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PREFACE

In September 1991, Victor Zammit and I were in the Department of Biochemistry,
the University of Cambridge, discussing our collaborative research project when we real-
ized the potential value and need for a conference specifically concerned with fatty acid
oxidation and ketogenesis. The idea, once seeded, was indulged and flourished into the
first “Fatty Acid Oxidation & Ketogenesis (FAOx&K) Conference” that was held in the
Department at Eastertime, 1992. It was attended by colleagues mainly from the U.K.,
France and Spain. From these modest beginnings a tradition for holding a conference
every second year has grown and this Book results from the 4th International FAOx&K
Conference that was held in London at the Institute of Child Health & Great Ormond
Street Hospital for Children NHS Trust, University College London Medical School in
the new Conference Suite and was attended by colleagues from over twenty countries and
five different continents. I would like to thank all my colleagues who have contributed to
the conferences and, most importantly, to this Book.

The first two conferences were held in the University of Cambridge and were orga-
nized entirely by me but Simon Eaton, who came to work in London with me in Febru-
ary 1997, became Conference Secretary and co-organized the last two meetings. His
contribution to the conferences has been invaluable and without his dedicated help and
effort neither the later meetings nor this Book would have been possible. I would like to
thank him personally for his help and support and most of all for his sense of humour
that I must have sorely tried during the preparation of this manuscript. My heart-felt
thanks to you, Simon!

There are many other colleagues to whom I am indebted. I would like to thank
specifically Dr Philip K. Tubbs and Dr Martin D. Brand for taking me on as their PhD
student in Cambridge and introducing me to my passions of fatty acid metabolism and
biochemical research respectively. Without Philip’s enthusiasm for his subject and
Martin’s passion for rigorous analysis my interest would not have been kindled
and, hence, this Book would not have emerged. Since that time I have been encouraged
and supported by many, many close colleagues in the field of fat metabolism, far too
numerous to mention, whose friendship and professional advice I have needed, valued
and appreciated. However, I would like to make special mention of the following col-
leagues: Professor Jean Girard; Dr Jean-Paul Pégorier; Danielle & Pierre Robin and Dr
Victor Zammit. Drs Keith R. F. Elliott; Philip K. Tubbs and Martin D. Brand have given
me continued friendship and support since my undergraduate and postgraduate student
days respectively and Professors Bryan Winchester; Lewis Spitz; Peter Milla and E. David
Saggerson during my time in London, for which I am extremely grateful. Everyone knows
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that it is the postgraduate students and post-doctoral researchers who accrue all the
results in any research group and, therefore, I would like to acknowledge and thank all
the past and present members of the “Quantlab” who have contributed to this work.
Finally, I would like to thank the Trustees of the Sir Halley Stewart Trust and Professor
W. Jacobson in particular, for their real interest in and financial support for my fatty acid
metabolism research and the development of my career. Their commitment to my
research and their understanding of the clinical significance and academic importance of
the research in this field has made this Book possible.

The recent explosion of interest in molecular genetics and its associated techniques
has tended to overshadow the more traditional metabolic biochemistry. My hope is that
this Book will re-ignite enthusiasm for rigorous research in the field of fatty acid oxida-
tion, using the new methods and approaches available to us.

March, 1999
Patti A. Quant

I would like to thank Patti Quant for initiating this series of conferences, and allow-
ing me to become involved in the running of the third and fourth meetings. It was attend-
ing the second conference in Cambridge that eventually led to me coming to work with
her here in London, and I would also like to thank Patti for her help in writing all those
fellowship proposals, for initiating me into the “dark art” of control analysis in fatty acid
oxidation and for her advice and help. Speaking of initiations, I am also indebted to Pro-
fessor Kim Bartlett for introducing me to fatty acid oxidation and HPLC and for his con-
tinued enthusiasm and guidance, and Dr Stan Sherratt for introducing me to the box of
tricks known as the mitochondrion. I am also grateful to for support given by Professors
Lewis Spitz and Bryan Winchester in London, and to the many friends and colleagues
in London and Newcastle and elsewhere who have provided ideas and help over the years.
I am also very thankful for the grant support given to me by the British Heart Founda-
tion over the last five years.

I believe that this conference and book indicate that a multi-disciplinary approach
involving biochemistry, physiology, molecular biology and clinical medicine can be
extremely productive towards an understanding of a fundamental pathway.

March, 1999
Simon Eaton
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CAMBRIDGE, COLLEAGUES, CARNITINE AND
KETOGENESIS ...

Philip K. Tubbs

Dr Philip K. Tubbs, International Commission on Zoological
Nomenclature
C/o The Natural History Museum
Cromwell Road, London SW7 5BD
Tel.: 444 (0)171 938 9387
E-mail: <pkt@nhm.ac.uk>

Unlike everybody else at the Conference I have done no laboratory research for
some 15 years, so I should not really be a participant at all. That I am here is due to three
things: arm-twisting from Patti Quant, a desire to meet friends from former times (“old
friends” might be politically incorrect) and a still lively, though frustrated interest in the
subject. I have to say that if Patti had not come to work with me on ketogenesis in Cam-
bridge nobody else would be here either: she would have bestowed her energy for exper-
imental work and the forging of international contacts in another field and, no doubt, a
very productive conference on something would be taking place elsewhere.

My own interest in fatty acid metabolism dates from nearly 45 years ago, my Ph.D.
supervisor Guy Greville having worked with A.L. Lehninger on ketogenesis. At that time
the pathway of fatty acid oxidation (though not of synthesis) had been studied in some
detail, using crude and purified enzymes, but nothing was known of its control, or even
why isolated mitochondria would not accept long-chain fatty acids or their Coenzyme A
thioesters as substrates unless some “consommé” (boiled tissue extract) was added. Soon
joined by David Pearson and James Chase, I set out in the 1960’s to investigate how Coen-

intermediates to be expected between palmitate and acetyl-CoA. We soon extended the
hunt to carnitine, because Jon Bremer of Oslo, whom I am delighted to meet here, and
the late Irving Fritz had identified carnitine as being the “consommé factor”. Previously,
it was known only as a vitamin needed exclusively by mealworms, hardly a subject of
much general relevance.

We crystallized carnitine acetyltransferase (studied in depth by Chase) and, by
linking this to assays for CoA and acetyl-CoA, we found that the acylation state of both
CoA and carnitine in rat liver depended on the dietary state; the perfusion of hearts with

XV

zyme A spent its time in mitochondria and intact organs; there were after all some 27
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different substrates had analogous effects. Carnitine and its esters were present in
very much higher amounts than the CoA compounds, especially in heart. One interest-
ing finding was that the acetyl-CoA/CoA and acetylcarnitine/carnitine ratios varied in
parallel, so that they remained in virtual equilibrium. This led us to propose in 1967 that
a major function of the carnitine acetyltransferase system is to “buffer” the acetyl-CoA
content of tissues, analogous to the role of phosphocreatine/creatine in buffering the
ATP/ADP ratio. This function may be very important because, although acetyl-CoA
occupies a central place in metabolic maps, the amount of it in the heart is often
inadequate to support the metabolic flux of the next single beat—dangerous
brinkmanship!

James Chase and I tried to explore the mechanism of how carnitine permitted mito-
chondria to oxidize palmitate and we made some good progress in this. Using the 2-bro-
mopalmitoyl derivatives of CoA and carnitine as potent and specific inhibitors, we found
that the oxidation of palmitoyl-CoA required the sequential action of distinct “outer”
and “inner” carnitine palmitoyltransferases (now known as CPT I and CPT II) separated
functionally by the mitochondrial inner membrane. How the palmitoyl moieties crossed
the membrane was unclear; because isolated liver mitochondria contained no carnitine
we believed that the membrane was impermeable to it and that the “inner” transferase
was vectorially mounted within the membrane, accepting only carnitine substrates on the
outer face and CoA ones on the matrix side.

We began to investigate this theory using “inside-out” submitochondrial particles
from heart, but at this point (1972) our progress on carnitine was brought to a halt by
the tragic death of James Chase at the age of 30. Had he remained alive the carnitine
translocase system would certainly have been discovered several years earlier; further than
this, his loss deprived enzyme and metabolic biochemistry of a very gifted person.

However, work continued on liver ketogenesis. As Greville and I had pointed out
in 1968 (see vol. 4 of Essays in Biochemistry), there seemed considerable obstacles in the
way of ketogenesis at the level of HMG-CoA synthase. This enzyme has to accept ace-
toacetyl-CoA, one of its substrates, in the face of at least a excess of the other,
the extremely similar acetyl-CoA. This remarkable feat of specificity was studied by Bruce
Middleton, another person I am most happy to see at the Conference; for technical
reasons he initially purified the synthase from yeast but, subsequently, another colleague,
Denise Lowe, obtained it in pure form from liver mitochondria. Her study of it was very
careful and thorough. At one time Bruce and I were forbidden to engage in further
research, of any kind whatsoever, so appalled were the Cambridge neighbours of the Bio-
chemistry Department by the smell of reagents we designed; this prohibition was never
rescinded but we ignored it. We originally believed that HMG-CoA synthase might occur
in a binary complex with the thiolase which assembles acetoacetyl-CoA from two mole-
cules of acetyl-CoA (and which Middleton has shown to be a thiolase specially adapted
to this task), but no such complex has been found. The mechanism of HMG-CoA syn-
thase involves an acetyl-enzyme intermediate, unlike the formally similar reaction catal-
ysed by citrate synthase. Patti Quant later produced a great deal of work substantiating
the earlier suggestion we had made that liver ketogenesis may be controlled, in the short
term, by the synthase inactivating itself by accepting succinyl-CoA as an analogue of
acetyl-CoA; the resulting succinylation mimics the acetylation step of the normal cat-
alytic reaction. This unique form of metabolic control is supplemented by variation in
the transcription rate of the HMG-CoA synthase gene and, hence, in the actual amount
of the enzyme (which can be very large—it is one of the most abundant proteins in the
matrix of rat liver mitochondria).
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During the early 1970’s Harold Stewart, Keith Stanley and I tried to detect the inter-
mediates of oxidation which, as mentioned earlier, would be numerous if the process
were to involve enzymes which are functionally dissociated. However, intact mitochon-
dria oxidizing palmitoylcarnitine were found to contain appreciable quantities only of
saturated acyl-CoA derivatives and even these did not show the kinetic behaviour of true
intermediates. Unsaturated and 3-hydroxyacyl intermediates were formed only by dis-
rupted mitochondria, or if respiratory inhibitors (such as rotenone) were present. We
concluded that the relevant enzymes must be functionally linked in a oxidation “black
box”, as would be expected in such an iterative process; subsequent work has confirmed
those results and, indeed, some multifunctional enzymes of fatty acid oxidation have been
isolated from mitochondria. I am glad that Bruce Middleton is one person who has done
this.

As I have mentioned already, after James Chase’s death there was a hiatus in our
Cambridge work on the function of carnitine. This was brought to an end by the arrival
in 1974 of Rona Ramsay (now back at St Andrew’s in her native Scotland). She soon
found that heart mitochondria contained carnitine, as do those from liver if they are iso-
lated very rapidly. She went on to show that mitochondria possessed a carrier, or “translo-
case” as it is now usually called, which catalyses a one-for-one exchange between carnitine
(or acylcarnitine) on the cytosol side of the inner membrane and the same substrates in
the matrix. As a result of this exchange the net influx of acyl groups into mitochondria
is equal to the net efflux of free carnitine. We devised positively-charged acylcarnitine
analogues for use as a “stop-inhibitor” of the translocase process and, using this, Rona
carried out a very thorough study of the system (which had been independently discov-
ered by Pande and colleagues in Montreal). Incidentally, it appears that these inhibitors
of the translocase have been forgotten in recent years; the best of them is 16-trimethy-
lamino-palmitoylcarnitine.

One property of the translocase is specially noteworthy: its affinity for long-chain
acylcarnitine is very much higher than for carnitine itself. This suggests a basic rôle for
carnitine, additional to the “acetylation buffer” already mentioned. Every fourth reac-
tion of the oxidation “spiral” (the excision of an acetyl unit by a thiolase enzyme)
requires free CoASH, so that if the CoA of the mitochondrial matrix became over-acy-
lated the whole process would come to a halt. If acyl-CoA were formed directly from
fatty acids in the same compartment (the matrix) as oxidation this might readily happen.
However, the carnitine system guards against this “fail-nonsafe” situation, because if the
acyl-CoA/CoASH ratio (and hence the acylcarnitine/carnitine ratio) rises the translocase
will selectively export acylcarnitine from the matrix and import carnitine; this will lower
the ratio and restore oxidation. It remains (I think!) to be seen if this effect can be con-
clusively demonstrated.

Enough is enough. Patti asked me to launch the Conference by briefly outlining
what we had done on fatty acid oxidation in Cambridge prior to her arrival (itself 15
years ago). It was all fun to do and I miss it. Apart from that I have four feelings at this
Conference: envy at the methodology and the availability of materials which now exist;
admiration of so many recent findings; gladness that so many things we thought about
long ago (and of course many that we didn’t) remain to be done and finally one that all
participants will share—gratitude that Patti continues to organize this series of confer-
ences on fatty acid oxidation and ketogenesis.
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92190 Meudon, France

1. INTRODUCTION

Carnitine acyltransferases are involved in the transfer of acyl groups from acyl-
CoAs to L-carnitine i.e. in the reversible conversion of acyl-CoA into acylcarnitine. These
enzymes have a wide and overlapping chain-length specificity and a range of cellular
localizations and metabolic functions. The best characterized carnitine acyltransferases
are the mitochondrial carnitine palmitoyltransferases (CPT; EC 2.3.1.21): the CPT I and
CPT II. The latest progress and current view of the structural, functional, regulatory and
clinical aspects of the mitochondrial CPTs have been reviewed.1–4 After a general
overview of the physiological and cellular importance of CPT I, we will focus on recent
insights into CPT I biogenesis in the context of protein import into mitochondria.

2. PHYSIOLOGICAL IMPORTANCE OF THE MITOCHONDRIAL
CARNITINE PALMITOYLTRANSFERASE I

2.1. Role in Mitochondrial Fatty Acid Oxidation

Mammalian mitochondrial oxidation of fatty acids, the process by which fatty
acids are oxidized,2 provides the primary source of energy for the heart and skeletal
muscle. In liver, when blood glucose levels are low, the capacity for fatty acid oxidation
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increases allowing the production of ketone bodies (acetoacetate and hydroxybutyrate),
which serve as alternative fuels of respiration in nonhepatic tissues. Cytosolic long-chain
fatty acids (LCFA) are first activated by long-chain acyl-CoA synthase on the outer mito-
chondrial membrane (OMM). The long-chain acyl-CoAs (LC-CoA) are substrates for
the CPT system which allows them to overcome the impermeability of the inner mito-
chondrial membrane (IMM) and thus to be transported into the mitochondrial matrix,
where the oxidation of LC-CoAs takes place. The CPT system requires the sequential
action of CPT I (anchored at the OMM), the carnitine-acylcarnitine translocase (an inte-
gral protein of the IMM) and CPT II (located at the inner face of the IMM). In this
system, CPT I catalyses the rate-limiting step of fatty acid oxidation.1 A unique feature
of CPT I is its potent inhibition by malonyl-CoA, the first intermediate of fatty acid
biosynthesis.5 This dual role of malonyl-CoA as intermediate and inhibitor provides not
only a mechanism for physiological regulation of oxidation in liver and other tissues
but also a coordinated control of fatty acid synthesis, esterification and oxidation.

By contrast to CPT II which has been found as one isoform, mammalian tissues
express two isoforms of CPT I, the liver (L-CPT I) and the muscle (M-CPT I) forms,
that are approximately 62% identical in amino acid sequence.6–10 The liver isoform is
present in the mitochondria of liver, pancreas, kidney, brain and most other tissues, while
M-CPT I is the isoform expressed in skeletal muscle as well as in white and brown
adipocytes.3 L-CPT I is highly expressed in the fetal heart, but its expression decreases
after birth with a concomitant increase in the expression of the M-CPT I.3,4 Unlike L-
CPT I which displays altered sensitivity to malonyl-CoA under different physiopatho-
logical conditions,11–16 M-CPT I is very sensitive to malonyl-CoA inhibition but does not
undergo any alteration of its sensitivity to malonyl-CoA.3 The concentration of malonyl-
CoA is much lower in heart than in rat liver,1 but it is sufficient to inhibit fatty acid oxi-
dation. The important question in cardiac metabolism, which is still unsolved, is how can
fatty acid oxidation proceed in the presence of malonyl-CoA?

LCFA oxidation occurs mainly in mitochondria but rat liver microsomes and
peroxisomes contain also both membrane-bound/malonyl-CoA-sensitive and soluble/
malonyl-CoA-insensitive (luminal) CPT-like enzymes.17–19 Thus, a similar fatty acid trans-
port system operates in mitochondria, peroxisomes and microsomes, but it seems that
the components involved in these systems are all different.20 The physiological role of
these fatty acid transport systems in microsomes and peroxisomes remains unclear. The
microsomal CPTs may have a role in providing fatty acids for transport of proteins
through the Golgi apparatus and for acylation of secreted proteins. Since oxidation of
very long-chain fatty acids is confined to peroxisomes, a possible role for the peroxiso-
mal CPTs may be to shuttle chain-shorted products out of peroxisomes for further oxi-
dation in mitochondria.

2.2. Role in Cellular “Fuel Sensing” and Apoptosis

The malonyl-CoA/CPT I partnership not only plays an important role in the
control of fatty acid oxidation, but it also provides the basis for “fuel sensing” which
transduces to the cell information about the relative avaibility of fatty acid and glucose.
CPT I participates in the control of the cytosolic LC-CoAs turnover. LC-CoA esters are
involved in the regulation of metabolism and in cell signaling.21 They are potent regula-
tors of enzymes and ion channels,22–24 are required for the budding of transport vesicles
from Golgi cisternae25–27 and are involved in protein acylation such as palmitoylation and
myristoylation.28–30 In pancreatic cell, it has been established that LCFA are acute
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potentiators of glucose-stimulated insulin secretion by a still undefined mechanism.31–35

Moreover, high levels of LC-CoA are known to interfere with glucose metabolism not
only in skeletal muscle where they play an important role in insulin resistance,36,37 but
also in pancreatic cell where they cause insulin secretory dysfunction that characterizes
non-insulin-dependent diabetes mellitus.33,38,39 In Zucker Diabetic Fatty rats, it has been
recently shown that LCFA induce cell apoptosis by enhancing de novo synthesis of
ceramide, a key component of the signal transduction pathway of apoptosis.40 Moreover,
chronic lowering of cell CPT I activity in transgenic rats leads to the development of
an insulin-deficient diabetes due to the decrease of the cell mass.41 Additional studies
show that LCFA are able to activate programmed-cell death in other cell types.42,43 Fur-
thermore, inhibition of the cellular malonyl-CoA-sensitive CPTs by etomoxir enhances
LCFA induced-apoptosis.42 A variety of key events in apoptosis focus on mitochondria44

including the release of caspase activators, changes in electron transport, loss of
mitochondrial transmembrane potential, altered cellular oxidation-reduction and partic-
ipation of antiapoptotic Bcl-2 family proteins.45 A recent study has shown that rat liver
CPT I was able to interact in vitro with the OMM Bcl-2 protein.46 Whether CPT I plays
a direct role in the prevention of apoptosis or an indirect role by confering a protective
effect on cell viability by affecting the clearance of cytosolic LCFA still remains to be
elucidated.

The OMM localization of CPT I is essential for the enzyme to fulfil its metabolic
and cellular function. Maintenance of its functional activity and sensitivity to malonyl-
CoA implies a correct anchorage at the OMM. This raises the crucial question of how
CPT I is specifically targeted to mitochondria and inserted into the OMM, and not to
other organelles.

3. CHARACTERISTICS OF THE IMPORT OF L-CPT I INTO
THE OMM

The past decade has significantly increased our knowledge of the mechanisms
and components involved in protein targeting and import into mitochondria.47 A general
import pathway has emerged mainly from studies in yeast S. cerevisiae and N. crassa.
In mammalian cells, the various steps involved in mitochondrial biogenesis are thought
to be similar. Yeast mitochondrial precursors can be efficiently imported into mammalian
mitochondria and vice versa. Indeed, upon heterologous expression in yeast, the rat
L-CPT I is efficiently targeted to mitochondria48–50 and is correctly inserted into the
OMM.50

3.1. In vitro Import of L-CPT I into Mitochondria

The first evidence showing that L-CPT I can be post-translationally imported into
freshly isolated rat liver mitochondria came from in vitro import assays.51 The criterion
used was the tight membrane association of the native rat L-CPT I.52 L-CPT I is anchored
at the OMM by two hydrophobic transmembrane segments (H1, residues 48–75 and H2,
residues 103–122) with both N-and C-termini exposed to the cytosol whereas the linker
region between H1 and H2 is located in the intermembrane space.53 Membrane insertion
of proteins can be assessed by measuring their resistance to alkaline extraction.51,54–56 This
procedure distinguishes both soluble and peripherally membrane-bound proteins from
integral proteins. In vitro transcription-translation was performed to synthetize radiola-
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belled L-CPT I. When the latter was incubated in an import mixture with freshly isolated
rat liver mitochondria, L-CPT I became alkaline-resistant, and thus membrane-inserted,
as was the native protein.51 Digitonin treatment of mitochondria confirmed that the
imported L-CPT I was inserted into the OMM (Cohen I., Girard J. and Prip-Buus C.,
unpublished results). Thus, in vitro import of L-CPT I leads to its insertion into the OMM
and represents a dynamic process that is time- and temperature-dependent.51 The suc-
cessive steps involved in the import of L-CPT I into the OMM are schematically pre-
sented in Figure 1.
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3.2. Import-Competent State

It is generally assumed that a newly synthetized mitochondrial precursor must
adopt an import-competent conformation in order to be efficiently imported into the
mitochondria. The conformational state of precursors in the cytosol is usually different
from that of the native proteins. In the case of L-CPT I, the protein present in the retic-
ulocyte lysate is in a highly trypsin-sensitive conformation (unfoldfed state), whereas once
inserted into the OMM, it becomes trypsin-resistant (folded state) (Cohen I., Girard J.
and Prip-Buus C., unpublished results), similar to what was observed for the native rat
L-CPT I.50,53 Various cytosolic factors contribute to maintain the mitochondrial
precursors in an import-competent state and prevent their aggregation as well as their
degradation by cellular proteases.47 The best characterized chaperones are the cytosolic
Heat Shock Protein Hsp7057 and the rat liver mitochondrial stimulating factor (MSF).58,59

Both Hsp70 and MSF possess ATPase activities. Hsp70 is involved in intracellular protein
traffic and has a general function in protein import into mitochondria as well as into
endoplasmic reticulum and nuclei. Hsp70 binds to proteins enriched in hydrophobic
amino acid residues, recognizes aggregated cytosolic proteins and is able to unfold them
in an ATP-dependent manner. MSF recognizes more specifically mitochondrial precur-
sors and targets them to mitochondria. After binding of MSF to a mitochondrial pre-
cursor, the MSF-precursor complex docks at the mitochondrial surface, and then, by
contrast to Hsp70, ATP hydrolysis is required for the release of MSF, allowing the mito-
chondrial precursor to pursue its import.60,61 In vitro import of L-CPT I needs the pres-
ence of ATP.51 Upon ATP depletion, binding of L-CPT I to mitochondria is
unaffected (Cohen I., Girard J. and Prip-Buus C., unpublished results), whereas its inser-
tion into the OMM is impaired.51 This suggests that MSF could be involved in the import
of L-CPT I and that the absence of ATP may not affect the formation of the MSF/L-
CPTI complex or its docking to mitochondria, but may cause the inhibition of the release
of MSF, and thus may significantly impair further membrane insertion of L-CPT 1
(Fig. 1).

3.3. Recognition by Mitochondrial Receptors

The OMM translocation machinery, known as the Tom complex (for Translocase
of the Outer Membrane), mediates recognition of mitochondrial precursors (receptor
function) on the mitochondrial surface, their translocation across the OMM (general
insertion pore, GIP), and insertion of resident OMM proteins. In fungal mitochondria,
two distinct receptor systems function in parallele: the Tom70-Tom71-Tom37 subcom-
plex and the Tom20-Tom22 subcomplex. The first subcomplex is used by a few specific
proteins, while the majority of mitochondrial precursors are directly recognized by the
Tom20-Tom22 receptors. Proteins which interact first with the Tom70-Tom71-Tom37
subcomplex are then transferred to Tom20-Tom22.47 This initial recognition step ensures
both the specificity and the efficiency of the mitochondrial import process. Pretreatment
of mitochondria with a low concentration of trypsin causes a marked decrease in the
import efficiency of mitochondrial precursors.62 This results in part from the removal of
the large cytosolic domain of both Tom20 and Tom70.63–66 OMM insertion of L-CPT I
into trypsin-pretreated rat liver mitochondria was reduced51 to a similar extent to what
was observed for other OMM proteins.56,67 The effect of trypsin pretreatment of mito-
chondria on the import effciency of L-CPT I was dose-dependent and specific for trypsin,
since proteinase K pretreatment did not alter the import efficiency (Cohen I., Girard J.
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and Prip-Buus C., unpublished results). Thus, the import of L-CPT I is dependent upon
trypsin-sensitive mitochondrial receptors (Fig. 1). In mammals, only a small number of
proteins have been identified as components of the mammalian Tom complex.68–72 Thus,
the identity of the putative receptors involved in the mitochondrial recognition of the rat
L-CPT I awaits further characterization.

3.4. Post-Receptor Import Step

Functional studies have shown that mitochondrial proteins may use different recep-
tor systems but then pass a common channel, named general import pore (GIP). This
GIP guides polypeptides through the OMM and is thought to be formed by the Tom40
protein that is deeply embedded in the membrane73,74 and by the small Tom5, Tom6, Tom7
proteins.75,77 The import of porin into the OMM needs the presence of at least Tom40,
Tom5 and Tom7.76,77 The presence of a mitochondrial membrane potential is
required for the translocation of most intramitochondrial precursors across the IMM.47

By contrast, the post-receptor import step leading to the insertion of a protein into the
OMM does not require the presence of The import of L-CPT I into the OMM is

independent51 (Fig. 1). The process by which a protein is inserted into the OMM is
still a matter of debate. Current models for the mechanism of membrane insertion of
helical transmembrane segments suggest that integration into the bilayer is coupled with
the vectorial movement of the polypeptide through the import machinery. It is not known
whether this movement arises from the release of the transmembrane segment laterally
from the Tom complex or from the disassembly of the complex when it engages the trans-
membrane segment. For bitopic proteins, this occurs once during its translocation,
whereas the process might be repeated for polytopic (multispanning) proteins. Thus,
insertion of L-CPT I may be the result of threading back and forth across the OMM or,
like the mechanism proposed for barrel proteins, the result of simultaneous partition-
ing of the transmembrane segments as a bulk domain, in order to acquire a sufficient
hydrophobic character to favour bilayer integration.

4. ROLE OF THE N-TERMINAL DOMAIN OF L-CPT I IN
MITOCHONDRIAL IMPORT

4.1. Current Working Models for Protein Import into the OMM

The information that specifies correct mitochondrial targeting and sorting of newly
synthetized mitochondrial precursors resides within their sequences.47 For most matrix
proteins, and especially for the rat CPT II,78 the N-terminal presequences function as
cleavable matrix-targeting signals. These matrix-targeting signals are characterized by a
high net positive charge and by the ability to adopt an amphiphilic helical structure upon
binding to a membrane surface.79,80 By contrast, OMM proteins, such as CPT I,51 do not
contain cleavable presequences, and therefore must be targeted by means of internal
signals.81 The mitochondrial signals involved in the import and sorting of matrix and
IMM proteins have been extensively studied.47 However, the nature of the internal tar-
geting signals present in OMM proteins as well as the mechanisms of their recognition
and of their insertion into the membrane are poorly understood, especially in the case
of polytopic OMM proteins.

One current model for protein import into the OMM is based on the S. cerevisiae
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bitopic Tom70. Targeting and insertion of Tom70 into the OMM is mediated by its
unique transmembrane segment (11–29 amino acids) referred to as a “signal anchor
sequence” selective for the OMM.56 1–10 amino acids constitute a hydrophilic, positively
charged segment, which on its own exhibits negligible targeting information, but seems
to enhance the rate of import of Tom70.56 The signal anchor sequence of Tom70 is struc-
turally and functionally similar to those found in type-II and type-III integral proteins
of the endoplasmic reticulum.82–84 The position of the OMM signal anchor sequence
within the polypeptide is irrelevant. In the case of Tom70, it is located at the N-termi-
nus, whereas it lies at the C-terminal end for the mammalian Bcl-2 protein85 and for the
yeast Tom6.75,86

An alternative to the signal anchor sequence model is the combination of a matrix-
targeting signal with a hydrophobic stop-transfer sequence.81,87 The former signal speci-
fies targeting of a protein to mitochondria and initiates its translocation across the OMM,
whereas the hydrophobic stop-transfer sequence arrests and anchors the translocating
polypeptide into the OMM. The N. crassa mitochondrial receptor Tom22, an OMM
bitopic protein that exposes its N-terminal domain to the cytosol and its C-terminal
portion in the intermembrane space, seems to follow this model. Indeed, the positively
charged portion of the cytosolic domain of Tom22, proximal to the transmembrane
segment, harbours information essential for its OMM import.88 This import sequence
resembles matrix-targeting sequences in that it is enriched in serine, tyrosine, and threo-
nine residues, and is potentially amphiphilic.89

Integral polytopic OMM proteins fall into two classes, namely those that contain
transmembrane sheets (porin) and those with helical hydrophobic transmembrane
segments (CPT I). The targeting signals for polytopic OMM proteins are still not defined.
For the porin, the targeting information seems to be not located at the N-terminus, but
in other regions of the protein, which include its extreme C-terminus.90 However, evidence
is accumulating that a single stretch of amino acids does not suffice as a targeting signal,
because point mutations in certain charged residues of porin influence its import effi-
ciency.91 Thus, the targeting signal of a polytopic OMM protein might not necessarily
reside in a short linear sequence of the polypeptide, but could reside within a folded struc-
ture composed by several regions located in different parts of the protein.

4.2. The N-Terminal Domain of L-CPT I Mediates Its Import into the
OMM

Amino acid sequences alignment of rat L-CPT I and CPT II reveals in L-CPT I
the presence of an extended N-terminal domain (about 150 amino acids) which bears no
similarity to CPT II.6 Deletion of the N-terminal domain of L-CPT I abrogates the ability
of the protein to interact with the mitochondrial receptors, and thus to be specifically
imported into rat liver mitochondria.51 Conversely, fusion of the L-CPT I N-terminal
domain to the cytosolic mouse dihydrofolate reductase (DHFR) or to the mature form
of CPT II (which lacks the matrix-targeting signal and is thus incompetent for import)
allows them to be targeted to mitochondria both in vitro and in vivo, and to be inserted
into the OMM.51 Thus, the OMM targeting signal of L-CPT I resides within the first 147
residues of the protein and explains the inability of to be associated
with mitochondria.48

Hydrophobic cluster analysis (HCA) is a very efficient method to analyse and
compare protein sequences.92,93 Schematically, HCA uses a highly degenerated code for the
sequences, where only two main states are initially considered: hydrophobic andhdrophilic.



8 I. Cohen et al.

A number of structural features of a globular protein, with or without transmembrane
segments, can be derived from the simple examination of its HCA plot and concerns the
structural segmentation, the identification of structural domains and some indications on
the secondary structure and loops. For the identification of structural segmentation, the
plot is examined to analyse the horizontal distribution and size of the various hydropho-
bic clusters that have been automatically drawn by the program. The HCA method is more
efficient when several homologous sequences can be compared. Comparison of the HCA
plots of the rat and human L-CPT I and M-CPT I is shown in Figure 2.

A segment containing mostly hydrophobic (VILFWMY) amino acids and virtually
no DENQHKR residues is often indicative of completely buried secondary structure,
mostly transmembrane helices (when the length is about 20 residues). Two of such
hydrophobic clusters are recovered in the HCA plots of the four known CPT I proteins
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(Fig. 2) and correspond to the two transmembrane segments (H1 and H2) of these pro-
teins. According to the examination of the HCA plots, H1 comprises residues 47–75 (L-
CPT Is) or 53–75 (M-CPT Is), whereas H2 corresponds to residues 103–123 (L-CPT Is)
or 105–124 (M-CPT Is). Mosaic (zig-zag) clusters that contain highly hydrophobic
residues alternating with hydrophilic ones are often associated with amphiphilic
strands. Two putative highly conserved amphiphilic strands ( 8–14 amino acids;
19–23 amino acids) are observed in the extreme N-terminus of all CPT I proteins (Fig.
2). Finally, longer horizontal clusters often denote amphiphilic helices. At least three
amphiphilic helices (α1, α2, and α3) seem to be present in the N-terminal domain of

the liver CPT I isoforms (Fig. 2). They are successively comprised within residues 25–47,
76–102 and 123–161. For the muscle form, and are also present and are included
within residues 25–52 and 125–161, respectively. Residues 76–104 of the M-CPT I pro-
teins are enriched in proline (H) and glycine (u) (Fig. 2). Proline introduces the largest
constraints in a polypeptide chain and is considered to be a systematic break in the clus-
ters. Proline often stops or distorts helices and strands whereas glycine has a large con-
formational flexibility. Thus, residues 76–104 are unlikely to adopt an helix but could
be considered as a hinge region between H1 and H2. Whether this structural discrepancy
between the liver and muscle isoforms has some repercussions on the functional proper-
ties of the enzymes remains to be established. In conclusion, the use of the HCA method
reveals that the N-terminal domains of the four known CPT I proteins not only show a
high degree of amino acid identity but also exhibit similar structural segmentations (Fig.
2). We propose the following prediction for the secondary structural segmentation of the
N-terminal domain of the CPT I family: As other sec-
ondary structure prediction methods, the 2-D structural informations obtained by the
HCA method leads to the elaboration of a working 2-D model that could be helpfull for
the comprehension of the structure-function relationships of the CPT I family.

As described above, L-CPT I contains two hydrophobic transmembrane segments.
The first import mechanism hypothesis which can be formulated is that either of the
transmembrane segments could function as a signal anchor sequence. Whether H1 and
H2 play an equivalent role or only one of them acts as a specific signal anchor sequence
still remains to be elucidated. Alternatively, H1 or H2 could function as a stop-transfer
sequence in cooperation with a matrix-signal sequence which could be ensured by either

Thus, further studies will be required to determine whether OMM inser-
tion of L-CPT I follows the signal anchor sequence or stop-transfer model.

4.3. Membrane Orientation of OMM Proteins

The distribution of charges on either side of the membrane anchor is responsible
for the orientation of proteins of the bacterial inner membrane (“positive-inside rule”)94

and the membrane of the endoplasmic reticulum (“charge-difference rule”).95,96 However,
the net positive charge of OMM proteins does not seem to play such an important role
in conferring protein topology in the lipid bilayer.88,97 It has been proposed that orienta-
tion of the insertion of a transmembrane segment is determined by the absence or
the presence of a retention signal on the OMM surface.81 Amphiphilicity of the N-
terminal hydrophilic region of Tom70 (amino acids 1–10) has been identified as an impor-
tant determinant in conferring protein topology (Nin-Ccyto) in the lipid bilayer. Substi-
tution of this small hydrophilic region with a strong matrix-targeting signal
causes retention of the N-terminus of the protein on the cytosolic face of the OMM,
resulting in the insertion of the entire protein in a reverse orientation (Ncyto-Cin).98 Thus,
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amphiphilicity rather than the number and position of basic amino acids, has been sug-
gested to be a potential candidate for the retention signal.97 Both the N- and C-termini
of L-CPT I are exposed to the cytosol while the short loop connecting H1 and H2 is
located in the intermembrane space.53 It has been observed that the N-terminal domain
of L-CPT I anchored reporter proteins at the OMM leaving them exposed to the cytoso-
lic face of the membrane, as is the large cytosolic C-terminal region of L-CPT I.51 This
suggests that the N-terminal domain of L-CPT I could also participate in the determi-
nation of membrane topology of the protein. Additional work will be needed to estab-
lish if one of the amphiphilic regions present in the N-terminal domain
of L-CPT I (Fig. 2) functions as a retention signal involved in membrane orientation of
the enzyme.

