CARNITINE PALMITOYLTRANSFERASE EXPRESSION
IN RAT HEART

by

David E. Wu

A DISSERTATION

Presented to the Department of Physiology
and the Oregon Health Sciences University
School of Medicine
In partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

May 1993



APPROVED:

2 8 % 0 e 2 0 0 s s 0 e e e e 906 0 0 0 4 2 0 0 0

(Dr. KenE/L. Thornburg, Protfessor 1n c¢harge of Thesis)

........... 4 @ ¢ 6 4 e s 0 0 0 e 3 0 e 0 0 s 0 0 0 0

Ei/John A. Resko, Chairman, Graduate Council)



TABLE OF CONTENTS

LIESTE.OF PILGURES. c1s o me 5 6w s 6 » 85 60 o 6 /s s o o6 oo osess o &) @ 8 [io @@ v
ACKNOWLEDGEMEN TS .« @ ¢ vt e et teennvanencacasosssses o ol 2 WE R vii
ABSTRACT: 2165 @ 5 s 4 lo 540 % 08 o 8 @ d e ais @ o e o sile oo s ised ol & ®is & 6 viii
ENTRODUCTEON L ¢ oat v e 55 6 i ol & 00 60 oo i 5 6 @ @ BB S o G105 @ &1 e i@ B i d@ e e e A1=162
BackgEoUna ¢lis alll 65 g 0@ @ e o dig) & ogs = gm0 5 g maisl i e w6 6 G 55 Ghe 5 BERIT
General enerqy metabolis. e v et e oo e enennees A 3
Fatty acid metabollSmMe e e e e e e eeeeeeeeeeeenensnseenssa 7
Fatty acid synthesis...v.ee e e vneeeeess e e e e 9
Fatty acid oxXidation. . e oot o ettt eeeeeenesonenes c e e 9
CarNitine. ot ittt e oeeeosnsas LT T A P — 14
Carnitine palmitoyltransferase (CPTase)...... P I &7/
Birth and Adaptation.......ccccsveasassocson CEHenE o 5 27-43
Fetal energy metabolism.....uveeueeen. 3iall clse) & B b R b AT S 27
BB aime S5 e 22 s a s i s s 5 Ms BT e s ads slhoemads M 2o 30
Cardiac energy mMetaboliSm. e v e e e eoesass B % 5 AR S A 31
TRABCEION OFf CPTASE: « ¢ o o s o aio 6.6 6 s 0sasacicsnnssemsaesdia 35
Clziical SIghiFICANGR. vic i cev o awrentak as civensies 43-61
General concept of heart failuUrC..eeeeeeeenonennenenns 47
Cardiac adaptation. .o e e e e ieeeeeeesenaess ettt 48
HY e oY e v 55 m oo m e @@ a6 & @ o @ s @ e oo osieessisssss 5@ @ oS [4 54
Relaxation abnormal ity . e e et ot eeeeeeeenenanonaese 58
SUMMAEY s ool o2l e fHoibasdsw e sMes s ssshinids b s 8% s ren S B 61-62
MATERIAIL AND METHODS..... AmmsBzeh ail ras s sl Es s S el 63-78
Western blot protein quantification............... ves B63-6B
Iscolation of mitochondria......... A By e v 1w e e e 63
Protein determination. oo vt et eeeeeennensens ceees. 64
Protein denabturation. c v e e v e o e ot eeeenesseeeeononannas 64
SDS=Padgde gel..eeeeeeeeeeonssoasaens e I o) i 2 65
BUOEEAMT o @ ) & 5o @ m @5é @ @A @ Sis 3 2 [0 5] S Esed o 5w 508 58 ¥R Bend Sk 66
Protein detection.....veeueu.o... I P T ... 66

133



RNA -:EXEEACE 1O g v o) 5716 onte 51 s 6 ke s 6 o corier o7 o1 181 18 51 3 o1 (oo 1a1 101 6 6 81700 5 & 1% 69
CDNA recCONnSErUCEION . t v i vttt e eeeeeneeeneessoseaa o5e D |20
RNA probe sYNtheSiS .. v e e et ieeeeeneeesesecaneoonsnns 71
RPA protocol. ... i ittt it neennes <8 b % ew 5% 1 ) Feel ) aai T 81 @ 73
Rorthern HYHFIdismabiom: . cassdaslandisboe ms o8des &oman s 74-76
DNA probe synthesis..ve . et eeeeenees o ke V) B @) (B e @ (] e e 74
Northern protocol. ... it it ittt it s it eenns . o B DS 75
Infarcted rat hearts. .. ... . ittt cessveees 16=T77
Data analySiS..eccecceascscesassesasscsassssscccssses 77=78
RESUIMS s v 55 6.5 8 5 0 o @ o o o oo s o oEssss sse eiaessssss oo Eere @) 1O,
Verification of CPT IT.4 PIrobE. . v eeeeeeeeeensa o ey HD
CPT TIT cDNA recoNsErUCEion i .eiooeios et anesnions s 79
Developmental CPTase mRNA eXpressioN...... b ok 5 e e T Tl e 14 81
Developmental CPTase protein exXpresSSioN....ceeeee.. .. 84
CPTase expression in MI rat heartsS. .ceee e i e e e e neeenes 90
DESICUSSTEAN w5 9% 9 awilh 5 e b b oeh s e ook « 986 4 oo Smsese s ees. 96-125
Part I
Developmental expression of CPT II......ccc... ... 96-109
Part II
Chronic heart failure and CPT II expression...... 109-124
SUMMARY AND: CONCIUSTON ¢ 55 « s oo o6 s o e s o @ ois @ sials ds s siosn 124-125
REFERENCESL & 9106 bha-dB oo o 5 fore w58 drslm e @@ o o ed o5 isess e 126135

iv



FIGURE 1:

