
is what consumption might be if no mea- 
sures were taken to slacken its growth. It 
is the pattern of the past projected into 
the future. If anything, it is a low esti- 
mate of unrestricted growth, since the 
growth rate of the few years preceding 
the embargo was considerably higher 
than the 3.4 percent average growth rate 
of the 1950-1973 period. Curve 2 is an 
estimate, which I adapted from the 
PIES demand model of the Department 
of Energy (DOE), of what can be ex- 
pected as a result of the automobile effi- 
ciency standards mandated by Congress 
and now existing in law (Table 1) togeth- 
er with expected gasoline price increases 
resulting from market actions, but other- 
wise no new legislative action. Curve 2 
represents a significant decrease in con- 
sumption relative to curve 1. 

Curve 4 in Fig. 2 is the year-by-year 
national goal established by President 
Carter in his energy proposal to Con- 
gress (17). It calls for 10 percent less gas- 
oline consumption nationwide in 1985 
than in 1977. A large gap remains be- 
tween this goal and the best present fore- 
cast of future sales based on existing leg- 
islation. 

How much additional conservation 
would the proposed tax stimulate? The 
elasticity is used to answer this question. 
Consumption without the tax is taken 
from curve 2. Price without the tax is ex- 
trapolated from the current average price 
for regular gasoline at full-service retail 
outlets, estimated [by extrapolating data 
from the last 4 years (22)] to be 66.5 
cents per gallon. According to a DOE 
forecast (C forecast, middle values of 
supply and demand) the price will rise at 
nearly 1 percent per year, in 1978 dol- 
lars; at the highest, it may rise at an aver- 
age rate of 1.93 percent (their F forecast, 
high import price) (23). Extrapolation us- 
ing the two forecasts leads to 1988 prices 
of 73.5 and 80.5 cents per gallon without 
tax (123.5 and 130.5 cents per gallon with 
tax), respectively, bracketing the reason- 
ably expected range of future prices. 
(Results obtained with lowest price fore- 
cast of DOE, their D forecast, are not 
significantly different from those ob- 
tained with the C forecast.) 

The savings induced by the tax are 
shown by year in the lower right corner 
of Fig. 2. Curve a corresponds to the C 
forecast and curve b to the F forecast. 
When these savings are subtracted from 
the sales without tax, the results are 
curves 3a and 3b of Fig. 2. The savings 
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of what would otherwise have been con- 
sumed. Futhermore, the savings are not 
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very sensitive to the assumed future 
price without the tax. Thus, contrary 
to popular opinion, a tax of the kind 
proposed can be expected to provide a 
substantial reduction in gasoline con- 
sumption. 
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tober 1973 by dividing by the ratio of the deflator 
for that month to the deflator for October 1973. 
The result is the "actual real price" relative to 
the price for October 1973. The quarterly implic- 
it price deflators for the gross national product 
were obtained from Survey of Current Business 
(Department of Commerce, Washington, D.C., 
1976), vol. 56, No. 1, p. 85; No. 4, p. 3. 

8. It was assumed that personal income rose in 
proportion to inflation. Although this was not 
strictly true month by month, the real disposable 
income rose almost 2 percent from 1973 through 
the third quarter of 1976. Thus real income must 
have risen slower than prices at some times and 
faster at other times, approximately balancing 
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The toxicity of adenosine to cultured 
mammalian cells, first described in the 
early 1960's (1), is now of interest largely 
because of its possible role in causing the 
severe combined immune defect in chil- 
dren with autosomal recessive defi- 
ciency of adenosine deaminase (ADA; 
E.C. 3.5.4.4) (2). Beyond relevance to 
this specific condition, study of this phe- 
nomenon with inhibitors of ADA activity 
has led to recognition of unexpected in- 
terrelationships between aberrant adeno- 
sine metabolism and several other meta- 
bolic processes. Thus when ADA is 
blocked, adenosine can induce pyrimi- 
dine starvation in cultured cells (1, 3-5), 
can increase adenosine 3',5'-mono- 
phosphate (cyclic AMP) concentrations 
(6), and can interfere with S-adeno- 
sylmethionine-dependent methylation 
(7) and with the hexose monophosphate 
pathway of carbohydrate metabolism 
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(8). Deoxyadenosine, also a substrate for 
ADA, has long been known to inhibit 
DNA synthesis in cultured mammalian 
cells after conversion to deoxyadenosine 
5'-triphosphate, an allosteric inhibitor of 
ribonucleoside diphosphate reductase 
(9-14). Which of these mechanisms con- 
tributes to the immune deficit in ADA- 
deficient children is still unknown. 

