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ADENOSINE TRIPHOSPHATE-DERIVED NUCLEOTIDE 
FORMATION IN THE PRESENCE OF ETHANOL*-I- 

BAKI<\ I. GOLD:: and LAUISLAV VOLICER 

Department of Pharmacolog). Boston University School of Medicine. Boston. Mass. 021 IX. LJ.S.A. 

Abstract-Formation of an unidentilied nucleotide in rat liver particulate preparations incubated in 
the presence of ethanol or other alcohols was found. Although the nucleotide was eluted from cation 
exchange resin in phase with cyclic AMP and was not precipitated by nascent barium sulfate, it 
could be separated from known cyclic AMP by selective adsorption onto water-equilibrated alumina. 
The rate of nucleotide formation was dependent upon the concentration of both ATP and ethanol: 
however. graphical determination of bimolecular enzyme constants was not possible. Nucleotide syn- 
thesis in ritro was stimulated by ethanol. methanol and glyccl-ol. but not by I-propanol. 2-propanol, 
tert-butanol or acetaldehyde. lt was hypothesized that the nilclcotide was a condensation product 
of ATP and ethanol, and ethyl adenylate was proposed as the structure. 

Of all the pharmacological and toxicological actions 
of ethanol, perhaps none is more insidious than eth- 
anol-induced fatty infiltration of the liver. In a recent 
study, 90 per cent of a sample of alcoholics showed 
evidence of fatty liver at biopsy [I]. Rat hepatic tri- 
glyceride levels have been shown to be significantly 
elevated only 6 hr after oral administration of 6.0 g/kg 
of ethanol [2]. Total lipid levels in the livers of rats 
fed a nutritionally adequate diet were increased when 
36 per cent of the total calories as carbohydrate was 
replaced by ethanol [3]. This ethanol-induced in- 
crease was observed even when the total lipid intake 
was reduced to as low as 2 per cent of the total 
calories. Although the role of ethanol in the etiology 
of fatty liver seems well-established, the mechanism 
by which ethanol increases hepatic lipid levels is as 
yet unknown. 

Concomitant with the increase in hepatic triglycer- 
ides seen after both acute [2.4,5] and chronic [3,6] 
ethanol treatment. liver ATP levels have been shown 
to decrease significantly [4,5.7]. Griffaton c’t ul. [7] 
concluded that ethanol elicited a nucleotide catabo- 
lism but did not change the ATPjADP ratio. This 
suggests that the catabolism of ATP proceeded via 
a pathway other than one in which an ATPase par- 
ticipates. Although the negative correlation between 
hepatic lipid and ATP levels is not necessarily proof 
that decreased ATP levels cause lipid accumulation, 
it has also been shown that administration of high 
doses of ATP with a single dose of ethanol not only 
increased hepatic ATP levels, but also decreased 
hepatic lipid levels [4,5]. 

*This paper is taken in part from a dissertation submit- 
ted to the Graduate School of Boston University by BIG. 
in partial fulfillment of the requirements of the degree of 
Doctor of Philosophy. 

t Preliminary reports of this work have been presented 
at the 1975 Fall meeting of the American Society for Phar- 
macology and Experimental Therepeutics [Pha~,nticologist 
17. 358 (lY75)] and at the sixth International Congress 
of Pharmacology (Helsinki, 1975). 

: Present address: Department of Pharmacology. Yale 
University School of Medicine. 333 Cedar St.. New Haven. 
Conn. 065 IO. 

While studying the ability of glycerol to stabilize 
adenylate cyclase, Petrack et ~1. [S] found that gly- 
cerol apparently stimulated cyclic AMP formation in 
particulate fat cell preparations. Further investigation 
showed that the compound was not cyclic AMP, but 
rather a nucleotide which behaved like cyclic AMP 
in several separation procedures. This novel com- 
pound formed from ATP in the presence of glycerol 
appeared to be composed of an adenosine moiety and 
the x-phosphate, but not the /&phosphate or y-phos- 

phate group of ATP. When incubation was carried 
out with alcohols other than glycerol, a family of 
compounds was found the R, values of which de- 
creased in a paper chromatographic system as the 
molecular weight of the alcohol increased. From this 
indirect evidence it was postulated that the nucleotidc 
formed also incorporated the mono-, di-. or trihyd- 
roxy alcohol with which the fat cells were incubated. 
It was mentioned that liver particulate preparations 
had a capacity similar to fat cells to synthesize the 
novel nucleotide from ATP and glycerol. In light of 
these observations, this study was tmdcrtaken to 
dctcrminc whether such a nucleotidc was formed by 
liver from ATP and ethanol. 