10:

11:

12:

LIST OF FIGURES

Carbohydrate, fatty acid metabolism and

Ehe:Teh ERclles: ¢ e vndeonbmtBas s damiadb=anbhe: dhaa 5
Pathways of fatty acid synthesis........... . 10
f-oxidation of fatty acids.....cecievuennn.. 12
Mitochondrial transport of fatty acids...... 26

Fatty acid oxidation rate in fetal
and 6 week 0ld calf hearts.....ccoeiivevenaes 33

Interaction between fatty acid synthesis
and fatty acid oxidation..... Ea aule e o G 8 39

Calcium transport in normal and
failing heart...... (08 § LT E 5 e e e 1) ) ShaT 6,08 T o 60

Probe verification on Northern Blot......... 80

cDNA reconstruction (CPT IT.6)...cceeeecacees 82

cDNA reconstruction (CPT II.7)....... e ved et B3

An RPA gel used to show developmental
CPT II mMRNA eXpresSsSion..cieeeeeeeeeeeeeennns 85

Developmental time course of
CPT T mREN2Z expresslom:c.icevs sasahesiossdsss 86

v



FIGURE 13:

14:

15:

16:

175

18:

19:

Developmental expression of CPT II protein
(enhanced alkaline phosphatase method)...... 88

Developmental expression of CPT II protein

(alkaline phosphatase method)....ceeveeennen 89

Developmental time course of CPT II
protein synthesis..........cccciiienn e 91

Protein separation on 7.5% SDS-Page gel.... 92

CPT II mRNA expression in rats with
Mpasardial IMPETrcItlivs ddscssmonmvadls s da’s 94

CPT II mRNA expression in normal vs.
post-myocardial infarction (MI) hearts..... 95

Developmental changes in CPTase
activity inrat............ .. cetseseaasessas 97

vi



ACKNOWLEDGEMENT

I am deeply indebted to Dr. Kent Thornburg. Without
his guidance and support, the timely completion of this
thesis would not have been possible.

I would like to thank Dr. Mark Morton, Dr. Debra
Anderson, Dr. Job Faber and Dr. John Resko for their
generous help during my graduate study. I would also like
to thank Dr. Barry Greenberg and Dr. McGarry for their
generous gifts that greatly facilitated my work.

I would like to thank my parents who cultivated my
curiosity in medicine and science.

I would like to thank my wife Miyoung and my children
Anna and Alexander for their love, patience and support over
the years. I also would like to thank Dr. and Mrs. William
Sweetman for their support and friendship.

Lastly, I would like to thank the Medical Research
Foundation of Oregon for the scholarship that made my

medical education and this research project possible.

vii



ABSTRACT

The heart has unigue energy metabolic patterns at
different times in life. Mammalian fetal myocardium is
immature and has very limited ability to oxidize fatty acid.
Fetal hearts rely heavily on carbohydrate oxidation for
energy supply. Adult hearts, on the other hand, predomi-
nantly use fatty acid to supply energy. Therefore, a
transition from fetal to adult type of energy metabolism is
critical for species survival. It is well established that
newborns take this critical adaptation soon after birth,
however, the mechanisms that trigger this transition are
still unknown.

Carnitine palmitoyltransferase (CPTase) is a rate
limiting enzyme that regulates long chain fatty acid
oxidation. CPTase activity is very low in fetal heart but
increases dramatically after birth as part of the adapta-
tion. The nature of the low CPTase activity is unclear.

Many disease states are associated with abnormal energy
metabolism. Chronic heart failure is one example. It is
known that failing hearts have impaired energy metabolism
but the mechanism is unknown. Shortage of energy supply in
the heart can lead to grave conseqguences.

There are two periods in life when significant changes
in CPTase activity and fatty acid oxidation occur. During
the fetal to newborn transition, CPTase becomes expressed.
It is an ideal time to study the regulatory mechanisms on

Viad



CPTase expression. During heart failure, the energy meta-
bolism becomes abnormal and fatty acid oxidation appears to
be suppressed, perhaps due to inhibition of CPTase activity.
Therefore, this study is designed to monitor expression of
CPTase at these two crucial times in the life of the rat.