In an attempt to identify an intra- 
cellular mediator of adenosine toxicity, 
we searched directly for a protein ca- 
pable of binding adenosine with high af- 
finity. Two lines of reasoning led to this 
approach. First, it appears that only 
small amounts of adenosine may be gen- 
erated by cultured human lymphoid cells 
(15), and very little adenosine has been 
found in the plasma and urine of ADA- 
deficient children (16). Indeed, some 
have proposed that adenosine itself plays 
no role in causing the immune dysfunc- 
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S-Adenosylhomocysteine Hydrolase Is an Adenosine- 

Binding Protein: A Target for Adenosine Toxicity 

Abstract. When adenosine deaminase activity is inhibited, low concentrations of 
adenosine are toxic to human lymphoblast mutants that are unable to convert adeno- 
sine to intracellular nucleotides. In order to identify the mediator of this cytotoxicity, 
we searched for a cytoplasmic protein capable of binding adenosine with high affini- 
ty. Such a protein was identified in extracts of human lymphoblasts and placenta as 
the enzyme S-adenosylhomocysteine hydrolase. 

S-Adenosylhomocysteine Hydrolase Is an Adenosine- 

Binding Protein: A Target for Adenosine Toxicity 

Abstract. When adenosine deaminase activity is inhibited, low concentrations of 
adenosine are toxic to human lymphoblast mutants that are unable to convert adeno- 
sine to intracellular nucleotides. In order to identify the mediator of this cytotoxicity, 
we searched for a cytoplasmic protein capable of binding adenosine with high affini- 
ty. Such a protein was identified in extracts of human lymphoblasts and placenta as 
the enzyme S-adenosylhomocysteine hydrolase. 

757 757 



tion in ADA deficiency (12, 13). It proposals (4, 16-20) that the toxic effects adenine remained toxic to other mutants 
seemed, however, that even at low con- of adenosine derive only from adenine lacking adenine phosphoribosyltransfer- 
centration, a high-affinity "target" might nucleotides to which it is converted via ase (APRT; E.C. 2.4.2.7) which cannot 
still account for significant adenosine- the enzyme adenosine kinase (AK; E.C. convert adenine to nucleotides. Exoge- 
mediated effects, particularly since cyto- 3.7.1.20). We reported previously (21) nous pyrimidines did not reverse growth 
toxic effects have been observed with that adenosine remained toxic to adeno- inhibition caused by adenine, nor that of 
10-6M adenosine when ADA activity is sine kinase-deficient mutants of the WI- adenosine to the AK- mutant, suggesting 
inhibited. The second reason is related to L2 human lymphoblast line, and that the presence of some mechanism of 

Fig. 1 (left). Assay for binding of [3H]aden- Lymphoblastge 
osine in lymphoblast and placental extracts. filtration 
Portions of cell extracts were incubated in ADA ADA 
25 mM potassium phosphate, pH 7.0, 1 mM (minor) (major) 
2-mercaptoethanol, 1 mM Na2-EDTA (the 2000 _ - 0 
disodium salt of ethylenediaminetetra- 0.80 0.025 
acetate) (reaction buffer), and [2-3H]aden- 
osine (Amersham), 1 aM, specific activity 0.60 - 0.020 
S Ci/mmole in a final volume of 100 tal. X 

After incubation at 30?C for 60 minutes, tubes E 0.015 
were placed on ice and 50-tzl portions were = 0.40 - 

o 
applied to 0.7 by 20 cm columns of Sephadex > 0.010 
G-25 equilibrated with reaction buffer at 4?C. -o 1500 0.20 
Columns were washed first with 2.5 ml and >e 0.005 
then 1.3 ml of reaction buffer. The latter frac- c A 
tion, containing the excluded volume (pro- - 

o 

50 6 0 .000 .E o ~~~~~~~~~~~~~~~~50 60 70 80 
tein), was collected in a scintillation counter E= 
vial and mixed with 10 ml of a toluene-based _- Placenta-gel fil Itration 
scintillation mixture containing 33 percent by c ADA A 
volume Triton X-100 for measuring protein- o 
bound radioactivity. WI-L2 human splenic 2.50 1.250 E 2.50 - ? 