5. FUNCTIONAL IMPORTANCE OF THE N-TERMINAL DOMAIN
OF L-CPT I

Following mitochondrial targeting and OMM insertion, L-CPT I must fold cor-
rectly to attain its native functional conformation. It is now well established that L-CPT
I possesses both catalytic and malonyl-CoA binding domains.48 Both appear to be
exposed on the cytosolic face of the OMM.53 Analysis of the primary sequence of L-
CPT I shows that its large cytosolic C-terminal region is the only part of the molecule
that exhibits homology with CPT II and other members of the acylcarnitine transferase
family.6 This strongly suggests that the catalytic site of L-CPT I resides within its cytoso-
lic C-terminal domain. The native functional conformation of L-CPT I is characterized
by a highly folded state.50,53 Heterologous expression in yeast has shown that when the
large cytosolic C-terminal domain of L-CPT I is anchored at the OMM by the signal
anchor sequence of Tom70, it exhibits a less folded structure.51 Unfolding of this domain
was accompanied by a huge decrease in functional activity and by a total loss of sensi-
tivity to malonyl-CoA.51 This confirms a previous study showing that the proteolytic
cleavage of the N-terminal end of L-CPT I induced both the loss of activity and of
malonyl-CoA sensitivity.53 However, the functional implication of the N-terminal domain
of L-CPT I seems to be more crucial for the maintenance of malonyl-CoA sensitivity
than for functional activity. Heterologous expression in yeast of truncated L-CPT I
lacking either the 18, 35, 52, 73 or 83 first N-terminal amino acids results in proteins that,
although exhibiting about 64 to 69% of the activity of the wild type L-CPT I, were largely
malonyl-CoA insensitive.99 Loss of malonyl-CoA sensitivity was accompanied by a
marked decrease in the affinity for malonyl-CoA.99 The authors concluded that the
malonyl-CoA binding site is separate from the catalytic site and that the first conserved
18 N-terminal amino acids are critical for malonyl-CoA binding and inhibition. However,
fusion of the N-terminal domain of L-CPT I to the mature form of CPT II is unable to
confer malonyl-CoA sensitivity to CPT II,51 allowing two hypothesis to be formulated.
The first is that if malonyl-CoA binds only to the N-terminal domain of L-CPT I, the
CPT II component of the fusion protein must have had a tertiary conformation that was
unable of interacting with this domain. The second is that the C-terminal region of L-
CPT I is also critical for malonyl-CoA binding and that the necessary site(s) is missing
in CPT II. From all these studies, it is still incertain whether the malonyl-CoA binding
site resides in a linear sequence including the N-terminus of L-CPT I or in a structural
domain stabilized by the interaction between the N- and C-terminal regions of the
enzyme.
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Far from being simple hydropohobic domains anchoring proteins at a membrane,
it is now clear that the transmembrane helices of integral membrane proteins can
participate in highly specific interactions. These interactions involve sufficient energy to
drive their folding and oligomerization in some cases, and are being shown to contribute
to an increasingly diverse set of functional roles. 100–102 Changes in the disposition of the
hydrophobic domains within the lipid bilayer is expected to affect interactions
between the N- and C-termini of a protein with subsequent effects on its kinetics char-
acteristics.103 Transmembrane segments of L-CPT I may also form such strong specific
interactions with either each other or with the OMM that could be important for
the maintenance of the folded functional conformation of the enzyme. Moreover, L-CPT
I displays altered sensitivity to malonyl-CoA inhibition under different physiopatholog-
ical situations.11–16 It has been shown that increasing the fluidity of the OMM resulted
in a decrease in the malonyl-CoA sensitivity of L-CPT I.104,105 Thus, changes in the mem-
brane microenvironment arround the two transmembrane segments of L-CPT I may
affect their putative interactions inducing alterations in the functional properties of the
enzyme.

6. CONCLUDING REMARKS

Because of its pivotal role in fuel metabolism, CPT I is viewed as a potent target
site for pharmacological intervention, specially in pathological states characterized by
excessive rates of fatty acid oxidation such as diabetes and heart diseases. The recent
knowledge of the primary structure of the CPT I proteins has resulted in the emergence
of new research fields. In particular, the elucidation of the structure/function/regulatory
relationships of CPT I represents one of the main goals for the coming years. The
first progress in this area reveals that the N-terminal domain of L-CPT I plays a crucial
role in L-CPT I biogenesis and in the maintenance of an optimal conformation for both
enzymatic activity and malonyl-CoA sensitivity. However, many critical questions remain
still unsolved. To pose just some of them: On what residues of L-CPT I does malonyl-
CoA bind and how does it exert its inhibitory effect? Is there a facilitated transport
across the OMM of the acylcarnitines produced by CPT I on the cytosolic face of the
OMM? Do CPT I and CPT II, which are rich in mitochondrial contact-sites,106 interact
with the carnitine-acylcarnitine translocase? Is functional CPT I under monomeric state
or is it assembled into a complex? What are the features responsible for the different
kinetic characteristics and inhibitor sensitivities of the liver and muscle CPT I isoforms?
What is the conformational state(s) of these enzymes and how is it related to their sen-
sitivity to malonyl-CoA inhibition? Development of new approaches and powerful tools
in molecular biology will result in the emergence of more insights in the field of CPT I
enzymes.

REFERENCES

1. McGarry, J.D., Woeltje, K.F., Kuwajima, M. & Foster, D.W. (1989) Diabetes Metab. Rev., 5, 271–284.
Regulation of ketogenesis and the renaissance of carnitine palmitoyltransferase.

2. Eaton, S., Bartlett, K. & Pourfarzam, M. (1996) Biochem. J., 320, 345–357. Mammalian mitochondrial
beta-oxidation.

3. McGarry, J.D. & Brown, N.F. (1997) Eur. J. Biochem., 244, 1–14. The mitochondrial carnitine palmi-
toyltransferase system. From concept to molecular analysis.



12 I. Cohen et al.

4. Park, E.A. & Cook, G.A. (1998) Mol. Cell Biochem., 180, 27–32. Differential regulation in the heart of
mitochondrial carnitine palmitoyltransferase-I muscle and liver isoforms.

5. McGarry, J.D., Mannaerts, G.P. & Foster, D.W. (1977) J. Clin. Invest., 60, 265–270. A possible role for
malonyl-CoA in the regulation of hepatic fatty acid oxidation and ketogenesis.

6. Esser, V., Britton, C.H., Weis, B.C., Foster, D.W. & McGarry, J.D. (1993) J. Biol. Chem., 268, 5817–5822.
Cloning, sequencing, and expression of a cDNA encoding rat liver carnitine palmitoyltransferase I.
Direct evidence that a single polypeptide is involved in inhibitor interaction and catalytic function.

7. Britton, C.H., Schultz, R.A., Zhang, B., Esser, V., Foster, D.W. & McGarry, J.D. (1995) Proc. Natl. Acd.
Sci. USA, 92, 1984–1988. Human liver mitochondrial carnitine palmitoyltransferase I: characterization
of its cDNA and its chromosomal localization and partial analysis of the gene.

8. Yamazaki, N., Shinohara, Y., Shima, A. & Terada, H. (1995) FEBS Lett., 363, 41–45. High expression
of a novel carnitine palmitoyltransferase I like protein in rat brown adipose tissue and heart: isolation
and characterization of its cDNA clone.

9. Esser, V., Brown, N.F., Cowan, A.T., Foster, D.W. & McGarry, J.D. (1996) J. Biol. Chem., 271,
6972–6977. Expression of a cDNA isolated from rat brown adipose tissue and heart identifies the
product as the muscle isoform of carnitine palmitoyltransferase I (M-CPT I). M-CPT I is the predom-
inant CPT I isoform expressed in both white (epidydimal) and brown adipocytes.

10. Yamazaki, N., Shinohara, Y., Shima, A., Yamanaka, Y. & Terada, H. (1996) Biochim. Biophys. Acta,
1307, 157–161. Isolation and characterization of cDNA and genomic clones encoding human type car-
nitine palmitoyltransferase I.

11. Saggerson, E.D. & Carpenter, C.A. (1981) FEBS Lett., 129, 225–228. Effects of fasting, adrenalectomy
and streptozotocin-diabetes on sensitivity of hepatic carnitine acyltransferase to malonyl-CoA.

12. Cook, G.A. (1984) J. Biol. Chem., 259, 12030–12033. Differences in the sensitivity of carnitine palmi-
toyltransferase to inhibition by malonyl-CoA are due to differences in Ki values.

13. Clouet, P., Henninger, C., Pascal, M. & Bezard, J. (1985) FEBS Lett., 182, 331–334. High sensitivity of
carnitine acyltransferase I to malonyl-CoA inhibition in liver of obese Zucker rats.

14. Gamble, M.S. & Cook, G.A. (1985) J. Biol. Chem., 260, 9516–9519. Alteration of the apparent Ki of
carnitine palmitoyltransferase for malonyl-CoA by the diabetic state and reversal by insulin.

15. Grantham, B.D. & Zammit, V.A. (1986) Biochem. J., 239, 485–488. Restoration of the properties of car-
nitine palmitoyltransferase I in liver mitochondria during re-feeding of starved rats.

16. Decaux, J.F., Ferré, P., Robin, D., Robin, P. & Girard, J. (1988) J. Biol. Chem., 263, 3284–3289. Decreased
hepatic fatty acid oxidation at weaning in the rat is not linked to a variation of malonyl-CoA
concentration.

17. Derrick, J. & Ramsay, R. (1989) Biochem. J., 262, 801–806. L-Carnitine acyltransferase in intact perox-
isomes is inhibited by malonyl-CoA.

18. Broadway, N.M. & Saggerson, E.D. (1995) Biochem. J., 310, 989–995. Solubilization and separation of
two distinct carnitine acyltransferase from hepatic microsomes: characterization of the malonyl-
CoA-sensitive enzyme.

19. Singh, H., Beckman, K. & Poulos, A. (1996) J. Lipid Res., 37, 2616–2626. Evidence of two catalytically
active carnitine medium/long chain acyltransferases in rat liver peroxisomes.

20. Pande, S.V., Bhuiyan, A.K.M.J. & Murthy, M.S.R. (1992) Current concepts in carnitine research (Carter,
A.L. ed.), 165–178. Carnitine palmitoyltransferase: How many and how to discriminate?

21. Faergeman, N.J. & Knudsen, J. (1997) Biochem. J., 323, 1–12. Role of long-chain fatty acyl-CoA esters
in the regulation of metabolism and in cell signaling.

22. Huang, W.-H., Wang, Y. & Askari, A. (1989) J. Biol. Chem., 264, 2605–2608. Mechanism of the control
of (Na+ +K+)-ATPase by long-chain acyl coenzyme A.

23. Deeney, J.T., Tornheim, K., Korchak, H.M., Prentki, M. & Corkey, B.E. (1992) J. Biol. Chem., 267,
19840–19845. Acyl-CoA esters modulate intracellular Ca2+ handling by permeabilized clonal pancreatic
b-cells.

24. Nishizuka, Y. (1992) Science, 258, 607–614. Intracellular signaling by hydrolysis of phospholipids and
activation of protein kinase C.

25. Pfanner, N., Orci, L., Glick, B.S., Amherdt, M., Arden, S.R., Malhotra, V. & Rothman, J.E. (1989) Cell,
59, 95–102. Fatty acyl-coenzyme A is required for budding of transport vesicles from Golgi cisternae.

26. Rothman, J.E. & Orci, L. (1992) Nature, 355, 409–415. Molecular dissection of the secretory pathway.
27. Ostermann, J., Orci, L., Tani, K., Amherdt, M., Ravazzola, M., Elazar, Z. & Rothman, J.E. (1993) Cell,

75, 1015–1025. Stepwise assembly of functionally active transport vesicles.
28. Towler, D.A., Gordon, J.I., Adams, S.P. & Glaser, L. (1988) Annu. Rev. Biochem., 57, 69–99. The biology

and enzymology of eucaryotic protein acylation.



Biogenesis of the Rat Liver Mitochondrial Carnitine Palmitoyltransferase I 13

29. Schults, A.M., Henderson, L.E. & Oroszlan, S. (1988) Amu. Rev. Cell Biol., 4, 611–647. Fatty acylation
of proteins.

30. Bouvier, M., Moffett, S., Loisel, T.P., Mouillac, B., Hebert, T. & Chidiac, P. (1995) Biochem. Soc. Trans.,
23, 116–120. Palmitoylation of G-protein-coupled receptors: a dynamic modification with functional
consequences.

31. Prentki, M. & Corkey, B.E. (1996) Diabetes, 45, 273–283. Are the cell signaling molecules malonyl-
CoA and cytosolic long-chain acyl-CoA implicated in multiple tissue defects of obesity and NIDDM?

32. Stein, D.T., Esser, V, Stevenson, B.E., Lane, K.E., Whiteside, J.H., Daniels, M.B., Chen, S. & McGarry,
J.D. (1996) J. Clin. Invest., 97, 2728–2735. Essentiality of Circulating Fatty Acids for Glucose-
stimulated Insulin Secretion in the Fasted Rat.

33. Lee, Y., Hirose, H., Zhou, Y.T., Esser, V., McGarry, J.D. & Unger, R.H. (1997) Diabetes, 46, 408–413.
Increased lipogenic capacity of the islets of obese rats: a role in the pathogenesis of NIDDM.

34. Stein, D.T., Stevenson, B.E., Chester, M.W., Basit, M., Daniels, M.B., Turley, S.D. & McGarry, J.D.
(1997) J. Clin. Invest., 100, 398–403. The insulinotropic potency of fatty acids is influenced profoundly
by their chain length and degree of saturation.

35. Dobbins, R.L., Chester, M.W., Stevenson, B.E., Daniels, M.B., Stein, D.T. & McGarry, J.D. (1998) J.
Clin. Invest., 101, 2370–2376. A fatty acid-dependent step is critically important for both glucose- and
non-glucose-stimulated insulin secretion.

36. McGarry, J.D. (1992) Science, 258, 766–770. What if Minkowski had been ageusic? An alternate angle
on diabetes.

37. McGarry, J.D. (1998) Am. J. Clin. Nutr., 67, 500S–504S. Glucose-fatty acid interactions in health and
disease.

38. Zhou, Y.P. & Grill, V.E. (1994) J. Clin. Invest., 93, 870–876. Long-term exposure of rat pancreatic islets
to fatty acids inhibits glucose-induced insulin secretion and biosynthesis through a glucose fatty acid
cycle.

39. Bollheimer, L.C., Skelly, R.H., Chester, M.W., McGarry, J.D. & Rhodes, C.J. (1998) J. Clin. Invest., 101,
1094–1101. Chronic exposure to free fatty acid reduces pancreatic beta cell insulin content by increas-
ing basal insulin secretion that is not compensated for by a corresponding increase in proinsulin biosyn-
thesis translation.

40. Shimabukuro, M., Zhou, Y.T., Levi, M. & Unger, R.H. (1998) Proc. Natl. Acad. Sci. USA, 95,
2498–2502. Fatty acid-induced cell apoptosis: A link between obesity and diabetes.

41. Esser, V., Wyne, K.L., Comerford, S.A., Hammer, R.E. & McGarry, J.D. (1998) European Association
for the Study of Diabetes, Diabetologia, 41, A23.

42. Paumen, M.B., Ishida, Y., Muramatsu, M., Yamamoto, M. & Honjo, T. (1997) J. Biol. Chem., 272,
3324–3329. Inhibition of carnitine palmitoyltransferase I augments sphingolipid synthesis and palmi-
tate-induced apoptosis.

43. de Vries, J.E., York, M.M., Poemen, T.H., de Jong, Y.F., Cleutjens, J.P., van der Vusse, G.J. & van Bilsen,
M. (1997) J. Lipid Res., 38, 1384–1394. Saturated but not mono-unsaturated fatty acids induce apop-
totic cell death in neonatal rat ventricular myocytes.

44. Green, D.R. & Reed, J.C. (1998) Science, 281, 1309–1312. Mitochondria and Apoptosis.
45. Adams, J.M. & Cory, S. (1998) Science, 281, 1322–1326. The Bcl-2 Protein Family: Arbiters of Cell

Survival.
46. Paumen, M.B., Ishida, Y., Han, H., Muramatsu, M., Eguchi, Y, Tsujimoto, Y. & Honjo, T. (1997)

Biochem, Biophys. Res. Commun., 231, 523–525. Direct interaction of mitochondrial membrane protein
carnitine palmitoyltransferase I with Bcl-2.

47. Neupert, W. (1997) Annu. Rev. Biochem., 66, 863–917. Protein import into mitochondria.
48. Brown, N.F., Esser, V, Foster, D.W. & McGarry, J.D. (1994) J. Biol. Chem., 269, 26438–26442. Expres-

sion of a cDNA for rat liver carnitine palmitoyltransferase I in yeast establishes that catalytic activity
and malonyl-CoA sensitivity reside in a single polypeptide.

49. de Vries, Y., Arvidson, D.N., Waterham, H.R., Cregg, J.M. & Woldegiorgis, G. (1997) Biochemistry, 36,
5285–5292. Functional Characterization of Mitochondrial Carnitine Palmitoyltransferase I and II
Expressed in the Yeast Pichia pastoris.

50. Prip-Buus, C., Cohen, I., Kohl, C., Esser, V., McGarry, J.D. & Girard, J. (1998) FEBS Lett., 429,
173–178. Topological and functional analysis of the rat liver carnitine palmitoyltransferase 1 expressed
in Saccharomyces cerevisiae.

51. Cohen, I., Kohl, C., McGarry, J.D., Girard, J. & Prip-Buus, C. (1998) 273, In press. The N-terminal
Domain of Rat Liver Carnitine Palmitoyltransferase 1 Mediates Import into the Outer Mitochondrial
Membrane and Is Essential for Activity and Malonyl-CoA Sensitivity.



14 I. Cohen et al.

52. Woeltje, K.F., Kuwajima, M., Foster, D.W. & McGarry, J.D. (1987) J. Biol. Chem., 262, 9822–9827. Char-
acterization of the mitochondrial carnitine palmitoyltransferase enzyme system. II. Use of detergents
and antibodies.

53. Fraser, F., Corstorphine, C.G. & Zammit, V.A. (1997) Biochem. J., 323, 711–718. Topology of carnitine
palmitoyltransferase I in the mitochondrial outer membrane.

54. Fujiki, Y., Fowler, S., Shio, H., Hubbard, A.L. & Lazarow, P. (1982) J. Cell Biol., 93, 103–110. Polypep-
tide and phospholipid composition of the membrane of the rat liver peroxisomes: comparison with
endoplasmic reticulum and mitochondrial membranes.

55. Ono, H. & Tuboi, S. (1987) Eur. J. Biochem., 168, 509–514. Integration of porin synthetized in vitro into
outer mitochondrial membranes.

56. McBride, H.M., Millar, D.G., Li, J.-M. & Shore, G.C. (1992) J. Cell Biol, 119, 1451–1457. A Signal-
Anchor Sequence Selective for the Mitochondrial Outer Membrane.

57. Deshaies, R.J., Koch, B.D., Werner-Washburne, M., Craig, E.A. & Schekman, R. (1988) Nature, 332,
800–805. A subfamily of stress proteins facilitates translocation of secretory and mitochondrial pre-
cursor polypeptides.

58. Hachiya, N., Alam, R., Sakasegawa, Y., Sakaguchi, M., Mihara, K. & Omura, T. (1993) EMBO J., 12,
1579–1586. A mitochondrial import factor purified from rat liver cytosol is an ATP-dependent
conformational modulator for precursor proteins.

59. Hachiya, N., Komiya, T., Alam, R., Iwahashi, J., Sakaguchi, M., Omura, T. & Mihara, K. (1994) EMBO
J., 13, 5146–5154. MSF, a novel cytoplasmic chaperone which functions in precursor targeting to
mitochondria.

60. Hachiya, N., Mihara, K., Suda, K., Horst, M., Schatz, G. & Lithgow, T. (1995) Nature, 376, 705–708.
Reconstitution of the initial steps of mitochondrial protein import.

61. Komiya, T., Sakaguchi, M. & Mihara, K. (1996) EMBOJ., 15, 399–407. Cytoplasmic chaperones deter-
mine the targeting pathway of precursor proteins to mitochondria.

62. Hartl, F.-U, Pfanner, N., Nicholson, D.W. & Neupert, W. (1989) Biochim. Biophys. Acta, 988, 1–45.
Mitochondrial protein import.

63. Schneider, H., Sollner, T., Dietmeier, K., Eckerskorn, C., Lottspeich, F., Trulzsch, B., Neupert, W. &
Pfanner, N. (1991) Science, 254, 1659–1662. Targeting of the master receptor MOM19 to mitochondria.

64. Ramage, L., Junne, T., Hahne, K., Lithgow, T. & Schatz, G. (1993) EMBO J., 12, 4115–4123. Func-
tional cooperation of mitochondrial protein import receptors in yeast.

65. Schlossmann, J., Dietmeier, K., Pfanner, N. & Neupert, W. (1994) J. Biol. Chem., 269, 11893–11901.
Specific Recognition of Mitochondrial Preproteins by the Cytosolic Domain of the Import Receptor
MOM72.

66. Schlossmann, J. & Neupert, W. (1995) J. Biol. Chem., 270, 27116–27121. Assembly of the Preprotein
Receptor MOM72/MAS70 into the Protein Import Complex of the Outer Membrane of Mitochondria.

67. Court, D.A., Nargang, F.E., Steiner, H., Hodges, R.S., Neupert, W. & Lill, R. (1996) Mol. Cell. Biol.,
16, 4035–4042. Role of the Intermembrane-Space Domain of the Preprotein Receptor Tom22 in Protein
Import into Mitochondria.

68. Goping, I.S., Millar, D.G. & Shore, G.C. (1995) FEBS Lett., 373, 45–50. Identification of the human
mitochondrial protein import receptor, huMas20p. Complementation of delta mas20 in yeast.

69. Hanson, B., Nuttall, S. & Hoogenraad, N. (1996) Eur. J. Biochem., 235, 750–753. A receptor for the
import of proteins into human mitochondria.

70. Komiya, T. & Mihara, K. (1996) J. Biol. Chem., 271 , 22105–22110. Protein Import into Mammalian
Mitochondria.

71. Armstrong, L.C., Komiya, T., Bergman, B.E., Mihara, K. & Bornstein, P. (1997) J. Biol. Chem., 272,
6510–6518. Metaxin is a component of a preprotein import complex in the outer membrane of the
mammalian mitochondria.

72. Iwahashi, J., Yamazaki, S., Komiya, T., Nomura, N., Nishikawa, S.I., Endo, T. & Mihara, K. (1997) J.
Biol. Chem., 272, 18467–18472. Analysis of the Functional Domain of the Rat Liver Mitochondrial
Import Receptor Tom20.

73. Kiebler, M., Pfaller, R., Sollner, T., Griffiths, G., Horstmann, H., Pfanner, N. & Neupert, W. (1990)
Nature, 348, 610–616. Identification of a mitochondrial receptor complex required for recognition and
membrane insertion of precursor proteins.

74. Baker, K.P., Schaniel, A., Vestweber, D. & Schatz, G. (1990) Nature, 348, 605–609. A yeast mitochon-
drial outer membrane protein essential for protein import and cell viability.

75. Kassenbrock, C.K., Cao, W. & Douglas, M.G. (1993) EMBOJ., 12, 3023–3034. Genetic and biochem-
ical characterization of ISP6, a small mitochondrial outer membrane protein associated with the protein
translocation complex.



Biogenesis of the Rat Liver Mitochondrial Carnitine Palmitoyltransferase I 15

76. Honlinger, A., Bomer, U., Alconada, A., Eckerskorn, C., Lottspeich, F., Dietmeier, K. & Pfanner, N.
(1996) EMBO J., 15, 2125–2137. Tom7 modulates the dynamics of the mitochondrial outer membrane
translocase and plays a pathway-related role in protein import.

77. Dietmeier, K., Honlinger, A., Bomer, U., Dekker, P.J., Eckerskorn, C., Lottspeich, F., Kubrich, M. &
Pfanner, N. (1997) Nature, 388, 195–200. Tom5 functionally links mitochondrial preprotein receptors to
the general import pore.

78. Brown, N.F, Esser, V., Gonzalez, A.D., Evans, C.T., Slaughter, C.A., Foster, D.W. & McGarry, J.D.
(1991) J. Biol. Chem., 266, 15446–15449. Mitochondrial import and processing of rat liver carnitine
palmitoyltransferase II defines the amino terminus of the mature protein. Possibility of differential mod-
ification of the rat and human isoforms.

79. Roise, D., Horvath, S.J., Tomich, J.M., J.H., R. & Schatz, G. (1986) EMBO J., 5, 1327–1334. A chemi-
cally synthesized pre-sequence of an imported mitochondrial protein can form an amphiphilic helix and
perturb natural and artificial phospholipid bilayers.

80. Epand, R.M., Hui, S.W., Argan, C, Gillespie, L.L. & Shore, G.C. (1986) J. Biol. Chem., 261,
10017–10020. Structural analysis and amphiphilic properties of a chemically synthesized mitochondr-
ial signal peptide.

81. Shore, G.C., McBride, H.M., Millar, D.G., Steenaart, N.A.E. & Nguyen, M. (1995) Em J. Biochem.,
227, 9–18. Import and insertion of proteins into the mitochondrial outer membrane.

82. Wickner, W.T. & Lodish, H.F. (1985) Science, 230, 400–407. Multiple mechanisms of protein insertion
into and across membranes.

83. von Heijne, G. (1988) Biochem. Biophys. Acta, 947, 307–333. Transcending the impenetrable: how pro-
teins come to terms with membranes.

84. Singer, S.J. (1990) Annu. Rev. Cell Biol., 6, 247–296. The structure and insertion of integral proteins in
membranes.

85. Nguyen, M., Millar, D.G., Yong, V.W., Korsmeyer, S.J. & Shore, G.C. (1993) J. Biol. Chem., 268,
25265–25268. Targeting of Bcl-2 to the Mitochondrial Outer Membrane by a COOH-terminal Signal
Anchor Sequence.

86. Cao, W. & Douglas, M.G. (1995) J. Biol. Chem., 270, 56794–56798. Biogenesis of ISP6, a small car-
boxyl-terminal anchored protein of the receptor complex of the mitochondrial outer membrane.

87. Steenaart, N.A.E. & Shore, G.C. (1997) J. Biol. Chem., 272, 12057–12061. Alteration of a Mitoch-
ondrial Outer Membrane Signal Anchor Sequence That Permits Its Insertion into the Inner Membrane.

88. Rodriguez-Cousino, N., Nargang, F.E., Baardman, R., Neupert, W., Lill, R. & Court, D.A. (1998) J.
Biol. Chem., 373, 11527–11532. An Import Signal in the Cytosolic Domain of the Neurospora Mito-
chondrial Outer Membrane Protein TOM22.

89. Eisenberg, D., Weiss, R.M. & Terwilliger, T.C. (1984) Proc. Natl. Acad. Sci. USA, 81, 140–144. The
hydrophobic moment detects periodicity in protein hydrophobicity.

90. Court, D.A., Kleene, R., Neupert, W. & Lill, R. (1996) FEBS Lett., 390, 73–77. Role of the N- and C-
termini of porin in import into the outer membrane of Neurospora mitochondria.

91. Smith, M.D., Petrak, M., Boucher, P.D., Barton, K.N., Carter, L., Reddy, G., Blachly-Dyson, E., Forte,
M., Price, J., Verner, K. & McCauley, R.B. (1995) J. Biol. Chem., 270, 28331–28336. Lysine Residues at
Positions 234 and 236 in Yeast Porin Are Involved in Its Assembly into the Mitochondrial Outer
Membrane.

92. Gaboriaud, C., Bissery, V., Benchetrit, T. & Mornon, J.P. (1987) FEBS Lett., 224, 149–155. Hydropho-
bic Cluster Analysis: an efficient new way to compare and analyse amino acid sequences.

93. Lemesle-Varloot, L., Henrissat, B., Gaboriaud, C., Bissery, V., Morgat, A. & Mornon, J.P. (1990)
Biochimie, 72, 555–574. Hydrophobic analysis: procedures to drive structural and functional informa-
tion from 2-D-representation of protein sequences.

94. von Heijne, G. (1992) J. Mol. Biol., 225, 487–494. Membrane protein structure prediction. Hydropho-
bicity analysis and the positive-inside rule.

95. Hartmann, E., Rapoport, T.A. & Lodish, H.F. (1989) Proc. Natl. Acad. Sci. USA, 86, 5786–5790. Pre-
dicting the orientation of eukaryotic membrane-spanning proteins.

96. Harley, C.A., Holt, J.A., Turner, R. & Tipper, D.J. (1998) J. Biol. Chem., 249, 24963–24971. Trans-
membrane protein insertion orientation in yeast depends on the charge difference across transmembrane
segments, their total hydrophobicity, and its distribution.

97. Steenaart, N.A.E., Silvius, J.R. & Shore, G.C. (1996) Biochemistry, 35, 3764–3771. An amphiphilic
lipid-binding domain influences the topology of a signal-anchor sequence in the mitochondrial outer
membrane.

98. Li, J.-M. & Shore, G.C. (1992) Science, 256, 1815–1817. Reversal of the Orientation of an Integral
Protein of the Mitochondrial Outer Membrane.



16 I. Cohen et al.

99. Shi, J., Zhu, H., Arvidson, D.N., Cregg, J.M. & Woldegiorgis, G. (1998) Biochemistry, 37, 11033–11038.
Deletion of the Conserved First 18 N-Terminal Amino Acid Residues in Rat Liver Carnitine Palmi-
toyltransferase I Abolishes Malonyl-CoA Sensitivity and Binding.

100. Lemmon, M.A. & Engelman, D.M. (1992) Curr. Opin. Struct. Biol, 2, 511–518. Helix-helix interactions
inside lipid bilayers.

101. Popot, J.-L. (1993) Curr. Opin. Struct. Biol., 3, 532–540. Integral membrane protein structure trans-
membrane a-helices as autonomous folding domains.

102. Lemmon, M.A. & Engelman, D.M. (1994) FEBS Lett., 346, 17–20. Specifity and promiscuity in mem-
brane helix interactions.

103. Popot, J.-L., De Vitry, C. & Attela, A. (1994) Membrane Protein Structure: Experimental approaches
(White, S.H.ed), 41–96.

104. Kolodziej, M.P. & Zammit, V.A. (1990) Biochem. J., 272, 421–425. Sensitivity of inhibition of rat liver
mitochondrial outer-membrane carnitine palmitoyltransferase by malonyl-CoA to chemical- and
temperature-induced changes in membrane fluidity.

105. Zammit, V.A., Corstorphine, C.G., Kolodziej, M.P. & Fraser, F. (1998) Lipids, 33, 371–376. Lipid mol-
ecular order in liver mitochondrial outer membranes, and sensitivity of carnitine palmitoyltransferase
I to malonyl-CoA.

106. Fraser, F. & Zammit, V.A. (1998) Biochem. J., 329, 225–229. Enrichment of carnitine palmitoyltrans-
ferase I and II in the contact sites of rat liver mitochondria.



2

SUBCELLULAR DISTRIBUTION OF
MITOCHONDRIAL CARNITINE
PALMITOYLTRANSFERASE I IN RAT LIVER

Evidence for a Distinctive N-Terminal Structure of the
Microsomal but Not the Peroxisomal Enzyme

Fiona Fraser, Clark G. Corstorphine, and Victor A. Zammit*
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1. SUMMARY

Mitochondria, microsomes and peroxisomes all express overt (cytosol-facing) car-
nitine palmitoyltransferase activities that are inhibitable by malonyl-CoA and are col-
lectively termed In order to quantify the relative contribution of the different
membrane systems towards overall hepatocyte activity, all three membrane fractions and
a high-speed supernatant (soluble) fraction were prepared quantitatively from rat liver
homogenates. The overt (malonyl-CoA-sensitive) carnitine palmitoyltransferase activity

associated with the different fractions were measured. In parallel experiments, rat
livers were perfused in situ with oxygenated medium containing dinitrophenyl (DNP) -
etomoxir in order to label covalently (with DNP-etomoxiryl-CoA) and quantitatively the
molecular species responsible for activity in each of the membrane systems under
near-physiological conditions. Mitochondria accounted for only 65% of total cellular
overt CPT activity, with the microsomal and peroxisomal contributions accounting for
the remaining 25% and 10%, respectively. A single major protein with an identical mo-
lecular size (Mr 88,000) was labelled by DNP-etomoxir perfusion in all three membrane
fractions. The abundance of this 88kDa protein in each fraction was quantitatively pos-
itively related to the respective specific activities of overt CPT. The same protein was
immunoreactive with three anti-peptide antibodies raised against linear epitopes within
the N- and C-terminal and loop (L) domains of the mitochondrial outer membrane
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CPT I of the liver mitochondrial outer membrane (L-CPT I). However, whereas reaction
with anti-L and anti-C antipeptide antibodies were proportional to the respective overt
CPT activities and DNP-etomoxir labelling in all three membrane fractions, reaction with
anti-N peptide antibody was much stronger for microsomal CPT. We conclude that in
all three membrane systems overt CPT activity is associated with the same or highly
similar molecular species to mitochondrial outer membrane CPT I, but that the protein
expressed in microsomes has a modified N-terminal domain, which gives the microsomal
enzyme its higher malonyl-CoA sensitivity and may target the protein to its microsomal
location.

2. INTRODUCTION

The overt CPT activities of mitochondria, microsomes and peroxisomes are
inhibited by malonyl-CoA,1–3 in contrast to the latent CPT isoforms. Of all the hepatic
overt CPT activities, only the protein responsible for the activity in the mitochondrial
outer membrane (L-CPT I) is well-characterised.4–6 Results published in abstract form7

have indicated that a peroxisomal protein resembling L-CPT I may be responsible for the
overt CPT activity of these organelles, but the authors suggested that it is immunologi-
cally distinct from L-CPT I. A microsomal protein of Mr 47,000 has previously been
postulated to represent the microsomal on the basis that, when microsomes are
incubated with CoA and ATP, a protein of this molecular size is labelled
most prominently.8 Similar observations were made by9 who, however, also observed that
under these in vitro conditions at least one other protein of Mr 87,000 was also promi-
nently labelled. More recently, it has been confirmed that microsomes express a malonyl-
CoA-sensitive overt CPT which has an apparent molecular size of 300 kDa in detergent
extracts of the membranes.10 On the basis of its different kinetic behaviour, ease of
solubilisation and stability of catalytic activity when solubilised, it was concluded that
the microsomal enzyme is distinct from the mitochondrial outer membrane CPT I.10 So,
current opinion is that, apart from the common sensitivity of all the overt CPT enzymes
to malonyl-CoA inhibition, the proteins responsible for this activity in the mitochon-
drial outer membrane, microsomes and peroxisomes are distinct molecular entities.

Therefore, in the present study we have measured activity in mitochondrial,
microsomal, peroxisomal and high-speed supernatant fractions prepared from rat liver
on a quantitativle basis. We have also quantified the relative expression of proteins that
bind dinitrophenyl (DNP)-etomoxiryl-CoA (an oxirane ring-containing inhibitor of
hepatic CPT II1) in each of these fractions in the intact liver under conditions in which
all three activities were optimally inhibited. Our results indicate that the overt CPT activ-
ity of microsomes and peroxisomes is associated with a protein that is very similar, if not
identical, to mitochondrial CPT I. In microsomes too, the activity is associated
with a protein of Mr 88,000, but in this membrane fraction, there is evidence that the N-
terminal domain has different properties from those of mitochondrial and peroxisomal
CPT I.

3. METHODS

Subcellular fractions were prepared by standard differential and density gradient
centrifugation protocols. Purified fractions of mitochondria and peroxisomes were pre-
pared by Percoll12,13 and Nycodenz14 centrifugation, respectively. The following marker
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enzyme activities were measured as described previously:4,13 cytochrome c oxidase (mito-
chondria), NADPH-Cytochrome c oxido-reductase (microsomes), uricase (peroxisomes),
lactate dehydrogenase (cytosol). These activities were used to correct for cross-
contamination between the different fractions. activities were measured using an
optimal concentration of palmitoyl-CoA ( in the presence of 1% albumin) as
described previously.15 The various subcellular fractions were substantially pure as judged
by the marker enzyme activity measurements; the corrections needed to compensate for
cross-contamination of fractions were relatively minor (not shown).