In this study, a developmental pattern of newborn rat
heart CPTase expression is established using ribonuclease
protection assay and protein detection with antibody. CPT-
ase mMRNA expression in infarcted adult rat heart is also
examined. I found that (1) CPTase mRNA and protein levels
are low in the fetal rat hearts. CPT II expression in fetal
hearts is 19%6% of the adult level (n=3). The difference is
statistically significant (p<0.05); (2) mRNA levels are
severely depressed in rat hearts with myocardial infarction
(MI). CPT II/cyclophilin ratio for the MI group is 0.42 *
0.163 (n=4) and for 2.17 = 0.435 for normal hearts (n=3).
The means of the two groups are significantly different
(p<0.01) .

These results suggest that CPTase is deficient in fetal
hearts and is induced rapidly at birth. It provides
evidence supporting the view that low CPTase activity in
fetal rat hearts is due to CPTase deficiency, not masked
enzyme activity. Depressed mRNA expression in infarcted rat
hearts indicates that long term fatty acid oxidation may be

regulated via gene expression.
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INTRODUCTION

Successful transition from fetal to extrauterine life
is critical for species survival. To meet the increased
oxygen demand from muscle activity and thermogenesis at
birth, newborn left ventricle output must increase 2-3 fold
°1.  This, in turn, requires a steady source of energy to
sustain increased cardiac work. Therefore, finding an
abundant and readily available energy source becomes a
critical step in newborn adaptation to the postnatal
environment.

Mammalian fetal myocardium is immature and less able
than adult myocardium to oxidize free fatty acids (FFAa).
Only 3% of the energy required for fetal cardiac work is
derived from FFA; thus fetuses rely heavily on carbohydrate
., This inability of fetal heart to oxidize FFA is thought
to be due primarily to a carnitine palmitoyltransferase
(CPTase) deficiency .

CPTase activities are low throughout most of fetal life
but a surge of cardiac CPTase activity occurs at birth % .
This increase in CPTase activity coincides with a surge in
serum FFA % and a switch from carbohydrate to FFA as a
primary cardiac fﬁel source. It is well established that
newborns take this critical step in their adaptation socon

after birth °%?, However, not only are the mechanisms that

trigger this change of energy source unknown, but also the
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components of the birth process that invoke these mechanisms
are not defined.

Adaptation is not only a problem for newborns. Adults
have their share of problems with energy metabolism. Many
disease states are associated with abnormal energy
metabolism and the subsequent adaptations might be even more
challenging than those encountered by newborns.

Adequate energy metabolism is particularly important in
the adult heart which consumes a large quantity of energy
uninterruptedly for decades. Any energy supply shortage can
lead to grave consequences. In fact, myocardial ischemia,
infarction and congestive heart failure are all associated
with impaired energy supply and utilization.

The adult, newborn and fetal hearts are intricately
related. When the adult heart becomes hypoxic, it switches
back to a fetal type of metabolism. When the adult heart is
pressure loaded and needs to grow rapidly, it manufactures
fetal actin. Above all, the adult and fetal hearts share
many secrets: How is energy metabolism regulated in the
heart? Why are certain fuels preferred over the others at
different times of life? Are various energy sources freely
exchangeable?

The energy metabolism of the heart has been studied for
years. A considerable amount of information has been
collected from cultured cells, isolated mitochondria, tissue

homogenates, perfused hearts and in vivo experiments, but



one big mystery remains unsolved: the regulation of CPTase
expression and FFA oxidation.

There are two interesting periods in life when
significant changes in CPTase activity and FFA oxidation
occur. During the fetal to newborn transition, CPTase
expression is increased. It is an ideal time to study the
regulatory mechanisms of CPTase expression. During heart
failure, the energy metabolism becomes abnormal and FFA
oxidation appears to be suppressed. It is possible that the
energy depletion is associated with CPTase activity because
it is an essential enzyme in FFA oxidation.

Therefore, this study is designed to monitor expression

of CPTase at two crucial times in the 1life of the rat.

Background

General Enerqy Metabolism

An uninterrupted energy supply is a prerequisite for
life. To maintain an adequate energy supply, one must have
reliable energy sources and a well coordinated and an
efficient processing system to convert the energy into a
biologically usable form. The primary energy sources for
animals are carbohydrate, lipid and protein. Besides being
used as fuel, these compounds also have other important

bioclogical functions such as providing building materials
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for cells. Therefore, a delicate balance between catabolism
and anabolism must be carefully maintained.

Although each of the three energy sources is
metabolized uniquely, the tricarboxylic acid (TCA) cycle is
common to all. Key regulatory enzymes in each pathway are
stimulated or inhibited by intermediate metabolites from the
TCA cycle. Through intermediates of the TCA cycle, the
three pathways communicate with each other and homeostasis
of energy flux is maintained through complex networks of
feedback control.

The degradation products of amino acid metabolism are
acetyl-CoA and pyruvate. The end product of lipid breakdown
and glycclysis is acetyl-CoA. Therefore, it is no surprise
that all three pathways share the TCA cycle as their final
step (Fig 1). Acetyl-CoA is fed into the TCA cycle in a
reaction catalyzed by citrate synthase in which one acetyl-
CoA and one oxaloacetate combine to form citrate.
Intermediates in the TCA cycle are not consumed. The
oxaloacetate is regenerated when each acetyl-CoA is oxidized
to release energy and two carbon dioxide molecules.

