 5'-nucleotidase and alkaline 
phosphatase assayed in the absence of deoxycholate-Triton 
X-100 demonstrated enrichments of 27.5 and 33.9-fold, re- 
spectively, in the purified plasma membrane preparation 
compared to those of the homogenate. The specific activity 
of these two markers in the final preparation is comparable 
to values previously reported (Carlson et al., 1976; Smith et 
al., 1977). In distinction, glutamate dehydrogenase (mito- 
chondrial marker), catalase (peroxisomal marker), NADH 
diaphorase (endoplasmic reticulum marker), and lactic de- 
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Table 11: Enzymic Composition of Purified Human Placental 
Syncytiotrophoblastic Plasma Membrane’ 

sp act. (units/mg ofproteinlb 

plasma 
m emb rane 

-deter- +deter- 
enzyme marker homogenate gentC gentd ratioe 

ADase binding protein 77.6f NDg 124.2 1.6 
ADase ( X  lo3)  12.7 21.5 113.1 1.7 
5’-nucleotidase ( X  lo3)  40.8 1120.0 82.4 27.5 
alkaline phosphatase ( X  10) 4.7 159.4 78.5 33.9 
glutamate dehydrogenase 99.0 18.8 15.4 0.19 
catalase ( X  10’) 82.5 3.8 7.9 0.05 
KADH diaphorase ( X  10) 20.0 4.5 20.8 0.23 
lactic dehydrogenase ( X  10) 11.0 0.3 0.9 0.03 

‘ Human placental syncytiotrophoblastic plasma membrane was 
purified as described under Materials and Methods. The pelleted 
membrane was extracted with 1.0 mL of 2% deoxycholate-1% 
Triton X-100, 0.1% ampholines @H 5-7), and 10 mM Tris-HC1, 
pH 7.4, containing 0.1 mg/mL streptomycin and 100 IU/mL peni- 
cillin, followed by centrifugation at  12000g for 30 min. The pro- 
tein concentration of the extract was 1.54 mg/mL. A unit of 
enzyme activity is de f i ed  as 1 pmol of product formed per min- 
ute under the specified assay conditions described under Materials 
and Methods. Assays were performed on purified plasma mem- 
brane suspended in PBS at a concentration of 2.0 mg/mL. 

Assays were performed on supernatants obtained from deoxy- 
cholate-Triton X-100 extracts, prepared as described above. 
e Enzyme activity of purified plasma membrane in the absence of 
detergent divided by enzyme activity in the homogenate. The 
ratio for the ADase binding protein was obtained from the binding 
activity in the 2% deoxycholate-1% Triton X-100 extracts of the 
purified plasma membrane and homogenate. This value was ob- 
tained after extraction of the homogenate with 2% deoxycholate- 
1% Triton X-100, as described above. Not determined. 

hydrogenase (cytoplasmic marker) were reduced to ca. 20% 
or less of the original value of the homogenate. 

Although the preparation contains minor contamination with 
other subcellular organelles, the enhanced activity of both 
ADase and its binding protein in the purified preparation (1.7- 
and 1.6-fold, respectively) supports a plasma membrane origin 
for a least a portion of these activities. It is notable that these 
enrichments are significantly less than those observed for 
5’-nucleotidase and alkaline phosphatase. This result may 
reflect a partial loss of these proteins during the preparation 

of the plasma membrane or perhaps a distribution into other 
subcellular fractions. In addition, a comparison of the data 
in Tables I and I1 indicates somewhat higher specific activities 
for both ADase and its binding protein in the homogenate 
employed for plasma membrane preparation compared to those 
in the homogenate utilized for subcellular fractionation. 
Although not completely understood, these results may well 
reflect the fact that different placentas obtained from unrelated 
donors were employed for each of these experiments. 

Purification of Membrane ADase Binding Protein. The 
fraction employed for the purification of the membranederived 
ADase binding protein was the first deoxycholate-Triton 
X-100 extract of the 12000g pellet. Following incubation of 
this extract with an ADase-Sepharose resin, the immobilized 
enzyme-binding protein complex was poured into a column 
and eluted at acidic pH, as described under Materials and 
Methods. For assessment of nonspecific binding effects, a 
parallel binding and elution were performed with a Sepharose 
4B column to which bovine serum albumin was covalently 
attached in place of ADase. 