Quantitative labelling of DNP-etomoxiryl-CoA-binding proteins was performed in
the intact liver prior to preparation of the various subcellular fractions. Animals were
anaesthetised with pentobarbitone (60mg/kg) and their livers (weighing 6–7 g) were per-
fused in situ for 30min with 250ml of oxygenated (95%  : 5% ) recirculating Krebs-
Henseleit medium16 containing DNP-etomoxir, at 37 °C. At the end of the
perfusion, the liver was excised, cooled, homogenised and subcellular fractions were pre-
pared. Liver perfusion with DNP-etomoxir (which is converted into the effective
inhibitory species DNP-etomoxiryl-CoA within the cell) resulted in inhibition of
overt activity in all three membranous fractions. The component proteins in
aliquots of subcellular fractions were separated on 8% polyacrylamide gels and trans-
ferred on to nitrocellulose. The resulting blots were probed with rabbit anti-DNP and
sheep anti-CPT I peptide antibodies (raised against linear epitopes N, L and C of mito-
chondrial outer membrane CPT I as described by4) followed by appropriate secondary
antibodies conjugated to alkaline phosphatase. Bound secondary antibody was visualised
by the action of the phosphatase on nitro blue tetrazolium (NBT) and 5-bromo-l-chloro-
3-indolyl phosphate (BCIP). The intensity of the resulting bands was quantified using a
densitometer (Molecular Dynamics).

4. RESULTS

4.1. Overt Carnitine Palmitoyltransferase Activity

The overt carnitine palmitoyltransferase activities in each fraction were measured
with an optimal concentration of palmitoyl-CoA (above). A previous report suggested
that palmitoyl-CoA is not a good substrate for overt CPT in microsomes.10 However, we
have not been able to confirm this, as the palmitoyl-CoA requirement for the enzymes in
all three membranous fractions was very similar to that described previously for mito-
chondrial outer membrane CPT I.17 ,18 Peroxisomes displayed the highest specific activity
of overt CPT (see below) and their overall contribution, computed on a per gram liver
basis was appreciable and of the same order of that in microsomes, which had a rela-
tively low specific activity, but which occurred at much higher protein densities within
the cell. Mitochondria accounted for about 65% of total activity. These estimates
are very similar to those reported by.19 It is evident, therefore, that the peroxisomal and
microsomal forms of overt CPT constitute an important component of the overall CPT
activity with access to the cytosolic pools of acyl-CoA and malonyl-CoA.

4.2. DNP-Etomoxryl-CoA Labelling of Cell Proteins

In order to identify and quantify the relative amounts of malonyl-CoA-inhibitable
CPT proteins expressed in each fraction we labelled them in the intact liver in situ prior
to the quantitative preparation of subcellular fractions. This ensured that in vitro arte-
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facts due to non-specific binding of unesterified 2-oxirane compound were obviated. In
previous studies, this in vitro approach has resulted in the spurious labelling of several
proteins.9 In addition, labelling of the proteins prior to preparation of liver homogenates
enabled quantification on the same basis as for activity. A minimal quantity of
DNP-etomoxir, sufficient to inhibit 90–95% of the activities in all three membrane frac-
tions was used. Preliminary experiments established that recirculating perfusion of rat
liver (6–8 g) with 250ml of medium containing  of DNP-etomoxir for 30min at
37°C was sufficient to achieve this. This indicated that this amount of DNP-etomoxir
generated enough etomoxiryl-CoA to modify covalently all the malonyl-CoA-sensitive
CPT expressed on the surfaces of all three membrane systems. Use of only
DNP-etomoxir resulted in only partial inhibition of these activities, whereas use of excess

inhibitor resulted in the non-specific labelling of several proteins, particularly
in peroxisomes (not shown, see below). The extent of DNP-etomoxiryl-CoA binding to
each fraction was quantified by SDS-gel separation of the constituent proteins, elec-
troblotting on to nitrocellulose and quantification with anti-DNP antibody.

A representative Western blot is shown in Figure 1. In all three membrane fractions
only a protein that migrates with an apparent mass of 88kDa was reproducibly labelled
by DNP-etomoxiryl-CoA when quantitative CPT inhibition had been achieved. A
smaller protein was sometimes labelled in peroxisomes, but its extent of labelling was very
variable and not proportional to CPT activity. While for mitochondria and peroxisomes
the labelling of the 88kDa protein was as expected from the studies in,6,7,20,21 the result
was surprising for microsomes. This in view of the previous suggestion8 that CPT activ-
ity in these membranes is associated with a molecular species of Mr 47,000. Evidence
that the labelled Mr 88,000 protein represents the microsomal overt CPT stems from the
observations that: ( i ) the quantitative inhibition of in all the fractions was achieved
under conditions which also labelled this protein and (ii) that the capacity for specific
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binding of DNP-etomoxiryl-CoA by the different membranous fractions (expressed per
mg protein) was positively related to the respective specific activities of Thus, per-
oxisomes showed the highest specific for both DNP-etomoxiryl-CoA binding and overt
CPT activity (per mg membrane protein), whereas microsomes had the lowest values for
both parameters (Figs. 2 and 3).
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4.3. Immunological Cross-Reaction of DNP-Etomoxiryl-CoA-Binding
Species with Anti-Mitochondrial CPT I Antibodies

Blots of the constituent proteins of the three membrane fractions were probed with
the three antibodies raised against linear epitopes of mitochondrial outer membrane L-
CPT I described by.4 All three antibodies detected the Mr 88,000 protein in mitochon-
dria, microsomes and peroxisomes. However, important differences were observed in the
relative intensities of the reaction of the antibodies with respect to activity and
DNP-etomoxir labelling (Fig. 2). Quantification of the bands (performed by densitome-
try) is presented in Fig. 3, together with the relative activities in each fraction. It
can be seen that, whereas the relative intensities of interaction of anti L- and anti-C
peptide antibodies were strictly proportional to activity and expression (as judged
by DNP-etomoxir labelling) for all three membrane fractions, the intensity of reaction
of the microsomal with anti-N antibody was anomalous. As expected from our
previous studies4 anti-N antibody gave a very weak reaction with intact CPT I in mito-
chondrial extracts. This was also the case for the peroxisomal protein. However, the signal
obtained with the microsomal protein was much stronger than would have been antici-
pated from the relatively low expression of either activity or DNP-etomoxir
labelling in the microsomal fraction. This indicated that in microsomes, the N-terminal
domain of CPT I is subtly different from that in either mitochondria or peroxisomes. Its
strong reaction with anti-N antibody is reminisent of that obtained for the mitochondr-
ial protein after it is N-terminally proteolytically cleaved.4 In that instance we suggested
that loss of the extreme N-terminus unmasks the N-epitope (Vall4-Lys29) when the
protein is partially refolded on nitrocellulose. However, we do not consider that this is a
likely explanation for the strong detection of this epitope in the Western blots of the
microsomal protein, as the band detected is of an identical molecular size as that of either
mitochondrial or peroxisomal CPT I (Figs. 1 and 2).

5. DISCUSSION

activity in microsomes and peroxisomes is accompanied by the presence of
only one molecular species of Mr 88,000 that binds DNP-etomoxiryl-CoA. Several lines
of evidence suggest that this protein is very similar, if not identical, to mitochondrial
outer membrane CPT I. Thus: (i) their sizes appear to be identical on SDS-gels, (ii) their
relative abundance in the three membrane fractions studied varies in parallel and (iii)
anti-peptide antibodies raised against known linear sequences of mitochondrial CPT I
cross-react with the same protein in peroxisomes and microsomes. These observations
raise the strong possibility that the activity of all three fractions is due to the expres-
sion of a protein identical, or very similar, to mitochondrial CPT I. Such a possibility
was raised (in abstract form,7) for peroxisomal overt CPT. It is noteworthy that in9 sub-
stantial labelling of a microsomal protein of Mr 87,000 by -etomoxir in the presence
of ATP and CoA was also observed. Moreover, the labelling of this protein could be
attenuated by prior incubation of the microsomes with malonyl-CoA, suggesting that in
spite of its lower degree of labelling under in vitro conditions, this 87,000kDa protein
represents the actual protein. However, the possibility that this 87,000kDa protein
could represent microsomal overt CPT was discounted by those authors because of their
contention that it was a regulatory subunit (a theory which has since been shown to be
untenable, at least for mitochondrial CPT I, see6,22). Therefore, our present results suggest
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that the current ideas about the molecular size of microsomal overt CPT need to be
revised.

The suggestion that overt CPT in different cell membrane systems could be due to
the same, or very similar, molecular species is not without parallels. Thus, long-chain
acyl-CoA synthase, which catalyses the formation of the acyl-CoA esters utilised by

exists in all three membrane systems as an identical molecular species.23 Similarly,
Bcl-2, the anti-apoptotic protein which has been shown, by yeast two-hybrid screening,
to interact specifically with CPT I24 is located not only in the mitochondrial outer mem-
brane, but also in the endoplasmic reticular and nuclear membranes.25,26 Targeting of such
widely distributed proteins to different cytosol-facing membranes may involve the use of
multiple27 or hierarchical28,29 targeting sequences, co-translational import directly from
cytosolic polysomes30 or the use of splice variant mRNA species that differ only in their
5́  -untranslated but which are important in directing site-specific translation regions (e.g.
for long-chain acyl-CoA synthetase31).

In the light of our observations, it is evident that work is now required to verify the
degree of identity between the molecular species responsible for activity in mito-
chondria, microsomes and peroxisomes and to identify the factors that determine their
specific targeting to these various intracellular sites. In this context, we want to highlight
the important inference we now make about the apparent distinctiveness of the secondary
structure of the N-terminal domain of microsomal compared to that of
expressed in the mitochondrial outer membrane and the peroxisomes. Our data indicate
that the secondary structure of the N-terminal domain of microsomal  differs in
some crucial respect. In view of our previous observation4 that the N-terminal domain
is very important in determining the malonyl-CoA sensitivity of mitochondrial CPT I,
it is tempting to speculate that the 50% lower  of the microsomal enzyme for malonyl-
CoA inhibition19 may derive from this uniquely modified N-terminus. It is also possible
that any such modification may be responsible for the differential targeting of the protein
to the microsomes on the one hand and the mitochondrial outer membrane and perox-
isomes on the other. Putative internal sequences capable of targeting the protein to both
peroxisomes and the mitochondrial outer membrane exist in the deduced primary amino
acid sequence for liver CPT I.6

We have recently described the topology of mitochondrial CPT I within the outer
membrane,4 as well as its distribution to the specialised regions of the membrane that
form contact sites with the mitochondrial inner membrane.5 It is of interest that these
contact sites are also involved in mitochondrial-endoplasmic reticular contact involving
a specialised population of the microsomes.32 In view of the (near) identity of mito-
chondrial and microsomal overt CPT molecular species, it would be of interest to explore
whether they also occupy closely-associated microenvironments within the cell.
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1. INTRODUCTION

Before long-chain fatty acids can enter the mitochondria and get access to the
oxidation pathway, they must first be activated to acyl-CoA in a reaction that requires
ATP and coenzyme-A. The acyl-CoA still cannot cross the mitochondrial inner mem-
brane and must react with carnitine to form the corresponding carnitine ester. This reac-
tion is catalyzed by the enzyme carnitine palmitoyltransferase (CPT).1 The acylcarnitine
itself is also unable to diffuse into the mitochondrial matrix so that the transport is
achieved by a specific protein, the carnitine acylcarnitine translocase.2 Following trans-
port across the mitochondrial inner membrane, acylcarnitines are converted back to the
corresponding acyl-CoA and carnitine. This reaction is catalyzed by another carnitine
palmitoyltransferase which is a different enzyme than that involved in the formation of
the acylcarnitine outside the mitochondria.1 Hence, there are two CPTs, one associated
with the inner aspect of the mitochondrial inner membrane, CPT-II3–7 and one that lies
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outside the mitochondrial inner membrane barrier, CPT-I. This overt or outer CPT is of
physiological importance since it is regulated through inhibition by malonyl-CoA, an
intermediate in the biosynthetic pathway of fatty acids.8–12 Also of major importance in
the hepatic regulation of the overt CPT are changes in the activity and sensitivity to inhi-
bition by malonyl-CoA in changing physiological and pathophysiological states such as
starvation and diabetes.12–16 Quantitatively, the most significant change that occurs with
the onset of diabetesl5 or the feeding-starvation transition17 is at least a 10-fold increase
in the apparent Ki for malonyl-CoA.

1.1. Location of CPT-I

The exact location of CPT-I has been the subject of much debate. Until recently
its location was thought to be on the outer surface of the mitochondrial inner
membrane.18 However, data presented by Murthy and Pande7 suggested that CPT-I is
associated with the mitochondrial outer membrane. Using limited proteolysis of
intact mitochondria and isolated mitochondrial outer membranes, their data indicated
that the protease Nagarse had little effect on CPT activity but that the inhibitory effects
of malonyl-CoA were greatly reduced. These data suggested that the outer CPT, (CPT-
I) has a malonyl-CoA binding site facing the cytosol and an active acyl-CoA site facing
the intermembrane space, clearly suggesting two separate binding sites. They also
reported that other proteases such as trypsin and papain had essentially the same effects
but we reported that the effects of trypsin were somewhat different from the actions of
the other two proteases,19 and we presented an explanation for those differences.20

1.2. Do all Inhibitors of CPT-I Act at a Common site?

The relationship between acyl-CoA and malonyl-CoA binding sites has also been
subject to debate. It is not clearly established whether they bind at the same site or even
whether they bind to the same polypeptide.21–25 Data presented by Murthy and Pande
suggests two different binding sites. The suggestion that all inhibitors of CPT-I act at a
common site did not seem logical to us since many of these inhibitors have very differ-
ent structures and mechanisms of inhibition. For example, malonyl-CoA is a competi-
tive inhibitor with respect to acyl-CoA and noncompetitive with respect to carnitine,17,26

4-hydroxyphenylglyoxylate (HPG), the active metabolite of oxfenicine, is a competitive
inhibitor with respect to carnitine but noncompetitive with respect to acyl-CoA.27 N-
Benzyladriamycin-14-valerate (AD 198), an analogue of adriamycin, is a noncompetitive
inhibitor with respect to carnitine but uncompetitive with respect to acyl-CoA28 while
glyburide is noncompetitive with respect to acyl-CoA but uncompetitive with respect to
carnitine.26 DL-2-Bromopalmitoyl-CoA was synthesized as a substrate analogue,29 and is
expected to bind to the active site. One of the first studies we did was to examine the
effects on the inhibitory actions of these different chemical compounds that are produced
by exposure of intact mitochondria to three different proteases—Nagarse, papain and
trypsin—with the hope of learning whether they bind inside or outside the mitochon-
drial outer membrane. As indicated in Table 1, exposure of intact mitochondria to
Nagarse at 37°C for 20min had relatively slight effects on activity of the outer CPT (13%
and 30% reduction with 5 and Nagarse, respectively), but the inhibitory effects
of malonyl-CoA were reduced to a greater extent (60% or greater loss of inhibition in
all experiments). Experiments conducted with papain gave almost identical results to
those with Nagarse when higher concentrations of papain were used (Table 1). Effects of
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trypsin on CPT activity and inhibition by malonyl-CoA are also given in Table 1. Expo-
sure to increasing concentrations of trypsin decreased the activity of CPT in a concen-
tration-dependent manner. However, in contrast to the suggestions of Murthy and
Pande,7 the inhibitory effects of malonyl-CoA were not decreased as a result of exposure
to trypsin, in fact, virtually identical inhibition values were obtained at all concentrations
of trypsin examined for both and malonyl-CoA, even though up to 80%
of the activity was lost.

Table 2 shows the inhibitory effects on outer CPT activity of five different inhibitors
before and after exposure to Nagarse, papain and trypsin. Inhibition by malonyl-CoA
was greatly reduced by protease treatment and inhibition by HPG was affected to an
equivalent extent. However, trypsin had no effect on inhibition by either malonyl-CoA
or HPG. These results are especially interesting in view of the fact that HPG is the only
inhibitor other than malonyl-CoA that undergoes a major change in its inhibitory
potency by alterations in the physiological state of the animal.30 Inhibition of CPT by
AD 198 and DL-2-bromopalmitoyl-CoA were not affected by prior treatment of the mito-
chondria with any concentration of Nagarse, papain or trypsin that we evaluated. Inhi-
bition of CPT by glyburide was altered only slightly by the highest concentration of
trypsin used in Table 2 and was not affected by either Nagarse or papain. These data
indicate that neither AD 198, glyburide nor 2-bromopalmitoyl-CoA bind at the same site
as malonyl-CoA.

There are several other natural endobiotic compounds such as CoA, acetyl-CoA,
succinyl-CoA, methylmalonyl-CoA and propionyl-CoA that are inhibitors of CPT-I and
are structurally similar to malonyl-CoA.21 Therefore, it was of interest to find out whether
the inhibitory effects of these compounds were also affected by proteolysis.31 As reported
by Murthy and Pande7 and us,19,20 the inhibitory effects of malonyl-CoA were greatly
reduced as a result of exposure of the intact hepatic mitochondria to Nagarse. The
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inhibitory effects of succinyl-CoA and methylmalonyl-CoA were likewise reduced as a
result of Nagarse treatment. However, Nagarse had no effect on the inhibitory actions
of CoA or acetyl-CoA or propionyl-CoA. There were no differences between inhibition
obtained with acetyl-CoA and propionyl-CoA.31 These data suggest that inhibitors that
are CoA esters of short chain dicarboxylic acids bind identically to malonyl-CoA and
the others (monocarboxylic acid esters of CoA and free CoA) act at the acyl-CoA binding
site. The order of potency of these inhibitors was:
> methylmalonyl-CoA > acetyl-CoA = propionyl-CoA. Therefore, malonyl-CoA cannot
be considered as the only physiological inhibitor of CPT-I, though it is clearly the most
potent.

In order to further discriminate the exact orientation of the malonyl-CoA and acyl-
CoA binding sites with respect to the mitochondrial outer membrane, we32 made use of
(+)-hemipalmitoylcarnitinium which is a substrate analogue for CPT33 and Ro 25-0187
which is a malonyl-CoA analogue. Using isolated mitochondrial outer membranes we
confirmed that (+)-hemipalmitoylcarnitinium is a potent inhibitor of
Nagarse treatment of the outer membranes caused a 20% loss of CPT-I activity (data
not shown), but there was no change in the sensitivity of CPT-I to inhibition by this
active site-directed inhibitor. The malonyl-CoA analog Ro 25-0187 is also a potent
inhibitor of and in contrast to results with the substrate analogue,
Nagarse treatment of the outer membranes resulted in complete loss of CPT-I sensitiv-
ity to inhibition. These results are very important because: (i) they confirm that the outer
CPT of isolated mitochondrial outer membranes behaves exactly as the overt CPT of
intact mitochondria; (ii) CPT-I located on the mitochondrial outer membrane has its
malonyl-CoA binding site facing the cytosol and its active site is protected within the
mitochondrial outer membrane; (iii) these data confirm that the malonyl-CoA site and
the active site are entirely different; and finally (iv) since there is no remaining inhibition
by Ro 25-0187 after Nagarse treatment and since there is no difference in inhibition by
(+)-hemipalmitoylcarnitinium before and after Nagarse treatment, there seems to be no
interaction of either of these inhibitors with an alternate site.
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1.3. Protection of CPT-I from Proteolysis and its Implications

We have reported that it is possible to protect CPT against the effects of
proteolysis by preincubating the intact mitochondria with malonyl-CoA or HPG before
protease treatment, and that preincubation with the other inhibitors does not have any
protective effects.19,20 We have also performed experiments in order to ascertain whether
it was possible to protect against proteolytic actions of Nagarse by preincubating the
mitochondria with natural endobiotic compounds such as CoA, acetyl-CoA, succinyl-
CoA, methylmalonyl-CoA and propionyl-CoA inhibitors or with palmitoyl-CoA
and carnitine the other natural substrates of CPT-I.31 Data presented in Fig. 1 shows
that succinyl-CoA and methylmalonyl-CoA protect against the actions of Nagarse
but not to the same extent as malonyl-CoA; however, propionyl-CoA offered no
protection and CoA and acetyl-CoA not only did not protect but, in fact, enhanced the
proteolytic actions of Nagarse. Preincubation of CPT with carnitine gave no protection
against the actions of Nagarse but preincubation with palmitoyl-CoA enhanced
proteolysis in a similar manner to CoA and acetyl-CoA. These data offer additional proof
that malonyl-CoA, succinyl-CoA, and methylmalonyl-CoA bind to a site that is distinct
from the substrate binding site to alter proteolytic effects and that acetyl-CoA and pro-
pionyl-CoA bind, as CoA does, to the active site. Substrate of the CPT reaction cause a
probable conformational change in the enzyme that results in increased proteolytic
effects.

1.4. Kinetic Analysis of CPT-I Inhibition Using Pairs of Inhibitors

On the basis of competitive binding alone, it has been concluded that all analogues
of malonyl-CoA bind to the same site.21 Since our proteolysis data did not support the
conclusion that all inhibitors of CPT-I act at a common site, we performed additional
studies in which pairs of CPT-I inhibitors were analyzed.32 The theory behind double
inhibitor studies has been developed by Yonetani and Theorell.34 In their studies two
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inhibitors were present at the same time, but the concentration of one inhibitor was kept
constant while the concentration of the second inhibitor was varied. From the shape of
a plot of 1/activity vs the inhibitor concentration, it is possible to deduce whether the
two inhibitors compete for the same site (the two lines are parallel), or bind at two
independent sites (the two lines converge). We used this procedure to study the effects of
CoA with malonyl-CoA and HPG with malonyl-CoA in control and Nagarse treated
mitochondria.32 Using a system in which the concentration of malonyl-CoA was varied
but the concentration of CoA was kept fixed at for the control system it was
observed that as the concentration of malonyl-CoA was varied at a fixed concentration
of CoA, the plots converged consistent with two inhibitors binding at two different sites.34

This suggests that malonyl-CoA binds at a specific malonyl-CoA binding site (or with a
malonyl-CoA binding protein) that is quite different from the active (acyl-CoA binding)
site, while CoA inhibits CPT activity by binding at the acyl-CoA binding site. However,
after Nagarse treatment, this plot gave two parallel lines indicating that both inhibitors
were now binding to the same site. The suggestion here is that Nagarse eliminates
to a large extent the malonyl-CoA binding site (or the malonyl-CoA binding protein) so
that both inhibitors must now be acting at one common site. Similar plots were obtained
when the concentration of malonyl-CoA was fixed and the concentration of CoA was
varied.32

With HPG a different picture emerged. The plots of 1/v as a function of HPG or
malonyl-CoA showed parallel lines in agreement with two inhibitors competing for one
site.34 After Nagarse treatment, these plots were also in accord with two inhibitors binding
at the same site.

Recent data of Fraser, Corstorphine, and Zammit35 using trypsin and proteinase K
treatment of intact mitochondria and outer-membrane-ruptured mitochondria suggest
that both the active site and the malonyl-CoA binding site are exposed on the cytosolic
side of the membrane and that CPT-I has two transmembrane domains. Thus, we have
conducted additional studies of the topology of CPT-I using intact hepatic mitochon-
dria and isolated mitochondrial outer membranes with Nagarse (subtilisin BPN’),
papain, and trypsin using a variety of incubation conditions.

2. MATERIALS AND METHODS

Male Sprague-Dawley rats (180–240g), obtained from Harlan Industries, Inc. (Indi-
anapolis, IN, U.S.A.), were fed Purina Rat Chow (Ralston Purina Co., Richmond, IN,
U.S.A.) and water ad libitum. On the day of the experiment, rats were killed by decapi-
tation and their livers were removed rapidly for preparation of mitochondria.

Intact mitochondria were isolated by the method of Johnson and Lardy36 with the
modifications previously published.17 Mitochondrial outer membranes were isolated by
the method of Parsons et al.37 and their purity assessed as described previously.16 Pro-
tease treatment of intact mitochondria and protection experiments were carried out as
described previously.19,20 Briefly, this method consisted of incubating the mitochondria
(5mg/ml), and outer membranes (1 mg/mL) with Nagarse at 37°C for 10min
after which the proteolytic activity was stopped by addition of of 20% (w/v)
BSA/mL of incubation volume plus 40mL of ice-cold isolation medium. After centrifu-
gation (5,600 xg for 10min), the mitochondria were resuspended (4mg/mL) in isolation
medium and used as indicated. Protein determination was by a biuret method.38 In some
experiments intact mitochondria or the isolated outer membranes were first incubated
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with malonyl-CoA at the concentrations indicated at 37°C for 5min prior to protease
treatment. In those experiments the inhibitors were present during protease treatment,
but were removed by the washing procedure.

Carnitine palmitoyltransferase was assayed using the method of Bremer11 as modi-
fied and reported previously.14 Each assay contained, in a total volume of 1 mL:82mM
sucrose, 70mM KC1, 70mM imidazole, 1µ g antimycin A, and 2mg bovine serum
albumin. For assaying the outer CPT each assay also contained 0.5 mM L-carnitine (0.4
mCi of L-[methyl-3H] carnitine) and 40µM palmitoyl-CoA. Inhibitors were added at the
concentrations indicated in legends to tables and figures. Adenylate kinase was assayed
using the procedure of Bergmeyer39 as modified by Janski and Cornell.40

Palmitoyl-CoA, imidazole, L-carnitine hydrochloride, EDTA, acetyl-CoA, ATP,
AMP, KC1, NADH, MgCl2, oxaloacetate, phosphoenolpyruvate, pyruvate kinase, lactate
dehydrogenase, 5,5’-dithiobis-(2-nitrobenzoic acid), essentially fatty acid-free bovine
serum albumin, malonyl-CoA, Nagarse (subtilisin BPN’, P 4789), papain (P 4762) and
trypsin (T 0134) were purchased from Sigma(St. Louis, MO, U.S.A.). Catalogue numbers
are given in parentheses following each protease. L-[methyl-3H]Carnitine hydrochloride
was obtained from Amersham Corp. (Arlington Heights, IL, U.S.A.). Hydroxy-phenyl-
glyoxylate was a gift from Pfizer (Sandwich, Kent, U.K.). Ro 25-0187 was a gift from Dr.
Guy Heathers (Hoffman-LaRoche, Nutley, NJ, USA) and (+)-Hemipalmitoylcarnitinium
was a gift from Dr. Richard D. Gandour (Virginia Polytechnic Institute and State Uni-
versity, Blacksburg, VA, USA).

3. RESULTS AND DISCUSSION

Figure 2 shows the effects of Nagarse on CPT-I activity and inhibition by malonyl-
CoA as a function of incubation time. As shown, incubation of intact mitochondria up
to 30 minutes in absence of Nagarse has no significant effect on CPT-I activity or
malonyl-CoA inhibition. However, when the mitochondria is treated with 5µ g/mL of
Naragse, both CPT-I activity and malonyl-CoA inhibition decrease as a function of
incubation time. As reported earlier,19,20 treatment of intact mitochondria with 5µg/mL
of Nagarse up to 10min at 37°C has little effect on CPT-I activity but the magnitude of
malonyl-CoA inhibition is significantly reduced. These data suggest that the malonyl-
CoA binding domain is exposed to Nagarse on the cytosolic side of the outer membrane,
while the acyl-CoA binding domain is not, that is, it is facing the inter membrane
space. However, when the incubation time is increased, CPT-I activity decreases even
further and by 30min it has decreased by about 60%. Malonyl-CoA has no inhibitory
effects after 30min of incubating the intact mitochondria with Nagrase at this
concentration.

The fact that CPT-I activity is now decreased by such a large amount suggests that
either the acyl-CoA binding domain is facing the cytosol and it needed more time for the
protease to act upon it, or that the outer membrane is ruptured allowing exposure of the
acyl-CoA binding domain to the protease. These observations also suggest that proteol-
ysis of the intact mitochondria with Nagarse is affecting the apparent Ki for malonyl-
CoA inhibition. To address this question, Dixon plots41 were constructed as reported
previously.42 The data presented in Fig. 3 shows that exposure of intact mitochondria to
Nagarse increases the apparent values for malonyl-CoA. This is an important obser-
vation since changes in the apparent values for malonyl-CoA inhibition have also been
reported in such states as starvation13 and diabetes.14,15
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Effects of trypsin (10µ g/mL) on CPT-I activity time course were similar to those
of Nagarse, but there was no corresponding loss of malonyl-CoA inhibition even when
the enzyme activity had been destroyed by about 60%, Figure 4. This data is in contrast
to a recent report by Fraser et al.35 suggesting that trypsin at a concentration of 10µg/mL
has no effect on CPT-I activity. Their data is presented as percent activity as a function
of exposure time to trypsin with no indication of the specific activity of the enzyme before
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trypsin treatment. In our studies presented in Fig. 4, it is interesting to note that if the
isolation medium was changed from 250mM sucrose to 150mM KC1, then loss of CPT-
I activity as a function of exposure time to trypsin was much faster and also greater. This
suggests that changes in salt concentration may some how expose the acyl-CoA binding
domain to trypsin even further. However, the KC1 medium had no effect on malonyl-
CoA inhibition as was observed when sucrose was the isolating/incubation medium.

Nagarse treatment of the intact mitochondria did not alter the integrity of the mito-
chondrial outer membrane, since adenylate kinase which is an intermembrane space
enzyme was not released, Figure 5. However, exposure of the intact mitochondria to
trypsin caused release of adenylate kinase in a concentration dependent manner. These
data suggest that trypsin has damaged the mitochondrial outer membrane, possibly
allowing exposure of CPT active domain to trypsin within the outer membrane. Prein-
cubation of the intact mitochondria with malonyl-CoA prior to trypsin treatment did
not protect against loss of adenylate kinase (data not shown) but did protect against loss
of CPT-I activity as reported before [19,20].

Effects of Nagarse and trypsin on CPT activity and malonyl-CoA inhibition using
swollen mitochondria are presented in Figure 6. Swelling alone without any protease
treatment slightly increased CPT activity suggesting possible rupture of the mitochon-
drial inner membrane and exposure of CPT-II. Malonyl-CoA inhibition is reduced from
92 ± 1% in unswollen state to 60 ± 2% when swollen, again suggesting exposure of CPT-
II or a conformational change in the malonyl-CoA binding domain such that the ligand
does not have full access for optimum effects. Nagarse treatment of the swollen mito-
chondria did not increase CPT-I activity any further, however, malonyl-CoA inhibition
was reduced even more. Exposure of the swollen mitochondria to trypsin had no addi-
tional effects on CPT-I activity or malonyl-CoA inhibition. These data suggest that whilst
the mitochondria is in the swollen state, the malonyl-CoA binding domain is further
exposed to Nagarse on the cytosolic side of the membrane and that the protease has
limited access to the acyl-CoA binding domain that is either within the membrane or
facing the inter membrane. These data further suggest that it is unlikely for CPT-II to be
exposed as the result of swelling since the increase in CPT activity is very small even
though malonyl-CoA inhibition is much less in this state. Figure 6 also shows the results
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of preincubating the swollen mitochondria with 50µM malonyl-CoA prior to Nagarse
treatment. Our previous data had shown that preincubation of the intact mitochondria
with malonyl-CoA protects against proteolytic actions of Nagarse.19,20 Here we see that
the protection is very limited, malonyl-CoA inhibition is now about 40% instead of being
about 10% (compare conditions 5 and 7 in Figure 6). This means that under these con-
ditions some domain of the CPT protein that is involved in malonyl-CoA inhibition is
still exposed to Nagarse.

Using isolated mitochondrial outer membranes, Nagarse at increasing concentra-
tions up to 40µg/mL had very little effect on CPT-I activity, Fig. 7 panel A, but the
inhibitory effects of malonyl-CoA were reduced in a dose dependent manner still sug-
gesting that while the malonyl-CoA domain is accesible to Nagarse, the acyl-CoA domain
is not, Fig. 7 panel B. However, when the concentration of Nagarse was increased to 200
µg/mL, CPT-I activity was reduced significantly with malonyl-CoA inhibition being
almost zero, Fig. 7 panels A and B. These data suggest that the malonyl-CoA binding
domain is completely destroyed by this concentration of Nagarse and that the acyl-CoA
binding domain is facing outwards and it needs a higher concentration of Nagarse to
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chew it up or that at this concentration Nagarse is able to compromise the outer mem-
brane vesicle, get inside and have access to the acyl-CoA site. Trypsin up to concentra-
tions of 400µg/mL had no effect on CPT-I activity of the outer membranes, Fig. 7 panel
C, or the malonyl-CoA sensitivity (data not shown).

Effects of papain on CPT-I activity of the outer membranes were very similar to
those of Nagarse (data not shown). Papain also caused a concentration dependant loss
of malonyl-CoA inhibition with the outer membranes similar to that seen with Nagarse,
Figure 8. We had previously shown that it was possible to protect against the proteolytic
actions of these proteases by preincubating the mitochondria with malonyl-CoA prior
to protease treatment. The same general observation is true when isolated outer mem-
branes are used. Data shown in Fig. 8 shows protection against proteolytic actions of
papain by preincubation of the outer membranes with malonyl-CoA. When the outer
membranes were incubated with relatively low (5µg/mL) concentrations of any of the
proteases and then co-sonicated, CPT-I activity was significantly reduced (data not
shown). These observations suggest that co-sonication breaks open the outer membrane
vesicles so that the protease can have access to the acyl-CoA binding domain.

4. SUMMARY

Our earlier work using intact mitochondria and isolated mitochondrial outer mem-
branes confirms the observations of Murthy and Pande7 that CPT-I is located on the
mitochondrial outer membranes and supports the notion that this enzyme has a malonyl-
CoA binding domain facing the cytosol and an acyl-CoA binding domain facing the inter



40 K. Kashfi and G. A. Cook

membrane space. Our data also suggests that coenzyme A binds at the active site of CPT-
I, as does acyl-CoA, 2-bromopalmitoyl-CoA, and (+)-hemipalmitoylcarnitinium, but
malonyl-CoA does not bind at that site. Inhibition of CPT-I at the malonyl-CoA binding
site by HPG and Ro 25-0187, which have no CoA moiety, contributes to a resolution of
this question in that the CoA itself is not essential for the binding of malonyl-CoA to
its regulatory site, but the dicarbonyl function which is present in malonyl-CoA, HPG,
and Ro 25-0187 is absolutely essential.

