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LIST OF ABBREVIATIONS

The following abbreviations are used throughout the

text except in titles, subtitles, and the summary.

\

-

Substances
ADP . = Adenosine diphosphate
AMP = A@enosine monophosphate
ATP = Adenosine triphosphate
'CoA = Cgen2yme A~
CTP = Cytidine triphosphate
~ DFP = Diisopropylfluorophosphate
DG = Diglyceride =.Diacyiglycerol
" DHAP = Dihydroxyacetone phosphate .
Diacyl-sn-G3P = Diacyl-sn-glycerol-3-phosphate
- - Pﬁosphé%idic acid*
DTT = Dithiothreitol ‘ S
_EﬁTA = Ethyienediaminetetraacetate
FA = Fatty acid "
FFA = Efee fatty acid
sn-G3P ='ggfglgcerol—Bhphosphate. ‘
GTP = Guanosine triphosphate .
MG . = Monoglyceride = Monoécylglycerol
Monoacyl-sn-G3P = Monoacyl-§§fglycerol—3-phésphate

= Lysophosphatidic acid
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NADH' = Nicotinamide adenine dinucleotide, reduced
form

NADP = Nicotinamide adenine dinucleotide phosphate

NADPH = Nicotinamide adeniﬁe dinucleotide phosphate,
reduced form 5

Pi = Inorganic phosphate )

PL = Phospholipid

PL FA = Phospﬁolipid fatty acid

PP B = Pyrophosphate

T3 = 3,3, 5-triiodothyronine

TG = Triglyceride =3Triacylglycerol

TG FA = Triglyceride fatty acid

TIC | = Thin-layer chromatography

Enzymes
ATP ase = Adenosine triphosphatase

G3P acyltransferase = Acyl-CoA:sn-glycerol-3-phosphate-
O-acyltransferase (EC 2.3.1.15)

Monoacyl-sn-G3P aéyltransferase = Acyl-CoA:monoacyl-
- - ggfglycerol-B—phosphate-O-acyl-
transferase (EC 2.3.1.7)

l-acyl-sn-G3P acyltransferase = Acyl-CoA:l-acyl-sn-
glycerol-3-phosphate-0-acyltrans-
ferase

2-acyl-sn-G3P acyltransferase = Acyl-CoA:2-acyl-sn-
glycerolﬂ3—phosphate-0-acyltrans-
ferase )

MG acyltransferase = Acyl—CoA:monoglyceride-O-écyltrans-

ferase -



MG kinase Monoglyceridé kinase

DG acyltransferase

]

Acyl-CoA:ggrl,2—di§1yceride—0—
acvltransferase (EC 2.3.1.20)

¢

DG kinase Diglyceride kinase

Acyl-CoA synthetase Acid:CoA ligase (AMP) (EC 6.2.1.3)

——— — — —— . ———— T —— —— ——— T - —— ——

* Dlacyl—sn-G3P and phosphatidic acid are both used
without discrimination because the latter terminology
has been widely used, e. g.,phosphatldate phosphohy-
drolase
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SUWARY

- The enzymes involved in triglycsfide'biosynthesis.
in the subcellular fractions of rabbig\heart were cﬁarac-
terized in an atteﬁpt to elucidate the controlling
méchanisms of myocardial fatty acid esterification. The
enzymes acyl—CoA:ggrglycerol—3—phosphate-O—acyltransferase
§nd acyl-coA:moﬁoacylfggrglycerol—3-phosphate-0—acy1trans—
ferase, which éatalyge the acvlation reactions of sn-
giycerol—B—phosphate and monoacél—gg—glycerol—3-phosphate,
respectively, weré initially studied. Subcellular frac-—
t}ons'were prepared by differential centrifugation. The
enzymeé were assayed by incubating the subcellular pre-
paration with ggr[U—l4C]-G3P and FAs in the presence of
various cofactors (CoA, ATP, MgClé. serum albumin, and
Trisfphosphaté buffer). The reaction products, monoacyl-
and diacyl-sn—-G3P, were extracted by-butano; and separated
by’thin—layér chromatography.' |

Kinetic data on the §§7G3? and monoacyl-gngBP

acylating enzymes in heart subcellular fractions revealed -

that theé acylation rates in mitochondria were slower than,

but constant for-a longer time petiod (up to 20 min) than,

) )
those in the microsomal fraction. The range of palmitate,

L4
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oleate, and linoleate concentrations yielding optimal
ggﬁgiycerol-B—phosphate‘acylation was broader for mito-.
chondria than for the microsomal fraction, the latter
showing a preference for linoleate. The mitochondrial
fraction synthesized a relatively large quéntity of
mohoacyi—ggfglycerol—B-phosphate, reaching 135 % of the
microsomal biésynthesis during an assaf period of 15 min.
In contrast, the microsomal fraction formed considerably .
more diacyl- than-monoacy1—§grglycerol—B-phosphate,
except with linoleate as the acyl donor,.in whiéh_case
approximately equal quantities of the two products were
produced. additional evidence was provided for thése
findings by observations on the biosynthesis of monoacyl-
ggrglycerol;B-phosphate in experiments in which hepatic
subcellular fractions were used. Cardiac mitochondrial
diacylfggrglycerol—3-phosphate formation was less than

17 % of the microéomal formation. However, evidence was
presented to exclude the possibility that mdnoacyl—ggr -
glycerol;B—phosphate in the mitochondrial fraction is
férmed by deacylation of the contaminating microsomal

- diacylfggrg1ycerol—3-phosphate. The extent of partici-

pation of the dihydroxyacetone phosphate pathway in the
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biosynthesis of mono- and diacylfggrglycerol—3-pﬁosphate -

. A
was found to be minimal in cardiac mitochondria. :The

addition of CTP and the fatty acid specificity of the
reéctions'Bbth pfovided resglts'reinforcing the postulate
that mitochshdrial differs from microsoma% acylation.
cardiac acleCoA:ggrglycerol-3-phosphate-0-aéyltrénsferase
. was more sensitive to sulphhydryl—biﬁding reagents and
aging of the enzyme preparapion than were the.hepgtic
enzymes. All of these findings demonstrate that the
characteristics of acyILCoA:§grglycerol—3-phosphate—0-
acylt:anséerasg and ach—ch:monoaéyl—ggrglycerol—B—
phosphétero—acyltransferase 4n rabbit heart mitochondria
are distinct from those of the cardiac microsomal enzymes

and hepatic enzymes. .

The responses of §grglycerol—3—phoéphéte acylation
reactions in the mitochondrial and microsomal fraétiops
of heart to triiodothyronine admigist;ation are not uniform.
The mitochondrial monoacy1f§grglycerol—3—phosphate was
augmented two-fold, whereas the microsomal biosyntheéis
of monoacylfggfg1ycerol—3—phﬁsphate was unchanged, in the

hearts of hyperthyroid rabbiﬁs. The formation of diacyl-

ggrglycerol-3-phosphate in mitochondrial and microsomal
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fractions was jncreased about four-fold. These findings
indicate_ that myocardiai acyl—CoA:§grglycer61r3—phoéph;te—
0—acy1t£ansferaseeand acyl-CoA:mdnoacylfggrglycerol-B—
phoséhate—o—acyltransfffﬂge are under the influencg of a
tthoid hormone, namely, triiodothyronine. e

The positional specificity SE monoacylfggrgiycerol-
3-phosphate formation in heart mitochondria was analyzed
by using ¥ method utilizing lysosomal phosphatidate phés—
phohydrolase and borate-impregnated thin-layer chromato-
graphy. Contrary to the results of studies with li%er
particulates, approximately one-third of the palmitate was
found at position 2 of the glycerol moiety with the ré-

mainder at position 1, whereas one-third of oleate was

found at position 1. Only a slight asymmetric distribution !
(42.8-48.5 % and 51.5-57.2 % for positions 1 and 2,

respectively) was observed with linoleate as the acyl

o

donor. This indicates that preferential acylation of

individual fatty acids during. the formation of monoacyl-

ggrglycerol-B—phosphate in the heart mitochondria is

different from that in the liver mitochondria and micro—
| i

somes; suggesting that acyl—CoAfggrglycerol—3—phosphate—'

0-acyltransferase is organ-specific.
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‘Appropriate assay‘cqnditions for palmitoyl-CoaA
hydrqlase were established with respect to stability
of substrate in the incubation medium, .time coursé of
reactions.lamounts of enzyme source, and pHE optima. \\\\
The assays were‘carried out by incubating either subcell;
ular fraction or homogenate with [1—14C]palmitoyl—CoA
in the presence of bovine serum albumin and Tris-phosphate
buffer. The hydrolytic product was extracted by 10 ml
of isopropanol—heptane-l N HpSO4 (20:5:1, v/v/v) amd -
separatéd from its'precursor by-;ubsequent addition of
heptane (6 ml} and HpO (4 ml1). The results showed that
the sulfhydryl-protective agents DTT and cysteine accel-
erated spontaneous decomposition of palmitoyl-CoA, parti- ‘
cularly at alkaline pH. The rate of hydrolysi7 of
palmitoyl—éoA by rabbit heart homogenate was constant up
to 2 hr éf incubation. The optimal pH value for this
enzyme was 8.5. (+Y-Decanoylcarnitine (4-12 QM) p;t;ntiated
palmitoyl-Cod hydrolase activity of rabbit heart homogen-—
ates, while 5 mM of diisopropylflurophosphate ihhib;ted
its activity by half. The apﬁarent aqtivity of palmitoyl-
CoA hydrolase was highest in the lysosomal and the

microsomal fractions, followed by the mitochondrial and
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soluble fractions.

o

The activity of phosphatiaate phosphohydrolase was
determined by measuring the rate of release of inorganic
phosphate from aqueous dispersion of phosphatidate in
the presence of an'enzyme preparation. The activity of
the enzymé in heart homogenate.was proportional to in-
creasing concentrations of enzyme protein up to 2.5 mg,
and the rate "of reaction was linear with incubation time
for'up to 3 hr. Magnesium ions at low concentration
(1L mM) did not influence the phosphatidate phosphohydro-
lase activity in heart homogenate. The optimal pH.Qélue-
for this ‘enzyme in dialyzed homogenate ‘was found to be ‘
7.0. The Km of.phosphatidate phosphohydrolase in the
lysosomal-microsomal fraékion was 0.33 mM. This enzyme
.s.howed its highest specific activity in the lysosomal ‘
and microsomal fractions. The activity of the éhospha—
tidate phosphohydrolase in the soluble fraction was less
than 1/15 of the microsomal enzyme activity when phospha-
tida£é suspension was used as the substrate. The ability

of this enzyme to react with membrane-bound phosphatidate

in soluble fraction of heart was very low.



I. JINTRODUCTIONY*

The mechanism regulating fatty infiltratisn of the
heart has been the subject of study in various laboratories.
Fatty infiltration appears in the heart not only under
experimental conditions, but also in human subjects (Opie,
1968‘and 1969). Experimentally, lipids accumulate in the
heart under the following states: éiphtheritic‘myocarditis,
alloxan-diabetes, alcohol-infusion, norepinephrine-infusion,
thyrotoxic cardiomegaly,“and myocardial hypoxia. Clinically,
cardiac TG is found to increase in human.diphtheritic
myocarditis: alcohol cardiomyopathy, and myocardial infarction.

There are three possible caugigive fqgtors responsible
for the increase in TG biosxnthesis in the heart. These are:
/ﬂ (1) increésed availability ;%\the substrates FA and/or sn-G3P,

(2) increased uptake of TG or TG FA, and'(B) enhanced activity

of enzvmes for TG biosynthesis.

“

*The experimental work presented in this thesis was done
before January, 1974, with the major parts of the thesis
being written around the +ime of March, 1974. The references
cited, therefore, are dated prior to and including that year.
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Increased substrate availability has been frequently
noted as an etiology of increased myocafdial TG formation.
In alloxan—diébetes (Denton and Randle, 1967) and norepinephrine-
jinfusion (Regan et al., 1966a), mobilization of FFA from
adipose‘tissue is increased, resulting in an increased plasma
concentration of FFA. This increased plasma concentration
enhances uptake of FFA by the myocardium, and thus more intra-
cellular FFA is made available for TG synthesis. An increase
in intracellular FFA can also be assogiated with decreased
FFA oxidation by the heart as seen in diphtheritic myocarditis
(Bressler and Wittelé, 1965) and alcchol-infusicn (Kikuchi
and Kako, 1970). In the ischemic heart, increased anaerobic
glycolysis results in an indéreased availability of sn-G3P ' ‘
.(Scheuer.and Brachfeld, 1966). Dppressed FFA oxidation during
cardiac ischemia (Wood et al., 1972 and 1973) may lead to
increased levels of intracellular FFA and fatty acyl-Coch.
The increased level of sn-G3P, however, would be more important

: -

in determining the increased myocardial TG cantent, because
the Km value of sn-G3P is higher thagtyhat of acyl-CoA for

the G3P acyltransferase reaction (Lamb and Fallom, 1970).

Increased myocardial TG formation could be a result of
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increased TG and/or TG FA penetration due to altered membrane
perméabiliﬁy. This idea was proposed by Regan et al. (1966b
and 1969) in ethanol cardiomyopathy. Qpie (1968 and 1969)
suggested the possibility that an increase in activity of | .
myocardial lipoérotein lipase (clearing factor lipase).may
increase TG FA uétake by the heart, thus resulting in an
accumulation of TG. Thiskpossiﬁility was demonstrated in
hyper?hyroidigm (Alousi and Mailov,~l964),.epiﬁephrine—
inf;sion (Alousi and Mallov, 1964; Mallov ané Cerra, 1967),
‘and ethanol intoxiéaﬁion (Mallov and Cerra, 1967). However,

. in the case of ethancl-induced fat;y infiltration, the activity
r of myocardial‘lipoprotein lipase wﬁé reported to be unaltered
(Kikuchi and Kako, 197q). Because of the existence of
conflicting data, special attention must be given to the ‘
technigues for assay of lipoprotein lipase in order to insﬁre
that Eée lipase being studied is, in fact, clearing factor
lipase and not one of a number of other lipases (Yamamoto

and Drummond, 1967; Opie, 1968 -and 1969). By doing so, it

is possible to investigate the significance of changes in

activity of this enzyme in relation to the TG FA uptake by

the heart.
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The possibility of TG accumulation in the myocardium

as a result of enhanced activity of enzymes for TG biosynthesis
has not been explored. Moreover, there is very little
information available concerning the basic characteristics of
and the subéellular localization of these enzymes in the
normal heart.- In an attempt to elucidate the contrplling
mechanism(s) of TG biosynthesis in diseased hearts, it 1is
essentiél to obtain data concerning fundamental characteristics
of enzymes synthesxz;;g TG ?n t+he rabbit heart. An attempt

is made in the following 1ntroductory sections to give a brief
description concerning the metabolic pathways of TG biosynthesis.
‘Intracellular distribution of enzymes fornbiosfnthesis of
and tﬁe FA and positional specificity of phospho- and
glycerolipids in mammalian organs, primarily the liver, are

T

also discussed.

1-1. The Metabolic Pathwavs of Triglyceride Synthesis

Present knowledge concerning the metabolic pathways ©of
" mG biosynthesis and related_reactions is summarized in Fig; 1.
The numbers appearing in Fig. 1 correspond to those stated

with all the chemical reactions written below.
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Fig. 1. Metabolic pathways of triglvceride biosvhthesis

in mammalian tissues
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I-1-1. Formation of diécyifggrglycerol—3—phosphate

In l96i. Kennedy formulated a schematic diagram of
the pafhways involved in complex lipid.biosynthesis. In
this diagram, sn-G3P, diacyl-sn-G3P, and sn-1,2-DG are shown
to be successive intermediates in the biosynthegis of TG.
The diagram élso indicates that diacyl—gérGBP is ne?ded for
thg formation of five major éhospholipids, namely; phospha;
tidylethanolamiﬂgfrggssphatidylcholine, phosphatidylinqsitol,
phquhatidylglycerol, and sphingomyel;n. Sincé Kennedy
;;ggested'éhis pathway in 1961, diacyl-sn-G3P has been re-
cognized as a key intermediate in and the common precursof
for the biosyntheéis of glycerides and phosphoglycerides.
Kennedy's pathway leading to synthesié of diacyl-sn-G3P is
shown.in Fig. 1l.

.I-1-1-i. Stepwise acylation of §gfglycerol—3-phosphate by

‘acyl-CoA |

. Kornberg and Pricer.(1953b1\§;§covered that the f/

hd

acylation of sn-G3P takes place -in guinea pig liver microsomes
and produces diacyl-sn-G3P. Following this discovery., Stein

. et al. (1957), Buell and Reiser (1959), Weiss et al. (1960),

and many other investigators have confirmed that diacyl-sn-G3P
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plays a key role as an intermediate in the biosynthesis

of glycerides and .phosphoglycerides in mammalian organs.

It has been established that monoacyi—gngBP is an intexr- "

mediate for diacyl—gngBP synthesis in E. Coli (Pieringer

et

al., 1967; Ray et al., 1970). 1In the mammalian system,
( it was thought that diacyl-sn—-G3P was the sole product of
\-\ . -

el

Sanchez de Jiménez-and Cleland, 1969; Possmayer et al., 1969;

acylation (Landstgnd Hart, 1964; Abou-Issa and Cleland, 1969:

Sarzala et al., 1970: Eibl et al., 1969: Davidson and Stanacev,

™

1972). It was only recently that investigators found reason

to doubt +his. Fallon and Lamb (L968) and Daae and Bremer
(1970) were able to detect monoacyl-sn-G3P as one of the
products in liver microsomes and’mifochondria. Moreover,

sthe studies by Barden and Cleland (1969), Lamb and Fallon

(1970), and Okuyama et al, (1971) of liver microsomes. established

that a product-precursor relation existed-betweeg monoacyl-

diacyl-sn-G3P. Thus, the acylation of sn-G3P by écyl—CoA

to form monoacyl-sn-G3P, followed by subsequent acylation

to diacyl-sn-G3P was then established in mammalian tissues.
The enzyme that catalyzed the initial acylation of ggrssF/

was partially purified from liver mitochondria by Monroy et al.

and

.
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(1973) and from microsomes by Xamashifé'and Numa (1972).
The enzyme involved in the subsequeht acylation reaction .
was also partially purified from rat liver microsomes by

‘ : _ : z
Yamashita et al. (1873). The/;eaction sequence is shown:

sn-G3P + Acyl-CoA ——> Monoacjl—gé}GBP_' + \iCoA (L)

. Monoacyl- ' Diacyls - ?/'
sn-G3P + Acyl-CoA —> sn-G3P + CoA (2)

The enzymeé G3P achtransgerase and monoaCyl-gngBPf
acvltransferase catalyze equations (1) and (2), respectively,
and are reported to possess distinct properties iﬁ terms of
relative resistance to sulfhydryl-binding reagents {Lands
and Hart, 1965) as well as in terms of substrate and
positioﬁal specificity (Lamb and Fallon, 1970; Yamashita ~ ‘
and Numa, 1972; Monroy et al., 1973; Yamashita et al., 1973).
The roles of theée two enzymes in regulating the positional.
arrangemenﬁ of FAs in monoécyl-fand‘diaéyl-§27G3§ molecules -
will be discussed later. | -‘

Althougﬂ'the acylation reactions of sn-G3P and monoacyl-
sn-G3P involve two different enzymes with distinct properties,
the name G3P acyltransferase has beén used by many investi-

gators (Méréensson and Kanfer, 1968;- Daae and Bremer, 1870;

Daaze, 1972; Davidson and Stanacev, 1972; Mangiapane et al.,

1
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1973) to indicate both reactions. In order to avoid
gmbiguity. the name G3P acyltransferase used in this thesis
refers only to the enzyme which catalyzes the formation of

monoacyl-sn-G3P from sn-G3P and acyl-Coa.

T-1-1-ii. Acvlation of dihydroxyacetone phosphate followed

by reduction and reacvlation

DHAP I Acyl-CoA >‘ Acyl-DEAP (3)
Acyl-DEAP + NADPE —» Monoacyl-sn-G3P + NADP. (4)
Monoacyl-sn-G3P + Acyl-CoA-a-biacylfgngBP + Co# (5}
Hajra and Agranoff (1968a) and Hajra (1968a and 1968b)
first described the operaﬁion of_thqse reacti;ns in microsomal
_and mitochondrial fractions of guinea pig liver. The existence
of these regctions was subsequently confirmed by Puleo et al.
(1970) in liver microscmes. Manning and Brindley (1972)
coméared.ﬁhe relative activity of the DHAP pathway to Kennedy's
de novo pathway for the synthe51s of glycerolipids from
: radloactlve glycerol in rat liver sllces and found that 50
to 60 % of the glycerolipids were produced via the DHAP pathway;

1-1-1-iii. Phosphorylation of sn-1,2-diglyceride in the

presence of ATP

An ATP-deéendent phosphorylation of the free primary .

N
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hydroxyl group of sn-1,2-DG has been described in particulate
fraction of the brain (Hokin and Hgkin, 1959; Pieringer ’
and Hokin, 1962a) and in erythrocyte membrane (Hokin and
Hokin, l96#b: Hokin and Hokin, 1963). In microsomes prepared
from guinea pig brain, synthesis of diacylfggi§3P was -
dgpendent upon the addition of sn-1,2-DG, an ATP generating
system, and magnesium ions (Hokin and Hokin, 1959). The
pathway has been described as follows:

sn-1,2-DG + ATP —>» Diacyl-sn-G3P + ADP | (é)

Thé enzyme which catalyzes the formation of diacyl-

sn~-G3P via this pathway has been termed DG kinase. The

activity of the enzyme was very low in brain (Bokin and

Hokin, 1959). However, the rate of formation of diacyl-sn- .

G3P was greatly increased by the treatment of the microsomal

,preparation with 2 suitable concentration of a surface-

active agent, for example, deoxycholate. The enzyme exhibited

a strong substrate specificity. DG preparedvfrom cabbage
phosphatidate was the most effecﬁive substrate, while DG

prepared from brain jedithin was a less suitable substrate,

and 1;palmitoyl,é-oley; DG was the least effective (Hokin -

and Hokin, 1959).



28

The combined actions of DG kinase and phosphatidate
phosphohydrolase form the phosphatidic acid cycle to synﬁﬂe: -
size and to break down phosphatidic acid. Hokin and Hokin
(196la} postulateo,that this cycle may be identical to the
ATPase activity related to the sodium—potassium pump in
erythrocyte membrane, since the combined activities of the .
two enzymes of the phosphatidic acid cycle require sodium,
potassium, and magnesipm, and the membrane eTPase activity
is also dependent on the presence of these three ions.

The physiological SLgnlflcance of the phosphatldlc acid cycle
in other organs has not been explored further, although the
existence of DG kinase in-other organs such as liver has been
reported (Yoshida and Nukada, 1961). The sodium potassium

pump hypothesis, pased on the phosphatidic acid cycle proposed,

has not been supported unanimously by all investigators.

I-1-1-iv. phosphorylation of monoglvceride with ATP to ‘

monoacylfggrglycerol—3—phosphate £ollowed by

acylation with acyl-Cod to form diacyl-sn-

qucerol;B-phosphate
The observatioﬁ of Pieringer apd Hokin (1962a and 1962b)
showed that diacyl-sn sn-G3P can be synthes;ze& via the follow;ng

sequence of reactions: ’ .



MG + ATP —— Monoacyl-sn-G3P + ADP - (7)
Monoacyl-sn-G3P + Acyl-CoA —» D%%cyl—gg— + CoA- (8)
G

MG kinase, which .catalyzes the formation of monocacyl-

sn—-G3P (equation (7)), and monoacyilgng3P acyltransfefasé,
which catalyzes the acylation reaction shown in equation (8),
have been found in guinea pig brain and liver (Bokin and
HBokin, 1960a; Pieringer and Hokin, 1962a and 1962b).

| | In‘deoxycholate-tréated extracts of either the
cytoplasmic particulate or the microsomal fraction of guinéa
pig‘or calf brain (Pieringer and Hokin; 1962a), syntﬁesis

of monoacyl-sn-G3P required only ATP and MG as substrates.

N

Both o- and B-MGs are equally active as substrates. Phos-—

phorylation of l—monopalmitoy}glycerol, l-monooleylglycercl,

" and l-monolinolylglycerol gave rates of 0.4, 0.5, and 0.8 Bmole of

monoacyl-sn—-G3P formed per mg protein per hour, respectively.,
indicating a slight specificity towards unsaturated FAs.

The-rate of inco;poration of 32P—AT§ into monoacyl-sn-G3P
and the formation of diacyl-sn-G3P were both stim#lafed by
the addition of fre? FAs (Pieringer andAHokin, 1962a).

32

Monoacyl- and diacyl-sn-G3P labellings from P-ATP (Pieringer
-

and Hokin, 1962a; Hokin and Hokin, 1959) did not decrease

~
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upon the a&dition of sn-G3P, indicating'a‘dirécé phospho-
ryla?ion of the glycerides without hydrolysis to g}ycerol
and subsequent incorporation involving sn-G3P as an
intermediate.

The biosynthesis of monoacyl-sn—-G3P from ATP and
i—monooleylglycerol by5intestinal macosa of rat was reportéd
to take place both';g‘giﬁg ‘(Paris and Clément, 1965} and
;ﬁ vitro (Paris and clément, 1969). .

1-1-2. TFormation of sn-1,2-diglyceride

_ Sn-1,2-DG is synthesized by dephosphorylation of
diacyl-sn-G3P or by acylation of MG as shown in reactions
(9) and (10), respectively:

Diacyl-sn-G3P _— sn-1,2-DG  + Pi (9)
MG + Acyl-CoA ——> sn-1,2-D6 + Coh  (10)
‘The evidence for the enzgmétic dephosphorylation of
dlacyl-sn-GBP by animal tissues was first provided by
smith, Weiss,and Kennedy in 1957. These 1nvestlgators showed
that the enzyme catalyzi;g equation (9), phosphatidate
phosphohydiolase (EC 3.1.3.4), is widely distributed in

mammalian organs. In the rat, the enzymes located in the

kidney, liver, and brain are the most active, while heart
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L

and skeletal muscle enzymes are less acgive.

Phosphatidate phosphohydrolase plays an important
role_in the regulation of hepatic neutral lipid biosyn-
thesis. The in vitro activity of phosphatidate phosgﬁo—
hydrolase (Vavrecka et al., 1969:7Mangiapane et al., 1973:
Laﬁb and Fallon, 1974a) was significantly lower than the
gstimated in vitro rates of acyl-CoA synthetase (Lloyd-
Davies and Brindley, 1973), G3P acyltransferase (Shepard
and Hibscher, 1969: Lloyd—ﬁéwies and Brindley,’l973:
Mangiapane et al., 1973; Lamb and Fallon, 1974a), l-acyl-

»

1., 1969; Lamb and Fallon,

| sn-G3P acyltransferase (Eibl et
1974a), and DG'acyltransferase (Young and Lynen, 1969;

I:.amb and Fallon, 1974a). ' 1if tl_'fe estimated in vitro rates ‘
of the reactions catalyzed by these enzymes aécurately
reflect their in wvivo rates, the phosphatidate phosphohydro-
lase.éppears to be rate limiting for hepatic TG biosynthe;is
(Laﬁb‘and Fallon, 1974a and 1974b). This hypothesis was
supported by the obsexvations thap subtotal hepatectomy
(Mangiapane et 2l.. 1973) and high carbohydrate diet (Waddell
and Fallog, 1973: Lamb and Fallon, 1974b) increased the TG

content of the liver and enhanced the activity of phosphatidate
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phosphohydrolase.

In the intestine, an alternative pathway which employs
MG for the formatio; of DG by the action of MG acyltransfe
rase has been established by Clark and Hubscher (1960 and
1961), Senior and Isselbacher (1962),-Johnston and Brown
(1962), Ailhaud et al. (1963), and Gallo et al. (1968) and
is illustrated in e&pation (10). Furt£ermore, Mattson
and Volpenhein (1964) and Kern and Borgstrdm (1965) have
evaluated the extent of participation of the two pathways
both in vitro and in vivo and have shown that thé MG acyl-
transferase pathway accounts for the major portion of DG.
and TG synthesis in the intestinal mucosa. Other evidence

suggests that the MG acyltransferase pathway occurs also ‘

in the kidney, pancreas (Eibscher, 196l1), adipose tissue

(Belfrage, 1964), wall of the aorta (Stein et al., 1963),
and the mammary glands of guinea pigs (McBride and Korﬁ,
'1_964) and g-oats (Pynadath and Kumar, 1964; Dimick et al., \
1966). However, Dils and Clark (1952) and Senior and : .“\\>
Isselbacher (1962) ffiled to demonstrate the existence of |
this pathway in both the mammary.glands' and the liver of

the rat.
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I-1-3. Formation of triglvceride

sn-1,2-DG + Acyl-CoA —» TG + CoA (11)
The‘hypothesis that sn-1,2-DG serves as an immediate

precursor for TG synthesis was originated because of the

work of Weiss and Kennedy (1956) with particulate subcellular

preparations from chicken liver, and. also due to the work

I

of Tietz and Shapiro é:iSS) and Stein and Shapiro (1957) in

[

liver homogenates and.Stein et al. (1957) in liver mitochon-
dria. The existence of the enzyme DG acyltransferase,
which catalyzed reactioﬁ (11}, was later confirmed in

- _
chicken liver (Weiss et al., 1960), adipose tissue (Steinberg
et al., 1961; Goldman and Vagelos, 1961), rat and rabbit
intestinal mucosa (Clari and Hibscher, 1961; Ailhaud et al.,
1964), mammary glands of lactating pigs and goats (McBride
and Korn, 1964; Pynadatﬁ and Kumar, 1964), and ;at diaphragm
(Neptune et al., 1962).

The structure and configuratioﬁ of DG plays a role in
its a:ylation reacﬁion (Eibscher, 1970). 1,3-DGs are poor
‘acyl acceptors, whereas l,Z-ﬁGs are more suitable substrates.
The D-isomer gave higher reaction rates than did the L-isomer

A

or the DI~mixture. The FA composition of the 1,2-DGs'also




-
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influences the rate of their acylation reaction. 1,2-dioleyl-
glycerol gavé the highest reaction rate, whereas the rate
was lowest with mixed DGs containing/GiETc and palmitic acid.
1,2-dipalmitoylglycerol was a poor/éubstrate for the enzyme.
DG acyltransferase shows a specificity towards individual
FAs. When 1,2-dipalmitqylglycerol was used as‘substrate,
higher reaction rates were observed with plamitoyl-CoA than
with caproyl-CoA. 0leyl-CoA produéed only half the reaction
‘rate of stearyl-CoA (Ailhaud et al., 1964) . Magnesium ions
exerted a stimulating effect, whereas fluoride produced an
inhibitory effect on the DG acyltransfera;e reaction (Weiss
et al., 1956).. '
The studies described above were carried out by
" using DGs dispersed in surface-active agents. The results,
the:efore, could have been modified by thé'state of subsfrates

in an aqueous assay medium.

t-1-4. Other reactions related to the biosynthésis of

triglyceride

1-1-4-i. Activation of long-chain fatty acids

FA + ATP + con Ma%tacyl-con + -AMP + PP (12)

_.In order to be esterified, FAs must first be activated

o
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by CﬁA, ATP, and magnesium ions to form fatty acyl-CoAs.

The reaction; are of twq types: ATP-dependent and GTP-
depéndent. :ipe GTi—dependent activating enzyme plays only

a mi;or'role'inr lyceride biosynthesis. When GTE, at a ragge
of concentr&ﬁidns similar to that of ATP, was used to proviée
sthe.energy necessary for the'formation of acvl-CoA deri-
vatives in a microgomal fraction from cat intestine, no
activation of palmitate was detected (Brindley and Hibscher,

-

1966). FurthermoXe, substitution of GTP for ATP in the
. < \¢ s : .
study of the activation of long-chain FAs by rat liver microsomes

Failed to activate octancate and oleate (Pande and Mead,
i
1968b). - Therefore, only the enzyme involved in the ATP- -

dependent formation of acyl-CoA will be discussed in this

study.

\

tn 1953, Kormberg and Pricer discovered the activation "‘

of long-chain FAs up to C22:0 taking place in the liver of

the guinea pig, rat, mouse, pigeon, and chicken. The enzyme
acyl-CoA synthetaée, thch catalyzes equation (12), was

fqﬁhd to exist in the mucosa of the small intestine of

rabbits (Clark and Hﬁbécher, 1960), rats (Senior and Isselbacher,

1960}, hogs (Ailhaud et al.. 1962), guinea pigs and cats
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(Brindley and Hubscher, 1966), as well as in rat liver
(De Jong and Eulsmann, 1976: Pande, 1972) and heart (De Jong
and Hilsmann, 1970). Pande and Mead (1968a) have studied
the distribution of this-enzyme in various rat tissues.
Its highegﬁ specific activity wa§ found in liver and, in a
decreasing order, epididymal fat pad, heart, kidney, diaphragm,
skeletal mu;cle, brain, lungs, intestine, and testes. The
activity\in serum was not detectable. ﬁar—Tana‘and Shapiro
(1964) and Bar-Tana et al. (1971 and 1973) were able to
partially purify palmitoyl-Cch synthetase from rat liver
microsomes and sﬁudy its general proée}ties.r | |
The ‘ATP-dependent long-chain acyl-Coa synthétase showed ‘
different substrate specifiéity in varioué subcellular
preparatiogs. The microsomal fractions from guinea pig liver
(Borgstrgm and Wheeldon, 1961) and those from the intestinal
mucosa of.the guiﬁéa pig (Brindley and Hibscher, 1966) exhibited |
: the maximum réactioﬁ rate with Cy4.9 and Cl4:0, respectively. )
A microsomal preparation from the intestinal mucosa of cat.
(Brindley and Hubscher, 1966) and one from rat liver (Pande

and Mead, 1968b) gave maximum reaction rates with clé-O'

- The unsaturated FA,oleate,wés reported té give the highest

[y -
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réte (111 nmoles/mg‘protein per min) éf acyl-CoA formation
.gy_a microsomal preparation. of rat livexr when mea§ured
by the hydroxamate assay method (Pande, 1972).

Since faity acvl-CoA ig the only form in which FAs can
be.oxidizéd and esterified, it‘is of imporﬁance to know
whethér or not the acyl-CoA synthetase is rate limiting -~
fﬁr EA-oxidatisn aﬁd_esterification. A comparison 6f the
acyl-CoA synthetase activity of éifferent tissues with their
maximal rates of FA upt#ié’and oxidation should bé relevant
(Pande: i971). Rat liver was:able to activate éssvpmoles
of éélﬁitate per hr per g of fresh tissue (Pande and Mead,
'1968af; but the maximal rate of uptake ‘of FA was only 10 to
50 pmolgs per hr per g (van Harken et al., 1969), suggesting
that any FAs taken up would be activated to form acyl-CoA.

It was found that the rate of palmitate oxidation was 2.46

' pmoles per min per g in the heart .(Pande and Mead, 1968a).

Working rat heart consumed about 9.5 pmoles of Oy per min’

per g (Neely et 'al,, 1967), and if palmitate‘were-the only

‘substrate for respiration, this would correspond to a - A

*

_utilizatidn of 0.41 pmole of palmitate éer min. This

indicates that the ability of heart to activate palmitate
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is much greater than its ability to oxidize this FA. Unlike
the liver, which not only oxidizes FAs but also extensively
esterifies them for secretion, heart and skeletal muscle

use FAs mainly for oxidation, at least in the working state.
Hence, it is unlikely that acyl-CoA synthetase activity
limits FA oxidation and esterification.

I-l-4-3ii. Palmitdyl—CoA hvdrolase t

"Since acyl-CoA is the only form qﬁ acyl donor available
for esterification, and since it ié one of the two precursors
for\GBP and DG_acyltransferaseéhfthe enzymatic deacylation
of this compound could alter the formation of phosphaﬁidate
ﬁnd the synthesis of TG. Observations on the characteristies
of palmitoyl-CoA hydrolase appeared in a number of publi-
catioﬁs not directly dealing with this enzyme but with
various FA esterification reactions. ngerally, whenever
an assay was carried out Dby meﬁsuriné CoA ester disappearance
or free Coh appearance, the action of palmitoyl-CoA hydrol%;e
héd to be accounted for. The reaction is shown in equation
(13).

pé:mitoyl—-CoA _..__> Palmitate o+ Cod (13)-

Acyl-CoA hydrolase of rat liver microsomes exhibits
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]

some specificitff;;; acyl thioesters of chain length
greater than Cy2,;, with palmitoyl and stearyl thioesters
being the preferred substrates. Myristyl, oleyi, and
lauryl thiocesters are less active substrates (Barden and

Cleland, 1969). i

. ‘ LY
I-2. Intracellular Localizat&on of Enzvmes Related

to Triglyceride Biosynthesis in Mammalian Tissues

The current status of knowledge regarding the intra-

cellular localization of enzymes related to TG biosynthesis

in mammalian tissues* is summarized in Table 1.

I-2-1. Distribution of acyl—CoA:§E—glycerol—3—phosphate—0—
<

acvltransferase and acyl—CoA:monoacylfggrglycerol—

3—phosphate—O—acvltransferase

As mentioned earlier, a number of investigators have
used the term G3P acyltransferase for the acylatibn reactions
of sn-G3P and_monoacylfgngBP, and the enzymes involved in

these reactions-have been studied simultaneously. Therefore,

* The animals refééred to are mainly mammals. The exceptions
are references to the chicken and albatross which were
deemed too important to exclude.




the subcellular distribution of G3P and monoacyl-sn—-G3P
acyltransferases yill be described together.

When this study was initiated in 1970, there was no
unequivoéal opinion concerning the subcellul;r;distribution
of G3P and monoacyl-sn-G3P acyltransferases in mammalian
tissues because the availéble data dif;efed widely. To : -
study biosynthesis of diacylggngBP from sn-G3P or monoacyi—

sn~G3P in cell free enzyme systems, earlier experiments

=
were carried out with microsomal fractions of rat liver i
(Lands and Hart, 1964:; Fallon and Lamb, lééé; Abou-Issa -

and Cleland, 1969; Possmayer et al., 196S; Barden and

Cleland, 1969; Lamb and Fallon, 1970), guinea pig liver

{Brandes et 'a_l_.,‘ 1963), and rat brain (S&nchez de Jiménez ‘

nd Cleland, 1969; Possmayer and Mudd, 1971). Mitochondrial
fractions of rat liver and bréin were used successfully as
enzyme sources for acylation of sn-G3P by Smith and Hubscher
(1966) , Stoffel and Schiefer (1968), and Mirtensson and Kanfer
(1968). Finally, Shephard and Hibscher (1969), Zborowski

and Wojtczak (1969), and Sarzala et al. (1970) provided
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evidence that mitochondrial ‘fractions of rat liver were
capable of synthesizing diacyl-gngéP, and that the enzyﬁes
responsible for diacyl-sn-G3P synﬁhesis were found mainly
in the outer membrane. By using palmitoylcarnitine, CoA,
and carnitine palmitoyltransfergse as the acyl donor
system, paae and Bremer (1970) and Daae (1972) demonstrated
a bimodal intracellular distribution of G3P ahd monoacyl-
sn-G3P acyltransferases, that is, their distribution in
both mitochondrial and\?icrosomai fractions of rat liver.

The mitochondrial enzymes were found to be somewhat more
active than the microsomal enzymes, per unit mass of protein.
Eibl et al. (1969) and Davidson and Stanacev (1972)

raised a question about the intracellular localization of

G3P and monoacyl-sn-G3P aéyltransférases in mammalian tissues.
Based upon the subcellular distribution of glucose-6-
phosphatase, a microsom;l marker enzyme, Eibl et al. (1969)'
concluded that the meas;red mitochondrial acyltransferase
activity in rat iiver-represents an activity due to contam-—
ination by microsomal enzyme. This findin; was‘later support-
ed by Davidson and Stanacev (1972) in rat and guinea pig |

—

liver by the use of an additional microsomal marker enzyme,
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NMADPH:cytochrome C reductase. The technique which these%,

-

workers utilized is similar to that used earlier in a
study by McMurray and Dawson (1969), who demonstrated that
the synthesis by rat liver mitochondria of either nitrogen-

32

and inositol—containing phosphoglycerides from P or

phosphatidylcholine from CDP-14C-choline was dependent upon“r
a small microscmal component that invariably contaminated
the mitochgndria preparation.

More recently, Parkes and Thompsbn (1973) studied the
- metabolic relationship between molecular classes of phos-
phatidylcholine in the mitochondria and endoplasmic reticulum
of guinea pig liver using intraperitoneal injections of
[Z-BH]glycerol, [l—l4C]palmitic acid, or [i—l4c]stearic
acid. They found ££at the.percentage distribution of
radioactiviﬁy in mitochondriai‘classes of.phos?hatidylcholine
was‘very similar to that i; microsomes. From this, and
pecause‘of the fégﬁhghégréhe activity of microsomes was

]

greater than that of mitochondria, the authors concluded
T
£
that the profile of molecular classes of phosphatidylcholine
in guinea pig liver mitochondria was regulated primarily

"through mechanisms involving the transfer of lipids from

the endoélasmiiy;eticulum. Although this work dealt with
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the blosyntheSLS of phosphatldylchollne from glycerol
and FAs in vivo, it lndlrectly supported the conclusions
drawn by Eibl et al. (1969) and Davidson and Stanacev
(1972); they state that the mitochondrial capacity to (”\\
synthesiie diacyl—gQrGBP repreéents the extent of cross
contamination by microscmal enzymes.

