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Abstract

Nonoxidative alcohol metabolism catalyzed by fatty acid ethyl
ester (FAEE) synthases may contribute to extrahepatic injury
resulting from alcohol abuse. Unlike rabbit myocardial FAEE
synthase, that from human heart has a satellite minor syn-
thase (I) eluting from DEAEcellulose at a conductivity of 5
mS. Synthase I was purified 1,1 18-fold to homogeneity by
sequential gel permeation, hydrophobic interaction, and Su-
perose-12 fast-protein liquid chromatographies. SDS-PAGE
showed a single polypeptide with a molecular mass of 26 kD
and gel permeation chromatography indicated a molecular
mass of 52 kD for the active enzyme. Homogeneous synthase I
catalyzed ethyl ester synthesis at highest rates with unsatu-
rated octadecanoic fatty acid substrates. The amino acid com-
position of synthase I was highly homologous to that of human
myocardial major synthase, recently identified as an acidic glu-
tathione (GSH) S-transferase. Antibody raised against homo-
geneous human heart major synthase cross-reacted with the
26-kD synthase I. FAEE synthase co-chromatographed with
GSHS-transferase on DEAEcellulose, Sephadex G-100 and
S-hexylglutathione agarose, and also displayed GSHS-trans-
ferase activity in catalyzing the conjugation of GSHwith ni-
trobenzene-containing carcinogens. Thus, human myocardium
contains a satellite peak of FAEEsynthase activity and it is a
neutral GSHS-transferase.

Introduction

The World Health Organization concluded in 1964 that an
important association existed between excessive drinking of
alcohol and development of tumors of the pharynx, esopha-
gus, stomach, and liver (1). Moreover, chronic ethanol inges-
tion has a carcinogenic enhancing effect for tumors of various
tissues induced by polycyclic hydrocarbons and nitrosamines
(2, 3). Our laboratory has recently established a biochemical
link between alcohol and carcinogen metabolism by reporting
a high degree of homology between the major fatty acid ethyl
ester (FAEE)' synthase from human myocardium and the glu-
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1. Abbreviations used in this paper: BME, 2-mercaptoethanol; FAEE,
fatty acid ethyl ester; GST, glutathione S-transferase.

tathione (GSH) S-transferases, or GSTs, enzymes that detoxify
a wide variety of polycyclic carcinogens and xenobiotics (4).

FAEEs were recently identified in heart and these neutral
lipids were shown to accumulate in vivo after being synthe-
sized in the myocardium (5-8). In isolated rabbit heart mito-
chondria, these ethyl esters induce mitochondrial dysfunction
in vitro (5), a finding that establishes a link between alcohol
intake and mitochondrial damage, a hallmark of alcohol-in-
duced heart muscle diseases.

FAEE synthase exists as two forms in rabbit myocardium
and both of these enzymes catalyze the synthesis of FAEEs (9).
These two forms can be separated from each other by chroma-
tography on DEAEcellulose (9). However, after chromatogra-
phy on DEAEcellulose, we have now identified three forms of
synthase in human myocardium. The heretofore undescribed
first form eluting at 5 mSon DEAE-cellulose chromatography
(synthase I) has not been isolated and purified from any spe-
cies.

In the present investigation, we report the isolation, purifi-
cation to homogeneity, and characterization of synthase I
from human myocardium. In addition, we also demonstrate a
relationship between synthase I and GST, an acidic isozyme
which has recently been described to be the major FAEEsyn-
thase (4). The present data establish a second structural and
functional link between alcohol and carcinogen/xenobiotic
metabolism and thus provide a molecular framework for fur-
ther evaluating the long-accepted clinical association between
alcohol abuse and oncogenesis.

Methods

Materials. Ethyl [3Hjoleate was synthesized in 70% yield by the acid-
catalyzed esterification of [3H]oleic acid in ethanol (9). ['4C]Oleic acid
(59.9 Ci/mol) and [3Hloleic acid (5.7 Ci/mol) were purchased from
Amersham Corp, Arlington Heights, IL. S-hexylglutathione agarose
was obtained from Sigma Chemical Co., St. Louis, MO; 1-chloro-2,4-
dinitrobenzene, 1 -chloro-4-nitrobenzene, and 1,2-dichloro-4-nitro-
benzene were purchased from Aldrich Chemical Co., Milwaukee, WI.
All other reagents were the highest commercially available grade.