METHODS 

Tissue prrparation. Tissue particulate fractions were 
prepared fresh daily. Male outbred albino rats 
(Charles River Laboratories) were sacrificed by deca- 
pitation and the livers rapidly removed. placed on 
ice-cold aluminum foil and minced with scissors. Ap- 
proximately 3 g liver was hand homogenized in 5.0 ml 
of ice-cold Tris-HCl (125 mM, pH 9.0, unless other- 
wise stated) using ten strokes of a 7.0-ml Ten Broeck 
all-glass homogenizer (Pyrex) immersed in ice. The 
homogenates were diluted to 100ml with the same 
buffer. divided into two equal fractions and centri- 
fuged at 900 ,g for 5 min at 4” in a Sorvall RC-3 ccntri- 
fuge. The resulting supernatants were aspirated. 
pooled and redivided into two fractions and centri- 
fuged at 17,000 y for 60 min at 4” in a Sorvall RC-2B 
centrifuge. The supernatants were aspirated and dis- 
carded. Each pellet was resuspended by vortexing in 
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I5 ml Tris--HCl (125 mM, pH 9.0, unless otherwise 
stated). The suspensions were pooled and stored on 
ice until used. Other tissues were prepared similarly 
with initial homogenization in I vol. Tris---HCI (as 
above), dilution to 15 vol. with the same buffer, and 
centrifugation as above. The 17,000 g pellets were 
resuspended in 4 vol. (times initial weight) of the same 
buffer. Skeletal muscle (gastrocnemiL~s) was first 
homogenized using a model I82 Super Dispax Tissue- 
mizer (Tekmar Co.) and then rehomogenized in a Ten 
Broeck all-glass homogenizer. 

I/dmtior~ in vitro. The incubations were carried 
out according to a modification of the method of 
Petrack et al. [S]. An aliquot of [2,8-3H]ATP (26.0 
Ci/m-mole. New England Nuclear), shipped in 50% 
(v/v) ethanol, was evaporated to dryness in a Biichi 
rotary evaporator and reconstituted in aqueous 2.5 
IO-‘M ATP containing 1OmM MgCl,. The follow- 
ing were pipetted in the indicated order into 13 
100 mm disposable incubation tubes kept on ice: (1) 
20 111 of aqueous 2.5 lo-” M ATP (disodium) contain- 
ing 2.0 (ICi [2,X-“HJATP and 10 mM MgCl,; (2) 20 j11 
of distilled water or 0.78 to 100% (v/v) ethanol; (3) 
20 ~1 of 100 mM phosphocreatine in distilled water; 
(4) 20 ii1 creatine phosphokinase (S mgiml) in distilled 
water; and (5) 20~1 of tissue preparation containing 
SO-1OOpg protein in Tris-HCl (125 mM, pH 9.0, un- 
less otherwise stated). Immediately after adding tissue 
protein. the tubes were gently swirled and placed into 
a Dubnoff metabolic shaker for 10 min at 37”. The 
reaction was halted by immersion of each tube into 
boiling water for I min. Each sample was cooled on 
ice and 0.9 ml of aqueous carrier cyclic AMP added. 