The activity of the TCA cycle is tightly controlled
according to the overall energy balance by regulating the
level of TCA cycle intermediates. Several TCA cycle
intermediates can be converted to amino acids by reversible
transamination. Pyruvate can enter TCA cycle directly by a

pyruvate carboxylase catalyzed reaction in which carbon
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Fig. 1. Carbohydrate, fatty acid metabolism and the TCA cycle.
Fatty acid and carbohydrate are the two primary energy sources for
the heart under normal conditions. Acetyl-CoA 1is a common
intermediate of both pathways. Acetyl—-CoA enters the TCA cycle
first and then is completely oxidized in the oxidative
phosphorylation process. The end products of Acetyl-CoA oxidation
are ATP, €O, and H,0. This figure 1illustrates the intricate
interaction between fatty acid and carbohydrate metabolism (Source:
Opie LH. The Heart. 2nd Edition, 1991).



dioxide and pyruvate are converted into oxaloacetate. This
particular reaction, however, is irreversible because it
requires ATP. By adjusting the concentration of these
intermediates, the rate of energy production is controlled
and the flow of substrate can be directed towards reactions
which represent the most pressing need.

Despite all of these intricate interconversions,
acetyl-CoA cannot be directly converted to amino acids or
glucose by mammals. Only the intermediates from the TCA
cycle and pyruvate are precursors for gluconeogenesis. It
should be noted, however, that gluconeogenesis requires
sufficient amounts of acetyl-CoA. This is probably due to
the fact that gluconecgenesis consumes significant amounts
of energy and the abundance of acetyl-CoA indicates a state
of energy surplus. In other words, although acetyl-CoA is
not used in gluconeogenesis as a precursor, adeguate energy
derived from lipid metabolism is critical for the activities
of other metabolic pathways.

Acetyl-CoA is the only substrate that is actually
consumed in the TCA cycle. The primary products of TCA
cycle are NADH and FADH,; both are further oxidized through
oxidative phosphorylation.

Oxidative phosphorylation, which occurs exclusively in
mitochondria, is the process by which ATP is ultimately
produced. Electrons pass through the electron transport

system in the inner membrane and the energy released in this
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process generates an electrochemical proton gradient across
the inner mitochondrial membrane. This proton gradient is
the driving force for ATP production. Protons move down the
gradient and energize the membrane bound ATPase which uses
this energy to produce ATP from ADP and inorganic phosphate.
As is implied by its name, oxygen is an essential component
of the oxidative phosphorylation system. The electrons,
generated during substrate oxidation and passing through the
electron transport system, are ultimately received by
oxygen. Protons, after passing down the electrochemical
gradient, combine with the reduced oxygen in the
mitochondrial matrix and water is produced as a by-product

of complete substrate oxidation.

Fatty Acid Metabolism

Lipids are the most abundant fuel storage form in
animals. It has been calculated that an average size man
has 141,000 kcal of energy reserve in fat storage in
comparison with only 900 kcal of energy stored as glycogen.
Phospholipids are also important building materials for cell
membranes and intracellular organelles. Some lipid
metabolites participate as messengers or mediators in
neurchumoral regulation. Given its extensive involvement in
a wide variety of bioclogical functions, it may be helpful to
examine some special aspects of lipid metabolism in more

detail.
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The net yield of complete oxidation of one molecule of
glucose is 38 molecules of ATP. The energy conversion
efficiency is 38%. Complete oxidation of one molecule of
palmitic acid, a 16 carbon saturated fatty acid, produces
129 molecules of ATP, with a 40% conversion efficiency.
Although both are nearly identical in efficiency of energy
conversion, a comparison between the two shows that there
are also some impressive differences.

The net energy yield from each glucose carbon is 6.3
ATPs but 8.1 ATPs for each carbon in palmitic acid. So,
complete oxidation of one FFA carbon releases 28% more
energy than a glucose carbon. On the other hand, complete
oxidation of one glucose carbon consumes only one molecule
of oxygen whereas complete oxidation of one FFA carbon
requires 1.4 molecules of oxygen. Although FFA is the most
energy rich substrate, there is a high cost in oxygen,
approximately 10% extra per ATP, to extract the extra
energy.

Another significant difference between carbohydrate and
lipid metabolism is that glycolysis can produce 2 ATPs per
glucose (6 carbons) when severe oxygen shortage occurs.

FFA, on the other hand, is incapable of any anaerobic energy
production. These two anaerobically produced ATPs may seem
to be an insignificant amount when compared to the 38 ATPs
produced from glucose and the 129 ATPs from FFA oxidation

but they may allow survival of a particular tissue under



extreme hypoxic conditions.