In view of the uncertainties concernigé the question
of whether the mitochondria of rat liver possessed an
acyltransferase actigity; and whether the reported presence
of this actiﬁity was a reflection of microsomal contamination
as described above, Monroy et al. (1972) have studied the ,
‘characteristics of acyltransferases in these organelles.
They demonstrated that in rat liver, mitochondrial G3P
' acyltragfferase possesses characteristics different from
that in microsomes, namely, éhe relativg sensitivity to
sulfhydryl-binding reagents and response to magnesium ions
of the two enzymes differed (Monroy et al., 1972). This ‘
indicates that the mitochondrial fraction was capable of
acylatlng sn-G3P to monoacyl—sn—GBP independently of the
microsomal enzymes. Furthermore, the acyltransferase has
been purified partially (four-fold) from the mitochondrial

fraction of rat liver (Monroy et al., 1972). Yamashita
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and Numa (1972) have successfully purified G3P acyltrans-.
ferase (six-fold) from_rat-liver microsomés. Although the
extent of purificatioﬁ achieved bylfhese authors was not
very high, it provided convincing evidence supporting the
fact that, in rat liver, G3P acyltransferase was distributed
both in the mitochondrial and microsomal fractions. Inde-
pendently, a stééé{ﬁndertaken by our laboratory with rabbit
hearts providgs éurther evidence in support of the distinctly
different characteristics of mitochondrial and microsomal

G3P acvltransferases, and thus clarifies the gquestion of

the mitochondrial existence of this enzyme in the rabbit

heart. n"ll
' All of the abqve studies have dealt with either G3P
acyltransﬁe;asé alone, or both G3P and monoacyl-sn-G3P
acyltransferases. It is of particular interest to note that
monoacyl-sn-G3P acyltransferase, which has been shown to

exist in the microsomal preparation of rat liver (Lands and

Hart, 1964; Barden and Cleland, 1969; Okuyama et al., 1971)

and guinea pig liver (Lands and Hart, 1964), was purified

partially from rat liver microsomes by Yamashita et al. (1973).
. .

I-2-2. Distributfbn of acvl—CoA:dihydroxyacetone phosphate

acvltransferase
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Hajra and Agranoff (196%), who first described the
existence of the acyl-DHAP pathway in guinea pig liver,
incubated mitochondriai preparation with v-32p_ATP in the
presence of\MgClz, and isolated a rapidly labelled phospho-
lipid. Wheh 32P—orthophosphate was substituted for 7-32P-
ATP, the added 32P-orthophosphate was first converted to
1abelled ATP which subsequently phosphorylated the mito-
chondrial lipid. On the basis of comparing 1ts chemicél
properties with synthetic palmitoyl—DHAP, the isolated
product was identified as acyl-DHAP (Hajra and Agranoff,
1967) . Furthermore, synthetic DHAP was convertéd to acyl-
DHAP by mitochondria of guinea pig liver in the presence of
FA, CoA, ATP,and Mg2'. The requirement for FA, CoA, ATP, and
Mg2+ could be replaced by acyl-CoA. The product, acyl-DHAP,
was again verified by comparing its structure with infrared
spectra of synthetic andibiosynﬁhetic palmitoyl-DEAP (Hajra,
1968a).

By using the technique described above, Hajra and
Agraﬂoff (1967 and 1968a) and Hajra (1968a and 1968b) claimed
th;t the acyl-DHAP pathway was jocalized in the mitochondria

and microsomes of guinea pig liver. It was later confirmed

by La Belle and Hajré (1972) that the acyl-DHAP pathway was
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distributed in the mitochondria and microsomes of the liver,
brain, kidney, heart, and adipose tissue of the rat.

In contrast, Puleo et al. (1970) and Rao et al. (1971la
and 1971b) provided evidence that the acyl-DEAP pathway in
rat liver was present in ﬁicrosomal fraction but absent in
+he mitochondria. Davidson and Stanacev (1972) observed
that in guinea pig liver, the rates of §§7[U—14C]G3P and
§55[2—3H1G3? acylation by mitochondria and microsomes were
éimilar. From theselresults they reached a conclusion that
~ the acyl-DHAP pathway was absent in these subcellularibrgan—
elles. By using a similar technigque, Monroy et al. (1972)
‘could not demonstr?;!tte the involvement of the DHAP pathway. in ‘
the biosynthesis';f monoacyl-sn-G3P in rat liver mitogﬁondria.

In studying the DHAP pathway, Manning and Brindley (1972)
employed a method which involves measurement of the,z—BH/

!

1l4- ratio in both sn-G3P and glycerolipid. The measurements a

1-
were carried out at various time intervals after incubation
of rat liver slices 1in the presence of [2-33]glycerol and

14 3 14 . .
[1--7"C]}glycerol. It was found that the 2-"H/1-7"C ratio in
the sn-G3P was considerably higher than the cumulative 2—3H/

14

>
1-*7C ratio in glycerolipid synthesized throughout the corres-

ponding time-period. This indicated that the sn-G3P, labelled
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with 2—33 and 1—14C, is not the only precursor of glycero-
lipid in rat liver slices. Another metabolite, which was
labelled exclusively wiéh 14C, was also incorporated. Thi§
was DHAP. Based on these findings, Manning and Brindley
(1972)*calculated that 50-60 % of the glycerol %ncorporated
into lipids by rat liver slices proceeded via the DHAP pgg;—
way. In this study, however, no information regarding the
subcellular distribution 6f the DHEAP pathway was\given.

Maﬁy other investigators have previously failed to show.
the pre;ence of the DHEAP pathway in subcellular organelles
(Davidson and Stanacev, 1972: Monrov et a2l.. 1972). or in
intact liver slices (Okuyama and Tands, 1970). However,
the technigque which they utilized has been criticized for ‘
the following reason: [2-3H]f§ng3P was oxidized 2-i7 times
more slowly than the unlabelled substrate by rat livef
mitochondria in the absence of oxidative phosphorylation
inhibitors and uncouplers (Carnicero et al., 1972). Accord-
;ngly, the use of [Z-BH]fgngBP does n6£ account for the
isotope effect and hence produces erroneous data in assessing

the DEAP pathway (Manning and Brindley, 1972}. Consequently,

more precise subcellular distribution of the enzymes of the
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acyl-DHAP pathway in animal tissues is to be further inves-

tigated.

I-2-3. Distribution of diglvceride kinase

¥ DG kinase was found to be present in microsomal fractions
of guinea pig brain (Hokin and Hokin, 1959 Pieringer and ~
Hokin, 1962a) and in microsomal, mitochondrial, and soluble
fractions of albatross salt gland (Hokin and Hokin, 1960b).
The .existence of this enzyme in mitochondrial and microsomal
preparations from rat brain was repbrted later by Strickland

(1962) and De Puxy and Collins (1963}, respectively:

I-2-4. Distribution of monoglvceride kinase

Cokin and Hokin (1960a) and Pieringer®and Hokin (1962a
and 1962b) provided evidence that MG kinase was localized ‘
in microsomal fractions of guinea pig brain and liver and
calf brain. Bothfmitochéndrial and microsomal preparations
from rat lntestlnal mucosa were reported to be capable of
synthesizing monoacyl-sn-G3P from ATP and 1—monooleylglycerol
(Paris and Clémernt, 1969).

1-2-5. Distribution of phosﬁhatidaie phosphohﬁdrolase

Since the discovery of phosphatidate phosphohydrolaée

by Kates (1955) in plants, the enzyme has been described in

numerous mammal tissues (Smith et al., 1957; Hokin and Hokin,



1959). In earlier sﬁudies, it was generally assumed that
the enzyme was distxibuted in mitochondrial an§ microsomal
fractions (Hokin and Hokin, 1960b; Coleman and Hubs$cher,

' 1962; Stoffel and Schiefer, 1968). However, the observations
described bf Wilgfam and Kennedy (1963) cast some doubt on
this.postulate. It was pointed out that the .phosphatidate
phosphohydrolase -of rat liver is found neither indmf%o—
chondrial nor microsomai fractions. It is, instead,
principally iocalized iﬁ subcellular structures having
intgrmediate sedimentation characteristics'iaentical to
lysosamal fractions._. In addition, the soluble fraction was
found to contain some activity.

Iﬁ cat intestinal mucosa, g-different distribution
pattern, almost exclusively microsomal, was reported by
Brindlev and Hilbscher (1965). 1In 1965, Sedgwick and Biibscher
Ffound that phosphatidate pposphohydrdlase in rat liver is a
true cpnstituent of all three particulate ;ubcellular frac-
tions,including_mitochondrial, lysosomal, and microsomal |
fractions. Some activity also occurred in the soluble
fraction (a;;é referred to as the cell sap or the cyposomai

fraction), Furthermore, it was shown that two types of’

mitochondrial phosphatidate phosphohydrolase exist; one 1is
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readily'goluble and could be released by freezing éﬁd thawing,
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while the other is insolublé and tightly Eound to ﬁitochon—
drial mehbrane (Sedgwick and Hﬁbécher, 1965). In i967, the
soluble phosphatidate phosphohydrolase was partialifipurified
from rat liver mitochondria (Sedgwick and Eﬁbscher; 1967)

and wag claimed to be the major enzyme responsiblé for the
hydrolysis of phoséhatidic acid. However, the insoluble
enzyme (membrane-boun@) acfed only slowly on the endogenoﬁs‘
substrate (Hubscher et al., 19671).

Soluble fractions prepared from either.rat liver or cat
intestinal mucosa (Hibscher et al., 1967; smith et g;.,(1967)
stimulated glyceride biosynthesis via the acylation of %gr
G3P. This stimulation appeared to be due mainly to‘the‘pre-
sence of phosphatidate phosphohydrolagg in the preparation.
However, the soluble fractions of Hibscher et al. (1967)
and $ﬁith et al. (1967) contained no detectable aéyl—CoA
synthetase, Dé aéyltransferase, and phosphatidate phospho—
hydrolase which is measured by using exogenous phosphatidic
cid (Smith and Hibscher, 1966). From this, it is difficult
to conclude that phoépﬁatidate phosphohydrdlase in the
soluble fraction is a real constituent of cell sap. Perhaps

it 1eaked out from the membrane of the mitochondria and/or



.thefendoplasmic reticulum during‘prep;tation.
' Johnston et al. (1967) have independently eﬁgmined

a functionally smmllar soluble fractlon from lntestinal
mﬁbosa and have concluded that it stlmulated glycerlde
sfnthesis by hydrolyzing the phosphatldlc acid formed endo-
genously bY microsomes; However, this soluble fraction did
not act on exogenous phosphatldlc acid suspension.. Converse-
1y, Johnston et al. (1961)‘found.that mlcrosomal phospha-
tidate phosphohydrolase dld not act on_endogenoue microsomal
phosphatidic acid, but did act on added phosphatldlc .acid. |

Eﬁbscﬂer and his ccworkers (Sedgwick and Hubscher, 1965{

—

Smlth et al., 1967 Brindley et al.,:1967 Smith and Hnbscher,
1966; Mitchell et al., 1971), thnston et al. §1967), and
Rao g;_g;. (ESTIb) studied the properties of phosphatidate
phosphohydrolase of the mitochondrial fraction of rat liver
and of the microsomal and supernatant fracions of cat
lptestlne by u51ng both aqueously dispersed phosphatidate
and_membrane-bound phogphatldate as substrates. They have
concluged that the sepernatant fraction is the major source
of phosphatidate phosphohydrolase and that mitochondrial
and‘microsqmaltphosphatidete phosphohydro;ase aotivity is

not sygnificant in neutral lipid biosynthesis.. The low

-
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activity onserved.bf these authors in.mitochondt;al and
microsomal fractlons is prdbably due to the presence of
Er-in the assay medium, since F has an lnhlbltory effect
on phosphatidate phosphohydrolase (Smith gt.g;.,—1967).

" In studying the role of phosphatldate phosphohydrolase
in glycerollpld blosyntheSLS from sn—GBP by rat liver sub~-+
cellular fractions, Tamb and Fallon {1974a) found that with

_ .
the additdon of supernatant fraction or a 40 % (NH4)2SO4
preczpltate of the supernatant fraction to the microsomal
preparatlon, the formation of neutral lipids was lncreased.u
The supernatant'phosphatidate pnosphohydrolase was more
active with mlcrosomal—bound phosphatidate. This resuit'
confirmed the prevlous £inding that phosphatldate phosphoJ
hydfolase was localized in tn; soluble fraction (Smlthnand
Hdbscher, 1966 Hibscher et al., 1967;lSmith gt_g;.,5;67:
Johnston gtﬂa;., 1967). However, unlike the previous
authors, Lamb and Fallon (1974a) found that microsomal
phosphatidate phosphohydrolase activity was higher with an
anZZLs disne;sion of phosphatidate, an and that - M92+ | a
- concentration beloe 4‘nM, activated microsomal but not
sﬁpernatant phosphatidate phosphohydrolase. |

4

In another study, Jamdar and Fallon (1973) demonstrated
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N
_that there are two types of phosphatidate phosphohydrolase

existing in rat adipose tissue: Mg -dependent and Mg 2%

independent; In the presence of Mgz+; both the utilization

of agqueous substrate and membrane-bound substrate was

stimulated. Mitochondrial phosphatidate phosphdhydrolase

was not stimulated bykﬁg§+ and did not utilize membrane-

bound substrate. In the absence of Mg2+, the rates of

utilizapion of aqueous substrate by the phosphatidate *
; \,
phosphdhydroiase of mitochondrial, microsomal, and soluble
, . : '
fractions'were'detectable,_but the membrane-bound substrate

was not utilized under these conditions. From this data,

-~

Jamdar and Fallon (1973) concluded that in rat adipose tissue,

' Mg2+¥dependent phosphatidate phosphohydrolase was responsible

for the utilization of membrane—bound substrate and was
localized in the microsomal and soluble fractions, while
the Mgz -independent enzyme existed chiefly in mitochondria
with some actiVity in microsomes.l g N
In a study to be described, the intracellular localiza-
tion of phosphatidate phosphdhydrolase in rabbit heart.was
examined. The highest speCific activity of this enzyme was
found ‘to be in the microsomal and lysosomal fractions.

Mitochondrial phosphatidate phosphohydrolase was approximately
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1/3 -to 1/2 as actlve as the microsomal enzyme. The activity

found in the cytosomal (solnble) fractlon was extremely low.

I-2-6. | Distribution of acvl—Cg&:monggixceride—g:acxltrans—.

ferase

Mitochondrial fractxons of rabbit and rat intestinal
mucosa were used as enzyme sources: when Clark and Hubscher
(1960 and 1961) first suggested the existence of MG acyl-
transferase in mammals. In 1962, Senior and Isselbach;r
established a dual intracellular localization of\this enzymne,
stating that the mitochondria and microsomes of ratlintestinal
mucosa contalned the enzyme. Microsoﬁal MG acyltransferase
was later confirmed to exist in guinea pig mammary glands
(McBride aga-Korn, 1964) and hamster and rat intestinal
micosa (Rao and Johnston, 1966; Ailhaud et al.. 1964; Gallo

1., 1968). In additiom, H"ubscher (1961) reported that

—

I

MG acyltransfefase was present in soluble fractions of rat
intéstinal mucosa and liver, pig kidney. and rébh&:jpancreas.
However, Senior and Isselbacher (19é2) claimed that this
enzyme wWas absent from the soluble. fractions of rabbit intes-—

<

t:.nal mucosa and rat liver. -3

1—277. Distributlon of acyl-Coh: snrl 2-diqlceride—04acy;f

" transferase

’l
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DG acyltransferase was reported to be present in
both the mitochondrial (Stein et al., 1957) and microsomal
{(Young and Lynen.‘1969;,Mangiapane et al., 1973: O'Doherty
et al., 1972) fractions of rat liver. 1In addition, mito—
chondrial DG acyltransferase has been shown to exist in
chicken liver (Weiss et al., 1960), rabbit intestine (Clazk
and Bibscher, 1961); goat mammary glands (Pynadath and
Kumar, 1964), ;nd rat dié;hragm {Neptune et al., '1962).
Microsomes of chicken liver (Weiss et al., 1960), rat intes-
tine'iAiIhaud gg‘gi., 1964), guinea pig and goat mammary
glands (McBride and Korn; 1964; Pynadath and Kumar, 1964),

as well as soluble fractigns of goat mammary glands (Pynadath

and Kumar, 1964) also contained DG acyltransferase.

1-2-8. Distribution of acyl-CoA synthetase ‘

The microsomal fraction of guinea pig liver was used k. S
as the enzyme source by Kornberg and Pricer (1953a) in their
original study on the activation of long-chain FAs. -Siﬁce
fhen, a predominantly microsomal localization of this enzyme
has been established for rat 1iver (Korchak and Masgro,'1964:
Farstad,gg,g;.;AIQGT: Pande and Mead, 1968b:‘Pande, 1972;

Marcel and-Suzue, 1972) and for the mucosa’ of the small

intestine of the rat (Senior and Isselbacher, 1960; Ailhaud

kS
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et al., 1963) and the cat (Elibscher et al., 1963). De Jong
and Hﬂl;mann (1970} performed 2 caomparative study of palmitoyl-
CoA synthetase acfivity in subcellular f;actions of rat liver,
heart, and-gut. They found that palmitoyl-CoA synthetase

was localized mainly in the sarcoscmes of the heart and the
microsomes of.the intestine. Live; mitochondria and micro-
somes were about equally active (50:50 to 30:70 %) in catal-
yzing palmitoyl-Cod ‘synthesis (De Jong and Hilsmann, 1970).

A somewhat different subcellular distribution of medium—
and shogt-chain FA activating enzymes ha; been reported.
Approximately 70-80 % of the total acpivité in the li;er
and kidney was found‘in the cytoplasm with the remain@ef

of the activity being located in the mitochondrial fraction.

In heart muscle, the distribution of total activity between ‘

these two ffactions was approximately equal (Barth et al.,
1971). Furthermore, Aas and Bremer (1968) provided evidence
+o show that acyl-CoA synthetases for -acids of chain lengths
Crs C4. and C; were exclusively localized in mitochondria,
mainly in the matrix. The a;yl—CoA synthetases for Ci2 and
Cig- however, existed in the Buter membrane of the mitochon-
dria and in the micrbsomes;

. Barth et 2l. (1971}, Aas and Bremer (1968), Creasey

——— ——



(1962), and Pande (1972), who all observe FA specificity
.°f acyl-CoA synthetase, claimed that the e is more than one
synthetase, each hﬁ%}ng a marksdixﬂgifférent substrate
specificity. However, -other investigators do not support
this hypothesis. The kinetic studies by Marcel and Suzue
'(1972) suggest that there is one long-chain acyl-CoaA synthe—
tase which contains several active sites, i.e., a main site
which binds the.carboxyf group, thus common for all FAs,
and other sites which bind different types of FA molecules
' with specific affinity for unsaturated FAF with a A9 double
bqnd. Lippel ;nd his coworkers studied | e activation of
ji'xaturally occuring cis-' and g;ggg-unsaturated FAs by rat
liver microsomes and mitochondria (Lippel. 1973; Lippel et
al., 1973a and 1973b). Their data agzees with that of
Marcel and Suzue (1972) in that 2 single activating enzyme
catalyzes po;itional isomers of long-chéin FASs.

The GTP-dependent long-chain aeyl—CoA synthetase is
ébsent from the outer membrane of the rat liver mitochondria
and is exclusively associated with the inner mémbrane—matrix
fraction (Lippel and Beattie, 1570). Thus, it is unlikely
that the activation of FA through this pathway contributes

to the G3P acyltransferase reaction which takes place outside
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of the inner membrane. Furthermore, the specific activity
of GTP-dependent synthetase is onlé about 4 % of the ATP-
dependent enzyme present in the outer membrane (Lippel and
Beattie, 1970). .

1-2-9. Distribution of palmitoyl-Cod hvdrolase

-

Palmitovl-CoA hydrolase was reported to bé present in
the mlcrosomal fraction o£ rat llver (Lands and Merkl, 1963+
Fallon and Lamb, 1968; Barden and Cleland, 1969) and also
in dog lung and liver (Frosolono et al.. 1971) . However,
according to Brandes et al. (1963), palmitoyl-CoA hydrolase
is'a coﬁstituent of both microscmal and mitochohdrial frac-
tioné of rat and guinea pig liver. ;

Recent work from this 1aboratory demonstrates the
presence of palmitoyl—CoA hydrolase in all four subcellular
preparations of rabbit heart (Liu and Kako, 1975). The
highest spec1f1c activity was found in lysosomal ana micro-

somal fractionms. Mitochondrlal and soluble fractlons were

less active.

r
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ion of enzvmes related to tri-

Intracellular localizat

- glyceride biosynthesis

LY

i

in mammalian tissfies

Unless otherwise indicated, signifies the use of

that particular subcellular ffaction by the author (s) .
. v

A +* indicates that the

ized exclusively in the

enzyme is reported to be local-

fraction specified. A (+)

indicates a partially purified enzvme, and - signifies

+the absence of an enzyme. The abbreviations MT, LY, MC,

and SL stand for mitochondrial, lysosomal, microsomal,

and solque fractions,

respectively._ _ _
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TABLE 1
Intracellular localization of enzymes related to triglyceride
biosynthesis in mammalian tissues
Enzyme. and Species Localization
reaction and References _
catalvzed tissue MT LY MC SL
G3P and Rat .
monocacyl- - liver + Lands and Hart (1964 )
sn-G3P acyl- : ‘
transferases " + FPallon and Lamb (1968)
(Egs. 1 & 2) ' '
" + Abou-Issa and Cleland
(1969) '
" . + Possmayer et al.
- (1969)
" . + Barden and Cleland
' (1969)
u ' +* Eibl et al. (1969)
I "o + ILamb and Fallon {(1970)
" . +% pavidson and Stanacev
(1972)
" + Okuyama et al. (1971}
" + vamashita and Numa ‘
(L9720 q
" + Mangiapane et al.
: (1973)
o (+) vamashita et al.
: . (1973)
W + + Stein et al. (1957)
" + + Smith and Hubscher ;
(1966) :
" + + Stqffel ‘and Schieferxr ;
(1968) |
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Table 1 (page 2)
Enzyme and Species Localization
reaction and - ' References
catalyzed tissue MT LY ~-MC SL
rat
liver + + , Shephard and Hubscher
_ (1989) »
" + at Zborowski and Wojtczak
(1969)
" + + Sarzala et al. (1970)
. " 1+ + Daae and Bremer (1970)
" + + Daae (1972)
~ " + + Monroy et al. (1972)
! . -
" (+) ' Monroy et\al. (1973)° )
guinea + Kornmberg and Pricer: !
pig liver _ (1953b} - N
“.“_. \.‘ . h" —
" /—J’— + - prandes£t al:~(3963 E
g B N
" .:'l ‘ +* Davidson and Stanacev
(1972} :
chicken + .t Weiss et al. (1960}
liver . . N -
guinea pig + .| -Brindley (1973)
intestinall
mucosa -
rat brain + sinchez de Jiménez
. and Cleland (1969)
" . + Possmayer and Mudd
_ ' (1971)
. + M&rtensson and Kanfer
’ s (1968)
rabbit + + Liu and Kako (1974)
heart ' '
v ) .
s
(
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1

Enzyme and Species Localization \3
reaction and "References o
catalyzed tissue MT LY MC.SL ol
Acyl-CoA: . |guinea pig + Hajra and Argranoff
DHAP. acyl- liver (1967} -
transferase
(Egs. 4 &, " + 4o Hajra and Argranoff
5) . {1968a)
" + -+ Hajra (1968a and
. 1968Db) -
" - - Davidson and Stanacev
(1972} .
rat - + Puleo et 2l. (1970)
liver .
" - + - Rao et al. (1971a
- and 1971b) I
u + + ILa Belle and Hajra -
. (1972) -
" - Monroy et al. (1972)
rat brain,| + + Ia Belle and Hajra
kidney, & (1972) .
adipose ) ‘
tissue |
rabbit - W Liu and Kako (1974)
heart ’
T
DG guinea pig| + . Bokin and Hokin
kinase brain (1959)
(Eq. 6)
" + Pieringer and Hokin
(1962a)
albatross | + + + Hokin and Hokin
salt ' (1960Db)
‘gland .
rat brain | + Strickland (1962) !

-
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rable 1 (page 43 . .~

Enzyme and Species Localization

reaction and ' . ~ References T

catalyzed tissue MT LY MC SL{
rat brain + De Pury and Collins

' : - (1963)

MG kinase- guinea pig L+ Hokin and Hokin

& monoacyl- |¥rain, (L960a) '

sn-G3P -+ liver and :

acylt;eﬁs—" 4 c3kf brain

ferase 1 -

(Bgs. 7 &, ... * + Pieringer and Hokin

8) : ) (19622 and 1962b)

g rat , + + Paris and Clément
lqtestinal (1969}
mucosa
TR *

Phosphati- = |albatross | + - + Hokin and Hokin

date phos- salt (1960a}

phohydro- gland

lase (Eg. :

9) pig ¥ + Coleman and Hubscher
kidney (1962}
rat + Wilgram and Kennedy
liver (1963) i

cat
intestinal
mucosa

+%

Sedgwick and Hﬁbscher
(1965)
sedgwick and Eubscher
(1967)

stoffel and Schiefer
(1968)

Brindley and Hubscher
(1965)
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Enzyme and Species Iocalization )
reaction and - o References
catalvzed tissue MT LY MC SL
rat + + + Jamdar and Fallon
adipose (1973)
tissue
rat liver + + Lamb and Fallon )
.t ' (19742a) .
rakbbit + ¥ Liu and Kako (1975}
heart ' -
MG acyl- rat + clark and Hibscher
transferase intestinal (1960)
(Eg. 10) mucosa
" + o+ Bibscher (1961)
u + + Senior and Isselbacher
(1962) ' '
" ; j;/,/’—w\\AiIhaud et al. (1964)
" . ' + | eallo et al. (1968)
) rabbit | + clark hnd Hubscher l
intestinal] - *(1960)
mucosa
" o+ clark and Hubscher
(1961) o,
" + + - Senior and Isselbacher
- (1962) '
" lhamster B Rao and Johnston
intestinall (1966)
mucosa
rat liver | + + Hiubscher (1961)
" - . Senior and Isselbacher
(1962) -
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Table -1 (page 6) -
Enzyme and Species Localization ey
reaction and . ' ‘| References
catalyzed tissue MT LY MC SL "t
pig + . _Hiibscher (1861)
kidney
guinea p'ig 1 McBride and Korn
| mammary - (19634)
gland- '
- ":
~ | rabbit + Hibscher (1961) .
.| pancreas - ' ' ' '
DG acyl- rat liver | + . Stein et al. (1957)
transferase - o o
(Eg. 11) " ot Young and. Lynen (3:96%
- " + Mangiapane et al.
: ’ (19737,
"’ - ¥ O'Doherty et a_l.
_ S (1972)
: chicken * | + + .| wWeiss et al. (1960)
liver . w
rabbit 4 .- ’1  clark and Hibscher
small ! _ (1961)
intestine _-
L
‘ rat + Ailhaud et al. (1964)
intestinall ' :
mucosa L,
: guih'e'a pigj .t McBride and Korn |
mammary - (1964)
- glands
‘ ]
- goat + + + Pynadath and Kum@‘
mammaxry {1964)
glands
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Table 1 (page 7) ! \\
Enzyme and | Species I;Bc;;tion .
reaction and ' _ References
-‘cata'lvzed tissue MT IW .MC SL
rat + Neptune et al. (1962}
diaphragm | .
. rd
Acyl-Coa guinea pig 7 + Kornberg and Pricer.
Rynthetase | liver (1953a)
{Eq. 12) o .
(long-chain) |rat liver + Korchak and Masoro
- ‘ . (1964) o
. " -+ © parstad et al. (1967)
_ + paide and Mead (1968b)
-a 3 =
" -+ ’ Pande (1972} °
" + + N De Jong and Hulsmann
- (1970) :
‘. " + Marcel and Suzue
; (1972)
b + + Lippel (1973) and
- Lippel et al. (19732
and 1973b)
lrat + Senior and Isselbacher
intestinal]j - (1960)
mucosa . | h ' .
n + Ailhaud et al. (1963)
" + De Jong and Bulsmann
. ~ (197‘0) . .
cat - - ) + .Hibscher et al. (1963)
intestinal . -
mucosa N
rat heart + De Jong and Efilsmann
o (1970) -
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Table 1 (page 8) ° - .
Enzyme and Species. Localization
reaction and - References
catalvzed tissue MT. LY MC SL
- Al .
Acyl-Cod rat liver | + + Barth et g-_;l._’.-._' .s(;Lé,fl) -
synthetase . " o <
(Eq. 12) " +* Aas and Bremer (1968)
(medium- & - ‘ '
short-chain) L + | oo
(Cp, Cq & X . . _
C7) (Clz\& rat + +- Barth et al. (1971)
) Ci6) : kidney
rat heart | + + \ .
palmitoyl- _ |rat liver + Lands and Merkl -(1963)
CoA ‘hydro- ' . s
lase n + Fallon and Lamb (1968)
(Eq. 13) ) ’
-~ " + Barden and Cleland
, : (1969)
- dog liver, ‘ + Frosolong et al. (1971)
lung
rat & + + Brafides. et al. (1963)
gquinea pig] ' -
J Ticer B b
' rabbit * X + o+ Liu and Kako (1975)
heart ’ .
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1-3. Fatty Acid and Positional Specificity of

) Phoipho— ané lece;olipidggggynthesis
It has been Show;‘that the FA composition of complex
lipids differs wldely among.Qarious organs and species
(Van Deenen, 1965; Hill and Lands, 19707 Eubscher, 1970).
Before the advanéement of analytical techniques in lipid
chemistry, however, analyses were not.sufficiently prec;se
to draw an exact map of the FA composition of lipids of
various sourcesr- Introduction of the gas-liquid chromato=
graphlc technique has draﬁ;tically changed the améunt of :§
knowledge regardlng this problem. Since then,'numerous
analyses on various naturally occuring lipids have been
carried out, and the results confirm earlier findings:
. there exists a noﬁ#unlform dlstrzbutlon of FAs with respect
to chain Jlength an; degree of unsaturatlon in complé!'llplds.
This inﬁg;métion focused attention to the diverse
characteristics of individual EAs: For example, it is a
well known fact that they have different meltinb points.
Therefore, from a teleologlcal view p01nt, it may be postu—
" Tated that living organlsms regulate their FA comp051tlon

. when required to live in a cold or a hot environment. If

the characteristics of individual FAs with different chain

/‘:
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lengths and dégree of unsaturation are dissimilar, it is
possible that the complex lipids derived from them may have
different charaqteristics depending on their different
molecular confiéurations. The chemical.andTbhysical propexr-
ties of_thehﬁgfophdbic fatty acyl side chains of complex

. liéidslﬁot only constitute the major permeability Barrier

of the cell membrane but also enable these complex lipids

to serve as cofactors or coenzymes in many enzymatic reac-

tions'occuring within the cell membrane (Lennarz,.1970).

From this, the importance of understanding-the molecular
configuration of complex lipids bgcomes apparent.
Analytical methods were devised-in which panpréaéic lipase
and, latexr, more specific snake venom phospholipase Al were
used to hydrolyze lipids stereospecifically. The chromatograph-—
ic separatidn of the hydrolytic products was~thén Earried out ) ‘
Y (Brockerhoff et al.., 1963; Brockerhoff and Hoyle. 1963; Lands (/‘
‘;hd Hart, 1964; Van Deenen, 19657 Kukéis, 1972). By these Feé;:ﬁw_
niques, investigators were able to analyze not only the.FA com—
position of complex lipids., but also their positional dis;ribu—
tion (Brockerhoff et al.. 1963; Brockerhoff and Hoyle, 1563:

1ands and Hart, 1964 and 1965; stoffel etTal., 1967; Possmayer

et al., 1969). In -the earlier days of investigation, there
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were two opposing échools of thought, these being a non-
random distribution hypothesis (Banahan et al., 1960; )

pattrie, 1959; De Haas and Vgn Deenen, 1961; Husbands and
Reiser, 1966) and a random distribution hyéothesis (Lands-

‘ » )
and Hart, 1964: Stoffel et al.. 1967) .

There have been numerbus studies to explain the non-=
random distribution of FAs in the gl&cerolipid molecule. One
such explanation statés that specific acylation could take
place at various stages of Kennedy's gg;gggg.pathway of TG
syntheszs .(Kennedy , 1961; see also Section I-1 of this
thesis) because of the substrate and positional spec;fléity
‘of the énzymes involved. Another possibility is thét the
biosynthesis of phospholipids or neutral lipids may take
place in 2 random manner with respect to FAs, but with re-
arrangement of faﬁty acyl moieties, such as

deacylation—reacylatio&\process , acyl migratisn of complex
lipids, or desaturationfbf FA moiécules taking place aftef
complex lipid formation (vah Deenen and De Haas, 19667
Goldfine, 1968). '

™~ -

' Although wide varieties of phospholipids in many

different organs and species have not yet been analyzed

_exhaustlvely, the general consensus Wlth the liver
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glycerolipids in several species is that saturated FAs,
particularly 16;0 ana is:o,are preferentially esterified -
at position 1 of th; glycerol mo%ety, while uﬁsaturated FAs
are esterified at position 2 (Vaﬁ Deenen, 1965; Lands, 1965).
It would seem logical that the first and se;ond acylation
steps of sn—-G3P are specific to particular FAs since one of
the products of these redctions, diacyl-sn=-G3P, a'key inter-
médiate for complex lipid formation, provides the backbone
}tructure wﬁzch contains the FA asymmetry. Consequently,
numerous studies have been'pubiished dealing with the.
specificity of the first and segond acylation steps of sn-

G3P, as described below.

. . [
}PB-l. FPatty acid and positional specificity of acyl-CoA:

§gfglycerol-37pﬁosphate—O-acyltransferase

Thg present knowledge coﬁcerning the substrate and
pos;;ional‘specificity of acyltransferases leéding tbh;he ®
formation of diacyl-sn-G3P in certain animals is summarized
in Table 2. & -

. Lands and Hart (1964) have investigated the acha?ion
of sn—~G3P in microsomal preparations of liver andaconcluded

that the specificity of the acyltransferase reactions leading

to diacyl—gngép formation could not adegquately

A
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account for the asymmetric distribﬁ%ion of saturated and
unsa;ﬁratgd FA;iknown to occur naturally in glycerolipids
in_this tissue. However, subgequené investigations with
1-acyl-sn-G3P acyltransferase from rat liver showed that
unsaturat;d.FAs wergfgﬁefgasntial&y attached at position

‘ &

2 of the synthesized diacyl-sn—-G3P (Lands and Hart, 1965),
indicating that some specific;ty.éxists in the second step
of the sn-G3P acylation reactions. In earlier experiments,
Lands and his coworker (Lands and Merﬁi, 1963; Merkl and

' rands, 1963) found that in rat live¥, acyltransferases gﬁ-

volved in the acylation of monoacylphosphoglycerides exhibited

£

a preferential es erification of saturated FAs at position 1
and unsaturated FAs at pésition 2 in both lecithin and
phosphatidylethanolamiﬁe synthesis. Accordingly, they
concluded th;;KQiQ? a Rgsition—specific redistribution of
FA constituen?gxéi'ti;éue,.phosphoglycerides may arise in
part from a reéistribution of fatty acyl moieties between
positions 1 and 2 (deacylétion—:eacylation process) after
-tﬁe nitrogenous base hﬁs beeg attached to the ﬁolecules.

"+ 'The qpestipn conce:ning the origin of the asymmetric
distribution of FAs in naturally occuring lipids became an

importaht issue in 1968. Hill et al.” (1968) studied the

-
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ihcorporation of FAs into diacyl-sn-G3P in.xat liver slices'
and foundlthat thg acyitransferasé reactions.proceed in a
nonrandom manner. Saturateé FAs are prefereﬁtially incor-
porated into position 1 #nd unsaturated, FAs into position

2 of the glycerél moiety. Van Golde et al. (1969) made a
similar ‘observation from experiments with liver élices and
arrived at the same conclusion. Contxary to their findings
with liver slices, Hill et al. (1968) found that in aniin
vitro study with a solubilized ?reparation from liver micro-
somes, the specificity with rgspéct to fatty ﬁcyl—CoA esters
did not égisé during the acylation of sn-G3P. This finding‘
was in accord with an eariier'study of Lands and Hart (1964).
‘ Why the positionél specificiéy-of G3P acyltransferase is
manifestéé in tissue slices but not in subcellular fractions
presents a problem that is as yet unsolved.

Possmayer et al. (1969) studied the distribution of a
nuiber of radioactive FAs incorporated into diacyl-sn-G3P,
phosphatidylcholine and phosphatidylethanolamine in xat
liver microscmes. BY analyzing‘the diene species produced
from a mixture of radioactive palmitate and linoleate, they

found that 96 % and 31 %, respectively, of the esterified

radiocactive FAs were at the 1 position, while 4 % of palmitate

b
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and 69 % of llnoleag\\were esterified at the 2 position.

Accordingly, Possmayer et al. (1969) concluded that the
majority of the saturated FAs we;e at position 1 while the
polyunsaturatfg/ﬁkefﬁére confined mostly to position 2.
This fi&éing rendered strong support for the idea that the
FA asymmetry of phospholipids is introduced at.the first
and second phases of the overall de novo biosynthetic path-
‘way, that is, the formation of éiacylﬁgngBP.

Hill and Lands (1970) recalculated these data using
the total nmoles of eaéh FA incorporated and the p?rceﬁtage
of its distributigp’and reached a different conclusion.

The -total amount of palmitaté and linolsate incorporated
,-1nto phosphatldlc acid was 0.15 and 0.42 nmoles per 15 min,
respectlvely (Table 5 of Possmayer et al., 1969), whlle

96 % of the esterified palmztate and 31 % of ﬁﬁé linoleate
were found at position 1 (Table 6 of Possmayer et al., 1969).
This would 1nd1cate +hat 0.14 nmoles of palmitate and 0.13
nmoles of linoleate were 1ncorporated at the 1 position of
the diene species during 15 min inclibation. Thus, one may
calculate that almost 50 % of the radioactive acids at t;e

1 position were unsatyrated. Because of these calculations,

Hill and Lands (1970) interpreted such data as indicating
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that there was a lack of positional sﬁecificity. If similar
calculations are made for' the monoene produced from stearate
and oleate or the diene from stearate and linoleate, one

finds that.a greaterx amount of radiocactive unsaturated FA

than saturated FA was esterifZed at both the 1 and 2 posztlons.

On the basis of the detailed kinetic studies of various
fatty acyl-CoA esterxs in the acylation of sn-G3P to form
diacyl-sn-G3P by microsomes of rat brain and liver, Cleland
and his co-workers SAbou—Issa and Cleland, 1969; Sanchez de
Jiménez and Cleland. 1969: Zahler and Ccleland, 1969} found
no selectxv;ty of acyltransferase reactions using various
acyl-Cod estégs. However, in their study, the location of
the acyl moiety in esterlfled products was not analyzed.

The micellar nature of fatily acyl-CoA esters, the conszder—
able amounts of endogenous FAs in enzyme soutzes {(Abou-Issa
and Cleland, 1969; Sanchez de Jiménez and Cleland, 19697
zahler and Cleland, 1969), and the selectivity of acyl-CoA
hydrolase (Barden and Cleland, 1969) could be the factors
causing the diverse results reported by these investigators.
In 1970, monoacyl-sn-G3P was isolated (Lamb and Fallon,

1970) as an intermediate of sn-G3P acylation in rat liver

microsomes, and it was claimed to be the immediate precursor
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for diacyl-sn-G3P biosynthesis as described above. Con-

sequently.{ythe positional analysis and nature of acyl

group in the nonoacyl-sn-G3P molecules offered a more

direct assessment of the specificity of the G3P acyltrans-

ferase reaction

. Therefore, the kind of FA and its position

in the monocacyl-sn-G3P molecule have been examined in order

to clarify factors controlling the asymmetric FA distribu-

tion in natural

ly occurring lipids.

Lamb and Fallon (1970) isolated-monoacylfgngBP as the ’

major product a

t pH 6.5 in their study of the acylation of

i

SN - N L -
sn-G3E by rat liver miérosomes"lggtheapresence of acyl-Cch

thiocesters. Stereospecific anal?sis'of monggcylﬁgngBP

molecules indicates that the 1-isomer is the primary product ‘

when palmitoyl-

Cod is the substrate, and that the 2-isomer

is the predominent product formed from oleoyl-CoA. More

recently, Daae

(1972) studied fhe mitqchondrial acylation

.of sn~G3P in rat liver using fatty acid carnitine esters indirectly

"only substrate

. as the acyl donor and found that palmitoylcarnitine¢is the

that serves as an effective acyl donor. It
» ~ - :

is esterified exclusively at position 1 of monoacyl-sn-G3P.

Monroy et al. (1972) reported pronounced substrate and

positional spec

el

ificity during the acylation of sn-G3P by

B
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rat liver mitochondria to form monoacyl-sn-G3P. It was
.found that pglﬁitoyl—CoA was~;ZS£rified exclusively.in
poéition'k of the glycerol molecule, and that oleoyl-CoA
and linoleyl-CoA failed to shéw any significaﬁt incorpora-
tion into monoacylégngBP. The results obtained by using
partially purified mitochondrial @3P acyltransferase
(Monroy et al., 1973) éonfirmed their earlier findings in
which sonicated or~qon—disrupted mitochondria were used
(Monroy et al., 1972).
Microsomal G3P acyltransferase has also been purified,
and its properties sﬁu@ied by Yamashita and Numa (1972) .
These authors found that the purifiéd enzyme catalyzes the
formation of mBnoacyl—gngBP from §57G3P gnd palmitoyif
Coa. -'I‘he acyl moiety-is esterified'prefere.ntially at position ‘
l.of thé glycerol molecale. Palmitoyl-CoA is utilized most A
efficieﬁtly, while unsaturated fatty acyl-Coh thiocesters
are poor substrates. |
From these observations, one can concludg_that both h
mitocﬁg;drial and microsomal enzymes in the rat liver poésess

similar FA and positional specificity. stated another way.

of acylation

formation of monoacyl-sn-G3P, the £irst st

of sn-G3P by fatty acyl-Cod in liver Atochondria and

e
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microsomes, takes place at position 1 of the glycerol'moléculo‘

~and shows a strong affinity towards palmitate. A similar |

study with other organ preparations has not been published;
Baker and Thompson (1972) approached the problem. from

a 'different angle. They injected radloactlve FAs ihto rats

and analyzed the FA dlstrlbutlon in brain phosphatides at

varlous t;me 1ntervals. Their results were sllghtly dlfferent

from those obtalne& in experiments using liver particulates, .

and the FA and posztlonal specificity was less pronounced.