Our re-evaluation of the topology of hepatic mitochondrial CPT-I confirms the
original observations that this enzyme has at least two different binding domains, one
domain binding malonyl-CoA, HPG, and Ro-25-187 and the other domain binding acyl-
CoA and other inhibitors of CPT-I. Furthermore, the malonyl-CoA binding domain is
exposed to the cytosolic face of the membrane. Our data showing that treatment of the
intact mitochondria with trypsin causes release of adenylate kinase which indicates that
trypsin has damaged the mitochondrial outer membrane, possibly allowing trypsin to
enter the intermembrane space and act on CPT from within the outer membrane. Since
trypsin’s action is limited to arginine and lysine residues, an alternative explanation could
be that the portion of the protein domain responsible for malonyl-CoA inhibition may
not contain these residues. The latter explanation is plausible, since malonyl-CoA was
able to protect against loss of activity and sensitivity to inhibition, but did not protect
against loss of adenylate kinase, suggesting that rupture of the outer membrane is not
necessarily related to loss of CPT activity. These results suggest that some protein domain
that is necessary for CPT activity is exposed on the outer surface of the outer membranes.
Therefore, it seems likely that trypsin would have to be able to hydrolyse protein domains
of CPT that are inaccessible to Nagarse and papain.
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1. INTRODUCTION

Mitochondrial fatty acid oxidation in liver provides a major source of energy to
this organ and supplies extra-hepatic tissues with ketone bodies as a glucose-replacing
fuel.1,2 Carnitine palmitoyltransferase I (CPT I), the carnitine palmitoyltransferase of the
mitochondrial outer membrane, catalyzes the translocation of long-chain fatty acids into
the mitochondrial matrix.1–5 Moreover, recent determination of flux control coefficients
of the enzymes involved in hepatic long-chain fatty acid oxidation shows that CPT I plays
a pivotal role in controlling the flux through this pathway under different substrate con-
centrations and patho-physiological states.6,7 CPT I is subject to long-term regulation in
response to alterations in the nutritional and hormonal status of the animal.1,2,5 Short-
term control of CPT I activity involves inhibition by malonyl-CoA, the product of the
reaction catalyzed by acetyl-CoA carboxylase.8 Since the latter enzyme is a key regula-
tory site of fatty acid synthesis de novo (cf.1–5), malonyl-CoA inhibition of CPT I allows
an elegant explanation for the coordinate control of the partition of hepatic fatty acids
into esterification and oxidation. As a matter of fact, evidence has accumulated during
the last two decades highlighting the physiological importance of malonyl-CoA inhibi-
tion of CPT I not only in liver but also in extra-hepatic tissues.1,5
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Recently, however, a novel mechanism of control of hepatic CPT I activity has been
put forward. Studies using permeabilized hepatocytes have shown that various agents
exert short-term changes in CPT I activity in parallel with changes in the rate of long-
chain fatty acid oxidation.3,9 These short-term changes in hepatic CPT I activity are
assumed to be mediated by a malonyl-CoA-independent mechanism, since they survive
cell permabilization, extensive washing of the permeabilized cells (to allow complete
removal of malonyl-CoA) and subsequent preincubation of the cell ghosts at 37°C before
determination of CPT I activity (to allow recovery of the original conformational state
of CPT I).10 Evidence has also been presented showing that the stimulation of hepatic
CPT I by the phosphatase inhibitor okadaic acid (OA), used as a model compound to
study the short-term regulation of CPT I, does not involve the direct phosphorylation
of CPT I.1 0 It has been recently shown that the OA-induced stimulation of CPT
I is prevented by KN-62, an inhibitor of calmodulin-dependent protein kinase II

and by taxol, a stabilizer of the cytoskeleton.12 These observations
suggest that both activation of CM-PKII and disruption of the cytoskeleton
may be necessary for the OA-induced stimulation of CPT I to be demonstrated. It is con-
ceivable that these two processes may be related, since CM-PKII is one of the protein
kinases more actively involved in the control of the integrity of the cytoskeleton by
phosphorylating cytoskeletal proteins.13 However, the events underlying this novel
mechanism of control of CPT I activity are as yet unknown. The present paper sum-
marizes the studies we have recently performed to determine the possible role of
cytoskeletal components in the malonyl-CoA-independent short-term control of hepatic
CPT I activity.

2. EXPERIMENTAL EVIDENCE FOR THE INVOLVEMENT OF
CYTOSKELETAL COMPONENTS IN THE CONTROL OF
HEPATIC CPT I ACTIVITY

A number of reports have recently described the existence of specific interactions
between the mitochondrial outer membrane and cytoskeletal elements (reviewed in
refs.14,15). In the context of CPT I regulation, OA activates hepatic CPT I9 and disrupts
the cytoskeleton of hepatocytes by causing hyperphosphorylation of cytoskeletal pro-
teins.16 The most important observations that strenghten the notion that extra-
mitochondrial cell components (most likely cytokeratin intermediate filaments) are
involved in the control of hepatic CPT I activity are the following:

(i) Permeabilized hepatocytes were treated with trypsin in very mild conditions
and CPT I activity was subsequently determined. As shown in Fig. 1, when
hepatocytes were incubated without further additions and then permeabilized
with digitonin, trypsin was able to stimulate CPT I by approximately 50% in
these cell ghosts. Preincubation of hepatocytes with OA led to a similar acti-
vation of CPT I in the permeabilized-cell system (Fig. 1). However, trypsin was
unable to produce any further stimulation of CPT I in ghosts prepared from
OA-pretreated hepatocytes (Fig. 1). The cytoskeletal stabilizer taxol has been
shown to prevent the changes in hepatic CPT I activity induced by a number
of cellular effectors including OA.12 Likewise, when hepatocytes were pre-
treated with OA in combination with taxol, the stimulatory effect of trypsin
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was evident (results not shown). I t was also shown that trypsin does not cleave
CPT I under the experimental conditions used (Fig. 1).

(ii) Hepatocytes were incubated with colchicine (a microtubule disruptor),
cytochalasin B (a microfilament disruptor), or IDPN (an intermediate-filament
disruptor). As shown in Table 1, neither colchicine nor cytochalasin B affected
CPT I activity. In contrast, IDPN produced a significant increase in CPT I
activity (Table 1). Interestingly, the effects of IDPN and OA were basically non-
additive (Table 1). Furthermore, stabilization of the cytoskeleton with taxol
prevented the stimulation of CPT I induced by IDPN and OA, either alone or
in combination (Table 1). It should be pointed out that neither taxol nor IDPN
changed by themselves the malonyl-CoA concentration in hepatocytes (Table
1). In addition, neither of these two compounds affected the OA-induced
decrease of intracellular malonyl-CoA levels (Table 1).

(iii) Two cytoskeletal fractions were isolated from rat hepatocytes to study their pos-
sible inhibitory effect on CPT I. One of them (Fraction I) was a total-
cytoskeleton fraction, whereas the other (Fraction I I ) was a cytokeratin-
enriched fraction. Isolated hepatic mitochondria were then incubated with the
cytoskeletal fractions and CPT I activity was subsequently determined. As
shown in Fig. 2, the two cytoskeletal fractions produced a dose-dependent inhi-
bition of CPT I activity. In agreement with the effect of IDPN described above,
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the fraction that was more enriched in intermediate-filament components
(Fraction II) produced a more potent inhibition of CPT I (Fig. 2).

In short, all these data suggest that disruption of interactions between CPT I and
cytoskeletal component(s) may de-inhibit CPT I and, therefore, increase enzyme activity.
This is in line with the current notion that the dynamics and intracellular distribution of
mitochondria in living cells may result from specific interactions of mitochondria with
components of the cytoskeleton.14,15 In the case of rat-brain mitochondria, accruing evi-
dence indicates that specific interactions occur between mitochondrial-outer-membrane
proteins and cytoskeletal proteins. A well described example being the interaction
between porin, microtubule-associated protein 2, and the neurofilamental proteins NF-
H and NF-M.15,17 The existence of direct contact sites between intermediate filaments
and the mitochondrial outer membrane has been reported not only in neurons, but also
in smooth muscle myocytes and adrenal cortex cells.14,15 As far as we know, although rat-
liver mitochondria have been shown to interact with microtubules,15 direct evidence for
their interaction with intermediate filaments is still lacking.

It has been suggested that a function of the interactions between mitochondria and
intermediate filaments may be to locate mitochondria in precise sites within the cell.14,15

This idea is based on experiments showing a parallel redistribution of mitochondria and
intermediate filaments upon cell exposure to agents that disrupt intermediate filaments
or in certain stress situations.15,18 The mitochondrial alterations observed in desmin-null
mice also support this hypothesis.19 Since the organization of intermediate filaments
changes dramatically in a number of liver pathologies,19,20 our observations predict that
CPT I activity as affected by cytoskeletal components may change under patho-
physiological situations in which the organization of the cytoskeleton is altered, e.g. in
transformed cells. In this respect, Paumen et al. have observed that inhibition of CPT I
with etomoxir leads to a stimulation of ceramide synthesis and to palmitate-induced cell
death.21 These authors suggested that cells that express high CPT I activity are expected
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to withstand palmitate-induced apoptosis.21 Thus, we have recently observed that CPT I
specific activity is similar in mitochondria isolated from hepatoma cells and normal hepa-
tocytes, but just about half in permeabilized hepatocytes than in permeabilized hepatoma
cells; in addition, CPT I is not activated by OA in hepatoma cells.22 These observations
support the notion that in hepatocytes OA liberates CPT I from certain constrictions
imposed by extra-mitochondrial cell components that do not operate either in isolated
mitochondria or in transformed liver cells. Whether liberation of CPT I from those poten-
tial constrictions may help hepatoma cells to escape from apoptosis is currently under
study in our laboratories. It is worth noting anyway that treatment of hepatocytes with
OA -a well-known tumour promoter-renders a “CPT I regulatory phenotype” similar to
that shown by hepatoma cells.

3. EXPERIMENTAL EVIDENCE FOR THE INVOLVEMENT OF
CM-PKII IN THE CONTROL OF HEPATIC CPT I ACTIVITY

CM-PKII is one of the protein kinases more actively involved in the control
of the integrity of the cytoskeleton by phosphorylating cytoskeletal proteins.13 CM-
PKII becomes constitutively activated when autophosphorylated in key serine or threo-
nine residues on the autonomy site of the enzyme.13 Autophosphorylation is sufficient
to disrupt the autoinhibitory domain of CM-PKII, leading to a permanent de-
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inhibition of the kinase.13 It is thus conceivable that permanent activation of CM-
PKII ensues upon inhibition by OA of the phosphatases involved in the dephosphory-
lation (= deactivation) of CM-PKII. CM-PKII autophosphorylation has
indeed been demonstrated in hepatocytes upon challenge to OA.11 We have recently
obtained further evidence for the existence of a link between CM-PKII and the
cytoskeleton in the context of CPT I regulation. This notion is based mostly on the fol-
lowing observations:

(i) Purified autophosphorylated CM-PKII was directly added to isolated
mitochondria or permeabilized hepatocytes and CPT I activity was determined.

CM-PKII was able to significantly stimulate CPT I in permeabilized cells
(140 ± 8% stimulation) but not in isolated mitochondria (6 ± 7% stimulation).

( i i) We next attempted to reconstitute the whole-cell experimental system in a
simple manner by incubating isolated mitochondria together with cytoskeletal
Fraction II and purified CM-PKII. As shown in Fig. 3, the inhibition of
CPT I produced by exposure of isolated mitochondria to cytoskeletal Fraction
I I was reverted by addition of exogenous CM-PKII.

(i i i) Intact hepatocytes were labelled with and cytokeratins were immunopre-
cipitated. As shown in Fig. 4, two major cytokeratin bands were phospho-
rylated upon hepatocyte challenge to OA. These two bands were assigned to
cytokeratins 8 and 18 on the basis of their molecular mass (54 and 45kDa,
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respectively) and high abundance in rat liver (e.g.23,24). Moreover, the OA-
induced phosphorylation of these two bands was prevented by KN-62, the

CM-PKII inhibitor that antagonizes the OA-induced stimulation of CPT
I.11 We also showed by Western blotting that the labelled bands do, indeed,
correspond to cytokeratins 8 and 18, and not to proteins which have co-pre-
cipitated with the cytokeratins, and that cytokeratins 8 and 18 become signifi-
cantly phosphorylated upon exposure of intact hepatocytes to OA (6mol of
phosphate incorporated per mol of cytokeratin 8, and 3mol of phosphate
incorporated per mol of cytokeratin of 18).

In short, the present data point to the existence of a link between CM-PKII
and the cytoskeleton in the context of CPT I regulation. Phosphorylation of cytokeratin
intermediate filaments by CM-PKII in whole cells has been shown to lead to the
disruption of these structures,23,24 and, therefore, this observation fits with the OA- and
IDPN-induced stimulation of CPT I. It is worth noting that neither cAMP-dependent
protein kinase nor protein kinase C affected CPT I activity in permeabilized hepatocytes
in spite of their ability to phosphorylate cytokeratins in vitro.23,25,26 However, several lines
of evidence indicate that neither of these two protein kinases play an important role in
the direct control of intermediate filament integrity in intact hepatocytes. Thus, it has
been shown that protein kinase C may be responsible for maintaining basal levels of phos-
phorylation of cytokeratins 8 and 18 without altering cytokeratin filament assembly.25 As
a matter of fact, exposure of intact hepatocytes to phorbol esters induces cytokeratin
phosphorylation but does not alter organization of intermediate filaments filament,
which appear as fully assembled networks.26 In addition, phosphopeptide maps of hepatic
cytokeratins phosphorylated in vivo and in vitro clearly indicate that cAMP-dependent
protein kinase is not much involved in cytokeratin phosphorylation in intact cells.23 In
contrast, and in line with data in the present paper, CM-PKII has been shown to
play a major role in the phosphorylation and functional integrity of hepatic cytokeratins
in vivo.23 It has been also suggested that activation of CM-PKII (and not of other
protein kinases) is responsible for the OA-induced disruption of hepatocyte cytoskele-
ton.16 All this points to a functional involvement of this protein kinase in the control of
the integrity of hepatic cytoskeleton.
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4. MALONYL-COA-DEPENDENT AND MALONYL-COA-
INDEPENDENT CONTROL OF CPT I ACTIVITY

Together with previous observations,10–l2 the present data allow to design a model
that explains the OA-induced malonyl-CoA-independent control of hepatic CPT I. As
shown in Scheme 1, OA may activate CM-PKII by increasing its degree of phos-
phorylation upon inhibition of protein phosphatases 1 and 2A; this effect would be over-
come by KN-62, an inhibitor of CM-PKII autophosphorylation. Activated

CM-PKII would phosphorylate cytoskeletal components, perhaps cytokeratins 8
and 18, thereby disrupting putative inhibitory interactions between the cytoskeleton and
CPT I. Stimulation of CPT I upon disruption of the cytoskeleton would be also achieved
by challenge of intact hepatocytes to IDPN or by treatment of permeabilized hepato-
cytes with trypsin in mild conditions. Stabilization of the cytoskeleton with taxol may
prevent the malonyl-CoA-independent acute stimulation of CPT I.

It is obvious that the notion that fatty acid translocation into mitochondria may
be controlled by modulation of the interactions between CPT I and cytoskeletal com-
ponents (i.e. by a malonyl-CoA-independent mechanism) does not diminish the impor-
tance of malonyl-CoA as a physiological modulator of CPT I activity.5,8 On one hand,
since the pioneering work of McGarry and coworkers,8,27 changes in long-chain fatty acid
oxidation under many different patho-physiological situations have been shown to be
linked to changes in intracellular malonyl-CoA concentration and/or changes in the sen-
sitivity of CPT I to malonyl-CoA.1,2,5 On the other hand, several observations suggest
that malonyl-CoA-dependent and malonyl-CoA-independent acute control of hepatic
CPT I activity might operate in concert. Firstly, we have recently shown that stimulation
of the AMP-activated protein kinase—a major protein kinase involved in the control of
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hepatic lipid metabolism—leads to an activation of hepatic CPT I by malonyl-CoA-
dependent and malonyl-CoA-independent mechanisms.28 Secondly, a fraction of hepatic
acetyl-CoA carboxylase, the enzyme responsible for the synthesis of malonyl-CoA, has
been recently suggested to be bound to the cytoskeleton.29 Thirdly, it has been put forward
that the 280-kDa isoform of acetyl-CoA carboxylase might interact with the outer leaflet
of the mitochondrial outer membrane in order to channel malonyl-CoA for CPT I inhi-
bition.30 Fourthly, the recent observation that the bulk of the CPT I protein seems to face
the cytoplasmic side of the mitochondrial outer membrane31 makes more likely that inter-
actions between CPT I and cytoskeletal components might occur. Although the physio-
logical role of the malonyl-CoA-independent mechanism of regulation of hepatic CPT
I activity is as yet unknown, it is worth noting that hormonal challenge of hepatocytes
(e.g. glucagon, insulin) leads to changes in CPT I activity that parallel changes in long-
chain fatty acid oxidation and that are retained after washing of the permeabilized cells.1

In the context of the emerging role of cytoskeletal filamentous networks in intracellular
signaling,32 current research in our laboratories is focussed on the possible existence of a
coordinate control of CPT I and acetyl-CoA carboxylase activities by modulation of
interactions between the cytoskeleton and the mitochondrial outer membrane.
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1. INTRODUCTION

3-Thia fatty acids represent  fatty acid analogues in which a S atom
substitutes for the group in the chain. They are known to reduce serum tri-
acylglycerol and cholesterol.1 The hypolipaemia is detectable within 3 hours of adminis-
tration2 and is explained initially by an increase in mitochondrial and a
decrease in triacylglycerol secretion,3,4 followed by an increase in activity of peroxisomal

enzymes after ~12 hours.2

These fatty acids are taken up by hepatocytes at the same rate as normal fatty acids5

and they are also activated to CoA esters, but at only half the rate of normal fatty acids.6

They are substrates for carnitine palmitoyltransferase (CPT) I and make complexes with
acyl-CoA dehydrogenase,7 however, because of the sulphur atom they cannot be
oxidized.

Addition of tetradecylthioacetic acid (TTA) to isolated rat hepatocytes leads
to an increase in oxidation of palmitate5 and a strong decrease in de novo synthesis of
fatty acids5 and cholesterol (Risan, K.A. & Spydevold, Ø., unpublished results).
Hepatocytes isolated from rats 24 hours after administration of TTA show also an ele-
vated activity of CPT I.8 However, little is known about the acute effects of 3-thia fatty
acids.

In the present work we have studied effects of 3-thia fatty acids on
and CPT I activity in freshly cultured (4–6 hours) rat hepatocytes. By using
digitonin-permeabilized cells9 we were able to measure CPT I activity directly in
hepatocytes which are possibly a more physiologically relevant system than isolated
mitochondria.
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2. RESULTS

When 3-thia fatty acids are added to isolated hepatocytes they stimulate fatty acid
oxidation (Fig. 1). The strength of this effect depends on the chain length of 3-thia fatty
acid used. Dodecylthioacetic acid (DTA) and tetradecylthioacetic acid (TTA) are most
potent, shorter and longer 3-thia fatty acids have a reduced effect.

When palmitate is used as substrate the addition of equimolar amounts of DTA
stimulates the oxidation ~3 fold (Fig. 2A). With the shorter laurate as substrate (Fig. 2B)
the effect decreases and is no longer detectable with octanoate (Fig. 2C). This pattern of
responsiveness suggests that 3-thia fatty acids affect the mitochondrial CPT system, since
oxidation of long fatty acids, in contrast to short ones, is dependent on the transport of
acylcarnitines across the mitochondrial inner membrane.

Incubation of hepatocytes with DTA results in a very rapid activation of CPT I,
which reaches its maximum already after 10min (Fig. 3A). Malonyl-CoA sensitivity
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remains unchanged with a 65–70% inhibition throughout the whole period of incuba-
tion. When DTA is removed from the medium there is a rapid decrease in activity of CPT
I with halving of the stimulatory effect observed after ~20min (Fig. 3B).

Incubations with palmitic acid gives also some stimulation of CPT I activity, but
much smaller compared to DTA (Fig. 4). Incubation with an oxo derivative with the same
chain length as DTA gives stimulation comparable to DTA.

3. DISCUSSION

It has been shown in feeding experiments that TTA, only 3 hours after adminis-
tration, causes a drop in blood lipids, primarily by affecting mitochondrial

We now have shown that the main target for the short-term effect of 3-thia fatty
acids is a reversible activation of CPT I which is stimulated ~3–4 fold in freshly activated
hepatocytes. This stimulation is a very fast process, which cannot be explained by gene
transcription. Maximal activity is reached after only 10min, a time too short for new
protein synthesis to take place. Consequently 3-thia fatty acids have to affect the already
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existing enzyme. This activation does not change the malonyl-CoA sensitivity. It is also
independent of level of malonyl-CoA in the cells because similar stimulation is observed
in hepatocytes from both fasted and fasted-carbohydrate refed rats (results not shown),
where malonyl-CoA levels are very different. This stimulation is not specific for thia fatty
acids but can be reproduced also by oxa fatty acids and partially by normal fatty acids.
This indicates that what we observe is probably a fatty acid effect, however, because of
slower metabolism of oxo and thia derivatives there is a higher concentration of them in
the cell and this may be the cause of this stronger effect.

The nature of this activation is unknown. Recently it has been suggested that
cytoskeletal components take part in the regulation of CRT I10 but it unknown whether
fatty acids can interfere with this system in the cells.
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1. MICROSOMAL CARNITINE ACYLTRANSFERASES

1.1. Background

The presence of carnitine acyltransferase (CAT) activity in liver microsomes was
first reported in 19761 and in 1990 it was reported that both rough and smooth endo-
plasmic reticulum from liver contained a CAT activity which was highly sensitive to
inhibition by malonyl-CoA2—a property more generally associated with the carnitine
palmitoyltransferase activity found in mitochondrial outer membranes . Subse-
quently, Murthy & Bieber3 purified a CAT activity from rat liver microsomes which exhib-
ited a of 50,000 on SDS polyacrylamide gel electrophoresis and of 54,000 on gel
filtration. However, this purified CAT activity was totally insensitive to malonyl-CoA and
was not irreversibly inhibited by etomoxiryl-CoA (see below).3,4 No immunological
cross-reactivity with any other known CAT could be demonstrated.4 At this stage there
was no reason to suppose that microsomes contained more than one CAT activity and
it appeared to us that the enzyme purified by Murthy & Bieber3 had, in some way, lost
malonyl-CoA sensitivity in the course of purification. However, this proved not to be the
case. Rather, we found that liver microsomes contained two CAT activities.5 One of these,
which we now designate as microsomal , was a malonyl-CoA-sensitive enzyme
whilst the other, which we now designate as microsomal , was a malonyl-CoA-
insensitive acyltransferase. After treatment of microsomes with deoxycholate these could
clearly be separated by gel filtration (Superdex 200) or by anion-exchange chromatogra-
phy (Resource Q) and discriminated by differences in their fatty acyl-CoA substrate
chain-length specificity.5 activity was mainly latent in 'intact' microsomes, but was

Current Views of Fatty Acid Oxidation and Ketogenesis: From Organelles to Point Mutations
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60 N. M. Broadway et al.

easily released by freezing and thawing in hypotonic buffer. By contrast, was overt
in microsomes having the 'outside-out' orientation, remained membrane-associated after
freezing and thawing and was only released by detergent. It was also irreversibly inhib-
ited by etomoxiryl-CoA. Solubilized activity eluted from a Superdex 200 column
in a peak corresponding to a of approximately 300,000 and is almost certainly asso-
ciated with numerous other membrane proteins at this stage. By contrast, solubilized

activity exhibited a Mr of approximately 60,000 on gel filtration—a value not
greatly different from that assigned to the malonyl-CoA-insensitive enzyme purified by
Murthy & Bieber.3 With hindsight, it seems likely that was not apparent in early
purification studies3,4 because the detergent used, octylglucoside, destroys this activity.5

By contrast, both CATA and CATB activities survive exposure to deoxycholate.5 A
parallel study by Murthy & Pande6 also provided evidence for distinct malonyl-CoA-
sensitive and—insensitive forms of CAT in liver microsomes based upon these having
different sub-microsomal localizations and different sensitivity to the inhibitor eto-
moxiryl-CoA. In addition Murthy & Pande6 suggested that the malonyl-CoA-sensitive

enzyme had a Mr of 47–50,000 because a labelled band was found at this posi-
tion on SDS polyacrylamide gel electrophoresis after treatment of microsomes with
[3H]etomoxiryl-CoA. However, we believe this assignment of for to be incor-
rect (see below). It has been suggested that is a stress-regulated protein, a member
of the thioredoxin superfamily which has been cloned and studied as the GRP58 (glucose
regulated protein), ERP61 or HIP-70 (hormone-induced protein).7,8 However, transient or
stable expression of the cDNA corresponding to GRP58/ERP61/HIP-70 in human kidney
293 cells or in HeLa cells results in very little increase in CAT activity8 and
GRP58/ERP61/HIP-70 expressed in baculovirus-infected Sf9 insect cells exhibits no CAT
activity.9 At this stage therefore, the identity of microsomal CATB remains in question.

1.2. Recent Studies on the Possible Identity of Microsomal CATA

Although CATA can be solubilized from rat liver microsomes using mild detergents
such as deoxycholate5 and reconstituted into liposomes of known phospholipid compo-
sition10 without loss of activity, further purification of the enzyme away from other mem-
brane components requires harsher conditions, which inactivate the enzyme. For example,
substantial further purification can be achieved by extraction into 8mM CHAPS with 4
M urea followed by anion-exchange chromatography and gel filtration (N. M. Broadway
& E. D. Saggerson, unpublished work) but the protein then has to be detected by
indirect means. Because of these difficulties, purification of microsomal to
homogeneity has not yet been achieved. It was during attempts to purify prior to
sequencing, that we arrived at the notion that microsomal and mitochondrial
may be very similar proteins.

1.2.1. Possible Detection of by Reaction with DNP-Etomoxiryl-CoA. Incubation
of rat liver microsomes (purified by sucrose-density gradient centrifugation) with
DNP-coupled etomoxiryl-CoA, followed by SDS polyacrylamide gel electrophoresis of
membrane proteins and probing with an anti-DNP primary antibody, showed that DNP-
etomoxiryl-CoA inhibited activity by >95% and labelled several protein bands.11

Of these, it was particularly noteworthy that one had a Mr of 88,000, similar to liver
mitochondrial CPT ,1

12 and another had a of 49–50,000, similar to that assigned to
by Murthy & Pande.6 The abundance of the 88kDa polypeptide in both mito-

chondrial outer membranes and microsomes was increased 2–3 fold on fasting (24 hours)
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and these changes were paralleled by similar fold increases in the activities of mito-
chondrial CPT1 and microsomal  .11 By contrast, fasting decreased the abundance
of the 49-50 kDa microsomal band.11 These findings suggested that the 49–50kDa band
was unlikely to be and raised the possibility that a protein similar to mitochondr-
ial CPT1 was present in the microsomal membranes.

1.2.2. Possible Detection of with An Anti-CPT1 Antibody. More convincing
evidence for the presence of a polypeptide similar to CPT1 in microsomes was seen in
Western blotting studies. Here an antipeptide antibody against amino acids 428-441
(REEDPEASIDSYAK) of rat liver mitochondrial CPT1

13 (a generous gift from Dr.
V. A. Zammit) recognized, at roughly equal intensity, a single 88 kDa polypeptide in both
mitochondrial outer membranes and microsomes.11 On running samples of mitochondr-
ial outer membrane and microsomal membrane in the same gel lanes, it was observed
that the microsomal band had identical mobility to the mitochondrial CPT1 band.11 In
both types of membrane the intensity of this 88 kDa band was increased by fasting.11

Furthermore, Figure 1 shows a significant positive correlation (r = 0.761, P < 0.05)
between the specific activity of and the abundance (by Western blotting) of the 88
kDa polypeptide in liver microsomal membranes from fed and 24 hour-fasted rats and
from suckling rats. Measurements of marker enzyme activities allowed us to discount the
possibility that the 88 kDa band represented CPT1 from mitochondrial outer membrane
contaminating the microsomal preparation. Typically, our microsomal preparations were
contaminated less than 0.6% by mitochondrial outer membranes5 and, as calculated pre-
viously,5 less than 8% of the malonyl-CoA-inhibitable CAT activity of liver microsomal
membranes can be accounted for by CPT1 derived from mitochondria (i.e. more than
92% of the CAT activity of microsomal membranes must be due to an enzyme that is a
genuine resident therein).

At this point we began to form the hypothesis that microsomal might actu-
ally be CPT1 as a result of targeting of CPT1 to the endoplasmic reticulum as well as to
the mitochondrial outer membrane.

1.2.3. Liver Can Insert Into the Endoplasmic Reticulum in a Cell Free-System. The
cDNA for rat liver CPT1 (an integral protein in the mitochondrial outer membrane) pre-
dicts a polypeptide of 773 amino acids (88kDa).12 Unlike CPT2 (the latent mitochondr-
ial CPT), no N-terminal signal peptide is cleaved from nascent CPT1 during
mitochondrial import.12 The deduced sequences of both liver and muscle isoforms of
CPT1 (L-CPT1 and M-CPT1 respectively) contain two largely hydrophobic domains

Figure 1. Correlation between specific activity and the
abundance of a 88 kDa polypeptide in rat liver microsomes. See
text for further details.



62 N. M. Broadway el al.

encompassing amino acids 53–75 (TM1) and 103–122 in the rat liver sequence.12

A study of the topology of in situ in the liver mitochondrial outer membrane
using antibodies, proteases and immobilized substrates and inhibitors13 has provided
evidence suggesting that these two domains could traverse the membrane and that both
the N- and C-termini of the protein are oriented towards the cytosol. In addition, the
first 18 N-terminal amino acids of are absolutely conserved between and

12 suggesting that this N-terminal region may be very important in
structure/function and/or subcellular targeting.

Using reverse transcription PCR we have assembled cDNA clones encoding rat liver
11 A clone containing a premature stop codon was particularly useful. This encoded

amino acids 1–328, i.e. it contained the conserved N-terminus as well as both putative
domains and On translation in vitro, formation of the expected 36kDa
polypeptide product was observed.11 Of particular importance was the observation
that this in vitro translation product inserted into canine pancreatic microsomes. True
insertion was adjudged to have occurred because the truncated could not be
extracted on treatment of the membranes with Na2CO3 (0.1 M, pH 11.5) for 60 minutes
on ice.11 Furthermore, it seems likely that the insertion was cotranslational since, if pan-
creatic microsomes were only added after translation had been terminated with cyclo-
heximide, no truncated was recovered in the membrane pellet.11

reticulum membrane and emphasizes that the integration of the translation product
into import-competent microsomal membranes is a specific process. When a potential
N-glycosylation site was introduced on the C-terminal side of  at residue 182, there
was no change in the mobility on SDS polyacrylamide gel electrophoresis of the
membrane-inserted translation product.11 Since the canine pancreatic microsomes were
N-glycosylation-competent, it was, therefore, inferred that the N-glycosylation site was
oriented in a cytosolic fashion as shown in Figure 2. This would be expected if the overall
orientation of the truncated in the microsomal membrane was similar to that
deduced for in the mitochondrial outer membrane.13 Deletion from the DNA
construct of either the bases encoding the N-terminal amino acids 1–25 or the
bases encoding the domain did not abolish the ability of the translation products
to insert into microsomal membranes. We conclude that the N-terminus of
is not required for targeting the protein to the endoplasmic reticulum. We also suggest
that the domain may act as a signal-anchor sequence for insertion into the
endoplasmic reticulum, although this conclusion would be strengthened if work in
progress in our laboratory showed that deletion of this domain abolished microso-
mal insertion.

We, therefore, have evidence that is not at variance with the novel notion that L-
could target to both the endoplasmic reticulum and the mitochondrial outer mem-

brane. In which case, it is possible that  and microsomal are one and the same
protein. From our homology searches of expressed sequence tags it is possible to iden-
tify several clones encoding liver and muscle , but at present there no clones reported
which might encode a different (e.g. microsomal) isoform of However, as at present
there do not appear to be any clones encoding the extreme N-terminus of L- or
in the data base, we cannot formally exclude the possibility that splice variants of
might exist with different N-termini. Further experiments are needed to resolve this issue
but it is important to emphasize that the present work demonstrates that a polypeptide
with an identical N-terminal region to is capable of inserting into microsomal
membranes. If were to be promiscuous in its membrane targeting this would have

This is the predicted behaviour of an N-terminally anchored protein of the endoplasmic
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important implications both in the general cell biological sense and, specifically, with
regard to the regulation of assembly of VLDL triacylglycerol (see Section 3).

2. TRANSPORT OF FATTY ACYLCARNITINE ACROSS THE LIVER
MICROSOMAL MEMBRANE

Having and on either side of the microsomal membrane appears to
serve no obvious purpose unless, by analogy with the well-characterized mitochondrial
system,14–18 these are linked to some form of transport system to move fatty acylcarnitines
across the membrane. It is impractical to study directly the transport of radiolabelled
long-chain fatty acylcarnitines into or out of sealed microsomal vesicles because these
metabolites bind non-specifically to many cellular proteins. We, therefore, devised a way
to do this indirectly, based on the use of the lumenal enzyme ethanol acyltransferase
(EAT) as a ‘reporter’. In the endoplasmic reticulum EAT19,20 catalyzes the reaction:

palmitoyl-CoA + ethanol ethylpalmitate + CoASH.

Confirming,19 we demonstrated21 (Table 1) that exogenous palmitoyl-CoA was not
a substrate for EAT if the microsomal vesicles were sealed (based on >90% latency of
mannose 6-phosphatase). We also found that exogenous palmitoylcarnitine alone did not
provide acyl substrate for EAT. However, ethylpalmitate was readily made from exoge-
nous palmitoylcarnitine by sealed microsomes if exogenous free CoASH was simultane-
ously added (Table 1). These findings would be consistent with the presence of a transport
process which allowed palmitoylcarnitine to access the microsomal lumen, together with
a transport process for free CoASH, which is needed as co-substrate for CATB (Fig. 3).
Similarly (Table 1), EAT activity was demonstrated when palmitoyl-CoA + carnitine were
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Table 1. Use of ethanol acyltransferase as a lumen reporter enzyme to demonstrate
transfer of fatty acylcarnitine across the liver microsomal membrane.

Assays were performed at 30°C in 10mM Tris/HCl buffer (pH 7.4) containing 300mM
sucrose, bovine albumin (1 mg.ml-1), 10mMmgCl 2, 0.8mM EDTA and 1mM dithiothreitol.

Palmitoyl-CoA and palmitoylcarnitine were used at 40mM, CoASH at 100µM and carnitine at
200mM. All measurements were made with and without 123mM ethanol, with the difference

between these measurements indicating ethylpalmitate formation. To unseal microsomal vesicles,
alamethicin (10µg.ml-1) was added. Assays were initiated by the addition of 0.7mg of liver

microsomal protein. All values are means ± SEM.

added to sealed microsomes, provided free CoASH was also present. This latter route for
provision of acyl substrate for lumenal EAT activity would additionally involve the CATA

activity which is overt in sealed microsomal preparations (Fig. 3).
At present the transport processes required to move fatty acylcarnitine and free

CoASH from the cytosolic side to the lumenal side of the endoplasmic reticulum are
uncharacterized.

3. WHY IS THERE A NEED TO GENERATE FATTY ACYL-COA
THIOESTERS IN THE LUMEN OF THE ENDOPLASMIC
RETICULUM?

At present we do not know what contribution microsomal CATs or the transport
processes proposed in Fig. 3 make to the phenotype of the liver cell. A general involve-
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ment of fatty acyl-CoA in promoting transport of proteins through the Golgi apparatus
has been demonstrated22-24 and important secreted proteins, such as major histocompat-
ibility antigens, are known to be fatty acylated somewhere in the secretory pathway.25–28

It is also possible that some lumenal fatty acyl-CoA is needed for membrane biogenesis
or for remodeling of glycerolipids or sphingolipids. Certainly microsomal is not
confined to liver since we have demonstrated malonyl-CoA-inhibitable CAT activity in
kidney microsomal membranes that were freed of mitochondria by sucrose density gra-
dient fractionation (N. M. Broadway & E. D. Saggerson, unpublished work). In the
context of a lipoprotein secreting tissue such as liver (or small intestine), one can readily
envisage a role for fatty acyl-CoA in the endoplasmic reticulum lumen. Recent studies
suggest that the assembly of apoprotein B-containing lipoprotein particles occurs in two
stages.29-36 Apoprotein B is cotranslationally threaded through the rough endoplasmic
reticulum membrane and simultaneously acquires some core lipid in a process requiring
the microsomal triacylglycerol transfer protein (MTP).37,38 At this initial stage it is gen-
erally envisaged that the core triacylglycerol (TAG) may be transferred en bloc though
the rough endoplasmic reticulum membrane. However, the bulk of the particle TAG is
acquired later by a separate process, possibly in the lumen of the smooth endoplasmic
reticulum.36 In the main this bulk TAG acquisition is not by a direct, en bloc, transfer.
Rather, a cytosolic storage pool of TAG has to undergo complete39–41 or partial (to dia-
cylglycerol or monoacylglycerol)42 lipolysis before reassembly of the bulk TAG that is
secreted. From such labelling studies it is clear that the reassembly of the secreted TAG
must be catalyzed by enzymes that are spatially separated from those involved in the
assembly of the storage pool of TAG. A recent reevaluation of the topology of liver dia-
cylglycerol acyltransferase (DGAT) has shown that there are two microsomal pools of
DGAT; one oriented to each side of the ER membrane.43 We have recently confirmed
this observation (J. M. Gooding & E. D. Saggerson—unpublished work). Since diacyl-
glycerol can readily ‘flip’ across biological membranes (at least the erythrocyte mem-
brane44) one can readily envisage how endoplasmic reticulum lumenal TAG could be
reassembled from diacylglycerol and lumenal fatty acyl-CoA. It is well established that
insulin acutely suppresses hepatic secretion of VLDL TAG 41,45–48 and it is, therefore, of
note that insulin increases the hepatic level of malonyl-CoA49—an established inhibitor
of microsomal CATA. We have also shown that sulphonylurea drugs, which inhibit VLDL
TAG secretion at a post-lipolytic stage,41 similarly inhibit microsomal CATA.