Initial nucleotide separation was a modification of 
the method of Krishna rr ut. 193 for the separation 
of cyclic AMP. Each incubation tube was vortexed 
and the contents were applied to cation exchange 
columns made from 7-in. transfer pipettes (Rochester 
Scientific) plugged with glass wool and containing 
2 ml of a I: 1 settled volume slurry of AG 5OW-X4 
20&4OO mesh resin (Biorad Laboratories). The 
columns were eluted with distilled water and the un- 
identified nucleotide (unknown) was collected in a 
3-ml fraction previously shown to contain cyclic 
AMP. These fractions were precipitated by the addi- 
tion of 0.3 ml of 0.25 M ZnSO, followed by sufficient 
0.25 M Ba(OH), to neutralize the samples. The 
samples were vortexed and centrifuged for 6 min at 
2000g. Each sample was pr~ipitated a second time 
with nascent BaSO,, mixed with a wooden applicator 
stick so as Ilot to disturb the first pellet, and recentri- 
fuged. The supernatants were aspirated and the pellets 
discarded. A l-ml aliquot of each BaSO, supernatant 
was applied to an alumina column containing 500 mg 
aluminum oxide (Brockman activity II, BDH Chemi- 
cals, Ltd.) equilibrated with distilled water. Two frac- 
tions were collected from each column. The first frac- 
tion was eluted with 4.0 ml of distilled water and col- 
lected in scintillation vials. The second fraction was 
eluted with 2.0 ml of 2.5 N NaOH and collected in 
a second set of scintillation vials; 0.6 ml of 60”/, 
HClO, was added to the second eluate to neutralize 
the NaOH. Complete counting mixture 3A70b 
(Research Products International) (10 ml) was added 
to each vial and the radioactivity measured in a 
Packard Tri-Carh liquid scintillation spectrometer. 

Counting efficiency was estimated by the addition of 
[3H]toluene (New England Nuclear) to a representa- 
tive sample. 

Assay blanks were determined in duplicate for each 
experiment. Twenty ~1 of tissue preparation was 
placed into 13 100~mm incubation tubes, which were 
then immersed in boiling w-ater for 1 min. All addi- 
tions identical to an experimental incLlbation were 
made; the sample was diluted with carrier cyclic 
4MP, and all steps in product purification were car- 
ried out. Experimental samples were corrected for this 
assay blank, which never exceeded 60cpm. 

The product yield (pmoles/mg of protein/lOmin) 
was calculated from the radioactivity of the product 
(corrected for assay blank and dilution, but not for 
column recovery) and the specific activity of the sub- 
strate. 

In all experiments, protein was estimated by the 
method of Lowry et al. [lo] using standards of bovine 
serum albumin (Sigma) in Tris-HCl at a concen- 
tration and pH equal to the buffer in which the tissue 
was homogenized. 

RESULTS 

Rat liver homogenates were incubated with 
[2,8-3H]ATP, 2.6 M ethanol, and at an ATP-regener- 
ating system (creatinc phosphate and creatine phos- 
phokinase), the assay was halted as described in 
Methods, and the cyclic AMP fractions were eluted 
from AG 50W resin. Approximately 1OOOcpm of 
[8-‘4C]cyclic AMP (20-30 Ci/m-mole, New England 
Nuclear) was added to this fraction. and precipitation 
with nascent BaSO, was carried out. A l-ml aliquot 
of this supernatant, containing 14C as known cyclic 
AMP and 3H label on a non-~So~-precipitable 
compound, was applied to a water-equilibrated alu- 
mina column. The elution profile is shown in Fig. 
I. Ninety-six per cent of the 14C label, but only 15 
per cent of the applied 3H. was eluted with water 
in the first 5 ml. The 3H retained on the column was 
eluted with 2.5 N NaOH. Similar label separation 
with water-equilibrated alumina was achieved when 
[c(-3zP]ATP was supplied as substrate and C3H]cyclic 
AMP added to the cyclic AMP fraction eluted from 
AG SOW resin. 

In an effort to both increase yield and decrease 
variability between experiments, the subcellular distri- 
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Fig. 1. Water-equilibrated alumina eiution profile of 
B&O4 s~lpernatant from rat liver preparation in uitro incu- 
bated in the presence of ethanol and [2,3-3H]ATP. 
[“%Y]cyclic AMP was added to the sampte before precipi- 

tation with nascent B&O,. 
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Fig. 2. Effect of ethanol on unidentified nucleotide ac- 
cumulation in three subcellular fractions of rat liver incu- 
bated in ~‘irro in the presence of 0.4 mM ATP and 10 mM 
Mg’+ at pH 8.0. Values are the means of triplicate incuba- 

tions from a single experiment. 