Some palmitate was found in position 2 and some unsa;urateo

FAs at position 1 of the'didcylfgg:é§P molecule.l Tﬁe com—

position of complex lipids was'pifferegp from that of oiacy;j

sn—-G3P, lndlcatlng that the acyl exchange reactions COntribuoe Y

to formation of the flnal molecular conflguratlon of complex

lipids. . | __ . B |

I-3-2. Fattv acid. and positional spec1f1c1ty of acyl-Coa: -

monoacylfggrglycerol—3—phosphate-0—acyltransferase

Barden and Cleland (1969) conducted a thorough invés- .

tigation of 1-acyl-sn—-G3P acyltransferasJ from rat llver,

Lo ™Y

 examining its substrate specificity as a function of the FA

composition of both acyl donors (acyl-Caohs) and acyl

acceptors (1-acyl-sn-G3Ps). They found that the nature of

»

ar
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" fatty acyl-CoA esters znfluences the reactlon rate to a
L

U-\"
great extentdfiThe rate Of reactlons in -a decreaSLng order

Iy

CoN follows thlsjsequence- oleyl > palﬁhtoleyl ::llnoleyl =

palm1tyl'> myrlstyl >-stearyl > Iauryl.- The acyl m01ety

of the l-acyl-sn-G3P was not. decisive in this .regard. These

o

regplts 1ndlcate that unsaturated FAs‘are;preferred substrates

\

- for the acylatlon at pOSlthQ 2 of 1—acyl-sn-G3P. These

-findings agree with the prellmlgary work oﬁ Hill and_Lands

(1968) dxscussed earller zn this thesis. o .

In lQ?l, ‘Okuyama et al. preparéd 2-acy1-sn—G3P and then

. examlned its esterlflcatlon to dlacyl-sn-G3P. In the presence

-

of sicrosomal preparations.from rat liver, the rate of Lo
acylatlon of 2-acyl—sn-GBP by acyl—CoA was fbund to be aqne ' .
tenth ofjthe rate observed ﬁhen l—acyl—sn—G3P served as the ;‘
acyl eccebtorﬁ= The acylatlee;égcame even more selectLVe o~

1

: when both l-acyl—sn—GBP and 2-acyl—sn—G3P were present in

.the lncubatlon mlrture. Oleate was esterlfled ‘more rapxdly }
* +than pelmitete'or stesrate under the experlmental conditions.

.Thislwork provided evzdencefth;t as Well as the nature of

rthe acyl donor.(Barden and Cleland, 1969), the molecular

conflguratzon of the acceptor, monoacylfgngBP, plays an @i’ '

an@ortant role in dlacyl-sn—GBP biosyntheéls._ Sl o

- 9 »
. .
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palmltate and arachidonate tend togse excluded frcm the 2

Oleoyl—CoA and llnoleyl-CoA are relatively readily acylated

W -

Because the rate of acylatlon of l—acyl—sn—GBP was
higher than +hat of 2-acyl-sn-G3P (Okuyama et .al., 1971),

it is more likely Yhat l-acyl-sn-G3P serves‘as the inter-

: ' ) /
mediate for diacyl-sn-G3P synthesis. Because of the work -

*
of Bardén and Cleland (196§3 quoted abpve, it éeems that

-

- a pronouneed‘FA spec1f1c1ty must exist in the acylatlgnhff/,f

l-acyl-sn-G3P. Okuyama and Lands (1972), however, found

that the FA preference in wvitro of_mlcrosomal l—acylfggr

G3P acyltransferase in rat liver could be influenced by -the
incubation condjtions. Briefly stated, when the acylation o
-~ . * .

takes place at ve:y lcw concentrations oﬁfl-acyl— sn—-G3P,

position of dlacyl—sn-GBP, hereas relatlvely nonrselectlve

ggylatlon occurs at hlgh concentratlons of l-acyl—sn—GBP

ERR |

to position 2 at any concentratien of 1—acylf§§rG3P. From . -

% .
a‘klnetlc analy515 of enzyme reactlons with various acyl—

CQAs' these'authors suggest that there are multlple acyl—

transferaees and, possibly, multiple reactlye sites of an

enzyme in rat liver.

-

- Recently, Yamashita.gglgl. (1973) succeéded in paftially -

purlfylng 1—acyl—sn—G3P and 2—acyl—sn—G3P acyltransferases

- L
P "

PR



natﬁrally occuring \glycerolipids resultsf to a large extent,
ffcm preferential ac 'atign in the steps leading'to diécyl—
sn—-G3P %ynthesié. It is thought that the final‘moiecu;ar

_ configuration of phospholipid and, possibly, neutral lipid
could be further modified 2’4 the deacyldtion-reacylation

reaction after their de novo synthesis.

I-3-3. Fatty acid and p051tlona1 spec1f1c1tv of acvltrans-

ferase involved.in the dihvdroxyacetone phosphate

Eathwai

original studies on the DEAP pathway by Hajra and

32

Agranoff (1968a and 1968b) were done using p-labelled ATP

_and guinea pig liver mitochondria. Hajra (1968a) then exT‘
tended these studles in mitodhondria of liver, brain; kidney,
and heart of gulnea pig by using 32P-DHAP and FAs of ‘various
dhaln lengths and degrees of unsaturatlon. The formation of
: aéyl—DHAP was highest with palmitate as the acyl donor, and
the specificity became more ndticeable at high ;A concentra-
-tlons.- In other words, the activity of the DHAP pe:hway

was dependent upon the nature and concentratlon of acyl-

\ L

dbnors. For example, 1 mM &£ palmltate, which was the

w

-

Q

~
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optimél concentration under these experimentél conditions,
produced 120 nmoles of acyl-DHAP, ﬁﬁereas the optimal cdn—'
centratlon of oleate or llnoleate was only 0.1 mM and
produced 7.nmoles of acyl—DHAP. In contrast, the FA .speci-
_ficity of microsomal acylation was not as evideni._ Hajra
(1968b) reported that phosphatidate formed via the DEA?/
pathway.in mitochondria of guinea pig liver contained more
palmitate ih position lgof tHE.giycerol moiety than that
fo;med via the Kornberg-Kennedy pathway. Jhis fmndlng
suggests that the DHEAP pathway participates lq the asymmetric
FA distribution observed inxccmplex lipids. However, many
other investigators (Okuyama and Lands, 1970: Davidson and
Stanacev, 1972; Monroy et al., 1972; Liu and Kako, 1974)
have not confirmed the existence of the DHAP pathﬁay in
guinea pig.and rat liver. or rabbit heart. Therefore, stidies
on subcellular.distribution énd sdbstraéq séecificity of

acyl—CoA :DHAP acyltransferase are to be investigated fﬁrther.

[ Y

! I—314. Select1v1tv of acvltransferases leading to the.
; .

formation of other phOSphoqlvcerldes

!

' .Lands ggﬂg;. (1966) have studled the acylatlon of 1-
.acyl—lysolecxthln and 2—acyl—1ysolec1th1n:by rat liver

microsomes. By/bomparlson of the dlstrlbutlon of a’series
- O )

»

% - ' ' ' . | - —
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of cis- an d trans-lsomers of unsaturated FAs in vivo with
their relative esteriflcatlon rates in vitro, they found
that the location and configﬁratiqp of a double bound in ~
an FA cauld control both its distribution in vivo between
the 1 and 2 positions of jecithins and TGs and the rate
of its acyltransferase—catalyzed esterifieation to form

’

lecithin. similar-dbifrvations were repo:tediby'Privett
et al. (1966). 1In 196;, Stoffel é;ugi. provided evidence
that the structure of an FA constituent in.an acceptor
molecule such as manocacyl-sn-G3P could influence the acyl
transferxr reaction in the presence of rat 'liver microsomes.
%he rate of acyl transfe to unsaturated l—acyl—lyeolecithin
was higher than that observed with saturated l-acyl-lyso—
lecithin. In addition, a greater rate of acyiation for v
polyunsaturated FAs was seen wten saturaied lyeolecithin.
was used as an acceptor instead of unsaturated lysolecithin.
The studles descrlped above re—-emphasize the importance of
the enzymatic acylation of lysoleclthln in dxrectlng the

- astmetrlc distribution of saturated and unsaturated FAs
in tissue lecithihs. | .

A more phy51olog1cal approach in studying the positional

"and metabollc asymmetry of the lecithin molecule was qénducted

.



by Stein and Stein (1963) using isolated perfused rat heart. >~
These investigators perfused isolated rat neart witha 7
medium containing both [°E] palmitate and [*c]1inoleate

and found that the 1inoieate was the preferential substrate
f;f incorporation.into lecithinl In the lecithin molecule, —
labelled linoleaté was fpund almost exclusively in the 2
position, while labelled palnitate nfs distributed evenly
between the 1 and 2 positions. More recently, Xkesson and
co-workers (hkesson et al., 1970a and 1970b &xesson, 1970)
injected either [3H] glycez:bl [9,10- H] palmJ.tate, or

[ 14C]l:.noleate frto rats and studied the 1ncorporatlon of

isotope 1nto§dlfferent liver glycerollplds. They found a

non-random combination of FAs in glycerolipid synthesis.

-

q

In phosphatidic acid formation, linoleic acid was the most
acﬁi}e-substrate, and it was esterified almost exclusively

at position’ 2 of the phosphatldate molecule. In the DG

-

molecule, 90 % of labelled palmltate was found at position l.ﬂ

-

Brockerhoff QE.Q;. (1963) and Brockerhoff and Hoyle (1963)

analyzed the £a distribution in TG and'lecithin of marine ani-

r

mals and found that polyunsaturated EAs of the llnoleate-type
were preferentlally located at the 2 p051t10n. They"postulated1

that the llnkage of the unsaturated FAs to the 2 pos;tlon
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_ of glycerol may have been established originally in plants

- b -

and plankton, being retained through the food chains and
through most steps of the lipid metabolism of the individual

organism until they were eventually oxidized. Support was

lent to this hypothesrs by the observatlons that the 2-MG

structure was retalned during intestinal absorption of TGs

in rats (Savary et al., l961ﬁ and that the MG acyltransferase

pathway was an alternative route for DG, TG, and lecithin

. biosynthesis (Section I1-1-2). the hypothesié of the meta-

bolic stability of the 2-MG can not, however,_completely
explain the phenomenon of specific FA distribution. In
addition, the question of the origin of a specific stable

linkage of an unsaturated FA to position 2 of MG is open to
L. i
furtherﬁinvestigation. T

A selectlve rncorporatlon of FAs -into phosphoglycerides

k9 J
.3, -

of red cells has been recorded by Mulder et al. (1963) and

Robertson and Lands (1964) The-observed selectivity con-—

*

cerning the nature and locatlon of the FA constituents was
believed to be governed by the metabollc pathway involving
the diacyl—monoacyl-phosphoglycerlde cycle (RObertson and

i
Lands, 1964; Van Deenen, 1965).

* The nature of the dietary FAs can also have an effect

|

N
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on FA patterns’in human erythrocyte PLs (Farquhar and
‘Ahrens, 1963). On ad libitum diets, the linoleate content
of erythrocytes was about 10 % of the total PL FA. It fell

o 5 % or less on dlets low in llnoleate and rose to as -

-
A

\\ m s 27 % on diets rich in linoleate. De Gier and van
\e_\Peenen (1964) observed that feeding rats on a diet of satur-
\\ed fats free of essential FAs resulted in an increase . of

d/oleate and a decrease of pelmitate and arachidonate in the

“ A pattern in PLs from erythrocyte membrane. These findings

demonstrated the role of dletary hablts in regulatlng the
-

FA composition;bf PLs in red blood cells. T

o~

Yy

O
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II. AIM OF RESEARCH
Fatty infiltration of the heart, is not only of

academic interest, but is also of considerable clinical
importahcé because of ics'common occurrence in experi-
mental animals and human subjects. An attempt-is made
in this stuéy to elucidéte the mechanisms controlling
myocardial lipid deposicion. Among\Fhe sevcral possible
causative mechanisms of fat deposition described in the
b:‘«"‘I'N‘I‘RODUCTION" (Section I), special attention is given
+o one, that is, possible changec in the éctivity of FA
esterifying enzymes.

i In oréer to search for the factors affecting FA
estcriﬁication, as well as -to locate the rate-limiting
step(s) in the biosynthesis of neutral 1i§ids, it is

-

essential to delineate the characteristics of the énzymes
\

involved in TG biosynthesis in the heart. Since no

detailed information has been mcde available in this
regard in the literature, the properties of the following
enzymes wérc studied. |

(1) Acyl-CoA: _s_n—glycerol—3-phosphate—0—acy ltransferase

Studies on the characteristics of this enzyme in




rabbit heart form the major part of this thesis not ~
‘only becauée it is the key enzyme involved in the bio-
synthes;s of TG, but also becauSe there has been 2

controversy regarding its lntracellular localization

-

in the liver,-which has been widgly studied. Since there
was ﬁo daté concerning its subcellular distribution in
the heart at the time of this study, an effort was made
f£o clarify whether or not this enzyme exists in cardiac
mitochondrial fraction. Furthermore. the substrate'ahd
positional specificity of this enzyme were analyzed in
an attempt to explain its role in regulating FA asymmetry
in phospho- and glycerdlipids. Finally. the-activity of
+his enzyme in the heart was compared under normal and
hyperthyro;d states in order to locate the possible rate;
gdverning step in TG biosynthesis under abnormal conditions.
(2) palmitovl-Coa hydrolase

- gince acyl-CoA thioester is the only form of acyl
donor for sn—GBP, monoacyl-sn-G3F, and DG acyltransferase
reactions, the enzymatic deacylation of this compound,
which is catalyzed by acyl-Coa hydrolase, could affect
the blosyntheSLS of monoacyl—sn—GBP, diacyl-sn-G3P, and

7G. Therefore, studles of the characterlstlcs of
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palmitoyl-CoRA hydrolase are pertinenﬁ. The first
attempt_wag made to establish satisfactory conditions
for activity‘measurement in respect to st&biliiation
oﬁ substrate in the incuéation medium, duration of
incubation time, amounts of enzyme source, and pH
optima. Finally, with the appropriate assay procedure,
the properties and subdellulai distribution of this
enzvme in the myocérdium were investigated.
(3) Phosphatidate phosphohydrolase

T+ is generally believed that phosphatidate phos-—
,éhohydrolase plays an important role in the regulation
of hepatic neutral lipid éynthesis because‘the ;é'vitro
activity of this enzyme is lower than that of écyl—CoA

synthetase, G3P acvltransferase; monoacyl-sn-G3P acyl-

transferase, and DG acyltransferase. Furthermore, the
activity of this enzyme in the liver increased after
subtotal hepatectomy and high carbohvdrate diet (Section
1-1-2). Thereforg, studies on the characteristics ;f
phosphatidate phosphohydrolase in rabbit heart were ini-
»tiated in order to clarify the role of this enzyme in

the regulation of myocardial TG biosynthesis. The appro-

priate conditions for enzyme activity measurement were
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L]
established in relation to the amounts of enzyme protein,
the duration of incubation time, variodé amounts of
substrate, and different pH values. Then, the effect of

< . -

magnesium ions on +this enzyme activity was studied.
Finally, emphasis was placed on'gﬁﬁa;qs of the role of
"soluble fraction to convert mgg?rane—bound phosphatidate
into glycerides and of the subcellular distribution of

. this enzyme in the heart.

(4) Acyl—CoA:ggfl,z—diglyceride—O-acyltransferase

An attempt was made to develop 2 working assay method

for measuring the activity of this enzyme in the heart.

af
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ITII. MATERIALS AND METECDS

ITI-1. Materials and Methods for Studies on Acvl—-ColA:

gnglycerol—3-Phosphate—O—Acylfransferasé

III-1-1. Materials

Disodium ATP, COA, palmitoyl-CoA, palmiiib acid, oleic
acid, linoleié acid, l—palmitoyl-ggrglycerol, tripalmitoyl—
glycerél, and T3 (sodium salt) were purchased froﬁ Sigma
Chemical Co. (St. Louis). Potassium salts of FAs were pre-
pared by tiirating FAs with IN KOH. I~carnitine chioride -
and sodium phosphatidate were€ obtained from Nutritional
' Bipcﬁemical cOrp.'(Clevelahd) and ﬁierce Chemical Co. -
(Rockford, Illinois),‘respectively. The FA composition of
ﬁhé latter sﬁbstance was 36 % palmitic acid, 37 % oleic acid,

15 % stearic acid, and 12 o 'linolenic acid. CTP, NADH, and

NADPH were products of C.F. Boehringer COrp. (New York). ‘

Cycldhexylammonium salt of dimethylketal DHAP (C.F. Boehringer
_Corp.) was converted intd the sodium salt of DEAP by treating
it with Dowex 50 (H% form) (BallQu and.Tomita, 1960). The
monoacyl-sn—-G3P was donated by Dr- M. Kates (Ottawa), the
acyl-DHAP was obtained from Dr. A.K. Bajra (Ann Arbox,
Michigan), and the L—palmitoylcarnitine was supplied by

Otsuka Pharmaqeutical Co., Osaka, Japan. Bovine serum
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aibumin (fraction V f;om the Sigma Chenmical Co.) was treated
with charcoal to remove fas (Chen, 1967). In mo;t of the
experiments, §gr[Uf14C]G3P (New Englané Nuclear Corp.. éoston)
was diluted with rac-G3P (Sigma Chemical Co.) to a specific
activity of approxim;tely 350,000 d.p-m./p mole sn-G3P.

The radio-cheﬁical purityhof the l4c-labelled.§g¢GBP was
verified by paper chfomatography with phenol-water (5:2,

w/v) (Benns and Proulx, 1971) and was fo&nd tgﬁbe free of
cyclic G3P and other labelled impurities. [1—14C]palmitic
acid was purchased from New_England Nuclear COrp- and con-
verted into a potassium salt. 14C—labelled-monoacyl— and
di;;yl—gngBP were synthesized enzymatically by incubating
rabbi£ li%er.microsomal fractions with §gf[l4C]G3P-£nd iso-
lating the products by TIC. [1401§hosphatidylethanolamine
and [14C]phosph_atidylcholine were generously supplied by ‘
Dr. P.R. Proulx (Otana): Carnitine palmitoyltransferase

(EC 2,3.1.23) was prepared by the method of Kopec and Fritz

(1971) . Thin-layer chromatographic plates coated with

silica gel G (E. Merck, Darmstadt). prepared either by our
laboratory ©r purchased from Brinkmann Co. (Toroﬁto), were

activated at 120°C for 1 hour and then stored in a2 dessicator.

a1l other reagents were of analytical grade.
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III-1l-2. Preparation;gg_subcellular fractions

Albino male rabbits (2.0 to 3.0 kg) were anaesthetizéd
- by an intraperitoneal injectioﬁ of 2 % (w/v) c—chlorélose
(J.T. Baker Chemical Co., Phillipsburg, N.J.j iﬁ 20 % (Q/v)
urethane. The dosage was 2.5 ml per kg body weight. The
hearts were excised, trimmed to ;;move £at, weighed, and
chopped into smalllpieces. The tissue was then homogenized
with four volumes of 0.25 M sucrose containing 0.02 M Tris-
ECl, pH 7.4, in 2 Potter-type homeogenizer with a Teflon
pestle rotaﬁing at 1,600 reﬁ/min. The homogenization was
standardized by perfqrming two stroﬁes up and down with a
joose-fitting pestle and then one sﬁroke with-a tight-

£itting pestle (Kako, 1969). The homogenate was centrifuged

at 800 x g for 15 min to remove nuclei and cell debris.

- )

f-:and the supernatant was carefully decanted and centrifuged
at 10,000 x g for 15 min. The resulting supernatant was
removed and further centrifuged at 100,000 x g for 60 min.
This fraction 1is contaminated by lysosomal particles. The
pellet thus obtained was used 2as 2 microscmal fraction
after being éuspended in the homogenizing medium to give
2.0 to 5.0 mg protein/ml. The pellet from the 10,000 x g

centrifugaé;;p was resuspended and centrifuged at 8,000
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x g for 15 min, yielding ahmiﬁochondfial pellet which was
suspended in the homogenizing medium to give 8.0 %o 10.0 mg
p;otein/ml. Although the yield of mitochondria could have
been improved by the use of the protelnase Nagarase, the
metﬁod adapted in this étudy‘did not use protelnase because
acyl-CoA synthetase (acid: Cod ligase (AMP) EC 6.2.1.3) is
easily destroyed by this procedure (De Jong and Hﬁlsmapn,
%970: pande and Blanchaer, 1970} . In some experiments, the
lysosomal f;action was obtained by centrifuging the 10,000

x g supernatant at 24,000 x- g for 15 min. The resulting
pellet was used as the lysosomal fraction. Hepatic sub-
celluler particles were isolated and compared with those of
heart organelles. The liver microsomal fraction which was

isolated also served as the source of the enzyme to synthe-

951ze labelled dlacyl-sn-GSP, as stated in Section ITI-1-1.

III-1-3. Electron mlcroscoplc examlnatlon of subcellular

-

™

'preparations

-

In order to examine the cross contamination of sub-
cellular fﬁactions end the possible contamination by
microorganisms.during preparation procedures, rabbit heart
mitochondrial and ly;osomaldfractions were examined under

an electron Microscope- Mitochondzial and lysosomal pellets

————
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were prepared by the proéedures described above, and they
were then fixed in a solution ;f 1 % osmium éetroxide in
phosphate buffer, pE 7.4 (Millonig, 1961), for one hour-at
4°c. The dehydration was accomplished by passing the
materials through a series of increasiﬁg coﬁcentrations of
ice cold ethanol (30 %, 50 %, and 90 %, each for 5 min) and
£inishing with two changes of ice cold éﬁsolute ethgnol.
The specimens were thén treated with propvlene oxide (two
changes,llo min each). Aéaldite resin 502 was used as an
erbedding medium according to the method of Luft (1961) .
The blocks were pélfmerized by incubation at 35°, 45°, and

60°C (approximately 12 hours at each temperature) .

Sections of approximately 70-80 mp in thickness were

cut with glass knives using an LKB Ultramicrotome. These

e

" ,13%-;we:e”then stained with a saturaged solution of uranyl acetate
Win 50 % ethanol for 40 min,rfollcwed by lead citrate for 5
min (Réynolds,-lé63). A Philips Electron Microscépe, Model .
300, was used to exaﬁine the specimens.,/The electron micro-
graphs of the isolated ;abbit heart mitochondrial and lysosomal
fractions afe shown in Figs. 2 (mitochondrial fraction, 33,858
"X magnification),and 3 (lysosomal fraction, 33,858 x magni-

“

fication).
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The isolated cardiac mitochondrial fraction, as shown
in Fig. 2, displays three types of nltrastructures: orthodox,
intermediate,and condensed. These structures closely re-

semble the rabbit heart mitochonéria jsolated by Deshpande

— ——

£ al. (1961) and the hepatic mitochondria described by-
Haqkenbrock (1966) . Alshough various conformations of
mitochondria are associated‘wiph their metabolic steady
states (Hackengrock, 1966), the technigues applied for the
pféparation of isolated ﬁitochondria most frequéntly resulted
in an alteration of the morphological chafacteristics
(Deshpande et al. 1961).' Accoréiﬁgly, vacuclation, loss of
matrix, rearrangement of.the~cristae, a change to spherical
forms, and, some;imes, swelling was commonly observed in
electron microscopic studies.

Althouq&gphe rechnical difficulties involved in pre—
parati;n of the électron micrographs may discount the exact
interpretation of }he morphological characteristics of
isolated rabbit heart subcellular fractions, the primary
object of this study is to examine the extent of cross con-
tamination among different subcellular particles. & direct
coméarison with the same magnification of isolated mitochon-

drial (Fig. 2) and lysosomal (Fig. 3) fractions clearly
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indiéates that the mit;chondrial preparations were ver&
siightlyxcontaminated by the lyso§omal fractions. From
this, it would seem that <¢ross cont?mination of the ﬁito—‘
chondrial fraction b& microsomes should be minimal since

v
+he density of the micrésomal fraction is even less than
that of the lysosomal fraction. It must be mentioned,
however, that lysosomal Particles were not free of micro-
somal conPamination. The electron micrographs showed no
evidencé.of existence of microorgagisms. Examination of

the specimens was carried out randomly, and, in all cases,

similar pictures were obtained.

1II-1-4. Assay procedure
The reaction mixture contained, in a final volume of

2.0 ml, 100 pmoIes Tris-phosphate tuffer, pH 7-4. 2.0 pmoles‘

-

potassium palmitate {also oleate oOr 1inoleate), 0.8 pmole

Coh, 12 pmoles ATP, 6.0 pmoles MgCl,, 20 mg FA-poor bovine

" serum albumin, 6.0 pmoles §37[U-14C]—GBP (0.8 pCi), and 2
fresh cardiac enzyme preparation conitaining approximately

2.5 mg mitochondrial protein or 0.8 mg microéomal protein.
When liveflsubcellular fractions instead of cardiac frd¢$ions

were used as the enzyme Source, +he amounts of mitochondrial -

and microsomal proteins were decreased to approximately 1.5
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mg and 0.5 mg, respectiyelyﬁ because of their higher enzyme
a%tivity. In some experiments, 0. pmole palmltoyl—CoA
was used inetead of CoA, STP, palmitate, and MgCl,. When
L—palmiteylcarnitine served as the aeyl donor (Daae &
Bremer, 1970), COA, ATP, palmitate, and M.gdl2 were replaced
with 0.8 p.mole L—-palmltovlcarnltlne, 1.6 pmeles CoaA, and
purlfled carnltlne palmltoyltransferase containing 10.3 ng
;rotein with a specific activity of 3.7 pmoles/min per mg
prc;eip afwésoc:HNIQEEehconcentrations of acyl donors were
chosen from e-substrate-product relationships obtained
from a preliminary experimentremQﬁher conditions are speci-
fied in the legends to the figures and tables. |

The reestion;commenced with the addition of the yme

preparations,and the incubation was carried out in a metabolic

shaker at'37°-C in air. In the experiments of Figs. 11 and ‘
12, the incubation temperature was 30° ¢ because, at this
temperature, the reaction rate of purlfleﬁ palmltoylcarnltlne
acyltransferase is reduced s0 that palmitoyl—CoA can ke

-

generated continuously for the” acyltransferase reactlon
(Fig. 11). In order to compare the results of the experl—
ments in Figs. 1l and 12 directly, & 30° ¢ incubation

temperatufe was adapted for the experiment of Fig. 12. The
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"duration of lncubatlon is stated for 1nd1v1dual experlments.
The reaction was stopped by the addition of 3.0 ml of. water-
saturated butanol followed by the addition of 4.0 ml of
butanol-saturated water (Daae & Bremer, 1970) . Affé;
separatlon of the two phases, the upper phase was washed
with butanol-saturated water and the lower phase with water—
saturated buténol., This modified procedure gave & very low
- blank value for zero—time incubation which improved the
accuracy and reproducibility of the assay. & po?%ion of
.
the comblned butanol extracts was suspended in 10 ml of
Bray's solution (Bray. 1960) for radioactivity determlnatlon.
The remainder was‘used for product analysis.

When [1—14C]palmitate was used as a tracer, the specific
radiocactivity was adjusted tO approximately 500,000 d.p.m./
pmole, and the assay was carried out as described, except ‘
that the unused labelled palmitate was removed first by
TLC with a solvent system of petroleum ether (b.P- 30° to :

' : TN
60° Cc)-diethyl ether-acetic acid (40:10:1, v/v/v) (Possmayer
& Mudad, 1971; Huang & Kako, 1970). The phospholipid and -
the neutral lipid fractions were eluted with chloroform-

methanol (1:1, v/v): the eluates were gvaporated to a

mall volume under nitrogen gas and re—chromatographed in
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another system for further jdentification. Between 94

and 104 % of the radioactivity of the mono—-, _di=, and tri-
glycerides was recovered after elution, evapdéétion. and
the secondichromatography, but the calculated amounts of
the reaction products; moﬁoacyl—gg}GBP and diacyllgg—GBP,

had to be corrected by their recovery values, which were

approximately 70 %-.

TII-1-5. Remarks on enzvmatic assavy procedure

in the past two decades, there has been a great amount
of research dealing with the acylation of sn-G3P in the
liver, vet the results obtained by different igvestigators
-varied widelf in respect to activities, subcellular locél—

jzation, reaction products, and FA specificity of G3P acyl-

transferase. The various results obtained by the manf

. different invesﬁigators can in part be attributed to the
fact that different assay procedures were employéd. These
varieties can be best illustrated in taﬁle‘form (Table 3)-
Tn order to make the table concise, data was reduced and
greatly simplified while still demonstrating marked dis-
agreements. It is evident from this table that the use of
a small amount of enzyme and a short incubation time and/

or a low temperature are essential since G3P acyltransferase
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actiVity is fairly high.and non-linear with respagt to
time. The addition of albumin and Mg2 , the vaiiéus ex-
traction proéedures,and the general-experimental conditions

: —

have a profound 3 fluence on the enzymatic activity, the
reaction products, aed the FA specificity. It was found
that this generalization is applicable to studies dealing

with heart subcellular fractions, although there have been,
as menti;ned before, no svstematic studies dealing with

heart enzymes.
In the early phases of this study., the chlorform-

methanol extraction procedures of Folch et al. (1957).,

. Bligh and Dyer (1959), Hajra et al. (1968), and Eibl et al.
(1969) were used and found to be unsatisfactory. - These
e%traction procedures,constantly produceé a high control
value in the presence of subcellular fractions prior to
incubation. radioactivity was high and variable even when

' the tissue fraction was omitted from the incubation mixture.
This, in all probability, was dua to the non-specific binding
of albumin O the radiocactive precursor (Barden and Clalané,
1969). Low and constant control values of the radioactivity

are essential to a successful assay since the radioactivity

found in the products is 0.1 to 0.01 % of that in the

-
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precursor (0.7 X 106 to 17 x 106 d.p.m./tube) in most
studies with liver particulate fractions (e.g. Rbou-Issa
and Cleland, 1965: Datidson and stanadev, 1972; Monroy
_5_3;.,.i972). Heart.particulate ftaétions.possess even
lower activities than do the liver fractions. With the‘modi-
.fied version of Fhe putanol extraction procedure, more than.
90 % of the radioactivity was recovered when l4c_1abelled
diacyl-sn-G3PF, monéacyl—gngBP; phosphatidylcholine, or
phosphatidylethanolamine were tested individually. Thus,
the application of the modified butanol extraction procédure
gith its low control values and quantitative extraction of
the reaction products are the essentiai factors for the
successful G3P acyltranaferase assay in cardiac subcellulaf
fractions. Bjerve et al. (1974) £urther showed that chloro-
form-methanol did not extract monoacyi—ggfeBP from animal

tissue quantitatively, while butanol did.

171-1-6. " tdentification of reaction products

The butanol extract was evaporated to dryness under
nitrogen gas. The residue was dissolved in chloroform-
methanol (1l:1, v/v) and then chromatographed on silica_gel
G plates. The gquantities of phospholipids, neutral lipids,

and FAs were determined by developing the plates with petro-
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leum etherfgther—acetic acid (40:10:1, v/v/v) as the
golvent system (Possmayer and Mudd,-l97l). The quantities

~
of monoacyl-sn-G3P and diacyl-sn-G3P were detgrmined ~

)

by developing the plates with chloroform-methanol-
acetic acid-water (65:25%8:4, v/v/v/v) (Skipski et al..
1962). In general, the spots were j@entified by exposure
to iodine vapour and their Ry values compared with authentic
standards. The appropriate bands were scraped off and
suspended in either Aquasol {New England Nuclear Corp.) ©oFr
toluene containing 4 % Cab-0-Sil (Packard Instruments Co..
Downers Grove, 111.) for radiocactivity determination. More
than 90 % of the radioaééivity was iecovered'after TLC. I >
order to verify that the products Wefé monoacyl-snp-G3P and
diacylfgngBP; the developed chromatograms were scanned
with an Actigraph 17T (Nuclear—-Chicago Corp-) to localize
the peaks of radiocactivity which were then compared with
those of authentic standards. In addition, they were stained
with three reagents, namely, 0.3 % (w/v) ninhydrin in ethanol
for amino groups (Jgtzkewitz & Mehl, 1960), gchiff-periodate
spray for vieinal hydroxyl groups (Waldi, 1965), and Dittmer

& Lester's reagent to detect phosphorus (1964} .
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III-1-7. Radioactivity counting

A Nuclear-Chicago liquid scintillation spectrometer,
Mark I, was used. The counting efficiency was calculated
by the channels-ratio method and was found to be above

o 14 o 3 . .
70 % for ¢ and 35 % for "H. The calibration graph for
this method was constructed by using variously guenched
standards in the presence Or absence of 4 % Cab-0-8il in
+oluene, or in Aquasol.

- 11I-1-8. Determination of protein

The protein concentration of the subcellular fractions
was measured either by the method of LOWIY et al. (1951)
after having dissolved the sample in 1N NaOH and diluting
it, or by the biuret method of Lane & Mavrides (1969)-
Bovine serum albumin (Fraction v) was used as the standard.

ITI-1-9. Tnduction of the hvperthyroid state in rabbits

A group of albino male rabbits, whose body weights
ranged from 1.9 to 2.5 kg, was made hyperthyroid by*a daily
intramusculax injection of 125 pg T3 per kg body Qeight for
a period of six to ten days. This dosage induced the typical
hyperthyroid state as seen’ in both the growth rate and the
heart rate of the rabbits. T3 used for injection was

. L4
dissolved in an agueous solution with a final concentration
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of 0.1 % by the addition ofugeveral‘drops of 1N NaOH.
Some control animals were fed with';aboratory chow for
the same periodlas hyperthyroid rabbits, while others
were starved for three to six days. The T3 treafed
agimals lost 27.4 * 2.0 % of ‘their jnitial weight during
the six to ten day period (Table 4). In contrast, the
qpimhls who feceived food regularly (the fed controls) .3
gained 3.9 2 1.2 % of their initial bddy'weight durihg .
the same pexiod. The starveé controls lost 14.0 & 0.9 %
of their initial body weight during the chree to six day
period (Tagle 4). N

The heart ‘rates of the rabbits were recorded‘by a
Hewlett-Packard Electrocardiograph, Model 1500B. They
wére ?ecorded while the rabbits were under anesthesia via
an iqtrape;itoneal injectiogf of 2 % (w/v) cﬁloralose in
20 % -(w/v) urethane (2.5 ml per kg body weight). The heart

. - .

rate of both the fed and starved controls, as well as the
T3 ;reated animals, before +he start of injechion was 256 *
9 beats/min. The hearﬁfrate of bogh +he fed and starved
controls were iaeﬂtical rhroughout the experimental period.

After T3 administration, however, the heart rate of the

animals increased by 162 % to 417 * 11 beats/min. (Table 4).

1t
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11T-2. Stereospecific analysis of Monoacyl—sn—Glycerol—

3-pPhosphate svnthesized bv_the Rabbit Heart

Mitochondrial Fraction In vitro

III—Z;l. Mater%als ]

l;monopalmitoyl—ggfglycerbl, 2-m§nopalmitoyl-§grglycefol,
l—monooleoylfggrglycerol, and 2-monooleoylﬁgéfglycerol'were
dbtainéd from Supelco Inc. and Applied Science Laboratories.
Inc: Boric acid and disqdium ethylenediaminetetraacetate
(EDTA) were products of Matheson, Coleman, and Bell Co., and
Fischer Scientific co., respectively. Sodium phosphatidate
prepared from chicken egg L—a-}ecithin was supplied by Pierce
éﬁemical Co. Borate-imprgg%ated silica gel G plates were
prepared either by spraving commercial plates (Brinkmann co.)
. with 0.4 M boric acid in methanol, or by spreading silica
gel G, 25 g in 50 ml 0.4 M boric acid (Thomas et af. 1965),
on glass plates. For other chemicals and reagents, seé
Section III-1-1.

ITI-2-2. Préparation of heart mitochondrial fraction

The rabbit heart nitochondrial fraction was prepared
as describéd in Section III-1-2.

I1I-2-3. Biosynthesis of_monoacyl—ggfglycerol—3—phosphate

The biosynthesis of monoacyl-sn-G3P by the rabbit®
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heart mitochondrial fraction was measured by a method
essentially identical to the enzyme assay described in

Section III-1-4. The reaction mixture contained, in a

-_ final volume of 2.0 ml, 100 pmoles Tris-phosphate buffer,

/

pH 7.4, 50 pmoles borate buffer, 2.0 pmoles potassium
palmitate (also oleate or linoleate), 0.8 pmole Coa, 12.0

proleg ATP, 6.0 pmoles MgCl,, 20 mg defatted bovine serum

albumin, 6.0 pmoles §gr[U—l4C]G3P (0.8 pci), and a fresh

mitochondrial preparation containing approximately 5.0 mg
préteiﬁ. The incub;tion was carried out in a metaboiic \

x
shaker at 37° ¢ for 10 min in air. The reaction was stopped
by the-addition of 3.0 ml 0.1 M boric acid-saturated butanol,
followed by the addition of-4.0 ml butgnol—saturated 0.1 M
boric acid solution. After separation of the two phases,
tﬁe upper phase was.washed with butanol-saturated boric
acid and the lower phase with boric acid-saturated butanol
(baaé, 1972; Monroy gg,gi.; 19;2). Butanol extracts from
20 to 40 incubations were combined and reduced to a small
volume under nitrogen gas. The residue was dissolved in
chloroform-methanol (1:1, v/v) for the isolation of monoacyl-

sn-G3P.

III-2-4. Isolation of monoacyl—ggrglycerol—3éphosphate
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The chioroform-methanol mixture, Qiich contained
radioactive products, was ehromatographed on borate-
impregnated silica gel G plates. The plates were developed
with a solvent system containing chloroform—methanol—acetic
acid-water {65:25:8:4, v/v/v/V) (skipski et al., '1962) in
order to separate the‘monoacyl—ggfeBP from other pr;ducts.
Lipids were locallzed by exposure ta iodine vapor and were
compared to the autpentic etandards. The~appropr1ate band
of 5111ca gel with the Rp value jdentical to that of the
. monoacyl-sn-G3P standard was scraped from the plate, and
the removed silica gel was immersed in 2.0 ml of a solution
containing 0.15 M potassium borate and 0.075 M EDTA, pH 6.8
(Monroy et 2l. 1972). After letting it stand for 5 to 10
min et room temperatufe, the slurry was extracted using the
method of Bligh and Dyer (1959). The sluxzy was adjusted
with chloroform-methanol-E50 (L.25 : 2.5 = 1.0, v/v/v) to
give.a one phase system, shaken vigerously, ghd allowed to
-stand at room temperature for 5 to 10 min. The one phase -
syetem was then made to produce a two phase system ty
altering the chloroform—methanol—ﬁzo ratio to 2.5 = 2.5 :
2.25, v/v/v, and shaking gently. The Silica gel was removed

by centrifugation. The extractlon procedure was repeated
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three times to assure that at least 80 % of .the radio-
active monoacyl-sn-G3P was recovered in the chloroform.
' phase.

ITI-2-5. Treatment of monoacyl—ggfglycerol—3—phosph§pe

with phosphatidate phosphohvdrolase

The chloroform phase. which contained monoacyl-sii-
G3p, was allowed to dry under nitrogen gas and was then
dispersed by sonication in 0.02 M .Tris-BEC1l buffer, pH 7.4.
The isolated monoacyl—gBrGéP was dispersed with a Biosonik
(Bronwil; Scientific Co.. Model B10-II) which operated at
half of the maximum intensit§ (20 X Hz, 150 W) for 15 sec
~at a temperature of 4° ¢. The tetél period of dispersion
was 45 ;ec. The resulting suspension in 5-10 ml containing
16.5-35.8 nmoles mondacyl-sn-G3P was then treated w1th
45-60 mg protein of phosphatidate phosphohydrolase (EC
3.1.3.4) (prepared as descrlbed in Section III-2- 7).in an
lincubation mixture contalnlng 0.05 M.borate puffer, pE 7.4
(the activity'of purzfled phosphatidate phosphohydrolasel
was 3.1 pmoles/mg per hour). &aftér 60 min of dephosphory-
lation at 37° ¢, the_reaction was -stopped by boric acid-
saturated butanei as above, except that carriers 1l- and

2-MG were added to the butanol extracts. Finally, isomeric
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MGs were separated by borate-impregnated TLC élates usiﬁg
Thomas' solvent system E (Thomas et al., 1965) containing
chloroform—aceton;-methanol (71:25:4, v/v/Vv). Appropriate
bands were femoved and their radioactivities determi;ed by
a ligquid scintillation counter (Section III-1-7).

III-2-6. Prevention of acvl migration

During the entire procedure, various precautions were

il
taken to prevent acyl migration. These precautions in-
cluded rapid handling of reaction products at low tempera-
ture until the final chromatograph was completed, fhe use
of borate buffer in the incubation‘pixture (Monrov et al..
1972), performing of evaporation in 2 ni£rogen atmoséﬁere,
the use of poric acid-saturated butanol and borate—impreg;
nated TIC plates (Thomas et al., 1965), and the addition
of carriers 1- and 2-MG +o the final butanol extraction
(Daae, 1972; Monroy et al.. 1972) -

I1I-2-7. Preparation of ph hatidate phosphéhvdrolase

from rat liver

The phosphatidate phosphohydrolase was prepared accord~
ing to the method of Wilgram and Kennedy (1963). Twenty
‘male rats of Sprague—Bowley strain weighing approximately

250 g were xilled by cervical dislocation. Theilr livers
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were removed rapidly and transferred to beakers immersed
in crushed ice. Portions of the chiiled_livers were miﬁced
with scissors and homogenized in ice cold 0.25 M sucrose
(1:9, w/v) with a Potter—-type homogenizer'fitted Qith a
Teflon pestle. The homogenization was performed for about
30 sec. Thg‘homqgenate was'ce;trifuged at 600 X g for 12
min. The supefnatant fraction was centrifuged at 8,500 x
g for lz'min; its supernatant was removed with a‘Pasteur
pipet. A layer of loosely sedimented material was removed
from the mitochondrial pellet without disturbing the bulk
of the pellet by careful washing with 2 small amount of
qold sucrose solution added froﬁ a capillary piget. The
mitochondrial pellet was then washed once with homogenizing
medium and re-centrifuged. The fluffy lvsosomal layer was
collected, combined with the layer cbtained from the £irst
centrifugation, and these were suspended in 0.02 M Tris-
BCl buffer, pH 7.4. The fraction was dialyzed overnight
against 0.02 M Tris-BCl buffer, PH 7.4, containing 0.005 M
EDTA, then stored at -20° C. The activity remained unchanged
during.storage for 2 per%Pd of 10 weeks. The activity of
lysosomal phospbatidate phosphbhydrolase was measured by

the rate of release of inorganic phosphate from phosphatidic
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acid (diacyl-sn-G3P) (Daniel and Rubinstein, 1968; Section
‘III—4). It was found to be of 3.1 pmoles of inorganic
‘fphosphate released per hour per mg of protein. The method
} of Berenblum and Chain (1938), which is described in
Section III-4-3, was emploved to estimate the inorganic
phosphate. As stated above, approximately 45-60 mg protein
of purified lysosomal phosphatidate phosphohydrolase with N
an apparent activity mentioned above was useé to dephos-

phorvlate 16.5-35.8 nmoles of monoacyl-sn-G3P.