1.250 
lymphoblasts were grown and extracts pre- 1000 
pared, centrifuged, and dialyzed as described 2.00 1.000 E o ' 2.00 - 1.000 E 
(21). An extract was prepared from a freshly 1 .5 C 

E obtained human placenta by disrupting a 1.50 0.750 x C~~~~~~~~~~~ 
piece of tissue in a Waring blender with a vol- 1 0 2 
ume of 0.O1M tris-HCl, pH 7.4, 1 mM Na2- o 0.500 _- 
EDTA, 5 mM 2-mercaptoethanol equal to its . 1 
weight. The suspension was then centrifuged < 0.50 0.250 
at 10,OOOg for 30 minutes at 4?C. The super- t B 0000 . o 

E 0 0.000 natant was further purified by chromatogra- Lo 500 E 0 60 70 80 
phy on carboxymethyl and then diethylamino- I 
ethyl (DEAE) cellulose (22). In the experi- Placentaacrylamide o electrophoresis ments presented in this figure, numbers along C 
the horizontal axis refer to individual 1.00- 
[3H]adenosine-binding mixtures containing < 1. 0.300 
the following in addition to reaction buffer and 07 0.75- 
1 .tM [3H]adenosine: I and 2, no source of 02 I - ~~0.200 
binding protein (control); 3 and 4, lympho- 0.50 
blast extract; 5 and 6, lymphoblast extract and 0 - - 