Homogenate preparation. Ventricular myocardium (60 g) from
human heart was placed in ice-cold 1 mM2-mercaptoethanol (BME)
10 mMTris, pH 8.0, and all subsequent procedures were performed at
4°C. The myocardium was minced and homogenized for 60 s in 10 vol
of cold 1 mMBME, 10 mMTris, pH 8.0, with a homogenizer (Poly-
tron PT-20, Brinkmann Instruments Co., Westbury, NY) at half-max-
imal setting. Homogenate was first centrifuged at 14,000 g for 30 min
and the resulting supernatant was again centrifuged at 48,400 g for 1 h.
Floating fats were removed by aspiration after each centrifugation. The
supernatant was dialyzed overnight against 1 mMBME, 10 mMTris,
pH 8.0, before chromatography. Protein was estimated by the method
of Bradford (10) with y-globulin as standard.

Enzyme assay. FAEE synthase activity was determined according
to the method of Mogelson and Lange (9) and Bora et al. (4).
GSTactivity was measured spectrophotometrically at 340 nM using
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I mM1-chloro-2,4-dinitrobenzene and 1 mMreduced GSHas sub-
strates ( 1).

Electrophoresis. SDS-PAGE(12) was used to determine the molec-
ular weight and the purity of the enzyme. Gels containing 4.5% (stack-
ing gel, pH 6.8) and 12.5% (separating gel, pH 8.8) acrylamide were run
at 150 V (stacking) and 200 V (separating), after which they were fixed
and stained with silver (13) or with 0.2% Coomassie brilliant blue.
Enzyme subunit molecular weight was calculated using polypeptide
standards of known molecular weight (phosphorylase b [94,000]; bo-
vine serum albumin [66,000]; ovalbumin [43,000]; carbonic anhy-
drase [29,000]; soybean trypsin inhibitor [20,000], and a-lactalbumin
[14,000]).

Amino acid analysis. An automated amino acid analyzer (model
6300, Beckman Instruments, Inc., Fullerton, CA) was used for amino
acid analysis. Hydrolysis was performed in vacuo using 6 N HCOin a
sealed vessel at 110IC for 24 h. Cysteine and methionine were quanti-
tated after oxidation with performic acid prior to hydrolysis.

Immunoblot analysis. Purified synthases were subjected to gel elec-
trophoresis on the Phast System (Pharmacia Fine Chemicals, Piscata-
way, NJ) and then electrophoretically transferred to a nitrocellulose
sheet (14, 15). After transfer, the nitrocellulose sheet was washed four
times with 300 ml of phosphate-buffered saline containing 0.3% (vol/
vol) Tween 20 and then incubated for 3 h with rabbit anti-major
synthase antibody and 1% ovalbumin. After washing three times with
phosphate-buffered saline, the sheet was incubated with 25I-Protein A
(150 Al, 105 cpm/pmol) containing 1% ovalbumin. The nitrocellulose
sheet was then washed again with phosphate-buffered saline, dried and
exposed to X-ray film for 72 h. Antibody against the major synthase
does not cross-react with the minor synthase, albumin, or cholesterol
esterase, nor does preimmune serum recognize any of the synthases.

Results

Fractionation of FAEE synthase forms. When the soluble
fraction from a homogenate of human myocardium was frac-
tionated on DEAEcellulose (2 X 18 cm) in 1 mMBME, 10
mMTris, pH 8.0, three peaks of FAEE synthase activity were
consistently and reproducibly observed (Fig. 1). These species
are designated as follows: synthase I, eluting at 5 mS; minor
synthase (II) eluting at 7 mS; and the major synthase (III)
eluting at 11 ImS. This pattern is unique to human heart since
only two activity peaks are observed in other mammals (9).
This elution profile is not affected by the presence of protease
inhibitors, indicating that this heterogeneity is not due to ad-
ventitious proteolysis. Recently the major synthase was puri-
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Figure 1. DEAE-cellulose chromatography. Enzyme activity from
human myocardium was fractionated in 1 mMBME, 10 mMTris,
pH 8.0. The column was developed with a linear salt gradient run-
ning from buffer to 400 mMNaCl (m). Fractions (6 ml) were col-
lected at 40 ml/h and monitored for protein (o) and synthase
activity (o).
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Figure 2. Gel permeation chromatography of FAEE synthase I. Pro-
tein was applied at 6 ml/h to Sephadex G-100 (2.5 X 72 cm) equili-
brated with 1 mMBME, 10 mMTris, 50 mMsodium phosphate,
pH 7.0. Fractions (2.5 ml) were collected and monitored for A280 (°)
and FAEEsynthase activity (.).

fied to homogeneity and was shown to be homologous to GSH
transferase (4). However, the properties of synthase I are un-
known and its relationship to the minor and major enzymes is
also unknown.