1IIT-3. Studies on Palmitovl-Coa HBvdrolase N

TII-3-1. Materials

Palmitoyl-CoA and DFP were cbtained from the Sigma
Chemical Co. and K and’ K Laboratories, respectively. L-
cysteine (Eree base) and DTT were purchased from Nutritional
Biochemical Corp- [l—l4C]§almitoyl—CoA and [l—l4C]palmitic
acid were supplied from New England Nuclear Corp. (*+)}-
Decanoylcarnitine was prepared according to the method of
Brendel and Bressler (1967) and crystallized twice by
acidification in a hot agueous solution. Its purity was
checked-by TLC with a solvent system consisting of chloroform-
methanol-0.1 M sodium acetate (4:4:1, v/v/v) (Bghmer et al,

e <

1966) . The solvents were redistilled Lefore being used.
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ITI-3-2. Preparation of subcellular fractions

The method of preparation has been described in
Section IXI-1-2, alﬁhough the centrifugation procedure
was somewhat modified. The’ homogeniged tissue mixture
Qas centrifuged at 800 x g for 15 min to remove nuclei
and cell debris: the supernatant was used as a homogenate
fraction. The latter was further centrifuged at 10,000
x g for 15 min. The precipitate from this centrifugation
was resuspended and centrifuged at 8,000 x g for 15 min,
vielding a mitochondrial'fraction. The resultiﬁg superna-
tant from “the 10,000 x g centrifugation, however, was then
spun at 24,090 X g for 15 min, and its precipitate resus-
pendedrin the homogenizing solution as a lysosomal fraction.
The 24,000 x g supernatént was further centrifuged at 100,000
x g for 60.min,ané the resulting pellet was used as a micro-
somgl fraction.

IrI-3-3. Enzvmatic assay procedure .

Wwith slight modification, the metﬁod of Daniel and
Rrubinstein (1968) was utilized for the measurement of
palmitoyl-CoA hydrolase activity. The enzyme prepaEation
of either homogenates OT supcellular fractions was incubated

in 0.2 pmole {i-l4C]palmitoyl—CoA with a radiocactivity of

T
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approximately 35,000 c.p.m., 80 pmoles Tris—éhogphate
buffer; pE 7.4, and 20 mg bovine serum albﬁmin. The

final volume of the incubationhmixture wa; adjusted with
H,0 to 2.0 ml. In sohe experiments, the pH Qas édjusted
by altering the amount of Tris-base and phosphoric acid.
The incubation was carried Qut at 37° ¢ in a metabolic
shaker, either unaér'ﬁitrogen gas or in the presence of
4.0 pmoles (+)—decanoylcarnitin¢ in the reaction mixture.
This method was employed to pfevent the possible oxidation
of added substrate. The reaétioﬁ was stopped by ﬁhe addi-
tion of 10 ml isopropanol—heptane-lN 32504 (20:5:1, v/v/v)
(Goss and Lein,- 1967; Huéﬁg and Kako, 1970) after a period
of incubation as stated in individual experimenté. This
was followed by the addition of 6.0 ml heptane and 4.0 ml
HZO' The mixture Qas then transferﬁea to a separatory
funnel, shaken vigo;ously, and allowed to stand for 5 to

10 min. After separating the tﬁo phases, ﬁhe heptane phase:
was rewashed with heptane+saturated HZQ' and the agueous
phase with Héo-saturated heptane (Huang ané Kako, 1970).
An aliguot from the combined hepfane phases was then taken
and dissolved in Bray's solution (Bray, 1960) for the

determination of radiocactivity. The combined heptane
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extracts recovered 93 to 96 % of radioactivity when [1-1+%c1-
palmitic acid was tested alone. In contrast, 2 negligible.
amount of radicactivity was found in heptane phases when
[l—l4C]palmitoyl—CoA was checked by this procedure. ' These
results indicate that the extraction procedure employed in
this assay gave & satisfactory separaticn of the radioactive
product from its precursor.

For the determinations of radioactivity and protein,
see the Sections TTII-1-7 and IIXI-1-8.

I1I-4. Studies on Thosvhatidate Phosvhohvdrolase

I1T-4-1. Materials .

Sodium salt of phosphatidic acid was obtained from
the Pierce Chemical Co. It consists of the following
fatty acids: palmitic, 36 o%: stearic, 15 %: oleic, 37 %:
and linolenic, 12 %. For other materials, see Sections
wI-1-1, III—Z—i, and III-3-1.

IIT-4-2. Enzvme preparation

The supernatant from the 800 x g centrifugation
{Section T1I-1-2) was used as the homogenate fraction.
cardiac subcellular fractions were obtained as described

,u

in Sections III-1-2 and ITI-3-2.

I1I-4-3. Enzvmatic assay procedure
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The activity of phosphatidate phosphohydrolase was
determined by measuring the rate of release of inorgéhic
phosphate from sodium .phosphatidate in the prese;xce of an
enzyme preparation. The incubation mixture was prepared
immediately prior to éach experiment and contained 3.0
Pmoles sodium phosphatidate in an agueous suspension, 160
pmoles Tris-acetate buffer, pH 7.0, and an enzfme prepara-
tion, all in a final volume of 2.0 ml. The reaction was
allowed to proceed for a period of 60 to 90 min at 37° ¢
in a metabolic shaker and was then stopped by the addition
of 2.0ml 12 % trichloroacetic acid. The specific activity
of the enzyme was calculated by subtracting the value ob-
tained in the control experiment. In tke control tubes,
the enzyme preparation was jncubated in the absence of
sogium phosphatidate for 1 hour, the substrate then added,
aﬁ; this followed immediately by trichloroacetic acid.

N
After removing the precipitated protein by centrifugation,
the inorganic phosphate in the reaction mixture was detexr-
mined using the method of Berenblum and Chain (1938). The
methods of Fiske and Subbarow (1925) and Lowry and Lopez
(1946) were employed in the preliminary experiments for

B

the determination of inorganic phosphate.- The lattér two
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methods were found to be unsatisfactory due ﬁo the high
control value obtained under the following conditions:

(1) at zero time incubation with enzyme and substrate,

{(2) after jncubation in the absence of ertzyme preparation,
or (3) in the presence of enzyme preparations and prolonged
jncubation. Fig. 4 illustrated the interference of: tissue
protein in the determination of inorganic phpsphate by the
methéd of Lowry and Lopez (1946) . In'contrasgl‘the method
of Berenblum and Chain (1938) gave good reproaucibility of
results and a negligible control value.

The effect of pH on the enzvme activity was examined
by using the Tris-acetate buffer dgscribed above. To obtain
a pE value of 11, this buffer was adjusted with 1N NaOH.
Protein content of the enzyme preparations was measured as

in Section T11-1-8.

ITI-4-4. Preparation of particle—bound phosphatidic acid ‘

The so-called particle-bound phosphatidic acid

(Johnston et 2l.. 1967: Smith et al.. 1967: Mitchell et al..

N \
1971) was prepared by incubating the cardiac microsomal
preparation in the presenée of ggf[U—l4C]G3P for 5 min at

37° c. The incubation mixture was the same as that for,

assayiﬁg the activity of G3FP acyltransferase (section I1I-1-4).
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LEGEND TO FIGURE 4

\
\

Interference in the inorganic phosphate determination

caused bv the presence;of hémoqenate in the assav mixtu;g//’_\\

Inorganic phosphate was d;termined by the method of
Lowry and Lopez (1946). Incubation time was‘%o min. The
ordinate indicates'the absorbance, and the abscissa indi-
cates various concéntrations of inorganic phosphate
(Inorg. P.) in mM. circles show the values obtained with
various concentrations of inorganic phosphate standard.
Triangles represent the results qbtained by incubating
the same amount of homogenate (approximately 2.0 mg) with

various concentrations of inorganic phosphate, while

squares show those values obtained when bovine serum ‘

albumin (2.0 mg) was used instead of homogenate. Three

experiments were carried out.
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After incubation, the contents of 10 tubes were combined )
and centrifuged twice at 100,000 x g for 60 min at 4° C.

The resulting microsomal_pellet was resuspended in a 0.25

M sucrose solution and used as a particle-bound phosphé—

tidic acid. Under these egperimental conditions, it was

found Fha£ 98 % of the écyiation products were monoacyl-

and diacyl-5sn-G3F,

III—4—5. Exanination of the effect of the supernatant frac-

tion on the conversion of particle-bound phospha-

tidate to glvcerides
The freshly prepared particle-bound phosphatidic acid,
28 pmoles in 9.74 mg of mxcrosomal protein containing a

-

radioactivity of 46,000 é.p.m., was lncubated w1th 160 Fmoles

Trls—acetate buffer, pH 7.0, in the presence Or absence of
1.5 ml (10.8 mg protein) supernaﬁant fraction. The final'
volume of the lncubatlon mixture in either case was 3.0 ml.
After 60 min of incubation, water—saturaﬁed butanol was

added t§ the assay tubes, and lipids were extracted by the
procedure previously described in Section 11I-1-4. The

resulting products were analvzed by TIC in solvent systems

of petroleum ether-ether-acetic acid (40:10:1, v/v/v)
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(Huang and Kako, 1970;° Possmayer and Mudd, 1971) and

chloroform—methanol—acet;g acid-water (65:25:8:4, v/v/v/v)
(Skipski g;_a;., 1962). After being analyzed, the radio-
activiny of these products was determined as described'in

Section III-1-7. From this data, the effect of the super-

, 'natant fraction on the conversion of particle-bound

phosphatidate to glycerides was examlned.

- III-5. Studies on Acyl—CoA:ggrl,2—Diglyceride-0— }

- Acvlﬁ;ansferase. | -7
III-5-1. .Materia;a_ ' ..
l,2-dipalmitoyl—Sn—egcerol; l,3-dipalmitoyl—§gf

glycefol, l,z;dioleoyl-sn-glycerol 1, 3~dioleoyl-sn-

- - :
glycerol, palmitoyl-CoA, Tween-zo, and Triton X—lOO were
products of Sigma Chemlcal Co. Gum acacia was obtained
from_Matheson, Coleman, and Bell Manufacturlng Chemists,
Ltd.. [l—l4clpalmitoyl—Co$ was purchased from New England
Nuclear Corp. Other chemicals and reagents are described

in Sections I1I-1-1 and IIIfZ—l.

III-5-2. Preparatiom of subcellular fractions

The method of 'subcellular fractionation was described’

in Section III-1-2.

I71I-5-3. BAssay procedure, comments, and preliminary results
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The activity of DG acylﬁransferase was measured using
the method of Daniel and Rublnsteln (1968) with modifica-
tions. The enzyme preparation was incubated with 0.3 Pmole
5K —14C]palmitovl—CoA with a specific activity of 800,000
d p-M. /pmole, 100 pmoles Trls—phosphate buffer, pH 7.4, 20
mg bovine serum aIbumln either in the presence or absence
of-8;d'pmoles DG, and_ézo to make a £inal volume of 2.0 ml.
The reaction was allowed to proceed for 30 min at 37°
and was then stopped by the addition of 10 ml of a mixture
_of 1sopropanoléheptane—lN H,S0, (20:5:1, v/v/v) (Goss and
TLein, 1967). "The separation of the heptane and aqueous
phases was performed as descrlbed previously for the assay
of.palmitoyl-CeA ﬁydrolase. The radiocactivity in the
combined heptane phases was counted, and the difference |
petween the values found in the presence-of DG and in its
absenee.was taken as the DG acyltransferase activity. The
radeactivity obtained in'the absence of an accepto; repre-
seﬁted the activity of palmitoyl-Coa hydrolase.

Since DGs are lnsoluble in HZO' they were prepared
as substrates for the enzyme by three different suspens;oes.
Dloleoyl-sn—glycerol (50 % of 1,2-isomer and 50 % of 1,3~

isomer) or dlpalmltoyl—sn-glycerol (50 % of l:?—isomer and
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N
50 % of 1,3-isomer) was suspended by sonication in either

1 % Tween—-20, 1 % Triton X-100, o; 5 % guﬁ acacia solution.
The final concentration of either Eween—zo, Triton Xrlbo,-

or gum acécia in the reaction mixture wés 0.2 %, 0.2 %, or

1 %, respectively. These different substrate preparations.-
influenced the apparent activity of DG acyltransferase as
shown in Fig. 5. .The Yata in Fig. 5 was obtained by correcting
for pébnitoyl—CoA hydrolase activity, Q%icﬁ is illustrated
in Fig. 6. .Palmitoyl-éoA.hydroIase activity measuréd in

the presence of gum acacia, Tween-20, or Triton ¥X-100 (Fig. -
6) was greatly modified as compared to the activity measured
in the absence of gum acacia, Tween-ZO,_Trigpn,X—loo, or
DG.(Section‘IV-Z-é, Fig. 4l1). However, it was learned-that
the preparation of substrate (DG) in Tween-20 sol&tion gave
more reproducible'éesults as-compared to thoseqdbtained
using Triton X~100 and gum acacia in the preliminary expérif
ments. Accordingly. Tween—-20 suspension was then used in
the study of subcellular distribution of'DG acvltransferase
in rabgit héart. The activity of DG ac;}traﬁsferase_in

the micrqsom;l fraction obtained with Tween-20 was identical

in 4 experiments (1.2 nmoles/mg min when dioleoyl-sn-

glycerol sezved as substrate), while the activity obtained
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with Triton X-100 and gum acacia vafied from 0-0.8 nmole/
mg min'(dioleoyl—gg—glycerol was used as substrate). It
should be noted that the different concentrations of surface
acfive agents (Tween-20, Triton X-100, gum acacia) may pIro-
duce different activities.

The radioactive counting procedure and the methods of
measuring pr in concentration in subcellular preparations-
were alreadyk described.

The techgical difficulty in preparing standardized

DG suspension (Mangiapane et al., 1973) and the fact that

different substrate preparations affect the apparent acti-
vities of DG acyltransferase (Fig. 5) probably hindered

the att;inment of consiskent results amondgd different ex-
periments. An attempt to improve +he accuracy and the re-
producibility of the assay method was not too succes§ful.
Nevertheless, preliminary results of the subcellular distri-
pution of DG acyltransferase in rabbit heart are shown in
Fig. 7. The activities in lysosomal and microscmal f£ractions
were highest (Fig. 7)., while the measured activities in
mitochondrial and soluble fractions (Fig- 7) cquld be

attributed to contamination from microsomal or lysosomal

fractions. The reported activity of DG acyltransferase in
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hepatic microscmes was 0.75-1.8 nmoles/mg min (De Krﬁyff
et al., 1970; 0'Doherty et al., 1972), which was similar
to that found in this study. The supernatant fraction of
rat l;ver contained no DG acyltransferase activity, but

it stimulated microsomal activity about 4-fold (Manley et

1., 1974).

—
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LEGEND TO FIGURE 5

Acyl—CoA:ggrl,2—diglyceride—O—acyltransferase activity in

rabbit heart mitochondrial and microsomal fractions

The incubation mixture, in a final volume of 2.0 ml,
contained 0.3 Fmole [1-14C]pa;mitoyl—CoA with a specific
activity of 800,000 d.p.m./pmole, 100 pmoles Tris-phosphate
puffer, pE 7.4, 20 mg bovine serum aIbumin either in the

presence Or absence of 8.0 Fmoles dioleoylﬁgg—glycerol

(Diole.) or dipahnitoyl—ggfglycerol (Dipalm.), and & freshly

prepared subcellular fraction (1.02 mg ritochondrial or

1.3 mg microsomal protein). The incubation time was 30
min, and the temperature was 37° ¢. The values obtained
in the presence of DG minus those obtained.in its absence
were taken as the DG acyltransferase activity (shown on
ordinate in amoles/mg min). The symbol.u,represents the
mitochondrial activity, while @ indicates microsomal
activity. For further details of the assay, see€ Method
Section III-5-3. The final concentrations of either Tween-—
20, Triton X-100, or gum acacia in the reaction mixture

were 0.2 %, 0.2 %, or 1 %, respect%gg;y.

-

Q
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LEGEND TO FIGURE 6

. - . 4 .
Palmitovl-CoA hydrolase activity in’rabbit heart subcellular

fractions

The incubation mxture and assay procedure were
identical to thosg described@ in the legend to Fig. 5.
Assays were carried out in the absence of dioleoyl-sn-
glycerol and dipalmitoyl—gg—glycerol. The activity was
expressed 1in ?moles/mg min on the ordinate. The svmbol
'O represents the mitochondrial activity, while g3

 indicates microsomal activity.

1
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LEGEND TO FIGURE 7

Subcellular distribution of acyl—CoA:ggfl.2—diglyceride—

O-acvltransferase in rabbit heart

The experimen%al conditions and assay procedure were
describeﬁ in the legend to Fig. 5 eéxcept that dicleoyl-sn-
glycerol in Tween-20 suspension was used as the acyl
donor. The ordinate shows the activity in nmoles/ng
min. The abscissa represents total protein in %. MT,
1y, MC, and SL stand fér mitochondri#l, lysosomal, micro-

somal, and soluble fractions, respectively.
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IV. RESULTS AND COMMENTS
Tv-1l. Characteristics of Acyl—CoA:§nglycerol—3— hhh_d////
: Phosphate—O-Acvltransferase and Acvl1-Cgd:

Monoacyl—gnglycerol;B—Phosphate-O-Acyl—

+ransferase_in Mitochondrial and Microscmal

Fractions of Rabbit Heart

Iv-1-1. Effects of various cofactors on the activity of

‘acyl—CoA:§g7glycerol—3-phosphate-O—acyltransferase

-

in mitochondrial and microsomal fractions

n-G3F into mitochondrial iipids

—

The incorporation of
was studied in the, presence oI absence of various cofactors
(Table 5). The addjgion of coA, ATP,and MgCl, was essential.
The requireméht for Mg2+ could be one of tpe characteristic;
of the sn-G3P acylating reaction (Yamashita and Numa, 1972;

Monroy et al., 1973) and of acyl-Coh synthetasé (Sanchez

et al., 1973). It was‘previous'ly found that when the sn-G3P ‘
concentration was.l.S mM in the incubation mixture, Mg2+

sﬁimulatéd the mitochondrial é3P acyltransferas? reaction,

wﬁile it had no effect on microsomal acylation activity.

However, when the sn-G3P concentration Qas increased to 7.5

mM, Mg2+ had no effect on the mitochondrial enzyme, but it

inhibited microsomal G3P acyltransferase activity (Monroy
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et al., 1972). In both casés. palmitpyl—CoA, instead of

palmitate, CoOA, and ATP. was used as the acyl donor.
‘Doubling +he ATP (6 mM) or CoA (0.4 mM} cgncentrations

did not alter the reagtion rate (not shown in Table 5).

This is due to the fact that the optimai concentrations

of ATP ana CoA'fof ;cyl-CoA synthetase were reported to

be 0.15 to 1.2 mM and 0.02 to 0.09 mM,'reséectively (Farstad

;E al., 1967; Possmayef and Mgdd,'197l} Brindley, 1973).
The apparent Km values Sf acyl-CoA synthetase for ATP and
CoA were 0.0015 $§ 0.02 mM and 0.003 mM, respectively (Pande,
1972; Bar-Tana et al.. 1973). ATP not only provides energy
for activation of FAs, but also,st#bilizes acyl-CoA synthe-—
tase activity (Pande, 1972). High éopcentrations of Coh
have been reported to inhibit acyl-Coa synthetase activity
(Farstad et 21.. 1967),;but this must have been due to use
‘of the carnitine palmitoyltransferase—coupled assay because.
no such ef%ect was obser&ed witﬁ the hydroxamate assay
procedure (Pande, i912).

Appfoximately 29 % of the G3P acyltransferase activity
cbserved in the compiete system (Table 55 was obtained in
the absence of added palmitate,_suggesting that there was

i . .
a fairly large pool of endogenous FAS in rabbit heart
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mitochon@rial fraction. An feven larger quantity of endo- <(

e

_genous ?Ae_appeared to exist in the microscmal fraction
(Fig-. 8 an@ Table 6). This’:esult'points to a possible
erroxr involved in assayiné FA esterification esing radio= '
active FA orx fetty acyl-CoA. Unless the FA composition
of the eﬁdogenous pool is determined arid then taken into
account for precursor specif;c activity, the results ob-
tained with radloactiée FA may be underestimated.

Although the om;ss;on of albemln neither stimulated
nor inhibited mitochondrial G3P acyltransferase activity

(Table 5}, a sigmoid-shaped kinetic curve was produced

with microsomal enzymes during an incubation period of 20

.
~

min as shown in Fig. 8 -and@ Table 6. In liver microsomes,
21pbumin at a concentration of 7.3 mg/ml etimqlaied G3P
acvltransfera.se activity, but was inhibitory at higher ‘
levels (Fallon and Tamb, 1968). Lippel (1973) reporeed -
that albumin at concentratlons below 4 9 mg/ml stimulated
activation of mono—~ and di-unsaturated FAs in liver micro-

somes and mitochondrie. Highe; qcncentrations:(l9.5 mg/mlk

of albumin were inhibitory. 'Ecwever, albumin.has no effect

.on the actlvatlon of oleate and.llttle stimulatory ef#ect,

or no effect, on palmltate actlvatlon (Lippel, 1973). 1In

-
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our study, 2ddition. of albumin at a concentration of 10

mg/ml neither stimulated nor inhibited the G3P acyltrans—

ferase reactigg (Table 5).

4 .
effect during the control stages  of -incubation (Fig. 8

and Table 6) prespmably by binding with excess FAs in

The albumin -has a protecting

- .

the incubation mediqm'(Thé reaction was started by th

addition of enzymé'preparation). In the absence of albumin,

excess FAs gaused inhiﬁitipn of acvl-Coa synthetase
(Lippel, 1973} and activation of acyl-CoA hydrolase (Lamb
and Fallon, 1970). Therefore, albumin was always added

-

+to the incubation mixture throughout the study. It is

noteworthy that albumin possesses phospholipase—like acti- -

vity (Elsbach and pettis, 1973). However, the results

-

. gbtained in Fig. 8 and Table 6 did not show the potentiation

- of phospholipase action.- -

Beéause a nitrogen atmosphere and NaF had no effect-
on GBf acyltransferase activity. incubation was carried
gut in air in the studies reported. ﬁowéve:, it was found
that NaF inhibited, among other enzymes, phoéphatidate

phosphohydrplase,which would remove the proddcts of the

-

G3P acyltransferase reaction (Smith et ai.. 1967). There-

— ——

fore, ‘the use of NaF in the jncubation medium might cause

- -

»ae, .
‘o5
.

'

X
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inaccuracy in the assay of G3P acyltrapsferase activity.
CTP (5 mM) fgiledftp show a regulatory effect on the. bio-
synthesis of‘diacylfgngBP, which disagrees with the

inhibitoxy effect_(Possmayér and Mudd, 1971) and stimula-

torvy effect (Zborowskil and Wojteczak, 1969) repcrted} The

~

inhibitien of G3P acyltransferase activity by CTPcould be due to

the igdirect inhibition of phosphatidate phoéphohydrolase in the

presence of -fluoride ion (Possmayer and Mudd, 1971),
while the stimulaﬁory effect was reported to be due’ to the
formation of CDP—ﬁG f;ém phosphatidic acid (prrowski and
Wojtczék, 1969). L-carnitine de;;ésséd mitochondrial G3P
ac&ltransferase activity (Table 5). presumably by enhancing
the oxidation of agtivated FAs (Fritz, 1967). The effect
of L—carnitihe on the actiﬁity of microsomal G3P acyltrans-
ferase was not investigated in this stﬁdy. Under "our
experimental conditions, reducedgﬁridine nucleotides did
not affect G3P acyltransferase activity in_the rabbit heart
mitochondrial fraction (Table 5). This point will be Qis-

- " P el
cussed further in relation to the existence of the DHAP

“

The acyitransferésé reaction was proportional to the

amount of mitochondrial protein (up-to 4 mg)-édded (Fig. 9
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and Table 7). A similar linear relationship existed between

N

§57G3P acylation pf the'micfosOmal preparations (Fig. 10

and Table 8; Fig. 26) and the amount of enzyme protein (up

\\ to 1.5 ﬁg).

\\V 1L2. ﬁature of facyl donors

/;//YThe extent of Em—GBP acvlatlon when the optimal con-
C///éentéétisp 4 mM) of palmltovl—CcA was used as the acyl
donor was similar to the éystgm using an optlfgm concentra—
t}on (1 mM) of palmitgte. éoA, ATP, and Mg;lz (éﬁé- 9 and ,
Table~7) . ‘This indicates that gcyl—CoA synthetase does not
limit sn—-G3P acylatidﬁ in heart mitochondrial fraction.

The same conclusion was reached by Davidson and Stanacev
(1972), Smith and Hibscher (1966). Shephard and Hibscher
(1969), Abou-Issa and cleland (1969), Brindley (1973). and
sinchez et al. (1973). The concentration of acyl-Cod used
in our assay mixture was relativelg high (0.4 mM). 1In rat
liver microsomes, £he optimal concentration'of acyl—CoA‘for
G3P acyltransferase was 0.03 mM (Abou-Issa and Cleland, 1969}
Thiéq@ifference is in gart due to the use of albumin in our
assay systemaﬂ Albumin binds'palmi£oyl—CoA_aﬁd lowers the

oncentratlon of free moncmeric palmltoyl-CoA in solution

so that the incorporation proceeds at lcw palmxtoyl—CoA

¥
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levels.

The use of (-)-palmitoylcarnitine together with puri-
‘fied carnitine palmitoyltransferase was proposed by Daae
and Bremer (1970) who claimed that this donor system was
the most suitable assay procedure for measuring G3P acyl-
rransferase activity. On the other hand, =2 number of
investigators have used acyl—Cqu-in their assays (Lamb
and Fallon, 1970; Yamashita and Numa, 1972; Monroy _g_g;;.
19725 prindley, 1973; Sanchez et al.. 1973). Therefore,
the microsomal G acyltransferase activity, measured by
using (-)—palmitoylcarnitine (Fig. 11 and Table 9), was
comﬁared to ghat ﬁsing palmiﬁoyl—CoA (fig. 12 and Table 10).
It was found that the rate of §ngéP acylation was similar
when a concentration of 0.4 mM of either acyl donor was used
(Fig. 11 and Table 9; Fig. 12 and Table 10) - (—)-Pfa].mitoyl-
carnitine exhibited 2 g;eater inhibition of the activity
at a concentiﬁtioh above 0.4 mM, thus resulting in a nNarrow
optimum ranég of concent;ations (Fig. 11 and Table 9).
This is presumably due to the stronger‘detérgent‘action of
(—)-pahnito&lcarnitine as compared to that of éalmitoyl—
Coh. |

The detergent property-and complex physico—chemical

N
~
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staué in an aqueous solution of palmitsyl-CoA (Barden
and(cleland 1969) or palmltoylcarnltlne produce an
anoTalpus kinetic behavior of the enzyme reaction (Smith
and Hibscher, 1966; Abou-Issa and Cleland, 1969: Zahlex
(and Cleland, 1969: Lamb and Fallon, 1970). It is possible
that owing to the action of palmltovl-CoA hydrolase, 2

. high concentration of acvli-Caoa, which 1nh1b1ts GBP acyl-
transferase activity (Shephard and HEubscher, i;69: Hubscher,
1970), could be required for the égsay. The prepération

of pure acyl-Coas is not a s;mple procedure, and most acyl-
CohAs are contaminated by thiol ester. derlvatlves and other
fluorescent and gquenching impurities (Pullman, %973).
Furthermore, in mitochondria, G3P acyltransferase exists

on the inner side of the outer menbrane (Daae and Bremer,
1970: Monroy et al.. 1972), whereas caynitine palmitoyl-
rransferase II ("B") localizes inside the inner membrane
(Hoppel and Tomec, 1972: Kopec and Fritz, 1973; Brosmnan

et al., 1973)t This fact makes quite iliogical the use

of the carnitine palmitoyltransferase reaction as the

means of producing .an acyl donor. Although carnitine

palmitoyltranéferase T ("A") localizes at the outer surface

of the inner membrane (Kopec and Fritz, 1971; Hoppel and

F
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Tomec, 197é: Brosnan et al., 1973), the function of this
enzyme is to produce palmitoylcarnitine from palmitoyl-
Coh. These conditions did not justify the adoption of
moré elaborate assay methods using paﬁnitoyl—CoA or palmi- .
toylcarnitine, hence, the remaining experiments were per-
formed with FAs as the acyl_donors.' '
Microsomal acyl-CoA synthetase activity was reported
to be 38 to 132 nmoles/min per mg'protein ‘(abou-Issa and
cleland, 1969; De Jong and Hﬁllsmann, 1970; Aas, 1971;
Lippel, 1971 and 1973; Pandeu‘l972: Mangiapane et l.,

1973), and the rate of sn=G3P acylation was found to be
0.6 to 11 nmoles/min per mg protein (Abou-Issa and Cleland,
1969; Possmayer et 1., 1969; Daae and Bremer, 1970; Davidson

and Stanacev, 1972: Monroy et al., 19727 vamashita and Numa,

1972). Therefore, it is unlikely that acyl-CoA synthetase

in micros‘omes becomes .rate limi_ti:ig for the acylation ‘
reaction.when FAslére used as acyl donors. Furthermore,

the substrate specificity of acvl-CoA synthetase towards

inaividual long-chain FAs was not prominent (Eﬁbsche;, 1970).
Accofdingly, it is improbable that the reaction rate and

substrate specificity of the G3P acyltransferase cbserved

in our study reflect the characteristics of acyl-Coa synthetase.

I
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IV-1-3. The acylation products

The major products of G3P acylation were localizgd
by the radiocactive scanﬁing of the develpgped TIC a
These spots were sEained using three visualization_tech—
niques (Table 11). The rﬁ%&oactive scanning revealed two
major peaks, the RF ;alues of which wexre 0.63 and 0.94.
These values correspond to those of the authentic standards
of monoacyl-sn-G3P and diacyl—gngBP_(Table 11). The re-
sults indicate that monoacyl- and diacflfgg—GSP are the
major products of gﬁ—GBP acylation.

To further ch;;ac;eriée the molecular cocmponents of -

‘ - > 14 . . 14

+hese reaction products, [(**Clpalmitate and sn-| C1G3P
were used individually as tracers in separate experiments
under otherwise jdentical assay conditions (Table 12).
The molar ratios of FA/sn-G3P in both monoacyl-sn-G3P and
diacyl-sn—-G3P were approximately one and two, which were ‘
close to the theoretical values. Additionally, it was
£found éhat a significantly greater‘quantity of neutral
glycerides was produced when [l4c]palmitate served as the &;;qsr
labeiled precursor, whereas only a negligible amount of

neutral lipids was formed from §gf[l4C]G3P. This indicates

that the bulk of incorporation into glycerides was produced
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from‘palmigate through pathwavs not involving G3P acyl-
transferase, but, perhaps, other acyltransferases (Elovson,
1965: McMurray and Magee, 1972). A relatively high rate
of‘incorpbration of FAs into glycerldes has prevxouslv been
reported (Scherphof and Van Deenen, 1966; Kikuchi and Kako,

1970; Monroy et al.. 1972) and been postulated to be due

——

+o the acyl exchange reaction of the acyl moiety of glycer-

] . -
ides. :

Iv-1-4. Distinction between mitochondrial and microsomal

ggfglycefol—B-phosphate acylation

Under the standarxd assay ééhditions, the mitochondrial
acylation yielded 32 to 42 % monoacx}—gngBP, 58 to 68 %
diacyl-sn-G3P, and less than 2 % neutral 1ipids at the end
of a 10 min incubation period (Fig- 13 ané Table 13). How-
, ever, the products of microsomal acylation were 70 to 89 %
diacyl-sn-G3P, with the remainder being llfto 20 % monoacyl-
sn-G3P and 2 % neutral lipids after 3 min of incubation
(Fig. 14 and Table 13). These values were obtained using
palmitate as an acyl donorrin the assay. When oleate was
used as an acyl donor, mitochondrial enzymes produced approx-

imately 40 % monoacyl-sn-G3P, 60 % aiacyl-sn-G3P (calculated’

from Fig. 32 and Table 26), and 2 negligible amount Of
a

1.
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neutral lipids (data not shown) during a 9 min incubation
period. The products of microsomal acvlation from oleate
were not analyzed. . The observed dissimilarities in the
formation of mono- and diacyl-sn-G3P between the mitochon-
» - . : » 1" * )
drial and microsomal preparations sugge§¥ that character-
istics of the enzymes in the two subcellular fractions™are

different. ' - I

It was previously repérted that MgSO, at a concentration

of 11 mM stimulated nmonoacyl-sn-G3FP acylation ‘into diacyl:
sn-G3P in microsomai preparation of guinea pig liver, but
lower concentrations (1.1-5.5 mM) of MgSO4_had no effect
(Pieringer aﬁd Hokin, 1962b). 1In éddition, M92+ (8 mM)
depressed phosphatidate phosphohydrolase activity in rat
bréin homogenates (Strickland.ég.gi., 1963) . According

to these observations (Pieringer and Hokin, 1962b: Strickland

£ al., 1963), the stimulation of nonoacyl-sn-G3P acvltrans-

— — ———

ferase and the inhibition of phosphatidate phosphohydrolase
bj a high concentration of Mg2+ could cause a decrease in

monoacyl-sn-G3P and an jncrease- in diacyl-sn-G3P formation

——

at the end of the G3P acyltransferase reaction. However,

since the concentration of Mg2+ used in far study was only

3.0 mM, it is unlikely that the presence of Mg2+ in the
[} .

17
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assay mixture alters the distribution of pfoducts of the

-

sn—-G3P acyiation reaction.
A lysosoﬁal preparatién was found to inhibit the in-
oration of linoleate into l—acylglycerophosphoryléth—
olamine in outer membrane preparation of rat liver mito-
chondria (Waite et al., 1970). The effect of lysosomes on
the mitochondrial G3P acyltransferase activity of rabbit
heart was not investigated in éhis study.’

The time-courses of the mitochondrial and microsomal
‘éngBP acylation reactions were compared in Fig. 15 and
Table 14. -The rate of sn-G3P acylation in the mitochondrial
fraction was constant during a 20 min incubation period,
whereas the constant rate of reaction in the microscmal
fraction was maintained for only 5 min. Since the activity
of microsomal G3P acyltransferase was 6 timesfhigher than
that of the mitochondrial enzyme; and since the reaction
: ]
rate oflthe microsomal enzyme was constant for only 5 min,
one might suspeqt thét the micro;omal G3P acyltransferase
reaction was limited by the availability of substrates in
the assay mixture after 5 min of incubation. However, this

is not the case. It was reported that the G3P acgltransferase

activity in microsomes of rat liver and brain was 3.0 to 9.1

1
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nmoles/min per mg protein, and the concentration of sn-G3P .
[

used was 0.125 to 1.5 mM (Falion and Lamb, 1968; hbou-Issa

and Cleland, 1969: Possmayer and Mudd, 1971; Monroy et al.,

T2

1972). The concentration of sn-G3P used in our study,
however,‘was 3.0 mM, and since the rate of the cardiac

* microsomal sn-G3P acylation reaction was found to be 3.0
nmoles/min per-mg protein (Fig. 15 and Table 14), it is
unlikely that the rate of the' cardiac microsoﬁal sn-G3P
acvltransferase reaction observed in.our studg after 5 min
of incubation (Fig. 15 and Table 1;;\35 limited by the avail-
ability of sn-G3P in the incubation mixture. It is note-

worthy that inhibi;}ﬁg)of the sn-G3P acylation reaction by

a high concentration of sn-G3P has not been reported. Further-

L
LS
more, the concentration of FA (1.0 mM) used in our study gave

thé maximal rate of the sn-G3P acylation reaction wi;h both
mitochondrial and nicrosomal fractions (Figs.27 to 30: Tables
22 to 25). ‘Therefore, the time-courses of the mitochondrial
and microsomal sn-G3P acylation reactions shown in Fig. 15

and Table 14 illustrate the different kinetics of the acylating

systems in the two £ractions.

The time course of sn-G3P incorporation into monoacyl-

sn—-G3P by mitochondrial and microsomal fractions (Fig. 16

ly
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and Table 15) resembled that of the'total sn-G3P acylation
(Fig. 15 and Table 14), i.e., microsomal acylation was
linear only for a short period of time when compared to
mitochondrial acylation. The rate of formation of diacyl-
.sn—GSP from the labelled érecursor by the mitochondrial
Vfractlon was much slower- than that by the microsomal enzyme
(Fig. 17 and Table 15). With the: mltochondrlal fractltn
as an enzyme source, monoacyl- and diacyl-sn-G3P formation
increased linearly witﬁ time (Fig. 18). This cdula mean
that the supply of monoacyl-sn-G3P for the monoacvl—snﬂGSP
acyltransferase teaction was probably sufficient. On the

. Y .
other handg, microsomal monoacyl-sn-G3P formation seems'tp
control the rate of diacyl-sn—-G3P formation (Fig. 19). This
ﬁight be part ;;'the reason that a high diacyl-sn-G3P/
monoacyl-sn-G3F ratio is maintained with the microsomal
system. The ratio of mitochondrial to microsomal.;onoacyl— .
sn-G3P increased linearly to 135 ¢ during 15 miR of incuba-
tion, whereas the ratio of mitochondrial to microsomal
diacyl-sn-G3P formation remained.at 11-17 % during‘the same
time period (Fig- 20 and Table 15). These findings demon-

strate that mitochondria are capable of synthesizing monoacyl-

sn~G3P from sn-G3P and FAs, and also that the activity of

———y

14
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. ing in the microsomal fraction.

r
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the enzyme catalyzing this reaction differs from that exist-

* The results obtained from experiments with mitochondrial
and microsomal preparations of rabbit liver (Pigs. 21, 22,

and 23:‘Téble 16) supported those cbtained with heart sub-

cellular fractions, namely:ithe relationship between the
- _ :

incubation time and the rate of monoacyl- and diacyl-sn-G3P

IS

formation was similar. The formation of -monoacyl-sn-G3P

- .

in the mitochondrial £fraction of rabbit liver was constant

~

for 15 min, while micfosomal-monoacxiﬁgngBP formation was

~maintained constantly for only 5 min of incubation (Fig.
N ' N “-:\'-\-

21 and Table 16). The rate of microsomal diacyl-sn-G3P
formation was faster than that of the mitochbndrial fraction
and remained constant for a short period of time (Fig. 22

and Table 16). The ratio of mitochondrial “to microsomal

-

monoacyl—gng3§ formation increased linearly with incubation

time and reached 205 % at the end of 15 min incubation,

-

while the ratio of mitochondrial to microsomal diacyl-sn-
G3Pp formation was constant for only 5 min and then increased
slowly to 31.4 % at-the end of 15 min incubation (Fig. 23 -

and Table 16). Liver mitochondria incorporated §gr[l4C]G3P

into monoacyl-sn-G3P to an even greater extent (0.48 nmole/

NV |

N
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min per mg of protein) than did the heart mitochondria

o

(0.16 nmole/min per mg of protein). In aéreement,with

the results obtalgfd by previous workers (Daae and Bremer, °
1870; Elbl et al., 1969; Davrdsog and Stanacev, 1972;
Monroy et ‘al., 1972; Sanchez et al.. 1973), the activitie‘s\.‘
or ﬁepatic enzymes‘were extremely ﬁrgh in comﬁarison with
\‘thoee of heart enzymes. o o

As described in the INTRODUCTION,_ehe'production of
monoacyl—gg;GBP as an intermediate of~phospho- and neutral
glyceride blosynthesis in rhe li&er has oniy been recently
established (Fallon and Lamb, 1968; Daae and Bremer, 1970;

Barden and cleland, 1969; Lamb and Fallon, 1970; Okuyama

+ al., 1971; vamashita and Numa, 1972 Yamashrta et al.,

— ———

B

1973 Monroy et al., 1972 and 1973). It was found, however,

+hat the chloroformrmethanol extractlon method for tissue

-

lipids did not effectzvely extract monoacyl—sn—-GBP (Bjerve : ‘
- et al., 1974) . Some_;gvestlgators attributed the loss of
lipids, notably monoacyl—sn—GSP to this partlcular extrac-—

tion procedﬁre (Daze and Bremer, 19707 Sanchez et a2l., 1973),

whereas others did not (Pieringek et 1., 1967; Yamashita

—

and Numa, 1972 De La Roche et i., 1973). &n assay procedure

s
of short duratlon is essentzal for measurlng ‘the acyla;ron
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of gngBP ?ecausé of the non—liﬁear kinetics with incuba-
tion time when microsomal preparation is used as enzyme-

“source (Figs. 15 to 17: Table 15) and because of;furtheq : f;i
synth§si§.of neutrél glycerides when incubation time is. |

prolonged tFigs. 13 and 1l4:; Table 13). As described in‘

b
SectiBn III—l—S we have examined ‘the chloroform—methanol

-

xtraction procedures of Folch et al. (1957), Bligh and ";

* Dyer (19%5), Hajra et al. (1968L and Eibl et al. (1969) in

— — ——

.the early phése o£ ﬁhis study_aﬁa have found that these
extraction procedures produced high blank values at zero ~

time incubation with poor reproducibility. Theréforé; use

-

of’ the chloroform-methanol extraction procedure is a factor

responsible for different results obtained among investiga-

»
1

tors (Table 3). For'this reason, the validity of our re—-

-
-

sults is not at issue as far as-the extraction procedure -1$ ‘
- - i . . .

concerned.
-

‘Theie are some other possibilities that could account
£or the observed differences in the acylation Qro@uépg.ih\u——s -
the mitochondrial and microsomal fracfiong. .Ménoécylfggr
GBP acyltransferase might possibly be inhibited by_lysosomes

(Waite et él-, 1970) which could be contaminating the mito-

chondrial preparations (Eibl et al., 1969). The inhibition

]

- T ~



le3

~

of monoacyl-sn—@3P acyitransferase could result in

- -

_. increase in monoacyl-sn-G3P formation and a decrease in

diacyl<§g¢G3§. On the other hand microsomal dlacyl—sn—

[

. . G3P formation could be explained by the high activity of

: nionoacyl-sn—-G3F acyltransferase'(Barden,and Ccleland, 1969). q{p
R | | :
. Barden and- Cleland (;369) reported that monoacyf-sn—-G3P
. » . [~J

~

acyltransferasé qctivi%y in rat liver microéomes was 24 to

97 nmoles/min.per ng protein, wpile G3P acyltransfer;se-
activity was 0;6 to 15.6 nmoles/min per mg proéein (Yamashité
and Numa, i972: ﬁonroy ggjgl.. 1972 and 1973:'Lamb‘and
Fallon, l970;yfand many others)). The high monoacyl—sn—GBP
.acyltransferasé activity could lead to an lncreased formatsbn

of diacyl-sn~G3P and 2 decrease in monoacylﬁgngBP,as seen

'in heart microsomes (Fig. . 14; Tables. 13 and 15)l It is un-
N

likely that the resu\‘&s obtained on the d:.fferences of the ‘

acyiation'producﬁs in\the‘mltochondrlal and mlcrOSOmal '

fractions are due to the éffect of phosphatldate phospho—

hydrolase The reason for this is because the activity of

ln heart is high in the mzcroScmal fractlon as

/ﬂ\\\\‘Jfompared to that in the mitochondrial preparatlon (Sectlon
- _3-3; Fig. 47). A high activity of phosphatidate phos—

f'phohydfolase,in the microsomal fraction would convert diagyl-

-
-

¥
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sn—-G3P to form Aeugrél lipids, resulting in a decrease in
digcylfgng3P.