A summary of the purification of the ADase binding protein 
and the ADase activity associated with it is summarized in 
Table 111. Only ca. 20% of the ADase binding activity in the 
initial extract could be recovered in the combination of un- 
bound material and imidazole-NaC1 wash. In distinction, in 
the control resin these fractions together accounted within 
experimental error for all of the units applied to the column. 
The low level of ADase associated with this preparation 
demonstrated a similar recovery pattern. Only ca. 10% of the 
ADase activity initially present was recoverable in the unbound 
and wash fractions, compared to over 80% in the control resin. 
These data strongly imply a specific interaction of the binding 
activity with the ADase affinity resin. 

On the basis of the previous observation that an acidic pH 
weakens the ADase-binding protein interaction (Van der 
Weyden & Kelley, 1976), a pH 3.0 buffer was employed for 
elution of the ADase binding protein (Figure 1). Binding 
activity was typically eluted as a single, somewhat asym- 
metrical peak with a sharp maximum. The first fraction with 
detectable binding activity (fraction 6 in Figure 1) corresponds 
to a decrease in elution pH to 3.0. Immediately after elution 
the pH of each fraction was adjusted to 7-8 to prevent po- 
tential loss of biological activity. A substantial quantitiy of 

Table 111 : Purification of Human F’lacental Adenosine Deaminase Binding Proteins by Affinity Chromatography‘ 
ADase binding act. ADase 

volume protein total % total % 
fraction (mL) (mg/mL) units/mL units/mg units recoveredb units/mLC units/mgc units recoveredb 

12000g extract 25 11.3 195.7 17.4 4893 100.0 306.0 27.1 7.65 100 
ADase affinity resin 

unbound 25 7.5 23.0 3.1 575 11.8 25.7 3.4 0.64 7.0 
wash 50 N D ~  8.9 N D ~  445 9.1 4.2 N D ~  0.21 2.8 
eluted 10 NDd 127.9 8378e 1279 26.1 259.0 5450e 2.59 33.9 

unbound 25 7.5 175.0 23.3 4375 89.4 196.0 26.0 4.90 77.7 
wash 50 NDd 17.1 NDd 855 17.5 6 .O NDd 0.30 3.9 
eluted 10  N D ~  0 0 0 0 15.0 NDd 0.15 2.0 

control affinity resin 

~ ~~~~~~ ~ 

a The affinity resin was prepared by immobilizing commercially obtained calf intestinal ADase to a cyanogen bromide activated Sepharose 
4B column. Binding and elution were performed at room temperature in a 14 X 1.0 cm column as described under Materials and Methods. 
A control resin was prepared by coupling bovine serum albumin in place of ADase. “Unbound” refers to the fraction of the original sample 
that passes through the column unretarded: “wash” refers to the fraction obtained by washing with 50 mL of 50 mM imidazole hydro- 
chloride-100 mM NaC1, 0.5 mg/mL cytochrome c, and 0.1% ampholines, pH 7.0; and “eluted” refers to the ooled fractions obtained by 
elution with 50 mM sodium succinate, pH 3.0, containing 0.5 mg/mL cytochrome c and 0.1% ampholines. ‘These values represent the per- 
centages of units in the 12000g extract that were recovered in the unbound, wash, and eluted fractions. = X 10’. 
e Specific activity was calculated on purified binding protein from which cytochrome c and ampholines were removed by chromatography On 
Sephadex G100 as described under Materials and Methods. 
this chromatographed material and are the basis for the calculated values of 8378 and 5450 units/mg of protein. 

Not determined. 

ADase, ADase binding activity, and protein concentration were determined on 
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FIGURE 1: Allinity chromatography of human placental ADase 
binding protein. The 12ooOg pellet was extracted with 2% deoxy- 
cholate-I% Triton X-100 as descrikd under Materiah and Mcthcds. 
and the extract was centrifuged at I5000g for 30 min. 11 mL of the 
supernatant containing 19.4 units 0fADa.u and 1200 units of binding 
activity was incubated with 5 mL of an ADastSepharose resin for 
I h at room temperature with end-bend turning. The resin was 
poured into a 13 X 7 mm wlumn at room temperature and washed 
with 50 mL of 50 mM imidazole hydrochloride-lOO mM NaCI. pH 
7, containing 0.5 mg/mL cytochrome c and 0.1% ampholins (pH 
5-7). followed by elution with 50 mM sodium succinate, pH 3, 
amtaining the Same concentrations ofcytochromc c and ampholines. 
I.O-mL fractions of the pH 3 eluant were collected at a flow rate of 
6-8 mL/h and were assayed for binding activity and ADase. Ex- 
perimental details are further dcscribcd under Materials and Methods. 