Purification of FAEE synthase I. In order to concentrate
the FAEE synthase I pool (45 ml) from the DEAEcolumn,
solid ammonium sulfate was added to 70% of saturation. The
precipitate was collected by centnfugation, dialyzed against

1 mMBME, 10 mMTris, 50 mMphosphate, pH 7.0, and
applied to a Sephadex G-l00 column (2.5 X 72 cm). The
enzyme was recovered in 75% yield as a single, broad peak
(Fig. 2). When the major synthase is chromatographed on the
same column at the same flow rate, it emerges at a larger
elution volume. However, fast-protein liquid chromatography
(FPLC) gel filtration and SDS gels (see below) indicate that
these two species have the same molecular mass, 52 kD. The
different G-100 elution volume observed here, as well as the
broad activity peak, probably reflects matrix protein interac-
tion, a commonphenomenon for lipid enzymes.

An octyl Sepharose column (1 X 7 cm) was equilibrated
with 1 mMBME, 1O mMTris, 50 mMphosphate, pH 7.0, and
those Sephadex G- 100 fractions with activity > 8 nmol/ml per
h were applied at 20 ml/h. After washing the resin with 0. 10%
sodium cholate in the same buffer, the column was developed
further with a linear cholate gradient running from 0.10% to
0.20% and the enzyme emerged at 0.13% cholate in 70% yield
(data not shown).

Fractions containing enzyme activity greater than 2 nmol/
ml per h were pooled and applied to Superose- 12 FPLC, equil-
ibrated with 1 mMBME, 10 mMTris, 50 mMsodium phos-
phate, pH 7.0. Enzymatic activity emerged at an elution vol-
ume corresponding to a molecular mass of 52 kD (Fig. 3).
SDS-PAGEof this material (35 dg) showed a single band of
molecular mass of 26 kD (Fig. 4) when stained either with
silver or Coomassie blue. The enzyme therefore is a dimer,
consisting of two 26-kD subunits. Synthase I showed signifi-
cant cross-reactivity to antibody raised against homogeneous
human heart major FAEEsynthase, both by solid-phase radio-
immunoassay and immunoblot (data not shown).

The purification summary of the FAEEsynthase I is given
in Table I. An overall yield of 9%was obtained for the 1,1 18-
fold purified enzyme when assayed in the presence of 0.2 M
ethanol and 0.91 mMoleic acid. Myocardium contains - 20
,ug of the FAEEsynthase I per g of tissue.
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Figure 3. Superose- 12 FPLC. Protein was applied at 0. 3 mi/mmn to a
Superose-12 column equilibrated with 1 mMBME, 10 mMTris, 50
mMsodium phosphate, pH 7.0, and the protein was eluted with the
same buffer. Fractions (0.3 ml) were monitored for A280 (-) and
FAEEsynthase activity (-). Molecular weight standard given in thou-
sands (k).

Amino acid analysis. Based on a subunit molecular mass of
26 kD, the amino acid. composition of the synthase I is very
similar to that reported for the major synthase from human
heart (Table II), another dimeric enzyme with a subunit mo-
lecular mass of 26 kD and recently described as a member of
the GSTfamily (4).

Kinetic properties. The substrate specificity of the FAEE
synthase I was examined by measuring the rate of ethyl ester
synthesis in the presence of fatty acids of different chain length
and degree of saturation (Table III). The following '4C-labeled
fatty acids were used: palmitate, stearate, oleate, linoleate, and
arachidonate. In all cases, linear Lineweaver-Burke plots were
found and the maximum rates of synthesis (Vmax) were ob-
served with linoleate and oleate, 222 and 200 nmol/mg per h,
respectively. Saturated fatty acids had the lowest rates of ethyl
ester synthesis, with rates of 36 and 32 nmol/mg per h for
stearate and palmitate, respectively. In contrast, binding affin-
ities (Km) for these fatty acid substrates were all nearly the
same, 0.40-0.59 mMat a fixed oleate concentration of 0.91
mM, the Vmax and Kmfor ethanol were 59 nmol/mg per h and
0.30 M, respectively. Importantly, the homogeneous syn-
thase I was also active as a GSHtransferase with the standard
substrate 1-chloro-2,4-dinitrobenzene (1 mM) as substrate (8
mol/min per mol enzyme), as well as with the carcinogens
l-chloro-4-nitrobenzene (4.75 mol/min per mol enzyme) and
1,2-dicholoro-4-nitrobenzene (5.93 mol/min per mol en-
zyme).