- The slchbiosyﬁthesis of diacyl-sn-G3P by the mitQ-
chondrial fraction and the relatively constant ratio of
m¥tochondrial to microsomal diacyl-sn-G3P formation can be
taken to indicate, at least-in part, an eéfect of-microsom&l

ontamination of the mitochondrial preparatién as has been

nfe;rgd by some investigators (Davidson and Stanacev, 1972).

gwever, no attempt was made tO ihvestigate this postulate
further by measurinQ;the ;étivitiéé of microsomal marker
enzvmes since marker enzymes are.not nécessarily éxclusive-
ly 1ocaiized in one subcellular'compartment. The most
commbnly used:microsomal marker enzymes are;rotenéne—inéen-
sitive NADPH~-cytochrome C reductase and glucose—G—phosphﬁtase.
The rotenone—insepsitiveANADPHP vtochrome C reductase, which-
has been suggestedtq‘?é pres;;[ soigly in the microsomal
’fractién of rat liver (Green et 2l., 1968), was foung to

be a true constituent of the outer mitochondrial membrane

(S'Etocasa ggﬂg;., 1967 Brunner and Bygrave, 1969; Shephard

Hﬁbéchér, 1969). The glucose-6-phosphatase was also

— —

found to 1ocaiize in rat mitochondrié (Sarzala £ al., 1970;

ﬂﬁﬁahﬁygraﬁe) 1969). In additionm, gLucose;6—phos—

-~

“

1

BN

.
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phatase activity was not measurable in microsomes of rat

heart (Eulsmans, 1961). Furthermore, it is;obvious that

L .
if the apparent dlstrlbutlon of marker enzymes were similar
to that‘of the enzymes producing mltochondrlal dlacvl—ggr
G3P, it would not be possible to support or disclaim the
contention that the latter enzymes do exist. It is my

belief. that the evidence presented in this study to support

the existence of separate mitochondrial enzymes provided
more definite information regarding this problem than that

which can be obtained with marker enzymes.

v-1-5. The non—unlform response_to triiodothvronine of

§grglycerol—3—phosphate acylatlon bv mltochondrlal

and microsomal fractions

The view that the characterlstlcs of mltochondrlal
and microsomal acylation are dLSSlmllar is reinforced -\H}
futtﬁer byithe experlments with hgperthyro;d rabblts..FSéadé
it has been known that thyroid hoxmone increases the TG
content of the heart (Bressier and Wittels, 1966), it was
. thought pbssible that the ‘activity of enzymes acylatlng
§§-G§P'in the myocardium increases, thereby causing the
accumulation of TG in the hyperthyroid heart. Experiments

were therefore designed to see if the administration of
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T3 affects mitochondrial and microsomal sn-G3P acylating
systems to different degrees.

The results obtained from these experlments are Sho¢2\\\\“‘s\\:ji\
: (

in Figs. 24 and 25. and Tables 17 and 18. The form on

of dlacyl—sn—G3P by mltochondrlal and microsomal frgghions
) N
was increased about feur—fold in the hearts of hvperthvro;d
rabbits as compared to the starved controls. In addition,
mitochondrial.monoacyl—gan3P formation was’augmented two-
fold (Fig. 24 and mable 17), whereas the microsomal bio-
svnthes;s of monoacvl—sn—G3P was unchanged (Fig. 25 and
Table lg)l The results indicate that the activity of G3P
and monoacyl-sm sn—-G3P acvltransferases is under hormonal
control, and that this increase 1in activity is the possxble
cause of the accumulation of TG in the hyperthyroid heart.
Singe the plasma FFA is known to inerease in the hyper-
thyroid state (Opie,/l968 and 1969) and could possibly be ‘
the cause of the observed change in enzyme activity, we '
examined the format;on of monoacyl; and diacyl-sn-G3P in
starved and fea “utﬁyroid rabbits. The acylation reaction
in starved rabbits, in whlch plasma FFA concentration is

higher than in fed animals (opie, 1968 and 1969), was

similar, but not identical, to the reaction observed in
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fed rabbits (Tables 17 and 18). Interestingly enough,

fasting has been shown to decrease G3P acvltransferase

activity in rat liver homogenates (Vavredka et al

., 1969).
In-starved rats, plasma FFA concentration increased, re-
sulting in an elevation in hepatic acyl-CoA l;;els, however,
the decreased G3P acyltransferase activity minimized the
effect of increased FFA. The formation of phospho- and '
glyceroglyceriéés was not altered (Vavreéka et al., 1969) .
The incorporation of palmitate into hepatic phospho- and
glvceroélycérides in Etarved rats was.decfeased to 68 to

5 9% of that observed with fed animals (Vavretka et al..,
1969) . Durmng an lnvestlgatlon on the control of glvcerlde
‘biosynthesis in rat adipose tissue, Denton and Halperin
(1968) found that the increased rate of TG biosynthesis
could not be correlated with the increased concentration
of either sn-G3P or long-chain fatty acyl-CoA. From these
observations, plus our findings with thé different magnitudes
of lncreaselin monoacyl- and diacyl—gngBP formation between
the fed and starved animals (Tables 17 and 18) and between
normal and hyperthyroid states (Figs. 24 and 257 Tables 17

and 18), it is unlikely that the plasma FFA level plays 2

.role in regulating the formation of monoacyl- and diacyl-

Q

|
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sn-G3P in hyperthyroid hearts.

| our findings, which show that there are different

magnltudes of increase in monoacyl- and diacyl—sn—G3P

syqthesis in the mltochondrlal and mlcrOSOmal fractlons

implicates three underlyving mechanisms: (1) The first -

and second acvlatlons are catalvzed bv two different enzymes

in the heart, as was found in the liver (Elbl et al., 1969:

Barden and Cleland, 1969: Hibscher, 1970; Yamashita and

Numa, 1972: Monre_ et al., 1973),5(2) The mltochondrlal

_ enzyme possesses characteristics different from those of -

the mlcrosomal enzyme, confirming the view obtained by the

experlments with euthyvroid rabbits: (3) The thyroid hormone

does not act on these enzymes indiscriminately, i.e., the

microsomal monoacyl-sn-G3P acyltransferase activity was

éﬁimulated to a %reater extent than was the G3P acwltrans- . -

ferase activity. | _ _ ‘
The magnitude of increase in monoacyl- and diacyl-sn- )

o

GBP formation by the mltochondrlal f;;ctlon dlffered from
L.a -

that by the microsomal fraction, suggesting the possibility

Jhat mitochondrial G3P and monoacyl-sn-G3P acyltransferases

were potentiited by T3 equally, whereas microsomal G3P

acyltransferase was stimuiated to a lesser extent than was



monoacyl-sn-G3P acyltransferase (Figs. 24 and 25: Tables
’ 4

17 and 18). It is also possible that microsomal phospha-

tidate phosphohydrolase is inhibited, hence diacyl;§27G3?

accumulates greatly. Further reactions leading to the

formation of glycero- and pHospholipids could Esjcurtailed,
&

resulting in a decrease in TG biosynthesis.5 However, the
activity of phosphatidate phosphohydrolase was repoited

to be increased,rather than decreased Or inhibitedr during

starvation (Vavre&ka et al., 1969; Mangiapane et al., 1973)

and after subtotaLﬁhepatectomy (Mangiapane g;_g;., 1973 .

In both cases TG accumulation was observed in the liver.
/

In the above work, phosphatidate phosphohydrolase activity

was measured using a particle-free supernatant fraction of

the liver with mexbrane-bound phosphatidate serving as
substrate.. It is not ciear whether phosphatidate phoSpho—
hydrolasqp'when assayed with aqueon-aispersions of phos-—
phatidate,'would show the same effect because it was
previously reported that the highest spe;ific activity of
phosphatidate phosphohydrolase was locallzed in lysosomal
fraction when assayed with aqueous dispersion of phospha-

tidate (Wilgram and Kennedy, 19637 Sedgwick and Hubscher,

1965) - The problem related to the supernatant and particle-

N

1.



170

bound’phosphatidate'phdéphohydrolases wil% be discussed
in a later chapter. Whether or not phosphatidate phos-
phohyarolase, rather than monoacyl-sn-G3P acyltransferase,
could be the rate limiting?step of not only hepatic, but
also Fardiac, TG synthesis is to be investigated further.

v-1-6. possible formation of monoacyl-sn-glycerol-3-

phosphate by deacylation of diacyl-sn-glycerol-

3-phosphate in mitochondrial fraction

Duripg the study on the_biosynthesis of diacyl—ggr
G3P in mitochondria and‘micrqsémes of guinea pig liver via
the acylation of sn-G3P, Davidson and Stanacev (1972) measured
‘the acylation activity of sn-G3P by mitochondriai fraction
containing incre;sing amounts of adéed microsomes. They
found that values obtained with each addition_of microsomes
were as expecteé for the additive synthesis of mitochondria 1
and microsbmésm The mitochondrial fraction céntained 2.3 %
and 2.1 % microsomes as determined by glucose-@rphosphatase
and NADPH:cytochome C ;eductase, respectively. A plot 65 .
the acyltransferagé activity versus the content of micro-
‘somal protein resulted in a straight l1ine which extrapdlated

through zero, indicating that the mitochondrial fraction

possessed no acyltransferase activity in the absence of

-
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added microsomes. By using this technique, plus the assay
»

for the activities of microsomal marker enzymes, Davidson

and Stanacev (1972) concluded that G3P acyltransferaée

activity in the mitochondria of gfiﬁga,pié brain, heart,
and kidney and rat liver was due exclusively to contaminating
microsomal enzymes. Accordingly, we attempted to test the

effect of microsomal contamination on mitochondrial G3F

acvltransferase in rabbit heart. The mitochondrial,éraction 7
(4.16 mg proteln) was incibated with various amounts of
microsomal preparation {0 to 2.3 mg proteln as shown in ‘u—/
Fig: 26). If the mitochondrial fractio§ possesses 1its

own G3P acyltransferase, éﬁen a figure such as Fig. 26,

which illustrates thq relationship between +he. total enzyme
activity and the.sum of mitochondrial and microsomal con-

tents, would indicate an additive effect of the two enzyme

actions. If there was no mitochondrial activity, the ‘
1ine should intercept point zerxo activity at zero mito-

chondrial concentration. However., the activity obtained

with mitochondrial fEi;tion in thé absence of added micro-

somes did not ihtercept at zero activity (Fig. 26), suggest-—

ing that the mitochondrial fraction possessed its own

enzyme activity. The microsomal acylation was suppressed

¥
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by the addltion of mitochondrial fraction (Fig. 26).
Siﬁee the formation of neutralrlipids wae found to be
unchaqgedpiip was unlikely that this effect was related
to phosphatldate phosghohyd;olese.
careful inspection of Figure 6A (mitochondrigl
fraction incubated with increasing amouﬁts, 0 to 1.4 mg
protein, of added microsomes) and Figure 7 (microsomal
fraction incubated with- increasing amounts, 0 to 4.0 mg
protein, of the mitochondrial fraction) in the paper by
Davidson and Stenacev (l972l and Figule-4 (Liver mito-
chondrial preparation equivalent o 1.0 gm tissue incubated
with various amounts of added mlifosomes, 0 to 1.0 gm
+issue) in the publication by McMurray and Dawson (1969)
reveals similar suppressive, rather than additlve,.effects
of the two subcellular fractions. These investigaters A
did not comment on this pu}zzling question.r ‘ ‘
One of the éossibilities was whether or not phospho--
lipase of the mitochondrial fraction or albumin (Elsbach
and Pettis, 1973) plays 2 role in deacylatlng the diacyl-
sn-G3P formed by the microsomal fraction. Elsbach and

Pettis (1973) reported that human and bovine serum albumin

preparations contained phospholipase A which hydrolyzed

i
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the acyl moiety at the 2 position of E. Coli phospholipids

such as phosphatidglethanolamine, phosphatidylglycerol,

cardidlipin. In an attempt to ¢
eacylation of diacyl-sn-G3P by the

the mitoc¢hondrial fraction was incub

larify the possible
action of phospholipasé,

ated under standard

conditions, but in the presence of Y4c-labelled diacyl-sn-

G3P instead of ggf{;4C]G3P. The res

&

ment 2) demonstrated. that only one tenth of the monoacyl-

ults (Table 19, Experi-

-

sn-G3P was ﬁormgd by the action of phospholipases,hhen

: N Ty :
either pqlm;tatéfor_qlegtg served as

an acyl donor, thus

excluding the possibility that the formation @f monocacyls

i

sn—-G3P by +h¥® mitochondrial fraction was 2 reéd1t7bf-&i§éyl-‘

sn-G3P deacyvlation. It- is noteworthy that the rate of

incorporation of oleate into mitocho

was greater than that of palmitate (

ndrial monoacyl-sn-G3P

Table 19,7Experiment

- 1). This indicates the FA specificity of the sn-G3P acylating

enzymes which will be discussed in 2

Tv-1-9-1i).

later section (Sedtion

1f the monoacyl-sn-G3FP formed was the deacylated

. product of diacyl-sn-G3P, an addition Bf exogenous diacyl-

sn-G3P to the assay mixture would no

t only decrease the

specific activity of the newly synthesized diacyl-sn-G3P,

&

n

p

e
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but would also proportioﬁally decrease the labellin -
monoacyifgngBP. This experiment wés not carried oitgin'
‘this investigation becaﬁse- &Ehe composftion of. endo-
genously synthesized diacyl=-sn-G3F may.&ot‘beidqntical
to exogenous diacyl—gngBP: and thus the addition of
exogenous diacyl-sn-G3P to the incubation gixture would -

not achieve the isotope diluting effect on the endogenously

synthesized diacyl-sn-G3P. ,
tl'\

A technique employed by Monroy et al. (1972) to esta-

—

-

blish the preéursor—product relationship of monoacyl—‘and
diacyl-sn-G3P in isolated liver mitochdndria is useful. /9
However, the relatively low activity of the acylating ehz?me
in the heart did ﬁot permit us to follow the time course of
labelling with desirable accuracy during the very early

phase of incubation. Therefore, results thus far obtained
have not provided an answer to the questioh concerning the
apparent inhibition of acyl;ti6n which took plaéé when the

+wo subcellular fractions were added.simultaneously (Fié.

-26);

Iv-1-7. Effect of sulphhvdrlebindinq reagents and aging

of the enzyme preparation on the acylation of sn-

qlvcerol—B-phosphate
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In order to qomparé the chaéaCte;istics of cardiac
versus hepatic G3P‘§cy}t;ansferaée, the effect of thiol ~
inhibitors and storage on -cardiac enzymés was éxémined.

As shown in Table 20, both mltochondrlal and microsomal
fractions of rabblt heart were extrenmely sensitive to N-
ethy leimidé and P—chlorome{curibenzoate. '%heh palmitate
was uskd as the acfl donér, é complete inhibition of the
. ‘

enzyme activity for both mitochondrial .and microsomal
fractions was observed at the lowes£ cdncentratiop (1 mM)
‘of both inhibgédré tested: When palmitoyi—CoA served as
the acyl donor, mitochondrial ‘enzyme activity was complefhffi

~ -

inhibited by both inhibitors at the lowest concentration

& -

(l mM) tested. Microsomal enzyme activity was inhibited

by N—ethylmalelmlde to 89.% ané 92 % at concentrations of

1 and 2 mM, respectlvely. 4 mM N—ethylma}eimide and 1 mM
_P—chlorcmercuribenzoate completely inhibited microsomal
enzyme activity (Table 20). In contrast, hepatic microsomal
G3P acyitransferase was iess sensitive to these inhibitors,

(Lands and Hart, 1965), i.e.., N-ethylmaleimide and P-chloro-

)
mercuribenzoate‘gave 71-84 % of inhibition at a concentration

of 2 mM.with palmitoyl-Coh as acyl donor.

Cardiac mitochondrial G3P acvltransferase lost 56 %

.
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e weeks of stcrage at -20° c

T
LAY

-

 Of its activity after thre
v oy

(data not shown), whlle hepatlc m;tbchondrlal enzymes g

- - (
emalned unchanged after one year of storage at -60 ol 1\

(Monroy etpai., 1972). Whether or not the dlfference

ln results dbtalned by us and by Monroy et al. (1972) was

- due to the difference in storage.temperatures was not \

P

investﬁcated.
‘rThese findinygs:;with thiol lnhlbltors and aging

1llustrate the dlfferent characterlstlcs of cardlac G3P

acvltransferaSe as opposed to the hepatic enzyme.

-

IV;l—S.

The dlhvdroxvacetone phosphate pathway

jra and Agranoff (1968a) and Hajra (1968a ‘and 1968Db)
i

dis vered an alternatlve pathway of FA esterification

3 , 7
i (Section_gfl-l—ii). ‘This pathway is Qperatlve in ‘hepatic

L . ‘ )
particular preparations, therefores it is possxb%eighat

the DHAP‘pathway may be operativeéin rabbit heart mitochon-
n—GBP

- ~
dria. . Since acylated DHAP is reduced to monoacyl— . .

the presence of MADPH, some monoacyl— n—GBP may be

‘--formed vid thls pathway (LaBelle -and Hajra, 19729. To

P test’ this pOSSIblllty, the effect of NADH or NADPH on the

R
GBP in the presence or the absence of DHAP -

' Q-acyeﬁtlon of .sn- S
- i . <

NaCN was lnvestxgated (Tables 5 and 21). ’ - 4
. . . 2 .
- RN ~

- - * Y
. ’ ) _0_. - o -
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- Under normal incubation conditions,some Of

/

the labelled G3P used in our experrments ‘was oxldlzed

by mitochondrial glycerophosphate oxidase to produce labelled

DHAP. Thus, lf the DHAP pathway would have been operative

——

to a‘measurable extent, labelled acyl-DHAP or ménoacyl— c
_sn—GBP—should have been produced. However, wé could not
detect the formatlon of labelled acvl—DHAP using TIC. It
was previously found that 3 mM of NaCN (the concentratdon
used in the experiments of Tables 5 and “21) inhibited the
oxldatlon of exogenous and endogenoué reduced pyridine

—_ -~

. nucleotldes (COlll et al., 1969); this mlght slow down the
reaction rate of acvl—DHAP reductlon. Furthermore, cyanide
had an lnhrbltory effect on the DHAP pathway (Bajra gg,akf;
1968) . Accordlngly, fh the presence of cyanide, sn—é3P
can not. be oxldlzed to form -DEAP, and hence the producmlon
of labelled acyl— HAP and monoacyl—sn—GSP from label}gd
G3P v1a the DHAB pathway would be decreased.; The results
shown.in Tahle_d, however demonstrated that the acylatlon
of sn-G3P into mitochondrlal lipids (32-42 ‘% of the total
acyiation'products was monoacyl-sn-G3P as shown in Fig. 13°

and Table 13) was:not decreased by the addition 3??NaCN,

1nd1cat1ng that the DHAP pathway dld not Operate to a

D



measurable extent. &

~

Under the experlmental conditions of Table l in :
which DHAEP(non—labelled), NADPH {(or NADH), and aCN are
_'presentdin the;assay mixture for the acylation ¥ sn-G3P
to mono- and diacyl—ggreBP,-and assuming that the DHAP
pathwav is of a dectable magnltude, the folicw' g possi-
.bllltles exist: (1) Cvanide at a concentration of 0.5 .
mM was.reﬁorted‘to give 96 % of i?hibition on the DHAP
* pathyay_in guinea pig liver mirqchondria (Hajra et al.,
196é: Hajra and Agranoff, 19683).. 1f cvanide at the con-
centration given in the.experiment'of Table 21 (3.0 mM)
blocks the DHAP pathway.complerely and the mitochondrial
glycerophosphate oxidase is reversible, the added excess
. NADH and DEAP would fogyce the glycerophosphate oxidase . - ‘
" reaction- to giycerophosphate formation, therebY.diluting\
labelled sn—G3§ and resultlng in a decreased formation of label%
1ed mono and diacyl- sn—GBP if, however, cyanlde blocks the
DHAP pathway completely, but?the ;itochondrlal oxidase is
irreversible, the results would be no DHAP-ané noracyl—
DHAP formed from sn-G3F, and thus a decreased labelllng

of monoacyl-sn—-G3P. (2) 1If cyanide-at Ehe concentration

3

of 3 mM does not block the DHAP pathway ccmpletely, some

-

o -
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non-labelled monoacyl—sn—GéP ceﬁid bé'%éémea via this

_ pathway in the presence of NADPH (Table'zl) thus’ decreasxng
labelled dlacyl-sn—GBP formatlon by the dilution of its
precursor, labelled monoacylegngBP. Hajra (1968b) re-
ported that when 14C-palmitoyl—CeA (0.05 ﬁﬂ) served as

the only acyl domor, the yields‘of diacyl—gngBE,from DHAP
and sn-G3P were simil;? in geinea pig liver.‘\When linoleoyl-
CoA (non-labelled. 0.05 mM) was present in the asgéy mixture,
more 14C-palmit'eyl—CoA was incorporated into diacyl-sn-

G3P from DHAP than frem 527635. If the compeﬁltion between
the two pathways for available acyl-CoAs, as described by
Hajra (l968b), Jdoes exist in heart mitochondria, and if the
rate of the sn-G3P reaction is influenced bg the accumula-
“tion oé its preducts (labelled and unlabelled monoacyl-sn-
G3P), the labelled monoacyl-sn n-G3P production may decrease.
However, two points should be mentioned: i. The Km value
of acyl-CoA for GB? acyltransferase is low {Abou-Issa and,
Cleland, 1969; Zahier and Cleland, 1969), and the FA used
to generate acyl—CoA in the experiment of Table 21 ls in
excess. ii:J%he monoacylwsn-GBP acyltransferase reactloﬁ

was reported to *‘be more active than was the G3P acyltrans-

ferase reaction (Barden and Cleland?/l969), so that monoacyl-

L v

N
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“sn-G3P may be used as soon as it is formed for the syntheéis

-

of diacyl—gthBP._ The results.shcwn in Table 21 demonstra-
ted that the incorporation of sn-G3P into mitochonarial\
‘mOnoacyl- and diacyl—éng3P was unaltered in the presence
of DHAP (non-labelled), NADPH (or NADH), and NaCNV(B.O'mM),
indicating that the activity of the DHAP pathway in rabbit

‘heart mitochondria under the selected experimental conditions ‘
is of an undectable magnitude. '
A direct measurement of the formation of acyl-DHAP from
32P—DEAP by éat heart mitochondria was reported to be 5.28
nmoles/hr per mg of protein (LaBelle and Hajre 1972)
Since DHAP is extremelv lablle (Hajra et 2l.. }968 Benns
and Proulx, 1971) and hence is easily @estroyed during mlld
alkaline hydrolysis, a direct measurement of the forﬁation
‘of acyl-DHAP was not used as 2 method for confirming the o ‘
non-existence of acyl-DHAP before hydrolysis o©r during |
,_t@f G3P acyltransferase as;ay period. An elegant experi-
mental approach, ut;lizing [2—3H]- and [1—14C]—labelled
glycerol w1th liver slices, was regently proposed (Manging_
and Brlndley, 1972). Thls new approach may produce a
dlfferent result regardlng the DHAP pathway in heart tissue,

4

although a direct applmcatlon of this method is dlfflcult
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because the glycerophosphate shuttle pathway, glycero-
phosphate oxidase, and glycerol kinase in the normal cardlac

mitochondria are all not very active (Safer et al., 1971).

1v-1-9. Fattv acid and. positional specificitv of acvl-

transferase reactions

Iv-1-9-1i. Fattv acid specificity of monoacvl-_ and

dlacvl—sn—glvcerol—3-phosphate formation ..

by mitochondrial and microscmal frac fractlons

FA analysis of glycerolipids in mammalian orgaﬁs has
shown unequivocally {hat the distribution of FAs is stereo-
specific (Van Deenen, 1965; Lands, 19657 Hill and Lands,

970), that is, the saturated FAsasuch as palmitate and
stearate are preferentlally esterlfled at pOSltlon 1, whlle
unsaturated FAs such as oleate and linoleate are esterlfled
at position 2 of,t?e gl&cefol molecule. %ﬁe G3P acyltrans-
ferase reaction of heart mitochendiial and.%icrososal
fractions indeed demonstrates some substrate specificiéy.
Thes dmounts of the two products, monoacyl- and diacyl-sn-
G3P, formed from various concentrakions of palmitate, oleate,
and llnoleaee, are shown in Figs. 27 to 30 and Tables 52 to

25. The lncorporatlon of sn-G3P lnto monoacyl-sn: n—G3P (Flg.

27 and_Table 22) and diacyl-sn-G3P (Fig. 29 and Table 24)

\ﬂ
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by the mitochondrial enzyme was highest between 0.5 and
1.0 mM oleate,nexhibiting a broad optimum. In contr;st{
the optimai-concentration of oleate for the production
of monoacyl-sn-G3P (Fig. 28 and Table 23) and diad¢yl-sn-
G3P (Fig. 30 and Table 25) in migroéomes was 1.0 mM. .
ﬁ;th exogenous palmitate as acyl donor, the érecursor-
W -
product relationship in the mitochondfial fraction showed
a slightiy different patterm froﬁ that with oleate, i.€.,
the‘Eatg of agyla;}gq was lower with palmitate (Fig. 27
wnd mabple -22; Fig. 29 and Table 24) and was almost iden- .
tical betwééh the concentrations of 0.5 and 2.0 mM (Fig.
27 and Table 22).

The patterns of mitochondrial and microsomal monocacyl-
and dj:ag;\;l—gg_—GE;? formation from linoleate ve?re’quite

b o,
aifferent from those with other FAs (Figs.

to 30; Tables
52.to 25). When lincleate cerved ‘as an acyl gonoz for the
mitochondrial fraction, 1t exhibited the lowest rate.of
‘acylation among the three FAs éested (Fig. 27 and Table
22:.Fig. 29 and Table 24). 1In contrast, the‘rétes of
incorporation of linoleate into microsomal_phosphatides'

were ﬁighest‘GFig. 28 and Table 23; Fig. 30'and Table 25).

F
This is true for the formation of both monoacyl- and diacyl-
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_S_B_-GBP - -

-

<

Tn the formation of nicrosomal monoacylfgg}GSP, a.

strong affinity was shown for linoleate (Fig. 28 and Table

23), whereas mitocho drial monoacylfgngBP'had a preference
for oleate (Fig. 27 @ 4 Table 22). In addition, the speci-

ficity for linoleate was more marked in microsomal diacyl-

sn—-G3P biosynthezis than in mitochondrial diacyl-sn-G3P
formation (Fig-.

peak observed was not due to the effect of different molar

ratios of FA to albumin at various FA concentrations; al- -
5 :

though the concentration of albumin was constant in these =

. 4
experiments. Similar patteins of the activities versus

various substrate concentration curves were recorded when
the molar ratio of Fa to aIbumiﬁ was kept céﬁstanﬁ at dach
different FA éoncentration (déta not shown). In another
series of experiments, 2s has already been explained
(Experiment 1 of Table 19; Section Ty-1-9-i), it was found
that the biosyrithe;sis of mono-acyl-:\s_n_-_GBP by heart mitochon-
drial fraction was greater:when oleate. rather than palmi-
tate, was used. In Summary, the shapes of the activity-

substrate concgntration*cﬁrves of the mitochondrial enzymes

are not jdentical to those of the microsomal enzymes (Figs.

o

9 and Table 24; Fig. 30 and Table 25). The

0

-
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27 to 30). The results thus support the previous conclusmon

that the mltochondrlal acylatlng system%alffers from the

3
Some investigators’ working with liver mitochondria

2ijrosomal system.
dbserved a more prominent substrate preference in moé%adyl—
sn—GBP production (Menroy et al., 1972; Daae, 1972), that
;s, an_ almost exclus;ve acylatlon of palmltate at stition
1. Accordlng to Monroy et al. (1972), the effectiveness
. of oleyl- or llnolevl—CoA as an acyl dono: in the formation
" of monoacyl-sn-G3P in liver mltochondrla was never more
than 15 % of that observed szﬁ'palmltovl—CoA. Daae (1972)
used acylcarnitine esters plus other cofactors as an acyl |
. . ! * .
donor system and/dbserved that the acylation activity of
:unsaturated acylcarnitine estéfe;suchhaséoleyl—, linolenyl—,
liroleyl-, stearoyl-, arid ‘arachidonylcagnitine was not mo;e£
. s ]
" than 27 % of palmitoylcarnitine acylation acti@ity duf}qg

" the first acylatlon regction of gngBP.f.The G3P acyltrans-
-

ferase reactlsn was -found to be more, selective than the mono-

acyl— n—G3P acyltransferase reactlon in rat liver m;crosomes_

(Lands and Hart, 1964; Barden and Cleland, 1969: .Lanb and .

]

Fallon, 1970; Okuyama et all, 1971; Okuyama and Lands, 1972,
e
Yamashita and Numa, 1972; Yamashita et al., 1973), that

— —

o
N
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is, microsomal monoacyl-sn-G3P formation showed a strong
preference toward saturated rather than unsaturated FAs,
while the FA specificity for_diacylfgngBP formation was

less pronounced.

The biosynthesis of monoacyl—gngBP and diacyl-sn-G3P

"
-

by cardiac mitochondrial preparation, with eithér palmitate
or oleate as the sdbs;raté, was examined at various time-
intervals in othér experiments (Figs:'Bl and 32; Table 26).
These results demonstrat‘ " that oleate was incorporated
iﬂto.monéécyl— and diacyl-sn-G3P in heart mitochondrial
prepara;ion as effectively as-was-paimi%ate, thus conéirming
+he data shown in Tables 19, 22, and 24 agd Figs.'27 and

29 that oleate'was acylated into mitochond?ial.monoacyl—

and diacyl-sn-G3P to 2 similar or even greater extent than

was palmitate. Therefore, these findings (Figs. 27 to 32:

Tables 19 and 22 to 25) demonstrated that the substrate
specificity of cardiac particulate enzymes during the ofi-

G3P acylation reaction is not as pronounced as that,of the

.hepatic particulates. Hepatic mitochondria acylated
& . - ’ -

palmitoyl-Coa 50 times faster than oleyl-CoA toO form
’ -
monoacyl-sn-G3P (Monroy et al., 1972). The rate of acyla-
< .

. e .
‘pion of palmitoyl-Coh was 2 to 4 times greater than the’
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acylation of oleyl-CoA into liver microsomal monoacyl-sn-
G3P (Lamb and Fallon, 1970; Yamashita and Numa, 1972).
Ccardiac mitochondria, in contrast,_utiliied unsaturated
FAs extremely well in compgrison‘to hepatic mitochondrial
and microsomal fractions. Therefore; preference for indi-

vidual FAs in heart mitochondrial and microsomal moﬁpacyl—

S

sn-G3P and diacyl-sn-G3P formation is quite different from

that requied for'liver particulate fractions.

Iv-1-9~ii. The positional specificity of monoacyd-sn-

? . glvcerol-3-phosphate biosvnthesis;ﬁélcarﬁiac

mitochondrial fraction

At was previously reported that palmitate was the most

active substrate for the first step of the sn-G3P acylation

3

process in liver mitochondria (Monroy et al., 1972), and

rhat it was almost exclusively estéggfied at position 1 of

- &
the monoacyl-sn-G3P molecule (Monroy et a2i.., 1972; Daae,
: S

1972). Similarly, liver microsomes agylated palmitoyl-CoA

-

most actively, with the anly esterified product being 1

monoacyl—gngBP (Yamashita and Numa, 1972). Our results

described above.demonstrated that oleic and linoleic acids
. -

«r/

LY N .
were as effective s palmitate as substrates for the forma-

tion of monoaéylﬁggre3?fﬁy heart mitochondria, indicating

.

¥ ]

I

4

A
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that the sqbstratéisﬁécificity for G3P acyltransferase in
heart d;ffered from that in the liver.

There are phree possible situations which may occur i
during the first step of the sn-G3P acylation reaction in
ﬁeart mitochondria: (1) Only 1-monoacyl-sn-G3P is formed
as the pfoduct'of the sn-G3P acylation reaction regardless
of ;he nature of the acyl donor,‘(z) both 1- and 2-monoacyl-
sn-G3P are formed as products éf sn-G3P acylation, the
position-of the acyl moiety in the monoacyl—gngSP mélecule .
depending uvpon the natu?e of the acyl donor, OT (3)Iboth
1- and 2—monpacyl—§ng§P:are formed from the same acyl donor,
the acyl moiety being interchasgeable between the 1 and 2
positions of ﬁhe‘glycerol molecule. Since the substrate
specificity,for G3Pp"acyltransferase éf heart mitochondria -

i o
;s not marked, and since it is well known that most sat- ‘y‘

urated FAs are localized at position 1 of the glycerol

-

-y

moleéuleb situation (2) stated above would most probably
occur during the lst step of the_gg;GBP acylétibn reaction
in card::Lac mitochondriady fracti:on. in order lto test this
contentién, the positional specificity of the f£irst acylation
reaction of sn-G3P in heart_mitochondrial preﬁaration was

analyzed.

S =
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L . “ b |
There are two methods of studying this problem. 1In

-

the first method, monoacyl-sn—G3P synthesized by‘heart
mitochondrial enzyme is exposed ¥o the hydrolytic reaction

of phosphatidate phosphohydrolase. The resultant l? and

—

2-MGs are separate&ﬁhnd éuantified using TD:. In the second

method, snake venom phospholipase A2 is used to deacylate

monéacyl—sn—GSP. The resultant sn-G3Ps, FAs, an onoacyl-
sn;GBPs are lsolatéd and quantlfled. In this study, the
method‘with phosphatldate phpsphohydrolase was applied as
described in the "MATERTALS AND METHODS® (Section III-2)-
Monoacyl-sn-G3P synthesized by heart mitochondrial
preparation was hvdrolyzed Qith phosphatidéte éﬁospkfhydro-
lase isolated from rat liver I?sosomes. The hydrolytic .
products, l—~$nd 2-MGs, were separated by TIC. The radio-
act;ve scanning of the develoéed TIC plates revealed three
peaks (Fig. 33).. The first peak, which appeared at the
origin,(was unreacﬁed monoacyl-sn-G3®. The Rp values of
the, other two peaks corresponded to those of authentic
(Appligd Science Laboratory) 1-MG (0.54) and 2-MG (0.63).
‘No radiocactivity was detectable in the area corresponding

to DG, ndlcatlng that the lsolated mogzégy1<§ng3P was

' free of dlacyl-sn—G3P contamlnatan.
. f . N ™
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the relative proportion of l- and 2-MGs derived from
1- and 2-monoacyl-sn-G3P synthésized b& the heart mitochoﬂ—.
drial preparétron when three different.EAs and one acyl-
CoA-wegégused jndividually as acyl donors for monoacyl-sn-
G3P. synthesis is shown in Table 27 and Eig. 34. palmitic
‘acid,as well as paiﬁitoyeroA,was preferentially, but not‘
exclusively, acylatea at position 1 of the glycerol moiecule.
That is; approxlmately 2/3 of the monoacyllgngBP oontained
Apalmltate at-posxtlon l,and»l/3 contained it at position 2.
In contrast, 2/3 of the monoacvl—sn—GBP containing oleic
acid was 2-oleoyl—sn—G3P, and the remaining 1/3 was l—oieoyln
sn—éBP. Linoleic acid showed an almost equal dlstribution
at pos;tlons 1 and 2. Approxlmately 64 to~?8 % of the radlo-
active monbacyl—sn—GBP was hydrolyzed by the phosphohydrolase,,

A

indicating that the Fesul¥s of thls analysis can be taken

.

to represent the original composxtlon of monoacyl—sn—GBP.

To add greater supﬁort to this assumptlon, a second
* T

hydrolysis by ph?sphatldate phosphohydrolase was performed
on the remaining,pnhydrdiyzed monoacylfgngBP con;alning :

52 to 36 % of the starting material. The repetiﬁion of "

%

hydroly51s by means of phosphatidate phosphohydrolase pro-.
~
guced results whlch resemble those of the first hydrolysrs
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(Table 28}. Siﬁceighe extent of hydrolysis b& these
'enzyme preparations is approximately 70 %, and the recoverf
of mohoacyl—gngBE is about 80 %, a third hydfolysis would
probably producé a larger technical error without resulting
in a complete hydrolysts of the original monocacyl-sn-G3P.
As shown in Table 28, the overall hyérolysis was 85 to 86 %.
which is higher than the value ob;gined by Lamb and Fallon
(1970),'baae (1972), Yamashita and Numa (1972), similar to
that obtained by Monrov et al. (1972), and slightly lower
than that reported by the most recent wofk of Moﬁroy et al.
(1973).
These results are in direct contrast to those obtained
with li;er particulates‘in which palmitate was almost exclusively
. esterified to the l-position (Possamayer et al.,1969; Daae, 1972;
Moﬁioy et al., 1972). Furthermore, a very small quantity
of palmitate was acylated to position 2tduring the first
step of the sn-G3P acylation process in liver {Monroy et al., ‘
1972). Recent studies with partially purified hepatic
.enzymes confirmed'the results of those with hepatic sub-
cellular fractions {Yamaoshit'a and Numa, 19724 Monroy et al.,

1973).

The results under Section IV-1-9-i showed that the
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de'gggg synthesis of monqacyl—gngBP\by rabbit heart mi;b—
chondrlal fractlon occurred to a similar extent with palmitic,
oleic, and linoleic ac1d as acyl donors.. It was postulated
that, contrary to hepatic enzvmes. the heart enzyme is capable
of acylating both positions l'and 2 of the sn—G3P mo;etv

with little discrimination. Thg resu}ts in this section
(IV-1—9-11) confirmed this posﬁulate and support the view
that both the substrate and positional spec1f1city‘of cardiac
G3P acyltransferase clearly dlffer from those of the liver
enzyme, and t+hat the enzyme appears to be organ—specific.

In other words, the enzyme of the heart.mitochondrial fraction
can acylate both 1 and 2 positions of the glycerol;moiety

of sn-G3F, whereas the enzyme of the liveXx mitochondria appears
to acylate only the 1-position of sn-G3p. The cardiac enzyme
can acylate linoleate, whereas the hepatic enzyme can not.
?ositional specificity of diacyl-sn-G3P formation in the
pbrain (Baker and Thompson, 1972) appears to be similar to
that founé in thig study which dealt with monoacyl-sn-G3P
biosynthesis by heart mitochondria and supports the organT
gspecificity hypothesis. The second acylation, +hat is, the

reaction catalyzed bY monoacyl-sn-G3P acyltransferase, is

r

also known to be selective with respect to individual FAsS
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in the liver (Eill and p;nds, 1970), but no data jas been
available on the heart enzyme. )
Although acyl—CgA‘synthetase has beén re§§ ted to have
some substrate specificity in liver miérqsomes as d;scribed'
by Marcel and Suzue (1972), the repoited vmax for‘this'
enzyme 1is extremely high (151.5-306.6.nmoles/min per mg
protein). Furthérmofe,‘acyl-CoA svnthetase act;vity is -
five times greater than thé G3P acyltransferase activity
in liver mitochondria, i.€«. 80.3 nmoles/min per mg protein
for acvl-CoA synthetase versus 16.0¢ nmoles/min per mg protein
for G3P acvltransferase ‘(Sanchez et al., 1973). 1In a separate
experiment, the activity of acyl-CoA synthetase in heart *
mitochonéria is reported to be higher than that in liver
mitochondria (71 versus A7 nmoles/min per mé of mitochon-
drial protein) (Pande, 1971). Therefore, it is unlikely
that the results described in this study regarding the sub- - ‘
strate and positional specif;city of G3P acyltransferase in
heart mitochondria are influénced by the specificity of
acyl-CoA synthetase. The rgsg}ts shown in Table 27 demon-—
'strated tﬁ;t localization of the acyl moiety at thé 1 and

2 positions of- the monoacyl-sn—-G3P molecule was identical

when either palmitate fplus necessary cofactors) or palmitoyl—'
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CoA served as an acyl donor. This:suggests that the
observed positional"specificitj-was not modified by the
specificitﬁ of acyl-CoA sgnthet;se.