ADase binding activity was eluted that represented ca. 26% 
of the initial number of units (Table 111). In distinction. no 
binding activity was detectable in the pH 3 eluant from the 
bovine serum albumin-Sepharose resin, consistent with the 
total recovery of the original units in the "unbound" and 
'wash" fractions. 

Of special interest was the observation that ADase activity 
was associated with the eluted binding protein (Figure 1 and 
Table 111). The ADax reached a maximum value in the same 
fraction as binding activity and generally demonstrated a more 
symmetrical elution profile. The ratio of binding activity to 
ADase was approximately constant in the central portion of 
the peaks but increased in the latter half of the elution. The 
recovery of ADase in the pH 3 eluant was comparable to that 
observed for binding activity. 

Fractions containing ADase binding activity were p l e d ,  
concentrated by ultrafiltration. and subjected to NaDod- 
SO,-polyacrylamide gel electrophoresis (Figure 2). Channel 
A contains a profile of proteins present in the crude l2OOOg 
deoxycholateTriton X-100 extract. At least 10 distinct po- 
lypeptide chains were observed in the molecular weight range 
3000&150000. In distinction, the eluted protein from the 
ADase affinity resin demonstrated a single, somewhat 
broadened band both at  normal and overloaded protein con- 
centrations (channels C and D. respectively). The shape of 
the band suggested a microheterogeneity, perhaps related to 
the presence of variable amounts of carbohydrate, as dscribed 
below. In comparison to a mixture of standard proteins 
(channel B). the purified binding protein migrated between 
phosphorylasc A and @galactosidase with an apparent average 
molecular weight of 1 IOOOO. Varying the percentage of 
polyacrylamide over the range of 4-8% did not appear to 
change significantly this estimate for the subunit molecular 

+ 
FIGURE 2 Sodium dcdq l  sulfate-polyaerylamide gel elcctmplmtsk 
of purified human placental ADasc binding protein. Samples were 
boiled for 2 min in 1% NaDodSO,-l% mercaptoethanol. followed 
by gel electrophoresis in a 5-1 5% polyacrylamide gradient employing 
a discontinuous buffer system as dsfribed under Materials and 
Methods. (A) 2% deoxycholattl%Triton X-100 extract of a IzoOOg 
pellet (100 pg); (B) mixture of standard protein markers, which are 
[from top (-) to bottom (+)I  thyroglobulin (M. 330000). 8-galac- 
tosidase (M, 130000). phosphorylase A (M, 92000). bovine serum 
albumin (M, 67 WO), and ovalbumin (M, 45000) (3-5 pg of each 
standard); (C and D) ADasc binding protein purified by affinity 
chromatography (Figure I )  and concentrated by ultrafiltration on 
an Amicon XM-50 membrane (2 and 4 pg, respectively); (E) pH 
3 eluant from a mntrol bovine serum albumin-Sepharw resin (Table 
111). The column fractions that produced the sample in channel E 
were pooled and concentrated exactly as performed in the ADase 
affinity chromatography, and the volume of sample treated with 
NaDodSO, was identical with that employed in channel D. 

weight. 
In spite of the fact that ADase activity is associated with 

the purified protein (Table 111). no polypeptide chain was 
detectable in the molecular weight range characteristic of the 
human enzyme [M, ca. 36000 (Schrader et al., 1976)l on 
NaDodS0,-polyacrylamide gel electrophoresis even at the 
higher amount of binding protein applied (channel D). This 
observation is consistent with theoretical calculations, indi- 
cating that the ADase present must represent a very low 
percentage of the total protein. Thus, on the basis of a specific 
activity for human ADase of ca. 500 units/mg of protein 
(Schrader et al., 1976; Dadonna & Kelley, 1977). the amount 
of ADase present per milligram of protein is 10.9 pg, or a p  
proximately 1% of the total. However, increasing the amount 
of protein applied 5-fold to ca. 20 pg did reveal several minor 
additional polypeptide chains, including a band at M, ca. 
36 OOO molecular weight. These minor components were es- 
timated as representing together less than 2% of the total 
protein. 

