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ling die direkt of indirekt hebben bijgedragen tot dit
proefschrift wil ik hiervoor hartelijk bedanken.
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List of abbreviations and symbols*

ADP - Adenosine~5'~diphosphate

AMP - Adenosine~5'-monocphosphate

ATP ~ Adenosine-5'—~triphosphate

CoASH - Coenzyme A (reduced)

DNP = 2,4~Dinitrophencl

dpm - Disintegrations per minute

EDTA - Ethylenediamine tetraacetate

g - Relative centrifugal force

GDP ~ Guanosine-5'—-diphosphate

GSH ~ Glutathicne (reduced)

GTFP = Guanosine-5'—triphosphate

Ki — Dissociation constant of inhibitor-enzyme complex
KM . ~ Michaelis constant

NAD =~ Nicotinamide-adenine dinucleotide (coxidized)
NADH - Nicotinamide—adenine dinucleotide (reduced)

NADPH - Nicotinamide-adenine dinucleotide phosphate {reduced)

Pi - Inorganic orthophosphate

PPi - Incrganic pyrophosphate

Qoz ~ Velocity of oxygen uptake (pl 0,/h per mg protein)
@10 - Factor indicating the increase of reaction velocity

when the temperature is elevated 10%.
RCOCH - Carboxylic acid

S.D. = Standard deviation
Tris ~ 2-Amino-2-hydroxymethyl-1l,3-propanediol
U - Unit of enzyme activity (conversicn of one umole of

substrate per minute)

*For abbreviations and symbols used in this thesis, which
are not mentioned in the above list, see: Suggestions and
Instruetions to Authors in Bioehimica et Biophysica Acta,
Elsevier, Amsterdam, 1965.
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List of enzymes”

Number Systematic Name Trivial Name

1.1.1.27 L-Lactate:NAD Lactate dehydrogenase
oxidoreductase

1.1.1.35 L-3-Hydroxyacyl~CocA:NAD 3-Hydroxyacyl-Col
oxidoreductase dehydrogenase

1.1.1.37 L-Malate:NAD Malate dehydrogenase
oxidoreductase

1.2.4.1 Pyruvate:lipoate Pyruvate dehydrogenase
oxidoreductase
{(acceptor-~acetylating)

1.3.99.3 BAcyl-CcA: (acceptor) Acyl-CoA dehydrogenase
cxidoreductase

1.4.3.4 Monoamine:oxygen Monoamine oxidase
oxidoreductase
(deaminating)

1.6.2.72 Reduced-NADP:ferri- NADPH cyvtochrome ¢
cytochrome o reductase
oxidoreductase

1.9.3.1 Ferrocytochrome c¢:oxygen Cytochrome ¢ oxidase
oxidoreductase

1.11.1.6 Hydrogen-peroxide: Catalase
hydrogen-percxide
oxidoreductase

2.3.1.16 Acyl-ColA:acetyl-CoA 3-Ketoacyl-CoA thiolase
¢-acyltransferase

2.3.1.2 Palmitoyl-CoA:carnitine Carnitine

O-palmitoyltransferase

palmitoyltransferase

*The recommendations of the International Union of Bio-
chemistry, Enzymz Nomenelature, Elsevier, Amsterdam, 1965,
are followed where possible.
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Number Systematic Name Trivial Name

2.3.1.7 Acyl-ColA:moncglyceride Monoglyceride
O-acyltransferase acyltransferase

2.7.1.1 ATP:D~hexose 6~phospho- Hexokinase
transferase

2.7.1.40 ATP:pyruvate Pyruvate kinase
phosphotransferase

2.7.3.2 ATP:creatine Creatine kinase
phosphotransferase

2.7.4.3 ATP:AMP phospho- Adenvlate kinase
transferase

2.7.7.16 Ribonucleate pyrimidine~ Ribonuclease
nucleotido-2'-
transferase (cyclizing)

3.1.1.1 Carboxylic-ester Carboxylesterase
hvdrolase

3.1.1.8 Acylcholine Cholinesterase
acyl-hydrolase

3.1.3.1 Orthophesphoric mono- Alkaline phosphatase
ester phosphcohydrclase

3.1.3.2 Orthecphosphoric mono- Acid phosphatase
ester phosphohydrolase :

3.1.3.5 5'-Ribecnuclectide 5'-Nucleotidasge
phosphohydrolase

3.1.3.9 D~Glucose-6-phosphate Glucose~6-phosphatase
phosphohydrolase

3.2.1.26 g~-DP-Fructofurancside g-Pructofurancsidase
fructeohydrolase {sucrase)

3.2.1.31 §&-D-Glucuronide g-Glucuronidase
glucuronchydrolase

3.4.4.4 Trypsin

3.4.4.1% Subtilopeptidase &

(Nagarse)
3.5.3.1 L~Arginine amidinoc-— Arginase

hydrolase
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LIST OF ENZYMES

Number

Systematic Name

Trivial Name

3.5.4.4
3.6.1.3

4.1.3.86

4.1.3.7

5.3.1.9

6.2.1.1

6.2.1.2

6.2.1.3

Adenosine aminohydrolase

ATP phosphohydrolase

Citrate oxaloacetate-

lyase

Citrate oxaloacetate-
lyase (CoA-acetylating)

D-Glucose-6-phosphate

ketol-isomerase

Acetate:Coa ligase {AMP)

Acid:CoA ligase

Acid:CoA ligase

Acid:CoA ligase

Acid:CoA ligase

(AMP)

(AMP)

{GDP)

Adenosine deaminase
ATPase

Citrate lyase

Citrate synthase

Glucosephosphate
isomerase (phospho-
glucose isomerase)

Acetyl-CcA synthetase;
short-chain acyl-Coa
synthetase

Octanoyl-Coa
synthetase; medium-
chain acyl=~Coa
synthetase

Palmitoyl-CoA
synthetase; long-
chain acyl-Coca
synthetase

Lauroyl-CoA synthetase

GTP~dependent acyl-CoA
synthetase
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CHAPTER 1

Introduction

Reaction mechanism of palmitate conversion

Palmitate, one cof the important substrates to maintain
life, is metabolically gquite inert. However, it can be es-
terified with coenzyme A. In this activated form the acyl
group can be used in wvarious biochemical pathways, viz. ox-—
idative degradation, the synthesis of esters (glycerides,
phospholipids, cholesterol esters, waxes) and amides (glyco-
lipids), or the formation of other fatty acids by elongation
cr desaturation of the carbon chain (Fig. 1}.

The energyv required for thiocester formation is supplied

by hydrolysis of ATP into AMP and PPil’2 {EBgn. 1l). The
Mg2+
C15H31COOH + ATP + COASH e C15H31COSCOA + AMP + PPi (1)

reaction is catalyzed by palmitoyl-ColA synthetase, also

aglycerides palmitate cis-paimitoleate
phosphatides ?
hydrolysis /
esterification desaturation

N |7

PALMITOYL - CoA

RN

transport elongation
B-oxidation \
L-palmitoyl~ l stearate
carnitine acetyl-CoA arachidate

Fig. 1. Some routes of palmitoyl-CoA utilization.
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referred to as palmitate thickinase or long-chain fatty acid
activating enzyme. The systematic name is acid:CoA ligase
(AMP) , EC 6.2.1.3. Unless explicitly mentioned otherwise
the name palmitoyl-CoA synthetase in this thesis refers to
the ATP-dependent enzyme.

For the reaction catalyzed by palmitoyl-CoZ synthetase
it is doubtful whether an enzyme-bound acyladenylate is

formed, as found for short- and medium-chain acyl-CoA syn-
thetases® ’. Two forms of palmitovl-CoA synthetase in rat

liver microsomes have been reported: an active and an inac-
tive state. Incubation with COASH and ATP results in activa-
tion ©of the enzyme; inactivation is caused by incubaticn

with palmitoyl-AMP in the absence of CoASH. A CoA-enzyme
complex is postulated as the active forma. Similar activa-
tion of palmitoyl-CoA synthetase activity by CoASH and ATP

may be concluded from experiments with a triglyceride syn-

3,10

thetase complex, isolated from hamster intestine An

acyl-carrier protein is probably involved in fatty acid ac-

tivation in intestine and some microorganismslo’ll_

QOrgan distribution and properties of palmitoyl-CoA synthetase

After the discovery of the palmitovl-CoA synthetase in
guinea-pig liver by XORNBERG AND PRICER® (ef. ref. 12), re-

search has also been carried out on the enzyme in intestinal

13-18

preparations from rat (Appendix, Paper 4), cat® ana

guinea piglg, adipose tissue from rat20_24 and man25, and

26-28 16,25,28,29

rat kidney and heart (Appendix, Paper 4).

Eigh rates of long-chain acyl-CoA biosynthesis have been re-

8,16,27,28,30-3¢

ported in rat liver (Appendix, Papers 2 and

4), which was originally found tc contain rather low long-
1.40,81  pppctakt? re-
ported palmitoyl-CoA synthetase activity in swine acortic
wall, whereas FARSTAD AND SANDERua recently found long-chain

acyl-CoA synthetase activity in human blood platelets. The

chain acyl-CoAR synthetase activity

organ distribution has been studied in the rat by PANDE AND
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Palmitoyl-Coa synthetase activity has alsc been demon-
strated in protists, in plants and in non-mammalian members

of the animal kingdom. Long-chain acyl-Cold synthetase is
found in Baeillus megaterium44 and Escherichia coliqs_ue,
but not Clostridium butyricumqg. Candida tropicalis, a

veastlike organism, which can be grown on n—tetradecane,

exhibits palmitoyl-CoA synthetase activityso"sz. Further-

more, the enzyme is found in mesccarp from avocado (Persea

americana}sa and in endosperm cf castor bean (Rieinus com-—
munis)su—sa. Long-chain acyl-CoA synthetase activity is

present in eggs of the giant intestinal roundworm (dscaris
Zumbricoides)27, in flight muscle of the southern armyworm

moth (Prodenia eridania}ST, and in skeletal muscle of the
mackerel (Prneumatophorus diego)ss-
The organ distributiocn in mammals of palmitoyl-Coi

26’28, carnitine palmitoyltransferaseSg, 3-hydrox-

60

synthetase
vacyl-CoA dehydrogenaseeo and 3-ketoacyl-CecA thioclase
roughly correlate. Liver is most active, fcllowed by moder-—
ate activity in heart and kidney, whereas lung, skeletal
muscle and brain have little activity. The subcellular and
submitochondrial localization of palmitoyl-CclA synthetase
is discussed in Chapter 2.

Microbiolegical studies suggest that the expression of
the linked structural genes of the acyl-CoA synthetase form
a regulon, which is contrelled by a regulator gene46’47.
There is some evidence that the {mammalian) palmitoyl-CeCA

synthetase could be regulated by a soluble protein kinase®l”

63 (contrast: ref. 2; see alsc ref. 64 for cbservations on
the phosphorvlation of medium-chain acyl-CoA synthetase).
Long-chain acyl—-CoA synthetases have been (partially)

8

purified from rat liver microsomesg’a, E. coii’® ana B. meg-

ateriumqq. The activity of the microsomal palmitoyl~CoA syn-
thetase is found to be guite unstable after purificationz’s.
The increase in specific activity is very low. The molecular
weight is estimated to be 250,000. BAR-TANA et al.° stated

that this wvalue is presumably exaggerated owing to the pres-
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ence of unknown amounts of detergent bound to enzyme. The
enzyme reacts with at least C12 - C18 saturated or unsatu-
rated fatty acias?. a multienzyme complex, purified about 80
times from E. colZ, has a molecular weight of 120,000 (ref.
48). The latter enzyme is active with C4 - C18 fatty acids.
Apparent KM'S for palmitate2’3q, arp*°" and coasH®? of re-
spectively 0.04 mM, 4 mM and 0.05 mM have been reported for
the rat liver microsomal enzyme. The synthetase, demonstrat-—
ed by KORNBERG AND PRICER1 in the microsomal fraction of
guinea-pig liver, shows no significant variation of activity
in the pH range from 6.5 to 8.C. The inner membrane enzyme
of rat liver mitochondria has comparable properties (unpub-
lished observations). The purified palmitoyl-CoA synthetase
from rat liver microsomes exhibits a sharp optimum at pH 9
(ref. 2), whereas the enzyme in rat gut microsomes has high-
est activity at pH 6.8 - 7.6 (ref. 13). A pH optimum of 8.5
has been reported for the E. c¢oli enzyme”s.

The reaction rate of the microsomal (guinea-pig liver)
enzyme at 40° is 2 to 3 times as rapid as at 25° (ref. 1).
A higher value is fcund for palmitoyl-CoA synthetase in rat
liver and heart mitochondria65 (Appendix, Paper &). Stimu-
lation of the enzyme by high salt concentrations has been
reportedss’s?.
GTP- dependent acyl- CoA synthetase

An enzyme catalyzing acyl-CoA synthesis with GTP, ac-—
cording to Egn. 2, has been demonstrated in several tissues

and isclated from beef liver and rat kidney and liver mito-

chondria by ROSSI et 21.5%77% 1ne enzyme is able to acti-
24
M
RCOOH + GTP + CoASH —o RCOSCOA + GDP + P, (2)
~— i

vate palmitate, although the KM is guite high (2 - 3 mM).

The substrate specificity of the synthetase is dependent on
the isolation procedure. 4'-Phosphopantetheine is necessary
for full activity. Pi and fluoride inhikit the isolated en-
zyme severely. The findings of the ROSSI group have not yet

been confirmed by other laboratories, presumably due in part
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to a difference in the rat strain usedTg. No oxr very low

palmitoyl-CoA synthetase activity with GTP substituted for
. 4 . . .

ATP was found in B. megaterzum4 r E. coltqs, C. tropicalis

31,52 55:5% noth flight-

muscle mitoehondria57, bovine brain mitochondriaeo, rat liv-

r26.35,81,82 (Appendix, Papers 2 and 5), heartQB’as, kid-~-
26,83

2 23,24,26,84%

ney , intestine B, adipose tissue and other
26

rat organs” . Whether the GTP-dependent acyl-Coa synthetase
35

mitochondria ; castor bean endosperm

e

is of physioclogical importance has been doubted (Appendix,
Paper 2). It may, however, play a rdle in the synthesgis of

intramitochondrial GTP.

Scope of the present study
In the past decade some work has been done on the sub-
¢cellular localizaticn of palmitoyl-CoA synthetase in intes-—

tine. However, markey enzymes (to characterize subcellular

fracticons) were sometimes applied in a wrong way13’85

28

or o-
mitted from the investigation

A number of schemes had been published concerning the
(liver) mitochondrial compartmentation of enzymes involved
in fatty acid breakdown®° °®. The presumed loci of ATP and
GTP~dependent acyl-CoR synthetases were often derived from
oxidation experiments with liver mitcochondria in which use
was made of inhibitors. These sometimes lacked the assumed

specificity. When it was found, for instance, that atrac-
84,85 o Pias,es
effects than accounted for in the schemes, new investiga~

tylate (Appendix, Papers 2 and 3) had more
tions were desirable.

A dearth of reports on myocardial palmitoyl-CcA synthe-
tase was observed.

In the course of a study on the oxidation of ketone
bodies an inhibitory effect of P., in the presence of DNP,
was noticed (Chapter 3). Similar—observations had been re-
ported in the literature for fatty acid oxidation. The ef~
fect had been ascribed to an inhibition of the GTP-
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dependent acyl-Cod synthetase {(vide ante). We were not suc-
cessful in demonstrating a GTP-dependent acetoacetyl-CoA
synthetase in heart mitochondria. However, in our prepara-
tions GTP-dependent acyl-ColA synthetase activity was also
very poor. When GTP was replaced by ATP high activities of
the acyl-Co3d synthetase were observed35 {Appendix, Paper
2}. Because the GTP-dependent activation of fatty acids
was found to be relatively unimportant, we decided to re-
investigate the inhibition by Pi of fatty acid oxida-
tion®?: %8 (Appendix, Papers 2 and 3; Chapter 3).
Considerations, mentioned above, started ocur research
on aspects ¢of the activity, regulation, and subcellular
and submitochondrial localization in rat heart, liver and
intestine. In the course ©f this investigation it became
clear from studies by us16 (Appendix, Paper 4) and independ-
ently by‘othersg7that Nagarse, a peptidase used to facili-
tate the isolation of muscle mitochondria, rather selec-
tively destroys palmitoyl-CoA synthetase activity (see
Chapter 4). This finding was used in localization stud-
ies:”’ss’82 (Appendix, Papers 5 and 6: Chapter 2). The dis-
covery that adenosine is a strong inhibitor of palmitoyl-
CoA Synthetase65’82 {Appendix, Papers 5 and 6) prompted a
search for a possible rdle of this nucleoside in the regu-
lation of the activity of the enzyme (Chapter 5).
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CHAPTER 2

Localization of palmitoyl-CoA synthetase

Subcellular localization

Palmitoyl-CoA synthetase is partially scluble in pro-

44,45,48,%9_ In eucaryotic cells the enzyme is

membrane bound28’33’34’35’38. The "scluble" activity report-

1.41,98

caryotic cells
ed in the ¢lder literature is probably due to incom-
plete sedimentation of microsomes. Palmitoyl-CoA synthetase
activity is present in mitochondrial and microsomal frac-
tions. The available data are given in Table I. The quite
large range of specific activities observed for liver and
intestine may be due to: (i) hormonal and dietary condi-

tionslgz’loa; (ii) differences in animal strain79 and
ageze,zou;

. . . 12
(e.g. towards endogencus proteinases in the preparation™ ",

{iii) the lability of palmitoyl-CcA synthetase

ef. Chapter 4); and/or (iv} different fractionation methcds
and activity determinations. To obtain high specific activi-
ties it is necessary to minimize the concentration of AMP
(and adenosine formed through the 5'-nuclectidase action in
the preparation), e¢.g. by using an ATP regenerating sys-—
tem16136 (Appendix, Paper 4). Adenosine and alsc 2MP inhibit
the palmitoyl-CoA synthetasess’82
Chapter 5).