100OzMunlabeledadenosine;7 and8, placen- 1 2 3 4 5 6 7 8 9 0100 ' >, ;1~ - 0.100~~~~~~~~~~~~.2 > talextract;9 and 10, placental extractplus 100 Mixture No. 0 c 
/M unlabeled adenosine. All even-numbered 0 - - .0.000 tubes also contained 10 taM EHNA to inhibit ADA activity. Fig. 2 (right). Coincidence of 10 20 30 40 
adenosine-binding and AdoHcy-synthesizing activities during purification procedures. Binding Fraction 
of [1:H]adenosine (1 /M) was measured as described for Fig. 1, with 10 tiM EHNA present and 
after incubation at 37?C for 20 minutes. Two assays were used to measure synthesis of AdoHcy. In assay 1 (A), the 0.05-ml reaction mixtures 
contained 25 mM potassium phosphate, pH 7.0; 1 mM Na2-EDTA; 1 mM 2-mercaptoethanol; 10 /M EHNA; 5 mM L-homocysteine (prepared 
immediately before use by mild alkaline hydrolysis of the thiolactone); and 0.1 mM [8-_4C]adenosine, 27 mCi/mmole (Amersham). Incubation was 
for 5 minutes at 37?C followed by addition of 5 ,l of 8M formic acid. A 20-,l portion was then applied to a cellulose thin-layer chromatography 
plate (Eastman) along with unlabeled AdoHcy marker and developed in a mixture of butanol, methanol, water, and NH4OH (60:20:20:1, by 
volume). The AdoHcy spot was identified under ultraviolet light, cut out, and counted in a toluene-based scintillation fluid. In assay 2 (B and C), 
the 0.20-ml reaction contained 0.1M potassium phosphate, pH 7.3; 0.5 mM Na2-EDTA; 1 M EHNA; 1 mM L-homocysteine; and 
[8-_4C]adenosine, 2 mCi/mmole, 0.2 mM. After incubation at 37?C for 30 minutes, tubes were heated at 100?C for 2 minutes, cooled, and sufficient 
purified ADA (0.2 unit, Sigma type I) added to overcome inhibition by EHNA. Tubes were then incubated at 37?C for 10 minutes to convert 
unutilized adenosine to inosine. Portions (50 1A) were then applied to 2.5 by 2.5 cm squares of Whatman P-81 phosphocellulose paper, which were 
then washed in three changes of 1 liter of 10 mM ammonium formate, pH 2.5. Papers were blotted dry and assayed for radioactivity in a toluene- 
based scintillation fluid containing, by volume, 26 percent Triton X-100 and 7 percent water. (A) A centrifuged extract of WI-L2 lymphoblasts was 
prepared as described (21) but with 1 ml of lysis buffer per 108 cells. Portions (4 ml) of the extract were applied to a 2.5 by 100 cm gel filtration 
column of AcA 34 Ultrogel (LKB). The column was equilibrated and eluted with 25 mM tris-HCI, pH 7.4, 5 mM 2-mercaptoethanol, 1 mM Na2- 
EDTA, and 25 mM KC1. Arrows indicate the positions of elution of the peaks of ADA activity [assayed as described (36)] in the extract. Protein 
(absorbance at 280 nm) was found in fractions 30 through 95 but, for clarity, is not shown. (B) A partially purified preparation of human placental 
adenosine-binding protein was concentrated and applied to the gel filtration column described for (A) and eluted in a similar fashion. Arrows 
indicate the position of ADA and AK (21) present in the material applied to the column. (C) A more extensively purified, but not homogeneous, 
fraction of the preparation of placental binding protein used in (B) was subjected to analytical polyacrylamide gel electrophoresis (37). The gel 
cylinder was cut into 2-mm slices which were extracted into 25 mM tris-HCI, pH 7.4; 5 mM 2-mercaptoethanol; 1 mM EDTA. Portions were then 
assayed for adenosine-binding and AdoHcy-synthesizing activities. 
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Table 1. Inhibition of [3H]adenosine binding 
by purine compounds. Partially purified prep- 
arations of adenosine-binding protein from 
lymphoblast and placenta were incubated 
with 1 tuM [3H]adenosine and the indicated 
test compounds at 37?C for 20 minutes. Bind- 
ing of [3H]adenosine was measured as de- 
scribed in Fig. 1. In all experiments 10 /uM 
EHNA was present. Results are expressed as 
percentage of inhibition relative to control (no 
additions). 

Inhibition of 
Compound tration [3H]adenosine 

added raton 
binding (/LM) (%) 

Lymphoblast extract 
Inosine 10 -13 
Adenine 10 66 
S-Adenosyl- 10 69 

homocysteine 
Placental extract 

Adenine 50 73 
S-Adenosyl- 50 80 

homocysteine 

growth inhibition that was not due to the 
well-known ability of these purines to in- 
hibit pyrimidine biosynthesis via con- 
version to adenine nucleotides. We pro- 
posed (21) the existence of an adenine 
nucleotide-independent mechanism of 
toxicity that might be mediated by purine 
receptors or by intracellular enzymes 
that could interact with adenosine and 
adenine. We have now identified such a 
high-affinity adenosine- and adenine- 
binding protein in human tissues as 
the enzyme S-adenosylhomocysteine 
(AdoHcy) hydrolase (E.C. 3.3.1.1), a 
result consistent with other evidence 
pointing to involvement of this enzyme 
in mediating adenosine cytotoxicity (7). 

We assayed adenosine binding by in- 
cubating cell extracts with [3H]adeno- 
sine and then passing portions of the re- 
action mixtures over Sephadex G-25 gel 
filtration columns to separate bound 
from unbound adenosine. As shown in 
Fig. 1, a 100-fold excess of unlabeled 
adenosine abolished binding of 1 iuM 
[3H]adenosine by extracts of human 
lymphoblasts and human placenta. The 
radioactivity appearing in the G-25 ex- 
cluded volume was increased slightly by 
erythro - 9 - (2-hydroxy - 3 - nonyl)adenine 
(EHNA), an ADA inhibitor, suggesting 
that the binding activity was not due to 
ADA. When crude extracts of these tis- 
sues (subjected only to low-speed cen- 
trifugation) were fractionated by gel fil- 
tration chromatography (shown in Fig. 
2A for a lymphoblast extract and in Fig. 
2, B and C, for later stages in purification 
of the placental protein), all the binding 
activity was accounted for in a single 
peak. The binding activity is distinct 
17 NOVEMBER 1978 