In another series of experiments. ATP concen- 
tration was kept constant at 50 PM and ethanol con- 
centration varied from 0.027 to 3.464 M (0.1%20.0x, 
v/v). Results are shown in Fig. 5. Velocity was propor- 
tional to ethanol concentration and approached an 
apparent maximum at 3.464 M. When basal activity 
(activity in the absence of ethanol) was subtracted 
from velocities in the presence of ethanol and the data 
were transformed to their reciprocals (inset), the 
resulting curve was distinctly not a linear plot. At 
no time was cyclic AMP formation in these liver 
preparations (radioactivity eluted from alumina with 
water) affected by ethanol. 

bution of activity was examined. Liver homogenates It was of interest to gain some insight into the rela- 
were prepared as described and aliquots taken of the tionship between alcohol structure and unknown for- 
900g supernatant, the 17,000 g supernatant, and the mation in this liver preparation. Results obtained 
17,000 g pellet resuspension. Incubations of these frac- with a number of alcohols are shown in Fig. 6. In 
tions with distilled water or 2.6 M ethanol, separation, the simple homologous series of primary aliphatic 
and purification of the product were carried out as alcohols. methanol-ethanol-propanol, product for- 
described in Methods, and the results are shown in mation decreased as chain length increased. The tri- 
Fig. 2. Ethanol markedly stimulated unknown forma- hydroxy alcohol, glycerol, was about 5-fold more 
tion in the 900 g supernatant fraction, and much less active than the most active primary alcohol, meth- 
in the 17,000 g supernatant fraction. The greatest acti- anol. Product formation was not increased at any 
vity among the fractions studied was obtained with concentration of the simplest secondary alcohol 
the 17,000 g pellet resuspension. Deletion of the ATP- tested. 2-propanol. Tort-butanol (not shown) was in- 
regenerating system resulted in a 50 per cent loss in active at the concentrations tested (0.26 to 2.1 M). 
this activity. Unknown formation was increased in Product formation was not increased in the presence 
the presence of 10 mM magnesium, manganese and of acetaldehyde (not shown), the major metabolite of 
calcium. but not in the presence of zinc. ethanol, at any concentration tested (0.011 to 0.27 M). 

Samples of liver were homogenized and 17,000 g 
pellets prepared in 125 mM Tris+HCl. pH 6.5 to 9.5: 
incubations were carried out at 0.5 pH unit incre- 
ments. Figure 3 shows that activity in the presence 
of ethanol increased directly with pH between 6.5 and 
9.0. Activity was almost halved upon further increase 
to pH 9.5. Product yield without ethanol changed 
very little throughout the entire pH range studied. 

Results displayed in Fig. 7 show the unknown for- 
mation by particalate preparations from several 
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Fig. 3. Effect of incubation medium pH on unidentified 
nucleotide accumulation in rat liver in t’itro. Values are 
the means of duplicate incubations from two experiments. 

In the presence of 2.6 M ethanol and the ATP- 
regenerating system, ATP concentration was varied 
and the results are shown in Fig. 4. Reaction velocity 
increased with increasing ATP concentration through- 
out the wide range, 1.0 /lM to 1.0 mM, of ATP con- 
centrations examined (inset). Reciprocals of the inter- 
cepts of the Lineweaver-Burk transformation give 
estimates of 800pmoles of unknown formed/mg of 
protein/l0 min maximum velocity and half-maximum 
velocity at 2501~M ATP in the presence of 2.6 M 
ethanol. 
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Fig. 4. Double-reciprocal transformation of the rate of un- 
identified nucleotide formation as a function of ATP con- 
centration in the presence of 2.6 M ethanol in rat liver 
in tCtro. 1nset:arithmetic plot of unidentified nucleotide for- 
mation as a function of ATP concentration. Values are 
the means of triplicate incubations from a single 

experiment. 
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Fig. 5. Effect of ethanol on the rate of unidentified nucleotide accumulation in rat liver preparation 
in &ro in the presence of 50jiM ATP. Values are the means i: S.E.M. of triplicate ill~ubations 
from three to twetve experiments, Velocities at ethanol concentrations greater than 0.433 M are signifi- 
cantly different from the basal velocity when analyzed by the Dunnet [ll] multiple comparison test. 
Inset: double-reciprocal transformation of the same data after subtraction of basal velocity from veloci- 

ties in the presence of ethanol. 