NaDodS0,-polyacrylamide gel electrophoresis was per- 
formed on the pH 3 eluant obtained from a control of b i n e  
serum albttmin-Scphamse resin. Thii column was washed and 
eluted identically with the ADase affinity chromatography. 
Fractions corresponding to those in which ADase binding 
activity appeared in the affinity resin (Figure I )  were pooled 
and concentrated by ultrafiltration. As shown in Figure 2. 
channel E, no protein bands at  any molecular weight range 
could be detefted in this eflluent. This result is consistent with 
the absence of ADase binding activity and the presence of only 
traces of ADase in these control fractions and further supports 
a high specificity in the interaction of the binding protein with 
the ADase affinity resin. 
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For quantitatiim of the specific ADase binding activity of 
the purified preparation per milligram of protein, cytochrome 
c and ampholines, both of which produce a positive Lowry 
reaction, were removed by Sephadex G-100 gel filtration 
chromatography, as described under Materials and Methods. 
Fractions containing ADase binding activity were pooled and 
concentrated by ultrafiltration. The specific binding activity 
of this concentrated fraction represented a purification of 
482-fold from the initial 12000g detergent extract (Table 111). 
The specific ADase activity associated with this preparation 
represented a 202-fold purification. The latter specific activity, 
however, is less than 10% of the value reported for the human 
type A ADase (Schrader & Stacy, 1977), further supporting 
that ADase constitutes only a minor fraction of this prepa- 
ration. 

In addition, a low level of 5'-nucleotidase was consistently 
observed to be associated with the purified binding protein. 
The specific activity of this enzyme, however, was lower than 
the specific activity in the initial detergent extract. Similar 
levels of 5'-nucleotidase were also observed in the pH 3 eluant 
from the control bovine serum albumin-Sepharose resin, 
suggesting that the presence of 5/-nucleotidase is a consequence 
of nonspecific interaction with the Sepharose matrix. 

Purified syncytiotrophoblastic plasma membrane (Table 11) 
was also subjected to ADase affinity chromatography for 
purification of ADase binding protein. NaDodS04-poly- 
acrylamide gel electrophoresis of the pH 3 eluant indicated 
the presence of a single species that was identical in migration 
with the ADase binding protein obtained from the 12OOOg 
detergent extract (Figure 2C). This result further supports 
a plasma membrane origin for at least a portion of the ADase 
binding protein. 

Characterization of Purified ADase Binding Protein. (1) 
Concentration and Time Dependence. Varying amounts of 
purified binding protein ranging from 9 to 90 r g  were incu- 
bated with a molar excess of [1251]ADase, and the amount 
of binding was quantified. The relationship between ADase 
binding activity and the amount of binding protein added was 
observed to be strictly linear over the entire range. A linear 
relationship was also characteristic of unpurified binding 
protein present in the 12OOOg deoxycholate-Triton X- 100 
extracts. The time course for the interaction of binding protein 
and ADase was sufficiently rapid that no significant time 
dependence could be measured with the technique employed. 
Virtually complete binding was obtained by mixing binding 
protein and enzyme, followed by immediate application to a 
column of Sephadex G- 150 for quantitation. 

(2) Scatchard Analysis. The extent of binding was studied 
as a function of free ADase concentration, and the data were 
analyzed according to Scatchard (1949) (Figure 3). A 
markedly concave downward shape of the plot was observed, 
indicative of a strong apparent positive cooperativity in binding. 
The most straightforward interpretation of this result is that 
the affinity of binding shows an apparent increase in the 
presence of increasing amounts of ADase. The alternative 
explanation of the dissociation from the calf intestinal ADase 
of an inhibitor of the ADase-binding protein interaction ap- 
pears less likely as an explanation in light of the high degree 
of homogeneity of the commercially obtained calf intestinal 
ADase. The shape of the Scatchard plot was dependent on 
the age of the [lZ51]ADase. In comparison to ADase stored 
at  4 OC for 3 months, ADase employed within 7 days of 
iodination produced a Scatchard plot characterized by the 
following: (1) a higher maximum value of ij/[ADase]f (moles 
of ADase bound per mole of binding protein divided by the 