from AK as well as ADA activities, but 
coelutes with an activity which converts 
L-homocysteine and adenosine to 
AdoHcy. The results in Tables 1 and 2 
are also consistent with both adenosine- 
binding and AdoHcy-synthesizing activi- 
ties residing in the same protein, and in- 
dicate that adenine is also bound at the 
same site as adenosine. Thus adenosine 
binding is inhibited by both AdoHcy and 
adenine (Table 1), and adenine also in- 
hibits AdoHcy synthesis competitively 
with adenosine (Table 2). The dis- 
sociation constant (KD) of the lympho- 
blast enzyme for adenosine is about 5 x 
10-7M (Fig. 3A) and its Michaelis con- 
stant (Km) for adenosine in the synthesis 
of AdoHcy is about 1 x 10-6M (Fig. 3B). 
Similar values have been found with the 
placental protein which has recently 
been purified to apparent homogeneity 
(based on analytical ultracentrifugation 
and polyacrylamide gel electrophoresis 
under denaturing conditions) and has re- 
tained both AdoHcy hydrolase activity 
and high-affinity binding of adenosine in 
a constant ratio (22). 

Adenosine-binding proteins have been 
purified extensively from rabbit erythro- 
cytes (23) and mouse liver (24), but enzy- 
matic activity has thus far not been asso- 
ciated with either, though AdoHcy hy- 
drolase was not assayed. These proteins 
have subunit molecular weights similar 
to the value we find for homogeneous 
placental AdoHcy hydrolase [47,000 to 
48,000 (22)], in addition to similar affinity 
for adenosine. Both the liver and eryth- 
rocyte proteins were reported to bind 
3H-labeled cyclic AMP, but in amounts 
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Table 2. Inhibition of synthesis of AdoHcy by 
adenine. Partially purified lymphoblast ex- 
tract was the source of enzyme activity. The 
AdoHcy synthesis was measured with assay 1 
described in Fig. 2. 

Inhibition of 
Substrate Inhibitor 14C-labeled 

([14C]adeno- (adenine) S-adenosyl- 
sine) con- concen- homo- 
centration tration cysteine 

(AM) (AM) synthesis 
(%) 

5 5 1.6 
5 25 48.4 
5 100 78.0 

50 100 -3.3 
50 500 59.2 
50 1000 75.1 

bound. Adenosine blocked cyclic AMP 
binding, but the reverse did not occur. 
We find similar results with placental 
AdoHcy hydrolase. It seems reasonable 
to suggest that preparations of homoge- 
neous mouse liver and rabbit erythrocyte 
adenosine-binding proteins be assayed 
for AdoHcy hydrolase activity. 

S-Adenosylhomocysteine is normally 
produced in a number of intracellular re- 
actions in which the methyl group of S- 
adenosylmethionine is transferred to a 
variety of specific acceptor molecules, 
including residues in newly synthesized 
DNA and RNA, carbohydrates, and cer- 
tain amino acid residues in proteins, and 
many small molecules. Many of the spe- 
cific methylases which catalyze these re- 
actions are subject to inhibition by 
AdoHcy with inhibition constants (Ki) in 
the range of 0.3 to 20 [tM (25-30). To en- 
sure that normal methylation occurs, it is 
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0.02 Fig. 3. (A) Scatchard analysis of [3H]aden- 

o\ osine binding. The peak of adenosine-bind- 
ing activity shown in Fig. 2A was pooled and 

0.00 1 - \ I concentrated. Portions were incubated at 
37?C with [3H]adenosine (0.1 to 20 ,uM) for 