94 kD -

66 kD -

43 kD -

29 kD -

20 kD -
2

Figure 4. SDS-PAGEof
FAEEsynthase I purifica-
tion. Lane 1, molecular
mass standards; lane 2,
blank; lane 3, Superose- 12.
This gel was stained with
silver; similar results were
noted after Coomassie bril-

3 liant blue staining.

Table L Purification of FAEESynthase I

Total Total Specific
Step protein activity activity Purification Yield

mg nmol/h nmol/mg per h -fold %

Cytosol* 5,950 2,040 0.34 1 100
DEAE-cellulose 114 787 6.9 20 39
G-100 27 468 17.3 51 23
Octyl-Sepharose 3.0 204 68.0 200 10
Superose-12 0.50 190 380.0 1,118 9

* Synthase I activity in the cytosol was calculated from the propor-
tions of synthase I, major and minor activities, as determined after
DEAE-cellulose chromatography.

Co-chromatography. Several chromatography experiments
were performed to confirm that synthase I is a GST. First, the
DEAE-cellulose fractions (active as synthase I, total activity
700 nmol/ml per h) were assayed for GSTactivity with 1 mM
l-chloro-2,4-dinitrobenzene as substrate, and this activity co-
chromatographed with the synthase I activity. Using this chro-
mophoric substrate, the pooled fractions had a total activity of
40 mol/min per mol enzyme (data not shown). These fractions
were concentrated by ammonium sulfate (70% saturation) and
dialyzed against 1 mMBME, 10 mMTris, and 50 mMsodium
phosphate, pH 7.0. The enzyme was applied to a Sephadex
G-100 and eluted with 1 mMBME, 10 mMTris, and 50 mM
sodium phosphate, pH 7.0 (Fig. 5). A single peak of synthase
activity (total pool activity, 434 nmol/ml per h) was observed
in 62% yield and a single peak of GSTactivity co-chromato-
graphed (total pool activity, 24 mol/min per mol enzyme) in
60% yield. Finally, the pool from the Sephadex G- 100 column
was dialyzed against phosphate-buffered saline, pH 7.4 and

Table IL Amino Acid Composition of Human
Heart Synthase I, HumanHeart Major Synthase,
and Rabbit Heart Major FAEESynthase

Humanheart* Humanheartt Rabbit heart
synthase I major synthase major synthase

Amino acids (26,000 mol wt) (26,000 mol wt) (26,000 mol wt)

Asx 29 23 23
Thr 13 11 10
Ser 18 17 17
Glx 29 31 32
Pro 11 10 10
Gly 19 22 22
Ala 20 20 20
Cys 5 4 22
Val 17 17 18
Met 5 5 6
lie 10 9 8
Leu 20 20 16
Tyr 4 5 5
Phe 9 8 6
His 6 5 10
Lys 16 14 13
Arg 12 10 7

* This study.
t Bora et al. (4) and Mogelson and Lange (9).
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Table III. Kinetic Constants*for FAEESynthase I

Fatty acid K. V..

mM nmol/mg per h

Oleic 0.44 200
Linoleic 0.59 222
Arachidonic 0.52 80
Palmitic 0.57 32
Steanc 0.40 36

* Determined at 0.2 Methanol, 200 mMphosphate, pH 7.2.

was applied to S-hexylglutathione agarose (16), previously
equilibrated with phosphate-buffered saline, pH 7.4. After ap-

plying the sample, the column was washed with this buffer
until the effluent was free of protein. The enzyme was eluted
by raising the pH to 9.6 (4°C) with 0.05 MTris buffer con-

taining 5 mMGSH. These fractions were active for both syn-

thase I (total activity 118 nmol/ml per h, yield 17%) and GST
(8 mol/min per mol enzyme) with 20% yield. SDS-PAGEof
this material showed a single band at 26 kD, further indicating
that synthase I may be one of the members of GSTs.