T R O T T A  
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FIGURE 3: Scatchard analysis of [1251]ADase binding to purified ADase 
binding protein. Varying volumes of [lZSI]ADase (0.66 mg/mL) 
containing between 600 and loo00 dpm were incubated with purified 
ADase binding protein (45 pg) for 20 min at room temperature in 
a final volume of 0.3 mL containing [1251]ADase (6.6 pg, 49315 dpm), 
L-glutamate dehydrogenase (300 pg), and 10% sucrose in 50 mM 
imidazole-100 mM NaCl, pH 7. The amount of high molecular 
weight [12sI]ADase produced was quantified by gel filtration chro- 
matography on Sephadex G- 100, followed by determination of the 
total radioactivity in the void volume. The binding protein employed 
was purified by ADase affinity chromatography (Figure 1) and 
separated from cytochrome c and ampholines by Sephadex G-100 
chromatography, as described under Materials and Methods. I 
represents the moles of [12SI]ADase (MI 35 000) bound per mole of 
ADase binding protein (subunit MI 110000). [ADaseIf is the con- 
centration of unbound [lZSI]ADase expressed in pmol/mL. Each data 
point represents the mean of two or three determinations, which 
generally agreed to within 5%. ADase binding data were obtained 
by employing lzSI-labeled calf intestinal ADase within 7 days after 
iodination (closed circles) or after storage at 4 O C  for 3 months (open 
circles). 

concentration of free ADase); (2) a steeper decline in V /  
[ADaseIf as a function of B (Figure 3). These data suggest 
that the average association constant is substantially lower 
when aged enzyme is employed as the ligand. 

The maximum binding obtained at high concentrations of 
ADase was similar for both aged and fresh preparations of 
enzyme, as indicated by the similarity of the x intercepts. 
Linear least-squares analysis of the approximately linear 
portion of the curve for the freshly prepared [1251]ADase, 
which extends from a 3 value of ca. 0.3 to maximal binding, 
yields an apparent limiting maximum value for the association 
constant of 3.5 X 10" M-'. Extrapolation to the x intercept 
by linear least-squares analysis indicates a maximum binding 
of 0.95 mol of ADase/mol of binding protein (subunit M ,  
110000). 

Lectin Affinity. So that evidence for the presence of car- 
bohydrate could be obtained, the affinity of the binding protein 
for wheat germ lectin and Con A immobilized to Sepharose 
6B was examined. The former binds to N-acetylglucosamine 
and sialic acid residues (Nagata & Burger, 1974), while the 
latter interacts with a-D-glucopyranosyl and a-D-manno- 
pyranosyl moieties (Lloyd et al., 1969). Sepharose 4B to which 
no lectin was attached was employed as.a control. Binding 
and specific elution with selected sugars were evaluated (Table 
IV). Specific interaction with the lectin resins was supported 
by the fact that only 5.7 and 7.3% of the initial units applied 
to the Con A- and wheat germ lectin-Sepharose resins, re- 
spectively, passed through unretarded, compared to 100% for 
the control Sepharose 4B resin. These values did not sub- 
stantially change by increasing the column volume by 50%. 
Thus, a small fraction of the binding protein appears to be 
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membrane. For example, low levels of particulate enzyme have 
been observed in cultured glial cells although most of the 
activity in central nervous system cells is soluble (Trams & 
Lauter, 1975). In these studies the association of ADase with 
fractions from discontinuous sucrose centrifugation that were 
also enriched with 5'-nucleotidase suggested a plasma mem- 
brane origin. Similarly, plasma membrane prepared from 
cultured mouse fibroblasts (Li & Hochstadt, 1976) exhibited 
ADase activity although the degree of stimulation by detergent 
was 1 .4-fold compared to the greater than 5-fold that we have 
observed for ADase from purified human placental plasma 
membrane (Table 11). Van der Weyden & Kelley (1976) have 
observed that up to 3% of human leucocyte ADase is partic- 
ulate. However, no data on subcellular distribution were 
reported. Although it was originally reported that Triton 
X-100 revealed a latent ADase in mitochondria from mouse 
cerebral cortex (Mustafa & Tewari, 1970), subsequent studies 
indicted that the apparent increase in ADase was due to lysis 
of contaminating synaptosomes (Pull & McIlwain, 1974). 