(Appendix, Papers 5 and 6;

In rat liver about the same specific activity is found
in the mitochondrial fraction (58 mU/mg protein) and micro-
somal fraction {73 mU/mg protein) (average values of 11 - 15
data reported by different authors, Table I). PANDE AND
MEAD3L+ communicated the highest specific activity in the
liver cell membrane fraction. We were not able to reproduce
this finding (ref. 16; Appendix, Paper 4) with either the
16,33 or the hydroxylamine methodaq.
Recently, also LIPPEL et aZ.SS were unable to detect appre-

modified carnitine assay
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TABLE I

LONG-CHAIN ACYL-CoA SYNTHETASE ACTIVITY IN MITOCHONDRIAL AND MICROSOMAL
FRACTIONS

Species Organ Mitochondrig Mierosomes Ref.
Spec.act. Temp. Spec.act. Tgmp.
(mU/mgl (°CJ (mU/mgl (°CJ

C. tropiecalis - 27 37 - - 52
Scuthern Flight 28 30 - - 57
armyworm moth muscle
Rat Liver 17-135 377 17-145 37" 2,8,16,28,
- 30,32-38,
81,95,97,
99,100
Rat Heart 27-37 37 38~60 37 16,26,28
Rat Intes- 11-20 37 3-119 37 13,15-17,
tine** 85
Rat Skeletal 18 37 3 37 26
muscle
Rat Adipose 50-184 37 95-640 37 21,24,26
tissue
Rat Kidney 10 35 13 35 28
Rat Brain 2 37 8 37 26
Guinea pig Liver - - 1;1C 37:40 1251
Guinea pig Intestine - - 20 37 19
Rabbit Skeletal 8-23 37 - - 58,97
muscle
Cat Intestine - - 54 37 19
Pig Intestine - - 6 37 101
Beef Eeart 167 38 - - 73

*A &qp of 3.0 was used to recalculate palmitoyl-CoA syn-
thetase activity if necesgaryss (Appendix, Paper 6).

**The values of AILHAUD e? «l.8% were included. It was as-
sumed that rat intestine was used in their experiments.
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ciable palmitoyl-CoA synthetase in this fraction. At least
in liver, heart and gut there seems to be a correlation be—
tween the palmitoyl-CoA synthetase activity present in the
mitochondrial or microsomal fraction and the function of
the organ15 (Appendix, Paper 4). [Attention is drawn to the
relatively small amount ©f micrcsomal protein in heart tis-

c
SuelOu,lOE

{ef.- ref. 16; Appendix, Paper 4}.] A comparable
conclusion was drawn for (rabbit) skeletal muscle by PANDE
AND BLANCHAER®?, who found that the activity of palmitoyl-
CoA synthetase was twice as high in red as in white skeletal
muscle. RODGERS AND BOCHENEK  measured the activities of
palmitoyl-CoA synthetase and monoglyceride acyltransferase
in rat duodenum, Jejunum and ileum. The enzyme activities
were significantly greater in the proximal small bowel,
which is thought to be the major site of 1lipid abscorption.
The high activity of palmitoyl-CoA synthetase in adipose
tissue igs interesting as this tissue has a profound capacity
for triglyceride svnthesis. Likewise the activity in moth
flight muscle is notewocrthy as carbeohvdrate is not used for

flight energy in this species, but rather converted into lip-
107

id, which is stored as a low-weight high-caloric fuel

In mesocarp from ripening avocado palmitovl-CoA synthe-
tase is at least fcund in the microsomal fractionsa, whereas
long-chain acyl-CoA svnthetase in castor bean endcosperm is
located in the glyoxysomesSu_SS.

It was reported earlier that no palmitovl-CoA synthetase
was present in the brush border fraction of rat intestine16
(see Appendix, Paper 4}. This correlates with recent find-
ings of SCHILLER et aZ.lOB, who do not find triglyceride
synthetase activity in the brush border fraction from ham-

ster and rat gut.

Intramitochondrial localization
A number of studies have appeared in which the submi-
techondrial loci of acyl-ColA synthetases are indicat-

ed81,91,109—lll_ As mentioned before newer findings made ad-
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ditional experiments desirable to gain insight in the local-

ization of acyl-CcA synthetasesloo’llz. The destructive ac-

tion of Nagarse on palmitoyl-CoA synthetase15°82’97 {Appen-

dix, Papers 4 and 5; Chapter 4) was uged as a tool to elimi-

nate the very active hepatic outer membrane enzyme, which

) . e ea . 31,
made earlier experiments difficult £o interpret 1,133

65,872

. Our
oxidation experiments (Appendix, Papers 5 and 6) and
the fracticnation studies of VAN TOL AND HULSMANNST, both
performed with Nagarse—treated rat liver mitochondria, indi-
cate that a palmitoyl-CoA synthetase is present in the inner
membrane pluwg matrix fraction. This finding is in agreement
with the conclusion of SKREDE AND BREMER®®, who eliminated
the outer membrane activity by oxidizing CcASH with tetra-
thionate. The activity of the inner membrane plus matrix en-—
zyme is 5 -~ 10 % of the total liver mitochondrial palmitoyli~
Col synthetase activity, which may be adeguate to account
for the oxygen uptake in the complete oxidation of palmitate.
The contribution of the outer membrane palmitoyl-CoA synthe-

tase 1s indispensable when the rate of fatty acid consump-
37

tion is very high such as in ketogenesis™ '. Moreover, the
outer membrane enzyme may be reguired for phospholipid syn-
thesis* %7116,

Medium-chain acyl-CoA synthetases with broad specifici-
ty for fatty acids have been demonstrated in the inner mem-—

brane pilus matrix fraction?®

. The pH and temperature depen-—
dence ¢f palmitoyl-CoA and octanoyl-CoA synthesis in Nagarse-
treated liver mitochondria seem to be different (unpublished
cbhservations), from which it could be concluded that the
(inner membrane/matrix) medium—-chain acyl-CoA synthetase is
not involved in palmitate thioester formation (see, however,
refg. 28 and 95). Possibly more information can be obtained
by making use of differences in acyladenylate formation by
substrate amounts of the two enzymes (see Chapter 1).

In rat heart mitochondria only evidence is found for an
outer membrane localized palmitoyl-CoA synthetasess’82 {Ap—
pendix, Papers 5 and 6).
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CHAPTER 3

The inhibition of fatty acid oxidation by phosphate

In the course of an investigation of the oxidation of
ketone bodies by heart mitochondria, it was noticed that Pi
inhibits the respiration in the presence of DNP. In Fig. 2
the results cof a mancometric experiment are shown, in which
rat heart mitochondria have been used to oxidize 3~hydroxy-
butyrate. After the addition of DNP, the presence of Pi in-
hibits the oxygen uptake. The same is observed when acetoac-
etate replaces 3-hydroxybutyrate (not shown). A possible ex-
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6 15 4 30 45 60
DNP — Time {min)

Fig, 2. Influence of P; on 3-hydroxybutyrate oxidation by isclared rat heart mitochondria, Sarcosomes

were isolated in the presence of Nagarse as deseribed ip ref. 16 {(Appendix, Paper 4). Oxygen
aptake was measured at 25% with differential manometers as deseribed in ref. 117 (Appendix, Paper 1I).
The reaction medium contained 37.5 mM glucose, 25 mM KCI, 0.5 mM EDTA, 5mM MgCls, 0.4
mM DL-malate, 33 uM cytochrome ¢, 0.5 mM ATP, 25 mM sucrose, 75 M Tris-HCI (pH 7.6) and,
where indicated, 37.5 mM potassium phosphate {pH 7. 6) and for 20 mM sodium DL-hydroxybutyrate
{""3-COHBut"). Whea P{ was included in the reaction medium the concentration of the Tris buffer was
reduced to 25 mM. In the blank 3-hydroxybutyrate and P; were absent, The reactions were started by
the addition of sarcosomes {1.5 myg protein). After 7.5 min the contents of the flasks were considered
to be equilibrated. The taps were closed and readings were taken at 2, 5-min intervals. At the indicated
time S0 Wl DNP (in sucrose) was added from the side arm, giving a final volume of 1.0 ml. The final
concentrations of DNP and sucrose were 50 WM and 37. 5 mM, respectively.
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planation could ke that the inhibition by Pi is due to a low-
ering of the steady state concentration of succinyl-CoAlla’llg
(see Egn. 3), necessary for acetoacetate activation in

120 (Eqn. 4). In fact HATEFI AND PAKOUHI''® showed that

succinyl-Col is a potent activator of acetoacetate oxidation

heart

in beef heart mitochondria, even when 90 % of the oxygen up-
take is inhibited by Pi and AMP.

. - ;
succinyl—-CoA + GDP + Pi ;Eﬁt succinate 4 GTP + CoASH (3)

acetoacetate + succinyl-CoA ;52: acetoacetyl-Col + succinate
(4}

That Pi could inhibit the sarcosomal oxidation of ke-
tone bodies in the presence of DNP, reminded us of a similar
effect, discovered by VAN DEN BERGH +°109:121  for farty ac-
id oxidation in rat liver mitochondria. Here also, fatty ac-
id oxidation in the presence of DNP was inhibited by P, -

The dissimilarity bketween the main mechanisms of aceto-
acetate activation in heart sarcosomes, and the activation
of fatty acid in liver mitcchondria, made us wonder whether
the inhibitory effect of Pi on fatty acid oxidation were in-
deed to be ascribed to inhibition of a GTP-dependent activa-
T4,75,91,109,121

tion process {see Chapter 1). We showed in

polarcgraphic experiments that the oxidation of pyruvate or
other acetyl=-CoA donors such as acylcarnitines, was also in-
hibited by P, addition’ °>°° (Appendix, Papers 2 and 3). The
inhibition of palmitoylcarnitine oxidation by Pi was confirm-
ed by EOFFMANN AND VAN DEN BERGH'Z?. Malate addition caused
a relief of the Pi-induced inhibition of fatty acid, pyru-

vate or acylcarnitine oxidationas’g6

(Appendix, Papers 2 and
3). When Pi was added after malate no inhibition was ob-
served®® (Appendix, Paper 3).

The GTP-dependent acyl—-Cok synthetase is said to be in-
hibited by Pi and fluoride, the latter inhibition being prob-
ably diagnostic for the activation in intact mitochondriaTs.

We do not consider this phenomencn to be diagnostic at all.
Under the conditions used for the study of the GTP-dependent
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acyl-Col synthetase, Pi and fluoride also inhibit the oxida-
tion of pyruvate in intact rat liver mitochondria. The inhi-
bitions are completely relieved by the addition of malate a-
lone in the case ¢f the Pi inhibition, and of malate plus Pi
in the c¢ase of the fluoride inhibition (see Table II). This

indicates that an interruption of the citric acid c&cle, re-
sulting in a deficiency of oxaloacetate, is the cause of the
inhibkbition. Pi addition causes a loss of citrate and malate

from the mitochondria96

(Appendix, Paper 3). This extrusion
of citric agld cycle intermediates occurs presumably by an
exchange for P, (see refs. 125-127, and KLINGENBERGZ® for a
recent review on mitochondrial metabolite transport).
HULSMANN129

dation of 2-oxoglutarate in heart sarcosomes. The fluoride

digcovered that fluoride inhibits the oxi-

TABLE II

INHIBITION OF PYRUVATE OXIDATION BY INORGANIC PHOSPHATE AND FLUORIDE IN RAT LIVER
MITCCHONDRIA

Mitochondria were isolated as described in ref, 16 (Appendix, Paper 4). Oxygen uptake was determined
with differential manometers®17 {Appendix, Paper 1). The medium consisted of 25 mM KCl, 5 mM
MgClz, 2 mM EDTA, 40 mM Tris-HCl (pH 7.4}, 75 mM sucrose, 0.1 mM DNP, 10 mM sodium pyru-
vate, 7.5 mg mitochondrial protein and, where indicated, 10 mM potassivm (L)-malate, 1S mM KF
and/or 15 mM potassium phosphate {pH 7.4}. For other conditions see legend to Fig. 2. After 53 min
of incubation the reactions were stopped with HCIO4 (final concentration 4%). The contents of the
flasks were transferred to tubes, centrifuged and neutralized with KOH. KClO, was removed after stand-
ing in the cold and acetoacetate and 2-oxoglutarate were determined!23, 124,

Additions Without malate Plus malate
_ - AZ-Oxo~ _ - a2=0zo-
rﬂgiigif glutarate (Agigi§? glutarate
L (umoiles) H fumoles)

None 13 0.1 17 0.2

+ Pi 5 C.1k 18 0.2

+ F 4 0.1 iz .

+ P, + F 5 0.0 19 0.2

*Oxygen uptake was corrected for acetoacetate formation
(2 yatems coxygen/umole acetoacetate).




28 PHOSPHATE INHIBITION

a2-Oxoglutarate

(/umoles}

0.5

0 (1= 30 45 60
——s Time (min)

Fig. 3. Flueride-induced 2-oxoglutarate accumulation in rat liver mitochondria, oxidizing pyravate /

malate, Incubations were carried out in test tubes under agitation. 60 mM Tris-HC1, 25 mM
sucrose, 15 mM KF, 10 mM potassium {L}~mzlate and 6.0 mg mitochondrial protein were used. Other
conditions were similar to those described in the legend to Table II (P; was omitted). After incubation
for the times indicated in the figure, reactions were stopped by HC104 addition. Analysis for 2-oxo-
glutarate was performed on deproteinized, newtralized samples {see legend to Table II).

inhibition of pyruvate oxidation is only partially relieved
by malate alcne, but completely by malate plus Pi (Table
II). A possible explanation is the removal cf Pi by fluo-
ride (magnesium fluorophosphate formation), resulting in 2-
oxoglutarate accumulation (Table II and Fig. 32) and oxalo-
acetate depletion.
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CHAPTER 4

Effect of Nagarse on palmitoyl-CoA synthetase

Mitocheondria isolated from different tissues differ in
structure (shape, size, number of cristae) and functional
propertieslao’lsl. By means of histochemistry and electron
micrescopy enzymatically and morpholegically different mi-
tochondria have also been demonstrated in cne tissue simul-

130,132-135

taneocusly Separation of mitochondrial species

from each other has been achieved from liver, kidney, heart

and skeletal musclell7>130:133713% appenaix, Paper 1).