Fatty Acid Synthesis

In animals, fatty acids are synthesized from acetyl-CoA
in a two stage process (Fig 2). A commonly synthesized FFA
is palmitic acid. In the first stage, malonyl-CoA is formed
from acetyl-ColA by carboxylation. This reaction consumes
ATP and is catalyzed by acetyl-CoA carboxylase which is
regulated by citrate. Because citrate accumulates only when
acetyl-CoA is abundant and the ATP/ADP ratio is high, it
ensures that FFA synthesis will only occur when there is
excess energy supply. Citrate also serves as a carrier to
move acetyl-CoA from the mitochondrial matrix to the
cytoplasm where fatty acid synthesis takes place. Once in
the cytoplasm, citrate can be cleaved into oxaloacetate by
citrate lyase and be used in gluconeogenesis. It can also
be converted into malate and re-enter the TCA cycle.

In the second stage of FFA synthesis, malonyl-CoAs are
added to acetyl-CoA or other existing short chain acyl-CoAs,
one at a time. Each elongation cycle consumes 2 NADPH and
elongates the chain by two carbons. In the process the

third carbon is discarded as carbon dioxide.

Fatty Acid Oxidation

FFAs are degraded to acetyl-CoA by B-oxidation inside

the mitochondria. First, a FFA molecule must be activated.
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de novo fatty acid synthesis

Acetyl-CoA Carboxylase

N

: biotin ?
Acetyl - CoA + 7 malonyl-CoA Fatty Acid Synthetas%. palmitoyl-CoA

Acetyl - CoA + CO malonyl - CoA

Mitochondrial Fatty Acid Elongation

Acetyl-CoA + acyl-CoA o Acyl - CoA
' 3 (n+2)

Microsomal Fatty Acid Elongation

CoA + CO2

Malonyl-CoA + Acyl-CoA S Acy](nfz)

Fig. 2. Pathways of fatty acid synthesis. Fatty acid synthesis
occurs in the cytosol and the mitochondria. Cytosolic fatty acid
synthesis in the liver is the primary source of endogenous fatty
acid. Heart has a limited ability to synthesis fatty acid via
mitochondrial fatty elongation. Low lipogenic activity in the
heart raises the issue of whether the regqulatory roles of malonyl-
CoA can be applied to the heart (Source: Warshaw JB. Seminars in
Perinatology Vol. 3, p.132, 1979).




11
Activation is the formation of an acyl-CoA ester which
"flags" the molecule for degradation. The activation
process is irreversible and requires CoA and ATP. The acyl-
CoA is then transported into the mitochondria where g-
oxidation takes place. Each complete cycle of B-oxidation
shortens the acyl-CoA by two carbons and releases one NADH,
one FADH, and one acetyl-CoA (Fig 3). These products either
enter the TCA cycle or the electron transport system for
further oxidation.

The acetyl-CoA generated in the liver, however, cannot
enter the TCA cycle efficiently because the intermediates
are often drained for gluconeogenesis. Furthermore,
accumulation of acetyl-CoA reduces the available CoA for
other reactions. This problem is solved by a unigue
metabolic feature of the liver. Excess acetyl-CoAs are
converted into ketone bodies and exported to other ketone
consuming organs such as the heart and brain.

Ketone bodies are acetyl-CoA derivatives. Two acetyl-
CoAs are condensed into acetoacetyl~-CoA and in the process
one of the CoAs is set free. The second CoA is released in
the deacylation reaction catalyzed by hydroxymethylglutaryl-
CoA synthase. The result of the overall reactions is the
production of two free CoAs and one acetoacetate.
Acetoacetate can be converted to acetone by decarboxylation,
or be reduced to f-hydroxybutyrate. These three compounds

are collectively called ketone bodies.
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R——-CHz"_"CHz—CHz_COCOA (Clg)
- FAD
> FADH,

R—CH,—CH=CH—COCoA

H,0 ~

R//T><j\\COCoA
H OH
NAD*
F NADH
R—CH,—C—CH,—COCoA
él)
Co {
R—CH,—COCoA +
—— acetyl-CoA
—— acetyl-CoA
— acetyl-CoA
— acetyl-CoA
— acetyl-CoA
—— acetvl-CoA

acetyl-CoA

Acetvl-CoA

Fig. 3. f-oxidation of fatty acids. Fatty acids are degraded in
the mitochondria through f-oxidation. The products are acetyl-CoA,
NADH and FADH,. Acetyl-CoA is further oxidized in the TCA cycle.
Elevated acetyl-CoA levels indicate a state of energy surplus and
favor synthetic activities. In CPTase deficiency, acetyl-CoA
levels are depressed and the gluconeogenic activity is impaired
(Source: Lehninger AL. Biochemistry 2nd Edition p.545, 1978).
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Once ketone bodies have left the mitochondria, they
diffuse out of the cell and travel in blood. 1In peripheral
tissue, B-hydroxybutyrate is oxidized back to acetoacetate.
The acetoacetate is first activated, which involves
transferring a CoA from succinyl-CoA. The new acetoacetyl-
CoA is then cleaved into two acetyl-CoAs which re-enter the
TCA cycle for their final oxidation.

Because the inner mitochondrial membrane is impermeable
to long chain acyl-CoA and because long chain FFAs must be
activated in the cytoplasm before they can enter the
mitochondrion, there is considerable interest in how FFAs

are transported across the mitochondrial membranes.