It would be desirablé to analyze the FA a&stributign
in TG in the heart in order to claéify our hypothesiggthat
both positions 1 and 2 of sn-G3P can ;;\éeylatéd equally
by both saturated and unsaturated FAs in cardiac ézzaéhon=
dria. To my knowledge, Very 1ittle work has been déng_in
this area. Christie and Moore (l970)lexamined pig organs
in detail and found a striking‘difference in fA distribution
between hepatic and cardiac TG; Liver TG_éontéined 41.6 %
palmitate and 28.1 % oleate and 1inoleate at position i,
with 6.6 % palmitate and 65.2 %.oléate apd linoleate at
position 2. Heart G had 12.7 % palmitate and 55.8 % oleate
and linoleate at position 1, with 64.% % palmitate and 22.5 %
oléate and linoleate at position 2. Tn other words, cardiac ‘
TG contained considerably less éalmitic acid,but more oleic
and iinoleic acids, at position 1 than did the liver TG
(Christie and Moore, 1970). In addition, it was reported
earlier that the distribution of 1abelled palmitic acid

in positions 1 and 2 of lecithin in the isolated perfused

heart was dissimilar to that in the 1iver following the -

¥
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injection ef'labelled palmitic acid fStein and Stein,

1963). Palmitic acid was dietributed evenly between the

1 and 2 positions of heart lecithin (46-50 % versus 50-54 % “

for the 1 and 2 positions, respectiveiy),'while it was

almost -completely confined to the 1 position of the liver

iecithin molecule (85-88 % versus 12-15 % for the 1 and 2

positions, respectively). fhus, these results dealing wi}h

heaxrt tissue are comparable to those obtained in our study.
Eill‘and 1ands (1970) reported that rearrangement and

desaturation of FA ﬁoieties in liver PLs takes place after

diacyl—gng3P has been formed. A similar rearrangement and

desaturation propably takes place after the formation of

diaeylf§37G3P, DG, and TG in heart tissue. This is implicated

[14C]palmi-

by some of our results (Table 12) which show that
eate is incorporated into diacyl-sn-G3P to a greater extent

than ie §5¢[14Q]G3P. Furthermore, G3F and nmonoacyl-sn-G3P
acyltransferases of heart subcellular fractions that were ‘
found in ﬁy work showed a rather indistinct substrate specif?— |
city fFigs. 27-32; Tables 22-26), suggesting that the initial
acylation reactioﬁ of sn-G3P takes place in both posit;ons

1 and 2 of the glycerol moiety. Thus, the low degree of

non—randem FA distribution found in the tissue lipids (Tables
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27 and 28; Fig. 34) must be explained by assuming the
existence of active exchange of acyl moieties in complex
lipids. It should be noted at this poiqt that in fxperi—
ments utilizing non-cell-free systems, such as peéfused
ﬁeart or heart slices, very little diacyl-sn-G3P accumulates,
and@ the amount of lébelling of diacyl-sn-G3P is relatively
small (Stein and Stein, 1963 unpublished ocbservation) .
The conditions for FA acylation existing in such non-cell-
free systems, therefore, seems to be quite different from
those adopted in our experiments with mitochondrial and

microsomal fractions.
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LEGEND TO TABLE 5

L

The effects of substances -omitted from or added to thé.

incubation mixture on.the activity of acyl—CoA:sn—glycerol-

3—phosphate—O—acvltransférase from heart mitbchondria

Heart mitochondrial fractions were isoléted by
differential centrifugation. The assay mixture ;f the control
experiments'contained 100‘pmoles Tris base adjusted to pH
7.4 Qith'phosphoric acid, 2.0 pﬁoles'potassium palmitate,

0.8 pmoié Coh, 12 pmoles ATP, 6.0 pmble;'MgClz, 20 mg fatty
acid-poor bovine serum albumiﬂ,‘G.O pmoles §gr[U—l4C]glycerol-
3-phosphate (12 pmoles gggrglycerol-é-phosphate) containing
350,000 &.p.-m./pmole, and water in 2 final voluﬁe of 2.0 ml;
After 10 min incubation at 37° ¢, the reaction was stopped.
and lipids were extracted by butanol as described in Sections
I1I-1-4 and 1II-1-6. & portion of the butanol phase was

used to determine the radioacﬁigity. The rate of acylat;on

is expressed as nmeoles sn-glycerol—S—phosphate incorporated
per mg min. Each value represents the average of three
assays, in which mltochondrlal preparatlons contalned 2.42 mg:
2.50 mg, and 2. 61 mg protein, respectlvely. All experiments
were carried out in air except for the one indicated 2as Ny

in which the jncubation flask was flushed with nitrogen gas

throughout the incubation period.

Y
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The effects of-sﬁistances omitted from or added to the -

incubation mixture on +he activity of acyl—CoA:ggrglycerol—

3—phosphate-0—acvltransferase from heart mitochondria

Condition

‘ §_n_-glycerol—3-—phosphateu
incorporated

Experiment 1 (omission)

None (Complete §ystem) —-_—

con - - -

Palmitate -
Experiment 2 (addition)

None (complete'system).--——

None + N2 ——————-T--_____
NaF (3mM) —————
CTP (SmM) - —— -

L

I~carnitine chloride‘(z mM)

\BDPHE (5 mM) + NaCNig3 m)
. "d

NADH (3 mM) —_—

" nmolesymg min

-

0.52

0.07

0.33
0.50

0.15
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1LEGEND TO FIGURE 8

A comparison of the rates of acylation of §grg1ycerol—3-

phosphate by rabbit heart microsomal fraction using

endogenous fatty Aeids, palmitate, Or albumin-bound palmitate

as the acvl donor

The incubation mixture and assaf procedure are
described in the legend to-Table 5; when endogenous fatty
acids were used as thé“acyl donor, palmitate was omitted
from the assay mixture. " Albumin was present only in the
experiments in which albumin-bound palmitate served as the
acfl donor. The molar ratio of palmitate.to albuﬁin was 2.
The amount of microsomal protein was 1.14 mg and 0.92 mg,
respectively, fq; +wo experiments. The ordinate represents
thé incorporation of ggfgiycerol—B—phosphate into lipids in

nmoles/mg. The abscissa indicates the incubation time in

A

\
/
. —
min.
o——0 : indicates the results obtained when endogenous fatty
acids were used as acyl donors.
‘O———1 : indicates the results obtained when albumin-bound

palmitate served as the acyl donor,
A——_q ¢ indicates the values obtained in the absence of
. albumin, but presence of palmitate.
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TABLE

2 comparison of the rates of acylation of ggrglycérol—B-

*shosphate bv rabbit heart m;crosomal fraction using

LY
-

endogenous fatty acids, palmitate, O albumin-bound palmitate

as the acvl donor

.

. | | .

Incubation time
Acyl donor
3 min| 6 minj © min| 15 min| 20 min
. nmoles/mg
Endogenous 3.0 6.0 7.5 8.0 8.2
palmitate : 1.7 4.0 |28.0 37.5 | 38.0
Albumin-bound 2.6 |17.0 |23.2 |25.5 |25-4
palmitate
L

™~
5

For the experimental détails, Eée the legend to the
\

—
previous figure.

~
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LEGEND TO FIGURE 2

The relationship between different amounts of mitochondrial

proteins and the incorporation of §ngU—l4C]glycerol—3-

pids with two different acyl donor svstems

phosphate into 1li

ition.of the incubation mixture and the

The cOmMpPoOs

assay procedure are described in the legend to Table 5

d-in Sectlons III—l—4 and II;—l—G. In thls experiment,

\

+rwo different acyl donor systems were used, namely, either potassium

CoA (0 8 pmole) and ATP (12 pﬁoles)

palmitate (2.0 pmb%es),

" were used as an acyl donor svste.m ( A ), or palm:.toyl—CoA

~ (0.8 umole) was used ([&————[& ). The incubation time

was 8 min. The ordlnate lndlcates the rate of acyltransferase

reaction in nmoles/min, and the absciss2 indicates. the

amounts of mitochondrial protein in mg-



nmoles/min.
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TABLE 7

The relationship between 3different amounts of mitochondrial

. proteins and the incorporation of §57[U—l4C]glycerol—3—

phosphate into lipiés with two different acvl donor svstems

Acyl donor Amount of mito- ggrglycerolr3-phosphate‘f
system . | chondrial fraction incorporated
mg protein nmoles/min
Palmitate, . o ' 0
Coa.,and ATP i .
1.0 0.6
.-_3‘-
2.0 1.1
3.0 1.8
4.0 2.5
Palmitoyl-CoA 0 0
2.0 1.2
4.0 2.4

for the experimental procedure, see the legend to
S

Fig. 9.
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9 LEGEND TO FIGURE 10

The relationship between various amounts of microsomal ,

[

protein and the acvlation of sn—qlvcerol—B—phosphate

.‘if"J

The experimental conditions and the assay procedure
were déscribed in the legend to Table 5 and‘ig Sections'_
III-1-4 a2nd III-1-6. ‘The incubation time was 3 min. ?gé
ordinate indicates the réte of indorporatidn of §g}[U:;ZC];

glycerol—B-phosphate into lipids in nmoles/min. The

abscissa represents the amounts of microsomal protein in

t . -

£

" mg.
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-

TABLE 8

-

The relationship between various amounts of microsomal

§grglycerol—3—phospha£e

-

~—
protein and the acylation of

Amount of microsomal Incorporation of sn-glycerol-
protein 3-phosphate

ng nmoles/min

0 0
0.3 0.8
0.6 l.6
»

0.9 2.3

1.2 3.3

1.5 3.8

L

For the experimental details, see the legend to Fig- 10.

N
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LEGEND TO FIGURE 11 ”

The effect of various concentrations of Irpalmitévl-carnitine

on the acylatidn of §gfglycerol—3-phosphate in the micro-

somal fraction of rabbit heart

[

The experiments were carried OQF in the same manner

as described in the legend to Table 5, except that {-}-

palmitoyl carnitine was used as the acyl donor. The

- incubation time was 6 min, the temperature was 30° ¢, and

the gas phase was air. The amounté of microsomal enzyme
were 0.34, 0.5 and 0.6 mg, respectively, fo; three experi-
ments. The ordinate indicates the rate of the acvlation
reacﬁion in nmoles/mg min, and the abscissa represents the

various concentrations of (-)-palmitoyl carnitine.
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TABLE 9

The effect of various concentrations of (=)-palmitovl

carnit{pe on the acylation of §grglycerol—3—phosphate

-]
ot

in the microsomal fraction of rabbit heart

<

Y
Concentration of Incorporation of sn-glycerol~
palmitoyl carnitine 3-phosphate into lipids

mM nmoles/mg min .

0] 0
0.2 2.2
0.4 " 3.3

&

0.6 2.6
0.8 1.5
1.2 1.1 s

The experimental details were described in the legend

-

to Fig. 1l.
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LEGEND TO FIGURE 12

G
.ol
y -

3

The influence of different concentrations of palmitoyl—

CoA on the acylation of §gfglycerol—3-phosphate in rabbit

heart microsomal fraction

The incubation mixture. in a final volume of 2.0 nl,
contained 100 pmoles Tris—phosphoric acid buffer, pPH 7.4,
10 mg bovine serum albumin, 6-0 Pmoles ggf[ﬁ—l4ciglycerol-
3-phosphate,.and various concentrations of palmitoyl-Cod’

S (mM) as indicated on the abscissa. The amounts of micro-
somal protein we;é 0.32 mg and 1.2 mg, respectively, £for
Ewo experiments. The incubation tihe was & min, the
temperature was 30° ¢, and the gas phase was air. The
reaction products were isolated and quantified as described

in Section III-1-6. The activity of ggfglycerol—3-phosphate

acvlation was expressed as nmoles/mg min (ordinate) .

e
+

‘
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TABLE 10

The influence_ of different concentrations of palmitovl-

CoA on the acylation of §grglycerol-3—phosphate in rabbit

heart microsomal fraction

concentration of Incorporation of ggrglycerol—3—
palmitoyl-CoA phosphate into lipids

mM nmoles/mg min

0 0

0.2 2.2

0.4 3.3

0.6 3.2

0.8 3.4

1.2 3.4

The experimental procedure was described in the

legend to the previous figure.
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TABLE 11 .

The identification of acylation products from sn-glyvcerol-

3-phosphate in heart mitochondrial fraction

Products Reaction with specific stains Rp
Ninhydérin Schiff- Phosphorus
periodate

Monoacyl-sn-
glycerol-3- - - + 0.63
phosphate )

Diacyl-sn- : .
glycerol-3- - - + 0.94
phosphate

R

The assays were carried out as described in the legend
to Table 5. Monpacylf§g—glycerol-3—phosphate and diacyl-
ggfglycerol—B—phosphate were separated by TIC with chloro-
formrmethanol—acetic acid-water (65:25:8:4, %/v/v/v). The
developed plates were scanned to jocalize the radiocactive
peaks, the Rg values of which were verified by the authentic

standards.
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LEGEND TO TA?%E:};

Analvsis of the products svnthesized from two different

labelled precursors

~——

) In exper;pénps wifh rl—l4C]palmitate, appr;ximately
.500,000 d.p.m- of [l—l4C]palmitate/Pmole replaced non-
radioactive palmitate while maintaining 2 final concentration of
2.0 umoles/2ml. The assay procedef;ti? described in the
legend to Table 5 énd in Section III-1-4. The incdbé;ion
was for 10 min and containéd 2.67 mg of mitochondrial protein.

" The unreacted labelled palmitate was separéted by TIC,

and llplds were eluted with chloroform—methanol (L:1, v/v).

The neutral lipid fraction was further separated into mono-.

di-, and tri-glycerides with a solvent system of light p?tro—

leum (ﬁ.p. 30°—60o C)—acetone—formic acid (38:12:1, v/v/v) .

The phospholipid fraction was .'separa'ted into monoacy l-sn- ‘
glycerol—3 -phosphate and dlacyl—sn—glycerQ;—3—phosphate by
developlng the plate with chloroformrmééhanol-acetic acid-

water (85:25:8:4, v/v/v/v). The assay with ggf[le4C]
glycerol—B—phqsphate (356.000 d.p.m./Pmole) was carried

out in the same manner as the experiments described above,
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(Legend to Table 12, page 2)

except that parf of the butanol extract was used éirectly
for the isolatiog of monoacyl-ggrglycerol—3—phosphate and
diacylﬁggrglycerol—B-phosphatq. The remainder was. used
for the separation'of mono-, éi—,and tr;-glycerides. The
recoverﬁ of phosphatides in these procedures was éstimated,
and‘the‘values obtained were taken into account in the

calculation of the products formed.
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LEGEND TO FIGURE 13

~

The products of §Brglycerol—3—phosphate acylation by the

 mitochondrial fraction’ ~—

The standard assay conditions and procedure were
described in Section 1I1-1-4. The products were identified
and sepafated as stated in Section III-1-6. The okdinaﬁe
» - - - - ' ’ 3 \\
indicates the total acyvlation products 1n %, the abscilssa
the incubation time in min. MAGP, DAGP, and NL stand for
monoacyl—ggfglycerol-3—phosphate, diacyl—ggrglyggggl-ﬁ-
phosphate,and neutral lipids, respectively.' Solid lines

represent the highest values, while dotted lines indicate

the lowest values, obtained in 3 experiments.
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1EGEND TO_FIGURE 14

+

The products of ggrglycerol-B—phosphate acylation by the

microsomal fraction

C

The expe;imzhtal conditions were described in Sections
III-1-4 and II%/-;S. The ordinate indicates the total
acvlation proddcts in o, the abscissa the incubatien time
~in min. MAGP, DAGP, and NL stand for monoacyl—ggfglycerol—
3-phosphate,-diacyl—ggrglycerol—3-phosphate,and neutral
lipids., :espectibely. Solid lines represent the highest

values,'while dotted lines indicate the lowest values, ob-

tained in 3 experiments.
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The products of sn-glycerol-3

TABLE 13

221

-phosphate acylation by

subcellular fraction

s of rabbit heart

*r

Products

Subcellular Time
fraction
Monoacyl-sn- | Diacyl-sn- Neutral
glycerol-3- glycerol-3- lipids
phosphate phosphate
' min o, of total products
Mitochond;ial 5 .16'22 23-28 1
10 32-42 58-68 2
Microsomal 5 11-20 70-89 2
10 - - -

The experimental conditions and assay

described in the legends to Figs.

13 and 14.

procedure

were
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LEGEND JO FIGURE 15

_The time course of the acvlation of §gfglycerol-3-ph059hate

by heart subcellular fractions

The assay mixture,in 2 final volume of 2.0 mb contained
100 pmoles Tris-phosphate buffer, pH 7.4, 2.0 Pmoles potassium
palmitate, 0.8 pmole Coa, 12 pmoles ATP, 6.0 Fmoles Mgclz,
20 mg fatty acid-poor bovine serum albunmin, and 6.0 Fmoles
537[U—14C]glycerol—B—phosphate {12 Pmoles Eggrglycerol—3—
phosphate) containing 350,d§ﬁ=a.p.m./Fmole. The reaction
was started by the addition of enzyme p;eparation, and the
incubation was carried out at 37° ¢ for various time inter-—
vals as indicated on the abscissa. The reaction was stopped,
and lipids were extrated by butanol (Sections III-1-4 and
111-1-6). A portion of the butanol phase was ysed to de-
termine the radicactivity. Each point represents the
average of two assays. Amounts;of enzyvme used were 0.8 mg
and 1.0 mg for the microsomai_fraction and 2.7 mg and 2.8
mg for the mitochondrial fraction. The symbol *——9
jndicates mitochondrial acvlation and o—-=0 microsomal
acylation. The ordinate represents tpe extent of §§7glycerol-
3-phosphate incorporation into lipids in nmoles/mg and the

abscissa the duration of incubation time in min.
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TABLE 14

The time course of the acvlation of §§7glycerol—3-phosphate

catalvzed by heart subcelldlar fractions

incorporation of §grglycerol—3—phosphate
Incubation time
' Mitochondrial [ Microsomal
fraction fraction
min nmoles/mg nmoles/mg
w

0 0 0

5 2.4 14.8

.10 5.1 25.2

15 7.4 25.3

20 10.1 25.4

For experimental details, see the legend to the previous

figure.
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1L.EGEND TO FIGURE 16

The time course of ggrlU-l4C]glycerol—B—phosphate incor-

poration into monoacyl—ggrglycerol—B—phosphate in mito-

chondrial and microsomal fractions of rabbit heart

The experiments were carried out as described in the
legend to Fig. 15. The ordinate indicates the formation
of monoacyl—ggrglycerol-3—ph05phate in nmoles/mg proté&n:“
~ The abscissa represents the incubation time in min. Black
circles represent mitochondiial monoacyl—ggrglycerolés—

phosphate formation. The squares show microsomal monoacyl-

§grglycerol-3—phosphate formation.

s
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LEGEND TO FIGURE 17

227

The time course of ggf[U-14C]glycerol—B—phosphate incor-

poration into diacylﬁ§grglycero1-3—phosphat

e in mitochondrial

and microsomal fractions of rabbit heart

rfor the experimental details, see the
15. The ordinate indicates the formation ©
glycerol-3-phosphate in nmoles/mg. The abs
the incubation time in min. Black squares
chondrial diacylﬁggfglycerol—3—phosphate fo
circles iepresent microsomal diacyl-sn-glvc

formation.

legend to Fig.

f diacyl-sn-
cissa represents
represent mito-
rmation, and

erol-3-phosphate

"
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LEGEND TO FIGURE 18

The time course of sn-— [‘U—J‘4C lglycerol-3-phosphate incor-

poration into monoacyl- and diacyl-sn-G3P in mitochondrial -

fraction of rabbit heart

‘-

This figure was replotted from the data of Figs. 16
and 17. The abscissa represents the incubation time in
min. The ordinate indicates the incorporation of sn-
[U—14C]glycerol—3-phosphate jnto monoacyl-sn-G3P (MAGP;

H } and diacyl-sn-G3P (DAGP: D“—-D) in

nmoles/mg of mitochondrial protein.
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LEGEND TO FIGURE 19

The time course of _@— [U—l4C]glycerol—B—phosphate incor-

Pgration into monoacyl- and diacyl-sn—-G3P in microsomal

fraction of rabbit heart

This figure was. replotted using e data on Figs. 16 -

and 17. The abscissa represents the incubation time in

min. The ordinate indicates the incorporation of sn-

Tu- 14C] glycerol- 3-phosphate into monoacy 1l-sn-G3P (MAGP;

A—A ) =and diacyl-sn-G3P (paep; [F--1 ) in nmoles/

ng of microsomal protein.
N -
-
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LEGEND TO FIGURE 20.

s

The ratio of mitochondrial to microsomal monoacy l-sn-

glycerol—3?phosphate and diacyl—ggrglycerol—3—phosphate

in rabbitlheart

N The assays were carried out as in Fig. 15 with
palmitate as the acyl donor. The ordinate indicates
the ratio of mitochondrial to microsomal acylation pro-
ducts in percentages. The abscissa represents incubation
time in min. Black triangles represent the ratio of
monoacyl—ggrglycerol—3—phosphate synthesized by the mito-
chondrial fraction to that svnthesized by the microsomal

fraction. Open triangles illustrate the ratio of mito-

chondrial to microsomal diacyl—ggyglycérol—3-phosphate.

Each value was the mean of three experiments.
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FIGURE 20
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LEGEND TO TABLE 15

The time course of §gr[U—l4c]glycerol—3—phosphate incor-

poration into monoacyl- and diacyl—ggrglycerol—3—phosphate

by rabbit heart subcellular fractions

The assay procedure and product analysis were described
in the legend to Fig. 15. In these experiments, 2.6 mg
and 2.9 mg of mitochondri§l protein and 0.9 mg and 1.0
mg of microsomal prétein were used. Each value was obtained
by the average of the tﬁo experiﬁents. G3P is the abbre-

viation of glycerol—B—phosphate.



The time course of ggr[U—l

TABLE 15

236

4clglycerol-3-phosphate incoxr-

‘poration into monoacyl-

and diacyl—ggrglycerol—3—phosphate

by rabbit heart subcellular fractions

-

Subcellular Products Incubation time
fraction \
- 5 min 10 min \5 min
l
nmoles/mg
Mitochondrial Monoacyl- 0.8 1.6 2.6 .
fraction sn—-G3P
Diacyl- 1.6 3.5 4.7
sn—-G3P
Microsomal Monoacyl- 1.6 2.0 2.0
fraction sn-G3P
Diacyl- - 13.2 23.0 23.0
sn~G3P
Ratio of -.| Monoacyl- |50.0 % 80.0 % 130.0 %
mitochondrial sn—-G3P
to microsomal
. Diacyl- 12.1 % 15.2 % 20.4 %
sn-G3P

For experimental details,

17, and 20.

see the legends to Figs. 16,
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LEGEND TO FIGURE 21

The time course of §gr[U—l4C]glycerol-3—phosphate incor-

poration into monoacyl—ggrglycerol—3—phosphate in mito-

chondrial and microsomal fractions of rabbit liver

Rabbit iivef Qubcellular fractions were prepared in
the same manner as were heart fractions by differential
céntrifugatién. Mitochondrial (1.5 mg protein) and micro—
somal (O.S;ﬁé) fraétions were incubated separately in the
presence of potassium palmitate; and the enzyme activity
was assayed by ‘the same method as was used for heart parti-

'Eulate fractions {(see Fig. 15). The reaction was stopped,
lipids weré extracted by butano}, and the products were
analyzed as described in Section III-1-6. The ordinate
indicates the formation of monoacylfggfglycerol-3—phospha£e
in nmoles/mg protein. The ébscissa represenﬁs the incuba-
tion time in min. Black cirélés signify mitochondrial
monoacyl—ggfglycerol—3—phosphate formation. The sguares
represent microsomal‘monoacyl-ggrglycerol—3—phosphate

formation.
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LEGEND TO FIGURE 22

The time course of 557[U-14C]glyce:ol—3—phosphate incor-

poration into diacyl—ggrglycerol-S—phosphate in mitochondrial

and microsomal fractions of rabbit liver

For the experimental details, see the legend o Fig.
21. The ordinate indicg}es the formation of diacyl-sn-
glycerol—3«phosphate in nmoles/mQQ The abscissa represenés
the incubation time in min. The squares represent.ﬁito-
chondrial diacylfggrglycerol-3—phosphate formation, and

the circles represent microsomal diacyl—ggrglycerol—B-

phosphate formation.

et
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FIGURE 22
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LEGEND TO FIGURE 23

The ratio of mitochondrial to microsomal monoacyl-sn-—

glycerol-37§53§ghate and diacy}:gg:glycerol—S—phosphate

in rabbit Ziver-\

)
pis

The assays were carried out as in Fig. 21 with
palmitate as the acyl donor. The ordinate indicates fhe
ratio of mitochondriél to microsomal acvlation products
in percentages. The abscissa represents the incubation
time in min. Black triangles represent the ratio oév
monoacylfggrglycerol-B—phosphate synthesized by the mito-
chondrial fraction to that synthesized by the microsomal

fraction. Open triangles signify ﬁhe ratio of the mito-

chondrial to microsomal diacyl—ggrglycerol—3-phosphate.
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TABLE 16

14 -
The -acylation of sn—[U- C]glycerol-3-phosphate by rabbit

liver subcellular fractions

Subcellular Products © Incubation time
fraction - \ l
. 5 min 10 min 15 min
nmoles/mg
Mitochondrial | Monoacyl- . 2.2 5.2 7.4 .
ggfglycerol— .
3-phosphate
n :
' Diacyl-sn- . 8.5 20.0 28.6
glycerol-3- '
phosphate
Microsomal Monoacyl- 2.9 3.5 3.6
- §grglycerol-
3-phosphate
. biacyl-sn- 36.2 1.68.5 9l.2
e glycerol-3-
phosphate
Ratio ‘of Monoacyl- | 75-8 9% |148.6 % [205.5 %
mitochondrial sn—glycerol-
to microsomal 3-phosphate
Diacyl-sn— 23.5 % 29.2 % 31.4 %
glycerol-
& 3-phosphate

For the experimental details, see the legends to Figs.

21-23.



. LEGEND TO FIGURE 24

- ) ) 3 <
The effect ‘of triiodothyr onine (T3) administration on the

7acy1at10n oﬁ;ggzglycerol—3-phosphate by the rabblt heart

-

mitochondrial fraction

The assay procedure is deséribed in the legends to

Table 5 and Flg. 15. ' The amounts of enzyme source used

in the assay were 3.7 to 4.3 mg'q;tédhondrial fraction per
iecubation £lask. T3 (125 pg/kg body weight) was injected
intramuscularly for 6 to 10 daye uneil the heart rate in-
creased to approximately 160 % and the body weight decreased
to approxlmately 27 % of the control values (see Section '
Ir1-1-9 and mable 4). The rate of acylation lS expressed
on the ordinate, and‘the abscissa indicates the‘ products, . ‘
monoecyl;ggrglycerol-3-phosphate.(MAGP) and diacyl-so- . a !
glycerol—B-—phosphate (DAGP) . The mean, S.E.M., and number

of experiments are sﬁown on the grath _Eadh experiment

represents the average of triplicate determinations. The
values dbtalned with starved control animals are ililustrated ~

as "control”.
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The effect of triiodothz;ppine (73) administration on

the acylation of sn-glycerol-3

-phosphate by the rabbit

heart mitochondrial‘fraction

.

k]

I

t
AN

<

control

< i
Experimental Incorporation of ggr[U-l4C]glycerol— No. of
condition’ 3—phosphate into: experi-
. ' ments
Monoacyl-sn- Diacyl-sn- .
glycerol-3- . vcerol-3-
‘phosphate A phosphate
‘nmoles/mg min -
~ Ay r
: &
Fed contro;/ 0.15+0.0173 0.12+0.0218 3
Starved control 0.147+0.0095 0.105+20.008 6
73 administra- 0.27+£0.0293 0.40:0.0426 8
tion -
. p values between
T3 and Fed P<0.025 P<£ 0,005
control
73 and Starved | P<0.005 P < 0.0005

For the experimental de
values shown are Mean + S.E.M.

24.

d,'

tails, éee the legend to Fig.
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LEGEND TO FIGURE 25

The effect of triiodothyron::l.ne (T3) administration on

the acylation of sn-glycerol-

3—p1'fospha.te' by the rabbit . l
heart microsomal fraction o i \‘

The experimental details were identical to those in

Fig. 24, except that 2.0 to 2.5 mg-of microsomal protein
was used as the enzyme source. The ordinate'indiéates the -
r;te of acylation in nmafbs/mg min. The abscissa represents
the reaction pfoducts,monoacyl—ggrglyceroleB-phosphate
(MAGP) and diacylégé—glycerol-3-phosphate (DAGP). Each
experiment represents the average of triplicate determin-

ations. The valuesobtained with starved control animals

are illustrated as "control”. - ' " ‘
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TABLE 18

‘The effect of triiodothyvronine (T3) administration on

the acylation of sn-glycerol-3-phosphate by the rabbit

heart microsomal fraction .
Experimental| Incorporation of‘gg}[U;l4C]glycerol— No. of
condition 3-phosphate into ) experi-
‘ ments
Monoacyl-sn- Diacyl-sn-
glycerol-3- glycerol-3-
phosphate phosphate
nmoles/mg min
Fed control 1.43 + 0.199 0.75 = 0.113 3
Starved .
control 1.795 + 0.133 1.10+ 0.075 6
T3 adminis-
tration 1.79 = 0.118 5.02 & 0.333 8
P values
between
T3 and Fed
control p<£ 0.1 - P < 0.0005
T3 and
Starved _
control P> 0.4 r £ 0.0005

The experimental conditions were described in the

legénd to Fig. 25. The values shown are Mean + S.E.M.
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The relationship between ‘the amounts of microsomal protein

and the acylation of §grglycerol-3—phosphate in the ’

absence and presence of mitochondrial fraction

The experiment was carried out as described in the
legend to Fig. 15. Black triangles indicate the activities
cbtained with various amounts of microsomal fraction as

shown on the abscissa (mg.protein) in the absence of the

mitochondrial fractlon, while open squares represent the =

=
<

values obtained in the presence of 4.1 mg m;tochondrlal
protein. The rate of acylation of sn—glycerol—B-phosphate
>

is expressed on the ordinate in nmoles/mln.

N
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LEGEND TO TABLE 19

The rates of §gr[U-14C]glycerol-3—phosphate acylation and

l4c_ 1abelled diacyl—sn-glycerbl-3-phospha£e deacvlation

in the rabbit heart mitochondrial fraction

~

The assay of acyl—CoA:§grglycerol—3-phosphate—0- ¢
acyltransferase aétivity (Experifment 1, a aﬁd b) is des-
cribed in the legeﬁds to Tables 5 and 1l and Fig. 15.

The concentration of palmitate and oleate was 1.0 mM, and
mitochonérial protein contept was 2.4 to 2.9 mg. Experi—
ment 2 was carried out‘under experimental conditions -
similar to those of Experiment 1, except thét.unlabelled
glycerol—B—phosphate was’ééed together with 14C—labelled
diacyl—ggfglycerol-3-phoéphate. The latter substrate was
igolated from the products of liver migrqsémal acy;ation
when palmitate (Experiment 2 a) or oleate (Experiment 2 b)
served as an acyl dopor in the presenée of [Y4ciglycerol-
3-phosphate. Each sample in all the experiments was
incubated. for 10 min at 37%. The results of Experiment 1

are averages of six experiments, and those of Experiment 2

are averages of three. ___gj’
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TABLE 19

LY

The rates of ggr[U—14C]glycerol;3-phosphate acylation

and 1%c-labelled diacylfggrglycerol—3—phosphate deacyl-

ation in the rabbit heart mitochondrial fraction

L}

Experi- Labeﬂled Acyl donor Monoacyl-sn-— Diacyl-sn—
ment precﬁxgpr glycerol-3- glycerol-3-
phosphate phosphate
nmoles - | nmoles
per d.p.m. | per d.p.m.
mg min ng min
1, 2 .(Y4c1glycerol-| Palmitate | 0.16 1490 0.34 | 3167

3-phosphate

‘b " Oleate 0.25 2340 | 0.35 | 3241

2, a | (cjgiacyl- | Pelmitate ' 164 3316
sn-glycerol-
3-phosphate

b " Oleate _ 230 3080
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LEGEND TO TABLE 21

e e e el et

~

The effect of dihydroxyacetone phosphate addition on the

I

acylation of §gr[U—14C]glycerol-3—phd§ghate in the rabbit

heas™t mitochondrial fraction

The sonicated mitochondrial fraction (2.55 mg protein).

was used for all the experiments, except Experiment 1 (2.58
mg protein). For the disruption of isolated mitochondria,

a Biosonik (Bronwill Scientific, Model B 10-11), operating

A
-

at half of ﬁge maximum intensity (20 KHz, 150 w) for 15 sec

at 4°%c, was used fb;>§\tstal period of 45 sec. All assays
. e . 5

vy W oae
-~

, werefpeISQrmedfgﬁista;e,'in—Ehe legends to Tables 5 and 11.




TABLE 21

-\
]
. 4 ‘

The effect‘of dihvdfaxvacetone phosphate

256

addition on the

acylation of sn-

phosphate in the rabbit

[U-14C]glycefbl—3—

heart mitochondrial fraétion'

Experi- Addition _Incorporation of §gr[U—l4C]glycerol—
ment 3-phosphate into:
Monoacyl-sn- ~ Diacyl-sn-
- g;;cerol-B- glycerol-3-
- £ phosphate phosphate
-l -
’ \// nmoles/mg min
. - -
) | . fﬁi?
-1 None 0ﬂ21 - 0.30 :
2 None’ ©0.17 '0.25
3 " DEAP (4 mM) . 0.16 0.27
NADPE (5 mM) . °
- NaCN (3 mM)
4 DHAP (8 mM) 0.15 0.24
NADPH (5 mM) -
NaCN (3 mM)
5 DHAP (4 mM) 0.15 0.26
NADE (5 mM) :
NacN (3 mM)
6 DHAP (8 mM) 0.15 0.27 .
’ NADE (5 mM) .
NaCN (? mM)
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LEGEND TO FIGURE 27 - - . .

~

The relationship between the concentrations of exogenous

. fatty acids and the incorporation of ggr[U-l4C]glycerol-

.3rphosphaté into monoacyl—ggrglycerol—3—phosphate by the‘

rabbit heart mit&chondrial fraction

~
The assays were carried out as described in the

legenas to Tables 5 and 1l and fig.'ls, but the 3mount$
of fatty acids were varied as indicated in the aﬂscissé
(mM) . The ordiha£e shows the amounts of monocacyl-sn-
giycerdl—3-phosphate formed. The incdbatién time was
10 min at 37%. Each_?oint'representé the average of.two

experiments. Priangles signify the values dbtained with

palmitate, circles, those with ‘oleate, and dots, linoleate.

-
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The relationship between the amounts of acyl donors and

Loy

LEGEND TO FIGURE 28

[}

}"c’

-~ - i

/

the incorporation of gg:[U-l4clglycerol-3-phosphate into

nonoacyl-sn-glycerol-3-phosphate by the rabbit heart

microsomal fraction

'

iy

The assays were performeg as described in the legéndé '

to Tahles 5, and 11 and Fig. 15 The amounts of acyl ‘donors

A

are shown on the abscissa in mM, and the rate of monoacyl-

L I S A

§gfglycérol;3-phdsphate forma ‘is‘indicaEed on the
) B
ordinate. Theé incubation time was 5 min. Each poeint

-
L4

" represents the average values of two experiments. Triangles . %
signify the results of incorporation obtained with palmitate,

circles, those with oleate, and dots, linoleate.

r
& :

e
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LEGEND TO_FIGURE 29

Incorporation of sn- [U—14C]glycerol—B—phosphate into diacyl-

sn-glycerol-3-phosphate by the rabbit heart mitochondrial

of different acyl donors

fraction in the presence

The assay conditions were identical to those for

Fig. 15. The ordinate shows the rate of diacyl-sn-glycexol-

3—phosphate formation in nmoles/mg min and the abscissa e
S

various amounts of acyl donors. Incubation time was 10

~Ain, and'the nunber of experiments was two. Triangles
represent the results cbtained with paimitate, circles,;

‘those with oleate, and dots, linoleate.

"3
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LEGEND TO FIGURE 30

Formation of dlacyl—sn—glycerol-3-phosphate from sn-

rU#;4C1glycerol—B—phosphate and dlfferent acyl donors

. 4
in the rabbit heart microsomal fraction

The experimental procedures were iaentical to those

of Fig. 28. The formation of diacyl-gg&g;ycerol-3—phosphate

in nmoles/mg min 1is indicated on the or@inate, and the

various amounts of

fatty acids in mM are shown on the

-

absc1$sa. Incubatlon time was 5 min, and the number of

experlments was two. Trlangles represent the values

obtained with palmitate, circles, those with oleate, and

dots, linoleate.

-~
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LEGEND TO FIGURE 31

The incorporation of §g¢[U—l4clglycerol—B-phosphaté into

lipids by the cardiac mitochondrial fraction in rabbits

when gglmitate servéd as acyl donor

>

The £inal concentration of palmitate was 1.0 M,

and the enzyme source was 2.1l mg- mitochondrial p:ot?in.'

For further details of the assay procedure, see the .

legends to Tables 5 and 11. The ordinatg,rgpfégen;s‘ihe

T g T e

incorporation of ggr[U;l4C]glycerol—B—phbsphateﬁintou R

liﬁids in nmoles/mg. The abscissa indicates incubation

time
diacy

[

1

in min. MAGP and DAGP stand for monoacy 1-. and

lfggfglycefol-3-phosphate. respectively.



5 10 15

,,‘TEME (min)':

FIGURE 3
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L.EGEND TO FIGURE 32

-

The incorporation of 537[U-l4c]glycerol—B—QhOsphaté into

lipids by the cardiac mitochondrial fraction in rabbits

when oleate served as the acyl donor

The experimental conditions and assay procedure were,
described in the legeﬁd'to'Tables 5 and 11, excepé that,
1.0 mM Qf oleate was used as acyl donor. Mitochondrial

protein contents wexe 2.1 mg. The ordinate inggqates the
incorporatibn.of §gr[U—14C]glycerol—S—phosphate into ‘

: 3
lipids in nmoles/mg. The abscissa represents the incubé%ion.
time in mint/ MAGP and DAGP, stand for monoacyl- and diacyl-

ggrglycerol-3—phosphaté. respectively.
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LEGEND TO FIGURE 33 | s
Thin laver chromatoqraphv of- thedd hosgho;xlation reaction .

Y

product from monoacyl—sn—glycerol—B-phosphate

Monoacyl—sn—glycerol—3-phosphate which=was synthesmzed
by the :abblt heart mltochondrlal fractlon with palm;tate
as the acyl dOnor was lsolated by thin 1ayer chromatography,
gooled (29.8 nmoles), and then dephosphorylated by incuba-
tion with lysosomal phosphatidate éﬁosphohydrolase‘(4 mé
protein/mk) prepefed from rat liﬁer. The-products were

. {
extracted aqd‘chromatographed with a.solvent system con-=
& . ) :

;taining‘ehlorofo:néacetone—methanol (Q/V/ﬁj (Thdmas et al.,

/11965) as described in Section Iixriis. fﬁe radioactivity‘
of . the’ developed plate was scanned by an Actlgraph (Nuclear
Chicago Corp.). The full scale of the latter equlpment was

set at 1000 cpm and a:scanning speed of 60 cm/hr was used.

-

In order to maintain a-high resolution, the'slit width of .

-

the scanner was narrowed to 3 mm, and the response time

was adjusted to 20 sec to suppress the noise level. The' '
pOSitions of 1- and 2-monoglycerides (MG) were ldEntlfled - Jf
with authentic ‘standards. MAGP stands for monoacyl—sn—

glycerol—3¢phosphatei The Qginté reépresent the direct cpm

reading from scanning.
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fEGEND TO FIGURE 34

The positiocnal specificity of monoacyl-sn-glycerol-3-

-~

phosphate biosvnthesis by the rabbit heart mitochondrial

fraction

L
r

The experimental details are identical to the legend

in Table 28 (Section 1II-2). The value shown fo:‘palmi_tatev

__/'\ .

(16:0), oleate (18:1). and linoleate (18:2) is the average

of two experiments as indicated in Table 27. The number

of experiments for palmitoyl-CoA is one. Open bars re-

- present position 1,

while shaded bars indicate position 2.

B
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. IV-2. Properties and Subcellular Distribution of .° e

Palmitoyl-CoA Hvdrolase in Rabbit Heart

Iv-2-1. The effects of sulfhydrvl Eroteétive agénts on

~

Ehe spontaneous decompbs;gion of palmitovli-Cod

The sulfﬁ&dryl érotective_agents DTT and cysteine,
which were used previously for the ;ctivity measurements
of palmltoyl~CoA(hydrolase (Daniel and. Rnblnsteln, 1968€
Fallon and Lamb 1968). were found to accelerate spontane-
ous decomﬁositio; of palmitoyl-Coa, partigglarly at alkaline
PE (Fiq. 35). ?pe decomposition of palmitoyl-CcA was ’
accelerated from 0.2 to 1.3 nmoles/30 min at pH 7.4 and
from 0.4 to 2.6 nmoles/30 min at pE 9.5 in the presenée of
5 mM DTT and 25 mM cystelne (Flg. 35). A similar obﬁerva-
tion was reported by Daniel,pnd Rnblnsteln (19é8) worklng
;ith rat adipose tissue homogenateg, in whlch they found
that the spont;neous hydrolysis of palmitoyl-CoA was in—
creased approximately twelvé-ﬁold-at pH 10 as compared to
‘that at pE 7.2 in the presencefdf 25 mM cysteine (240 vergps
20 nmoles/30 mln at pHE 10 and 7.2, respectively)s ‘It is
obvious that increased PH values in an incubation medium
further poténtia?e the effect pf DTT and cysteine on the

v

hydrolysis of palmitoyl-CoA, i.e., the rate of sponianeous
<

of . T N
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hydrolysis was 0.4 nmoles/30 min at pH 5. 0 and increased

to 1.3 and-é 6 nmoles/30 min at pH 7.4 and 9.5, respectively
(Fig. 35). Kurooka et al. (1972) studied the properties

of palmltoyl—CoA hydrolase in various organs of rats and
found that Tris-BCl buffer at pH values.above 9.0 caused
spontaneous hydrolysis of the substrate even when DTT and

: cystelne were not present in the lncubatlon m;xture. Our
observatlons (Fig. 35) thus suggest that the presence of
sulfh?dryl protective agents in an lncubatlon medium, par-
ticularly at alkpline pE, alter the stability of palmitOyE;:>- K
Cod, which must be taken intg_account ror successful assays-

. of palm;toyl—CoA hydrolase activity.