From skeletal muscle of rat and man two types of mito-
chendria were isclated, one with locsely coupled oxidative
phosphorylation localized prokably subsarcolemmally, and an-
other, more "deeply localized" with tightly coupled oxida-

tive phosphorylationn?’136

{Appendix, Paper 1l). Mild frag-
mentation ¢f the muscle in a loose-fitting Potter-Elvehijem
homogenizer preferentially released "subsarcolemmal" sar-
cosomes. By using a tight-fitting homogenizer and longer
times to grind the tissue, more "deeply localized" mitochon-

137

dria were found in the preparation. HULSMANN extended

these findings to rat heart. He showed that it was possible
by treatment with Nagarse™, a subtilopeptidase A, to release
"deeply localized" mitochondria from heart muscle homoge-
nates depleted from "subsarcolemmal"” mitochondria. The lat-
ter had typical properties of tightly coupled mitochondria.
After CHANCE AND HAGIEARAT'1°%"%? jntroduced the Nagarse di-

gestion of tissue to facilitate the isclation of mitochon-

*The neomenclature of the subtilisins, serine proteinases
from strains of Baeillus subtilis, has been changed several
times. This has caused considerable confusion in the litera-
ture. Nagarse has been isolated from B. subtilis strain NW'.
The synonyms subtilisin BPN' and subtilopeptidase C are used.
411 subtilisins belong tc the categery EC 3.4.4.16 with the
recommended trivial name subtilopeptidase A (see ref. 140).
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dria from pigeon and rat heart, the use of Nagarse for the
isolation of sarcosomal fracticms has almost become a stan-
dard procedure. Mitochondrial fractions were obtained from
Nagarse~treated hearts of a variety cof avian and mammalian
specieslua_lss, including man157. The method was also used
for the isolation of mammalian skeletal muscle mitochon-
Arig 8»1¥5,158,159-162 0o yse of the proteinase gives mi-
tochondrial preparations (i) in an improved yield; (ii) with
less contamination; and (iii) with improved integrity ac-
cording to the morpheological and biochemical parameters
tested. In oxidation studies mitochondria isolated with the
Nagarse procedure showed oxidation rates (e¢.g. with pyruvate,
succinate, 2-oxoglutarate and acylcarnitines), P/0 and res-~
piration-control ratios, which compared favorably with con-
ventially prepared mitochondria. Similar observations were
made when trypsin was used in stead of Nagarselss’lss.

Although mitochondria isclated from Nagarse-treated
heart and skeletal muscle homogenates would appear to be
better than those isolated without the use of a peptidase,
this conclusion is premature. It was found by LINDENMAYER
et aZ.lsu that heart mitochondria prepared by the Nagarse
procedure rapidly utilized NADH. They concluded that the
permeability of a mitochondrial membrane is increased. BODE
AND KLINGENBERG'*°*"857187 ,na MAKINEN AND LEE'"° reported
that mitochondria from heart and skeletal muscle are able
to oxidize palmitoylcarnitine, but not palmitate. It was
concluded that palmitovl-CoA synthetase in these corgans is
absent {see also ref. 168). These sarcosomal preparaticns
were oObtained by the Nagarse method. FRITZ and cowork-

er587’110 as well as ourselve555’82

{(Appendix, Papers 5 and
6) showed, however, that rat heart mitochondria (isolated
without the proteinase) were able to oxidize palmitate (ef.
ref. 169). PETER AND LEE™ "’ ° isolated mitochondria from rat
skeletal muscle by a new, improved technique. These parti-
cles were able to oxidize palmitate as well. Rat skeletal

rmuscle mitechondria, isolated by orthodox methods, e.g. as
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described in ref. 117 (Appendix, Paper 1), exhibited similar
properties (data not shown). By direct assay PANDE AND
MEAD’®, DE JONG AND HULSMANN'® (Appendix, Paper 4) and AAS®S
demonstrated palmitoyl-CoA synthetase activity in mitochon-
dria isolated from heart and skeletal muscle.

It was found independently by PANDE AND BLANCHAERQ7 and

ourselves15

(Appendix, Paper 4) that Nagarse destroys palmi-
toyl-CoA synthetase activity in heart, liver and skeletal
muscle. Furthermore, it was shown by BLANCHAER and collabo-
rators {unpublished cbservations, see refs. 97 and 162) that
Nagarse treatment of skeletal muscle mitochondria destroys
the capacity to oxidize palmitate. We have made analogous
observations for heart65’82 (Appendix, Papers 5 and 6). Na-
garse treatment does not Iimpair hepatic fatty acid oxida-—
tion®%282 (Appendix, Papers 5 and 6), because in rat liver
mitochondria palmitate can be activated also in the inner
memprane plus matrix compartment, contrary to muscle (sSee
Chapter 2).

Palmitoyl-CcA synthetase in heart mitechondria ig much
less susceptible to Nagarse treatment when the proteinase is
added to mitochondria oxidizing palmitate65 {Appendix, Paper
65 (Bp-
pendix, Paper 6) or liver (Fig. 4) with palmitate, ATP and
CoASH protects the palmitoyl-CclA synthetase to some extent

6). Preincubation of mitochondrial sonicates of heart

against proteolytic action. The protection seems to be more
pronounced in the case of heart mitochondria. The stabiliz-
ing action of ATP on palmitoyl-CoA synthetase during the
fractionation of cells, reported by AASQS, is possibly due
tc a simjilar effect. The presence ¢f endogenous CoASH and
palmitate together with added ATP may protect the enzyme a-
gainst endogenous proteinases. KORNBERG AND PRICERl observed
that their palmitcoyl-CclA synthetase from guinea-pig liver
microscmes was inactivated by 80 % by incubation with tryp-
sin at 40° for 30 min.

Nagarse is reported to show a very wide substrate spec-—

ificityl7l. The enzyme attacks about one third of the pep-
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tide bonds in casein and a gqguarter of those in gelatin. In
addition, the enzyme hydrolyzes the ester bond172’173. RICH~
ARDS AND VITHAVATEIL''"® have used a subtilopeptidase A to
split ribonuclease. It is quite surprising to read that in
this case only one peptide bond is attacked, viz. between
residues 20 and 21, without any less of activity. Some spec-—
ificity in inactivating action is alse observed in ocur work
with subcellular fractions. Mecnocamine oxidase, carnitine
palmitoyltransferase, cytcocchrome ¢ oxidase, carboxylesterase
and glucose-6-phosphatase in isoclated mitochondrial and mi-
crosomal fractions were relatively insensitive to Nagarse
treatmentls’97 (Appendix, Paper 4). The activity of NADPH
cytochrome ¢ reductase disappeared from the microsomal frac-
tion after proteolysis16 (Appendix, Paper 4). It was shown
by TAKESUE AND OMURAZ’®

tion, as the NADPH cytochrome ¢ reductase was solubilized by

that this was not due to inactiva-

Spec. act.
mU/mg

30 Preincubated with
C‘IG" CoASH:ATP
20
10
0

0 20 40 60 80 100
—--a-/ug Nagarse

Fig. 4. Inactivation by Nagarse of palmitoyl-CoA synthetase in 2 rat liver mitochondrizl sonicate.

Preincubation of 1.0 mg mitochondrial protein was carried out in 0.21 M sucrose /0.01 M
Tris-HC1 (pH 7.4) at room temperature {22°) for 5 min in 2 volume of 0.24 ml. Where indicated 0.25
mM potassium palmitate /0.03 mM albumin, 1.2 mM ATP and 0. 1 mM CoASH were added. The in-
dicated amounts of Nagarse were added in a volume of 10 pl. Proteolysis took place at room tempera-
ture for 5 min. Samples of 0. 10 ml were assayed for palmitoyl-CoA synthetase activity with the [3}'1] -
camitine method16 (Appendix, Paper 4). Incubations were carried out at 37° for 8 min in a volume of
1.0ml.
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the proteinase. Inside the mitochondria enzymes are presuma-
kly protected by the outer membrane agalnst proteolysisl75.
However, also in ultrasonically or detergent disrupted mito-
chondria monocamine oxidase is perfectly able to resist Na-
garse attack, as is carnitine palmitovlitransferase (experi-
ments not shown). Very recently, BONDl77 compared the sus-
ceptibility of several soluble liver enzymes towards proteco-
lytic attack. She found that arginase activity was increased
by treatment with subtilisin (Nagarse?). The arginase activ-
ity was then stable for the 2-h incubation period at 37°.
Lactate dehydrogenase activity, on the contrary, decayed
quite rapidlyl77.

We conclude that the vulnerability of enzymes to the
action of Nagarse depends on subcellular lccalization and
enzyme structure. From the foregoing it is evident that the
Nagarse method for the isclation of sarcosomes is not with-
out pitfalls.
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CHAPTER 5
The inhibition of palmitate activation by adenosine

When the myocardial oxygen concentration diminishes (e.
g- by hypoxia, a lower coronary blecod flow or increased oxy-
gen consumpticn) breakdown of nucleotides to adenosine takes

placel78_180. The mechanism of adenosine production from ATP

by the myccardial cell is unknownlgl. During hypoxia cardiac
bloocd flow is elevated presumably due to an adenosine-
induced vasodilatation®?7%% we considered the possibility
that adenosine plays a rdle in the regulation of heart pal-
mitoyi-CoA synthetase activity. When the oxyvgen level in the
heart is low, it makes no sense that mitochondria synthesize
palmitoyl-~CoA. It may even be dangerous. Because B-oxidation
in the heart is impaired under these c¢onditions, carbohy-
drate is catabolized to meet the energy requirements. Pal-
mitoyl-CoA is an effective detergent, which inhibits many
enzymes in vitrolss_lsg. Adencsine seems tc ke well-suited
to control mitochondrial palmitoyl-CoA synthetase activity
in viveo, because (i) guite low concentrations of adenosine
inhibit the enzyme in mitochondrial sonicates; (ii) heart
contains a large potential source of this nuclecside; (iii)
it is formed in the heart under hypoxic conditions; and (iv)
it is easy to get rid of the inhibitor, e.g. by deaminatiocn,
rhospherylation or movement across the c¢ellular membrane.

In sonicates of rat heart mitcchondria a Ki of 0.1 mM
is observed for the adenosine inhibition of palmitoyl-Colk
synthetase® >%? (appendix, Papers 5 and 6). The inhibition
is of the competitive type with respect to ATP. The speci-
ficity of the inhibition has been tested. The presence and
the position of the amino group are important for the inhi-
bition: guancsine and inosine are much less potent inhibkbi-

tors®: 82 (Appendix, Papers 5 and 6}. Under the conditions,
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specified in these references, l-methyl adenosine, 8-bromo-
adenosine, 6&-mercapto guanosine, 6-deoxyguanosine, purine
riboside, 6-mercapto purine riboside and 6-methyl aminopu-
rine-9-ripofuranoside inhibit less than 30 % {(unpublished
observations). Also the ribose moiety is necessary for the
inhibition of palmitoyl-CoA synthetase. Omission or modifi-
cation of the sugar by esterification usually results in
loss of inhibitory power: adenine, 2'-deoxyadenosine and a-—
dencsine phosphates, including 3',5'-cyclic AMP (refs. 65
and 82; Appendix, Papers 5 and 6), as well as 6~methyl ami-
nopurine, 2',3'-isopropylidene adencsine and 2',3'-diacetyl
adenosine {unpublished results) are relatively poor inhibji-
tors. Only the pseudo nuclectide adenosine sulfate is as
effective an inhibkitor as adenosine65 (Appendix, Paper 6).
Ccmparable results for the compounds mentioned above, were
obtained on liver mitochondrial palmitoyl-CoA synthetase.
It is concluded that the inhibition of heart mitochondrial
palmitoyl-Co2 synthetase by adenosine is quite specific.
The next step of ocur research was on 1L+C palmitate
oxidaticn by isolated heart mitochondria. Adencsine {or a-
denosine sulfate) was able to inhibit oxygen uptake and

1k
CO2 producticn in these preparations65

(Appendix, Paper
6). Pyruvate oxidation, on the contrary, was not impaired
on adenosine addition.

Proceeding towards the im vive situation we tested the
effect of adenosine on palmitate metabolism in the isolated,
perfused rat heart (Langendorff preparation). In control
experiments it became clear that adenosine or dipyridamole™
[2,6-bis-{diethanolaminc)-4,8-dipiperidinopyrimide {5,4~d)
pyrimidine ] caused an increase in flow rate of 2 - 4 times
(Fig. 5). When dipyridamcle is added together with adeno-
sine, results are cbtained comparakle to Expt. 1 (Fig. 5).
Dipyridamole (synonyms: Persantin, RA 8) is an inhibitor of

adenosine deaminaselga. It is thought tc augment the endog-—

*Dipyridamcle was a generous gift from Propharma, Haarlem.
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Fig. 5. Influence of adenosine and dipyridamole on the flow rate of the isolated, perfused rat heart.
Fed male Wistar rats (220 - 280 g) were anesthetized with abowt 20 mg pentobarbital (Abbotr)
and heparinized with 500 I.U. Thromboliquine (Organcn). Langendorff preparations, obtained as
described by ZIMMERMAN eral 190,191 yoope perfused at 370 with a Tyrode solution, modified a¢-
cording to MEI_TLERIQI, 192, but containing 5 mM glucose. Use was made of a pace maker, set at
S pulses/sec, 2 msec duration and 0.2 mA. At the indicated points the perfusion fluid was changed to
Meijler's medium containing in addition: 0.5 mM adencsine (Expt. 1) or 0.03 mM dipyridamole {Expt.
1I). In Expt. III the heart was perfused with dipyridamole (0.05 mM) enriched medium and Meijler's
fluid {"normal™) alternately. Expt. IV represents 2 control in which no drug was added.

enous adencsine concentration through action on this deami-

naselga_lgs. Other evidence indicates that dipvridamcle in-

hibits the transport of adenosine across the myocardial

197~199

membrane If this were true under the conditions of

Fig. 5, it should have had a negative effect on the flow

rate in the experiment shown, since adencsine formed in the
myocardial cells must penetrate to the blcod capillaries in
order t¢ change the flow rate. The observations cn the flow
rate are in agreement with those done ¢n the copen-chest dog

182 ,200-207

myocardium and the isclated, perfused heart of
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208 g2

the cat and the guinea pig1 .
The application of the canula into the aorta takes

1.5 = 2 min. The heart is ischemic for this period. This
causes accumulation of intracellular adenosine. The initial
high flow rate is most probably due to endogenous adenosine
that diffused across the cellular membrane. In further ex-
periments a pericd of 30 min was taken for perfusion with
glucose medium (see legend to Fig. 5). The height of con-
tracticn and the flow rate of the heart were usually con~ 7
stant after this period..Then perfusion was started with a

1L+C]palmitate/albumin containing mediwm in a recirculating
system. Palmitate was removed from the perfusion fluid at a
rate of 0.5 pmole/min per ¢ myocardial protein (Table III).

212. Highér

rates of extraction were published by CRASS et al.2°°. The
la
disappearance of C|palmitate from the perfusion fluid

was stimulated twofcld by the addition of 0.5 mM adenosine

A comparable value was reported by RODIS et gl.

TABLE III

EFFECT OF ADENCSINE ON PALMITATE EXTRACTION AND LACTATE ACCUMULATION BY THE
ISOLATED, PERFUSED RAT HEART

Langendorff preparations were perfused as described in the legend fo Fig. 5 for 30 min with Meijler's
fluid, containing 5 mM glucese. Perfusion was continued in a recirculating system with 50 ml Meijler's
medjum (5 mM glueose) fostified with 0.5 mM [ 1-14C Jpalmitate (0. 13 1C /umole)/0. 17 mM dialyzed
bovine serum albumin, and, where indicated, 0,5 mM adenosine. Foaming of this mixture, when
equilibrated with 25% 02 /5% CQOp, was suppressed by application of 2 minimal amount of Antifoam A
Spray (Dow Corning). The perfusion with palmitate /glucose medium tock place for 30 min. Samples
(0.5 ml) were taken at 5~-min intervals and analyzed for disappearance of radicactive label (corrected
for 14C0O») and adenosine®9?, and the formation of 1actate® 0 and fosine2ll, Mean values are given,
with their §.D. where appropiate, whereas the number of experiments is given in brackets.

(wmole/min per g myccardial protein)

. Minus adenogine Plus adenosine
1y
—A[ ]C Palmitate 0.47 + 0.10 (86) 1.00 + 0.28 (8)
ALactate 0.62 + 0.43 (4) 2.29 + 0.48 (6)
—-ahdenosine - : - 1.68 + 0.32 (5}

sInosine - 1-35 (3)
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(Table III}. Similarly, in the presence of dipyridamole or
adenosine sulfate, which alsc caused an increase in flow
rate, palmitate extraction was increased (not shown). Pre-
liminary experiments indicate that also ll+CO2 production
from palmitate is elevated, when adenosine is present in the
perfusicon fluid. Therefore, it seems doubtful whether the
mitocheondrial palmitoyl-CoA synthetase 1s inhibited by added
nucleoside. Excgenous adencsine is unlikely to accumulate in
the myocardial cell to a significant extent (ef. ref. 214).
Adenosine deaminase is an active enzyme in heart181’215“217
{ef. inosine formation, Table III). Furthermore, adenosine
kinase rapidly phosphorylates adenosine in cat heartzog’218
and rabbit heart?’. No net synthesis ¢f adenine nucl?Etides
under our conditions was cbserved (Table IV), but [8“ Cla-
denosine was incorporated in the nucleotides (experiment not
shown, compare ref. 219). From the drop in creatine phos-
phate content of the heart, following adenosine administra-
ticn {Table IV), cne ccould argue that transphesphorylation
by the creatine kinase reaction is necessary to keep the ATP
concentration at the control level. However, ¢ support such
a hypothesis, it would also be necessary to know the effect

of adencosine on the myocardial creatine concentration.