Several previous reports have indicated the existence of a 
glycoprotein with properties similar to the ADase binding 
protein described here in the soluble fraction of selected animal 
and human tissues. The latter include human kidney and lung 
(Nishihara et al., 1973; Van der Weyden & Kelley, 1976), 
rabbit kidney, ileum, and lung (Troth et al., 1979), and human 
plasma (Schrader et al. 1979). The existence of multiple 
molecular weight variants of calf intestinal ADase also suggests 
the presence of an ADase binding protein in this species 
(Constine et al., 1978). The specific activity that we have 
noted for the binding protein in the 105000g supernatant from 
human placenta (Le., 1.4 units/mg of protein) is comparable 
in magnitude to the values reported for human kidney and lung 
(Van der Weyden & Kelley, 1976). These tissues, as well as 
human placenta, contain exclusively high molecular weight 
type A ADase, consistent with the theory that this enzyme 
arises by the stoichiometric combination of ADase and binding 
protein. However, although most human tissues exhibit 
varying levels of type A ADase, relatively few have an excess 
of soluble binding protein. In distinction to these data the 
soluble ADase isolated in homogeneous form from the ma- 
ternal component of bovine placenta of early gestation has been 
demonstrated to be exclusively type C enzyme (Sim & Ma- 
guire, 1971). This result, which implies the complete absence 
of ADase binding protein, may reflect the difference in species 
or gestational age. 

The relationship between the soluble ADase binding protein 
and the membrane-derived form reported here, as well as the 
physiological role of each, remains unknown. Certain prop- 
erties of the human placental membrane ADase binding 
protein and the soluble kidney binding protein (Schrader & 
Stacy, 1977; Dadonna & Kelley, 1978) are similar, including 
the following: (1) subunit molecular weight (1 10000 for the 
membrane form and 85 000-97 000 for the soluble kidney 
protein); (2) stoichiometry of binding [one ADase monomer 
(M,  ca. 35 000) per polypeptide chain]; (3) weakening of the 
ADase-binding protein interaction at pH 3; (4) ability of the 
binding protein in a crude homogenate to interact specifically 
with an affinity resin of purified ADase; (5)  the presence of 
carbohydrate. It is yet to be established whether the plasma 
membrane of human kidney and lung, or of various rabbit 
tissues, will yield an ADase binding activity upon extraction 
with detergent and whether its physicochemical properties are 
distinct from those of the soluble form. 

It is notable that the ADase activity associated with the 
purified binding protein itself binds to an affinity resin of 

Table IV: Affinity of ADase Binding Protein for 
Immobilized Lectins" 

% % % 
unretardedb boundC elutedd 

control Sepharose 4B 100 0 0 
Con A-Sepharose 7.3 92.7 92.5 
wheat germ lectin-Sepharose 5.7 94.3 69.0 

- 

Columns (2.5 X 0.7 cm) of Con A-Sepharose 6B, wheat germ 
lectin-Sepharose 4B, and Sepharose 4B with no lectin attached 
were equilibrated at room temperature with 50 mM imidazole 
hydrochloride-100 mM NaCl containing cytochrome c (0.1 mg/ 
mL) and ampholines (0.1%, pH 5-7). ADase binding protein 
(55 units) purified by affinity chromatography was incubated 
with the resin for 5 min, followed by washing with 1.5 mL of the 
imidazole-NaC1 solution with which the column was equilibrated. 
Elution was performed with 1.5 mL of 10% solutions of methyl 
or-D-mannopyranoside and N-acetyl-D-glucosamine (dissolved in 
the same imidazole-NaC1 solution) for the Con A-Sepharose 
and wheat germ lectin-Sepharose resins, respectively. 
binding units in imidazole-NaC1 wash)/55.0] X 100. 
unretarded. 
(ADase binding units attached to the resin)] X 100. 

[(ADase 
100% - % 

[ (ADase binding units eluted with specific sugars)/ 

noninteracting with each of the lectin resins. The sugars 
methyl a-D-mannopyranoside and N-acetyl-D-glucosamine 
were effective in eluting substantial proportions of the ADase 
binding units. 