organs. Of the tissues studied, unknown formation 
was greatest with preparations from liver, and much 
less with heart, lung and brain (not shown). There 

was no activity in preparations of skeletal muscle. 
The low activity found in heart and brain is in agree- 
ment with Petrack er ul. [S], who also found that acti- 
vity in liver was approximately equal to that in f;lt 
cell ghosts. 

DISCUSSION 

When rat liver particulate preparations were incu- 
bated with ATP in the presence of ethanol, a com- 
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Fig. 6. Effect of several different alcohols on unidentified Fig. 7. Effect of ethanol on unidentilied nucleotide forma- 
nucleotide formation in rat liver preparation in vitro. tion in several tissues irz ritm. Values are the means of 

Values are the means of at least triplicate incubations. triplicate i~lcu~tions (liver data from Fig. 4). 

pound was formed which behaved similarly to cyclic 
AMP on cation exchange resin and, like cyclic AMP. 
was not precipitated by nascent BaSO,. The estah- 
lished method for purifying cyclic AMP from incu- 
bates 197 selectively and quantitatively precipitates all 
adenine nucleotides, adenine and inorganic phos- 
phate. while cyclic AMP remains in the supernatant. 
Petrack et d. [S]. however. have shown that when 
fat cell preparations wcrc incubated writh ATP and 
glycerol or other alcohols and the incubates purified 
by the method of Krishna cpt tri. [9]. the product 
found in the BaSO, supernatant could bc separated 
from known cyclic AMP by paper chromatography. 
Similarly, the product formed from ATP in the pros- 
ence of ethanol in the experiments reported here was 
shown to be a compound other than cyclic AMP by 
selective adsorption of the product onto water-equili- 
brated alumina. This method was shown to be reli- 
able for quantitative separation of the unknown from 
cyclic AMP. 

There is much evidence that the synthesis of the 
unknown was enzyme-catalyzed. The reaction did not 
proceed when all reactants were incubated in the 
absence of tissue protein or in the presence of heat- 
denatured tissue. The rate of unknown formation in- 
creased linearly with concentrations of tissue protein 
up to approximately 100 /~g,:sample and up to I5 min 
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of incubation time. In addition to having a specific 
tissue distribution. the enzyme also exhibited a speci- 
fic subcellular distribution. The greatest specific acti- 
vity was found in the 17,000 (/ pellet prepared from 
liver. Although in the absence of fine structure evi- 
dence it is difficult to state specifically which subcellu- 
lar organelle predominates in this fraction. Gray and 
Whittaker [ 121 conclude that the 17.000 c/ fraction 
from brain tissue homogenized in isosmotic sucrose 
is a “crude mitochondrial” fraction, 

The kinetics of unknown formation are complex. 
The observation that velocity is dependent upon both 
ethanol concentration and ATP concentration sug- 
gests a bimolecular reaction involving stepwise bind- 
ing of the two substrates to the enzyme. The alinearity 
of the double-reciprocal plot of ethanol concentration 
vs velocity. however. dots not allow graphical deter- 
mination of the dissociation constants of a two- 
substrate cnrymc [13. 141. 

Although adcnylatc cyclase and the enzyme de- 
scribed here arc both particulate. both use ATP as 
a substrate. and the two products are not BaSO,- 
prccipitable; unknown formation is catalyzed by an 
enzyme dilferent from adenylate cyclasc. Whereas the 
optimal pH for unknown formation in rir,-o was pH 
9.0, the pH optimum for adenylate cyclase is 7.2 to 
X.2 1151. In addition. unknown formation had a rela- 
tive requirement for IO mM magnesium. calcium or 
manganese. Adcnylate cyclase is inhibited by calcium 
concentrations greater than 0.2 mM 1141. 