TABLE IV

NUCILEQTIDES AND CREATINE PHOSPHATE IN RAT HEART AFTER ADENOSINE PERFUSICN

Langendorff preparations were perfused as described in the legend te Table III. After 30 min of recircu~
lation hearts were clamped at liguid nitrogen temperature and deproteinized in the cold with HCIO,.

In neutralized extracts (cf. Table II) ATP220, ADP221 AMP221 41 creatine phosphate?22 were
determined.

umeles/ g myocardial protein

Minus adenosine Plus adencsine
ATP 18.1 + 3.4 (5) 16.0 + 4.2 (7)
ADP 4.2 + 1.1 (5} 4.5 + 1.2 (7)
AMP 0.5 + 0.2 (5) 1.4 + 0.8 (7)
IAdenine nucleotides 23.0 + 3.8 (5) 22.0 + 4.0 (72
Creatine phosphate 30.4 (23 18.1 + 1.6 (4}
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Recently, WIELAND g¢ 41.223

cbserved with the isclated
rat heart, perfused with a glucose-containing salt medium,
that the addition of palmitate resulted in an augmented lac-
tate level. It is likely that a stimulation of fatty acid
extraction by added adenosine could result in an elevated
lactate concentraticon, as is shown in Table III. WIELAND et
a1-223,224

an increased supply of long-chain fatty acids is responsible

have presented evidence for their hypothesis that

for the conversion of active to inactive myccardial pyruvate
dehydrogenase, resulting in lactate ac¢cumulation.

Is adenosine invelved in the regulation of cardiac fat~
ty acid metabolism Zn vive? In the hypoxic rat heart tri-
glyceride synthesis is increasedzzs. Lipid accumulation in
the heart alsoc occurs in the clinical counterpart of myoccar-
dial hypoxia: myocardial infarction226. Obvicusly, adeguate
amounts of acyl-Cod can be generated for lipid synthesis un-—
der these conditicons, where adenosine producticn is increas-
ed. The findings in isolated sarcosomes on the adencsine in-
hibiticon of palmitate activation and oxidation, are possibly
restricted to the <n vitro situation. From ocur findings with
the isolated, perfused heart and the data in the literature
the conclusion might be drawn that adenosine has probably
nothing to do with myocardial palmitoyl-CoA synthetase in
vive, because the myocardial concentration of the nucleoside
is likely to be always far below the Ki for the inhibition
of palmitate activation. More studies are required on the
activity and compartmentation of enzymes inveolved in adeno—
sine and palmitate metabolism, before a definite statement,

pertinent tec the matter in guestion, can be made.
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Summary

1. The specific activity of palmitoyl~CoA synthetase
{BC €.1.2.3) in rat liver mitochondrial or microsomal frac-—
tions 1is approximately 0.1 umole/min per mg protein (37°).

2. In rat heart palmitoyl-CoA synthetase activity is
mainly localized in the sarcosomal fraction, whereas in in-
testine the enzyme is predominantly localized in the micro-
somal fraction. '

3. There seems to be a correlation between the intra-
cellular localization of the activity of palmitoyl-CoA syn-
thetase and the function cf an organ in lipid metabolism.

4. From oxidaticon studies it is concluded that in rat
heart sarcoscmes the palmitoyl-CoZ synthetase is localized
cn the outside cf the outer membrane. In liver mitochendria
an additional locus of palmitoyl-CoA synthesis with a spe-
cific activity of some 5 % of the overall mitccheondrial pal-
mitovl-CoA synthetase 1s present in the inner membrane plus
matrix compartment. This activity can suffice for palmitate
oxidatiocn.

5. Only 3 - 6 ¢ of the activity of acyl-CoA synthetase
is found when GTP replaces ATP. It seems doubtful whether
the GTP-dependent acyl-Co2 synthetase plays an important
rdle in fatty acid activation.

6. The inhibition by incrganic phosphate or fluoride
can not be used toc recognize the operétion of a mitochondri-
a2l GTP—dependent acyl~CoA synthetase. Also pyruvate or acyl-
carnitine oxidation is inhibited by these agents. Phosphate
addition causes extrusion of citric acid cvcle intermediates
from rat liver mitochondria. When pyruvate/malate is oxi-
dized in the presence of fluoride, 2-oxoglutarate accumula-

tion ¢an be demonstrated.
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7. Different species of mitochondria can be demonstrat-
ed in a single tissue. Separation from each cther has been
accomplished. The use of Nagarse (a subtilopeptidase A; EC
3.4.4.16) in an isolation procedure doubles the yield of mi-
tochondria from muscle. On the basis of several biochemical
parameters these mitochondria seem to be gualitatively bet-—
ter than theose obtained with conventional homogenizaticn
technigues. However, Nagarse destroys palmitoyl-CoA synthe-
tase activity. In sharp contrast, several marker enzymes for
subcellular fractions do not loose their activity in the
presence of the proteinase. When the substrates foxr fatty a-.
cid activation are added, palmitoyl-CoA synthetase is less
susceptible to the Nagarse action-

8. The temperature dependence of rat liver and heart
mitochondrial palmitcyl-CoA synthetase has been studied. A
Qlo of 3 is found, which is guite high for an enzymatic re-
acticn.

9. Adenosine inhibits palmitoyl-ColA synthetase activity
in rat liver and heart mitochondrial sonicates. The nucleoc-
side is a competitive inhibitor with respect to ATP with a
Ki of 0.1 mM. The specificity of the inhibkition is high. 0Of
a variety of analogs only adenosine sulfate eguals adenosine
as an inhibitor. 2 mM Adenosine or 2 mM adenosine sulfate
inhibit palmitate oxidation (in the presence of 2.5 mM ATP)
in isolated rat heart mitochondria 60 - 90 %.

10. The flow rate of the isclated, perfused rat heart
increases fourfold, when the perfusion fluid is enriched
with 0.5 mM adenosine. Under these conditions the rate of
palmitate extraction from the medium is doubled. It seems
unlikely that the concentration ¢of adenosine in the heart in
vive can be increased high enocugh to inhibit the palmitcoyl-
CoA synthetase.



31

Samenvatting

1. De specifieke activiteit van het palmitoyl-ColA syn-—
thetase (EC 6.1.2.3) in geisoleerde rattelever mitochondrién
of microsomen bedraagt ca. 0.1 pmole/min per mg eiwit (370).

2. In rattehart is de activiteit van het palmitoyl-Col
synthetase overwegend gelocaliseerd in de sarcosomen, ter-
wijl het enzym in de darm zich voornamelijk in de microsomen
bevindt.

3. Er 1ijkt een verband te bestaan tussen de activiteit
van het palmitoyl-ColA synthetase in de verschillende celfrac—
ties en de functie van een bepaald orgaan ten aanzien van de
stofwisseling van lipiden.

4. Oxydatie-proeven wijzen uit dat in rattehart en -le=~
ver mitochondrign het palmitoyl-CoR synthetase zich aan de
buitenkant van het buitenmembraan bevindt. In het binnenmem—
braan/matrix compartiment van lever mitochondzign bestaat een
extra mogelijkheid palmitoyvl-CoA te maken. De specifieke ac-
tiviteit van dit tweede enzym bedraagt ca. 5 % van de waarde
van de gehele mitochondriale palmitaat activering. Deze acti-
viteit kan voldoende zijn voor palmitaat verbranding in lever.

5. Slechts 3 - 6 % van de activiteit van het acyl-CoA
synthetase resteert als ATP wvervangen wordt dcocor GTP. Het is
twijfelachtig of het GTP-afhankelijke acyl-ColA synthetase van
belang is voor de activering van vetzuren.

6. De remming van de palmitaat oxydatie docor ancorganisch
fosfaat of fluoride kan niet gebruikt worden voor het onder-
kennen van GTP-afhankelijke acyl-CoA synthetase activiteilt in
mitochondrign. De wverbranding van pyruvaat of acylcarnitine
wordt nl. ook geremd door deze stoffen. Door toevoeging van
fosfaat aan rattelever mitochondrién vindt uittreding plaats
van intermediairen van de citroenzuur cyclus. Als fluoride

aanwezig is bij de verbranding van pyruvaat/malaat, hoopt



52 SAMENVATTING

zich 2Z-ketcglutaraat op.

7. In een weefsel kunnen verschillende soorten mitochon-
drién aangetoond worden, die van elkaar gescheiden kunnen
worden. Door Nagarse (een subtilopeptidase A; EC 3.4.4.16)
tijdens de isolatie te gebruiken, verdubbelt de copbrengst aan
mitochondri@dn uit spier. Te cordelen naar diverse biochemi-
sche parameters schijnen deze mitochondyxign kwalitatief beter
te zijn dan mitochondri@én die geiscleerd zijn{m.b.v. conven-—
tionele technieken. Het is echter zo dat Nagarse de activi-
teit van het palmitoyl-CoA synthetase vernietigt. In schrille
tegenstelling daarmee verliezen een aantal "gids" enzymen,
gebfuikt om subcellulaire ffacties te karakteriseren, hun ac-
tiviteit niet als ze in aanraking zijin met het proteinase.
Als het palmitoyl-CoR synthetase veoorzien is van ziijn sub-
straten, is het minder gevoelig voor de inwerking van het
Nagarse. :

&. Het palmitoyl-CoZ synthetase in rattelever en ~hart
mitochondrién blijkt een (betrekkelijk hoge) Qlo van 3 te
hebben.

9. Adenosine remit de palmiteyl~CoA synthetase activiteit
in Sonicaten‘van lever en hart mitochendrign. Het nucleoside
remt competitief met betrekking teot ATP. De X, is 0.1 mM. De
specificiteit van de remming is hoog: van eenbgroct aantal
analoga van adenosine blijkt alleen adenosine sulfaat even
goed te remmen als dit nucleoside. De palmitaat coxydatie door
geisoleerde rattehart mitochondrién, in aanwezigheid van 2,5
mM ATP, wordt door 2 mM adencsine of 2 mM adenosine sulfaat
66 - 90 % geremd.

10. De perfusiesnelheid van het gelisoleerde, doorstroom—
de rattehart neemt een factor vier toe als 0.5 mM adenosine
aan het medium wordt £oegevoegd- P#lmitaat wordt onder &eze
omstandigheden tweemaal zc snel door het hart uit het medium
geéxtraheerd. Het lijkt onwaarschiinliik, dat de concentratie
van adenosine in het hart <n vive dusdanig kén oplopen dat .
het palmitcyl-CcA synthetase geremd wordt.
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Mitochondria with loosely and tightly coupled oxidative phosphoryiation in
skeletal muscie

From skeletal muscle of humans, suffering from muscle disease, mitochondna
can be isolated which sometimes show loosely coupled oxidative phosphorylation,
although the patients do not show increased basic metabolic rates’-®. This led us to
conciude that our procedure of isolating mitochondria causes selection of loosely
coupled mitochondria from a mixture of loosely and tightly coupled mitochondria,
present in diseased muscle. The subsarcolemmal space of the affected muscle fibres
shows the most pronounced morphological changes*2, We concluded therefore that
mild fragmentation of the muscle preferentially releases subsarcolermmal mito-
chondria.

The present paper shows that skeletal muscle from non-diseased white rats,
on. mild fragmentation, also preferentially releases mitochondria with a more loosely
coupled state of oxidative phosphorylation when compared to the mitochondria
released after more thorough homogenization of the muscle.

Mitochondria were isolated from 3 g of masseter muscle of rats. The muscles
were chopped in two perpendicular directions with & Mcilwain tissue slicer {0.x mm
distance between the cuts). The mince was then evenly suspended, by cutting with
a pair of scissors, in 30 ml of isolation medium (pH 7.4}, containing: 50 mM Trnis-HCI,
roc mM KCIl, 3 mM MgCl,, r mM ATP, r mM EDTA and 0.5 mg of bovine serum
albumin per mi. The mince was stirred for 5 min and part of the mince homogenized

TABLE I
OXIDATIVE PHOSPHORYLATION OF SKELETAL MUSCLE MITCCHONDRIA

The isolation of the mitochondria is described in the text. Oxygen uptake was measured with
differential manometers. The reaction medium contained 25 mM glucose, 0.03 mM cytochrome ¢,
0.1 M L-malate, 2.5 mM MgCl,, 20 mM potassium phosphate buffer, 0.5 mM ATP, 0.5 mM EDTA,
5o mM KCl, 25 mM Tris—HCI buffer, 0.75 mg bovine serum albumin, about 1 mg of mitochondrial
protein, and 15 mM glutamate {Expt. 1) or 15 mM pyruvate (Expt. 2). The centre well of the
manometer vessels was provided with KOH and a filter paper. The side arm of the fiasks contained
1.4 units (umoles/min) of hexokinase (EC 2.7.1.1}. The reaction volume was 1 mi, the temperature
25° and the pH 7.5. Readings were taken at regular intervals. After zo~24 min hexckinase was
added from the side arm and after 20 min the reaction was stopped by the addition of perchloric
acid (final concn. 4 %). The measurement of oxygen uptake and of phosphorylation, the calculation
of the PfO ratio and the respiratory control index (RCI) were carried out as described before?,
except that phosphoglucose isomerase {EC 5.3.1.9) was included in the glucose-6-phosphate assay.
Acid phosphatase activity was determined as described in ref. 5.

Expt.  Type of Qo RCT PIC Yield of Relative acid
No, homogenizer (+ hexo- heavy mitochondria  phosphatase
used kinase) (mg proteinfg muscle, activity™
wet wh.)
x Loose 65 3.3 2.5 1.6 0.37
Tight 87 5.4 2.6 2.5 0.z
2 Loose 98 2.6 2.5 3.4 0.20
Tight I35 4.5 2.5 6.7 .11

" For definition and unit see text.

Biochim, Biophys. Acta, 162 (1968) 292~293
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in a loose-fitting homogenizer {5 strokes in a Potter-Elvehjem type homogenizer with
a “Teflon” pestle and a clearance of 0.25 mm {Expt. 1} or 3 strokes in an 2all glass
homogenizer with & clearance of 0.15 mnm {Expt. 2). and another part of the mince
homogenized (5 strokes In Expt. 1; 20 strokes in Expt. 2) in a tight ‘Teflon’-glass
homogenizer (clearance, 0.1¢ mm}. Particles sedimenting between 600 X g (3 min)
and 4500 X g (X0 min) were isolated by difierential centrifugation and suspended in
the complete isolation mediuwm. All operations were carried out at 0—4°.

1t can be seen from the experiments shown in Table I that the use of a tighter
homogenizer not only improves the yield of the isolated muscle mitochondria, but
aiso their quality, when a high respiratory control index may be used as a criterion
for the intactness of the function of mitochondria. The release of the small amount
of mitochondria by the use of the Ioose-fitting homogenizer was accompanied by the
release of practically all of the f-giucuronidase (EC 3.2.2.31) and acid phosphatase
(EC 3.1.3.2) activities from the minced muscle. The latter is reflected (Table I) by
the relative acid phosphatase activity, defined as the total activity {in units) in the
600 X gsupernatant divided by the amount of mitochondrial protein (in mg) isolated
from the 60¢ X g supernatant. Since lyvsosomes are most concentrated in the peri-
nuclear (subsarcolemmal} region, these findings indicate that mild fragmentation oi
muscle predominantly releases subsarcolemrnal mitochondria.

‘Whether these mitochondria have a more loosely coupled oxidative phospho-
rylation due to aging?, & process to which lyvsosomal activity could contribute®, or
whether the tightness of the coupiing of oxidative phosphorylation is another differ-
ence between the various types of skeletal muscle mitochondria which can be dis-
tinguished {cf. ref. 6}, still remains to be investigated.

Finally it may be of interest to note that ScEMALBRUCH? recently published
that fibers of human larynx muscles show lateral dilatations of the sarcolemma, con-
taining loosely disposed nuclei, lysosomes, lipofuscingranules and mitochondria, often
with cristae arranged concentrically.

Department of Biochemistry, W. €. HULSMANN
Medical School Rotterdam, J. W.DE JonG
Dijhzigt Hospital, A.Vax TorL

Rotterdam (The Netherlands)
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On fatty acid activation in rat liver mitochondria

Two systems for the activation of fatty acids in liver mitochondria have been
described, one catalyzed by ATP-dependent fatty-acid-activating enzymes® (acid:
CoA ligase (AMP), EC 6.2.1.2 and EC 6.2.1.3) and a GTP linked fattv-acid-activating
system, discovered by Rosst aND GiBsoN®.