Iv-2-2. Pr;girtles of palmitovi-Caoa hvdrolase in rabbit

heart homoqenates

The rate of hydrolysis of palm;toyl—CoA by rabblt heart

homogenates was constant up to 120 min under the experlmental

cong/trons selected as is shown in Fig. 36. The activity

of .almltoyl— GoA hydrolase in heart homogenates was strongly
pH dependent (Fig. 37). The optimal pH for the hydrolysrs

. of palmitoyl-CoA by heart homogenates was approxlmately 8.5,

-
and there was ' no measurable act1v1ty at a pH value of 9. 7.
kf:’

.The actrvrty observed at pH 5.5-7.5 was only one—twelfth of -

.J ¢ " ¢

- - ~e

/ e ' L

LY
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the optimal pH (Fig. 37). Similar obsexrvations

-

were reported by Kurooka et al.A(1972),'Jansen and Hillsmann

(1973), and Frosolono et 1. (1971). Working with rat
serum (Jansen and Hulsmann, 1973) and liver (Kurooka et al.,
1972), these authors found'that the actrvrty of palmitoyl-
CoA hydrolase was almost ogtlmal at pHE 8.0-8.5, and non-
enzymatlc palmltoyl—CoA hydrolysrs became significant at
PH values higher than 9. gimilarly,- Frosolono et al. (197l)l
reported that the hydrolysrs of palm;toyl—CoA by dog lung
microsomes was\lqwest at pH 6.0-7.5, Efyever, the actrvrty
increased at boq%IaCLd and alkaline pH. ‘In contrast, Daniel
and Rubinstein (1968) reported a completely dlfferent pH-
activit?_curve for-palmitoyl—CoA hydreiese in rat adrpesef
tissue homogenates. These authors found that the optrma;_
pH was 7.0 with the activity decrtasing markedly at both
acid and alkaline pH. . .

Wifﬁiamso;'§g~§;. (1968) reported that (+)-decanoyl-
carnitine was a ébmpetitrve inhibitor for carnitine palmi-

toyltransferase. .From this observation, it was thought
that the addition of this compound to the incubation mixture
could prevent the oxidation of added substrate, palmitoyl—

Coa, thus maklng lt avallable in a larger quantlty than
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b.othe;wise for the palmitoyl-CoA hydfolase_reaction. There—

fore, the effect of various concentrations of (+)—éeoanoyl-
carnitine on the activity of palmitoyl-CoA hyd:olase was
examined. for this purpose, the assays were carried
out in an atmosphere of room air instead of N, gas. The
results are illustrated in Fig. 33. The activity of paimi—
« - _
ltoyl—CoA hydrolase in heart homogenates was incteased as the
concentration of (+5—decanoylcarnitine increased up to 7.5
mM;_it stayed constant as the concentration was further
increased to lé gh. However, it is unllkely that this
increase in activity is due entirely to the inhibition of
palmitoyl—CoA oxidation by (+)-decanoylcarnitine since the
activities measured in air and in nitrogen atmospheres both
in the absence (0.45 vs. 0.51 nmole/mg min) and in the
presence (3.10-vs. 2.76 nmoles/mg min) of (+)edecanoyl—
carnitine were almost identical. _The.non-lineer potentiation
of the palmitoylfCoA hydrolase activity ﬁ; (+)-decanoyl-
carnitine shown in Fig. 38 suggests that besides the

?
inhibition of carmitine palm;toyltransferase, (+)- decanoyl—

%

. ° . .
carnitine may have an effect in altering the phys;o—chem;cal
Gx

states of the substrate or may modify the physical configur-

ation of the enzyme-substrate complex, thus resulting in
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non-linear kinetics.

Previous studies on acyltransferase reactions, -

Iands and Hart (1965) used séectrophotometrie assay teche

nlques which measured the rate of release of coa from acyl-
%?A,_and ln which both acyltransferase and acyl—CoA‘nggrolaseA
activities were measuned simultaneously, ®In order to minimize
the 1nfluence -of acyl-CoA hydrolase on the measurement og
acvltransferase(reactlons, Lands and. Hart (1965) attempted

to seleetlvely lnhlblt the hydrolase act1v1ty in their

enzyme preparation. They found that among several agents
tested,p DFP was falrly effective in lﬁhlbltlné hydrolase P
activity, /and that the acyltransferase reactlon was rela-

tively ué;ﬁéesteflby the DFP. The hydrolase activity in

guinea plg liver microscmes was inhibited 78-88 %ﬁby pre-
intubation © of the enzyme with 3 mM DFP for 20-30 min. at ‘
o° ¢. The DFP was most éffective when the enzyme was
preiﬁcubated for at least 1 hr at room temperature’ with

'3 mM reagent (Lands and Hant,-l965). A?c?rdlngly, we have

tested the effect of various concentrations of DFP on
palmitoyl-Coa hydrolase activity in rabbit heart homogenates.

| By preincubation of the enzyme preparatlon thh DFP

for 1 hr at 0? C., palmitoyl—CoA hydrolase actmvzty in heart

- e
‘ . v
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héﬁoger;ates was inhibited 38 %: and ‘50;\‘% at 3-mM and 5 mM

~ DFP, resbeéctively, aﬁd complete inhibition was achieved

at a much highef. concentration (30 mM) .(Fig. 39) . Frosoloho
;_g al. (1971) reported that in dog lung microsomes, the_ ‘
hydrolase activity was completely remeved'by treatment
with'3-mM D::"P :Ln the same way as descr:l.bed by I.ands and
Hart (1965). Jezyk and Hughes (1971) observed that p:.g
liver mcrosomes were relat;u‘ely “insensitive to DFP, while |

rat liver microsomes were strongly sens:.t:l.ve to DFP. BY
preincubation of enzymes w1t.h 1 mM DFPF at 0 C fc!r 6.0 min,
the hydrolase activity in pig-and rat liver .-microsomes was
inhibite_d: by 40 % and 79 %, 'respectively (Jezyk 'and Bughes,
1971). In contrest, palm:.toyl—CoA hydrolase act:.v:.ty in

various ti'sazes (liver, kidney. ‘heart, spleen. and brain)

of the rat was not inhibited significantly by pr,ei‘ncu‘bation- ‘
'
k,

of enzyme with 4.4 mM DFP in 10 9 2-propanol or ethanoY in

0.1 M Tris-HCl buffer (pE 8.0) at 38° ¢ for 60 min (Kurooka
/

LJ

£ al,, 1972). In comparison with hepatic palmitoyl-Coh

— —

P
hydrolase (I.ands and Hart, 1965; Jezyk and Hughes;, (1971) '

S
the cardiac enzyme was relatively lnsensa.t:.ve to DFP (40—
88 % of inhibition at 1-3 mM DFP for the hepat:.c enzyme VS.
50 % inhibition at .5 mM pFP for the cardiac l_anzyme) . ..It

- ' ) . ' - (

L}
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is possible that the DFP does not cempletely block the
hydrolase aet;vxty. but alters the configuration of the
enzyme ‘sufficiently to produce an 1ncreased susceptibility
to denaturation by detergent~action“ot the acyl-CoA._-.
The relationship betwpen rates of hydrolyszs of
palm;toyl—CoA andiemounts of faicrosomal or soluble fractlons
was next examlned (Flg. 40). ,The rate of hydroly51s of
palmxtoyl—CoA was proportional to the amount of the enzyme
preparatlon up to l.2 mg proteln for the microsomal frac-—
tion andng .0 mg protein for the soluble fractlo;?hhThe
ectivity-was s;nllar when - elther nitrogen gas or room alr

was used as the dtmosphEre dnrlng lncubatlon (aata not

given).

-

Iv-2-3. . The dlstributlon Qﬁ_pglmltovl—CoA hvdrolase in

——

rabblt heart snbcellular .fractions

. The distribution pattern of the hydrolase in subcellular
.fractions ot rabblt heart is shown in Fig. 41 and Table.29.
The mitochondrial; lysosopal, m;crosomal and soluble frac-l
tlons-all possess actlvitles, namely, 0.106 nmole/hln mg

. »

* For- m;tochondrlal 0 169 and 0. 166 nmole/min mg for lysosomal

- and microsomal, respectxvely, ‘and 0. 076 nmole/mln ‘mg for /B

soluble fraction. Th&ﬁhiéhest spee;flc act1v1ty of‘palmltoyl— '
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N ) . .
CoA hydrolase among various subcellular fractions was
found fo be in lysosomal gnd microsomal fractions, while

L

the lowest’specific activity was present in soluble frac-
. tion. However, the total -activity for each fraction
showeg‘a different pattern of distribution (Table 29),
that is, mit;chondrial and soluble fractions contained
' 38.0 and 37.1 %, respectively, of the total palmitoyl-CoA
hydrdlase activity, with the remaining being in 1yso§omal
18.4 %) and microsomal (16.5 %) fractions. The results
obtained with sFBceé}ular"distribution in this study must
be interpreted with ;ome reserva%iog be¢ause the distribution
of mar@er enzymes for each particular fraction was not deter-
mined. The diétribution pattern for protein content in each
subcellular fraction in rabbit heart (Table 29) was not en-—
tirelyAidenti?él t6 £hat in rat heart, as described by
Hilemand (1961). The distribution of protein content in
cabbit heart was 49 % for soluble, 36 % for mitochondrial,
and 15 % for the combined microsomz2l and lysosomal £ractions
(Table 29); rat heart had a distribution of 26 % foi soluble,
44 % for mitochondrial, and 30 % for the microsomal ffaction
(including lysosomal fraction) (Eulsmans, 1961). In both

’

cases, the protein contents of the nuclei, unbroken cells,
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cell debris, and myofibrils con#isted of approximately

50 % of the total protein content of the whole homogenates.
The specific activity and the distribution of palmitoyl-

CoA hydrolase, as well as the distribution of protein

content, iq/gubcellular fractions of rat.liver (Kurooka

et al., 1972) were entirely different from those of rabbit

—

heart (Fig. 41 and pable 29). In rat liver, Kurooka et al.
(1972) found that the specific activity of palmitoyl-Coa -
hydrolase was higheét for soluble fraction (189.94 nmoles/
min ﬁg), moderate for wicrosomal fraction (31.25 nmoles/

min mg), and lowest for mitoéhéndrial fraction (23.15 nmoles/
min mg). The protein content for rat liver subcellular
fraction was highest in soluble (65.7 % of total protein), ’
moderate in microsomal (contained lysosomes) (26.5 % of
total protéin), and lowest i;‘mitochondrial (7.8 % of tdtal
proteinI fréction (Kurocka et al.. 1972). In rabbit heart
(Fig. 41 and Table 29), however, the highest specific activity
_was found in the lysosomal and mlcrosomal fractlons which
contalned the least amount of proteln (15.0 % of the total
protein). while the lowest specific activity was observed

in the soluble fraction which possessed the largest quantity

of protein (49 % of total protein). Mitochondrial fraction
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“had a:spébific activity between the micfosomal (plus
lysosoﬁeé)land solﬁblg fractions, and contained 36 % of, the
total protein.'lConsidering these two factors;‘pamely. the
specific activity and the protein content, the calculated
distribution of palmitoyl-Cod hydrolase in rat liver was

92 % in solubte, 6 % in microsomal (inclpding lysosomes),
and 2 % 1n mltochondQZal fractlon (Kurooka«et al., 1972).
while in rabbit heart, the dlstribut;on was 37.1 % in
soluble, 38.0 % in m;tochondrial, and 24.9 % in the combined
f:action of microsomes and lysosomes (Table 29).

The specific activity sf palmitoyl-Coa hvdrolase re-
ported bf Kurooka et al. (1972) in rat liver was extremely
high-as compgred to that in rabbit heart. It is not clear
'_whether the discrepancy is due to the difference in species,
in organs, or to the different technique employed in theik

study to measure enzyme activity., i.e., use of sonicated

enzyme preparations and the DTNB colorimetric assay procedure.

-
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.LEGEND TO FIGURE 35

”

The effect of dithiothreitol ang cvsteine on the spontaneous

decomposition of palmitoyl-CoA at various pH.

The reaction mixture, in a final volume of 2.0 ml,
contained 0.15 pmole 1-*4c]1palmitoyl-Coh, 20 mg bovine
serum albumin, 80 Fmoles rTris-phosphate buffer at different
pH, and the presence Or absence of 5 mM dithiothreitol and
25 mM cysteine. The incubation ﬁemperature was 37° ¢, and
the gas phase was nitrogen. The ordinate shows the amount
of palmitoyl-CoA decomposed in nmoles, and the abscissa
jindicates the incubation time in min. The symbols aif:

pH 5.0

ﬁ':

: pE 7.4 in the absence of dithipthreitol and
cysteine

0 b

pE 9.5

*.

: pH 5.0

*ﬁ

pH 7.4 in the presence of dithiothreitol and

, (f\7 cysteine
L Eeet
/ -
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FIGURE 35



LEGEND TO FIGURE 36

- ~

The time course of hvdrolysis of palmitoyl—éoA by rabbit

art homogenate : ‘ \

.
The incubation mixture, in 2 final volﬁme of'2|0 ml,

c‘ tained 0.2 Fmole [l— C]palmltovl—CoA (226 000 d.p. m‘/

Pmole), 80 Fmoles Tris-phosphate buffer, pH ?.4. 20 mg

bovine serum albumin, 4.0 Fmoles (+)-decano§fcarnitine,

and 0.4 mg of freshly prepared homogenate. The température

of incubation was "37° ¢, and éhe gas phase was Ioom alr.

A tiv%ties in nmole/mg protein are expressea on the ordxnate,

while the duration of incubation in min is shown on the

abscissa.
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LEGEND TO FIGURE 37

The effect of different pH values on the activity of

| palmitovl-CoA hydrolase in heart homogenates

The assay conditions are described in the legend to
Fig. 36, except thét the pE of the assay medium was varied ’
as-shcwn (abscissa), and (+)—decaﬁoylcarnitine was omitted.
The amount of heart homogenate was 0.3 mg., the incubation
time wés'GO min, the temperature was 37° C,.and the gas
phase was nitrogen. Each value. was corrgcted by the blank
valﬁe which was obtained in +he a2bsence of homogenate after
+the same period éf ipcubation at the corresponding PH. The
rate of hydrolysis is Shrew-on the orginate in'nmoié/mg'
protein min. The values obtained at pH 9.7 in the presence

and absence of homogenate were similar.

\..-/

S
T
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. . LEGEND_TO FIGURE 38

The effect of various concentrations of (+)—decanovlcarnitine

on the activities of palmitovl-Cod hvdrolase in heart homo—

genate :

The assay conditions are described in the legend to /
Fig. 36, excepﬁ that the amount Qf (+)-decanoylcarnitine
was varied as iﬁdicated. én_the abscissa (mM). The protein
content of the homogenate was 0.39 and 0.41 mg protein in
these experiments (n=2). Incuba;tion time was 60 min, the
temperature was 37° ¢, and the c.;as phase was Iroom air. The

ordinate indicates the rate of hydrolysis in nmole/mg min.
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LEGEND TO FIGURE 39

The effect of preincubation of heart homogenate with

g;;§99r0pvlfluorophosnhate on the activity of palmitovl—

CoA hvdrolase -

K/

. The homogenate, containing approximately 4.9 mg protein
in 2.0 ml, was preincubaﬁed in the presence of various con-

centrations (mM, abscissa)5o£<dii§obfopylfluorophosphdte

A

(DFP) for 60 min'a‘q_oo C in this .experiment (n=2). Palmitoyl-

"CoA hydrolase activity wﬁs subsequently assayed by taking

=

0.1 ml aliguots from_the preincubation mixture under condi-

trions similar to those deseribed in the legend to Fig. 36.
incubation was performed under nitrogen gas for 60 min. ‘

The activity is indicated on the ordinate in nmole/mg min.
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LEGEND TO FIGURE 40

+

The relationship bet;:gen different amounts of microsomal

%nrsolﬁble fractions and rates of hvdrolysis of pal@itovl-

CoA

For the asséy conditions, see the legend to Fig. 36,
except that a nitrogen atmosphere was introduced during
a 40 min incubation period{ aﬁd (+)-decanoylcarnitine was
omitted. The ordinate indicates the rate of hvd;olvs;s
of palm:toyl—CoA in nmole/min, while the absélssa indicates
the'amounts of subcellular preparations in mg protein. Dots
signify the results obtained with a 100,000 x g precipitate
contalnlng microsomes and lysosomes, and circles signify

results dbtalned with the soluble fractlon.

-

-
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LEGEND TO FIGURE 41 Y

4

The distribution of palmitovl-Cod hydrolase in rabbit

heart subceilular fractions

The ordinate indicates the activity in nmole palmitoyl-

Coh hydrolyzed pér'mg protein per min and the abscissa shows

s’distribution of protein in subcellular fractions. The

symbols are: mitochondrial fraction = Mt, lysosomal frac-

tion = Ly, microsomal fraction = Mc, and soluble fraction = S.

LN g
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TABLE -29

Distribution of palmitoyl-Col hydrolase in rabbit heart

subcellular fractions

Subcellulaf: Percentage Specific Distribution of
fraction lof total activity | total activity
: protein¥*
% nmole nmole/min per 'G%)
per min mg | g wet weight
: ‘ of heart

Mitochondrial| 36.0 0.106 1.516 (38.0)
Lysosomal 5.0 0.169 0.338 (8.4)
Microsomal 10.0 " 0.166 ' 0.664 . (16.5)
Soluble 49.0 0.076 1.482 (37.1)

For experimental details, see the legend to Fig. 4l.
g

xyalues of total protéin were obtained from the enzyme

preparation after removal of nuclei, unbroken cells, cell

debris, and myofibrils,whidh consist of approximately 50 %

of the whole homogenates.
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Iv-3. Propg;ﬁies and Subcellular Distribution of

Phosphatidate Phosphohydrolase in Rabbit Heart

Iv-3-1. Properties of phosphatidate phosphohydrolase

The relationship between the rate of hydrolysis‘of
phosphatidic acid and the different amounts of heart homo-
genate from 0O Fo 2.5 mg protein was linear at the‘end of
various incubation times (Fig. 42). Fuéthefﬁoref the re-
action rate was constant for negrly_B hours with oux assay
system (Fig. 43). Sincekthe activity of phosphatidaté
phosphohydrolése in heart homogenate megsured with agueous
phosphétidéte was dependent upon the concentration of énzyme
protein (Fig. 42) ,~and the rate of reaction was linear with
incubafion time (Fig. 43), this indicates that aqueoué —
substrate is a suitable preparation for the activity measure-

.
ment with the homogenate system. This is in agreement with
" the results dgtained by other investigators with kidney
(Coleman and mbscher, 1962), adipose tissue (Jamdar and
Fallon, 1973), and liver (Lamb and Fallon, 19742 and 1974b).
with pig kidney microsomes, a time course stuéy indicated
that zero order conditions jasted for 40 min of incubation

when 25-30 % of the agquecus substrate had been hydrolyzed

(Coleman and matbscher, 1962). With rat adipose tissue, the
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activities of phosphatidate phosphohydrolase measured
using agueous suspeﬁsion of substrate in mitochondrial,
microsomal, and solﬁble fracéions were linear for 60 min
(Jamdax-and Fallon, 1973); A similar lipear relationship
between the activity and incubation time for'up t; 50 min
in rgt liver microsomes was observed by Lamb and Fallon
(1974a).

Magnesium ioﬁs havé been reported to stimulate or
inhibit the activity of phosphatidate phosphohydrolase from
various sources (Smith et al., 1967: Sedgwick and Bibscher,
1967; Mitchell et al., 1971; Jamdar and'}allon, i973: Lamb
and Fallon, 1974a and 1974b). The rate of hydrolysis of
phospﬁatidate (agueous dispersion) by an ammonium sulphate
precipitate from the particle-free supernatant of both gat
intestinal mucosa and rat liver was stimulated by 53 to 83 %
at 7.5 mM MgCl, (Smith et al., 1967). At this concentration
‘of M92+ ions, these investigators showed that microsomal
phosphatidate phogphohydrolase prepared from cat intestinal
mucosa was strongly inhibited but, even then, the microsomal

activity was more than twice that-of the supernatant pre-

paration. In the same study, Smith et al. (1967) reported

that Mg2+ jons caused significant stimulation of the supernatant
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enzyme from rat liver with the phosphatidate dispersion
as substrate and 37 % inhibition with membrane-bound
phosphatidate as substrate. .From this, the authors con-
cluded that the cobserved contradictory results were either
due to the differences of the physical states in or to
tbe fatty acid composition of the two substrates.

In another report, the hydrplysis of aqueous phospha- ~
+idate by a soluble fraction prepared from rat liver mito-
chondria was stimulated-by 50 % at.3 M MgCl2 and was
inhibited by 20 % at 20 mM (Sedgwick and Bibscher, 1967).

In contrast, Jamdar and Fallon (1973) reportéd that with
aéueous substrate, Mg2+ at a low concentration (2.5 ™M)
stimulated the phospﬁatidate phosphohydrolase from soluble
and microsomal fractions of rat adipose tissu€, but had no
effect on the mitochondrial phosphohydrolase. At a higher
concentration (5 mM}, Mg2+ was inhibitory +o the three
fractions. When agueous substrate was substituted for by .
membrane-bound substrate, the phosphatidate phosphohydrolase
from soluble and ﬁicrosomal fractions wWas stimulatéd bé a
low concentration of magnesipm ions. No effect was observed
when mitochondrial fraction was used as the eniyme source

with menmbrane-pound substrate (Jamdar and Fallon, 1973).
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More recently, Lamb and Fallon (1974) reported that with
aqueous subsFrate, M.g2+ at a concentration below 5 mM
promoted microsomal phosphatidate phosphohydrolasg activity,
put was inhibitory at higher concentrations in rat liver
microsomes.

Following the reports sited above, we have attempted
to clarify the effects of Mg2™ on phosphatidate phospho-
hydrolase activity in hombéenates prepared from rabbilit
heért. I+ was found that the addition of 1 mM MgC12 to the
incubation mixture did not influence the reaction rate of
the enzyme in rabbit heart homogenate, that is, 0.74 nmole/
- mg min versus 0.81 nmole/mg min in the aﬁsence and presence
of Mgclz, respectively. The failure of Mg2+ to affect
phosphatidate phosphohydrolase activity in heart homogenate
as observed in our study is presumably due to the presence
of a large endogenous pool of these jons in the homogenate
preparation.

Figure 44 shows the effect of various pH values on the
activity of phosphatidate phosphohydrolase in rabbit heart
homegenate examined by using & dialyzed enzyme preparation.
Dialysis was performed because it decreased the blank

values which were obtained in the absence of substrate for
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the same period of incuba;ion time at the corresponding
pH values. The activity of the dialyzed enzymes was
increased about two-fold. The pH ‘optimum of heart phos-
phétidate phosphdhydrolase,activity measured with'aqueous
subsﬁrate appeared to be 7.0 with a marked decrease in
apparent activity at acidic pH. The activity at pH 4.0
was only one-sixth of that at optimal PH, while one-third
of the .activity at oétimal-pﬂ was found at pH 11 (Fig. 44) .
The_observed activity-pH curve in rabbit heart homogenate
was similar to previous findings in rat liver (Sedgwic;
and Hibscher, 1965; Smith et al.. 1967), rat adipose tissue
— .
(Daniel and pubinstein, 1968: Jamdar and Féllon, 1973).,
and pig kidney (Coleman and Hibscher, 1962). The optimal
pH for the mitochondrial and microsomal enzymes of rat
adipose tissue appeared to be 6.8 (Jamdar and Fallon, 1973),
and that for the microsomal preparation from pig kidney |
was 6.0 (Coleman and Hubscher, 1962), when assayved with
agueous substfate. Wwith agueous phosphatidate dispexsion,
the supernatant enzyme of r%t-liver had a broad PE optimum
petween 6.0 and 7.5, while with membrane-bound'phosphatidate

a5 substrate, the optimum was sharp at pH 6.8 (Smith et 2l..

1967). The discrepancy in pH optimum obtained among
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invest;gators might, ;n part, be due to the different
physical states of the substrates.

Next, the relationship between substrate coﬁcentrations
and reaction rates was examined using the microsomal-
lysossmal fzaction (Fig. 45). The optimal phosphatidate
concentration for heart enzyme was 1.0-1.5 mM which was
in accord with that for rat liver microscmes ELme and
Fallon, 1974). The kinetic data gave a Michaeiis—Menten
;onstant (km) of 0.33 mM for phosphatidate, 2 value similar
to previous‘reports with other organs (Coleman ané Hubscher,
1962; Sedgwick and Hubscher. 1967: Jamdar and Fallon, 1973).
with pig kidney microsomggg Coleman and Hilbscher (1962) ob-
served a Km value of 0.22 mM for agueous substrate. Se@gwick
and Hubscher (1967) reported a Ku value of 0.5 mM using
agueous phosph;tiaate'as sﬁbsprate fqr partially purified
enzyme from rat liver mitochondria. Due ﬁé the stimulatory
effect of Mg2+, ;he Km value for mitochondrial and microsomal
enzymes from rat adipose tissue decreased from 0.55 mM in the
absence of M92+ to 0.24 mM in the presence of 1 mM Mg2+.

The slight difference in Km values reported among investigators
. . .

could be due to the various degrees of emulsification in the

phosphatidate preparations.
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The fate of hydrolysis of pﬁhﬁghatidic'acid wgs also -
propoftional to the amount of subcellular fractions ‘up to
1.0 and 3.2 mg protein per flask for micrésomal-lysosomal‘
and soluble fraction;, réspéctively (Fig. 46). ‘The linear
reiationship with mitochondrial fraction was sustained
using up to lég'mg protein (Fig. 46). Lamb and Fallon
(1974) reporte; that the release of inorganic phosphate
from agueous pﬁosphatidate increased linearly with increasing
amounts of microsomal protein prepared from rat‘liver up to.
1.0 mg. In rat aaipose tissue, the reaction velocity waé
proportional to thé concentration of protein over a rela-
tively low range, that is, up to 0.3 mg, 0.2 mg, and 0.72
mg for the mitochondrial, microsomal, and soluble fractions,

respectively (Jamdar and Fallon, 1973).

Tv-3-2. The effect of the supernatant fraction on_ the

i

conversion of particle~bound phosphatidate to
glvceride
In studying the biosynthesis of glycerides via the
Kornberg-Kennedy de novo pathway, Smith and Hubscher (1966)
found that the formation of neutral lipids from sn-G3P and
palmitate by mitochondria of rat liver was stimulated |

markedly by the addition of the supernatant fraction of the

L}

N



312
_ same organ. -In‘order to evaiuapg the nature of the stimu-
lation by the soluble f;a&tion, various factors such as |
CoA, ATP, magnesium ions, bovige ‘serum albumin, and CDP-
glycerol, which are known to influence the biosynthesis
of glycerides, were investigated. The results showed that
none of these factors present in the supernatant fraction
‘could account for the cbserved stimulatory effect (Smith
and Hubscher, 1966). Furthermore, the supernatant fraction
contained only negligible amounts of acyl-CoA synthetase,
DG acyltransferase, and phosphatidate phosphohydrolase
measured with aqueous substrate. From this finding, it was
concluded that Fhe stimulatory effect of the supérnatant
£raction could not be due to a leakage of acyl-Coa synthetase,
DG acyltransferase, Or phosphatidate phosphohydrolase from
the mitochondria into the supernatant during the enzyme pré—
parations (smith and Bubscher, 1966).

Further investigations of the nature and mechanism of
+rhe stimulatory effect of the supernatant fraction on.TG
biosynthesis-in mitochondrial fraction of rat liver (Smith
et al., 1967) or in microsomal fraction of hamster and cat
intestinal mucosa (Johnston et a2l., 1967; Smith gg_g;., 1967)

showed that the stimulation was due to the phosphatidate

/e
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phoéphoh&drolase present in the soluble fractéon. It
was reported that this enzyme p:eferentialiy acted on
membrane-bound phosphatidate, thle the mitoéhondr}al
and microsomal phosphatidate ?h?sphohydrolase favored
the aqueous dispersion of phosphatidate as subsfrat

t al., -1967).

— —

(Sedgwick and Hibscher, 1967; Johnston
The hypotyesié that the phosphatidate phosphohydro-
lase existing in the soluble fraction acts preferentialiy
on membrane-bound substrate (Smith et al., 1967; Johnston
et al., 1967: Sedgwick et al., 1967) was tested wusing
cardiac subcellular fraction. The results are illustratéd
in Table 30. The micfbsomgl fraction (9.74 mg protein),
wh%ch wis used for synthesizing the endogenous merbrane-—
bo&ﬁd pﬁosphatidate, ccntgined 28 nmoles phosphatidaté and
12 nmo;es neutrai lipids after one hour incubation in the
absence of soluble fraction. However, in the presence of
soluble fraction (10.8 mg protein) under identical experi-
mental conditions, phosphatidate was diminished to 25.2
nmoles whirg\neutral lipids were increased to 14.8 nmoles.
Thus, the rate‘of conversion of labelled phosphatidate into

neutrél lipids by the action of phosphatidate phosphohydro-

lase in soluble fraction was only 0.0043 nmole/mg min
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(Table 29). This finding demonstrates that the activity
of the soluble enzyme in rabbit heart was very low with -

particle-bound phosphatidate in comparison to tﬁq&_with

aqueous phosphatidate as the substrate, that is, 0.0043

nmole/mg min for particle-bound and 0.2 nmole/mg min

(Table 30) for agueous substrate. VThese results are ih
contrast to‘thoée repo;ted with liver or intestine in which
the phosphatidate phosphohydrolase of the supernatanﬁ.frac-
tion has a low activity with aqﬁeous phosphatidate dispefsion-
and a high activity with membrane-bound phosphatidaté (Smith
et al., 1967; Johnston et al., 1967).

The resu}ts presented in this thesisﬂconcerning the
effect of the supernatant fraction on the cgnversion of
membrane—pound phosphatidate to glyceride in rabbit heart
are of a preliminary nature. In our study. t+he membrane-—
boﬁnd phosphatidate was prepared in the presence of maggésium
jons (3 mM). These ions may have bheen absorbed by the
microsomes and,therefore,could have influenced the measure-
ment of phosphatidate phosphohydrolase activity. Magnesium
ions at a low concentration (1-5 mM) had a stimulatory
effect on rat liver mitochondrial enzyme (Sedgwick and

-

Hubscher, 1965), but at a high concentration, they had an
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inhibitory effect on erythrocyte phosphatidate phospho-

hydrolase {Hokin

— ——

t al., i963). It is also possible‘that
the intrinsic G3P acyltransferase and phosphatidate
phosphohydrolase-present ih the microgomes whickh were
used tdlsynthesize.membrane-bound substrate could affect
the activity measurement of phosphatidate phosphohydxrolase
in the soluble fraction. ‘Although the assays of\phosphan
tiéate phosphohygrolase were carried oﬁt under conditions
—similar to tﬁ3§é édopted bylprevious investigators (Smith

-

£ al., 1967; Jamdar and Fallon, 1973), more detailed

— —

investigation regarding the influence of incubation conditions

on the activity megsurepent must be carried out. The éffecﬁ
of incubation time, enzyme.concentratipn, intrinsic G3P
acyltransferasé, etc. on the phosphatiéate phosphohydrolase
assafs must be studiéd; Therefore, further_experiméntal
work is required to establish the role of soluble phospha-
tidate phosphohydrolasexin élyceride biosynthesis in:the

'heart - . . -

IvV-3-3. .Subcellular distribution of phosphatidate phos—

phohvdrolase in rabbit heart homogenate

The subcellular distrib@tion of phosphatidate phospho-

hydrolase assayed using aqueous phosphatidate dispersion

4
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as substrate in the absence of Mg2+ is shown in Fig. 47
ond'Table‘BO; The highest specific activity of phos-
phatidate phosohohydrolase was found in the microsomal
and lysosomal fractions. The activity oﬁ this enzyme
in mitochondrial fraction was approxiy

o

of that found in the microsomal £rac jon. The apparent

itely four-tenths

activity of soluble phosphatidate okpsphohydrolase was-"
only 7 % oﬁ tha£ found in the microsomal and 16 % of
that found in the mitochondrial fraction (Fig. 47 and
mable 30). These results are in close -agreement with T
those found using adipose tissue (Jamdar and Fallon,-}973).
In adipose tissue, microsomal phoophatidate phosphohydrolase
was oost active (20 nmoles/mg min).when measu;ed with
agueous substrate in the absence of magnesium ions, while
the mitochondriol-enzyme Qas about 1/2 as active 2as the
microsomal phosphatldate phosphohydrolase. ‘The soluble
enzyme contained only 6 % of the activity found in the
mlcrosomal fraction (Jamdar and Fallon, 1973) .

By taking into account the distribution of the protein
_ content of each sibcellular £raction, the distribution of

total phosphatidate phosphohydro;ase in ecardiac subcellular

fraction was calculated. The results indicated that the
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mitochondrial fraction contained the bulk of the enzyme,

namely, 43.3 % of the total activity (Table 30). Micro-

semal fraction possessed 31.6 % of the enzyme, with 15 %

of the activity being in the lysosomal and 10 % in the

soluble fraction (Table 30). The results obtalned in

éhls study were not in agreement with those observed 1in

liver (Sedgwick and Hibscher, 1965), kidney {Coleman and

Hibscher, 1962), and adipose tissue (Jamdar and Fallon,

1973), in which the enzyme was assayed with agueous sub-

strate in the absence of magnesium ioﬁs. In rat liver,

37.8 % of the total activity was found in microsomal., 25 %

in lysosdmal, 18.5 % in mitochondrial, and 12 % in the

soluble frectiop.(Sedgwick and Hubscher, 1965). The,

discrepancy in ‘resu.lts obtained by ‘us and by Sedgwick ;hd . ‘
Hibschér (1965) was due to fhe different distribution of ‘ R
protein content for-each subcellular fraction, that is,

the cardiac mitochondrial fraction centained a greater

proportion of total proteln than did the hepatic mitochondria

(36 % versus 18.5 %) + whlle cardlac microsomes contained 2 consi~ |
defablyvsmaller propertion of total proteln as compared

to that found in hepatic microsomes (10 % versus 37.5 %) -

In pig kidney. the microsomes contained the highest specific

-
—_—
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activity (0.585 umoles/mg hr) which consisted of 63 % of .
the tétal‘activity, with the remaining activity, 21.2 %
and 14.6 %, being distributed in the mitochondrial and
soluble fractions; respectivel§ (specific activity, 0.197
nmole/mg hr for the mitochoquial fraction and 0.104 nmole/
mg hr for the soluble fractiog) (Colemaﬂ-and Hubscher, 1962).
In adipose tissue, 42 o of the phosphatidate phosphohydrg&gse
activity was found in microsomes which contained only 8 %
of total protein, while 27 % of the activity was found in
mitochondria containing 9 ¢, of total protein and 20 % in
the solubie fraction possessiné 75 % of total protein
(Jamdar and Fallon, 1973). ¢

Since the. phosphatidate phosphohydrolase activity in
soluble fraction weis extremely low, it is difficult to ‘
deduce from the present data whether an independent enzymée
exists in this fraction or whether the apparent activity
observed is due to microsomal contamination. It is also
possible that the observed phosphatidgte phosphohyarolase
activity in the soluble fraction is due to leakage of the mito-
chondrial enzyme during the preparation procedure since

it has been shown that two types of mitochondrial phospha-

tidate phosphohydrolase exist, one being readily soluble

L
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and the other being tightly bound to mito;ﬁ%nd?ial
membrane (Sedgwick and Hubscher, 1965; see also Section
I—2;5 of this thesis). Jamdar and Fallon (1973) proposed
that there are two types of phosphatidate phosphohydrolase
differing in their response to magnesium jions in rat adi-
pose tissue, that is,Mg2+;dependent and Mg2+;independent
enzymes (Section I-2-5). The Mg2+—independent enzyme
loéalized mainly in the mitochondrial fraction,with some
activitf existing in microsomes (Jamdar and Fallon, 1973).
It is possible that/;here are two types of caxdiac enzymes
also, and that thecibw phosphatidate phosphohydrolase

activity found in the soluble fraction in this study re-

flects the Mth-dependent property.
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LEGEND TO FIGURE 42

The effect of various amounts of heart homogenate on

the activity of phosphatidate phogphohvdrolase

The incubation mixture, in a final volume of 2.0 ml,
contained 3.0 Pmoles sodium phosphatidate, 160 Pmoles
rris-acetate buffer, pE 7.0, and various amounts of homo-
genate as indicated on the abscissa (mg protein). Incuba-
tion was carried out in air at 37° ¢. The ordinate
indicates the activity of phosphatidate phosphohydrolase
in nmoles inorganic phosphate released. The symbols

—0— . —f— , and —{1— represent the results

obtained at the end of 30, 60, and 90 min incubation,
D

respectively.
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LEGEND TO FIGURE 43

The time course of the hvdrolvsis of phosphatidic acid

v rabbit heart homogenate

The assay mixture contained, in a final volume of
2.0 ml, 3.0 Fmoles of phosphatidate, 160 Pmoles Tris-—
acetate buffer, pE 7.0, and 2.535 or 3.10 mg protein of
homogenate. Incubation was carried out in air'at 37° c.
The ordinate indicates the activity of phosphatidate
phosphohydioiase in nmole iﬁorganic phosphate released
per mg protein, whereas the abscissa indicatés the incu-
bation time in min. Dots and circles represent two

separate experiments.
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LEGEND TO_FIGURE 44

The pH-activity relationship of phosphatidate phospho-

hvdrolase in- rabbit heart homogenates

lThe assay conditions are identical to those described
£5¢ Fig. 43. The heart homodenate in this experiment was
-dialyzed against a medium consisting of 0.25 M sucrose,
0.02 M Tris-HC1l, and 0.001 M EDTA for 16 hours’a?ﬁt? c.
The amount of homogenate was 1.9 mg, and thg incubation
lasted for 45 min.? Each value wés corrected for a small
blank value obtained at the same pH in the absence of phos-
phatidate. The activity 1is expressed as nmole/mg protein

min (ordinate), and the PR values are plotted on the

abscissa. Acetic acid and IN NaOH were used to ¥ary the pH

.
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LEGEND TO FIGURE 45

The effect of various concentrations of phosphatidate

on the activitv of phosphatidate phosphohvdrolase

The assay conditions are described in the legend

to Fig. 43. The ;ncubation was continued for 60 min, and

somal-microsomal fraction (1.56 mg protein) was

the lyso
used as the enzyme source in this experiment. The activity
ié plotted on the ordinate (nmole/mg min), and the sub-

ssa (mM).

strate concentration is on the absci
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LEGEND TO FIGURE 46

The relationship between amounts of different subcellular

fractions and phosphatidateAphosphohvdroiase acEivitx

4

The assay mixture contained, in a fiﬁal volume of
2.0 ml, 3.0 pmoles of phosphatidate, 160 pmoles Tris-
acetate buffer, pE 7.0, and various amounts of subcellular
fractibns (abscissa, mg protein). The‘asséy was carried‘
out/for 45 min at 370”9 in air. The activity is expressed
as nmoles of inorganic phosphate released per min (ordinate).
Squares represent activities of the microsomal—l?sosomél
preparations, dots represent those of the mitochondrial
p¥epa£ations, and circles represent Ehdée ;f the soluble

fractions.
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LEGEND TO TABLE 30 ' ' ‘

The effect of the supernatant fraction on the conversion

- of particle~bound phosphatidate to glyceride

Membrane-bound phosphatidate was prepared by incubating

the microsomal fract%Pns with ggr[U—l4C]G§P and palmiéate

in the presence of various cofactors as described in

Materials and Methods (Sections III-1-4 and I1I-4-4).

After 5 min incubation at 37° ¢, 10 tubes of reaction

mixture were combined and centrifuged twice at 100, 000

x g for 60 min at 4° ¢ and the resultant pellets suspended

in 0.25 M sucrose solution. The sucfpse suspension was
_\Jaivided,equally into three parts,‘each containing 92.74 mg

prot?in. One of ‘them was immediately extracted by butanols

and the radioactive compounds were analyzed bf‘TLC with a

solvent system of petroleunm ether—-ether-acetic acid (40:10:1,

v/v/v) (Section I1I-4-5). The other two parts were incubated

in the absence and presence of the soluble fraction (10.8

mg protein). After ineubation for one hour at 376 C, the

reaction was stbpped by addition of putanol (Sections ITII-

1-4 and III-4-5),and the lipid produéts were analyzed by

7LC in a solvent system of pef&oleum ether-ether—-acetic

acid (40:10:1, v/v/v) (Section III-4-5) -



TABLE 30

The effect of the supernatant fraction on the co

331

nversion

of particle-bound phosphatidate to glyceride

.Products
Incubation for 1 hour Phosphatidic acid neutral lipids
(nmoles) | (d.p.m.) (nmoles) | (d.p.m.)
Soluble fraction 28.0 \\46,000 12.0 19,500
absent ’ :
Soluble fraction 25.2. 41,400 14.8 24,000
present

The rate of neutral lipids formed by the addition of

soluble fraction = 0.0043 nmole/mg min.
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LEGEND TO FIGURE 47

Subcellular distribution of phosphatidate phosphohydrolase

in rabbit heart homogenate

The ordinate indicates the activity in nmole/mg min,
and the abscissa indicates % distribution of protein in
§ubcellular fractions. The symbols are: Mt'= mitochondriél
fraction, Ly = lysosomal fraction, Mc = microsomal fraction,

\

= .
and § = soluble fraction.
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) TABLE 31

Subcellular distribution of phosphatidate phosphohvdrolase

in rabbit heart homogenate

Subcellular Percentage Specific Distribution of total
fraction of total activity | activity
protein¥*
. % nmole per | nmole/min per (%)
min mg g wet weight

. of heart
Mitochondrial 36.0 1.18 16.87 (43.3)
Lysosomal 5.0 2.96 | s.92 (15.1)
Microsomal 10.0 3.10 12.40 (31.6)
Soluble 49.0 | 0.20 3.90 (L0.0)

D

For experimental details, see the legend to Fig. 47.