Discussion 
A significant aspect of the data presented here is that the 

major fraction of ADase in human placenta is masked in a 
membrane-associated form and is revealed maximally only 
after disruption of the membrane integrity with detergent. The 
ADase-membrane interaction is apparently mediated through 
a specific ADase binding protein. It is consistent with an in 
situ interaction between the enzyme and binding protein in 
that (1) specific activities of ADase and ADase binding protein 
display a similar distribution, Le., both being significantly 
higher in detergent extracts than in either homogenate or 
soluble fractions, and (2) the detergent-extracted ADase is 
completely high molecular weight ADase (type A) enzyme 
rather than the low molecular weight (type C )  form charac- 
teristic of ADase that is not complexed with binding protein 
(Schrader et al., 1976). 

The data also indicate that at least a portion of the ADase 
binding protein originates from the trophoblastic plasma 
membrane. This conclusion is supported by the following: (1) 
the bimodal distribution of ADase and ADase binding protein 
at high specific activities in the 12000g and 105000g pellet 
extracts, which are also characterized by high levels of the 
plasma membrane marker 5'-nucleotidase; (2) high specific 
activities of ADase and ADase binding protein in purified 
plasma membrane at values significantly greater than observed 
in the homogenate; (3) isolation of an ADase binding protein 
from purified plasma membrane by affinity chromatography. 
It is not yet established whether the plasma membrane ADase 
is cytoplasmic or extracellular in orientation. These results, 
however, do not exclude the presence of these proteins in other 
subcellular fractions or in plasma membrane derived from 
endothelial, cytotrophoblastic, or connective tissue cells. The 
recovery of moderate levels of ADase and ADase binding 
protein in the lO5OOOg supernatant does suggest that a portion 
of these proteins may be cytoplasmic in origin. 

Although other mammalian cell types have been reported 
in exhibit ADase in particulate fractions, the level of activity 
was generally low or represented a minor fraction of the total 
tissue enzyme. The human placenta appears to be unique in 
that the major portion of the enzyme is sequestered in a 
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purified enzyme (Figure 1). A straightforward interpretation 
of these data is that the type C ADase is bound to a multi- 
subunited protein that contains one or more unoccupied sites 
that are free to interact with the immobilized enzyme. The 
failure to detect free low molecular weight enzyme in any of 
the membrane detergent extracts or in the preparation of 
purified binding protein is consistent with this interpretation. 
The concave-downward appearance of the Scatchard plot 
further suggests the possibility of multiple sites interacting with 
positive cooperativity. 

Of additional interest is the fact that the binding protein 
is present in large molar excess over the amount of ADase in 
each of the membrane extracts. For example, on the basis of 
a maximum specific activity for the human type C enzyme 
of ca. 500 units/mg of protein (Schrader et al., 1976; Dadonna 
& Kelley, 1977) and a molecular weight of 35000 (Andrews, 
1964), the quantity of bound enzyme in the 12OOOg detergent 
extract is 1903 pmol, a value less than 6% of the capacity of 
the ADase binding protein to bind ADase (i.e., 32 880 pmol). 
Indeed, in all extracts examined, including purified plasma 
membrane, as well as in supernatant fractions, the amount of 
ADase binding protein is in large molar excess over the amount 
of bound enzyme. This conclusion is further strengthened by 
the fact that Scatchard analysis indicates that a maximum of 
a. 1 mol of [1251]ADase binds per polypeptide chain of purified 
binding protein in spite of the presence of endogenous ADase 
activity in the preparation (Figure 3). Thus, the molar levels 
of enzyme that are present are sufficiently low that the 
stoichiometry of the interaction is not significantly perturbed. 
Although the significance of the excessive quantities of ADase 
binding protein is not at present understood, these data imply 
a potential physiological role for these proteins in addition to 
their interaction with ADase. 