Discussion

FAEEs are nonoxidative products of ethanol metabolism, and
accumulate in heart and in other organs that are damaged by
alcohol abuse (5, 8, 16). For example, FAEE synthesis was

observed in homogenates of human pancreas and liver at 468
and 137 nmol/mg per h, respectively (17) and the enzymes

catalyzing this reaction have been partially purified (data not
shown). We have purified to homogeneity from rabbit and
human myocardium both the minor and major forms of syn-

thase, which elute from DEAEcellulose at pH 8.0 at conduc-
tivities of 7 and 11 ImS, respectively (4, 9). However, in human
myocardium, a satellite peak previously unrecognized in rab-

bit heart was observed eluting at 5 mSand designated synthase
I. In the present investigation, we have extended our work to
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Figure 5. Co-chromatography of synthase I and GSTactivity. Syn-
thase I activity from DEAE-cellulose chromatography was pooled,
concentrated by ammonium sulfate precipitation, and then applied
at 6 ml/h to Sephadex G-100 (2.5 x 72 cm), equilibrated with 1 mM
BME, 10 mMTris, and 50 mMsodium phosphate, pH 7.0. Frac-
tions (2.5 ml) were collected and monitored for A280 (o), FAEEsyn-

thase activity (-) and GSHtransferase activity (A), as described in
Methods.

purify synthase I to homogeneity from the human myocar-
dium, and we show it to be a member of the GSTs. Our results
thus establish a link between alcohol and xenobiotic/carcino-
gen metabolism (4).

A detailed kinetic study of synthase I demonstrated a
marked substrate specificity. Highest rates of ethyl ester syn-
thesis were found with linoleic and oleic acids, the same pat-
tern as that found with human major synthase, but the syn-
thase I is twofold more active than the major synthase. Thus,
V,,. for the synthesis of ethyl oleate by human synthase I is
200 nmol/mg per h, whereas that for the major synthase is 100
nmol/mg per h. The Kmvalue of synthase I for all fatty acids is
0.40-0.59 mM,whereas the Kmvalue of the major synthase for
all fatty acids is 0.10-0.20 mM, slightly lower than those found
for synthase I.

Synthase I is a dimer with a molecular mass of 52 kD.
SDS-PAGEshows that the subunit molecular mass of Syn-
thase I is 26 kD, similar to that of the major synthase (4).
Synthase I cross-reacts with the antibody raised against homo-
geneous human heart major synthase, both in radioimmuno-
assay and immunoblotting analyses. Immunoblots of synthase
I show a band at 26 kD which indicates that synthase I has a
subunit molecular mass of 26 kD, and also that synthase I and
the major synthase may share an epitope. Antibody does not
cross-react with the minor synthase (65 kD) by radioimmuno-
assay, suggesting that synthase I and the major synthase may
differ from the minor synthase. These immunologic and struc-
tural data, together with activity measurements using 1-
chloro-2,4-dinitrobenzene as a substrate, indicate that syn-
thase I is a member of the GST family.

Recently, we have shown that the major synthase has se-
quence and functional homology to GSHtransferases (4). The
GSHtransferases comprise a family of isoenzymes that are
capable of detoxifying a variety of xenobiotics through the
conjugation of reduced GSHto electrophilic centers in such
molecules (18). Rat heart contains several acidic and neutral
GSTs with isoelectric points of 4.9, 5.2, 5.5, and 6.8, but they
have not been purified to homogeneity from the heart of any
species (19). Since the major synthase has a pI of 4.9, it is an
acidic GST. Since synthase I is structurally and functionally
similar to the major synthase, it may be that synthase I is also
one of the acidic or neutral GSTs. Our co-chromatography
experiments have shown that synthase I and GSTactivities are
eluted together. Presently, it is not known why synthase I con-
tains low levels of GSTactivity when compared to those found
in human heart or other tissues (4, 18, 20). However, it has
been reported that GSTactivity may be lost either because of
structural modifications or because of the presence of inhibi-
tory factors (21, 22).

Inclusion of an alcohol-metabolizing enzyme within the
group comprising the GSHS-transferases bears importantly
on the long-appreciated relationship between alcohol abuse
and the propensity to develop tumors of the pharynx, esopha-
gus, stomach, and liver (23, 24). These organs are exposed to
high concentrations of ethanol (100-500 mM), where exces-
sive FAEEgeneration may occur. Because GSTsare the major
route for elimination of endogenous and ingested carcinogens,
co-metabolism of ethanol and carcinogens by these enzymes
may affect end-product concentrations and biological half-
lives of either or both. Thus, environmental influences on the
rates of ethanol metabolism and xenobiotic transformation
may be interrelated since numerous agents, such as ethanol,
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phenobarbital and thyroid hormone, may induce the GSH
transferases.
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