* values of total protein were obtained as described in

.

Table 29. o -
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V. DISCUSSION

This study provides evidence in support of the following
conclusions: (1) Rabbit ’l}ea_u:t mi;cochqndria are
capable of acylating exogenous sn-G3P, and, furthermore.
the acylating enzyme existing in the mitochondrial fraction
is not a microsomal contamination; (2) The properties
of cardiac sn-G3P acvlating enzymes are dissimilar to

those of hepatic enzvmes, suggesting that G3P acyltransferase

is organ specific; 2¢3) The partifipation of the DHAP pathway in
the bibsﬁf{thesﬁis-af diaéfl-g_rllG3P in cardiac mitochondria under the
conditions ubed in these stuc'fieslsmt Sesonstrable, (4) Adminis-

tratio; of T3 enhances the activity of G3P acylating

enzymes of the rabbit heart mitochondrial and microsomal
fractions to different degrees. In addition, this study ‘
delineates the properties and subcellular distributioﬁ of
palmitoyl—CoA: hydr'olase and phosphétidate phosphohydrolase
in heart tissue. Observations made in this thesis should
contribu:te to the understanding of the controlling me'cha.nism
of FA esterification in myocardium. Althouf;h the findings

have been discussed in the appropriate sections of the

RESULTS AND COMMENTS (Section 1v), the points of particular
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interest are selected for further discussion.

V-1l. Acylation of §g—Glycer61—3—Phosphate-by Rabbit

Heart Subcellular Fractions

Acylation of sn-glycerol-3-phosphate by the mitochondrial -

fraction of rabbit heart: Differentiation from microsomal -

enzvmes ' . \\\

With the observations of other workerss mf@tosomalcaeylatign

of sn-G3P was linear with respect to time .for only a short duration,
whereas the mitochondrial reaction was linear for up to 20 min
incubation (Fig. 15 and Tabie 14}. During the acylation.

process, the rate of monoacyl-sn-G3P accumulation by miféchon-_

dria was greéter than that by microscmes, whereas the rate

of diacyl-sn-G3P biosynthesis by mitochondrial enzyme was

mucii clower than that by the microsomal enzyme (Figs. 13, : ‘
14, 16, 17; Tables 13, 15). Thus, the ratio of mitochondrial Do
to microsomal monoacyl-sn-G3P formaﬁion inc;eased linearly

to more than two-fold during a perxiod of 15 min, while

the ratio of mitochondrial to microsomal diacyl-sn-G3P

biosynthesis remained at a level of less than one-£fifth (Fig. 20;
Table 15). although a guantitative difference existed,

hepatic subcellular organelles exhibited 2 similar pattern

of biosynthesis, that is, the mitochondrial fraction

o~ / g
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synthesized relatively more monoacyl-sn-G3P than did the

microsomes. However,. the rate of diacyl—gngSP biosynthesis
ear -

by the mitochondrial fraction was slower than that by the
micrqsomal enzvme (Figs. 21-23; Table 16).

There is no convincing means of guantifying éross
contamination of microsomes to‘the mitochondrial fraction,
particularly in cardiac*%issue. The technique most common-
Aly used involves measuring the activity of microsomal
marker enzymes (rotencone-insensitive NADPE-cvtochrome C
reductase and glucose—G-phosphatase) in the mitochondrial

b

fraction. However, there is some criticism regardingfthe
i
use of this method as a means of quantifying Cross contam-

ination, since these two enzymes have been shown to exist

in both microsomal and mitochondrial fractions (Scttocasa

+ al., 1967; Brunner and Bvgrave, 1969; Shephard and

-

Eibscher, 1969; Sarzala et al.. 1970). In addition,
glucose—6-phosphatase activity is non-measurable in cardiac
microsomes (Eilsmans, 1961). Thus, using the marker enzyme
technigue, it is not possible to decide whether or not 2
relativgly low rate of diacflﬁgngBP synthesis by mito-

chondria is a result of contaminating microsomal enzyme

activity. It seems, however, that even if the mitochondrial

3
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preparation was contaminated by microsomal graction to
an extent of 20 %, the mitochondrial enzymé would still
mainly produce monoacyl-sn-G3P while the microsomal enzyme
would ;ynthesize both monoacyl- a iacyl—gg}G3P. This
o

view is supported by the fact that mo oaé&l—gngBP acyl-
transferase activity is higher than the G3P acyltransferase
;keactioﬂ in the microsomes of liver (Lands and Hart, 1964;:
Eibl et al., 1969; Daae and Bremex, 1970). Additional
experiments oo the enzyme kinetics show that the character-
istics of the distribution of acylating products, the
rime-courses of acylation, and the responses to T3 admin;s-
tration of acyltransferase ;eactions in the mitochondrial
and microsomal fractions are all dissimilar. Thus, this
study demonstrates definitively that cardiac mitochondria’
| are capable of synthesizing monoacyl-sn-G3P £rom sn-G3P,
and that the acylating ené&me existing in the mitochondri;%
fraction is not 2 microsomal contaminant.

It was obseréed that the mitochondrial enzyme possesses
specificity towards various species'of long-chain FAsS differ;
ent from tﬁe specificity of microsomal G3P acyltransferase.

Among three -FAS tested, the mitochondrial piosynthesis of

monoacyl—gngBP from sn-G3P showed a substrate specificity

[¥)

rrm.
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with ah.order_of oleate > . itate > linoleate (Fig. 27;

Table 22), whereas the microsomal enzyme revealed an order

of preference of linoleate > oleate > palmigfte (Fig. 28:

Table 23). A similar péttern of substrate specificity was
cbserved in the incorporation of sn-G3P into diacvl-sn-G3P

in these suborganelles (Fig. 29 and Table 24; Fig. 30 and

Table 25). The formation of diacyl—gngsé could be in-
filuenced by the specifici£y of G3P acyltransfefase because

the a;ailability of mdnoacyl<§3f63P‘may be one of the limit-

ing factors in the monoacyl-sn—-G3F acyltransferase reaction.

The precursor-product reZationship obtained bv using palmitate,
oleate, and linoleate thus .supports the conclusion that
different acylating enzyme sfstems exist in cardiac mito-
chondriél and microsomal fractions. “It'is not likely that

the FA specificity of G3P acyltransfe?ase_in heart suborganelles
is influenced by the specificity of acyl-CoA synthetasé, since )
acyl—CoA synthetase doeé not appear to limit the G3P and
monoacyl—gngBP acyltra#sferaée reactions as haé been des-
cribed in the INTRODUCTION (Section I-1-4-i) and RESULTS

AND COMMENTS (Secticns Iv-1-2 and Iv-1-9-ii).

Ccardiac versus hepatic enzymes: Organ specificity

The kinetics of monoacyl- and diacyl-sn-G3P formation.
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in cardiac mitochondria differed greatly from those repotted

by Monroy et al. (1972) with hepatlc mltochondrla. Cardiac

. mitochondria synthesized monoacyl-sn-G3P linearly for up .

to 20 min incubation time (Figs. 16 and 18; Tafle 15),
thereby continuously increasing the monoacyl—gg—G3P/diacyl—
»
sn-G3P ratio (Fig. 20; Table 15). Hepatic mitochondria
synthe;ized monoacyvl-sn—-G3P more rapidly than the diacyl
derivative auring the lst min of inéubation.' The formation -~
of the monoacyl compound ceased aftgr 1 min while the
appearance of diacyl-sn-G3P continued at 2 linear rate fox
5 min, resultlng in a dramatic reductlon of the monoacy1-
§5763P/diacyl-sn-G3P ratio during the flrst 5 min period
{Fig. 5 of Monrov et 2l. 1972) . Factors such as pH or
sonlcatlon treatment of the mitochondria may lnfluence the
formétion of §ng3P‘acylatlon products. At pH 6.0 and 6.5,
the major product of the sn-G3P acylation reaction by liver

microsomes was monoacyl-§37G3P, while at higher pE values,

diacyl—gng3P was rapidly deacvlated tO form DG (Lamb and

‘Fallon, 1970)- Sonicated hepaticimitochondria at pE 9.2

produced 2 product which had not been jdentified during
the early time period (Monroy et al., 1972) . However,. the

aforémentioned factors could not account for the observed

-

P
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difference in the fqrmqtioh of moqoacyl and diacyl deri-

vatives between the cardiac and hepatic mitochondria, since

the experimental conditions for heart (Figs. 16, 18, 20:

Table 15) and those for liver (Fig. 5 of Monroy etyal.,

1972) are identical except for the nature of the acyl donor.
1n this thesis, acylation of gngBP'by-c;rdiac sub-

ééllular fractiéns was carried out using palmitate, CoA,

AT?,and Mgciz as an écyl donq; system. Thus, th; qpeséion

of whether or not acyl-Coa syﬁthetase limits acyltransferase -

reactions becomes 2 pertinent one. This question has been

discussed in detail in the INTRODUCTION ®section I-1-4-i)

-

’

4nd in RESULTS AND COMMENTS (Sections IV-1-2 and ITV-1-9-ii).

The sdbcelldiar loéalization of FA activation and estérifi—

r

cation in different tissues 1S principally the same. The
activation of long-chain FAé takes place both in the mito- ‘
chondrial outex membrane and in the microsomal fracticn
(Aasﬂ_1971); Esterification is found to occux also both

in -the outer. membrane of mitochondr%? and in the microsomes

(Daae and Bremer, 1970).--In liver-mitochondria, acyl-Coh

b

synthetase activity 'is five times greater than the G3P

acyltransferase activity (Sénchei et al., 1973). The acti-

vation of palmitate by heart mitochondria is not only higher
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than that by liver mitochondria (Pande, 1971), but also
is'mgch greater tién the ability of the heart mitochondria
to oxi@ize’this FA (Pande and Mead, 19685 and.1968b} Pande,
1971). 'These f£indings indicaté that acyl-Cod synthetase
does not llmlt the rate of G3P acyltransferase reactions
in heart mitochondria. The conclusion is sup;orted by the
experimental data shown in Fig. 9 and Table 7 in which the
extent of sn—-G3P acylafion by cardiac mitochondria’ was
similar when palmitate, COA, ATP, and MgCl, or palmitoyl-
CﬁA.served as the acfl donor system.- The séme conclusion
can be drawn about hepatlc microsomes since their rate of
FA activation is 3-60 times greater than the raté of sn-G3P
aggzgtlon (section IV;1—2). The reported low degyee of
_substrate spec1f1c1ty for acvl—CoA synthetase-(Hubscher,
1970: Marcel and Suzue, 1972) is not likely to lnfluence
the §pecificity of the G3P acyltransferase reaction, since
- Fhe vmax for this enzyms, is 4-7 times greater than that of
acyltransferase in rat liver microsomes_(151.5;306.6 versus
.41.2 nmoles/min per mg protein; Marcel and Suzue, i972;
Maﬁ;iapane g;_g;., 1973). |

Addition of CcTP to the reaction mixture during the

: ¢ i
acylation of sn-G3P by cardiac enzyme neither enhanced nor
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depressed the rate of dlacyl— sn—-G3P blosynthe51$ in heart

A

(Table 5). This disagreed with the stifulatory effect in-
the liver (Zborowski and Wojtczak, 1969) and inhibitory
effect in the brain (Possmayer and -Mud 1971). Zborowski
and detczak (1969) found. that cTP (1.7/ mM) strongly sti-
mulated the dncorporation of sn—glvcer 1-3- Pzplphosphate

into diacyl-sn-G3P in rat liver mltochondrla, whlle Possmayer

and Mudd (1971) observed that the presence of CTP'(0.2 ™M)

4 L

" markedly decreased the incorporation of sn—[ C]glycerol-
B-phosphate lnto diacyl-sn-G3P in ‘rat brain homogenate.

In addition, the enzymes in cardiac subcellalar preparat;ons
were extremely sensitive to the thio ihhibitorS'N-ethylma-
leimide and p-chloromercuribenzoate (Tabie 20)., whereas,r
repatic enzymes wexe less susceptible (Laads and Hart, 1965).
Finally. cardiac mitochondrial fraetdon lost approximately'
~half of its activity during 3 weeks of storage (Section
Iv-1-7), while hepatic mltochondrlal enzyme act1v1ty remained -
unaltered for a longer period of ;dme (Monroy et al.. 1972).
' .These observations clearlf reflect the different character-
istics of cardlac and hepatlc enzymes .

studies on substrate specaflc1ty of the sn-G3P acylatioﬁ

reaction in cardiac subcellular fractions revealed a low
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_}degree of selectiv%?gkfor qaturated and unsaturated ?As
- (Figs. 27-32; Tables 22-26). In the rat liver, some
investigators have p;eviou;iy observed the preferential
-acylation of saturated FAs at position 1 of £he giycerol
‘moiety both by the mitochondrial and microsomal‘prepara;
'tioné‘(Possmayer3gg_g;.. 1969; Lamb and Fallqn; 1870;
ﬂonroy‘gg.gi., 1972). 1In contrast, other workers have
'presee;gd evidence against substrate.specificity of the
G3P é3§1tfansfefa;e reaction in microsomes of rat and
guinea pig liver {Lands and Hart, 1965; Eibl et al.. 1969) -
The problem of sdbstraﬁe specificity is 2 complex one,
e.g., the study by vamashita and Numa (1972) of l;ver
microsomal enzyme gemonstrated two contradicting character—
istics:“(l) The ingadt microsomal enzyme f;rmed diacyl-
§ng3P from acyl-CaAs without preference, and (é) monoacyl-
§Q¢G3R.which was synthesized by a paréially purified énzyme
of the same source. showed substrate and positional speci-~
ficity. It is not known which form of enzyme preparation
more closely resembles the physiological state. Posgibly,
the purification procedure might have removed some factors‘

-or modified the characteristics of the enzyme, hence producing

different degrees of substrate specificity.

- . o
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The §§udies on positional specificity with partially
purified hepatic mitochondria (Monroy et al., 1973) and
microsomes (Yamashita and Numa, 1972) conclusively demon- *
strated that palmitate was the only active substrate for
sn-G3P acylation, and it was exclusively esterified at
position 1 of the glycerol molecule. The results obtained
.with cardiaC'mitochondria and presented in this thesis
demonstrated that both saturated and unsaturated FAs can ~
be acylated almost equally at positions 1 and 2 of the
monoacylf§ng§P moiecule (Tables'27 and 28; Fig. 34). These
findings provide additional evidenée in support of the
proposal_that G3P acyltransferase is organ—specific.

The substrate and positiénal,spécificity of monoacyl-
sn-G3P acyltransférase in the heart has not yet been directly-

;
analyzed. "However, in th%; study, we have found that the
acylation of sn-G3P to diacyl-sn-G3P by cardiac mitochondrial
and microsomal fraction proceeds without marked FA specifi-
city; suggesting that monoacyl-sn-G3P acyltransferase of
heart does not possess strong substrate and positioﬁal
spécif;Fity. In microsomes ofléat 1iver, the selectivity
of monoacyl—-sn-G3P acylt;anéferasé deéends upon the avail-

ability of the two precursors in the assay mixture. At

L
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lower l-acyl-sn-G3P concentrations, the acylation reaction
is highly selec;ive (palmifate and arachidonate are ex-
cludgd'from reaction), whereas relatively nonselective
acylation occurs at high l-acyl-sn-G3P concentéations
(Okuyama and Lands, 1972).

Analysis of FA composition of glyceiides isolated
from va:ious organs of the same species shcwgd the existence of
organ¥§pecific characteristic(ﬁngCher- 1970)-. In the rat,
the weight ratios of the Fas from the heart were different

\\from liver and kidney Lipids,.i.e., the ratio C1g.1/C18:2
‘Kof heart muscle was significantly higher than that of the
.iiver (2.35 vs. l.25}._while the ratios C16:0/Cls:0 and
cl6:0/C;8:l of heart were lower than those of the kidney
(1.00 versus 2.39 for C16.0/Cig:07 0-41 VeTsus 0.82 for
C16;0/018:l)- The;e seems to have been 1ittle work done
dealing with the positiénal analysis of heéft glycerides

(McMurray and Magee, 1972). 3pwever, analyses

of the: o glyceride composition in pig organs
r;vealed-a striking difference in FA disﬁributidn between
_hepatic_and cardiac TG, i.e., the latter contained consider-
ably less pal@itic acid at position 1 and more oleic, and

linoleic acids at positions 1 and 3 than did the liver TG
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(Christie- and Moare, 1970). In addition, it was reported
earlier that the distribution oé palmitic acid in positions
1 and 2 of phosphatidfléﬁoline in the heart was_dis;imilar
to that in the liver (Stein and Stein, 1963). 1In ﬁﬁe heart,
palmitic acid was distributed equally between the 1 and 2
positions of phoséhatidyiéholine, while in the liver. this
FA was almost completely ésterified to the'l position of

the phosphatidylcholine molecule (Stein and Stein, 1963).

These results are compatible to those obtained in our study,

hence supporting the hypothesis of organ specificity of

+

lipid enzymes.

The DHAP pathway

We have examined the extent of pérticipation of the
DHAP pathway in the biosynthesis of diacyl-sn-G3P in cardiac
mitochgndrial fraction. In our study, the ad "°on of NMADH

. . v
or NADPE did not alter the incorporation of n—[U=lgb]GBP
into glycerolipids (Table 5). In contrast, Rao et 21.
(1971), using mitochondrial-free supernatant of rat liver
as the enzyme ;ourcef found that NADH or NADPE enhanced
glyceride syﬁthesis two- to three-fold in the presence of

sn—-G3P. In their experiments, 3.25 mM K¥F was included in

+he incubation mixture, which would most likely inhibit

14
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the conversion of sn-G3F to DHiP. The net increase of
glyceride synthesis, therefore, was due to the acylation
‘ofﬁendogenous—aaaz.té/;orm acyl-DHAP, followed by the
reduction of acyl-DHAP to form glycerolipids in the pre-
sence of added reduced pvrldlne nucleotide.

In our experiment, the presence of 3.0 mM NaCN most
probably blocked the ox;datlon of sn-GBP. It is possible
that the mitochondrial preparatlon contained some endogenous
DHJZ, and that this contributea partly as a precursor for
acyl-DEAP biosynthesis, with subsequent reduction -of its
product to form mopoacyi—gngSP in the presence of_added
reduced pyrldlne nucleotide. As 2 consequence-of this,
the formation of labelled mono—- and dlacyl— sn-G3P from
§57[U—1 C]GBP would have been diminished due to an isotope
dilution effect. In other words, the labelled mono- and
diacyl-sn-G3P were diluted by unlabelled compounds deriYed
from the unlabellea endogenous DERP. However, the results
in Table 5, showed that the incorporation of sn—[U— C]GBP
into mitochondrzal glycerophosphatldes was not diminished
in the presence of NaCN and reduced pyrldlne nucleotide.
Moreover, the experiment in Table 21 demonstrated that the

agdition of exogenous unlabelled DHAP (4 or B mM) to the
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incubation mixture did not decrease the formation of
either latelled mono- or diacyl-sn-G3P from labelled
- sn-G3P by cardiac mitochondria ie the presence of NaCN
and reduced pyridine ndcleotide. fhesehobeervations
indicate that cardiac mitochondria do not significantly
convert either endogenous Or exogenous‘DHAP to acv1-DHAP,’
with subsequent reduction and acylation to mono- and

. _ .

diacyl-sn-G3P, in the presence of reduced pyridine nucleo-

-
¥
1Y

tide. Therefore, it seems well justified to conclude
that the DHAP pathway does not operate to an appreciable
extent in the bxosvnthesms of phosphoglycerldes in rabbit
heart mltochondrla. Other possibilities regardlng the
non;existence of'the DEAP pathway in cardiac mitochondria
have been discussed in Section IV—l-S. It shoeld be noted |
T—

that the mitochondrial preparation used in this study was
sonicated to disrupt the menbrane barrier for NADPH and
NADH. Therefore, the acyl-DEAP reductase activity was not
llmlted by lack of availability of reduced pyridine nucleo-
tides under the experimental condltlons selected.

n earlier studies, Puleo et al. (1970) and Rao et al.

(1971a).u51ng similar approaches described above, i.e..

ccmpar:.ng 'the incorporation of labelled palm:.ta.te into
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phospho- and glycerolipids in the absence and presence
of NADH or NADPH, demonstrated that in the microsomes of
rat liver and hamster intestinal mucosa. phospho-" and
~glycerolipids can be synthesized from FAs and either
sn-G3P or DHAEQ\ 1n addition, with the aid of an irrever-
sible inhibitoéagf triose ph05§hate isomerase, l—hyd?oxyh;
3-chloro—2-propanone phosphate. thev showed that triose
phosphate was the precuréor for glyceride biosynthesis via
. +he DHAP pathway. Bowever, their work provided no informa-
tioh regarding whether DBAP was involved as an intermediate
for the acylatioﬂ of sn-G3P into glycerolipids.

Davidson and Stanacev (1972) ;nd Monroy_gg‘g;; (1972)
studied the DERP pathway by cbmpgring the raté of incor-
poration of gg—[2—3H]G3P and §27[U-l4C]G3P into phospholipids
in the liver. If §27G3P was partially qonverted to DHAP,
and then to acyl—DHAE,prior'to +he formation of phosphatidate
under thﬁi% e#perimental conditions, one would expect that .
the rate of incorporation of 597[2-331639 into lipids be
lower than that of so- u-14c]cap, since the tritium 1abel
at the 2 position of sn-G3P would be "leached out" when

{’;t was converted to pgaP. They found that .both labels

had similar rates of incorporation and concluded that the

=

F)
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DﬁAP pathway was not involved in the biosynthesis of
phosphatides in the liver: However, Manning and Brindley
(1972) pointed out that the fate of oxidation of 527[2-?H]
G3P was 2.17 times lower than that of coid sn-G3P in the
absence of inhibitors and uncouplers of" oxidative phosphory-
lation, confirming tﬁe regort by Carnicero et al. (1972).
Accordingly, ﬁﬁe rate of incorporation of §§f[2-BH]G3P

into lipids must be at least 2 times faster than that of
§gr[U~l4C]G3P in order to obtain equal rates of incorporation
‘of tritium and 14c-1abelled sn-G3P into lipids, as was aimed
at by Dav;dson and Stanacev (1972) and Monroy et al. (1972) .
By taklng this effect into account, éﬁe ‘results cbtained
- by Davidson and Stanacev (1972) and Monroy et al. (1972)
can be interpreted to indicate that not only does the DHAP
pathway contribute to the biosynthesis of phosphatides from
egng3P, bﬁt it is even mosg_iétive than the Kornberg-
Kennedy de novo pathway in rat and quinea pig liver.

™n order to avoid the factor of the unequal rate of

oxidation of §97[2-3H1G3P and unlabelled sn-G3P as described
above, Manning and Brindley (1972) developed 2 technique
involving-the use of ggf[Z-BH]G3P in deciding the e;istence

or non-existence of the DHAP pathway. They incubated liver

- w



slices with a mixture of [2-331

glvcerol to-produce endogenous

352

glycerol and [l—l4é]

double labelled sn-G3P

t

which served as the precursof of glycerolipids. In

.3 3 14 .
examining the 2-"H / 1-7 ¢ ratios of sn-G3P and total

glvcerollplds at various time intervals, they found that

the rapio-of 2- 33 y 1-1% in

higher than the cumulative 2—3

the sn-G3P was considerably

B/ l-l4c ratio in glycero-

lipid syntheéized throughout the time period studied.

Manning and Brindley (1972) concluded that the higher

14

~.

2-3H / 1--7"c ratio obtained in sh—GSP wa;ﬂ@ue to the

slower rate of oxldatlon of 3H—
to unlabelled sn—-G3P, and tha;
ratio obtained in glycerollplds
tritium asjthe sn—-[2- H]GBP pas
By applying +his calculation,-

of the glycerol lncorporated in
slice was produced via the DHAP

Brindley (1972) claimed that t th

above can be used to determine

labelled sn—G§ as compared
M

the lovez L2ER

n-

was due to the logs of

sed through ‘the DHAP pathway.
it was shown that 50 to 60 %
to lipids in the rat liver
pathway. Manning and

eir method as described

the relative importance of

the sn-G3P and DHAP pathways with subcellular fractions,

tissue slices, isolated cells, whola~organs,or.g§ vivo.

However, this technigque is not applicable for 2 study of.

AN

.



" 353 :

e

the DHAP pathway in the heart, since cardiac glycerol kinase

~

activity is not as active as in the liver (ggfer et al.,
1971). The biosynthesis of cardiac glycerolipids wouldh
probably be limiteé by glycerol kinase if radioactive
glgcerol was usgd as the precursor. | , .
Ffom the refe}ences sited above, it is evident that
the .results obtained by different investigators using
differen£ experimental procedures were not in general agreé—
megt: The possib}lity still exists that the DHAP -pathway
ﬁay be operativé in rab?it heart mitochondria, anégéﬁa;.3‘
somé-monoagyl—§g¢GBP may be forﬁed via this.ﬁéthway. Ho;-
ever, we could not detect. the formation of acvl-DHAP by
TiC Egchnique (section 1v-1-8). The results of the isoiope
dilution experiment (Table 21) indicated that the monoacyl-
~
and diacyl-sn-G3P labels were not changed. qhus, it is not
likely g%at cardiac phosphoglycerides were synthesized
through the DHAP pathwayhto aﬁ apprgc;#ble quantity. The
observed laéﬁ of dis?inct FA speci city (Figs. 27-32; °
Tables 22;26) does not support a view that the DHAP pathway

is active under our experimental conditions, because_ Hajra

showed that this pathway 1is characterized by the preferential

acylation of individual ﬁﬁs (Bajra, 1968).

b 4



354

"The control of cardiac §grglyce:pl-3—pﬁosphate acylation

bv thvroid hormone

The biosynthesis of diacyl-sn-G3P by the mitochondrial

and microsomal fractions was increased about four-fold in

the hearts of hvperthyro;d rabbits (Figs.‘24'and 25; Tables‘

17 and. 18). Likewise, mitochondrial monoacvl—sn—G3P
formation was stimulated two-folé (Fig. 247 ?able 17).\-
whereas microsomal blOSVntheSlS of this intermediate was
not altered (Flg. 25 .and Table 18). The s;m;lar magnltudes
of change were observed regardless of whetherlthe results
from_the fed or the fasted controls were\used in comparison
with the results obtained from hyperthyroid animals (Tables

17 and 18). The data suggests that the activities of GBP

and monoacyl- sn—-G3P acyltransferase are under hormonal

»

control. It has been found previously that myocardial TG

. -

content increases upon administration of thyroid hormone

(Bressler and Wittels, 1966). The increase in the activi-

ties of G3P and monoacyl-sn-G3P acyltransferasesobserved

1

in this study could'be the cause responsible for the accumu-

latien of TG in the hjperthyroid heart, since G3P acyltrans-—

' ferase has been postulated to be a rate-determining step

in the biosynthesis of glycerolipids (Blibscher, 1970).

"

N
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Although thyroid hormone has been known to cause an

’ 3

f“*\ulncrease in proteln svnthes;s and in some enzyme activi-
ties (Tata, 1964: Paterson, 197); Kadenbach, 1966) there , -
has been no report dealrng with the FA esterifying- system.‘
‘It is not known at this pornt whether the observed change
“in.enzyme activity is due to the new synthesis of renzyme
proteins or-the activatien of existing eazymes. - e
Our study rules out the possibility that the bdo—
svnthesis of mono— and diacyl—sn—GBP in hyperthyroidkﬁeart
is lncreased due to an 1ncreased plasma FFA concentration .
and an accompanying lncrease 15 FA uptake by the heart.
The study showed that the acylatlon reactions in starved
_ rabbits, in which plasma FFA con-ientration is higher than ' ‘
that in fed animals (Opie; 1968 and 1969), are similar to
the rates of reactioa observed in fed rabbits (Tables 17
and 18). In contrast, (G3P acyltransferase activity was
reported to decrease in fasted rat liver (Vavrecka et al.,
1969). The different type of response to fasting by cardlac ¢
enzyme on one hand, and the hepatic enzyme on the other,
is additional evidence pointing to the organ—séecific

characteristics of these enzymes.

Although G3P acyltransferase and monoacyl-sn-G3P
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acyltransferase are probably.the'rate-controlling enizymes

of TG blosynthesms in the thyrotoxlc heart, phosphatldate
N

phosphohydrolase ‘could be an addltlonal factor controlllng

I

TG blosynthe515 in the hype;;hyro;d state,sznce thlS
enzyme has been postulated to be lnvolved ln the rate-
governlng step of TG syntheszs 1n hepatectomized rats - .

(Manglapane et a1., 1973). ' X

; v—z. Propg;g§/; and Subcellular Dlstributlon of Palmitovl-

CoA Eydrolase_' - - - ~

The assay.of palmifoyl-CoA hYdroiese‘activity was
adopted from the method whlch was devised for activity
measurements in adltose tissue (Daniel and Rdblnsteln, l968),
but it was equally satzsfactory with cardiat subcellular

fraotionsl Hnder our experlmental cond;tlons,.hydrolYSLS

was constant for up to two hours of incubation, and the

> .\ . 7
rate of reaction was_ﬁroportional to the amount. of enzyme .
sources. The pH-activity re}ationship of & enzyme de-

‘ - - - ) -
termined by using heart homogenates resembled that ocbtained -
. P

t 2l., 1971) and

—

by u51ng dog lung m;crosomes (Frosolono
rat se (Jansen and Hulsmann, 1973), but it'differed

“from that found in the adlpose tissue homogenates (Daniel

and 'Rubinst'ein, 1968) .

A

L das
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An apparent actlvatlon of palmltoyl—CoA hydrolase

by a relative

high concentration of (+) —-decanoylcarnitine
:has not been repo ed. It is unknown whether this enzyme
s potentiaﬁ&d by the detergent property of (+)-decanoyl-
carnitine or whether the latter compound inhibits palmitoyl-
: CaoA oxldation, thus Pifgldlng a relatlver greater amount
of subg;rate for the enzyme. However, the hlgh‘conqe radion
of palmatoyl—CoA used in our assay system (106‘FM)
comparison of datauobtalned in the presence and absence £
ox&gen_(the enzyme activity was. 1dent1cal in both cases
make the latter possibility, less likely. It was repor&
earlzer that palmltoyl—CoA hydrolase preferred the substrate
in a mlcellar form (Barden and Cleland, 1969).' The critical _ﬁ'l
micellar concentrations of palmitoyl;CoA were 3-6 P The |
enryme was relatlvely ‘inactive at low palmltcyl—CéA levels,
but jts activity lncreased proportlonally to the increased
' concentratlon of. palmitoyl-Cch up to 45 FM and then reached
' plateau (Barden and Cleland, 1969). It 'is possible, there-
fore, that the presence of (+)—decanoylcarn1t1ne in our
 assay medium alte;; the physrco—chemacal state of the substrate

and hence causes the potentlatlon of the enzyme. .

2An inhibition of enzyme act1v1ty by- the detergent
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property of the palmitoyl-CoA is pfgbable in view of

a stud§ with hepatic~mi¢rosome in/which CoA esters of.
sé;urateq,EAs did not inhibit the hydrolase activity,'i.e.,
the'satﬁrated agyl-CoA derivatives (12:0/ 14:0, iQ;&:

and 18:0) produced typlcal substratétéatQQAtioh cﬁrv;s
without inhibition at higher levels (60 FM) (Jezyk and

.

Hughes, 1971).

There has been a’iack of information in the literxature
regarding the subcellular distribution of palmitoyl-Cod
hydrolase in‘?eart tissue; much-of the work has beeh.done

susing hepatic tissue. In .liver, microsomes have been used

" most freéﬁently as an enzyme source (Lands and Merkl, 1963;
Brandes et al., 1963; Lands and Hart, 1965; Fallon and
Lamb, 1968; Barden aria Cleland, 1969; Frosolono et al.,.
1971; Jezyk and- Hughes, 1971); occasionally, mltochohdrlal
fractlon was also used (Brandes et al., ‘1963). In 1972,
Rurooka et al. did a2 thorough study on the dlstrlbutlon of
hydrolase in rat 1iver and found that a large proportion
of the total activity was locallzed in the soluble fractlon
(92 %), with the remaining act1v1ty'be1ng in the microsomal

and mitochondrial fractions (Kurooka et al., 1972). In- {—

rabbit heart, however, we found that the distribution
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pattern is diffcrent from that in the liver, namely, )
37.1 and 38.0 % of +the total activity was localized in
the soluble and mitochondrial fractions, respéctlvely,
with the :epaining'acci§ity existing in the lysosomal R
aﬁd microsomal fractions. The specific activity of
palmitoyl-CoA in the liver wcs also'highest in the soldble‘
and lowest in the mitcchondfial fraction (gurooka g;_;;.,

1972). In contrast, the highest specific activity of

hydrolase in rabblt heart was found in the combined frac-

* tion of, m;crosomes and lysosomes and the lowest specific

activity found in the soluble fraction.g QQ
Acyi-ccA hydrolase was shown to exhicit soﬁe'substrate

specificity. Barden and Cleland (1969) reported“that rat

liver microsomes hydrolyzed palmltoyl—CoA two tlmes faster

than stearyl-Coi, apd the rate of stearyl—CoA hydrolysis

was twice that of oleyl—CoA. The Mest rates of hyd;olysis

were obtaxned with oleyl— myristyl-, and lauryl-CoA. -Jezyk

énd Hughes (l97l) observed that acyl-Cch hydrolase from plg
1iver microsomes had 2 sdbstra%e specificity for d;ffcrent

chain-length and degree of saturation of acyl-CoA thioesters
in thc following order: 16:0 = 14:0 > 12:0 > 18:1 > 18:2 >

———

18:3 > 18:0 > 20:4. Kurooka et al. (1972) showed that C,,
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and Cjg fatty acyl-Coids were the-ﬁestfsdbstrates for the
pa;tially purified hydrolase from varioﬁs organs of rat,
and other thioesters with chéin lengt@s of less than Cg
were not hydrolyzedtﬁo an appreciable extent. The substrate
‘specificity of acyl-Cod hydrolase from rakbit heart was
not investigated in this study. Whether or not the speci-
ficity, if any, affects'the'activity and subcellular
digtéibution of palmztoyl—CoA hvdrolase in the heart, as

reported in this study, is not known.

.V—3. Properties - and Subcellulai Distribution of Phospha-
. -~ -

_tidate Phosphohydrolase in Rabbit Heart

The importahce of phosphatidate phosphohydrolaée as
the rate-governing stepqur biosfnthgsis of ﬁeutral glycerides
was stresséd in a recent paper describing a change in enzyme
activity following subtotal hepatectomy (Mangiapane_gg.g;.,
1973). Under theilr experimental conaitions, the ;ctivity-
of.pho§phatidate phosphohydrolase was found to increaée
simultaneously with increased TG_content in the liver.
Treatment with actinomycin D suppressed the inc;eased'
énzyme acti&ity,.but hepatic TG accumulation was uninfluenced'

(Mangiapané et al., 1973}, suggesting that the control

factors may be complex.
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our determiﬂations of phosphatidate phosphohydrolase’
activi£§ in heart muscle showed a pH oﬁtimum similar to
that found in rat liver (Coleman and giibscher, 1962:
Sedgwifk and Hibscher, 1965; Smith et al., 1967) and

adiposé tissue (Déniel and Rubinstein, 968; Jamdar and

Fallon, 1973). The subcellular distrijbution pattern
described in this sﬁud&, however, fis not in agreement -
with ﬁhe data 6btained'by some evious workers (Coleman
o4 Eibscher, 1962; Sedgwick and Hibscher, 1965; Jamdar
and Fal}on, 1973) when the enzyme activity was assayed.
with agueous dispersicn of phospﬁﬁtidate in the absénce

of magnesium-ions. In rabbit heart, the largest proportiop
(43.3 %) of phosp%;;iéate\Phosﬁhohydrolase activity was
localiéed in the ﬁitochondrial fraction, with ghe least-
amount (10 %) being in the soluble fraction, (our results).
T rat liver, pig kidney, ané rat adipose tissue, the )
microsomal fracéion contained the largest'proportion of
the enzyme -(37.5 % for liver, 63 %-for kidney, and 42 %
for adiposé tissue), while tﬁe supernatant fraction had
the smallest prop§rtion of phosphatidate phosphohydrolase‘

(12 % for 1iver, 14.6 % for kidney, and 20 % for adipose’

tissue) (sedgwick and Hubscher, 1965: Coleman and Hubscher,
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1962: Jamdar and Fallon, 1973). =

Since phosphatidate phosphohydrolase in the soluble
fraction has been reported to act preferentially on
membrane—bound phosphatidate (Smith et ail., 1967; Johnston

t l.._1967: Sedgwick énd’HﬁbscheE) 1967: see also Section

IV-3-2), the subcellular distribution of this enzyme in

efdluble fraction var%ed depending upon the nature of the

substrate. The apparent activity of soluble phosphatidate

phosphohydrolase measured with membrane-bound phosphatidate

was 16 to 18 times greater t+han that measured with agqueous
substrate, that is, 5.5 versus 0.3 nmoles/min per mg protein
in rat liver (Smith et al., 1967) and 65 versus 4 nmoles/

min per g weight in hamster jhtestinal mucosa (Johnston

+ al., 1967). Furthermore, due to the stimulatory efféct

—

1)

of 16w concegtrations of magnesium ions (Smith et al.,

1967; Sedgwick and Hubscher, 1967; Jamdar and Fallon, 1973:
Tamb and Fallon, 1974}, the gubcellular distribution pattern
of phosphatidate phosphohydrolase is likely to be modified
by the presence of magnesium ions in the assay mixture..
Magnesium ions at low coneentrations 12.5-7.5 mM) stimulated
§h05phatidate phosphchydrolase activity by 50 % to seven-

fold (Smith et al., 1967; sedgwick and Hubscher, 1967;
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Jamdaf and Fallon, 1973} in soluble fraction and two;

fold_in micrqsomal fraction (Jamdar and Fallon, 1973:

Lamb and Fallon, 1974) when measured with aqueous sdbstrate.\‘-

At this concentration, the soluble enzyme activity was;also
enhanced By Mg%? with membrane—bound sgbstrate (Jamdar and
Fallon, 1973).
in our.study, the phosphatidate phosphohydrolase

activity in rabbit heart soluble fraction measured with
membrane—bound substrate was only one-fiftieth of that .
with aqueous substrate. When the soluble enzyme activity
‘obtained with membrane-bound substrate was compared to the
microsomal enzyme activity with unbound substrate, the
latter was €till more active (0.0043 against 3.1 nmoles/
min mg). These results are in support of tﬁose found in
.adipose tissue in which, in the presence of M.g'2+f the <
soluble enzyme is less active than the mlcrosomal enzyme

(8.8 vs. 19 nmoles/mln mg: Jamdar and Fallon, 1973). Thus,
in texms of apparent activity,_the most active fractions

in heart homogenate are the‘microsomal and lysosomal frac-
tioﬁs, with the least activity found in the soluble fraction,

regardless of the Wature of the substrate.

Phosphatidate phosphdhydrolase prepared from the

b
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soluble and m;tochondrlal fractions of rat liver shows
some FA specificity using membrane—bound phosphatldates

of various FA compositions 2as substrates (Mitchell et 2l.,

1 1971). The soluble enzyme had the greatest activity with

dimyristoyl- and palmitoyloleoyl phosphatidates, while
dilauroyl and distearoyl phosphatidates were poor substrates.

The mitocﬁondrial'enzyme showed the highest reaction rates

. with distearoyl and dioleoyl phosphatidates (Mitchell et al.,

1971). It should be pointed out that sn—-G3P acyltransferase.
of rabbit heart mitochondriai fraction exhibited a low

degree of substrate specificity in that both saturated

and unsaturated FAs can pe esterified almost equally at

positions 1 and 2 of the sn-GBP molecule (Tables 27 and 287
Fig. 34). ‘Whether or ‘not cardiac phosphatldate phosphohy-
drolase shows some substréte specificity is as yet to be

investigated:
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VI. CONCLUSIONS

p

_ The following cénclusions were drawn from the
results thgfﬁgglin this study:

(1) Both mitochondria and microsomes ;f rabbit
hearts are capable of acglatiné éxogenous sn-G3P, however,
the properties_of the two acyltransferases are distinctly
. different. It is proposed that 55?63? acyltransferase
is a true constituentfof mitochondria.

(2) The proéﬁ&ties of sn-G3F acg}transferase in

the heart differ from those in the liver, i.e., the

enzyme may be organ-specific. "

(3) The DEAP pathway does not play 2 significant
role in the biosynthesis of diacyl-sn-G3P from sn-G3F

in cardiac mitochondria.

-

(4) MyocardialiG3P and monoacyl-sn-G3P écyltrans—

ferases are under the influence of 2 thyroid hormone (T3}).

(5) The G3P acyltransferaée of rabbit heart mito- "~

-~

chondria possesses a low degree of substrate and position-
' [}
al specificity. ‘

(6) Palmitoyl-Coh hydrolase in rabbit heart is

distributed in all of the subcellular fractions. The

o~
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mitochon§rial and soluble fractions each contained
approximately one-third of the enzyme activity,‘with
the remaining activity beiﬁg lécaiized im’thé miérosomai
and ly§osomal‘fractions.

(7) Aqueous dispersed phosphatidate is the pre-
ferred substrate for myocardial phdsphatidate phospho—
hydrolase. This enzyme exists in all of the subcellular
fractions, with approkiﬁateiy four-tenths of its total
‘activity in the mitochondrial fraction and three-tenths
'in tﬁe'micrqsomal fraction. The lysosomal and soluble
fractions-éentain only 15 % -and 10 ¢, respectively, of

- >
the total enzyme activity.
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