The purpose of the present investigation was to evaluate the relative contribu-
tions of the two fatty-acid-activating systems. Rat liver mitochondria, isolated in
6.25 M sucrose, were suspended in 0.1 M Tris—HCI (pH 7.4), containing 2 mM reduced
glutathione and x mM EDTA, prior to sonicaticn for 60 sec at 3 A (Branson, Model
875) ar 0—4°. The sonicate was centrifuged for 10 min at 9500 X g, and the pellet was dis-
carded. The supernatant was passed through a Sephadex G-25 column equilibrated with
0.1 M K] before being tested for its ability to activate palmitate, oleate or octanoate.

Fig. 1. ‘Autoradiographic demonstration of paln.itate activation. The reaction medinm contained
100 mM Tris-HCL, 0.z5 mM [1~Clpalmitic acid {specific activity, 0.2 uC/umole) complexed
with ¢.035 mM bovine serum albumin, 3 gg oligomycin, 10 mM DL-carnitine, 0.5 mM CoA, 2 mM
MgCl,, 30 mM KCI, 0.32 mg of purified palmitoyl-CoA :carnitine palmitoyltransferase and 0.2 mg
of mitochondrial protein. The enzyme fractions were prepared as described in the text. Additions
werein (z}2 mM GTP and in (3) 2 mM ATP. The reaction volume was 1 ml, the temperature 37°,
and the pH 7.4. After ro min of incubation the reaction was stopped with HCl and the incubation
medium extracted with »-butanol, as described by FarsTtap, BREMER anD Norum?, o.05 ml of
cach-extract was applied te a thin-layer plate {silica gel). The chromatogram was developed with
chloroform-methanol-water (70:30:5, v/v/v}). Reference samples of [**C)palmitate, [**Clpalmi-
toylcarnitine and [*Cjpalmitoyl-CoA were chromatographed in the same way (not shown), in-
dicating that the thick spots at the upper end of the autoradiogram are palmitate, those indicated
by the arrow palmitoylcarnitine, and those just above the starting points palmitoyl-CoA. Agfa-
Gevaert-Osray filta was used (exposure time, 17 b).

Biochim. Biophys. Acta, 176 (1966) 414—416
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The acyl-CoA formed was trapped as acylcarnitine by acyl-CoA:carnitine
transferase, which is present in the sonicate. Addition of purified palmitoyl-CoA:
carnitine palmitoyltransferase, prepared as described by FarsTap ef al.?, enhanced the
amount of acylcarnitine formed by about 509%, so that it was added routinely.

It can be seen from Fig. 1 that the addition of GTP or ATP is required to
activate palmitic acid, as judged by the formation of [**Clpalmitoyl-CoA and [*C]-
palmitoylcarnitine, detected by antoradiography of thin-layer chromatograms. It can
also be seen that ATP is a much more efficient source of energy than GTP. By
scraping the radioactive materials from the thin-layer plates and measuring the radio-
activity by liquid scintillation spectrophotometry, it was calculated that the specific
activity (#moles/mg protein per h) of the ATP-dependent reaction was z.g9 and that
of the GTP-dependent reaction was 0.x.

When in other experiments palmitate was replaced by octanocate or oleate the
“GTP-system’ had 3-69%, of the activity of the “ATP-system”,

Reports from the literature®$, on the other hand, suggested to us that in intact
liver mitochondria, the “GTP-system” is about as active as the “ATP-systemn”. In
these studies fatty acids are oxidized by intact rat liver mitochondria in the presence
of dinitrophenocl and the absence of (inhibitory) Pi. The addition of dinitrophenol is
required to stimulate the citric acid cycle by which, via oxidation of &-oxoglutarate,
GTP can be generated. Under these conditions ATP is also formeds. Moreover the

[02]<0.22 mM

T c

Mitcchondria

!

Mito-
chondria
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|
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Fig. 2. Palmitate, palmitoylcarritine and pyruvate oxidation, as measured with the Clark “oxygen -
electrode”. The reaction medium contzined 32 mM XCi, 4.5 mM MgCl,, 73 mM Tris-HClL t mM -
EDTA, o.1 mM dinitrophenol, 1z mM sucrose and 4.4 mg of mitochondrial protein. 0.1z mM
palmitic acid complexed with o.o15 mM bovine serum albumin, o.24 mM DL-palmitoylearnitine
and 5 mM pyruvate were added as indicated in Expts. A, B and C, respectively, Other additions
were, where indicated, 17 mM potasmum phosphate and 4.5 mM pL-malate. The reaction volume
was, 2.2 ml, the temperature 37°, and the pH 7.5.

Biockim. Biophys. Acta, 176 (1660) 414~4T16
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ADP present in the reaction medium?® contributes to the formation of ATP through
the myokinase reaction®.

In the presence of dinitrophenol then, the “ATP-systern” for fatty acid activa-
tion might still operate in addition to the “GTP-system”. The inhibition of fatty acid
oxidation by Piin the presence of dinitrophenol, used s an argument in favor of the
operation of the GTP-dependent fatty acid activation®* in intact mitochondriz, will
therefore be analyzed further.

It can be seen from Fig. 24 that we can confirm the inhibitory action of P; on
palmitate oxidation in the presence of dinitrophenol. It may alsc be noted, however,
that malate partially relieves the inhibition. This indicated to us that P; at least
partially inhibits the citric acid cycle. In agreement with this Interpretation is the
observation that subsirates which do not need activation pror to oxidation, such as
palmitoylcarnitine (Fig. 2B) or pyruvate (Fig. 2(), also show P:-inhibited respiration
which can be overcome by malate.

It may be concindeq, then, that P; inhibition of fatty acid oxidation does not
necesszrily mean the operation of the GTP-dependent fatty-acid-activation system
1t intact mitochondria.

We do not conclude from our data obtained with somicated mitochondria
(Fig. =) that the “GTP-system’’ does not contribute significantly te fatty acid activa-
tion, since preferential inactivation of the “GTP-svstem” during isolztion cannot be
exciuded. The “ATP-system”, however, is 50 active {2.9 gmoles/mg protein per h)
that in intact mitochondria, palmitate oxidation with a Qo, of X478 could be expected
if the activation reaction were rate limiting (in practice we never found Go.'s for
" palmitoylcarnitine oxidation exceeding 150}.

.f - = Future experiments will be required to nluvldate the role of substrate-linked
" " hosphorylation in fatty acid oxidation.

- We wish fo acknowledge the expert fechnical assistance of Miss . KaLEMaR
and Miss A. C. vaN Waas.
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Phosphate-induced loss of citric acid cycle intermediates from rat-liver

mitochondria

In previous reports®-2 it was shown that the inhibition by P; of palmitate
oxidation by rat-liver mitochondria in the presence of 2,4-dinitrophenol is not specific
for fatty acid oxidation. The oxidation of acylearnitine and pyruvate is also impaired
when P, is present (Fig. 1A and ref. 1). If malate was added no inhibition could be
observed. VAN DEN BERGH® earlier observed that malate prevents to some extent the
inhibitory action of Py on fatty acid oxidation by rat-liver mitochondria in the pres-
ence of 2,4~dinitrophenol.

The inhibition by P; of fatty acid oxidation has been interpreted®?® as being
diagnostic for the operation of the GTP pathway of fatty acid activation. However,
from the results of our experiments we suggested that the P; inhibition could be due
to the removal, under the influence of Py, of citric acid cycle intermediates from the
mitochondria.

Such a Pj-induced removal would be expected to occur if Py addition would
allow the synthesis of phosphoenolpyruvate from oxaloacetate and GTPS. However,
phosphoenclpyruvate formation in rat-liver mitochondria under the conditions of the
assay 1s rather sluggish®, whereas P; inhibition of pyruvate, acylcarnitine or fatty
.acid oxidation sets in rapidly!. Moreover, when P; is replaced by arsenate, during
pyruvate oxidation, an inhibition is also observed, which can be overcome by malate
addition (Fig. xB). From these considerations the rapid loss of citric acid cycle inter-
mediates by the formation of phosphoenolpyruvate becomes an unattractive hypo-
thesis. Alternatively, the results obtained could be explained by an exchange of citric
acid cycle intermediates with Py (see refs. 7 and 8}.

In the experiment of Table I, rat-liver mitochondria were incubated in the
presence of 2,4-dinitrophenol, with or without pyruvate and Py. The amnounts of
citrate and malate inside and outside the mitochondria were determined after 55 sec.
The presence of Py in the reaction mixture brought about an increase in the amount of
citrate and malate outside the mitochondria. The total amount of citrate plus malate

A

o022 mm

f

mitochondria mitechondrio

[0z]=0
Fig. 1. The effect of Py, arsenate and malate on pyruvate oxidation in the presence of z,4-dinitro-
phenol in rat-liver mitochondria. Oxygen uptake was measured with the Clark “oxygen elec-
trode” at 37°. The reaction medium contained o.r mM 2, 4-dinitrophenol, 2¢ mM KCI, 4.8 mM
MgCl,, 77 mM Tris—HC1 (pH 7.4) and 1 mM EDTA. Rat-liver mitochondria (1.6 mg protein),
2.4 mM sodinm pyruvate, 14 mM potassium phosphate (Expt. A) or potassium arsenate (Expt. B),
and 2.4 mM r-malate were added as indicated. The final volume was 2.1 ml.
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was higher in the presence of P, than in its absence, indicating withdrawal of these
substances from intramitochondrial reactions. The fact that no malate could be
detected in the mitochondria even in the absence of P; indicates that it is rapidly
converted to other tricarboxylic acid cycle intermediates when oxidation is allowed
to occur. In freshly prepared, anaerobic mitochondria, considerable amounts of malate
are present.

The inhibition by P; of pyruvate oxidation can also gceur in the absence of
2,4-dinitrophenol, if the P; concentration is increased beyond that necessary for
State 3 oxidation. Fig. 2 shows that increasing the Py concentration from I to 18 mM
resulted in a 259% inhibition of pyruvate oxidation. On the contrary when 1 mM
L-malate was present from the beginning, the inhibitory action of excess P; on

TABLE I
LOS3 OF CITRATE AKD MALATE FROM RAT-LIVER MITQOCHOKDRIA ON THE ADDITION OF Pi

Rat-liver mitochondria (5.4 mg protein) wereincubated at 37° in the reaction medium mentioned in
Fig. 1. Also present were zo mM sucrose, and, where indicated, 2.4 mM sodium pyruvate and :6mM
Py Thefinal volume was 1.z2 ml, After 55sec, 0.8 mlofthe incubation medium was layered on silicon
¢il® {which floated on 159 HCIO,) and was centrifuged for r min at full speed in an Eppendorf
“microfuge”. 0.5 ml of the supernatant was immediately deproteinized. Citrate was determined
with citrate lyase, NADH and malate dehydrogenase (cf. ref. 10), and malate with malate dehydro-
genase, NADY, citrate synthase (see ref. 11} and acetyl-CoA, using the Chance-Aminco dual
wavelength spectrophotometer,

Additions nmolesfmg protein

Citrate Citrate Malate  Malate

n ol n ol
None 0.7 1.3 0.0 1.7
P oz 4.2 0.0 3.7
Pyruvate 0.9 3.7 0.0 0.9
Pyruvate + P; 0.2 &85 0.0 1.7

pyruvaote +
malate

. pyruvate

[P,-] (mSJ

Fig. 2. Effect of P; on pyruvate oxidation in coupled rat-liver mitochondria. Conditions as in
Fig. 1, except that 0.85 mg mitochondrial protein was present. In addition, 1.z mM ADP, and,
where shown in the figure, L-malate (1 mM) and potassium phosphate were added. When less
than 18 mM P; was present, Tris buffer was added to compensate for the change in osmolarity.
60 sec after the addition of the mitochondria, 4.8 mM sodium pyruvate was added. Qo, values
are expressed as ul O, per mg protein per h.
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pyruvate oxidation was not seen. This suggests that also in coupled mitochondria
excess P; can result in inhibition of pyruvate oxidation, when the malate supply in
the extramitochondrial space is limited.

The concentration of Py in the mitochondrial and extramitochondrial compart-
ment varies #z vivo, depending on the conditions. The observations reported in this
paper suggest that a Py-induced exchange of citric acid cycle intermediates may play
an important role in the regulation of metabolism i# vivo.

We wish to thank Drs. A. Van Tol and J. M. Tager for help and criticism and
Miss C. Kalkman for skilful technical assistance.
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SUMMARY

1. With the aid ¢of marker enzymes, mitochondrial and microsomal fractions of
rat-liver, heart and jejunum epithelium were characterized. In heart the palmitoyl-
CoA synthetase activity was shown to be localized mainly in the sarcosomes; in
intestine the microsomes were the site of long-chain acyl-CoA synthesis, while in liver
mitochondria and microsomes were about equally active In catalyzing palmitoyl-CoA
synthesis.

2. Nagarse treatment almost completely destroyed the cardiac and hepatic
palmitoyl-CoA synthetase activity, in contrast to several other membrane-bound
SnZymes. '

INTRODUCTION

In a previous study® the relative contribution of the ATP-dependent fatty acid

GTP-linked fatty acid activation system?® was investigated. In sonicated rat-liver
mitochondria the “GTP system” had 3-69% of the activity of the “ATP system”,
when octanoate, palmitate or oleate were used as substrates. We suggested that the
“GTP system” was of minor importance in rat-liver mitochondrial-5-% Further
research was therefore focused on the ATP-dependent long-chain fatty acvl-CoA syn-
thetase in mitochondrial and microsomal fractions of several tissues.

KorNeErG aND PrICER® found in 1953 biosynthesis of long-chain acyl-CoA as
well in soluble as in insoluble fractions of guinea pig liver. BORGSTREGM AND WHEEL-
DoN’ reported the occurrence of the enzyme in liver mitochondria and microsomes of
the same species. VIGNAIS ef /. found the highest rate of palmitovl-CoA production in
rat brain in the soluble fraction. Later work revealed that also intestinal preparations
fromn several species contained palmitoyl-CoA synthetase activity. Concerning the sub-
ceflular localization in intestinal epithelium contradicting results have appeared®—2.
Several workers estimated the activation of palmitate in rat Iiverl5.23-15 A wide
range of specific activities in subcellular fractions (mostly mitochondria and micro-
somes) of liver was reported. Finally GALTON aND FRASER? communicated palmitovl-
CoA synthetase activity in adipose tissue homogenates.

Biochim. Biophys. Acta, 197 (1970) 127-135
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There seemed to be a remarkable dearth of reports on long-chain acyl-CoA
synthetase in muscle preparations, although fatty acid oxidation is the main source
of energy in cardiac muscle, if the concentration of long-chain fatty acids in the coro-
nary blood is sufficiently high. We therefore investigated the ability of rat-heart
fractions to synthesize palmitoyl-CoA.

We measured the palmitoyl-CoA synthetase activity in liver, gut and heart
by a method developed in our laboratory!d. This assay, a modification of the method
described by FARSTAD & @/.%%, in which the palmitoyl-CoA formed was trapped with
L-carnitine as palmitoylcarnitine, made it possible to avoid the hydroxylamine trap
commonly used. While this work was in progress, we discovered the destructive effect
of Nagarse (subtilopeptidase A, EC 3.4.4.16) treatment of heart homogenates on the
palmitoyl-CoA synthetase activity.

EXPERIMENTAL

Reagents

From Serva Entwicklungslabor, Heidelberg, Nagarse was purchased. Other
enzymes and nucleotides were obtained from C.F. Boehringer and Sens, Mannheim.
Bovine serum alburnin, Fraction V, was supplied by Sigmna Chemical Co., St. Louis,
Mo., or by Pentex Inc., Kankakee, Ill. Fatty acids were removed from albumin by
charcoal treatment®. After dialysis and Millipore filtration the albumin was used as
a clear, neutral solution. Albumin—fatty acid complexes In a 1:7 molar ratio were
prepared by adding to the albumin an adequate amount of recrystallized potassium
palmitate In water. Oligomycin and kynuramine were obtained from Sigma Chemical
Co., rotenone from Penick and Co., New York, N.Y.

pL-[Me-*HCamitine was kindly donated by Dr. J. Bremer (Oslo). The radio-
active carnitine was diluted with L-carnitine chloride, supplied by Koch-Light Lab.
Ltd., Colnbrook, to a specific activity of 0.032 mC/mmole L-carnitine.

Preparations

Male Wistar rats, weighing zoo—250 g, used for liver and heart preparations,
had free access to food and water. When intestine was needed, rats were treated
per os one week before use with Metronidazolum [1-(z-hydroxyethyl)-z-methyl-5-
nitroimidazole] (about 4 mg/z4 h, for at least 5 days) to get rid of intestinal Tricko-
monas vaginalist®, The rats were fasted for about 48 k. All rats were killed by cervical
fracture and subsequent bleeding. After removal of the organs care was taken to keep
the preparations at o-4°. Centrifugational ¢ values refer to the bottom of the tube.