As unknown formation did not proceed in the pres- 
ence of acetaldehyde. the enzyme must bind ethanol 
per .SCJ and not an ethanol metabolite formed by the 
action of alcohol- or acetaldehyde-dehydrogenases. 
The 50 per cent decrease in unknown formation in 
the absence of the ATP-regenerating system suggests 
that the enzyme requires ATP, and not an ATP meta- 
bohte, as a substrate. In the absence of an ATP- 
regenerating system, ATP metabolite concentrations 
would greatly increase due to the action of competing 
ATPases and nucleotidases present in a crude mito- 
chondrial preparation. Furthermore. if the enzyme 
required an ATP metabolite as substrate. the rate of 
unknown formation would increase, or at least not 
decrease. in the absence of an ATP-regenerating sys- 
tcm. Thus. nucleotidc formation is catalyzed by a sin- 
glc enzyme or enzyme system which binds unmctabo- 
lized ATP and ethanol. 

The structure activity relationship observed in the 
experiments described here agrees with the prelimi- 
nary results described by Pctrack et (I/. [Xl. who also 
observed that cthylcne glycol was the most active of 
those studied. and that propylene glycol was slightly 
more active than ethanol. The pooled activity series 
is: ethylcnc glycol > glycerol > methanol > propy- 
lene glycol > ethanol. Simple secondary or tertiary 
alcohols were not active in our experiments. The rela- 
tionship bctwcen structure and activity for primary 
alcohols is increasing activity with decreasing chain 
length. The greater activity of polyhydroxy alcohols 
may bc explained by an increased frequency of suc- 
cessful primary hydroxyl enzyme collisions which 
would occur when a greater number of primary hy- 
droxyl groups are present on a molecule. The highly 

reproducible observation that some unknown syn- 

thesis takes place in the prcsencc of water can best 

be explained by the possibility that ATP complexes 
with an endogenous primary alcohol present in the 
crude liver preparation. It is possible that this endo- 
genous substrate could be eliminated by further 
enzyme purification. 

In the absence of physical and chemical analysis 
of the product. its structure is subject to speculation. 
Labeled product formation from either [2.X-“H]ATP 
or [Y-~‘P]ATP. supplied as substrate tracers in separ- 
ate experiments, indicates that the product contains 
an adenine ring and a ribose moiety with at least 
an x-phosphate This satisfies the definition of a nu- 
cleotide. In addition to the conclusion that the prod- 
uct is an adenine nucleotide. Petrack ct al. [S] con- 
cludc from their studies with fat cells and different 
alcohols that the product does not contain the 
y-phosphate and probably not the fi-phosphate from 
ATP. In their experiments. no radioactive product 
was obtained when [Y-~‘P]ATP was supplied as sub- 
strate or when [G3’P]ATP was generated in situ with 
combined action of myokinase and pyruvate kinase. 
In addition, they conclude that the product may in- 
corporate the alcohol into the nucleotide product in 
an unknown linkage. The structure of the product 
formed, therefore, would depend upon the alcohol 
supplied as substrate. The products formed from the 
condensation of ATP with several different alcohols 
would be a series of congeners. each composed of 
an adenosine monophosphate nucleus and a side 
chain. possibly in a phosphate ester linkage. of the 
respective alcohol. 

Further research is necessary to determine if a con- 
densation product of ethanol and ATP is involved 
in the effects of ethanol on the liver either by deple- 
tion of available intracellular levels of ATP or by in- 
terferencc with the hepatic cyclic AMP system. 

In conclusion, when rat liver particulate prep- 
arations were incubated in the presence of ethanol 
and ATP, an adenine nucleotide was formed which, 
although it could be eluted .from cation-exchange 
resin in phase with cyclic AMP and was not BaSO,- 
precipitable, could be shown not to be cyclic AMP 
by selective adsorption onto aluminum oxide. In 
addition, the formation of this nucleotide was cata- 
lyzed by an enzyme distinct from adenylate cyclase. 
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