50 In view of
the evidence implicating elevated plasma VLDL as a major risk factor for development
of atherosclerosis, it is important to clarify the roles played by the microsomal CATs and
their associated transport processes in VLDL assembly. Hitherto unrealized sites of reg-
ulation or therapeutic intervention may be revealed.
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ABSTRACT

(i) Highly purified mitochondrial fractions were practically devoid of microsomal
contamination and of acyl-CoA ligase activity. (ii) In mitochondria, glycerol-3-phosphate
acyltransferase (GPAT) activity was supported by two enzymes, the first being very active
at low palmitoyl-CoA / albumin ratios and sensitive to external agents (external form),
the second being detected only at higher palmitoyl-CoA / albumin ratios and insensitive
to external agents (internal form). (iii) Carnitine palmitoyltransferase I (CPT I) activity
was shown to inhibit external GPAT activity only. (iv) Glycerol-3-phosphate exerted an
inhibitory effect on CPT I, even when GPAT was inactive. Reciprocal interaction of CPT
I and GPAT was discussed with regard to the balance existing between fatty acid oxida-
tion and esterification metabolic pathways.

1. INTRODUCTION

In 1973, McGarry et al.1 inhibited carnitine acyltransferase with (+)-decanoylcar-
nitine in ketotic livers and showed that there was no fundamental defect in the esterifi-
cation system. They concluded that inhibition of esterification in livers of fasted or
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diabetic rats should be related to the level of mitochondrial fatty acid oxidation, but no
clear explanation was brought about to substantiate this idea. Carnitine palmitoyltrans-
ferase I (EC 2.3.1.21; CPT I) has been located in mitochondrial outer membranes,2 while
glycerol-3-phosphate acyltransferase (EC 2.3.1.15; GPAT) activity was detected both in
mitochondrial and microsomal fractions.3,4 The microsomal form was shown to be very
sensitive to N-ethylmaleimide contrary to the mitochondrial enzyme.5,6 Mitchell & Sag-
gerson7 suggested the existence in mitochondria of two pools of GPAT supported by
outer and inner membranes. As CPT I and GPAT activities constitute key steps of fatty
acid oxidation and esterification pathways, respectively, it was interesting to study the
way they might interfere, particularly at the mitochondrial level. Besides, as the differ-
ence of acyl-CoA ligase (EC 6.2.1.3; ACL) activity in microsomal and mitochondrial
fractions could affect differentially CPT I and GPAT activities, all using fatty acids acti-
vated by CoA as substrates, it was necessary to re-evaluate acyl-CoA ligase activity in
the mentioned purified fractions. It was shown that (i) in liver cells, mitochondrial CPT
I and GPAT are provided with acyl-CoAs by endoplasmic reticulum essentially (if not
exclusively), (ii) the mitochondrial GPAT form should be of physiological significance in
the balance of fatty acid fluxes towards pathways of oxidation and esterification and (iii)
CPT I should exert a direct regulatory effect on mitochondrial outer GPAT.

2. MATERIALS AND METHODS

2.1. Reagents

[U-14C]glycerol-3-phosphate was obtained from NEN Life Science Products (NEN,
Paris, France) and L-[methyl-3H]carnitine from Amersham Radiochemical Centre
(Amersham, Bucks., U.K.). Percoll was from Pharmacia LKB Biotechnology (Uppsala,
Sweden). Papain was from Boehringer (Meylan, France). All other biochemicals were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Chemicals obtained from
Prolabo (Paris, France) and Merck (Darmstadt, Germany) were of analytical grade.

2.2. Animals

Male rats of the Wistar strain were purchased from Dépré (Saint-Doulchard,
France). Animals had free access to tap water and food containing 5% lipids (pellets AO3-
type from U.A.R., Villemoisson/Orge, France). Rats used for preparing highly purified
mitochondrial fractions were starved for 20 h before sacrifice, while rats used for GPAT
measurements had constant access to food and drinking water.

2.3. Isolation of Subcellular Fractions

All the following operations were performed at 4°C. Livers were quickly removed
and transferred into medium containing 0.25 M sucrose, 10mM Tris-HCl and 1 mM
EGTA, pH 7.4. The tissue was minced and homogenized with 10 volumes of the above
medium containing 1% fatty acid-free albumin, with three brief strokes of a loose-fitting
Teflon pestle rotating at 300 rpm in a ice-cooled Potter-Elvehjem homogenizer.

2.3.1. Crude Mitochondrial Fraction (CMF). Part of the homogenate was spun down
at 2,500 rpm (JA-20 rotor; J-21 Beckman centrifuge) for 10min. The supernatant was cen-
trifuged at 13,000 rpm for 2 min and the mitochondrial pellet obtained was washed twice



Carnitine Palmitoyltransferase I and Glycerol-3-Phosphate Acyltransferase in Purified Liver Mitochondria 71

after resuspension in a medium containig 0.3M sucrose, 10mM Tris-HCl and 1 mM
EGTA, pH 7.4. The final pellet was suspended in 0.3 M sucrose.

2.3.2. Highly Percoll-purified Mitochondrial Fraction (HPMF). Last part of the
homogenate was spun down at 4,000 rpm and, immediately after, at 2,500 rpm for 10min.
The supernatant was added progressively with neutralized Percoll until 31% by
volume of the final mixture. This mixture (20ml) was layered on to the top of 20ml of
a medium containing 0.3 M sucrose, 10mM Tris-HCl and 1 mM EGTA, added with neu-
tralized Percoll (31% by volume of the final medium). After centrifugation at 20,000 rpm
for 20 min, the fluffy layer above a small cushion of Percoll at the bottom of the
tube was withdrawn, diluted with 0.25 M sucrose and centrifuged at 3,000 rpm for 10min.
The pellet was washed once more with 0.3 M sucrose, pH 7.4, and stored in the same
medium.

2.3.3. Treatment of Mitochondria by Papain. Mitochondrial protein (10mg) from
HPMF was exposed to various amounts of papain  in a medium contain-
ing 0.3M sucrose, 10mM Tris-HCl and 1 mM EGTA, pH 7.4 (in a total volume: 1.8ml)
for 15min in ice-cooled tubes. The treatment was stopped by the addition of 80 mg of
fatty acid-free albumin in 0.4ml of 0.3 M sucrose, then by dilution with 30ml of a
medium containing 0.25 M sucrose, 10mM Tris-HCl and 1 mM EGTA, pH 7.4, and cen-
trifugation at 13,000 rpm for 5 min. The pellet was washed once more and was stored in
0.3 M sucrose.

2.3.4. Microsomal Fraction (MCS). The supernatant above the first mitochondrial
pellet (see in CMF preparation) was centrifuged at 18,000 rpm for 20 min to precipitate
the remaining mitochondria, peroxisomes and part of microsomes, as indicated by
marker enzyme activities (data not shown). The supernatant was centrifuged at 40,000
rpm for 60 min (Ti-60 rotor; L8-55 Beckman centrifuge). The pellet was suspended with
the medium containing 0.25M sucrose, 10mM Tris-HCl and 1 mM EGTA, pH 7.4, and
was layered onto 4ml of 1.2M sucrose in stoppered 25 mi-tubes. The centrifugation as
above of the preparation allowed to separate the microsomal pellet from the bottom
translucent layer of glycogen. The pellet was stored in 0.25 M sucrose.

2.4. Biochemical Measurements

Activities of monoamine oxidase for mitochondria and aryl-ester hydrolase for
microsomes were estimated as Weissbach et al.8 and Beaufay et al.,9 respectively. The assay
used for acyl-CoA ligase activity was carried out as the procedure of Noy & Zakim,10 in
which the [l4C]palmitic acid substrate was bound to phosphatidylcholine. This very sen-
sitive reaction which requires less than protein, was stopped after 1 min. Glycerol-
3-phosphate acyltransferase (GPAT) and carnitine palmitoyltransferase I (CPT I)
activities were measured as Bremer11 and Bates & Saggerson,12 respectively. Palmitoyl-
CoA bound to fatty acid-free albumin was the common substrate. The incuba-
tion medium for GPAT is added with 0.4 mM L-carnitine in some experiments (to trigger
CPT I activity simultaneously), while the incubation medium for CPT I is added with 0.5
mM glycerol-3-phosphate in the last experiment (to trigger GPAT activity simultane-
ously). GPAT and CPT I assays were stopped after 7min.

Rapid protein estimations were performed by spectrophotometry13 just before
starting the incubations and were later corrected by the procedure using
bicinchoninic acid.14
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3. RESULTS

3.1. Purity of Mitochondrial Fractions and Acyl-CoA Ligase Activity

As shown in Table 1, crude mitochondrial fractions prepared by differential cen-
trifugation (as other slightly different conventional methods) appeared to exhibit pro-
nounced aryl-ester hydrolase (EC 3.1.1.2) activity. As this activity was found specifically
in microsomes,9 mitochondrial fractions prepared conventionally are always contami-
nated by microsomes. In mitochondrial fractions isolated on Percoll gradient under the
conditions precisely described in the Materials and Methods section, the above micro-
somal activity was extremely low. The pattern was similar for acyl-CoA ligase (ACL), its
specific activity was very high in microsomal fractions and almost negligible in Percoll-
purified mitochondrial fractions (Fig. 1). Taking into account the specific activity of aryl-
ester hydrolase in microsomal fractions, the amount of microsomal protein present in
purified mitochondrial fractions could be estimated around 2% and was sufficient to
account for the residual ACL activity in these fractions. It was, therefore, clear that a
totally pure liver mitochondrial fraction could not esterify fatty acids with CoA.

3.2. Mitochondrial and Microsomal GPATs

Figure 2 presents glycerol-3-phosphate acyltransferase (GPAT) specific activities in
purified mitochondrial and microsomal fractions for increasing palmitoyl-CoA / albumin
ratios. For lowest ratios (lowest free palmitoyl-CoA concentrations), GPAT mitochondr-
ial form was clearly more active than the microsomal form, with a notably lower appar-
ent Km. The dramatic and specific inhibition of microsomal GPAT by N-ethylmaleimide
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(NEM)5,6 emphasized the absence of contamination of mitochondrial fractions with
microsomal protein, while the inefficiency of NEM on mitochondrial GPAT confirmed
the specificity of this enzyme in intact mitochondria and the purity of the mitochondr-
ial fractions used. Another difference between microsomal and mitochondrial GPATs
could be shown at highest palmitoyl-CoA/albumin ratios with the increasing activity of
the former enzyme and the declining activity of the latter (Fig. 2). At these ratios,

palmitoyl-CoA should exhibit detergent properties, altering somehow GPAT activ-
ity in mitochondrial membranes. As the detergent sensitivity may be related to a partic-
ularly exposed location of the enzyme in membranes, mitochondria have also been
previously treated with papain, to determine whether the detergent-sensitive GPAT form
corresponded to a papain-suppressible form. Figure 3 shows that mitochondria exhib-
ited, in addition, a papain-insensitive GPAT activity. This activity was of very weak
amplitude at lowest palmitoyl-CoA / albumin ratios, but expressed maximum activity for
about a ratio of 3. As papain suppressed the GPAT activity observed in untreated mito-
chondria at lowest ratios, it was possible to draw, by difference, part of the total mito-
chondrial GPAT activity depending on the papain-sensitive form (Fig. 3). It was then
obvious that the low Km observed with total mitochondrial GPAT belonged in fact to
the papain-sensitive form.

3.3. Carnitine Palmitoyltransferase I (CPT I) and GPAT Activity in
Mitochondria

Addition of carnitine to the medium used for measuring GPAT activity in mito-
chondria initiates CPT I activity immediately. Figure 4 shows that total mitochondrial
GPAT was lowered by carnitine addition all over the range of palmitoyl-CoA / albumin
ratios assayed. No inhibitory effect was observed when L-carnitine was replaced by D-
carnitine (data not shown) and the inhibition obtained with L-carnitine was almost com-
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pletely prevented by malonyl-CoA addition (Fig. 4). Data suggest that inhibition of
GPAT activity was related to CPT I activity and not due to L-carnitine by itself. This
effect may reach more than 50% for lowest palmitoyl-CoA / albumin ratios, considered
to be the closest of the actual cellular values. Figure 5 shows the effect of carnitine on
papain-sensitive GPAT (ratio 1.2) using mitochondria previously treated with increasing
amounts of papain. This treatment appeared to reduce GPAT activity almost regularly
as the proteolysis strength, while the activity of CPT I (located on the external side of
the outer membrane2) was hardly affected. The inhibition by L-carnitine was strictly pro-
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portional to the initial GPAT activity for all strengths of treatment, suggesting that each
CPT I protein reacts negatively (directly or indirectly) on a neighbouring GPAT protein.
Therefore, this GPAT form and CPT I should be located together in mitochondrial outer
membranes.

When GPAT activity is studied at a relatively high palmitoyl-CoA/albumin ratio
(ratio 3), pretreatment of mitochondria with various amounts of papain was almost
without effect on this activity (Fig. 5), confirming the specific insensitivity of this GPAT
form to papain (see Fig. 3). Under the same conditions, addition of L-carnitine did not
inhibit GPAT at all, despite CPT I activity was elevated at this ratio (see Fig. 6). These
data suggest that this GPAT, which appeared out of reach of papain, might be also clearly
distant from CPT I protein in membranes, suggesting a location of this GPAT far from
CPT I (already known to be located in outer membranes2), hence likely in inner
membranes.
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CPT I activity appeared to be reciprocally lowered when glycerol-3-phosphate was
added to the medium all over the range of palmitoyl-CoA / albumin ratios assayed (Fig.
6). This addition should initiate papain-sensitive and insensitive GPATs as the ratios
applied, but the mode of inhibition of CPT I seemed to be independent of GPAT activ-
ity, since this inhibition still occured for very low GPAT activities (highest ratios, around
4.5; see Fig. 2).

4. DISCUSSION

4.1. Acyl-CoA Ligase Activity

The first interest of this work is to have shown that mitochondria isolated practi-
cally without contact with microsomes were almost devoid of acyl-CoA ligase activity.
Mitochondrial fractions prepared conventionally by differential centrifugation have been
shown to contain a acyl-CoA ligase activity as high as in microsomal fractions.15 These
conventional mitochondrial fractions were containing 10–20% microsomes, on a protein
basis, but the microsomal contamination could not be lowered below 5% by further purifi-
cation on a Percoll gradient.16 The procedure described in this study avoided contacts
which occured when mitochondria and microsomes were pelletet together and triggered
almost unbreakable bonds. However, tight contacts between mitochondria and endo-
plasmic reticulum occur naturally17,18 and could explain the impossibility to decrease
below 2% the microsomal contamination in mitochondrial fractions. The natural and/or
artificial presence of microsomal protein in mitochondrial fractions accounted for the
immunochemical detection of acyl-CoA ligase in these mitochondrial fractions.19 The
practical interest of our finding is that mitochondrial reactions using acyl-CoAs as sub-
strates are equally supplied from previous endoplasmic reticulum reactions and that activ-
ity of acyl-CoA ligase cannot interfere with other mitochondrial enzyme activities, being
not located in the same membrane.

4.2. Mitochondrial GPAT Location

The second interest of the study is to have re-evaluated the mitochondrial location
of GPATs by a way that differs from those used by Mitchell & Saggerson.7 Indeed, drastic
treatments to separate outer from inner membranes do not result in really pure mem-
branes and are likely to alter enzyme activities (see also in20). However, the results
obtained by Mitchell & Saggerson7 are sufficiently clear to complete ours obtained with
whole organelles. Our data confirm that mitochondria possess two GPATs, the first form
directly sensitive to papain and palmitoyl-CoA, taken as a detergent, and being likely
located within the outer membrane, the second one less accessible to external treatments,
also less active than the former GPAT and being possibly anchored within the inner mem-
brane. The respective location of either GPATs is supported additionally by the differ-
ential effect of CPT I activity. CPT I has been located within outer membranes2 and its
catalytic site is oriented on the outer side.21 Its activity appeared to modify the activity
of the GPAT form the most sensitive to external treatments. It was suggested that CPT
I and the external GPAT should coexist within the same membrane, as CPT I activity
interfered only with external GPAT activity and not with the GPAT activity of inner
membranes (devoid of CPT I activity).
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4.3. Reciprocal Interference of CPT I and GPAT

In preliminary studies (unpublished data), we defined that a correct incubation
medium intended for mitochondrial fatty acid oxidation should present a acyl-
CoA/albumin ratio lower than 1.5. Indeed, the radioactivity of acid-soluble products
released during mitochondrial oxidation of or oleoyl-CoA was compara-
ble for all ratios assayed below 1.5. Higher ratios gave rise to less labelled acid-soluble
products from oleoyl-CoA, because  oxidation was interrupted likely after mem-
brane permeabilization with higher free oleoyl-CoA concentrations (see in22). Hence,
mitochondrial outer GPAT should be of physiological significance, because of its activ-
ity at a low ratio, but also because this activity can be modulated efficiently by CPT I
activity. The inhibitory effect of CPT I activity, which can be relieved by malonyl-CoA
(or D-carnitine used instead of L-form), did not result in definitive alteration of GPAT
activity and was possibly due to effects of CPT I activity on the membrane environment
of the close GPAT. This situation resembles that obtained with perfused liver, in which
triglyceride formation was low in fasted rats, but was as high as in fed rats after inhibi-
tion of carnitine acyltransferase step by (+)-decanoylcarnitine.1 The inhibition of glyc-
erol-3-phosphate on CPT I activity appeared to be due to a different mechanism, as it
occured even for ratios suppressing practically all GPAT activity. This point deserves
further studies at the level of outer membranes for CPT I and inner membranes for
CPT II.

The presented data illustrate some aspects of reciprocal relationships existing
between two enzymes next to each other within the same membrane and belonging to
opposite metabolic pathways.
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1. INTRODUCTION

Metabolic control of gene transcription in bacteria or yeast is a well-documented
issue since the pioneer studies of gene expression. Recent observations indicate that tran-
scriptional control of gene expression by metabolites can also be functional in
mammals.1–4 The identification of mammalian nuclear receptors for fatty acids and
eicosanoids (PPAR) is of relevance because it establishes a link between the metabolism
of fatty acids and transcriptional control, suggesting a molecular mechanism by which
dietary fatty acids can modulate lipid homeostasis. The fact that fatty acids are ligands
of PPAR,5,6 a nuclear receptor that induces gene transcription of a suit of genes involved
in lipid metabolism, indicates that fatty acids and related molecules can regulate
the metabolism by short- (allostreric control) and long-term (transcriptional control)
mechanisms.

We have identified the mitochondrial 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) synthase gene as a PPAR target, and we have found that this receptor, which medi-
ates the induction of the gene by fatty acids, binds as a PPAR-RXR heterodimer to a

* To whom correspondence should be addressed: Departamento de Bioquímica y Biología Molecular, Facul-
tad de Farmacia, Universidad de Barcelona, Avda. Diagonal 643, 08028 Barcelona Spain, Tel: 34-93 4024523,
Fax: 34-93-4021896; Email: pmarrero@samba.cnb.uam.
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response element for peroxisomal proliferator activated receptor (PPRE) in the promoter
region of the rat and pig genes.7,8 Rat mitochondrial HMG-CoA synthase PPRE is in
fact a nuclear receptor-responsive element (NRRE) since, in addition to
heterodimer, other nuclear receptors, like chicken ovalbumin upstream-promoter tran-
scription factor (COUP-TF) or hepatocyte nuclear factor 4 (HNF-4) it bind to the
element.9,10

Other genes involved in mitochondrial lipid metabolism, such as acyl-CoA syn-
thetase11 or medium-chain acyl-CoA dehydrogenase (MCAD),12 are also targets of
PPAR, indicating that different steps of fatty acid metabolism, like activation, oxidation,
and utilization of fatty acids are regulated by the levels of the substrate, the fatty acids.
Therefore, we speculated that the main control step in fatty acid oxidation, the outer
membrane component of carnitine palmitoyltransferase enzyme system, CPT I, could
also be a PPAR target.

Two isoforms of CPT I have been described, which have been designated LCPT I
and MCPT I, since these isoforms are mainly expressed in liver and muscle respectively.
The MCPT I gene is expressed not only in skeletal muscle but also in heart and brown
and white adipose tissue.13 This expression pattern may be of great significance since fatty
acids are a major source of energy for heart, skeletal muscle and brown adipose tissue.
We have amplified by polymerase chain reaction (PCR) the 5' region of the human heart
and brown adipose tissue CPT I gene14 and demonstrated, first, the transcriptional activ-
ity of this fragment and second, the presence of a PPRE in the 5'-flanking region of this
gene. In CV1 cells, the activation of the CPT I gene by PPAR was dependent on the addi-
tion of exogenous ligands.

2. RESULTS AND DISCUSSION

2.1. Fatty Acids Regulate the Mitochondrial Synthase Gene Expression
Mediated by PPAR: Localization of the PPRE

There is considerable evidence that fatty acids can activate PPAR as potently as

revealed that fatty acids induce an increase in the mitochondrial HMG-CoA synthase
mRNA levels18 and gene transcription.19 We were therefore interested in determining
whether fatty acids could have a role in the regulation of the mitochondrial HMG-CoA
synthase gene expression mediated by PPAR. Figure 1 shows that the highest stimula-
tion of the mitochondrial synthase-CAT reporter plasmid was observed after the induc-
tion with fatty acids in the presence of PPAR. In agreement with previous results16,17 we
observed that monounsaturated oleic acid is less potent than linoleic acid in the activa-
tion of PPAR.

Experiments of 5'nucleotides deletion, electrophoretic mobility shift assays
(EMSA) and site-directed mutagenesis localized a PPRE in the mitochondrial
HMG-CoA synthase promoter (between positions –104 and –85),7 which is composed,
like other PPREs,20 of an imperfect direct repeat of the consensus binding sequence for
the nuclear receptor superfamily with a spacing of a single base pair (DR-1), and a
conserved sequence flanking the second repeat of DR-1. Figure 2 A shows the localiza-
tion of putatives PPREs in the mitochondial HMG-CoA synthase gene of three differ-
ent species.

Besides the characterization of mitochondrial HMG-CoA synthase as a PPAR

peroxisome proliferators do.15–17 On the other hand, previous results in our laboratory
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target gene we had two more objectives: i) to identify other nuclear receptors able to bind
to the mitochondrial HMG-CoA synthase PPRE, and ii) to extend our previous obser-
vation on mitochondrial HMG-CoA synthase gene to other genes related with fatty acids
metabolism.
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2.2. COUP-TF I and HNF-4 Binds to a Nuclear Receptor-Responsive
Element (NRRE) in the Mitochondrial HMG-CoA Synthase Gene

Rat PPRE of mitochondrial HMG-CoA synthase is a nuclear receptor responsive
element (NRRE). We have shown (see Fig. 2 B) that despite the binding of PPAR/RXR
heterodimers to the PPRE, which transactivates the promoter activity, COUP-TF can
bind as a homodimer to rat PPRE, competing with the PPAR-RXR binding and there-
fore abolishing the PPAR transactivation.9 We also showed that COUP-TF can form non-
functional heterodimers with PPAR or RXR yielding the same effect: the lack of
transactivation in the presence of PPAR.9 HNF-4 is another nuclear receptor that can
bind to rat PPRE. This binding does not require the complete element, only the DR-1
of the element, and it produces a similar effect in transcription activity to COUP-TF.10

Besides the binding to a PPRE just described, COUP-TF can trans-activate promoter
constructs that carry only the GC and TATA box. Moreover, the effect of COUP-TF on
this small piece of DNA is tissue-9 and species-specific (Judith Mallolas, and Pedro F.
Marrero, unpublished). These results suggest that the mitochondrial HMG-CoA syn-
thase gene is subjet to different regulation by the interplay of multiple members of the
nuclear hormone receptor superfamily.

2.3. Human MCPT I gene 5' Flanking Region Contains a Consensus PPRE
and It is Activated by PPAR

In addition to HMG-CoA synthase, involved in ketogenesis, genes involved in fatty
acid activation, like acyl-CoA synthetase,11 or in oxidation, like medium-chain acyl-
CoA dehydrogenase12 are also target of PPAR. This transactivation pathway is reminis-
cent of a prokaryotic operon organization, in which fatty acids induce the expression of
the genes responsible for their metabolism. We speculated that the main control step in
fatty acid oxidation, the outer membrane component of carnitine palmitoyltransferase
enzyme system, CPT I, could also be a PPAR target.

The 5' flanking regions of CPT genes is now known.14,21–23 Human Muscle type CPT
I had been cloned,14 and the complete sequence of the human gene from a BAC clone
containing the end of the q arm of chromosome 22 is in GenBankTM (U62317). The
analysis of the 5'-flanking region of this gene by TFSEARCH routine, performed using
the Kyoto center’s GenomeNet WWW Server, shows the presence of a putative PPAR
binding sequence upstream of exon 1A (see Fig. 3A). The comparison of this sequence
with the consensus sequence required for the binding of the PPAR-RXR heterodimer, as
proposed by Palmer et al.,20 shows the coincidence of 17 out of 20 bases (see Fig. 3B).

We performed gel mobility shift assays to analyze whether PPAR-RXR het-
erodimers bind to the putative PPAR binding sequence of the human muscle type CPT
I gene. As can be seen in Fig. 4A neither PPARs nor RXR alone binds significantly to
this sequence. However, incubation of this probe with a mixture of PPAR and

resulted in a prominent complex. An oligonucleotide containing a mutated PPRE
was not able to compete with the wild type probe for the formation of the complex (see
Fig. 4B). The binding of the three subtypes of PPAR to the MCPT I PPRE is as strong
as the binding to the mitochondrial HMG-CoA synthase PPRE, which allows the for-
mation of the strongest complexes for all PPAR subtypes24 (data not shown).

To investigate the effect of the observed binding of PPAR to the human
MCPT I gene promoter on its transcriptional activity, we made constructs in which
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the 5' flanking region of this gene was linked to a promoter-less bacterial chloram-
phenicol acetyltrasferase (CAT) gene. These plasmids, pMCPT I-CAT, were introduced
into cultured CV1 cells by the calcium phosphate method, with or without an expression
vector for PPARs, together with a plasmid that contains the galactosidase coding
region driven by the SV40 promoter as a control of the efficiency of the transfection.
Following transfection, cells were incubated in the presence or absence of a
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PPAR activator and after 48 h the cells were harvested and CAT activity was
measured.

As can be seen in Table I cotransfection of MCPT I-CAT and PPARs expression
vectors led to a marked increase in CAT activity in the presence of the PPAR activators.
Surprisingly, even though PPARδ is able to bind the MCPT I PPRE in vitro it does not
activate the expression of the chimeric gene even in the presence of linoleic acid as
activator.

2.4. Human MCPT I PPRE Confer PPAR Sensitivity in Its Natural
Contexts and PPAR Responsiveness to Normally Unresponsive Promoter

The functionality of human MCPT I PPRE was studied in two ways. First, a pair
of oligonucleotides containing the human MCPT I PPRE were inserted into pBLCAT2,
a plasmid containing the CAT gene under the control of the thymidine kinase gene pro-
moter, generating pTKCAT-MCPT I. As can be seen in Table I this sequence conferred
PPAR responsiveness to the otherwise unresponsive thymidine kinase gene promoter.
Second, scrambling of the DR-1 (pMCPTI-CAT-M), by site directed mutagenesis oblit-
erates the response to PPAR (see Table I) of human MCPT I promoter. The results
demonstrate that this human MCPT I element is able to confer and respon-
siveness both on its natural context and on a normally unresponsive promoter.

2.5. PPAR Could Mediate Fatty Acid Regulation of Lipid-Metabolism
Related Genes in Hepatic and Extra-Hepatic Tissues

Our data indicate that mitochondrial HMG-CoA synthase and muscle CPT I
isotype genes are both targets of PPAR. Other genes involved in mitochondrial lipid
metabolism, such as acyl-CoA synthetase11 or medium-chain acyl-CoA dehydrogenase
(MCAD),12 are also target of PPAR. Therefore PPAR is a pivotal factor for lipid home-
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ostasis control in which free fatty acids, or their derivatives could activate their own
metabolism by regulating gene expression. In this model, a cis-acting element, the PPRE,
is present in house-keeping and tissue specific genes, indicating that fatty acid control of
gene expression could be active in hepatic and extra-hepatic tissues.
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1. INTRODUCTION

Carnitine palmitoyltransferase I and II together with the acylcarnitine translocase
form a shuttle system responsible for the transfer of acylgroups into the mitochondria.
For a review see.1 Diseases caused by defects in the three enzymes involved are known2–4

but the most frequently affected enzyme is the CPT II.1 Deficiencies of CPT I are not
known for muscle isoenzyme1 but for liver type CPT I. In patients with CPT II deficiency
several mutations have been detected.5, 6 Until now the kinetic consequences of such muta-
tions on metabolism of muscle mitochondria have not been well characterized. Increased
sensitivity for inhibition by palmitoylcarnitine and malonyl-CoA of the CPT II have been
detected in muscle homogenates of patients with CPT II deficiency.7 It has been shown
that CPT I has a higher molecular size than CPT II due to an additional N-terminal
domain consisting of 150 aminoacids.1 In addition, CPT I contains hydrophobic domains
thought to be responsible for the membrane spanning section of the enzyme. Therefore,
CPT I is a integral protein of mitochondrial outer membrane whereas CPT II is bound
at the inner surface of mitochondrial inner membrane.1 The sensitive inhibition of CPT
I by malonyl-CoA is an important factor in the regulation of oxidation.8, 9 In contrast,
CPT II is insensitive to malonyl-CoA8, 10 but this enzyme can be inhibited very sensitively
by L-aminocarnitine (L-AC).11 CPT I on the other hand is only poorly inhibited by L-
AC.11 The different sensitivities of both CPTs to the two inhibitors should allow an exper-
imental approach for the kinetic investigation of both enzymes in homogenates of human
skeletal muscle. The selective solubilization of CPT II by mild detergents such as Tween
2012 and the separation from the particulate CPT I by centrifugation offers a further pos-
sibility for kinetic investigation of this enzymes. Mostly, the CPT activity is measured in
the forward direction in homogenates prepared from frozen muscle.7 Under these condi-
tions the total activity is the sum of the activities for both CPT I and CPT II.

Current Views of Fatty Acid Oxidation and Ketogenesis: From Organelles to Point Mutations
edited by Quant and Eaton, Kluwer Academic / Plenum Publishers, New York, 1999. 87
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The aim of the present study was to investigate kinetically CPT I and CPT II in
homogenates of skeletal muscles obtained from orthopaedic patients in the course of hip
surgery. Homogenates from frozen muscle were investigated with and without malonyl-
CoA and with increasing additions of L-AC. Results were compared with correspond-
ing investigations of CPT I and CPT II in the pellet and supernatant fractions after Tween
separation.

2. MATERIAL AND METHODS

Human muscle specimens (M. vastus lateralis) without metabolic myopathies were
obtained from patients who were undergoing hip surgery.

2.1. Muscle Homogenates

Frozen muscle tissue was homogenized in 9 volumes Chappel-Perry-buffer con-
taining 50mM Tris buffer (pH 7.5), 100 mM KC1, 5mM MgCl2 and ImM EDTA.
Homogenates were used in a final dilution of 1:30 or 1:10 (w/v).

For Tween separation of both CPTs, 1% Tween was added to the homogenate. After
15min of incubation the homogenates were centrifuged for 30 min at 20,000 rpm using a
Beckman centrifuge (J2-HC) equipped with the JA-20 rotor. CPT activity was investi-
gated in the supernatant and in the pellet redissolved with the same concentration of
Tween 20.

2.2. Chemicals

All chemicals were obtained from Sigma Chemie (Deisenhofen/Germany). L-
aminocarnitine was a gift from Sigma Tau (Rom/Italy). carnitine was obtained from
NEN Life Science Products (Köln/Germany). All chemicals were reagent grade purity.

2.3. Enzyme Assay

CPT was determined using a radiochemical isotope forward assay as described
previously.7 In brief, the assay system contained l0mM Tris-HCl-buffer (pH 7.6), 0,1%
fatty acid-free bovine serum albumin, 1 mM dithiothreitol, 0.08 mM palmitoyl-CoA and

in a final volume of 1 ml and the assay temperature was 30 °C. Exper-
iments were performed either in the presence or in the absence of 0.4 mM malonyl-CoA
to inhibit CPT I. Concentration of L-AC was varied between 0 and 30mM. Incubations
were started by the addition of homogenate and stopped after l0min by addition of
ammonium sulfate and isobutanol. Labelled palmitoylcarnitine was measured after
separation of the organic phase using a scintillation counter (Beckmann LS 6500).

3. RESULTS

The kinetic properties of carnitine palmitoyltransferases were investigated in
homogenates of M. vastus lateralis from 8 orthopaedic patients. As shown in Table 1 the
total activity of CPT was NCP with a range between 0.8 and 2.2I.U./g
NCP.
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Since muscle mitochondria were completely destroyed during homogenization of
the tissue the total CPT activity should consist of CPT I and CPT II. After inhibition
of CPT I, by addition of 0.4 mM malonyl-CoA, a residual activity remained
which can attributed to CPT II. The activity of CPT II was NCP or

frozen tissue. Parallel CPT measurements in muscle homogenates in the
absence and in the presence of malonyl-CoA should yield information about both the
CPT isoenzymes without the necessity to separate them from each other. Fig. 1 illustrates
the inhibition of carnitine palmitoyltransferases by L-AC. Enzymatic activity of CPT
was plotted versus the inhibitor concentration. Normalised data of three different exper-
iments are shown as means In the absence of L-AC 37% of the total CPT activ-
ity was insensitive to malonyl-CoA. Increasing additions of the L-AC decreased the total
CPT activity with a large range of concentration. Whereas the inhibition of about 30%
of the total activity needs the addition of only, the full inhibition occurs
at 30 mM inhibitor.

In contrast, the malonyl-CoA-insensitive CPT activity (open circles) was very sen-
sitive to inhibition by L-AC. After addition of this CPT activity was completely
inhibited. As marked by arrow 1 in the presence of about L-AC 50% of the
malonyl-CoA-insensitive CPT-activity was inhibited. This concentration can be taken
as I50. Subtracting the malonyl-CoA-insensitive activity from the total CPT activity the
malonyl-CoA-sensitive inhibitor curve (triangles) was obtained: At concentrations higher
than L-AC this curve is identical with the inhibitor curve of the total CPT I +
CPT II activity. At inhibitor concentrations lower than however, practi-
cally no inhibition of CPT I occurs. The I50 concentration was at about 5mM (Arrow 2).
In additional studies it was found that L-AC inhibits the CPT II competitively to carni-
tine with a of (data not shown).

If the malonyl-CoA addition to muscle homogenates really causes a specific inhi-
bition of CPT I, then the double inhibitor titration protocol should allow detection of
changed relationships between CPT I and CPT II. Therefore, the double inhibitor titra-
tion was applied for CPT measurements in samples where the distribution between both
enzymes was changed by Tween separation. For that purpose muscle homogenate was
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incubated with 1% Tween 20. After incubation time of l0min the homogenate was cen-
trifugated to sediment the cell structures including the particulate CPT I-activity which
remaines under these conditions. The supernatant should contain the solubilized CPT II.
As shown in Fig. 2, in the pellet fraction the restidual activity in the presence of malonyl-
CoA was reduced to 20% indicating that part of CPT II activity was released from the
mitochondria but a substantial part remained in this fraction. This remaining activity
was sensitively inhibited by L-AC

In comparison to the pellet fraction, the CPT in the supernatant fraction was much
less sensitive to inhibition by 0.4 mM malonyl-CoA as it can be seen from the residual
activity of about 88% but the sensitivity to L-AC was increased. At L-AC the
residual activity of CPT was about 20% indicating that a part of CPT I remained still in
the supernatant probably due to incomplete sedimentation of mitochondrial membranes
during the centrifugation.