Liver was immediately chilled in 0.25 M sucrose-to mM Tris-HCl (pH 7.4).
The liver was weighed, cut into smxall pieces and washed with sucrose-Tris to remove
blood constituents. A 10% (w/v) homogenate was prepared by grinding at low speed
in a Potter—Elvehjem homogenizer with a Teflon pestle. The liver homogenate was
subsequently centrifuged for 5 min at goo x g in a Sorvall RC2-B centrifuge (Rotor
£5-34) to remove nuclei, intact liver cells, erythrocytes and debris. The supernatant
fluid was taken and centrifuged for 10 min at 5100 X g. The precipitate of (heavy)
mitochondria was suspended in half the original volume of sucrose-Tris and cen-
trifuged for Io min at 12000 X g The fluffy layer was removed from the mitochon-
drial pellet by gently shaking with small amounts of sucrose-Tris, and the mitochon-
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drial fraction was resuspended in sucrose-Tris with the aid of an homogenizer. The
53100 X g supernatant fluid was also spun for 1o min at 12000 x g. The precipitate,
consisting mainly of light mitochondria, was discarded. The supematant fluid was
centrifuged for 50 min at x35000 X g in a Beckman L2-65B ultracentrifuge (Rotor
SW-27}. The microsomal precipitate was washed with small amounts of sucrose-Tris
and resuspended in this mediam.

From two rat hearts the aortae and auricles were cut away. The hearts were
opened, washed with 0.25 M sucrose-10 mM Tris-HCl (pH 7.4) to remove the blood,
and weighed. The hearts were placed in 0.25 M sucrose-5 mM ATP-1o mM EDTA
(pH 7.4). Alter chopping with a Mcllwain tissue slicer®, the mince (about 5% w/v)
was subjected to the (hand-operated} homogenizer mentioned above. The mince was
magnetically stirred for 30 min and cnce more subjected to the homogenizer. The heart
homogenate was centrifuged for 5 min at 500 X g in the Sorvall centrifuge. The
supernatant flaid was centrifuged for 1o min at 12000 X g. The sarcosomal pellet
was washed with a small amount of sucrose-Tris, carefully suspended in sucrose-Tris
{about half the original volume) and recentrifuged for 10 min at 12000 x g. The
sediment was suspended in sucrose—11is after rinsing the pellet. A heart microsomal
fraction was prepared from the first 12000 X g supernatant fluid by centrifugation
for 50 min at 135000 X g.

From two rats the jejunal portions of each intestine were taken and rinsed with
0.15 M NaCl. According to the method of S7OsTRAND* mucus was removed with 5%,
{w/v) Ficoll-0.x5 M Na(l, and intestinal epithelial sheets were prepared in 2 % (w/v)
Ficoli-0.15 M NaCl-o0.2 M sucrose (pH 7.4) and collected by centrifugation. The cell
sheets were washed and finaily homogenized. Further details of the preparation of
the homogenate and the differential centrifugation will be described by IEMHOFF
et al.*2. In short the homogenate was centrifuged for 1o min at x000 X g The sediment
was rehomogenized and again centrifuged. The combined 1000 X g supernatant fluids
were centrifuged for ro min at 15000 X g. The resulting mitochondrial pellet was
washed with a small amount of sucrose-Tris, suspended and recentrifuged. The sedi-
ment was considered to be the intestinal mitochondrial fraction. The combined
15000 X g supernatant fluids were centrifuged for 60 min at 368 coo X g in the Beck-
man centrifuge {Rotor 65). The pellet was rinsed and suspended in sucrose-Tris and
was designated the intestinal microsomal fraction.

Carnitine palmitoyltransferase was purified from calf-liver rritochondria as de-
scribed by FARSTAD ef l'3,

Palmitoyl-CoA was synthesized according to SEUBERT?.

Methods

Enzyme assays were carried out at 37°.

Palmitoyl-CoA synthetase facid:CoA ligase (AMP), EC 6.2.1.3] activity was
determined according to FARSTAD éf al.*%, as modified by Van Tor anp Hizsmanni4,
Palmitoyl-CoA formed from palmitate, coenzyme A and ATP by mitochondrial or
microsomal fractions was converted to palmitoyl[*H]carnitine by added [3H]carni-
tine and carnitine palmitoyltransferase. The incubation mixture consisted of 1 mM
potassivm palmitate—o.14 moM alburin, z mM ATP, 0.2 mM coenzyme A, 5 mM
[*H Jcammitine (specific activity, 0.032 mC/mmole L-carnitine), 0.3—0.5 mg purified
carnitine palmitoyltransferase (0.04-0.1 U), 5 mM phosphoenoclpyruvate, about 1.5 U
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pyvruvate kinase (EC 2.7.1.40}, about 1.5 U adenylate kinase (EC 2.7.4.3), 2o mM KCI,
2 mM MgCl,, 120 mM Tris-HC] buffer, 0.5 mM EDTA and 3 ug oligomycin. The reac-
tion was started by the addition of 0.1—0.3 mg mitochondrial or microsomal protein,
usually in 0.1 ml 0.25 M sucrose-x0 mM Tris-HCI (pH 7.4). Incubation times up to
1o min were used. The final volume was 1.0 ml and the pH 7.4. The reaction was
stopped by addition of HCl, and palmitoyl[*E camitine was extracted into #-butanol!s,
Aliquots of 0.5 m! were transferred to counting vials. The scintillation mixture con-
sisted of 10 ml toluene containing 50 mg 2,5-diphenyloxazole (Packard) and 3 mg
1,4-bis-[2-{4-methyl-5-phenyloxazelyl) Jbenzene (Packard), while 0.4 ml NCS solu-
bilizer {Amersham/Searle Corporation) was added to each counting vial. The counting
efficiency for trithum was about 30 % as determined by the channels ratic method.

Glucese-6-phosphatase (EC 3.1.3.0) activity was assayed as described in ref. 26.
Liberated inorganic phosphate was determined in deproteinized samples as described
by SUMNER¥.

Monocamine oxidase (EC 1.4.3.4) activity was measured according to WEIss-
BACH ef al.®®, using kynuramine as the substrate.

Cytochrome ¢ oxidase (EC 1.9.3.1) activity was determined by the method of
Sorrocasa ef al,®® in which a Clark oxygen electrode was used. In the case of heart
sarcosomes, freezing and thawing several times was necessary to obtain maximal
activity.

Alkaline phosphatase (EC 3.1.3.1) activity was assayed at pH 10.5 with p-nitro-
pkenylphosphate as the substrates®.

NADPH cytochrome ¢ reductase (EC 1.6.2.3) activity was measured in the
presence of 0.15 M rotenone by following the reduction of cytochrome ¢ at 556 nm®.

Carboxylesterase (EC 3.1.1.I) activity was measured manometrically as de-
scribed by HirsMann® (see also refs. 32 and 33). Glvceroltributyrate was used as
the substrate. r0—% M eserine was included in the incubation mediwmn to inhibit the
cholinesterase {(EC 3.1.1.8)%.

Carnitine palmitoyltransferase activity was assayed according to NorUM* with
paimitoyl-CoA as the substrate. Protein was determined by the biuret method as
described by JacoBs ef al.®.

RESULTS AND DISCUSSION

Liver

Table I shows the specific activity of the long-chain acyl-CoA synthetase in
hiver mitochondrial and microsomal preparations together with the activity of some
enzymes from which the cross-contamination can be calculated. From the distribution
of these marker enzymes it can be concluded that no gross amounts of mitochondrial
inner membranes {marker: cytochrome ¢ oxidase®) or outer membranes (marker:
moncamine oxidase®-%} pollute the microsomal fraction. Comparatively more micro-
somes contarcinate the mitechondrial fraction. It can be seen from Table I that the
microsomal marker enzymes glucose-6-phosphatase®, NADPH cytochrome ¢ reduct-
ase®™ % and carboxylesterase (¢f. the review given by Havase aND TapreL?) in the
mitochondrial fraction of liver have between 12 and 18 9 of the specific activities of
these enzymes in the microsomal fraction. DE DUVE ef /.38, FARSTAD ¢ 4l.*® and
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Van ToL axD HiZLsMaNN™ reported that the heavy plus light mitochondrial fraction
had about the same protein content as the microsomal fraction. From the specific
activities of palmitoyl-CoA synthetase in Table I it can be concluded that the long-
chain acyl-CoA synthetase activity in rat-liver mitochondria and microsomes is ap-
proximately the same.

From refs. ¥ and 13-17 it can be seen that quite different specific activities are
obtained by various investigators for the palmitoyl-CoA synthetase in rat-liver mito-
chondriz and microsomes. These discrepancies may be due to: (1) hormonal and
dietary fluctuations, (2} the lability of acyl-CoA synthetase, as has been noticed by
BorsSTRoM AND WEEELDON?, and/or (3) different fractionation metheds and activity
determninations”.

The dual localization of palmitoyl-CoA synthetase agrees with the concept of
the liver as an organ which consumes fatty acids by oxudative processes in the mito-
chondriz, in addition to producing triglycerides and phosphatides mainly in the micro-
somes. After their synthesis in the microsomes the bulk of the lipids is passed into
the systemic circulation.

Heart

Rat heart vields a relatively small amount of microsomes on homogenization
(Table 1)®%% The rat-liver microsomal markers NADPH cytochrome ¢ reductase?
and carboxylesterase® 4 exthibit also in heart the highest specific activity in the ex-
pected microsomal fraction (see Table I and ref. 32). From the specific activities of
cytochrome ¢ oxidase, a marker enzyme for heart sarcosomes®™ 2, and the afore-
mentioned microsomeal markers it the sarcosomal and microsomal fractions, 1t can be
concluded that a mutual contamination of 20-25 % exists. From Table [ it can be
seen that the specific activity of the palmitoyl-CoA synthetase is somewhat higher in
the microsomal fraction. Hence it can be concluded that heart microsomes are able
to activate palmitate. Their contribution to the total fatty acid activation of heart
cells, however, is small, <7 159 of the mitochondrial activation.

Heart muscle, contrary te liver, mainly consumes fafty acids as substrates.
In order to maintain an appropriate ATP level for contraction, acyl-CoA is broken
down in the sarcosomes. The finding of a palmitoyl-CoA synthetase In the sarcosomes
is therefore not unexpected. That heart microsomes do not contribute very much
to fatty acid activation is in agreement with the function of the organ. The organ
mainly generates mechanical work and does not, unlike liver, produce large amounts
of substrates for the benefit of other organs.

Tntestine

Table I shows the palmitoyl-CoA synthetase activity in mitochondrial and
microsomal fractions of rat-intestinal epithelial cells. Cytochrome ¢ oxidase has been
used as a marker for intestinal mitochondria® 8, Carboxylesterase is a microsomal
enzyme in rat liver®® and heart®®, NADPH cytochrome ¢ reductase, which has been
used by CLARK &f a/.%% as a marker of the endoplasmic reticular fraction to differentiate
it from membranes of the brush border portion of intestinal cells, shows essentially
the same distribution pattern as carboxylesterase (Table I). The mitochondrial frac-

¥ Using either the carnitine- or the hydroxylamine-trapping method!®, in our hands the high
acyl-CoA synthetase activity in the nuclear fraction, as reported by PaNoke aNp MEApiE, is absent.
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TABLLE I
FATTY ACID ACTIVATION IN RAT-LIVER, HEART AND GUT FRAGTIONS
Where indicated the {ollowing markers have been used: cytochrome ¢ oxidase and monoamine oxidase for the mitochondeia; glucose-6-phosphatase,

NADPH cytochrome ¢ reductase and carboxylesterase for the microsomes, Enzyme activities are given in nmolesfmin per nyy protein at 37°. Statistics
refer to nreans 4 5.D.; n = number of experiments.

Liver Hearl Gul

n  Mitochondvia n  Microsomes  n Mitochondria n  Microsomes w Mitochondria n Microsomes

Protein (mg/g tissue, wet wt.} 5 23.84 5.5 4 2534 1roq4 7 10024 1.8 3 148 + 0.2 3 L7 4+ 0.2 3 2.3 + 0.7
Palmitoyl-CoA synthetase 6 82.3 4 20.6 5 770137 7 2084 22 3 383+ 48 3 1084 4.6 3 231 £ 0606
(<t patmitoylcarnitine)
Cytochrome ¢ oxidase {— 40,) 5 808 4 300 4 13 4 16 7 E720 4- 280 3 000 -+ 00 3 2004 47 3 127106
Monoamntine oxidase 4 o7 t1js 3 .7 £ 0.8 — — — —
{— 4 kynuramine)
Glucose-6-phosphatase {4 Py) 4 46 4 12.8 3 250122 — — — —
NADPH cytochrome ¢ reductase 4 23+ 8.8 3 1824 62 4 8.5+ 1.0 2 34.2 4 0.8 3 304 83 3 34.2 £ 0.1
{A cytochrome ¢ reduced)
Carboxylesterase {d CO,) 3 142 4 57 3 11204 281 E 65 1 269 3 7070+ 500 3 11400 1 494
Alkaline phosphatase — — — — 3 39+o08 3 43.5 4+ 1.0

(A p-nitrophenol)

z&r
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tion, when corrected for the apparent microsomal contamination, seems to lack pal-
mitoyl-CoA synthetase. This conclusion is in agreement with the findings of SENIOR
AND ISSELBACHERY™ and AILHAUD ef af’. These investigators made use of alkaline
phosphatase as 2 microsomal marker® 12, Eicas0o1z aND CrangY, however, showed
that at least in hamster this enzyme is localized in brush border membranes (see also
refs. 45 and £6). The alkaline phosphatase activity in the microsomal fraction (see
Table 1) results, in part, from contamination with brush border fragments as can be
concluded from the sucrase (EC 3.2.1.26) activity®™. After separation of the brush
berder fragments from the microsomal fraction, it was shown that in the brush border
almost no long-chain acyi-CoA synthetase activity was present {(Dr. J. W. O. Van
den Berg, personal comrnunication). FORSTNER of €l.% reported o specific activity of
synthetase in the brush borders of 1/5 that of the microsomes. From our experiments
it can be conciuded that in rat-gut palmitoyl-CoA synthetase is mainly or even com-
pletelv 2 microsomal enzyme. For preperative reasons intestinal fractions wer
obtained from fasted rats. SENIOR AND IsSELEACHER™ stated that fasting did not
influence the rat-intestinel palmitoyl-CoA synthetase.

The activity found by us, 23 nmoles/min per mg protein at 37°, is higher than
that reported by SENIOR aND ISSELBACHER™ (3-I7 nmoles/min per mg protein).
RopceErs®, who used the method of SENIOR AND ISSELBACHER (fatty acyl-hydroxam-
ate formation), measured a specific activity of g7 nmoles/min per mg protein,

In the digestive tract fat from nutrients is attacked by lpases of the succus
entericus. Free fatty acids and monoglycerides are subseguently absorbed by the
epithelizn cells of the small intestine. Evidence has been presented that fatty acids
are activated In {he intestinal microsomes (Table I, refs. g and 10}. The acyl-CoA is
used for (microsomal) triglyceride and phosphatide synthesis®®—2 after which these

TABLE II

INFLUENCE OF NAGARSE TREATMENT OF RAT-HEART AND LIVER EOMOGENATES ON THE ACTIVITY
OF SEVERAL MEMERANE-BEOUND ENZYMES

Mitochondrial and microsomal preparations were isolated from five rat hearts as described nader
Preparations. Before being stirred for 30 min at 0° 5 mg Nagarse were added to one half of the
mince. In the case of liver, 15 mg Nagarse were added to one half (50 ml) of a ro% hormogenate.
Both homogenates were stirred for 30 min at o® prior to differential centrifugation as described
under Preparalions.