18 37

As early as 1960, Bremer and Fritz independently
discovered how long chain acyl-CoAs are transported into the
mitochondrial matrix. A membrane bound CPTase converts
acyl-CoA to acylcarnitine. The latter is transported across
the inner mitochondrial membrane by an acylcarnitine
translocase. Besides facilitating the'exchange of various
acylcarnitines, acylcarnitine translocase is also involved
in a slower unidirectional transport that allows
equilibration of carnitine concentration across the inner
membrane. The palmitoyl-CoA is regenerated in the
mitochondrial matrix for B-oxidation.

Early on, it was realized that CPTase was an essential

component for long chain fatty acid oxidation. The

regulatory role of CPTase in FFA oxidation, however, did not
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become evident until much later. Borrebaek and his
colleagues ' noted that the capacity of the FFA activating
enzyme exceeds the capacities of the acylating enzyme by

8 reported that CPTase was

seven fold. Soon after, McGarry
susceptible to malonyl-CoA inhibition. He hypothesized that
because malonyl-CoA was the first committed intermediate in
fatty acid synthesis, its inhibitory effect on CPTase must
regulate the rate at which long chain FFA enter the

mitochondrion. This in turn would determine the rate of

long chain FFA oxidation.

Carnitine

The official chemical name of carnitine is ;-3-hydroxy-
4-N-trimethylaminobutyric acid. This highly polar compound
is widely distributed in nature and was first discovered
around the turn of the century. Its biological usefulness
was not realized until nearly a half century later when
carnitine was recognized as an essential dietary factor for
the growth of the mealworm.

In mammals, carnitine is synthesized primarily in the
liver. Two essential amino acids, methionine and lysine,
are required for carnitine synthesis. Extrahepatic tissues
have to obtain their céfnitine from the circulation.
Mammals have little, if any, ability to metabolize
carnitine. Therefore, carnitine is mainly excreted by

kidney, either directly or as acyl conjugates.
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Normally carnitine is transported into muscle cells
against a large concentration gradient . This ability to
concentrate carnitine is specially impressive in the heart.
The myocardial carnitine concentration is reportedly 60 fold

higher than in plasma °°.

¢ jdentified a cardiac carnitine

Cantrell and Borum
binding protein in 1982. This protein appears to be
associated with the plasma membrane and is distinct from
other binding proteins involved in carnitine transport in
the mitochondrial membrane. Carnitine carriers in muscle
are probably different from those in liver. This might
explain why there is a wide difference in carnitine affinity

amongst tissues.

Apparently only L-carnitine is the biologically active
form in mammals. Yet D-carnitine competes with the L-isomer
for binding sites, therefore delaying the transport of L-

carnitine. Ingestion of both carnitine iscmers can produce

myasthenia like symptoms. Injection of D-carnitine was

shown to cause carnitine deficiency in rat heart but liver
function was not impaired ®. Carnitine transport is also
inhibited by acylcarnitines .

Carnitine is found to be slowly released from muscle
cells. This release is stimulated by carnitine or its

analogues. The actual mechanism of this release is not

known, but it is probably not a simple reversal of the
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uptake process.
In 1955, Fritz first demonstrated that carnitine was

essential to the maintenance of energy metabolism. In the

18 37

early 1960's, Bremer and Fritz independently
demonstrated the critical role of carnitine in the g-
oxidation of fatty acids. Since the 1970's, abnormalities
in carnitine metabolism have been linked to a number of
congenital metabolic diseases and other clinical illnesses.

Carnitine deficiency is subclassified into primary and
secondary deficiencies. Primary carnitine deficiency is
rare and is defined as defects in the biosynthesis of
carnitine. Primary carnitine deficiency is probably
inherited in an autosomal dominant pattern. Most reported
carnitine deficiencies, however, are "secondary" and are
caused by a wide variety of conditions. The eticlogies
range from a low carnitine diet, poor gastro-intestinal
function to severe renal disease. Common manifestations of
this disease are muscle weakness, failure to thrive, and in
severe cases, encephalopathy and cardiomyopathy. Many
patients with carnitine deficiency benefit from carnitine
supplement.

In some cases, the state of carnitine metabolism also
seems to correlate with the functional state of the heart
81, Patients with more severe heart failure have lower

total carnitine level in the heart. The decrease in total

cardiac carnitine correlates with the severity of the heart
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failure and has little relation to the etiology. The total
plasma carnitine, on the other hand, moves in the opposite
direction. Plasma carnitine is greatly elevated in heart

failure patients.

Carnitine Palmitoyltransferease (CPTase)

The first description of CPTase appeared nearly 30
years ago and voluminous discussion of this enzyme has been
published since. Despite intense research efforts and
significant progress in our understanding of this enzyme
system, many critical aspects of the structural and
functional details remain illusive.