4. DISCUSSION

Studies of CPT deficiencies require exact assays of the two mitochondrial CPT
activities in biopsy specimens from human skeletal muscle. Attempts to investigate CPT
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II in isolated muscle mitochondria revealed several difficulties. Whereas CPT I is nor-
mally active in isolated intact mitochondria, activity of CPT II is latent under these con-
ditions. Under some conditions, such as freeze-thawing of mitochondria, the releasing of
the CPT II activity is accompanied by a masking of CPT I activity. Therefore, the appar-
ent total CPT activity decreases after such procedures.10,13 Similar studies with liver
mitochondria, however, revealed clearly increased activities of total CPT after membrane
disruptive procedures.13

In this paper we present our results from studies in homogenates of frozen skele-
tal muscle. These homogenates were obtained by using glass/glass homogenizers under
conditions were the mitochondrial matrix enzymes are completely released as shown by
the release of the marker enzyme citrate synthase.13

From the total CPT activity measured in such homogenates 74% was inhibitable
by 0.4 mM malonyl-CoA. This malonyl-CoA-sensitive activity was attributed to CPT I.
There are several reports showing that only CPT I but not CPT II is inhibitable by
malonyl-CoA.8,14–16 The malonyl-CoA-insensitive activity, therefore, represents the
activity of CPT II. Our estimate of 37% of the total activity was similar to that in earlier
reports17 and to the level reported by others.10 This means that under the conditions used
no significant masking of CPT I seems to occur.

The Tween separation experiments add further evidence tsupporting this view. The
mild detergent Tween 20 solubilizes selectively CPT II from mitochondrial inner mem-
branes but keeps the CPT I bound at the mitochondrial outer membranes.18 By cen-
trifugation it should be possible then to change significantly the ratio between both
CPT-enzymes in the supernatant and the pellet-fraction. As shown in Fig. 2 this is obvi-
ously the case. In the supernatant the malonyl-CoA-insensitive fraction increased to 90%
of total and decreased to 20% in the pellet fraction.

The remaining 10% activity of malonyl-CoA-sensitive CPT activity in the super-
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natant is probably caused by incomplete sedimentation of mitochondrial membranes.
Whereas the remaining 20% malonyl-CoA-insensitive activity in the pellet fraction is
probably caused either by an incomplete releasing of CPT 1 activity and/or an incom-
plete separation of released CPT I from the mitochondrial membranes.

Recent progress in understanding the relationship between the structure and func-
tion of CPT, in relation to the inhibiton by malonyl-CoA, support our approach. At
present there are no reports of malonyl-CoA inhibition of CPT II. If CPT I were to be
released during the Tween separation, the enzyme should loose its activity since the
malonyl-CoA-sensitivity of the CPT I is an intrinsinc property and not caused by its
binding to mitochondrial outer membrane. Furthermore, CPT II seems not to be inhib-
ited by malonyl-CoA. It can, however, not be ruled out that mutated CPT II can be
inhibitable by malonyl-CoA as was proposed earlier.19

DL-aminocarnitine and its naturally in fungis occuring L-isomer have been identi-
fied as potent inhibitors of mitochondrial CPT.20 As shown in Figs. 1 and 2, it is clear
that CPT I and CPT II have very different sensitivities to L-AC with differences in the
Ki of more than two orders of magnitude. The I50 for CPT II was found to be about

whereas more detailed studies revealed a The type of inhibition was
competitive in respect to carnitine (Hertel, K., Gellerich, F. N. & Zierz, S., unpublished
results). The sensititivity of the inhibition of CPT II by L-AC is one order of magnitude
higher than was found by Chiodi et al. for CPT II in rat liver mitochondria.11 L-AC con-
centrations of about which even completely inhibit CPT II have no effect on the

To date a preferential inhibition of CPT II by low concentrations of
L-AC has been demonstrated in rat hearts and rat liver mitochondria.11,21,22

In conclusion, the different behaviour of CPT I and CPT II with respect to mild
detergents such as Tween and to inhibitors such as malonyl-CoA or L-AC allows the
investigation of kinetic properties of the enzymes in homogenates of human skeletal
muscle. We, therefore, propose this technique as an approach for investigating the kinetic
consequences of mutations of CPT II in human muscle.
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1. ABSTRACT

Trans-splicing is a mechanism by which two pre-mRNAs are processed to produce
a mature transcript that contains exons from both precursors. This process has been
described mostly in trypanosoma, nematodes, plant/algal chloroplasts and plant mito-
chondria [Bonen et al. (1993) FASEB J. 7, 40–46]. Our studies clearly demonstrate that
a trans-splicing reaction occurs in the processing of the carnitine octanoyltransferase
(COT) gene in rat liver. Three different mature transcripts of COT have been found in
vivo, the canonical cis-spliced mRNA and two trans-spliced transcripts, in which either
exon 2 or exons 2 and 3 are repeated. Splicing experiments in vitro also indicate the capac-
ity of exon 2 to act either as a donor or as an acceptor of splicing, allowing the trans-
splicing reactions to occur.

1. INTRODUCTION

Trans-splicing has been described mostly in trypanosoma, nematodes, plant/algal
chloroplasts and plant mitochondria. Several cases of in vitro trans-splicing of artificial
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pre-mRNAs in mammalian cells have also been reported. 1–6 Functional conservation in
the splicing machinery between lower eukaryotes and mammals has also been demon-
strated and trans-splicing may occur in mammalian cells.7 Some examples of possible
natural trans-splicing in mammalian cells have been reported8–11 but none has been
demonstrated in vitro.

Carnitine acyltransferases (CATs) are a family of enzymes that transport fatty acyl-
CoAs across membranes in a range of organelles so that the CoA-esters can be metab-
olized further. The CAT enzyme involved depends on the length of the fatty acid moeity
to be transported. Carnitine acetyltransferase acts with acetyl-CoA as substrate while
mitochondrial carnitine palmitoyltransferase (CPT) I and CPT II,12 transport long-chain
acyl groups into the mitochondrial matrix, where they undergo  Peroxisomal
carnitine octanoyltransferase (COT) transports medium-chain fatty acids across the
membrane in peroxisomes in a similar way to CPT I in mitochondria. Peroxisomal

may account for a significant proportion of all liver fatty acid oxidation and COT
is involved in this process.13

Recently, we isolated a clone from a rat liver library with identical exonic organi-
zation to that previously reported,14 but with exon 2 repeated. The possibility of this
exonic repetition in the COT gene was ruled out by genomic Southern blot. RT-PCR
amplifications of total RNAs from rat liver and sequencing of the fragments revealed
that in addition to the canonical organization there were two other forms, in which exon
2 or exons 2 and 3 were repeated. RNase H digestion assays with total rat liver RNA
showed three different transcripts. The occurence of this process can be explained by the
presence of three exon-enhancer sequences in exon 2. Analysis by Western blot of
the COT proteins using specific antibodies showed that two proteins corresponding to
the expected Mr are present in rat peroxisomes.

2. RESULTS

2.1. Isolation and Characterization of Liver COT cDNAs

A cDNA clone from a rat liver cDNA library was isolated using the XbaI-EcoRI
fragment of the reported cDNA as a probe.14 The exonic organization of the isolated
cDNA was not the same as that reported;15 instead, exon 2 was repeated. This abnormal
exon2-exon2-exon3 organization of the isolated clone could be due to three different pos-
sibilities: i) a product of an artefactual rearrangement, ii) a duplication of exon 2 in the
COT gene or iii) a trans-splicing product occurring naturally in this gene.

To rule out the occurrence of an artefactual organization, RT-PCR with different
primers was carried out using as templates the cDNAs produced after the rat liver
mRNAs had been reacted with reverse transcriptase using either oligo dTs or random
hexamers as primers. When primers located in exon 1 and exon 3 were used, a three-band
pattern was obtained (Fig. 1A). One of these was of the expected size corresponding to
exon l-exon2-exon3 (254 bp) but the other two were larger. Sequencing of these bands
unequivocally showed that they were formed by exon l-exon2-exon2-exon3 (390 bp) and
exon l-exon2-exon3-exon2-exon3 (515 bp) in addition to the canonical band (254 bp).
Figure 1B. corresponds to the sequence of a fragment in which exon 2 and 3 were repeated
with an exact junction between them. To confirm these data, PCR amplifications were
carried out with a forward primer for exon 1 and reverse primers complementary to exons
2, 4, 5, and 7. The same three-band pattern was obtained in all cases (Fig. 1 A). Sequenc-
ing of all these bands showed that the repetition affected only exons 2 and 3.
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Genomic Southern blot analysis showed that COT is a single-copy gene and that
exons 2 and 3 (Data not shown) are present only once in genomic DNA. Moreover,
Southern blot and restriction mapping of three different clones obtained from a rat
genomic library confirmed these data.

2.2. Evidence of Three Different Transcripts in Rat Liver COT

The difference in size between the three transcripts was so small that they could not
been detected by Northern blot analysis. To improve the sensitivity of the method and
to determine whether three different transcripts of COT were present as independent mol-
ecules, total RNA was hybridized with a specific oligonucleotide within exon 5 of the
COT mRNA and digested with RNase H, which digests double-stranded regions of
RNA-DNA hybrids. If our hypothesis was right, the treatment would result in the
appearance of four different bands (Fig. 2A): the band of highest molecular mass would
be the most and the other three, of lower molecular mass, would be at the most
regions of the transcripts. Figure 2B shows a Northern blot using the whole cDNA COT
as a probe. The results confirm these predictions. The band corresponding to the  frag-
ment after RNase H digestion (lanes 2–5) ran with a slightly faster mobility (2,434 bp)
than the uncut transcript (lane 1) (3,000bp). Moreover, three bands with faster mobility
corresponding to the fragment after RNase H digestion were also seen (807, 682 and
546 bp). The results of these analyses are consistent with the presence of 3 transcripts of
COT which differ only in the most region.

2.3. The Exon 2 of the COT Gene Contains Natural Sequences that Trans-
Splice with Human Nuclear Extracts in vitro

In order to study the possible role of the sequences around exon 2 of the COT gene,
two truncated pre-mRNAs were prepared (Fig. 3); a donor pre-mRNA, containing only
exon 2 and the splice site of intron 2 (A pre-mRNA), and an acceptor pre-mRNA,
containing the branch point region and the splice site of intron 1 and exon 2 (B pre-
mRNA).

Figure 3 shows a trans-splicing assay in which the donor, A, was 32P-labelled during
transcription and the acceptor, B, was added unlabelled to the trans-splicing reaction in
HeLa nuclear extracts. The combination of both pre-mRNAs (Fig. 3, lanes 2–5) showed
a band of high molecular mass that was dependent on ATP. This band was cut, assayed
by RT-PCR and sequenced and it turned out to be the trans-splicing product. Another
band also appeared (exon2) which was assumed to be one of the two intermediates of
the first-step trans-splicing reaction because of its size (191 nt) and because there is a cor-
relation between the amount of this band and the amount of the trans-splicing product.
From this experiment, we can conclude that exon 2 and the splice site regions around it
are strong trans-splicing signals.

2.4. Western Blot Analysis of the COT Proteins in Rat Liver Peroxisomes

To test whether the three mature mRNAs were translated in vivo, Western blots of
peroxisomal proteins using specific antibodies against a selected hydrophilic peptide
of COT were carried out (Fig. 4). Two proteins were immunolocalized as expected: one
corresponding to the cis-spliced exon l-exon2-exon3...etc. mRNA, which is indistin-
guishable from the protein translated from the trans-spliced form exonl-exon2-



Processing of Carnitine Octanoyltransferase PRE-mRNAs By CIS and Trans-Splicing 99

exon2-exon3... etc. mRNA, since the first in-frame ATG is located in the second exon 2.
The second protein, translated from the trans-spliced mRNA composed by exons 1-2-3-2-
3-4 etc. should also appear. The theoretical Mr of these translated proteins are 70,302 Da
and 80,572 Da, respectively. The occurrence of the two forms of the COT enzyme in per-
oxisomes may be a direct consequence of this trans-splicing mechanism in the COT gene.

3. DISCUSSION

Dandekar et al. suggested that trans-splicing is a regular event in mammalian cells.17

Later, the capability of mammalian cells to perform the trans-splicing reaction with
appropriate foreign RNAs was also demonstrated.18



100 C. Caudevilla et al.

The mechanism responsible for trans-splicing in lower eukaryotic cells or mam-
malians cells is not well known. Solnick1,3 had reported that trans-splicing in mammals
in vitro can occur only if the and substrate RNAs form base pairs via a segment of
complementarity in their introns. However, other authors2,5,22,23 clearly showed that trans-
splicing did not need complementarity in the introns. Bruzik and Maniatis6 showed that
the occurrence of an exonic splicing enhancer (ESE) in the downstream exon is neces-
sary for trans-splicing to occur. In addition, SR proteins have been shown to mediate
alternative splicing21–24 and to commit pre-mRNAs to the splicing pathway.25,26 Splicing
enhancers facilitate the assembly of protein complexes on mRNAs containing a splice
site, and these complexes are sufficiently stable to interact with splice sites located on
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separate mRNAs. Exon 2 of the COT contains three purine-rich ESEs at positions 49
(GAAGAACGAA), 106 (GAAGAA) and 117 (GAAGAAG), which are similar to those
previously described.24 Whether these ESEs are necessary to produce trans-splicing in the
COT gene remains to be demonstrated.

Conrad et al.27,28 demonstrated that a cis-splice acceptor can act as a trans-splice
acceptor when the donor splice site is not well defined. The trans-splicing was domi-
nant over the cis-splicing with a poorly-defined, short, untranslated exon. This is appar-
ently the case shown here. The short, untranslated, poorly-defined exon 1 with 30 nt29 may
not be long enough to define intron 1, and it becomes outron-like, which allows trans-
splicing and cis-splicing to take place simultaneously.

From this study we can conclude that the two forms of the COT enzyme in perox-
isomes may be a result of the trans-splicing mechanism in the COT pre-mRNAs. The
strength of the acceptor splice site, the presence of several ESEs in exon 2 and the fact
that exon 1 is untranslated with only 30 nt, may be responsible of this process (Fig. 5).

4. ACKNOWLEDGMENTS

C. C. and A. M. are recipients of fellowships from the Dirección General de Inves-
tigation Cientifica y Técnica, and the Institute de Cooperación Iberoamericana, Spain,
respectively. We are grateful to Bandana Chatterjee for the COT probe. This work was
supported by Grant PB95-0012 from the Dirección General de Investigación Científica
y Técnica, Spain. The editorial help of Robin Rycroft is acknowledged.

4.1. Abbreviations

COT, Carnitine Octanoyltransferase. RT-PCR, reverse transcriptase-polymerase
chain reaction. ESE, exonic splicing enhancer. PL, plasmid polylinker region.

¶ The sequences reported in this paper have been deposited in the GenBank data
base (accession nos. AF056298 and AF056299)

REFERENCES

1. Solnick, D. (1985) Cell 42, 157–164. Trans Splicing of mRNA Precursors.
2. Konarska, M.M., Padgett, R.A. & Sharp, PA. (1985) Cell 42, 165–171. Trans Splicing of mRNA Pre-

cursors in vitro.



102 C. Caudevilla et al.

3. Solnick, D. (1986) Cell 44, 211–211. Does Trans Splicing in vitro require base pairing between RNAs?
4. Sharp, P.A. & Konarska, M.M. (1986) Cell 44, 211–211. Does Trans Splicing in vitro require base pairing

between RNAs? .
5. Chiara, M.D. & Reed, R, (1995) Nature (London) 375, 510–513. A two-step mechanism for and

splice-site pairing .
6. Bruzik, J.P. & Maniatis, T. (1995) Proc. Natl. Acad. Sci. USA 92, 7056–7059. Enhancer-dependent inter-

action between and splice sites in trans.
7. Bruzik, J.P. & Maniatis, T. (1992) Nature (London) 360, 692–695. Spliced leader RNAs from lower

eukaryotes are trans-spliced in mammalian cells.
8. Sullivan, P.M., Petrusz, P., Szpirer, C. & Joseph, D.R. (1991) J. Biol. Chem. 266, 143–154. Alternative

processing of androgen-binding protein RNA transcripts in fetal rat liver.
9. Shimizu, A. & Honjo, T. (1993) FASEB J. 7, 149–154. Synthesis and regulation of trans-mRNA encod-

ing the immunoglobulin ε heavy chain.
10. Vellard, M., Sureau, A., Soret, J., Martinerie, C. & Perbal, B. (1992) Proc. Natl. Acad. Sci. USA 89,

2511–2515. A potencial splicing factor is encoded by the oposite strand of the trans-spliced
11. Breen, M.A. & Ashcroft, S.J.H. (1997) FEBS Lett. 409, 375–379. A truncated isoform of Ca2+/calmod-

ulin-dependent protein kinase II expressed in human islets of Langerhand may result from trans-
splicing.

12. Mc Garry, J.D. and Brown, N.F. (1997) Eur. J. Biochem. 244, 1–14. The mitochondria! carnitine palmi-
toyltransferase system. From concept to molecular analysis.

13. Ramsay, R.R., Derrick, J.P., Friend, A.S. and Tubbs, P.K. (1987) Biochem. J. 244, 271–278. L-Carnitine
acyltransferase in intact peroxisomes is inhibited by malonyl-CoA.

14. Chatterjee, B., Song, C.S., Kim, J.M. & Roy, A.K.. (1988) Biochemistry 27, 9000–9006. Cloning, sequenc-
ing, and regulation of rat liver carnitine octanoyltransferase transcription stimulation of the enzyme
during peroxisome proliferation.

15. Choi, S.J., Oh, D.H., Song, C.S., Roy, A.K. & Chatterjee, B. (1995) Biochim. Biophys. Acta 1264,
215–222. Molecular cloning and sequence analysis of the rat liver carnitine octanoyl-transferase cDNA,
its natural gene and the gene promoter.

16. Caudevilla, C, Serra, D., Miliar, A., Codony, C., Asins, G, Bach, M. & Hegardt, F.G. (1998) Proc. Nat.
Acad. Sci. 95 (in press).

17. Dandekar, T. & Sibbald, P. (1990) Nucleic Acids Res. 18, 4719–725. Trans-splicing of pre-mRNA is
predicted to occur in a wide range of organisms including vertebrates.

18. Eul, J., Graessmann, M. & Graessmann, A. (1995) EMBO J. 13, 3226–3235. Experimental evidence for
RNA trans-splicing in mammalina cells.

19. Konforti, B.B. & Konarska, M.M. (1995) RNA 1, 815–827. A short splice site RNA oligo can par-
ticipate in both steps of splicing in mammalian extracts.

20. Ghetti, A. & Abelson, J.N. (1995) Proc. Natl. Acad. Sci. USA 92, 11461–11464. In vitro trans-splicing
in Saccharomyces cerevisiae.

21. Horowitz, D.S. & Krainer, A.R. (1993) Trends Genet. 10, 100–106. Mechanisms for selecting splice
sites in mammalian pre-mRNA splicing.

22. Watakabe, A., Tanaka, K. & Shimura, Y. (1993) Genes Dev. 7, 407–418. The role of exon sequences in
splice site selection.

23. Lavigueur, A., La Branche, H., Kornblihtt, A.R. & Chabot, B. (1993), Genes Dev. 7, 2405–2417. A splic-
ing enchancer in the human fibronectin alternate DE1 exon interacts with SR proteins and stimulates
U2 snRNP binding.

24. Sun, Q., Mayeda, A., Hampson, R.K., Krainer, A.R. & Rottman, F.M. (1993) Genes Dev. 7, 2598–2608.
General splicing factor SF2/ASF promotes alternative splicing by binding to an exonic splicing enhancer.

25. Fu, X.D. (1993) Nature (London) 365, 82-85. Specific commitment of different pre-mRNAs to splicing
by single SR proteins.

26. Bruzik, J.P. (1996) Microb. Pathog. 21, 149–155. Splicing glue: a role for SR proteins in trans splicing?
27. Conrad, R., Thomas, J., Spieth, J. & Blumenthal, T. (1991) Mol. Cell. Biol. 11, 1921–1926. Insertion of

part of an intron into the untranslated region of a Caenorhabditis elegans gene converts it into a trans-
spliced gene.

28. Conrad, R., Liou, R.F. & Blumenthal, T. (1993) EMBO J. 12, 1249–1255. Conversion of a trans-spliced
C. elegans gene into a conventional gene by introduction of a splice donor site.

29. Berget, S.M. (1995) J. Biol. Chem. 270, 2411–2414. Exon recognition in vertebrate splicing.



11

SELECTIVE MODULATION OF CARNITINE
LONG-CHAIN ACYLTRANSFERASE ACTIVITIES

Kinetics, Inhibitors, and Active Sites of COT and CPT-II

Rona R. Ramsay1 and Richard D. Gandour2

1School of Biomedical Sciences
University of St. Andrews
St Andrews, KY16 9AL, Scotland &

2Department of Chemistry
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-0212
U.S.A.

1. ABSTRACT

Carnitine acyltransferases in mitochondria, peroxisomes and the endoplasmic retic-
ulum are different gene products and serve different metabolic functions in the cell. Here
we summarize briefly evidence that carnitine octanoyltransferase (COT) from the perox-
isomes and carnitine palmitoyltransferase II (CPT-II) from the mitochondria (both
matrix facing enzymes) differ kinetically and demonstrate that they differ in their sensi-
tivity to conformationally constrained inhibitors that mimic the reaction intermediate.
Medium chain inhibitors are 15 times more effective on COT than on CPT-II and long
chain inhibitors, such as hemipalmitoylcarnitinium, 80 times more effective on the mito-
chondrial enzyme. Thus, it may be possible to develop inhibitors to inhibit mitochondr-
ial with minimal effects on peroxisomal and other acyl-CoA
dependent reactions.

1. INTRODUCTION

The carnitine acyltransferases (CPT) catalyze the reversible acyl group transfer
between the CoA and carnitine pools (reviewed in).1,2 Only carnitine acetyltransferase
(CAT), the soluble peroxisomal COT and the mitochondrial inner carnitine palmitoyl-
transferase (CPT-II) are not regulated allosterically. The mitochondrial outer carnitine
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palmitoyltransferase (CPT-I), the peroxisomal overt carnitine octanoyltransferase (COT),
and the enzyme in the endoplasmic reticulum (CPTER) are all inhibited by physiological
concentrations of malonyl-CoA, the precursor for fatty acid synthesis.3–5 CPT levels and
the IC50 levels for malonyl-CoA inhibition change with metabolic and hormonal status.
For example, fasting increases CPT levels and decreases sensitivity to malonyl-CoA.5,6

Insulin inhibits CPT activity but glucagon increases it.7 Hormonally induced changes in
CPT-I correlate with changes in fatty acid oxidation, in accord with the role of CPT-I in
the regulation of the entry of fatty acyl groups into mitochondria. Hypolipodemic drugs,
such as 2-tetradecylglycidic acid (TDGA) and etomoxir, inhibit CPT-I and, hence,
decrease fatty acid oxidation and ketogenesis.8,9

However, not just CPT-I, but all CPT enzymes that use cytoplasmic substrates are
regulated by malonyl-CoA and inhibited by TDGA and etomoxir.10–12 Thus, these drugs
will also interfere with peroxisomal oxidation and influence microsomal acyl-CoA uti-
lizing pathways such as lipid synthesis and lipid modification of proteins for export. In
view of recent indications that non-mitochondrial acyl-CoA pools may influence mem-
brane turnover,13 this may not be desirable, so inhibitors specific to CPT-I would be better.
We have studied the kinetics and inhibition of two of the CPT family of enzymes as the
first step towards finding differences that could be exploited to inhibit
without affecting peripheral function.

2. RESULTS

2.1. Kinetic Studies on COT and CPT-II

Purified preparations of COT from beef liver peroxisomes14 and CPT-II15 from the
inner membrane of beef liver mitochondria, the two enzymes that can be isolated in stable
form, were used for the kinetic studies. Based on the kinetic patterns obtained when both
substrates were varied and on product inhibition studies, we concluded that the mecha-
nism of COT was a rapid equilibrium random one.16 In contrast, that of CPT-II was
ordered with the CoA substrate binding first (acyl-CoA in the forward direction, CoA
in the reverse) to prepare the carnitine binding site. The kinetic constants are given in
Table 1.
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Based on early work on CAT and our own and other kinetic studies on the CPT
enzymes, an active site with 3 distinct regions can be visualised for these proteins (16 and
Fig. 1). The CoA site is common to all the enzymes. The acyl group site determines the
specificity and, as seen in Table 1, the discrimination by this site is greater in CPT-II than
in COT. The variation in for the acyl-CoA substrate with chain length is relatively
small for COT, but is larger for CPT-II by 3-fold. The effect is to make CPT-II more spe-
cific for the longer chain substrates, whereas the specificity of COT is more general. The
carnitine site is less well characterized although both charges are important.I7,18 It is clear
from the kinetic data that the carnitine is different in COT and CPT-II, in that, in the
absence of the CoA substrate, carnitine does not bind to CPT-II. Specificity studies using
carnitine analogues also suggest that there are differences between CPT-I, CPT-II and
COT in the carnitine site.19,20

2.2. Inhibitors

The design of the inhibitors used in this study was based on the proposed tetrahe-
dral intermediates containing CoA, carnitine and the acyl group21 (see Fig. 1). Confor-
mationally constrained analogues that mimic the carnitine and acyl parts of the
tetrahedral intermediate were synthesized.21–23 The value of Ki depends on how well the
structure of the inhibitor fits the shape of the catalytic centre. In addition, inhibitors that
mimic reaction intermediates should bind better than substrates. Two series of effective
inhibitors of the acyltransferases have been synthesized and characterized, the mor-
pholiniums and the hemiacylcarnitiniums (2-hydroxymorpholiniums).21 Figure 2 shows
the structures of these inhibitors and Table 2 the or Ki values obtained for the inhi-
bition of the reverse reaction catalyzed by COT and by CPT-II (acylcarnitine + CoA to
acyl-CoA + carnitine).

A previous study showed that the substrate analogue, palmitoylcholine, and the
product, palmitoylcarnitine gave similar Ki values against the forward reaction of CPT-
II, suggesting that the COO– group of the carnitine moeity contributes very little to the
binding of a substrate analogue. However, comparing the cholinium and carnitinium
results in Table 2, it is apparent that the COO– contributes strongly to the binding of the
tetrahedral intermediate analogue. Indeed, the COO– moeity present in the carnitiniums
improves the binding by 20-fold in both enzymes. We have recently demonstrated by site
directed mutagenesis that Arg505 in COT, which is normally an asparagine in the aligned
choline acetyltransferase sequences but is conserved in all the carnitine-dependent
enzymes, is essential for the affinity for carnitine. When Arg505 is changed to asparagine
in COT, the affinity for choline (143mM) is the same as the wild-type, but the affinity for
carnitine (measured as the KM) increases by more than three orders of magnitude from
0.l mMto 160mM.24

Differences in the acyl site of the COT and CPT-II are apparent from the data in
Table 2. For both enzymes, lengthening the acyl chain on the conformationally con-
strained analogue gives better binding, but the advantage conferred by the longer chain
is 3 to 5-fold more in CPT-II than it is in COT. This agrees with the  differences noted
in Table 1. In other words, CPT-II discriminates for longer chain length more than does
COT, which means that the environment in the acyl binding site must be slightly differ-
ent for the two enzymes.
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3. CONCLUSIONS

3.1. Inhibitors

Hemicholiniums are good inhibitors of CPT-II, less so of COT. Preliminary data
suggest that CPT-I, like CPT-II, follows an ordered mechanism,25 so that the active site
of these two enzymes may be similar. If these inhibitors work as well on CPT-I as they
do on CPT-II, then the hemiacylcarnitiniums could be the first inhibitors to inhibit fatty
acid oxidation with less effect on the peripheral processes.

3.2. Enzymes

The random mechanism followed by COT indicates that the substrate sites are well-
formed in the resting enzyme. In contrast, in the resting state of CPT-II, the carnitine
site is either closed or unformed so that binding of carnitine alone is poor. The confor-
mationally constrained inhibitors do bind to CPT-II because mixed inhibition is observed
when either the acyl-CoA or the carnitine substrate is varied. (If the inhibitor could bind
only to the acyl-CoA-enzyme complex as is the case for carnitine, competitive inhibition
would be observed when carnitine was varied). Thus, the structure of the tetrahedral
intermediate found in these inhibitors induces the change in the carnitine site that is nor-
mally induced by CoA. Clearly, the affinity at the acyl site contributes strongly to the
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initial binding of the inhibitor to the site. Further, the acetyl analogue does not inhibit
in CPT-II. As described above, increased acyl chain length contributes strongly to the
affinity of both inhibitors and substrates for CPT-II.

These kinetic studies suggest that it may indeed be possible to inhibit
with minimal effect on the lipid recycling reactions in the rest of the cell.
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CONFOCAL LASER SCANNING MICROSCOPY
OF HUMAN SKIN FIBROBLASTS SHOWING
TRANSIENT EXPRESSION OF A GREEN
FLUORESCENT CARNITINE
PALMITOYLTRANSFERASE 1 FUSION PROTEIN
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The mitochondrial outer membrane enzyme carnitine palmitoyltransferase 1
(CPT1) is a main site of regulation of intracellular long-chain fatty acid transport. At
least two isoforms of CPT1 are expressed in the body: L-CPT1 (the “liver-type” isoform)
and M-CPT1 (the “muscle-type” isoform).1 Skin fibroblasts from healthy humans are
known to contain only one isoform of CPT1: the liver-type, which is encoded by the
gene CPT1A. Skin fibroblasts from patients with a liver-type CPT1 deficiency do not
express either of the two known CPT1 isoforms (neither liver- nor muscle-type), and
therefore could provide an excellent background to study CPT1 by means of molecular
complementation.

In this chapter, we describe the first experiments we carried out with a gene fusion
of a complementary DNA of the human gene for muscle-type carnitine palmitoyltrans-
ferase (CPT1B)2 and a gene encoding an “enhanced” green fluorescent protein (GFP).3

We wished to express the human CPT1B gene in human skin fibroblasts, taking the
following facts into consideration:
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(1) CPT1B is normally not expressed in skin fibroblasts, therefore the CPT1B pro-
moter itself would not be suitable for efficient expression of a CPT1B trans-
gene in these cells. A constitutive or skin fibroblast-specific promoter is needed
to express CPT1B, for that reason we use the human cytomegalovirus imme-
diate early (CMV-IE) promoter, a broadly used strong promoter for transgene
expression in mammalian cells.

(2) Human skin fibroblasts are generally regarded as recalcitrant to transfection.
Various transformation procedures have been applied by different groups,4,5,6,7

each claiming different levels of relative and absolute success. We wished to
transiently express CPT1-GFP in order to get an impression of what would be
possible with regard to transfection efficiencies, in our hands. If promising effi-
ciencies could be obtained, an optimised protocol may allow functional studies.

(3) As human skin fibroblasts are recalcitrant to transfection, we wished to include
an easily traceable marker, which can either be used as an in-frame fusion
protein, or as a separately expressed protein. The widely applicable green flu-
orescent protein (GFP) reporter system, originally isolated from the jellyfish
Aequorea victoria, and adapted for efficient expression in human cells and for,
elevated levels of fluorescence,3,8 provides these properties. The GFP system has
been used for example, to study protein trafficking to the mitochondrial matrix9

and the mitochondrial outer membrane.10 Therefore, by using confocal laser
scanning imaging we may get an impression of the intracellular localization of
a CPT1-GFP fusion protein after transient or stable transfection.

(4) Since we aim to study CPT1 deficiencies in a conditional knockout mouse
model (see elsewhere in this volume), the application of a fused marker protein
in gene alteration approaches would serve a long-term goal. Applications like
the monitoring of gene expression before (knock-in) and after a conditionally
mediated knockout event would provide important tools in gene function
analyses. Using the human gene for M-CPT1, experiments with fusions to GFP
may provide important data to be applied in gene-targeting of the murine
CPT1 genes.

(5) Once the localisation of mitochondrial enzymes in a two- or three-dimensional
perspective is studied, it is important to realise what may be expected. In text-
books, schematic representations of the three-dimensional shape of mitochon-
dria are often globular structures which resemble flattened balls rather than
flexible tubes (see e.g. reference,11 page 487). It should be stressed however, that
in real life mitochondria may “line up” or may be tubular shaped and have a
thread-like, sometimes branched, appearance, as shown in reference,11 on page
483 and 485.

A nearly full length coding region for human muscle-type CPT1, based on a com-
plementary DNA sequence of the CPT1B gene2 was fused to enhanced GFP in the mam-
malian expression vector pEGFP-N2 (Clontech, Palo Alto, CA, USA). Since the CPT1
C-terminal part is expected to be a much larger domain than its N-terminal counterpart
relative to the transmembrane domains,1,12 we chose to fuse GFP to the C-terminus of
CPT1 as we aimed to achieve optimal freedom of the GFP domain to reach its fluores-
cent state. In the resulting construct the CMV-IE promoter drives the expression of the
fused genes, and the transcript encodes CPT1 as the N-terminal domain, with GFP at
the C-terminus. The plasmid provides a neo gene, driven by two promoters for selection
in bacteria and mammalian cells.
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We used two protocols for skin fibroblast transfection: one commercially available
preparation (Lipofectamine, Life Technologies, Paisley, Scotland) was applied according
to the manufacturers instructions, and the other protocol was according to the
calcium precipitation method,13 with slight adaptations.14 The former protocol is used in
our laboratories for transient expression in hamster lung fibroblasts, and the latter for
stable transfection of hamster lung fibroblasts and both transient- and stable transfec-
tion of the human cervix epithelial carcinoma cell line HeLa. The selective dose of
G418 (Geneticin, Life Technologies) for human skin fibroblasts was determined in a pilot
experiment. Geneticin selection was applied at 250 µg/ml after calcium phosphate
transfection. In the Lipofectamine transfection experiments the cells were split into one
half of the population at which G418 selection was applied, and one half which was
allowed to attach to coverslips for transient expression assessment without G418
selection.

Images were taken with a confocal laser scanning microscope (True Confocal
Scanner 4D, Leica, Heidelberg, Germany) equipped with an argon-krypton laser and
coupled to a Leitz DM IRB inverted microscope (Leica).15 Excitation was at 488 nm, and
emission was band-pass filtered at 515nm.

An assessment of the transfection efficiency of human skin fibroblasts, compared
to transfection of hamster lung fibroblasts and Human HeLa cells, indicated that the
protocols we used are not suitable to obtain stable transfected skin fibroblasts. We con-
cluded this from the fact that no stable transfected colonies of human skin fibroblasts
were obtained, regardless of being CPT1-defective or being from a patient with a disor-
der unrelated to -oxidation. Only transient expression with the Lipofectamine method
was successful. We found an efficiency of 0.0-0.2 % of the cells which survived trans-
fection without selection. However, compared to the efficiencies of transfection in
hamster lung fibroblasts (5-10% in a parallel experiment), this still was low. Therefore,
for long-term applications it is clear that different procedures should be used than the
ones we applied here.

The low transfection efficiencies are, however, compensated for by the confocal laser
scanning images we obtained of the few cells transiently expressing CPT1-GFP. As illus-
trated, these cells showed a promising result with respect to intracellular localisation of
green fluorescent signal (Fig. 1). Punctuated and thread-like structures are clearly more
fluorescent than the background level in the cytosol, and the nucleus remains clear of
green fluorescent signal. These images are comparable to the microscopical data known
from a variety of cells with mitochondrion specific stains like Rhodamine 123,11 or GFP
fusions targeted to the mitochondrial matrix.9 Moreover, in human skin fibroblasts, the
compound 2-(4-(dimethylamino)styryl)-l-methylpyridinium iodide has been successfully
used to image mitochondria, showing comparable signal distribution patterns,16 albeit
that we sometimes could observe more distally localized fluorescent signals, putatively
from mitochondria situated near the sites where the cells were attached to the coverslip
glass. The low number of cells we have observed does not allow firm conclusions with
respect to intracellular distribution of CPT1-GFP in relation to cytoskeletal compounds
near these attachment sites.17

Control experiments with non-fused enhanced GFP resulted in homogeneously
distributed green fluorescent signal, not only in the cytosol, but also in the nucleus.
This uniform distribution of non-fused GFP was expected from previous reports.3,8 Taken
these facts together, our results with transient expression of CPT1-GFP in human
skin fibroblasts are highly suggestive for targeting of the fusion protein to mitochondria.
To investigate the targeting and topology of the CPT1-GFP fusion in more detail



114 V. D. Leij et al.

we recently have obtained stable transfected HeLa cells. These cells are currently sub-
jected to more detailed microscopical and functional analyses (van der Leij et al., in
preparation).