Fraction Enzyme Specific astivity
(mmoles[min per mg protein)
— Nagarse + Nagarse
Heart
Mitochondra Palmitoyl-CoA synthetase 27.5 0.5
Cytochrome ¢ oxidase 1560 1410
Microsomes — Palmiteyl-CoA synthetase £0.0 0.8
NADPH cytochrome ¢ reductase 35.0 2.2
Carboxylesterase 270 215
Liver
Mitochondria Palmitoyl-CoA synthetase 53.3 1.0
Monoamine oxidase g.z 1o.3
Microsomes  Palmitoyl-CoA synthetase 66.7 0.0
NADPH cytochrome ¢ reductase 267 25
Glucose-6-phosphatase 250 237
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lipids enter the organism mainly via the intestinal lymphatics. In contrast to heart
cells, the intestinal cells are mainly involved in the production of lipids for other
organs. Therefore utilization of lipids for the proper function: of intestinal epithelial
cells is gquantitatively of minor importance. Hence, it is understandable that in the
gut the endoplasmic reticulum is the main site of fatty acid activation. This tubular
system can function for large molecules or complexes like chylomicrons as a secretory
pathway leading to extracellular spaces®,

In earlier experiments with rat heart, employing the method of CHANCE AND
Hacinara® for preparing sarcosomes (with Nagarse), it was not possible to find
significant long-chain acyl-CoA synthesis. The purpose of the use of Nagarse was to
obtain more sarcosomal protein. The sarcosomes showed excellent respiratory ca-
pacity, good oxidative phosphorylation and respiratory control ratio” with various
abstrates (cf. refs. 52-54). However, it can been seen from Table II that Nagarse
treatment destroys the fatty acid activating enzyme. Mitochondrial inner membrane
and matrix enzymes are probably not accessible to Nagarse. A certain specificity of
Nagarse inactivation, which may be useful in localization studies, can be concluded
from Table IL In the study of fatty acid oxidation Nagarse treatment could conceiv-
ably be used to eliminate the mitochondrial outer membrane and microsomal long-
chain fatty acid activating enzyme.
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BBA 5IIIY

Effects of Nagarse, adenocine and hexokinase on palmitate activation
and oxidation

In a previous investigation® it was demonstrated that Nagarse {subtilopeptidase
A, EC 3.4.4.16} almost completely destroyed rat heart and liver mitochondrial
palmitoyl-CoA synthetase [acid:CoA ligase (AMP), EC 6.2.1.3] activity (see also ref.
2). Nevertheless Nagarse-treated liver mitochondria showed intact palmitate oxida-
tion, in contrast to similarly treated heart sarcosomes (Table I).

TABLE I

INFLUENCE OF NAGARSE TREATMENT OXN PALMITATE OXIDATION 1IN LIVER AND HEART MITOCEHONDEIA

Mitochondrial fractions were prepared in the presence or absence of Nagarse as described before?,
O, uptake was measured with differential manometers at z5° as given in ref. 3. Reaction vessels
contained ¢.25 mM [1-**CJpalmitate (0.2 uC/umole}, 0.04 mM dialysed bovine serum albumin,
1.0 mM L-malate, 2.5 mM ADP, 25 mM potassium phosphate {pH 7.4), 25 mM p-glucose, 5.0 mM
MgCle, zo mM KCl, 1.0 mM EDTA, 75 mM Tris—HC buffer (pH 7.4), 2.4-3.3 mg mitochondrial
protein and 235 mM sucrose. Further additions were dialysed hexcokinase (3.2.1.U.) and 2.5 mM
r-carnitine as indicated below. The reaction was terminated by the addition of .05 ml 709,
HClO,; after 42.5 min (liver) or 41 min (heart). Shaking was continued for 30-6o min. The
KOH soaked paper in the centre well was transferred with 1o ml scintillation mixture! to a
counting wvial. After addition of 1 ml 1 M hydroxide of hyamine in methanol (Packard) and
vigorously shaking, *#CO, was measured with a counting efficiency of approx. 70%. Tolal Oy
consumption was calculated by extrapolation.

O wpiake BEO, production

(Z peljme protein) {countsmin per mg protein)
Hexokinase: — Nagarse + Nagarse — Nagarse +4-Nagarse

- + - + — - +
Liver
No palmitate added 7 II 6 I2 — — — —
Palmitate 8 25 8 25 98 2837 78 2628
Palmitate +carnitine g 20 ic 23 635 3314 3z 2617
Heart
No palmitate added 7 7 12 5 — — — —
Palmitate 7 3 15 6 36 38 146 36
Palmitate+ carnitine 43 3 16 5 - 6328 43 637 30

The oxidation of palmitate by lLiver mitochondria was stimulated by the
addition of hexokinase (EC 2.7.1.1), in contrast to heart mitochondria where this
addition was strongly inhibitory. Furthermore, when ADP or AMP were added as
phosphate acceptor instead of hexokinase, a stimulation of hepatic palmitate oxida-
tion was observed, whereas these nucleotides, and also adenosine, were inhibitory
when heart mitochondria were used. Other substrates like palmitoylcarnitine or
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pyruvate exhibited in both tissues much higher oxidation rates on ADP or AMP
addition (not shown).

Estimation of palmitoy]-CoA synthetase activity in sonicated heart sarcosomes
showed that, in the presence of hydroxylamine, ADP practically did not inhibit,
but that AMP and adenosine, in contrast to, ¢.g. inosine, clearly inhibited (Table II).
The strong inhibiticn by adenosine was also observed when liver mitochondra
were used instead of heart sarcosomes (not shown). In heart and in liver mitochondrial
sonicates a K; for adenosine inhibition of pahmitate activation of 0.1 mM could be

TABLE II

ADENOSINE INHIBITION OF HEART SARCOSOMAL PALMITOYL-COA SYNTHETASE
Rat heart sarcosomes, prepared as described before?, were sonicated, Palmitoyl-CoA synthetase
activity was determined at 37° according to PaNDE aND MeEADR®® with o.gq4 mg sarcosomal
protein, 15 mM ATP and 1.2 mM CoASH. The incebation time was 30 min.

Addition Specific activity Inhibition
{2z mM) (nmoles [min pey mg prolein) (%)

None 33.8 —
5-ADP 32.5 4
5-AMP 28.5 16

3%, 5"-cyeclic AMP 31.0 8
Adenosine 4-3 87
Deoxyadenosine 21.9 35

Inosine 34.5 o
Adenine 281 17

calculated. When liver mitochondria were prepared in the presence of Nagarse
(which destroyed about ¢59%, of the palmitoyl-CoA synthetase activity®?%), the
residual palmitoyl-CoA synthetase was hardly sensitive to adenosine. This residual
activity could be sufficient for fatty acid oxidation, since palmitate oxidation in
lver mitochondria was not impaired by the addition of 2 mM adenosine.

It is concluded that under the conditions described in Table I, palmitate
oxidized by liver mitochondria is presumably activated by a palmitoyl-CoA syn-
thetase localized in the inner membrane-matrix compartment, because (i) Nagarse
treatment does not effect liver palmitate oxidation {Table I); (ii) hexokinase addition
causes an increase of liver palmitate oxidation (Table I), although at the locus of
the outer membrane palmitoyl-CoA synthetase, the ATP level can be expected to
be extremely low; (iii) no inhibition of liver palmitate oxidation is observed on
addition of adenosine, although the outer membrane, Nagarse-sensitive, palmitoyl-
CoA synthetase is severely inhibited by adenosine; (iv) carnitine hardly stimulates
liver palmitate oxidation {Table I). The palmitoyl-CoA which is used for oxidation,
is probably generated by an ATP-dependent system rather than a GTP-dependent
onet, since substitution of GTP for ATP {see also ref. 7} in the palmitoyl-CoA syn-
thetase assay?, employing Nagarse-treated liver mitochondsia, results in an 80%, drop
of activity.

In heart sarcosomes palmitate is activated on the outside, which makes pal-
mitate oxidation Nagarse-, adenosine- and hexokinase-sensitive and strongly carnitine-
dependent {Tables I and II). Whether the effect of adenosine, reported in this paper,
is of physiological significance, remains to be investigated. It may be of interest to
note that BERNE® reported adenosine release in the hypoxic heart.
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INFLUENCE OF ADENQOSINE AND NAGARSE ON PALMITOYL-CoA
SYNTHETASE IN RAT HEART AND LIVER MITOCHONDRIA

J. W. DE JONG
Depariment of Biochewmistry I, Rottevdam Medical School, Rottevdam (The Netherlands)
(Received April 7th, 1971)

-

SUMMARY

I. A @y of about 3 for palmitoyl-CoA synthetase (EC 6.2.1.3) In rat heart and
Iiver mitochondria is found.

2. In heart mitochondria Nagarse [EC 3.4.4.16) destroys the ability to activate
palmitate. When, however, heart mitochondria are oxidizing palmitate, they are pro-
tected from the inactivating action of Nagarse.

3. Although treatment of liver mitochondria with Nagarse causes the loss of
about g59% of the palmitoyl-CoA synthetase activity, no influence is observed on
palmitate oxidation.

4. Adenosine inhibits palmitoyl-CoA synthetase in liver and heart mito-
chondria. Adenosine is a competitive inhibitor with respect to ATP with an apparent
K; of 0.1 mM. The residual palmitoyl-CoA synthetase in Nagarse-treated liver mito-
chondria is much Iess sensitive to adenosine.

5. 2 mM adenosine or 2 mM adenosinesulfate inhibit palmitate oxidation (in the
presence of z.5 mM ATP) in heart mitochondria 60-go 9;.

6. The data obtained are consistent with the concept of a palmitoyl-CoA
synthetase localized on the outside of the outer membrane of rat heart and liver
mitochondria, with an additional locus of (ATP-dependent) palmitoyl-CoA synthesis
in the inner membrane matrix compartment of liver mitochondria.

INTRODUCTION

It was shown in a preliminary note! that adenosine strongly inhibited ATP-
dependent palmitoyl-CoA synthetase (acid:CoA ligase (AMP), EC 6.2.1.3) activity
in rat heart and liver mitochondrial sonicates. In the present communication further
details are given about the specificity of this inhibition. Furthermore, the influence of
adenosine on palmitate oxidation by mitochondrial preparations is shown.

D= Jone aND HifLsMawx?® and PANDE aND BrLaNCHAER? independently ob-
served that Nagarse (subtilopeptidase A, EC 3.4.4.16), often used to isolated mito-
chondria from cardiac muscle, acted destructively on palmitoyl-CoA synthetase in
heart mitochondria. The same was found in liver mitochondrial and heart and liver
microsomal preparations®. The available evidence indicates that the highly active
palmitoyl-CoA synthetase on the outside of the outer membrane of mitochondria is

Biockim. Biophys. Acta, 233 (1971) 288—208
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destroyedt-4, Whether there Is a separate ATP-dependent palmitoyi-CoA synthetase
in the inner membrane matrix compartment, s still 2 matrer of discussion. Van ToL
aND HULsMaNN? and SKREDE AND BREMEER® noticed 2 small, but distinct, ATP-
devendent jong-chain fatty acid activation in the inner membrane matrix fraction
of rat liver mitochondria (see alsc VaN DEN BERGH ¢ 2l.° and LIPPEL AND BEATTIE™).
However, in a very recent paper Aas® did not find conclusive evidence for activation
oi palwpitare in the inner membrane or matrix fraction of liver mitochondria. ALLMANN
ot at.? periormed lotalisation studies with beef heart raitochondua (but see rel. 1o).

In this paper some experiments arc Dresented which are in agreement with the
concept of an ATP-cependent palmitovl-CoA synthetase >thafed on the cutside of
the cuter membrane of rat heart and liver mitochondria, with an additional locus of
(ATP-dependent) palmitoyl-Cok synthetase in the inner membrane maiTix compart-
ment of Dver mitochondria. The kinetic properties of the two differently localized
enzymes m liver mitochondria provide f{urther indirsct support of two separate
palmitoyvi-CoA synthetases.

EXPERIMENTAL

Reagents
Nagarse was furnished by Serva Zntwicklungslabor, Heldelberg. Adenosine

(puriss.) and other nucleosides were purchased frora Koch-Light Lab.. Colnbrook,
Bucks. Adenosinesuliate, 2~AMFP and 3-AMP were obtained from Schuchardi,
Munich. Cvclic 27,5 -AMP was purchased from Sigma Chemical Co., St. Louis, Mo.,

nereas otner nucieotides and enzvmes were from C. F. Boehringer und Sthae,
Mannheim. Coenzyme A and sodium pyruvate {Boehringer) were solved just before
use. Bovine serum alburnin (from Pentex Inc., Kankakee, II1) was defatted by char-
coal treatment® and dialyzed. [r-**C]Palmitic acid was supplied by The Radio-
chemicai Centre, Amersham, diluted with potassium palmitate and complexed to ai-
bumin in 2 7:1 molar ratio as described before?. In the same reference the source
of pL-[Me-*H Jcarnitine is acknowledged.

Preparations

Rat heart and liver mitechondria were isolated as described before?. For the
experiments shown in Table IV and Figs. 4 and 5 the heart mitochondria were not
subjected to the 12000 X g centriiugation step. Sonicates of the mitochondrial frac-
tions were prepared at o—: with a MSE 100-W Ultrasonic Disintegrator (Measuring
and Scientific Equipmment Ltd., London), operated with a microtip at 21 keycles/sec
{amplitude 6.5 gm, peak to pva.‘!\) for 6¢ sec/ml of suspension, at least when the
mltochondnal protein concentration was below 20 mg/ml. Otherwise the sonication
time was doubled.

Camitine palmitoyliransferase {palmitoyl-CoA:carnitine O-palmitoyltrans-
ferase, EC 2.3.1..—) was purified from calf liver mitochondria as described by FarsTap
ef all2,

Methods
Palmitoyl-CoA synthetase activity was assayed either as the formation of pal-

mitoylhydroxamate according to PANDE aND MEAD:24 or as the synthesis of [FH]-

Biochim. Biophys, Acta, 245 (1971) 288—2¢8
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palmitoylcarnitine in the presence of [*H]carnitine and carnitine palmitoyltransferase.
The latter method was described by FARSTAD ¢f @l.2%, and modified in our laboratory? 15,

Oxygen uptake was determined in a vessel equipped with a Clark oxygen elec-
trode (Yellow Springs Instruments Co., Yellow Springs, Ohio) and a Micrograph BD5
recorder (Kipp en Zonen, Delft) or manometrically with a differential respirometer
(Gilson Medical Electronics, Villiers-le-Bel, France). Calibration of the electrode was
performed with NADH and catalase {¢f. ROBINSON AND CoOPER'S).

Protein was measured by the biuret method as described by Jacoms ef al.t”.

Radioactivity was estimated in a Nuclear-Chicago 720 liquid scintillation
counter. ¥CO, was counted with an efficiency of about 65 9%, in 10 ml of the mixture
of toluene, Triton X-100 and ethanol (containing PO and POPOP) described by
PATTERSON AND GREENE'S.

RESULTS AND DISCUSSION

Kinetics of the imhibition of palmitoyl-CoA synthetase by adenosine

Fig. 1 shows the inhibition of palmitoyl-CoA synthetase by various concentra-
tions of adenosine with isolated heart mitochondria. With these mitochondria a normal
Dixon plot (concentration of inhibitor versus the reciproke value of the activity at
two ATP concentrations, ¢f. ref. 1g) is obtained. The K; for adenosine is 0.1 mM
(two separate experiments). The inhibition is competitive with respect to ATP.

In preparations of liver mitochondria the Dixon plot obtained for the inhibition
of palmitoyl-CoA synthetase by adenosine does not give one straight line (Fig. 2).
In this case a K; of 0.x mM (two experiments) is found when the concentration of
Inhibitor is less than about 1 mM (see Fig. 2, insert}). This value was reported in the
preliminary note? and confirmed by Vax Tor anp HUrsmanK?, who used a different
assay. The inhibition is of the competitive type with respect to ATP. A second, much
higher K; can be jound by extrapolation of the values in the Dixon plot obtained for

e

0% D G 0203 04105
— MM Adenostne

o5

0 5 0 1 20

— mM Adenosine

Fig. 1. The Dixon plot of inhibition by adenosine of palmitovl-CoA synthetase in sonicated rat
heart mitochondria. Palmitoyl-CoA synthetase was assayed with hydroxylamine according to
PANDE AND MEuaD!.14. The concentration of ATP was 4 mM (@—@&) or 15 mM (A-—A4). 2 mM
palmitate and 1.z mM CoASH were present initially. The incubation was carried out with 0.54 mg
mitochondrial protein for 30 min at 37° ¥ = munits/mg protein.
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Fig, 2. The Dixoxn plot of inhibition of palmitovi-CoA synthetase in sonicated rat liver mito-
chondria. In the assay {(hydroxylamine method'®) 0.38-0.70 mg mitochondrial protein was used.
The concentration of ATP was 4 mM (@—@) or 15 mM (44— 4). Further conditions as indicated
in the legend to Fig. 1.
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Fig. 3. Temperature dependence of palmitoyi-CoA synthetase in a heart mitochondrial sonicate.
Palmitate activation was determined with the hydroxylamine method!®-24 in the presence of
2 mM potassium palmitate, 15 mM ATP, 1.2 mM CoASH and 0.26—1.0 myg mitochondrial protein.
The incubation time was 30-60 min. Where indicated, the assay was carried out in the presence
of 2.0 mM adenosine. The insert shows the Arrhenius plot {reciproke valae of absolute temperature
versus log (munits/mg protein)) for paimitoyl-CoA synthetase without inhibitor.