In 1963, Bremer '® described a Coenzyme A dependent
reaction in which palmitoylcarnitine was formed from
carnitine and free palmitate. This reaction was catalyzed
by liver mitochondrial enzymes. At about the same time,
Fritz ¥ observed the reverse reaction in which palmitoyl-
CoA was formed from palmitoylcarnitine and CoA. It was
determined that this reaction was the second step in the
acyl activation process after acyl-CoA is formed. It was
reasoned that this reaction must be freely reversible
because there was no requirement for hydrolysis of high
energy bonds. A few years laﬁer, CPTase was reportedly
purified to homogeneity “?. Probably no one would foresee
that twenty years later we would be still trying to

determine what CPTase really is.
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Several groups reported that there were two CPTase
activities in mitochondria. It was suggested that an overt
CPTase activity was loosely bound to the outer surface of
the inner mitochondrial membrane and catalyzed the forward

¥ There was another latent

reaction described by Bremer
CPTase activity which was firmly bound to the inner membrane
and catalyzed the reverse reaction described by Frtiz 22.37.43,
In 1977, McGarry ® discovered that CPTase was susceptible
to strong malonyl-CoA inhibition and was in a position to
play an important role in regulating fatty acid oxidation.
This potentially important role of CPTase inspired many
investigators to unveil the secret of CPTase. By then, it
was known that there was more than one acyltransferase, and
each seemed to catalyze acylcarnitine formation in only a
small group of fatty acids.

As time passes by and we learn more about CPTase, there
is less agreement among researchers in the field. Their
disagreement centers on three aspects of this enzyme system.

1. Are there two CPTases?
2. If so, where are they located?
3. How do they interact with malonyl-CoA?

Rat liver CPTase was first characterized by Miyazawa
and his colleagues °°. The purified CPTase had a molecular
weight of 280-300 kDa in its native form and was thought to
be a polymer of several 69 kDa polypeptides. They

characterized the CPTase as quite stable during the
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purification and immunologically distinct from the other two
known acyltransferases. A comprehensive study was
undertaken by a group headed by McGarry 291107 They
characterized CPTase using inhibitors, detergents and
antibodies.

CPTase was first treated with a reversible inhibitor
(malonyl-CoA) and several irreversible inhibitors (glycidyl-
CoA derivatives including tetradecylglycidyl-CoA). 1In
addition, 2-bromopalmitoyl~-CoA, a non-glycidyl-CoA
derivative, was also used as an irreversible inhibitor.

The goal was to determine whether inhibitors bind to the
catalytic unit or a separate regulatory site. They found
that in the presence of malonyl-CoA, binding of various
other labeled ligands was reduced. On the other hand, the
binding of labeled malonyl-CoA was abolished in the presence
of any of the other irreversible ligands. Furthermore, only
a single protein, with a molecular weight of 90 kDa, was
tagged by radiolabeled tetradecylglycidyl-CoA. This protein
was considerably larger than the 68 kDa size of CPTase
previously reported.

The conclusion was that malonyl-CoA and the glycidyl-
CoA ligand appeared to be competing for the same binding
site. In addition, it was believed that 2-bromo-palmitoyl-
CoA must occupy the same site as palmitoyl-CoA, yet it also
competed with malonyl-CoA. Therefore, it was concluded the

inhibitors must interact with CPT I eiﬁher at the catalytic



20
site or at a site very close to it.

Based on these observations, McGarry ?2°

proposed a

model in which CPT I regulator and catalytic units consisted
of three sites, each site specific for palmitoyl Coa,
malonyl-CoA and carnitine, respectively. These sites were
close together and once malonyl-CoA occupied its binding
site it interfered with normal catalytic activities. He
further reasoned that if the three sites were so close and
the labeled tetradecylglycidyl-CoA only identified a single
protein, then the malonyl-CoA binding site must be on CPT I
itself.

When detergents were used, two populations of CPTase
were found. One CPTase was only loosely associated with the
mitochondrial membrane. It could be easily solubilized with
mild detergent treatment, such as Tween-20, while leaving
the other CPTase intact on the membrane. The solubilized
CPTase was relatively stable but was insensitive to malonyl-
CoA inhibition. The other CPTase was tightly bound to the
mitochondrial membrane and its activity was inhibited by
malonyl-CoA. When solubilization was attempted with strong
detergents, all membrane bound CPTase activities were lost.

Rabbit anti-rat polyclonal antibodies were raised
against the purified protein representing the loosely
associated CPTase. When these antibodies were used to probe
Western blots containing all mitochondrial membrane

proteins, only a 68 kDa molecular weight protein was
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detected. If mitochondrial membrane was extracted first
with Tween-20, leaving one CPTase tightly bound to the
membrane and removing all loosely bound CPTases, the
antibodies no longer detected anything.

Together, their results strongly indicated that there
were two CPTases with strikingly different properties. The
tightly bound CPTase was designated "CPT I" whereas the
loosely associated CPTase became "CPT II'.

Murthy and Pande ® believed that the CPT I was a
transmembrane protein across the outer mitochondrial
membrane. TIf so, they reascned that the malonyl-CoA binding
site and CPT I catalytic site would be affected differently
when treated with mild protease. They treated purified
outer mitochondrial membrane vesicles with Nagarse, a
protease, and found that CPT I activity was resistant to
Nagarse digestion whereas the malonyl-CoA sensitivity was
greatly affected by the protease. Their conclusion was that
the malonyl-CoA binding site was on the outside surface of
the outer membrane and the catalytic site was on the inside
of that same membrane.