We conclude that for long-term expression studies in human skin fibroblasts, the
transfection methods we applied in this study are not appropriate. This may be improved
when other transfection methods are applied. In that respect, a combination of a recep-
tor-targeted transfection method and an immortalization strategy7 seems attractive, since
this would overcome the limited number of cell cycles of skin fibroblasts. High resolu-
tion imaging of the few cells we obtained made this study a valuable exercise, however.
Much could be learned already from the few transfected cells we observed. The intra-
cellular heterogenous distribution of CPT1-GFP points to mitochondrial targeting of
this fusion protein, and these results are an encouraging basis for ongoing and future
experiments.
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CARNITINE BIOSYNTHESIS

Purification of butyrobetaine Hydroxylase from rat liver

Frédéric M. Vaz, Sandy van Gool, Rob Ofman, Lodewijk IJ1st,
and Ronald J. A. Wanders

Department of Clinical Chemistry and Pediatrics
Academic Medical Center
University of Amsterdam
P. O. Box 22700, 1,100 DE Amsterdam
The Netherlands

1. SUMMARY

Butyrobetaine hydroxylase catalyses the last step in carnitine biosynthesis, the
formation of L-carnitine from butyrobetaine, a reaction dependent on
ketoglutarate, ascorbate and oxygen. Initial attempts to purify the protein from rat liver
showed that butyrobetaine hydroxylase is unstable. We, therefore, determined the influ-
ence of various compounds on the stability of butyrobetaine hydroxylase at different
storage temperatures. The enzyme activity was best conserved by storing the protein at
4°C in the presence of 200 g/1 glycerol and l0mM DTT. We subsequently purified the
enzyme from rat liver to apparent homogeneity by liquid chromatography.

2. INTRODUCTION

Carnitine was discovered in the beginning of this century in muscle tissue extracts.1

For a long time, the physiological role of carnitine remained obscure. An important
observation was made by Fraenkel and Friedmann when they identified an essential
factor required for growth of the meal worm Tenebrio molitor.1,2 The identity of this
essential component which they named Vitamin was later resolved by Carter et al.2

as 3-hydroxy-4-trimethylaminobutyric acid (carnitine). These studies were soon followed
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by reports which shed new light on the physiological function of carnitine. Indeed, studies
by Fritz3 revealed that oxidation of palmitic acid in liver slices was greatly stimulated
by adding muscle extract which turned out to be due to the carnitine present in these
extracts. In the same year, Friedman and Fraenkel4 discovered the reversible enzymatic
acetylation of carnitine. This pioneering work led to the recognition that carnitine plays
an indispensable role in mitochondrial fatty acid oxidation as essential element of the
carnitine cycle. This cycle mediates the transport of fatty acids across the mitochondrial
membrane via the concerted action of carnitine palmitoyltransferase 1 (CPT1), the mito-
chondrial carnitine/acylcarnitine carrier (CAC) and carnitine palmitoyltransferase 2
(CPT2).

In humans, carnitine is either obtained from the diet or synthesised de novo (Fig.
1). Carnitine biosynthesis in higher eukaryotes starts when protein-bound L-lysine is
trimethylated by a protein-dependent methyltransferase to form  -N-trimethyllysine.5

Upon degradation of these proteins, free -N-trimethyllysine becomes available and is
hydroxylated at the 3-position by -N-trimethyllysine hydroxylase.5,6 Subsequently, -

hydroxy- -N-trimethyllysine is cleaved into trimethylaminobutyraldehyde and glycine
by -hydroxy- -N-trimethyllysine aldolase,5,6 after which the aldehyde is oxidized by
trimethylaminobutyraldehyde dehydrogenase to yield butyrobetaine.5,6,7 Finally, buty-
robetaine is hydroxylated at the 3-position by butyrobetaine hydroxylase ( BBH) to
produce L-carnitine5,6,8 (see Fig. 1).

Of all the enzymes of the carnitine biosynthetic pathway, BBH is the best-studied
enzyme. Like -N-trimethyllysine hydroxylase, BBH is a non-heme ferrous-iron dioxy-
genase that requires -ketoglutarate, and molecular oxygen as cofactors.9 In this class
of enzymes, the hydroxylation of the substrate is linked to the oxidative decarboxylation
of -ketoglutarate. Ascorbate is needed to maintain iron in the reduced state. BBH has
been isolated from various sources including human kidney,10,11 calf12 and rat liver13,14 and
the bacterium Pseudomonas AK1.15 A common problem in the purification of this
enzyme from mammalian tissues is the poor stability of the protein.16 We, therefore, deter-
mined the optimal storage conditions and subsequently purified butyrobetaine hydrox-
ylase from rat liver.

3. EXPERIMENTAL PROCEDURES

3.1. Materials

Q-sepharose, chromatofocusing PBE 94, phenyl sepharose HP, G25 sephadex (fine),
were obtained from Amersham Pharmacia Biotech (Uppsala, Sweden), and hydroxylap-
atite CHT-II, from Biorad (Hercules, USA). All other reagents were of analytical grade.

3.2. Determination of Storage Conditions

Rat liver was homogenised in 50 mM sodium phosphate buffer, pH 7.0, containing
20 mM KC1 by five passes of a Teflon pestle in a Potter-Elvehjem glass homogenizer
at 500rpm. The crude homogenate was centrifuged for 60min at 20,000 x g at 4°C and
the supernatant desalted on a Sephadex G25 column. Various compounds were
added to the supernatant, which was stored at 4°C, –20 °C and –80 °C. After one and
two weeks, BBH activity was determined and compared with the activity in the fresh
supernatant.
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3.3. BBH Activity Measurement

BBH activity was determined according to Lindstedt15 followed by a radioisotopic
determination of the produced carnitine17 Protein concentrations were determined by the
method of Bradford,18 using bovine serum albumin as standard.

4. RESULTS

Table I shows the recovery of specific activity in cytosolic fraction of rat liver con-
taining several additives after 1 and 2 weeks of storage. Recoveries are expressed as the
percentage of the activity in the fresh cytosolic fraction homogenised in 50 mM sodium
phosphate buffer, pH 7.4, containing 20mM KCl. BBH activity was best conserved
at 4°C in the presence of l0mM DTT and 200 g/1 glycerol. Addition of co-factors like
sodium ascorbate, -ketoglutarate and or combinations of the former
did not appear to stabilise the enzyme. Addition of EDTA resulted in total loss of enzyme
activity.

After determining the optimal storage condition, BBH was purified from rat liver
by liquid chromatography. The purification procedure was adapted from Lindstedt et al. 15

All protein isolation steps were carried out at 4°C. The livers of five Wistar rats were
homogenised in a 50mM potassium phosphate buffer, pH 6.8, containing 20mM KC1
and 2mM dithiothreitol (DTT), by five passes of a Teflon pestle in a Potter-Elvehjem
glass homogenizer at 500 rpm. The crude homogenate was centrifuged for 60min at
20,000 x g. The supernatant was filtered through a column of glass pearls to remove float-
ing fat particles. This filtrate was applied onto a Q-sepharose column (140ml), which was
pre-equilibrated with a 20mM sodium phosphate buffer, pH 6.8, containing 75 mM KCl.
The column was eluted with a linear gradient from 75 to 350mM KC1 in the same buffer.

BBH activity eluted as a single peak between 200 and 240 mM KCl (Fig. 2). Fractions
43-55 were pooled and concentrated with an Amicon Ultrafiltration unit using a YM10
membrane. The concentrate was dialysed against a 25 mM sodium phosphate buffer, pH
7.0, containing 100g/l glycerol, 2mM DTT and loaded on to an Econo-Pac CHT-1II
hydroxylapatite column (5ml) equilibrated with the same buffer. Bound proteins were
eluted with a linear gradient from 25 to 150 mM sodium phosphate. BBH activity eluted
as a single peak between 75mM and l00mM sodium phosphate (Fig. 3). Fractions 10
to 14 were pooled and dialyzed against a l0mM sodium phosphate buffer, pH 7.0, con-
taining 100 g/1 glycerol and 2mM DTT. This dialysate was applied on to a PBE 94 chro-
matofocusing column (15ml) pre-equilibrated with a 25 mM imidazole/HCl buffer, pH
6.5, and eluted with 125ml/1 Polybuffer 74, pH 4.6. The pH of the fractions was imme-
diately adjusted to 7.4 by the addition of 1/10 volume of 1M sodium phosphate buffer,
pH 7.4. BBH activity was determined in the fractions and found to elute in a single
peak at pH of 5.2 (Fig. 4). Fractions 32–40 were pooled and dialysed against a 20mM
sodium phosphate buffer, pH 7.4, containing 100 g/1 glycerol and 2mM DTT. An equal
volume of the dialysis buffer supplemented with 1M ammonium sulphate was slowly
added to the dialysate. Precipitated proteins were removed by centrifugation and the
supernatant applied onto a phenyl sepharose HP column (2ml) pre-equilibrated with a
20mM sodium phosphate buffer, pH 7.4, containing 100g/l glycerol, 2mM DTT and
0.5 M ammonium sulphate. Proteins were eluted with a linear gradient from 0.5 to 0.15
M ammonium sulphate in the same buffer. Fractions were tested for BBH activity and
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analysed by SDS-PAGE followed by silver staining. The BBH activity was found to
co-elute with a 44kDa protein (Fig. 5).

5. DISCUSSION

BBH was purified to homogeneity by a four-step column chromatographic
method. First, the influence of various compounds on BBH activity at different storage
temperatures was determined. Storing the homogenate at 4°C in the presence of 200g/1
glycerol and l0mM DTT was found optimal for storage during the purification. For long
term storage, -20 °C with the same additives is recommended An important observation
was that addition of EDTA results in total loss of BBH activity, which is probably
caused by the chelation of BBH bound . Addition of in the presence or absence
of ascorbate had no effect on the stability of the enzyme.

BBH was subsequently purified 280-fold from rat liver cytosol and identified
as a 44 kDa protein by SDS-PAGE analysis, which agrees with the previously purified
rat liver BBH.13,14 The purified protein will be used to raise an antiserum and the N-
terminal amino acid sequence will be determined with the ultimate goal to identify the
cDNA encoding rat BBH.
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High serum levels of triglyceride (TG)-rich lipoproteins, i.e. very low density
lipoproteins (VLDL) and its remnants are important risk factors for coronary artery
disease.1 Serum TGs can be lowered either by dietary treatment with fish oils or by phar-
macological treatment with drugs of the fibrate class. Classically, the decrease in plasma
TG concentrations upon fibrate treatment (Table 1) are thought to be the result of a
decreased hepatic secretion of VLDL accompanied by an enhanced plasma TG clear-
ance, possibly due to the induction of lipoprotein lipase (LPL) activity in peripheral
tissues.2

Several lines of evidence have implicated apolipoprotein (apo) C-III in plasma TG
metabolism. Reports have indicated that apo C-III inhibits TG hydrolysis by LPL and
hepatic lipase in vitro and impairs the uptake of TG-rich lipoproteins by the liver. More-
over, transgenic animal studies, in which the plasma TG levels are proportional to plasma
apo C-III concentrations and liver apo C-III gene expression, provided more direct evi-
dence for the causal involvement of apo C-III in hypertriglyceridemia. Recently, it has
been shown that fibrate downregulates apo C-III expression (Table 1) and this may con-
tribute for the hypotriglyceridemic action of these drugs.2

In addition to lowering plasma TG, n-3 fatty acids (eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA)) are reported to have a number of additional benefi-
cial effects on the cardiovascular system which include antihypertensive and antithrom-
botic actions.3–5 EPA and DHA are major fatty acid constituents of fish oil and it has
been assumed that both EPA and DHA are responsible for its hypotriglyceridemic activ-
ity. However, growing evidence indicates that EPA and DHA may possess different
hypolipidemic properties. We have reported that EPA is the fatty acid primarily respon-
sible for the TG-lowering effect of fish oil (Table 1), but the mechanism underlying this
hypotriglyceridemic effect has not yet been fully elucidated. Interestingly, however, we
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have reported that EPA, but not DHA, increased mitochondrial fatty acid oxidation in
liver of rats (Table 2).

In the liver, mitochondrial fatty acid oxidation and TG-biosynthesis are the major
competitors for the utilization of fatty acids as substrate. The regulatory interrelation-
ship between -oxidation and TG-biosynthesis has not yet been elucidated in detail by
fibrates and n-3 fatty acids. Growing evidence indicates that availability of TG is a major
driving force in the secretion of TG-lipoproteins by the liver. It is, therefore, conceivable
that factors influencing TG-biosynthesis of fatty acid oxidation may ultimately influence
plasma lipoprotein levels and metabolism.

Sulfur-substituted fatty acids, especially the 3-thia fatty acids (TTA,
that profoundly affect -oxidation, have facilitated studies on the con-

certed regulation of fatty acid oxidation and TG-biosynthesis. We have demonstrated that
stimulation of -oxidation (Table 2) may affect both TG-formation (Table 1) and plasma
lipoprotein homeostasis (Table 1) under both normolipidemic and hyperlipidemic
conditions.

TTA is a fatty acid analogue in which a sulfur atom replaces the  -mehylene groups
in the alkyl-chain (a 3-thia fatty acid). TTA, therefore, cannot be  -oxidized. Paradoxi-
cally, TTA is both mitochondrial and peroxisomal proliferator and the hepatic mito-
chondrial and peroxisomal fatty acid oxidation capacities are increased (Table 2). In
addition to its biochemical and morphological effects, TTA decrease serum TG (Table 1)
very low density lipoprotein (VLDL)-TG, cholesterol and free fatty acid (NEFA) levels
in rats. Thus, the observed reduction in plasma TG levels during TTA administration
could be accomplished by retarded synthesis, reduced hepatic output, enhanced clear-
ance or a combination of these factors. 3-Thia fatty acid resulted in a slight inhibition
in the activities of ATP-citrate lyase and fatty acid synthase.6 However, the impact of
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these effects on lipogenesis, and consequently TG-biosynthesis, is not self-evident. On
one hand, an inhibition of two of the enzymes involved in fatty acid synthesis is consis-
tent with a retarded lipogenesis. On the other hand, the finding that the activity of the
enzyme considered to be rate-limiting in fatty acid synthesis i.e. acetyl-CoA carboxylase,
was unaffected by TTA treatment, argues against the contention that decreased fatty acid
synthesis is of major importance for the TG-lowering effect observed. As NEFA levels
decreased, TTA acid treatment might interfere with both the exogenous and the endoge-
nous supply of hepatic fatty acids, affecting their availability for esterification and TG-
biosynthesis. In addition, the observed inhibition of phosphatidate phosphohydrolase
activity during 3-thia fatty acid7 would further contribute to a lower TG-synthetic rate.
The parallel decrease in phosphatidate phosphohydrolase activity and the hepatic and
plasma TG concentrations suggests that the hypotriglyceridemic effect of TTA level may
be largely due to its effect on the synthetic level. Also, this underscores the regulatory
importance of phosphatidate phosphohydrolase in TG-biosynthesis.8 In contrast, both
glycerol 3-phosphate and diacylglycerol acyltransferase activities7 increased when hepatic
TG-synthesis and secretion were retarded. This argues against the initial and the last
esterification steps9 in TG-synthesis being potential sites at which TTA might modulate
TG-synthesis.

A finding in the present study was the effect of TTA treatment on the lipoprotein
fractions, with a decrease in both VLDL-TG (Table 1) and low density lipoprotein
(LDL)-cholesterol levels. The decrease in VLDL-TG was associated with a reduction
(data not shown) in the secretion of newly synthesized TG (Table 1 and Fig. 1). Since
VLDL is a precursor to LDL, it is conceivable that the observed reduction in VLDL
secretion and plasma VLDL levels will affect LDL formation, which might contribute to
the lowering of LDL cholesterol levels. It is of interest that the reduction in plasma TG
levels was slightly more pronounced (38%) than the decrease in the VLDL-TG secretion
(25%), implying that alterations in the clearance of VLDL-TG might contribute to the
decrease in plasma TG. In agreement with this, the activities of plasma LPL and hepatic
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lipase were somewhat higher (10-20%) in TTA treated animals, indicating a pos-
sible increase in the clearance potential of TG-rich lipoproteins. Moreover, the down-
regulation of liver apo C-III gene expression of TTA may contribute to the hypotriglyc-
eridemic action of this class of drugs. However, no difference was found in either the
chemical composition of the apolipoprotein pattern in isolated VLDL from control or
3-thia fatty acid-treated rats, arguing against any larger conformational changes
that could affect their catabolism (data not shown). At present, we cannot, therefore,
exclude that minor conformational changes in VLDL could be induced by TTA admin-
istration, and further studies are needed to establish whether treatment with this drug
affects the metabolic properties of VLDL. Most plausible TTA will lower the number of
VLDL-particles.

In hepatocytes cultured in the presence of oleic acid, incorporation of  -water
into secreted lipids and TG was lower than incorporation into synthesized lipids with the
3-thia fatty acids.10 A similar phenomenon was observed with -glycerol as the radioac-
tive precursor. This suggests that some of the hypotriglyceridemic effects of 3-thia fatty
acids may arise from a reduction in biosynthesis and/or secretion of TG.

The degree of inhibition of -water incorporation into TG and phospholipids
(PL) was at approximately the same level, indicating that the 3-thia fatty acids may affect
a common step in the biosynthesis of these lipids.

The incorporation of -water into synthesized diacylglycerols was reduced even
more than the incorporation into the other two lipid classes. As the sulfur-substituted
fatty acids had only small effects on incorporation of -water into cell monoacylglyc-
erols (data not shown), these data suggest that 3-thia fatty acids decreased TG-synthesis
by affecting the step before formation of diacylglycerols. The reduced incorporation into
diacylglycerols, thus, may indicate that activity of the enzyme phosphatidate phospho-
hydrolase could be affected.

When the synthesis of lipids is reduced due to the presence of fatty acid analogs,
the NEFAs will be diverted from the esterification pathway. The level of NEFAs in the
hepatocytes treated with 3-thia fatty acids tended to decrease. This indicates that the
mitochondrial -oxidation was increased, as the peroxisomal  -oxidation was unchanged
in these hepatocytes. Thus, it is likely that the non- -oxidizable fatty acid analogs reduced
the availability of fatty acids for TG-synthesis due to increased mitochondrial fatty oxi-
dation. The lack of effect on the peroxisomal -oxidation confirms the in vivo data that
the hypotriglyceridemic effect of the analogs can be dissociated from the proliferation of
peroxisomes.11,12

Malonyl-CoA, the product of the acetyl-CoA carboxylase reaction, is substrate for
the biosynthesis of fatty acids. It is also an inhibitor of carnitine palmitoyltransferase
(CPT), the enzyme regulating mitochondrial fatty acid oxidation. Long-chain acyl-CoA
inhibits malonyl-CoA synthesis by inhibiting acetyl-CoA carboxylase.13 An acute
decrease in malonyl-CoA at 4–6 hr has been found in animals treated with TTA.14,15 At
that time the levels of long-chain acyl-CoA was increased. A rise in cellular acyl-CoA
after administration of 3-thia fatty acids could result in inhibition of the enzyme acetyl-
CoA carboxylase. Reduced levels of malonyl-CoA could then relieve inhibition of CPT
and the mitochondrial fatty acid oxidation would be stimulated.16

Thus, it is likely that rate of TG-synthesis is controlled by coordinate regulation
of the activities of mitochondrial -oxidation and phosphatidate phosphohydrolase.
The instant hypotriglyceridemic effect observed in rats given 3-thia fatty acids can be
explained by a sudden increase in mitochondrial fatty acid oxidation and a decrease in
phosphatidate phosphohydrolase.7 This alteration is accompanied by a reduction in the
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availability of substrates, i.e. fatty acids for glycerolipid synthesis, even before the 3-thia
fatty acids induce peroxisomal fatty acid oxidation and microsomal -oxidation.

Mitochondrial CPT-I is rate-limiting for mitochondrial -oxidation through dif-
ferent mechanism—1) as changes in activity and the transcription rate, 2) changes in the
concentration of its physiological inhibitor malonyl-CoA, and 3) changes in its sensitiv-
ity to malonyl CoA.

Recently we have performed experiments in order to study the effects of a single
dose (acute effects) and repeated administration of TTA (long-term effects) on the expres-
sion of rat hepatic genes related to peroxisomal and mitochondrial -oxidation. In the
acute study we have shown that the expression of several mitochondrial and peroxiso-
mal fatty acyl-CoA ester metabolizing enzymes were rapidly increased in rats fed TTA,
but the increase seemed to follow different time-courses. Interestingly, CPT-II mRNA
and, especially, CPT-I mRNA were induced early, that is at 4 and 2h, respectively, after
TTA administration (Fig. 2).

The gene expression of several enzymes involved in the peroxisomal and mito-
chondrial -oxidation are regulated through peroxisome proliferator activated receptor
(PPAR). To our knowledge, no response element for PPAR in the genes for CPT-I or
CPT-II has yet been identified.
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The major increase in the mRNA levels of fatty acyl-CoA oxidase did not appear
until 8-12h after administration of TTA (Vaagenes H. et. al., Biochem. Pharmacol. in
press). The gene for this enzyme contains a PPAR-responsive element. It is, therefore,
interesting to speculate whether PPAR is responsible for mediating the effects of TTA on
CPT-I and/or CPT II which are induced earlier than fatty acyl-CoA oxidase.

In the long-term experiments i.e. repeated administration of TTA for days, we have
shown that TTA accumulated in the hepatic tissues. Unexpectedly, under these condi-
tions the CPT-I mRNA was not increased and the mitochondrial CPT-I activity was
rather decreased. TTA can be activated to its CoA ester, and we have observed that TTA-
CoA inhibits CPT-I activity. Taking the data together from the short-term versus long-
term administration, it seems as if TTA has both an inhibitory and a stimulatory effect
on CPT-I and there might be a balance between these two opposing effects of TTA. Thus,
in the long-term study the result is an inhibitory effect of CPT-I possible due to accu-
mulation of TTA-CoA. How the amount of TTA and/or TTA-CoA is correlated to the
CPT-I activity will be studied further.

In contrast to CPT-I, the mRNA levels of CPT-II were increased in the long-term
as well as in short-term experiments (Fig. 2). These results suggest that the regulation
of fatty acid oxidation appears to be shifted to steps(s) beyond CPT-I and CPT-II may
be an important locus in the regulation of hepatic fatty acid oxidation. The proposed
sequence of oxidation of fatty acids involving peroxisomal and mitochondrial    -
oxidation under peroxisomal and mitochondrial proliferation is depicted in Fig. 3. A pos-
sible explanation would be that fatty acids are partially oxidized in the peroxisomes and
enter the mitochondria as medium chain fatty acids via peroxisomal CPT, like the phy-
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tanic and pristanic acid.17 This model implies formation of carnitine derivates of fatty
acids which are good substrates for CPT-II. Indeed, increased carnitine-derivates of dif-
ferent fatty acids have been observed after TTA administration (data to be published).

Hepatic ketogenesis is mainly controlled by two systems: 1) entry of fatty acyl-CoA
into mitochondria catalyzed by the CPT system and 2) enzymatic activity of mitochon-
drial 3-hydroxy-3-methyl glutaryl-coenzyme A (HMG-CoA) synthase. We have recently
studied the regulation of ketogenesis at the level of gene expression of this protein after
repeated administration of TTA. In these long-term experiments the plasma ketone
bodies and hepatic mRNA levels of HMG-CoA synthase were increased. Moreover,
immunodetectable proteins and activities of both HMG-CoA synthase and CPT-II were
increased in the liver of TTA treated rats. This suggests the possibility that mitochondr-
ial HMG-CoA synthase and CPT-II retain some control of fatty acid oxidation and
ketone body formation under conditions when CPT-I is inhibited. Whether these enzymes
retain some control over the relevant fluxes of fatty acid oxidation to ketone bodies will
be investigated in more detail in the future.
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The -oxidation of fatty acids is an important metabolic process that takes place
in various organisms ranging from E. coli to Homo sapiens. In animal cells there are dif-

ferent -oxidation systems in mitochondria and peroxisomes. Mitochondrial -oxidation
of fatty acids provides a significant part of the energy in some organs. For example, free
fatty acids are the preferred substrate for energy production in heart. On the other hand,
the peroxisomal -oxidation system degrades very long-chain fatty acids and other
uncommon carboxylic acids but does not provide useful energy.1 More complexity was
found in plant cells where glyoxysomes—which correspond to peroxisomes—have a
unique -oxidation system.2 Fungi possess peroxisomal bifunctional -oxidation enzymes
employing D-specific substrates but not L-isomers.3 The stereochemical specificity of
the latter enzymes is the opposite of that for the animal peroxisomal trifunctional
enzyme.4

During prolonged fasting or long-lasting exercise, mitochondrial -oxidation sup-
plies energy to various tissues, producing acetyl-CoA for liver ketogenesis to supply cir-
culating ketone bodies as an important alternative fuel in extrahepatic tissues. In addition
to the mitochondrial matrix  -oxidation enzymes, a long-chain-specific -oxidation
enzyme system with a very long-chain acyl-CoA dehydrogenase and a trifunctional   -
oxidation complex has been discovered on the mitochondrial inner membrane.5

Although the fatty acid -oxidation spiral comprises only four reactions, under-
standing of the complexity of fatty acid degradation has dramatically increased in recent
years due to the discovery of a variety of new -oxidation enzymes. This article will
discuss the enzymes that catalyze the second and third steps of the -oxidation pathway,
an area of recent and substantial progress.
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1. HYDRATION OF 2-TRANS-ENOYL-CoA

The second step of the -oxidation spiral is the reversible hydration of 2-trans-
enoyl-CoA to yield L-3-hydroxyacyl-CoA, catalyzed by enoyl-CoA hydratase.1 However,
in fungi 2-trans-enoyl-CoA is hydrated by peroxisomal D-3-hydroxyacyl-CoA dehy-
dratase to form D-3-hydroxyacyl-CoA.3 Enoyl-CoA hydratases are usually associated
with the N-terminal region of multifunctional proteins except for the mitochondrial
matrix enoyl-CoA hydratase and the E. coli long-chain enoyl-CoA hydratase10 (see Table
1). D-3-hydroxyacyl-CoA dehydratases are located on the C-terminal domain of the
peroxisomal D-specific bifunctional  -oxidation enzyme3 or the central domain of
hydroxysteroid dehydrogenase type IV.8,9

An investigation of the stereochemistry of the reaction catalyzed by enoyl-CoA
hydratase11 revealed that the -addition/elimination reaction follows a syn course and
the pro-R (but not pro-S) -proton of L-3-hydroxyacyl-CoA is derived from water. On
the basis of a double isotope effect study, Bahnson and Anderson12 have suggested that
crotonase-catalyzed -elimination is concerted. However, Gerlt and Gassman13,14 have
insisted that crotonase operates by a two-step process just as all the other enzymes that
catalyze -elimination reactions. They have argued that the crotonase active site provides
an electrophile at the carbonyl oxygen of thioester group to form a short, strong hydro-
gen bond for enhancing the acidity of the -proton of the substrate, so that in the first
step a deprotonated catalytic residue abstracts the -proton and then this protonated cat-
alytic residue facilitates the departure of the -leaving group in the second step. Despite
lively controversy about the lifetime of the enolized intermediate, the advocates of the
concerted mechanism12,15,16 and those of the stepwise mechanism13,14 all support the
notion that a single general acid-base functional group is required for the catalysis of a

-addition/elimination reaction because of the reaction’s syn stereochemical course.
Site-directed mutagenesis studies in our laboratory17 revealed that substitution of

glutamine for glutamate-139 on the large subunit of the E. coli fatty acid oxidation
complex caused a greater than 3,000-fold decrease in the of enoyl-CoA hydratase
without a significant change in the value. We identified the  carboxyl group of
glutamate-139 as the primary catalytic acid-base functional group of the E. coli crotonase
in 1994. Meanwhile, Muller-Newen et al.18 found that a conserved glutamate-164 is the
catalytic residue of rat liver mitochondrial enoyl-CoA hydratase. This glutamate residue
is at position 135 of the mature enoyl-CoA hydratase, however, because a 29 residue
leader sequence is cleaved when the precursor is transported into mitochondria; the cat-
alytic residue of rat liver hydratase apparently corresponds to glutamate-139 of the E.
coli crotonase (Figure 1).

Our studies on the pH dependence of of the E. coli crotonase have revealed
two values (5.9 and 9.2).l9 A of 9.2 was assigned to glutamate-139, since a pro-
tonated catalytic residue is necessary for transferring a proton to the -carbon of
unsaturated fatty acyl-CoA thioesters. The results also suggested that crotonase possesses
another catalytic residue involved in the hydration of 2-trans-enoyl-CoA. In order to
identify the second catalytic residue, we mutated additional protic amino acid residues
that are conserved in members of the enoyl-CoA hydratase family and investigated the
catalytic properties of these mutant hydratases. We found that the substitution of gluta-
mine for glutamate-119 on the large subunit of the E. coli fatty acid oxidation complex
caused an 88-fold decrease in the catalytic rate with disappearance of a of 5.9 of the
wild type enoyl-CoA hydratase.19 The experimental data indicated that the  carboxyl
group of glutamate-119 serves as the second general acid-base functional group in cat-
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alyzing the hydration of 2-trans-enoyl-CoA. According to the crystal structure of rat liver
enoyl-CoA hydratase reported by Engel et al.,20 the carboxyl group of glutamate-164
is close to oxygens of the 1-keto and 3-keto groups of acetoacetyl-CoA, an inhibitor
bound to the hydratase active site, and the carboxyl group of glutamate-144 is
hydrogen-bonded to the oxygen of the 3-keto group while the imino group of glycine-
141 forms a short, strong hydrogen bond to the oxygen of the 1-keto group. It is note-
worthy that glutamate-144 and glycine-141 are at positions 115 and 112, respectively, of
the mitochondrial enoyl-CoA hydratase (see Fig. 1). The results of our site-directed muta-
genesis studies prompted us to propose the catalytic mechanism of the E. coli enoyl-CoA
hydratase. An outline of the hydratase reaction is shown in Fig. 2, and the same princi-
ples are applicable to the hydratases of other multifunctional -oxidation enzymes
and to monofunctional enoyl-CoA hydratases regardless of their substrate chain length
specificities.

The molecular mechanism of the syn  -elimination reaction catalyzed by enoyl-
CoA hydratase we proposed19 has a single concerted transition state where the general
base catalyzes abstraction of the -proton and the general acid catalyzes loss of the
leaving group (Fig. 2). The harmonious cooperation of two general acid-base functional
groups of hydratases could account for the observed high catalytic rate for the hydratase
reaction, e. g., reported for the hydration of crotonyl-CoA.17 It is not known
why a single of 8.5 was previously reported for rat liver enoyl-CoA hydratase.16 Nev-
ertheless, the hypothesis that a single active-site base can mediate both proton transfers
in a cyclic transition state12,16 and the view that the syn stereochemical course enables the
hydration reaction to be catalyzed by a single group in a stepwise manner13,14 are no longer
tenable. Other factors that could stabilize the transition state are included in the present
model of hydratase catalysis (see Fig. 2). For example, hydrogen bonding of the imino
group of glycine-116—which corresponds to glycine-141 of rat liver crotonase—with the
carbonyl oxygen of the substrate could reduce the of the -proton,13,14 and its coor-
dination with a nucleophile near the -carbon could cause an electronic rearrangement
in the acryloyl portion to enhance the electrophilicity of the -carbon for substrate acti-
vation.15 The replacement of glycine-116 by phenylalanine would interfere the formation
of such a hydrogen bonding, and did in fact result in inactivation of the crotonase.21

The syn -addition/elimination of water proved not to be superior to an anti process
in chemical efficiency.22 The reason why the reaction catalyzed by enoyl-CoA hydratases
follows the syn stereochemical course is because the two catalytic residues of the
hydratase are located on the same side of the substrate (see Fig. 2). The reaction mech-
anism of D-3-hydroxyacyl-CoA dehydratase catalysis is not known. If it follows the anti
stereochemical course, the D-specific dehydratases of the peroxisomal multifunctional
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proteins from mammals8,9 and fungi3 are expected to have catalytic residues on both sides
of the substrate.

2. DEHYDROGENATION OF L- AND D-3-HYDROXYACYL-CoA

The dehydrogenation of L- and D-3-hydroxyacyl-CoAs is catalyzed by L- and D-
3-hydroxyacyl-CoA dehydrogenases, respectively. These enzymes display strict substrate
stereochemical specificity, but they both produce 3-ketoacyl-CoAs. The L-3-hydroxyacyl-
CoA dehydrogenase binds its coenzyme and its substrate to a cleft between its
N- and C-terminal domains.23,24 The crystal structure of pig heart L-3-hydroxyacyl-CoA
dehydrogenase was published a decade ago,23 but the catalytic mechanism of this type of
dehydrogenase was not known until we identified a conserved histidine as the catalytic
residue.25 L-3-Hydroxyacyl-CoA dehydrogenases are associated with the C-terminal
region of multifunctional proteins except for those in the mitochondrial matrix6,7,26 (see
Table 1). In contrast, D-3-hydroxyacyl-CoA dehydrogenases are associated with the N-
terminal region of peroxisomal multifunctional proteins.3,8,9

The replacement of glycine-322 with alanine in the large subunit of the E. coli fatty
acid oxidation complex significantly increased the value for NADH, so the impor-
tance of a glycine-rich sequence (GXGXXG) to the coenzyme binding was confirmed in
a catalytic context.25 Since the pH dependence of the of the E. coli dehydrogenase
suggested the catalytic involvement of an amino acid residue with a neutral we re-
placed histidine-450, which is the only histidine conserved in all known L-3-hydroxyacyl-
CoA dehydrogenases, with either glutamine or alanine by site-directed mutagenesis. Both
mutant dehydrogenases showed a more than 1,500-fold decrease in the but their
values and the catalytic properties of other component enzymes of the fatty acid oxida-
tion complex exhibited only a very mild change. As a result, the imidazole of histidine-
450, which is located in a loop between  -strands 6 and 7, was found to be the functional
group.25 Thereafter, a conserved glutamate-462 was identified by “alanine-scanning”
mutagenesis as another important element involved in dehydrogenase catalysis. The elec-
trostatic interaction between this acidic residue and the catalytic residue forms a catalytic

pair (Figure 3). Such His-Glu couples play a pivotal role in the catalytic
process of L-3-hydroxyacyl-CoA dehydrogenases by maintaining the electroneutrality in
the active site and reducing the activation energy of the reaction.27 The amino acid
sequences of all known L-3-hydroxyacyl-CoA dehydrogenases are highly conserved in
this key region of the active center, and the consensus sequence has been designated as
the signature pattern of the L-3-hydroxyacyl-CoA dehydrogenase family6 (Fig. 4). The
catalytic mechanism delineated in Fig. 3 is applicable to other members of the dehydro-
genase family, including long-chain L-3-hydroxyacyl-CoA dehydrogenase of the mito-
chondrial inner membrane-bound trifunctional  -oxidation complex, which is more
closely related evolutionarily to the E. coli fatty acid oxidation complex than to the cor-
responding matrix -oxidation enzymes, in spite of a functional cooperation of the two
mitochondrial -oxidation systems in the same organelle.28

The negative charge of glutamate-462 was found to be necessary for increasing the
thermostability of the multienzyme complex, and amidation of the carboxyl group
of glutamate-462 is known to have an adverse effect on the 3-ketoacyl-CoA thiolase
activity associated with the small subunit of the fatty acid oxidation complex.27 These
findings provided evidence that a mutation of mitochondrial trifunctional

-oxidation complex, which corresponds to the mutation described above,
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is responsible for loss of long-chain dehydrogenase activity29 and rapid degradation of
the -oxidation complex.30 The discovery of a catalytic His-Glu pair has contributed
enormously to the understanding of the pathogenesis of long-chain L-3-hydroxyacyl-
CoA dehydrogenase (LCHAD) deficiency at the molecular level. In addition, patients
with so-called isolated LCHAD deficiency29 were found to be deficient in long-chain 3-
ketoacyl-CoA thiolase activity as well, and this was attributed to the same mutation at
the large subunit.27



140 S.-Y. Yang and X.-Y. He

The short chain L-3-hydroxyacyl-CoA dehydrogenases, which are new members of
the short chain dehydrogenase family,31 have recently been found in human brain7 and
bovine liver.32 All the aforementioned L-3-hydroxyacyl-CoA dehydrogenases display the
two-domain structure,6,23,25 whereas the short chain dehydrogenase is homotetramer7,32

and has a one-domain subunit.7,31 Since the comformational patterns of various short
chain dehydrogenases are highly similar,31 the three-dimentional structure of the short
chain L-3-hydroxyacyl-CoA dehydrogenase is probably similar to that of
hydroxysteroid dehydrogenase.33 For example, human brain short chain L-3-hydroxyacyl-
CoA dehydrogenase (SCHAD) has a glycine-rich sequence (GXXXGXG) as the marker
of the N-terminal NAD-binding region.7 In its C-terminal region there are well-
conserved tyrosine-168, lysine-172, and serine-155,7 which may play essential roles in
catalysis similar to a catalytically important “triad” involved in the short chain dehydro-
genase reaction.34 Since human brain SCHAD can bind amyloid -peptide and is located
in mitochondria and endoplasmic reticulum7,35 (He and Yang, unpublished results), it is
of great interest to determine whether this dehydrogenase has other important functions
in cells and to investigate its involvement in Alzheimer’s disease. It was reported that
scully, an essential gene of Drosophila, encodes a homologous enzyme,36 but the gene
product has not yet been purified and characterized. Short chain L-3-hydroxyacyl-CoA
dehydrogenases share some structural features with peroxisomal D-3-hydroxyacyl-CoA
dehydrogenases,3,8,9 but differ totally from members of the L-3-hydroxyacyl-CoA dehy-
drogenase family.6,23,25,28 With respect to the molecular mechanism of this variety of
enzyme, the most interesting question is why their stereochemical specificity is opposite
to that of the D-3-hydroxyacyl-CoA dehydrogenases. If more effort is expended in the
study of these vital enzymes, valuable discoveries in this new area are to be expected.