The cytotoxic and cytostatic effects of adenosine and 
adenosine analogues are well established [e.g., Green & Chan 
(1973) and Ishii & Green (1973)]. Thus, the association of 
ADase with the plasma membrane would be advantageous for 
protecting the mammalian cell against toxic effect of these 
nucleosides entering from the extracellular space. In the 
human placenta this function would be of particular impor- 
tance since it would provide protection for the developing fetus. 
It may be relevant that the apparent causal relationship be- 
tween the inherited absence of ADase and a form of severe 
combined immunodeficiency disease (Dissing & Knudsen, 
1972; Giblett et al., 1972) supports a special role for adenosine 
metabolism in the development and differentiation of the fetal 
immune system. 
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Kinetics of Transfer of Pyrene and 
rac- 1 -01eyl-2-[ 4-( 3-pyrenyl)butanoyl]glycerol between Human Plasma 
Lipoproteinst 

Steven C. Charltont and Louis C. Smith* 

ABSTRACT: Control of lipid transfer between plasma lipo- 
proteins has been studied with pyrene and a pyrene-containing 
diglyceride analogue, ruc- 1 -oleyl-2- [4-(3-pyrenyl)butanoyl] - 
glycerol. The rate constants for transfer of the fluorescent 
probes between high-density lipoproteins in dilute solutions 
containing ions of the Hofmeister series are correlated with 
the molal surface tension increments produced by this lyotropic 
series. Moreover, the rates of transfer correlate well with the 
aqueous solubilities of the hydrophobic compounds, which were 
increased in dilute solutions containing organic solvents. The 
rates of transfer are faster with an increase in the distribution 
coefficients of the probes between the lipoprotein donor and 
the aqueous phase, suggesting that the ratedetermining process 
can be considered simply as a partitioning between two im- 
miscible solvents. Rate constants for transfer of pyrene be- 
tween high-density, low-density, and very low density lipo- 
proteins depend on the ratio of the donor/acceptor lipoprotein 

R a s m a  lipoproteins function as circulating reservoirs for a 
wide variety of hydrophobic substances that have extremely 
low solubility in aqueous solutions (Smith et al., 1978; Scanu 
et al., 1979). These compounds include triglyceride, chole- 
sterol, cholesteryl ester, and phosphatidylcholine as major 
components and minor amounts of lipid-soluble vitamins and 
environmentally derived contaminants. 

The relatively constant compositions of the circulating li- 
poproteins result from five simultaneous processes: (1) syn- 
thesis and secretion, (2) passive transfer and exchange of lipid 
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concentrations and agree with those predicted from the dis- 
tribution coefficients. In addition, the rate of transfer is in- 
versely related to the lipoprotein radius, with a linear corre- 
lation observed between the log of the rate constant and 1/ 
radius. By analogy with the evaporation of liquid droplets 
described by Kelvin’s law, the transfer of a lipid from a li- 
poprotein or a membrane surface can be described as kdLye-K*lr 
where K is a constant, ?r is the interfacial surface pressure of 
a curved surface of a radius r,  and kd is the dissociation 
constant. These results show that the rate of transfer of lipids 
can be modified by changes in the solubility of the transferring 
species in the aqueous phase and imply that other factors, such 
as solubility of the transferring species in the membrane and 
the properties of the lipid-protein surface, may have important 
roles in regulating the kinetics of lipid transfer in biological 
systems. 

and apoprotein components, (3) active transfer involving 
specific plasma exchange proteins, (4) enzymatic changes in 
composition involving lecithin-cholesterol acyltransferase and 
lipoprotein lipase, and (5) removal from circulation by cellular 
uptake of lipid and apoprotein components. The dynamics and 
the contribution of each process to overall lipoprotein me- 
tabolism are poorly defined. 

All lipoproteins contain proteins, cholesterol, and phos- 
pholipids in a surface film that surrounds a neutral lipid core 
of cholesteryl ester and triglyceride (Shen et al., 1977). Li- 
poprotein surfaces have the dynamic properties of a two-di- 
mensional fluid, in which there are rapid noncovalent inter- 
actions between individual lipid and protein components, in- 
volving both rotational motion and translational diffusion in 
the surface (Lee, 1975; Thompson & Huang, 1978). Because 
the lipid components of lipoproteins are soluble in the aqueous 
solution to some extent, they also partition between the lipo- 
protein surface and the aqueous solution (Charlton et al., 1976, 
1978a). Since some lipoprotein components transfer on time 
scales (milliseconds to hours) that are much shorter than the 

0006-2960/82/0421-4023.$01.25/0 0 1982 American Chemical Society 