Following the same line of reasoning, Zammit et al.
focused on the regulating units of CPT I **. A purified
outer membrane preparation was used in radiation
inactivation analysis. The prediction was that if the
malonyl-CoA binding unit and CPT I were indeed two proteins

of different sizes, then they would be destroyed by
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radiation at different rates. The larger the protein, the
faster the destruction. A differential decay should be
reflected on CPT I sensitivity to malonyl-CoA inhibition.
Indeed, after irradiation the remaining CPT I activity
became more susceptible to malonyl-CoA inhibition. The
conclusion was that CPT I catalytic and malonyl-CoA binding
units were proteins of different sizes within the outer
membrane. The molecular weights were 83 kDa for the CPT I
catalytic unit and 60 kDa for malonyl-CoA binding site.

Armed with antibodies against CPT II, McGarry and his

%% probed CPTase from a variety of tissues in

colleagues
several species. They found that although the protein size
of CPT II varied somewhat among different tissues and
species, there was considerable conservation of amino acid
sequence. They maintained that their antibodies detected
CPT II only and did not interact with CPT I.

However, some of the immunological findings by McGarry
et al. '"%197.1% yere disputed by others. Other investigators
reported antibody cross-reactivity with both CPT I and CPT

12.%2 reported the solubilization of

IT. Several authors
intact CPT I, which was also in disagreement with McGarry
and his colleagues.

1> purified a protein which was

Brady and Brady
extracted with Tween-20 and had a molecular weight of 68
kDa. Using the polyclonal antibodies against this protein,

they precipitated all measurable CPTase activity in
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different mitochondrial fractions. They concluded that all
CPTase must be immunologically identical.

Ghadiminejad et al. *° treated the outer mitochondrial
membrane with sodium cholate and did not see an appreciable
change in CPT I activity but lost all the sensitivity to
malonyl-CoA inhibition. After ultra centrifugation, 40% of
the CPT I was solubilized. The scolubilized CPT I exhibited
no sensitivity to malonyl-CoA but malonyl-CoA was still able
to bind to some solubilized proteins. The addition of
polyethyleneglycol 6000 to the supernatant restored the
malonyl-CoA sensitivity to the solubilized CPT I. They
reasoned that this restoration was probably due to
reorientation of the CPT catalytic and regulatory units in
micelles forming a kinetically productive complex.

If CPT I and CPT II are immunologically identical, then
the malonyl-CoA binding site extracted from the outer
membranes must be able to confer malonyl-CoA sensitivity on
CPT II solubilized from the inner membrane. When CPT II was
extracted from the inner mitochondrial membrane and added to
polyethyleneglycol 6000, no sensitivity to malonyl-CoA was
observed. When outer mitochondrial membrane protein was
solubilized and added to the mixture, the sensitivity to
malonyl-CoA was restored *°.

These results imply that CPT I catalytic and malonyl-
CoA binding sites are separate proteins, and that CPT II is

sensitive to malonyl-CoA if reconstituted with the malonyl-
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CoA binding units extracted in a functional form from the
outer mitochondrial membrane.

Recently, two other groups reported that CPT I could be
solubilized. Furthermore, they confirmed that the malonyl-
CoA binding site could be separated from the catalytic site.
But they could not agree on whether CPT I and CPT II were

%2 extracted malonyl-

identical proteins. Kerner and Bieber
CoA sensitive CPT I with octyl glucoside from heart
mitochondria. They noted that exposing the solubilized CPT
I to KCl resulted in rapid loss of malonyl-CoA sensitivity
but not CPT activity. Their polyclonal antibodies
indiscriminately precipitated all solubilized CPT
activities. After CPT was bound to a immunoglobulin column,
malonyl-CoA binding unit was dissociated from CPT activity
during salt elution. The purified CPT has a molecular
weight of 68 kDa. The malonyl-CoA binding units had a
molecular weight of 39 kDa and were associated with 8-
oxidation enzymes. They concluded that CPT I and CPT II
were different catalytic expressions of the same protein and
were located on the inner mitochondrial membrane (because
they were associated with B-oxidation enzymes).

Murthy and Pande °° extracted CPTase from outer
mitochbndrial membrane vesicles with octyl glucoside in the
presence of glycercl. CPT I and CPT II were separated on an
hydroxyapatite HPLC column. The two CPTases retained their

different properties even after passed through the colunn.
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They found a phospholipid environment was critical to
sustain CPT I activity but was not needed for CPT II
activity. Reconstitution of CPT I into asolectin liposomes
enhanced its activity and sensitivity to malonyl-CoA but no
changes were seen with CPT II. Binding of a radiolabeled
CPTase inhibitor occurred only with CPT I and the molecular
weight of CPT I was determined to be 90 kDa.

In the 1990's, CPTase research entered the era of
mo