[el-0 Basec

Fig. 4. Inhibition of palmitate oxidation in rat heart mitochondria by ADP. For the isclation of
mitochondria see Preparations. Oxygen uptake was measured with a Clark oxygen electrode.
The incubation medium contained 1z.5 mM potassiumn phosphate, 50 mM KCI, 1.0 mM ATP,
2.5 mM MgCl,, 0.02 mM CoASH, o.z mM GSH, So mM Tris—HCI, 4.0 mM EDTA, o.05 mM cyto-
chrome ¢, 0.25 mM L-malate, 0.062 mM palmitatefo.or mM albumin and 1.0 mM L-carnitine.
In the contrel 7.5 mM sodium pyruvate was substituted for palmitate 4 camnitine. Where indi-
cated 0.98 mg mitochondrial protein (4 25 gumoles sucrose) and 1o ymoles ADP were added.
The final volume was 2.0 ml, the pH 7.4 and the temperature 30.0°
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adenosine concentrations nigher then 1 mM. In liver mitochondria a palmitoyi-CoA
synthetase with high activity is located on the outside of the mitochondriont-%. This
activity is lost on treatment of the liver mitochondria with Nagarse!.2.4, For Nagarse-
treated liver mitochondria z K, value of 0.2 mM has been reported?, When the hy-
droxamate asszy is used instead of the camnitine assay (see Methods), K; values of
2-10 mM are found. Also in this case the inhibition is competitive with respect to
ATPLA

When the inhibition of palmitoyil-CoA synthetase by adenosine was investigated
at several temperatures a very high @, for the activation of fatty acid was found.
In the literature ne experiments were found concerning the temperature dependence
of palmitovl-CoA synthetase activity. Fig. 3 shows the activity of palmitoyl-CoA
svnihotase at different temperatures in the presence or absence of 2.0 mM adenosine

O

H

ABLE I

t

-

EMPERATURE DEPENDENCE OF PALMITATE ACTIVATION IN HEART MITOCHONDRIAL SONICATES

Mitochondrial fracdons were prepared as described before?. Palmitovl-CoA svnthetase was de-
termined either with hydroxylamine'™ or with [7Hcarnitine!®, as modified in ref. 15. The amounts
of mitochondrial protein and the incubation time for the former are mentioned in the legend
to Fig. 3. In the carnitine assay 0.2—0.2 Mg enzvmatic protein, 1.0 mM palmitate/albumin, 2.0 miI
AT? and 0.2 mM CoASH were used. The incubation time was & min in this case. The results
were arranged in an Arthenius plot (¢f. Fig. 3), from which @,, and cnergy of activation were
calculated.

Energy of (23
activation
(keal-mole™™) 20-30" 20—40°
Hydroxviamine assay
Expt. 23.6 3.08 3.54
Expt. IT 13.5 3.15 2.0C
TS HCarnitine assay
Expt. 13.0 2.8y 2.68
Exp:. II 19.3 3.03 2.38

TABLE II

INHIBITION OF PALMITOVL-COA SYNTHETASE IN SONICATED LIVER AND HEART MITOCHONDRIA BY
NUCLEOSIDES

Mitochondrial fractions were prepared as described before?, The hydroxylamine assay was carried
gut at 307 as gives ir the legends to Figs. 1 and 2 with r5 mM ATP and z.0 mM nucleoside.
Average values were calculated for 36 experiments. The specific activity of the enzyme without
inhibitor was 31.3 munits/mg protein (liver} and 14.6¢ munitsimg protein (heart).

Nucleoside Inkibition (%) Nuclcoside Inhitition (9)
+ NH, group — NH, group
Liver Heart Liver Heart

Adenosine 79.2 8z2.x Inosine 0.2 3.3

Deoxyadenosine 25.1 z7.0

Guanosine 18.2 1.6 Xanthosine 7.1 8.0

Cytidine 24.4 1.9 Uridine 9.4 0.0
Thymidine 10.0 8.1
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in a heart mitochendrial sonicate. From the Arrhenius plot [reciproke value of absolute
temperature versus log(activity), ¢f. ref. 19] a @, of about 3 could be calculated
(Fig. 3, insert). Table I shows the data obtained with different preparations using
two different assay svstems to estimate long-chain fatty acid activation. This Table
also gives the energy of activation for palmitoyl-CoA synthetase as calculated from
the Arrhenius plots. Similar results were obtained with liver mitochondria (not shown).

The specificity of adenosine as an tnhibitor of paimitovi-Cod svnihetase

In a preliminary notel the inhibition of palmitovl-CoA svmnthetase in heart
mitochondria by adenosine and some analogs was shown. Tabile I shows the activity
of the enzyme in sonicates of Liver and heart mitocheondriz in the presence of several
nucleosides. From this Table it can be concluded that the inhibition by adencsine is
somewhat more specific in heart than in liver. In liver mitochondriz the inhibition
of the enzyme by the analogs tested seems to be dependent on the presence of an
aminogroup.

PanDE aND MEeaD!® reported the inhibition of palmitovl-CoA synthetase in 1at
liver microsomes by AMP (and to a smaller extent by ADP and cyclic AMP). They
mentioned an AMP inhibition of palmitate activation by the mitochondrial {fraction
without giving details. In Table III the inhibition of palmitoyl-CoA synthetase in
heart and Liver mitochondrial sonicates by a variety of phosphate esters of adenosine
is shown. As can be seen from Table III the inhibition by adenosine is several times
greater than that obtained by the nuclectides. Adenosinesulfate is as effective an
inhibitor as adenosine. This compound could be useful in the study of the regulation
of palmitate catabolism.

TABLE 1II

INHIBITION OF PALMITOYL-COA SYNTHETASE IN SONICATED LIVER AND HEART MITOCHONDRIA EY
ADENQOSINE, ADENOSINEPHOSPHATE ESTERS AND ADENOSINESULTATE

Conditions were similar to those described in the legend to Table I1.

Iuhibitor Inhibition (%)
(2.0 mAD) _
Liver Heart
Adenosine 70.2 S2.1
5-ADFP 10.5 8.8
Cvelic 37,5"-AMP 12.4 13.5
Cyeclic 2°,37-AMP 3.6 i
3-AMP 22,8 24.2
3-AMP 16.3 7.0
2’-ANP G4 3.6
Adenosine sulfate 73.4 83.0

Only adenosine and adenosinesuliate are able to inhibit oxygen consumption
and COQ, production clearly when palmitate is oxidized by heart or liver mitochondria.
Details are given in the next paragraph.

Effects of adenosine and Nagarse on mitochondrial palmilale oxidation
In previous experiments conducted with the Clark oxvgen electrode with rat
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heart mitochondria it was often noted that ADP inhibited palmitate oxidation. A
typical tracing is shown in Fig. 4. We expected to find a stimulation by ADP, like
we observed with substrates like palmitoylcamnitine and pyruvate (see Fig. 4),
because of the transition of the mitochondria from State 4 to State 3. WARSHAW AND
TERRY® showed (in their Fig. 5) that palmitate oxidation in calf heart mitochondria
was impaired by ADP addition, without discussing the effect.

Addition of AMP or adenosine, breakdown products of ADP, also inhibited
palmitate oxidation. This led us to think that adenosine as it could be generated from
ADP or AMP, might be responsible for the inhibition. The effects, however, were guite
variable in the short-lasting experiments with the oxygen electrode. Therefore, we

TABLE IV
INFLUENCE OF ADENQOSINE AND SOME ANALOGS ON PALMITATE OXIDATION IN HEART MITOCHONDRIA

Heart mitochondria were isolated as described under Preparations. OXygen uptake was measured
with a differential respirometer at 25.0°, Reaction vessels contained o.25 mM [1-MC]palmitate
(0.040 pC/umole)fo.o4 mM albamin, 1.0 mM L-malate, 2.5 mM ATP, 2.5 mM L-carnitine, ¢.x mM
CoASH, 10 mM potassium phosphate (pH 7.3}, 5.0 mM MgCl,, 30 mM KCl, 1.1 mM EDTA,
75 mM Tris—HCI buffer (pH 7.4), about 2.8 mg mitochondrial protein and z5 mM sucrose. Adeno-~
sine and analogs were tested in a final concentration of 2.0 mM. The reaction volume was 1.0 mi.
Al constituents were added from stock solutions, if necessary neutralized with WOH. The centre
well of the vessels was provided with o.o5 ml 2.5 N KOH and a filter paper. The side arm of
the flasks contained oc.o5 mil 70 9% HCIO,. The reaction was started with the mitochondria.
Readings were taken at 2.5 min intervals. After 30 min the reaction was terininated by addition
of HCIO,. Shaking was continued for 30—60 min. The KOH-soaked paper in the centre well was
transferred with 10 ml scintillation mixture to a counting vial, For details of the measurement
of ¥CO, see Methods. Total O, consumption was calculated by extrapolation.

Condition Total Oy upilake WCO, production
(X ulimg protein) {disint.fmin per mg protein)
Expt. I Expt. 11 Expt. I Expt. i1
Palmitate/albumin omitted to 10 — —
Palmitate alburain 46 49 2438 2548
+ adenosine 20 2 523 721
-~ deoxyadenosine — 46 — 2535
-+ inosine 42 49 2362 2466
-+ guanosine 41 L 2150 —_
-+ xanthosine 44 —_ 2328 —
+ 5-AMP 47 — 2871 —
+ 5-IMP 42 — 2195 —
+ adenosinesulfate 18 21 441 601
-+ adenine a2 —_ 2160 —
-+ hypoxanthine — 46 — 2475

Fig. 5. The effect of Nagarse on [1-3C]palmitate oxidation in heart mitochondria (A) and liver
mitochondria (B). (A) 2.7 mg heart mitochondrial protein was present; further conditions were
as indicated in the legend to Table IV. In experiment (B) 3.3 mg liver mitochondrial protein
was used. The palmitate oxidation was stimulated in this case by the addition of 25 mM p-glucose
and 3 I.U. dialyzed hexokinase (EC 2.7.1.1) {¢f. ref. 1}. 25 mM potassium phosphate (pH 7.4),
zo mM KCI, 6o mM Tris—HC] buffer (pH 7.4} were included in the medium. The reaction was
started by the addition of mitochondria. Other conditions for liver were identical to those given
in the legend to Table IV. Where indicated in (A) and (B) Nagarse (0.5 mg) or [z-"C]palmitate
were present from the start or added after preincubation. The reactions were stopped after 30 min
(heart) or 40 min (liver) and CO, was counted (see Table IV). The amounts of Y0, present at
the end of the experiment are indicated in (A} and {B). dpm = disint./min.
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tumed to manometry, which enabled us to use radioactive labelled pabmitate to
differentiate between endogenous and added substrate. Table IV shows the oxidation
of [z-MClpalmitate by heart mitochondria. In the mediwm ¢.r mM coenzyvmme A is
included, because it is found that coenzyvme A is easily washed out from the mitochon-
dria. Leakage of coenzyme A from rat liver mitochondria is demonstrated by SKREDE
AKD BREMER®. Several compounds are tried for thewr abilitv to inhibit palmitate
oxidation. When tested in a concentration of 2.0 mM only adenocsine or adenosine-
sulfate are inhibitory to & significant extent. The same compounds are powerful
inhibitors of palmitovi-Coh svathetase (Tables I and ILL). The discrepancy of oxygen
uptake and **CQ, production as far as the degree of inhibition is concerned, is provably
due to the oxidation of endogenocus substrates (mainiy fatty acids}. For iustance
laurovi-CoA synthetase (personal communication of H. K. ScHonTE) and octanoyi-
Cod synthetase (unpublished observation) are relatively insensitive to the inhibirors.
When instead of heart mitochondria liver mitochondria were tested the inhibition of
palmitate oxidation was found to be less. In those experiments (not shown) adenosine
and adenosinesulfate inhibited oxygen uptake and MCC, production only half as
strong. In those experiments the conditions used were not the same. In the experi-
ments with heart mitochondria phosphate acceptor was generated, irom the 2.5 mM
ATP present, by Mg**-stimulated ATPase. In the experiments with lver mitochondria
phosphate acceptor was generated by the addition of hexokinase and glacose. The
conditions used for palmitate oxidation by liver mitochondria are given in the legend
to Fig. 5. It should be emphasized that in this case the ATP concentration in the vessels
is very low, contrary o the experiments conducted with heart mitochondria. When
it is kept in mind that the inhibition by adenosine of palmitoyl-CoA synthetase is
competitive with respect to ATP (Figs. ¥ and z), one could argue that cardiac palmitate
oxidation is even more sensitive to adenosine than hepatic palmitate oxidation. It is
quite difficult to oxidize palmitate under identical conditions as was shown beforel,

In an earlier publication it was demonstrated that in mitochondria 1solated
{rom homogenates of liver and heart treated with Nagarse palmitoyl-CoA synthetase
activity was almost completely lost®. Palmitate oxidation wag severely impaired in
the case of Nagarse-treated heart mitochondria as was shown by DE Joxg arxo
Hirswanx'. The effect of Nagarse on isolated ruitochondria was studied in greater
detail. Addition of quite large amounts of Nagarse to heart mitochondria oxidizing
palmitate, failed to produce the expected inhibition. If, however, the fatty acid is
added after Nagarse no palmitate can be oxidized (Fig. 5). Appzrently Nagarse is
not able to destroy the palmitoyl-CoA synthetase in heart mitochondria when
conditions are favorable for fatty acid activation, suggesting a change in conformation.
This was confirmed by experiments (not shown) in which sonicates were preincubated
with Nagarse in the presence of palmitate, ATP and coenzyme A. Palmitoyl-CoA
synthetase was found to be quite insensitive to the Nagarse action under this condi-
tion. Preincubation with either palmitate, ATP or coenzyme A was much less effective
to protect the enzyme. Also palmitoyl-CoA (o.z gM) was not able to protect the pal-
mitoyl-CoA synthetase from Nagarse digestion. Under the conditions specified in Fig.
5, palmitate oxidation by liver mitochondria is much less sensitive to preincubation
with Nagarse. The palmitoyl-CoA synthetase present in the outer membrane, is de-
stroyed, but the inner membrane enzyme (insensitive to Nagarse treatment?), is
able to provide adequate amounts of palmitoyl-CoAL
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CONCLUSIONS

The effects of Nagarse, hexokinase, adenosine and carnitine on palmitate
activation and oxidation in liver and heart mitochondria are summarized in Table V.
We conclude that in the oxidation expertments with liver mitochondria, as shown in
this communication and in the preliminary note!, palmitate is activated mainly in
the inner membrane mairix compartment. BEaTTIEX found that g5 % of the total
palmitate oxidation activity (measured as formazan formed from tetrazolium salt)
of rat liver mitochondria was recovered in the Inner membrane matrix fraction,
as obtained by digitonin treatment. L1pPeL aAND BEATTIE? concluded from this experi-
ment that palmitoyl-CoA synthetase was localized in the inner membrane fraction.
This conclusion does not seem justified since the preparation contained approx. 11 %
outer membrane®!, which has a very high palmitoyl-CoA synthetase activity?-1-8,8,22
Vax TorL anp HUrsmany® showed that during hepatic fatty acid oxidation at low
concentrations of palmitate {c.e. below 40 yM), with camitine present, the outer
membrane acyl-Col synthetase is operative.

TABLE V

SUMMARY OF THE EFFECTS OF NAGARSE, HENCOKINASE, ADENOSINE AND CARNITINE ON LIVER AND
HEART MITCCHONDRIAL PALMITATE ACTIVATION AND OXIDATION

The results were compiled from experiments shewn in Figs. 1, 2 and 5, Table IV and the prelimi-
nary note* (Table I).

Palmitate oxidation Palmitate activation
Liver Heart : Liver Heart
Inner membrane Quiter membrane
matvix
Nagarse No effect Inhibition No effect Inhibition Inhibition
Hexokinase Stimulation Inhibition No effect -Inhibition Inhibition.
Adeposine Small inhibition Inhibition Small inhibition Inhibition Inhibition

Carnitine No effect Obligate — — —

In heart mitochondria we find only evidence for a palmitoyl-CoA synthetase
located on the outside of the outer membrane (see also the preliminary notel).

Adenosine is a potent vasodilator as has been shown a long time ago by DRURY
AND SzENT-GYORGYI® (c¢f. also ref. 24). Many workers reported the formation of adeno-
sine in the heart by breakdown of adenine nucleotides under hypoxic conditions
(see, for instance, refs. 25 and 26). KXaTorI aND BERNE® emphasized the importance
of adenosine as the possible metabolite responsible for autoregulation of coronary
blood flow. It is possible that adenosine reduces mitochondrial palmitoyl-CoA
formation, when the cardiac oxygen level is low, so that adenosine not only functions
as a regulator of bloed flow contributing to oxygenation and lactate removal, but
alse as a metabolic inhibitor.
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