[3H]Adenosine bound (n M) 120 minutes and binding assessed by Seph- 
adex G-25 chromatography. (B) Reciprocal 

plot of kinetics of AdoHcy synthesis (V, velocity). The preparation of lymphoblast protein used 
in (A) was assayed for AdoHcy synthesis activity according to the method for assay 1 (Fig. 2A) 
with 5 mM homocysteine. Incubation was for 1 to 5 minutes. 
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essential that AdoHcy be removed as it 
is formed, a function performed in mam- 
malian cells by AdoHcy hydrolase. 
However, the equilibrium constant (Keq) 
for hydrolysis greatly favors AdoHcy 
synthesis from adenosine and L-homo- 
cysteine, the products of AdoHcy cleav- 
age (31). Under physiologic conditions 
AdoHcy hydrolysis proceeds because 
these products are efficiently removed, 
preventing the thermodynamically fa- 
vored accumulation of AdoHcy. 

Kredich and Martin (7) have shown 
that in ADA-inhibited mouse lympho- 
blasts, toxic concentrations of adenosine 
in fact caused both a marked accumula- 
tion of AdoHcy and inhibition of DNA 
methylation, findings we have extended 
in studies with human lymphoblasts (32). 
The toxicity of adenine may also be re- 
lated to inhibition of AdoHcy cleavage. 
Studies showing that adenosine blocks 
ribosomal RNA maturation in a human 
plasma cell line also point to inhibition of 
methylation as a mechanism for its cyto- 
toxicity (33). We believe that the affinity 
of AdoHcy hydrolase for adenosine may 
be an important factor in determining in 
which tissues AdoHcy might accumulate 
when other routes of adenosine metabo- 
lism are interrupted. In this regard it is 
interesting that the Michaelis constants 
reported for both the rat and beef liver 
enzymes for adenosine are from 0.4 to 
1.5 mM (34, 35), in marked contrast to 
those of the human placental and lym- 
phoblast enzymes, - 1 ,tM. 

Whether or not accumulation of 
AdoHcy and inhibition of methylation 
contribute to the immune dysfunction in 
ADA-deficient individuals must await 
studies of affected individuals. Never- 
theless, understanding of the regulation 
of nucleic acid and other methylase reac- 
tions is of considerable importance to 
several areas of investigation, including 
control of differentiation, gene expres- 
sion, viral replication, and neoplastic 
transformation. Tight binding of adeno- 
sine to AdoHcy hydrolase in some tis- 
sues but not others may permit selective 
methods for modifying growth of tu- 
mor or virus-infected cells, and may 
provide a means for better defining the 
importance of various methylation 
reactions. 

Note added in proof: We have recent- 
ly found that adenosine-binding activity 
in extracts of mouse liver copurifies with 
AdoHcy hydrolase activity. 
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An important advance has been the de- 
velopment by Salpeter et al. of grain 
density histograms to determine the res- 
olution of 1251 or other isotopes (2). Ac- 
cordingly, we have prepared and ana- 
lyzed electron microscope autoradio- 
graphs of human cultured lymphocytes 
incubated with [251]insulin. 

Previously, we demonstrated that 
when IM-9 human cultured lymphocytes 
are incubated with [1251]insulin in a com- 
plete culture medium supplemented with 
10 percent fetal calf serum at 37?C the 
cellular uptake of insulin is maximal 
within 1 minute, and a steady state can 
be maintained for 90 minutes or longer 
(1). Under these conditions, cell viability 
remains greater than 97 percent of total, 
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Entry of Insulin into Human Cultured Lymphocytes: 
Electron Microscope Autoradiographic Analysis 

Abstract. Electron microscope autoradiographs were prepared of IM-9 human cul- 
tured lymphocytes incubated with iodine-125-labeled insulin. With the use of 
[12?5Iinsulin and Ilford L-4 emulsion, the technique had a resolution half-distance of 
approximately 0.085 micrometer. Autoradiographs revealed a time-dependent entry 
of insulin into the cell interior that was maximal after 30 minutes of incubation. At 
this time point nearly 40 percent of the [125]insulin was in the interior of the cell at a 
distance 1 micrometer or greater from the plasma membrane. Grain distribution and 
volume density analyses revealed that the intracellular insulin was concentrated in 
the endoplasmic reticulum and nuclear membrane. 
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