3. SUBSTRATE CHAIN-LENGTH SPECIFICITY

Substrate chain length has a profound impact on the  and values of the
oxidation enzymes. Effects of this important factor on catalysis have been investigated
by kinetic studies.37,38 However, reasons for phenomena such as the fact that mitochon-
drial inner membrane-bound trifunctional  -oxidation complex cannot use short-chain
substrates,5,39 have not yet been offered at the molecular level.

Rat liver enoyl-CoA hydratase is a homohexamer, which is composed of two
trimers.20 The crystal structure of this enzyme revealed that acetoacetyl-CoA fits into the
binding pocket well whereas the longer fatty acyl tail of octanoyl-CoA extends into the
intertrimer space via a narrow opening.20,40 The following were cited as strong support
that the binding of short-chain substrate with the crotonase was superior to longer chain
substrates: the increased so dramatically with substrate chain-length that the values
for crotonyl-CoA and hexadecenoyl-CoA are 20µ  M and 500µM, respectively,41 and the
binding affinity of octanoyl-CoA was lower than that of acetoacetyl-CoA.20,40 However,
the data are not reliable. When an updated assay method was used, it was found that the

values for longer chain enoyl-CoAs were, in fact, significantly lower than for crotonyl-
CoA.38 Moreover, the conformation pattern of octanoyl-CoA in the enzyme active site
is quite distinct from 2-trans-octenoyl-CoA, because the pro-R -proton of the
unsaturated fatty acyl-CoA is abstracted by the same catalytic residue that catalyzes the
stereospecific exchange of the pro-S -proton of saturated fatty acyl-CoA.16 Obviously,
a more sophisticated binding model that can explain these new experimental results16,38

remains to be worked out.
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The majority of the CoA-moiety of L-3-hydroxyacyl-CoA is in contact with the
bulk medium while the fatty acid tail is inserted into the cleft and buried by the enzyme.24

This orientation of the substrate is consistent with the fact that the length of the acyl
chain has a significant effect on the turnover number of pig heart L-3-hydroxyacyl-CoA
dehydrogenase.37 Since detailed structural information about the liganded active site is
not available, it is not known why the dehydrogenase displays the top catalytic efficiency
with substrates of medium acyl chain length. A more intensive study of the substrate
chain length specificity, a characteristic which contributes enormously to the complexity
of fatty acid oxidation systems, shall be made in the future.

4. CONCLUDING REMARKS

In recent years, the identification of two catalytic glutamate residues cooperatively
functioning in members of the enoyl-CoA hydratase family and the discovery of a cat-
alytically important His-Glu couple in L-3-hydroxyacyl-CoA dehydrogenases filled a gap
in the knowledge of the catalytic mechanisms of the fatty acid oxidation enzymes. The
information derived from our studies is essential not only for the understanding of the
pathogenesis of inherited oxidation disorders at the molecular level, but also for design-
ing potent inhibitors to oxidation enzymes and granting new features to these enzymes
by protein engineering. The remarkable progress in elucidating the molecular mechanisms
of the enzymes of fatty acid oxidation is to a great extent due to exploration by schol-
ars with expertise in site-directed mutagenesis, in stereochemistry, in clinical investiga-
tion, and in x-ray crystallography. It is expected that this multidisciplinary molecular
dissection will continue to reveal the structure-function relationships of the novel
oxidation enzymes and lead to insight into the complicated interactions of the oxida-
tion enzymes with their substrates.
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1. INTRODUCTION

Mitochondrial oxidation is subject to several possible intramitochondrial con-
trols (reviewed1,2). Here, we will consider control exerted at the levels of the
[NAD+]/[NADH] and [acyl-CoA]/[CoASH] ratios. In cells, the [ATP]/[ADP]+[Pi] ratio is
fairly constant since the rate of ATP synthesis may not be directly controlled by this
ratio.3,4 The [NAD+]/[NADH] and the [acyl-CoA]/[CoASH] sensitivities are consequences
of the co-factor requirement of the 3-hydroxyacyl-CoA dehydrogenases or the CoASH
requirement of the carnitine palmitoyl transferase II or other carnitine acyl transferases,
for the thiolytic cleavage of 3-ketoacyl-CoA and for the transfer of acyl groups from car-
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nitine to CoASH, respectively. Total NAD, NADP and CoA are relatively fixed within
mitochondria, at approximately 3–5 mM.

2. FEEDBACK INHIBITION

Inhibition of the 3-ketoacyl-CoA thiolase step (with the likely accumulation of
3-ketoacyl-CoA esters) or the 3-hydroxyacyl-CoA dehydrogenase, with accumulation of
3-hydroxyacyl-CoA esters, could lead to feedback inhibition of oxidation (see Fig. 1).
The 3-hydroxyacyl-CoA dehydrogenases,5,6 enoyl-CoA hydratases7 and short-medium-
and long- chain acyl-CoA dehydrogenases can be all be inhibited by 3-ketoacyl-CoA
esters.8 The enoyl-CoA hydratases catalyse an equilibrium but can be inhibited by their
3-hydroxyacyl-CoA products.9 Finally, the acyl-CoA dehydrogenases are subject to inhi-
bition by their 2-enoyl-CoA products8,10 and, hence, feedback inhibition has been viewed
as potentially very important in the regulation and control of oxidation flux.

3. CONTROL AT THE LEVEL OF INTRAMITOCHONDRIAL
[NAD+]/[NADH]

Early experiments demonstrated that when the rate of oxidation of NADH in iso-
lated mitochondria is limited, for example by state IV conditions, rotenone inhibition of
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complex I activity or by succinate-induced reversed electron flow, 3-hydroxyacyl- and 2-
enoyl- CoA intermediates accumulated,11–14 whereas they did not in state III. However,
when we examined the intact CoA ester intermediates of oxidation of palmitate or
palmitoyl-carnitine in rat skeletal muscle or liver mitochondria, we detected 3-hydroxy-
acyl- and 2-enoyl- CoA esters even under state III conditions.15,16 This was not due to
gross changes in intramitochondrial [NAD+]/[NADH] as measured by a sensitive fluo-
rescence HPLC assay. The accumulation of 3-hydroxyacyl- and 2-enoyl- CoA esters could
have three possible explanations:

(i) 3-hydroxyacyl-CoA dehydrogenase activity is low. However, the flavoprotein
acyl-CoA dehydrogenases appear to have a very much lower activity than
any of the other of the enzymes of oxidation in both rat and human
tissues, although comparison of isolated enzyme activities can clearly be
misleading.17–19

(ii) NAD+ and NADH are channelled between 3-hydroxyacyl-CoA dehydrogenase
and complex I and it is turnover of this pool rather than gross [NAD+]/[NADH]
that is responsible for the accumulation of 3-hydroxyacyl- and 2-enoyl- CoA
esters. Some support for this idea is from studies showing direct interaction of
complex I with a variety of mitochondrial dehydrogenases.20–22

(iii) The 3-hydroxyacyl-CoA dehydrogenase activity of the trifunctional protein is
very sensitive to [NAD+]/[NADH] so that even the small changes in
[NAD+]/[NADH] observed in rat and skeletal muscle mitochondria could cause
accumulation of 3-hydroxyacyl- and 2-enoyl- CoA esters.

We have recently investigated the third possibiility. The isolated human trifunctional
protein was incubated with 2-hexadecenoyl-CoA. The [NAD+]/[NADH] was varied at
a fixed total [NAD+ + NADH] incubating in the presence of lactate dehydrogenase
and a range of [lactate] and [pyruvate]. The rate of  oxidation was only decreased at
low [NAD+]/[NADH] ratios (Fig. 2). This indicates that the presence of 3-hydroxyacyl-
and 2-enoyl-CoA esters was not due to sensitivity of the trifunctional protein to
[NAD+]/[NADH].

4. CONTROL BY ACETYL-COA

The medium-chain 3-ketoacyl-CoA thiolase and the 3-ketoacyl-CoA thiolase acti-
vity of the trifunctional protein are inhibited by acetyl-CoA.23,24 We have also demon-
strated the sensitivity of the trifunctional protein to [acetyl-CoA]/[CoA] but at a fixed
[acetyl-CoA + CoASH]. This was carried out by incubating isolated trifunctional protein
with 2-hexadecenoyl-CoA, NAD+, CoASH, carnitine acetyltransferase and a range of
concentrations of carnitine and acetyl-carnitine to keep the total [CoA] constant. Results
from a typical titration are shown in Fig. 3.

Hence, were disposal of acetyl-CoA to ketogenesis, the tricarboxylic acid cycle or
to acetyl-carnitine inhibited, feedback inhibition of oxidation would result and it has
been suggested that this may control oxidation in cardiac mitochondria.25 However,
although 3-ketoacyl-CoA esters are readily observed as intermediates of peroxisomal
oxidation,26 we have never observed accumulation of 3-ketoacyl-CoA esters in mito-
chondrial incubations even at maximal oxidation flux and under conditions in which
acetyl-CoA accumulates.15,16,27 Therefore, the accumulation of 3-ketoacyl-CoA esters
may be strongly prevented and an excess of thiolase activity “pulls” oxidation as the
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3-ketoacyl-CoA thiolases are not inhibited by their acyl-CoA products. However, it
should be noted that Schulz and co-workers have demonstrated channelling of 3-
ketoacyl-CoA in the isolated trifunctional protein so that the failure to detect 3-
ketoacyl-CoA intermediates of oxidation may reflect the fact that they are channelled.24

Further work is necessary to determine the control of 3-ketoacyl-CoA thiolase over
oxidation.

5. CONTROL BY THE LEVEL OF COASH

As the mitochondrial CoA pool is limited, depletion of free CoASH will inhibit
both CPT II and the 3-ketoacyl-CoA thiolase. Garland et al. found that 90–95% of
intramitochondrial CoA was acylated during maximal oxidation flux, so that only a
small amount of CoASH can sustain oxidation.28 As intramitochondrial total CoA is
about 3 mM, depending on intramitochondrial volume, 90–95% acylation corresponds to
150–300mM CoASH. However, results from other workers suggest that oxidation flux
may be at least partially controlled by either lack of intramitochondrial CoASH or an
elevated [acetyl-CoA]/[CoA] ratio.25,29,30 Control via lack of intramitochondrial CoASH
with accumulation of 3-ketoacyl-CoA esters and subsequent feedback inhibition of the
previous steps (Fig. 1) would most likely lead to accumulation of further acyl-CoA esters,
thus lowering intramitochondrial CoASH even further. Other intramitochondrial
enzymes dependent on CoASH (including pyruvate dehydrogenase, branched-chain oxo-
acid dehydrogenase and 2-oxoglutarate dehydrogenase) would also be inhibited. Hence
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complete acylation of the mitochondrial CoA pool would result in the breakdown of
mitochondrial oxidative metabolism; surely a very risky control method. An alternative
control on oxidation in the event of lack of CoASH is to prevent entry of further acyl
groups. As CPT II is also CoASH dependent, and the carnitine acyl-carnitine translo-
case favours export of acyl-carnitine esters,31 this would provide an excellent way of pre-
venting further acylation, freeing some intramitochondrial CoASH (via the reversal of
CPT II activity and the export of acyl-carnitine esters).

The apparent Michaelis Constants for various intramitochondrial CoASH depen-
dent enzymes are shown in Table 1. The measurements are clearly made under very dif-
ferent assay conditions in a variety of tissues so should be compared with caution. This
is particularly true for the 3-ketoacyl-CoA thiolases, which exhibit ping-pong kinetics so
that the Km for CoASH is directly related to the concentration of the 3-ketoacyl-CoA
substrate. However, it does appear striking that the Km for CoASH of those enzymes
causing acylation of the intramitochondrial CoA pool (CPT II, medium chain acyl-CoA
synthase) are orders of magnitude higher than those of the 3-ketoacyl-CoA thiolases and
the CoASH-dependent steps related to the tricarboxylic acid cycle. Indeed, the Km of
CPT II for CoASH appears to be of the order of 120 M,32 much higher than the Kmapp

of the general 3-ketoacyl-CoA thiolase, 18 M33 and the 3-ketoacyl-CoA thiolase acti-
vity of the trifunctional protein.34 In addition, the Km of CPT II for acyl-CoA in the
reverse direction is low. Hence control of entry of acyl groups to the mitochondria by
CoASH levels appears to be a possibility on kinetic grounds.
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6. INHIBITORS OF OXIDATION AND
SEQUESTRATION OF COASH

Several inhibitors of oxidation have been proposed to act by sequestration of
intramitochondrial CoASH. High concentrations of short chain fatty acids, such as
cyclopropanecarboxylic acid which are not oxidized, cause a lowering of CoASH and
inhibition of oxidation and of oxidation of 2-oxoglutarate and pyruvate. However,
other fatty acids such as hypoglycin and pent-4-enoic acid, which inhibit mitochondrial

oxidation and have been described as acting by sequestration of CoASH, are still
inhibitory to oxidation at much lower concentrations than are required to sequester
CoASH. Metabolites of hypoglycin and pent-4-enoic acid have subsequently been shown
to have specific inhibitory effects.35–39 Acyl-CoAs can act as competitive inhibitors of
oxidation, for example we have shown that palmitoyl-CoA impedes flux of 2-hexade-
cenoyl-CoA through the isolated trifunctional protein (Eaton, Middleton & Bartlett,
unpublished observations). Maleate is a potent inhibitor of oxidation which sequesters
2moles CoA per mole maleate, one mole as thioester and one as thioether.40–42 We have
investigated the effect of this inhibitor of oxidation on the oxidation of palmitoyl-CoA
by rat heart mitochondria, to determine whether 3-ketoacyl-CoA esters accumulated due
to an inhibition of 3-ketoacyl-CoA thiolase. In the absence of inhibitor, 2-enoyl-, 3-
hydroxyacyl- and saturated acyl-CoAs accumulated (Fig. 4a). In the presence of 2mM
maleate ( oxidation flux inhibited by 75%), no 3-ketoacyl-CoA esters accumulated and
the only CoA ester present was hexadecanoyl-coA, which is largely extramitochondrial
(Fig. 4b). Hence, we regard this as evidence that CPT II is inhibited rather than 3-
ketoacyl-CoA thiolase by lack of intramitochondrial CoASH.
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7. RECYCLING OF INTRAMITOCHONDRIAL COASH

As well as recycling of intramitochondrial CoASH by citrate synthase, there are
other routes via which CoASH can be recycled. These are indicated in Table 1. Firstly,
the carnitine acyltransferases, coupled with carnitine-acylcarnitine translocase, can
export acyl groups, thus recycling intramitochondrial CoASH. Secondly, acyl-CoA
hydrolases can hydrolyse the thioester link directly. They have been shown to be active in
recycling CoASH from medium and short chain acyl-CoAs during inhibition by hypo-
glycin metabolites.35,38,39 As well as having a high Kmapp for acyl-CoA esters, medium acyl-
CoA hydrolase is inhibited by CoASH, thus further limiting their action. Another
important route both of detoxification and recycling of CoASH, is glycine conjugation
by the matrix enzyme acyl-CoA: glycine-N-acyltransferase, which has maximal activity
towards aromatic acyl-CoA esters and is the route of appearance of hippuric acid.43–45

Finally, intramitochondrial acyl-CoA synthases are reversible so that acylation of the
CoA pool can be reversed in the presence of pyrophosphate and AMP.40
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8. CONCLUSIONS

We conclude that oxidation flux can be controlled by the [NAD+]/[NADH] and
[acyl-CoA]/[CoA] ratios in intact mitochondrion. The gross intramitochondrial
[NAD+]/[NADH] ratio may not exert control directly over oxidation because of the
channelling of NAD(H) between 3-hydroxyacyl-CoA dehydrogenases and complex I.
Although control of oxidation, by CoA acylation or acetylation and feedback inhibi-
tion via the 3-ketoacyl-CoA thiolases, is possible it appears to be unlikely to have much
impact in intact mitochondrion because: (i) 3-ketoacyl-CoA esters are not observed as
intermediates of mitochondrial oxidation (ii) the Km for CoASH of the 3-ketoacyl-
CoA thiolases is comparable to that of mitochondrial CoASH-dependent dehydroge-
nases and much lower than that of CPT II. However, further work characterising the
dependence of mitochondrial oxidation on these conserved-moiety cycles is necessary.

We hypothesise that because a range of different intermediates is observed at
different chain lengths and there are several possible intramitochondrial controls over
oxidation flux, that the control of oxidation flux is shared between different enzymes
rather than in a single, “rate-limiting” step. This is not unexpected as it has been shown
that in multi-step pathways, control is likely to be shared and traditional concepts of
rate-limiting steps and feedback inhibition appear to be erroneous.55,56
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1. INTRODUCTION

One of the functions of hepatic oxidation is to provide ketone bodies, acetoac-
etate and hydroxybutyrate, to the peripheral circulation. These can then be utilized by
peripheral tissues such as brain and heart. Beta-oxidation itself produces acetyl-CoA
which then has three possible fates: entry to the Krebs cycle via citrate synthase; keto-
genesis or transesterification to acetyl-carnitine by the action of carnitine acetyltrans-
ferase (CAT).1 Intramitochondrial acetyl-carnitine then equilibrates with plasma via
the carnitine acyl-carnitine translocase and presumably via the plasma membrane carni-
tine transporter. Human studies have shown that acetyl-carnitine may provide up to 5%
of the circulating carbon product from fatty acids1 and can be taken2 and utilized by
muscle3 and possibly brain.4 In addition, acyl-carnitines are of important with regard to
the diagnosis of inborn errors of  oxidation.5 For these reasons, we wished to examine
the production of acetyl-carnitine and other acyl-carnitine esters by neonatal rat
hepatocytes.
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2. METHODS

Hepatocytes (12 × 106), isolated from 11–13 day-old rats (peak suckling), were
gassed with 95% O2/5% CO2 and pre-incubated for 10min in 3ml Krebs-Ringer-
Bicarbonate buffer (KRB), which contained 2mM carnitine (carnitine is lost from cells
during isolation), before addition of 0.5mM palmitate in KRB, regassing and further
incubation for 60min. Aliquots of 0.7ml were removed and centrifuged (11,500g, 2min).
The supernatants were collected and the pellets resuspended in 100 10% (v/v) acetic
acid and both pellets and supernatants were analysed for the presence of acyl-carnitines
by tandem mass-spectrometry as described previously.6 Parallel incubations carried out
with [l-14C]palmitate (0.1 Ci/ mol) were used for measurement of flux as acid-soluble
radioactivity.6 Cell volumes were measured using differential [l4C]methoxyinulin exclu-
sion and 3H2O partition as described by Brand.7

3. RESULTS AND DISCUSSION

Small amounts of long-chain acyl-carnitine esters (primarily hexadecanoyl-
carnitine) were accumulated in the medium (Fig. 1). Acetyl-carnitine increased linearly
with respect to time reaching 5.5 M at 60min, a figure comparable to circulating levels
in the rat.8

Intracellularly, a wide range of carnitine esters was accumulated (Fig. 2). Again
hexadecanoyl-carnitine and acetyl-carnitine predominated. However, significant amounts
of chain-shortened acyl-carnitine esters and 2-enoyl and 3-hydroxyacyl carnitine esters
were found, in keeping with the presence of the corresponding CoA esters as intermedi-
ates of -oxidation in rat liver mitochondria.9 Total acid soluble product over 60min was
0.12 mol acetate units (106 cells)–1, whereas, the total acetyl-carnitine formed was 1.38
nmol (106 cells)–1. Hence, acetyl-carnitine formed only 1.3% of the acid soluble product
at 60min. As the volume of the cells was 0.2 1 (106 cells)–1, the intracellular concentra-
tions of acetyl-carnitine and hexadecanoyl-carnitine were 0.297 and 0.178mM respec-
tively at 60min. Export of acyl-carnitines from the cell was clearly low (comparing the
intracellular and extracellular concentrations) which may be due to the high Km with
respect to carnitine of the liver plasma membrane carnitine transporter,10,11 by which
acetyl-carnitine probably exits the cell. The enzyme responsible for export of long-chain
acyl-carnitines is unknown. These data suggest that in neonatal rats, acetyl-carnitine may
not be important as a circulating product of hepatic  oxidation. In humans, however,
acetyl-carnitine export may be much more important as human hepatic CAT activity is
10–14 times higher than that in rat liver and, furthermore, the concentration of acetyl-
carnitine in blood is higher in man.8,12–14
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TISSUE SPECIFIC DIFFERENCES IN
INTRAMITOCHONDRIAL CONTROL OF

OXIDATION

Simon Eaton and Kim Bartlett

Sir James Spence Institute of Child Health
Royal Victoria Infirmary
Newcastle-upon-Tyne, NE1 4LP
U.K.

1. INTRODUCTION

It has become clear that there are important tissue specific differences in the control
and regulation of oxidation and that these differences may largely reside with the entry
of acyl moieties into the mitochondrion by the carnitine palmitoyltransferase (CPT)
/translocase system. CPT I has wide tissue-specific variations in sensitivity to its physio-
logical inhibitor, malonyl-CoA,1 which is probably due to the presence of different
isozymes.2,3 However, it is possible that there are additional intramitochondrial controls
which vary amongst tissues. The individual reactions of the oxidation of long-chain
fatty acids within the mitochondrion have been known for many years although their
functional and topological relationship is less well known. Recently, it has been found
that the long-chain activities of three of the enzymes reside on a single membrane-bound
protein (the trifunctional protein,4,5) and, in addition, there exists a fourth acyl-CoA dehy-
drogenase which is similarly membrane bound.6 Hence, the possibility of functional
organization of oxidation enzyme activities, associated with the inner mitochondrial
membrane, must be considered. The organization of  oxidation enzymes within the
mitochondrion has previously been postulated as a result of the classic studies of Stanley
and Tubbs, amongst others, leading to the “leaky hosepipe” model of oxidation.7,8 Their
work also led to the view that the acyl-CoA dehydrogenases were the “rate-limiting step”
for oxidation, as only saturated acyl groups accumulated under well oxygenated con-
ditions. These workers measured acyl groups resulting from hydrolysis of CoA and car-
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nitine esters and other groups have measured carnitine esters.9,10 To examine further the
question of the control of oxidation, we have developed radio-HPLC methods for the
direct analysis of CoA and carnitine esters resulting from oxidation. We have applied
these methods to the diagnosis of inborn errors of oxidation as well as the study of
the pattern of oxidation in various tissues.11–13 Mitochondria isolated from control sub-
jects (muscle, liver, fibroblasts or leucocytes) produce a characteristic pattern of CoA and
carnitine esters and variations in these esters infer the probable site of a defect which can
then be confirmed by direct enzyme assay.14,15

In the following sections we describe experiments in which we characterise the rela-
tionship of oxidation and the respiratory chain in three tissues: skeletal muscle, heart
and liver.

2. RAT SKELETAL MUSCLE MITOCHONDRIA

Well-coupled rat skeletal muscle mitochondria were incubated with [U-14C]hexade-
canoyl-carnitine or [U-14C]hexadecanoate under state 3 conditions and the resulting CoA
and carnitine esters measured.12 As expected, acetyl-CoA and acetyl-carnitine levels
depended on the presence of carnitine or Krebs cycle acceptors for acetyl-Co A.11 However,
we were surprised to observe 3-hydroxacyl- and 2-enoyl- CoA (Figure la) and carnitine
esters: previously we and others had only observed 3-hydroxyacyl- and 2-enoyl- CoA and
carnitine esters in incubation made in the presence of rotenone.9,16 Clearly some control
over oxidation resides with the properties of the 3-hydroxyacyl-CoA dehydrogenase
activity of the trifunctional protein. The most obvious reason for this would be the lowered
NAD+/NADH ratio resulting from state 4 conditions or lack of adequate oxygenation.
We, therefore, developed a sensitive HPLC method to measure intramitochondrial NAD+

and NADH during a pulse of oxidation. As can be seen in Fig. 1b, despite the produc-
tion of significant amounts of 3-hydroxyacyl-CoA and carnitine esters between 2 and 8
min, there is no significant rise in intramitochondrial gross NADH (only NADH levels are
shown for clarity, but NAD+ levels altered as expected). This suggests that if there is a single
homogenous pool of NAD+/NADH it could not be responsible for the 3-hydroxyacyl- and
2-enoyl CoA ester accumulation. One simple explanation for this observation could be that
the activity of 3-hydroxyacyl-CoA dehydrogenase is lower than the other enzyme activi-
ties of oxidation. However, all the experimental evidence suggests that the acyl-CoA
dehydrogenases have by far the lowest activity14,17,18 although this requires extrapolation
from optimised assay conditions to the situation in the intact mitochondrion. We have,
therefore, suggested: (i) that the control at the level of 3-hydroxyacyl-CoA dehydrogenase
is exerted via a pool of NAD+ in direct contact with both the trifunctional protein and
with complex I of the respiratory chain and (ii) that it is the rate of turnover of this pool
rather than that of bulk NAD+/NADH that governs the rate of 3-hydroxyacyl-CoA
dehydrogenase.12 Although there is no direct evidence for this, other groups have provided
evidence for an interaction between short-chain 3-hydroxyacyl-CoA dehydrogenase and
complex I19,20 and have found evidence for an interaction between 3-hydroxyacyl-CoA
dehydrogenase and the respiratory chain in intact mitochondria.21

3. RAT HEART MITOCHONDRIA

The CoA esters and NADH measurements observed using rat heart mitochondria
are shown in Figs, le and 1f respectively. Both the CoA esters observed and the NADH
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levels during a pulse of oxidation are similar to those observed in rat skeletal muscle
mitochondria. This is to be expected as oxidation in both muscle and heart provide up
to 70% of the energy requirement of the tissue22 and there is a similar function of carni-
tine acetyl transferase in these tissues in providing a buffer for acetyl units.11,23 Schulz and
co-workers have suggested that the inhibition of 3-ketoacyl-CoA thiolase by acetyl-CoA
may be an important mechanism of control in heart and skeletal muscle mitochondria.24

However, we have never observed 3-ketoacyl-CoA esters in our incubations of heart or
of skeletal mitochondria, therefore, it does not appear that the observed inhibition of the
purified (general) 3-ketoacyl-CoA thiolase extends to the situation in the intact mito-
chondrion or to the 3-ketoacyl-CoA thiolase activity of the trifunctional protein.

It thus appears that the relation of the NAD+/NADH pool to  oxidation is similar
to that seen in skeletal muscle mitochondria i.e. that there is a sub-compartment of
NAD+/NADH in proximity to both the trifunctional protein and to complex I.

4. RAT LIVER MITOCHONDRIA

Similar experiments were carried out using rat liver mitochondria and [U-14C]hexa-
decanoate and a CoA ester chromatogram is shown is Fig. lc.13 The presence of acetyl-
CoA and acetyl-carnitine points to a possible control at the level of disposal
of acetyl-CoA to either ketogenesis or complete oxidation via the Krebs cycle.25 As
in rat skeletal muscle mitochondria, we were surprised to observe an accumulation of 3-
hydroxyacyl- and 2-enoyl-CoA esters (Fig. lc) and their corresponding carnitine esters;
previous measurements of CoA esters in liver mitochondria had observed only saturated
esters.16 However, these measurements had been made with uncoupled mitochondria in
which the Krebs cycle was inhibited by fluorocitrate and with a substrate of much lower
specific activity (so that the amounts of radioactive CoA esters detected were close to
their detection limit). Again, we measured NAD+ and NADH during a pulse of
oxidation under identical conditions and found a steady 30% reduction of the pool during
oxidation of hexadecanoate (Fig. 1d). This indicates that it is likely that the respiratory
chain is responsible for the accumulation of these CoA esters. Uncoupling of mito-
chondria with 40 M 2,4-dintrophenol plus 1 g/ml oligomycin led to a stimulation in the
rate of oxidation as assessed by total acid soluble radioactivity, as expected (DNP stim-
ulates respiratory chain activity). Hence, although rat liver, muscle and heart mitochon-
dria all produce 3-hydroxacyl- and 2-enoyl- CoA esters, in liver their presence can be
explained by a steady-state reduction of NAD+/NADH, whereas, in muscle and heart
there is no great reduction of the NAD+/NADH pool and we suggest sub-compartmen-
tation of NAD+ to account for this. It should be noted that in liver the rate of
oxidation is probably in excess of physiological rates because of the high substrate con-
centration used and because other physiological controls, such as that exerted at the level
of CPT I, are not operative (as malonyl-CoA is absent). The subcompartmentaton of
intramitochondrial NAD+/NADH cannot be ruled out here although an alteration in
overall redox state was observed.

5. HUMAN MITOCHONDRIA

Where possible, we have investigated the accumulation of CoA and carnitine esters
in mitochondria from human subjects. The accumulation of CoA esters from oxidation
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of [U-14C]hexadecanoate in human muscle and heart (post-mortem from a patient with
no evidence of myopathy or cardiomyopathy) and human liver (surgical specimen) is
shown in Figs. 2a,b and c respectively. Our radio-HPLC methods have been very useful
in diagnosis of inborn errors of oxidation, for example in cases of 3-hydroxyacyl-CoA
dehydrogenase14 and very long-chain acyl-CoA dehydrogenase deficiencies in skeletal
muscle15 as well as deficiencies in fibroblasts26,27 and leucocytes.28 We have also been able
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to measure intermediates of oxidation in needle biopsies from human liver29 which we
have used for investigation of the pathogenesis of alcoholic liver disease.36

As can be seen from Fig. 2a, there is a striking difference between control human
skeletal muscle and rat skeletal muscle mitochondria in that 3-hydroxyacyl- and 2-enoyl-
CoA esters do not accumulate to any great extent in the human. This pattern has been
observed in all the control subjects we have examined.14,15,30 It is possible that this differ-
ence represents a closer association between the trifunctional protein and complex I so
that the turnover of the postulated sub-compartment of NAD+/NADH is faster than in
rat skeletal muscle mitochondria, with the consequence that 3-hydroxyacyl- and 2-enoyl-
CoA esters do not accumulate. Similarly, in human heart muscle mitochondria (Fig. 2b)
there was no accumulation of 3-hydroxyacyl- or 2-enoyl- CoA esters in the single
post-mortem heart that we studied30 and a similar explanation to human skeletal muscle
is likely. Human liver mitochondria, however, showed a striking accumulation of 3-
hydroxyacyl and 2-enoyl CoA esters, similar to rat liver mitochondria. We have obtained
this pattern of intermediates from incubation of mitochondria isolated both from needle
biopsies ( 20 mg) and from surgical biopsies from subjects with no histological evidence
for liver disease. We have not been able to investigate the accumulation of NAD+/NADH
in any human tissue although it is expected that human liver mitochondria accumulate
3-hydroxyacyl- and 2-enoyl- CoA esters for a similar reason to rat liver mitochondria,
i.e. rate limitation by the respiratory chain.

Renewable tissue sources are clearly of great usefulness diagnostically and we have
examined the CoA and carnitine esters resulting from oxidation of hexadecanoate
in fibroblasts26,27 and leucocytes.28 In both these cell types, control cells produce only
saturated esters although it is interesting to note that in platelet mitochondria, 3-
hydroxyacyl and 2-enoyl- CoA esters are found, possibly due to low respiratory chain
activity in this cell type.31,32

6. DISCUSSION

By examining the patterns of CoA and carnitine esters accumulating in mitochon-
dria incubated with [U-14C]hexadecanoate together with concomitant NADH/NAD+

measurements, we have been able to infer tissue specific differences in intra-mitochondr-
ial control. It appears that the re-oxidation rate of NADH produced by the 3-hydroxy-
acyl-CoA dehydrogenase activity of the trifunctional protein is an important factor and
suggest that a sub-compartment of NAD+ exists in close proximity between the complex
I and the trifunctional protein. It is not unusual for dehydrogenases to transfer reduced
coenzyme directly; indeed short chain 3-hydroxyacyl-CoA dehydrogenase and complex I
have been found to interact.19,20 NAD-dependent dehydrogenases have two different forms
of chiral specificity, A and B, differing in the chirality of the transferred hydrogen on the
nicotinamide ring. Dehydrogenases of opposite chiral specificity are able to transfer
NADH directly between one another, whereas dehydrogenases of the same specificity can
only transfer NADH between one another via the aqueous solvent.33,34 However, complex
I appears to accept NADH directly from both A and B type donors, probably reflecting
its biological role in accepting NADH from a variety of mitochondrial dehydrogenases
and possibly a consequence of its elaborate structure including transhydrogenase activi-
ties.35 The possible interaction between the trifunctional protein and complex I and the
chiral specificity of such an interaction remain to be established.

Although we have concentrated our work on the 3-hydroxyacyl-CoA dehydroge-
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nases and complex I, it appears that much control strength lies at the acyl-CoA dehy-
drogenase stage of mitochondrial oxidation. However, as outlined in our other paper
in this volume, it is not certain whether this is due to the control by the acyl CoA dehy-
drogenases themselves or due to the combined rate of the ETF-ETF:QO reductase-
ubiquinone segment. We intend to extend further our studies on the redox control of

oxidation to address these questions.
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University of Oxford
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Woodstock Rd., Oxford OX2 6HE, UK

1. INTRODUCTION

Lipids are major energetic substrates in oxidative tissues; they are calorifically effi-
cient but poorly water soluble and transport in plasma requires hydrophilic packaging.
Non-esterified fatty acids (NEFA) are carried complexed to albumin but toxicity limits
their concentration and hence quantitative availability; triacylglycerols (TAG) are the
favoured storage form of lipid and can be transported in large amounts as lipid-protein
assemblies (“lipoproteins”)—chylomicrons, synthesised in the gastrointestinal tract and
very-low-density lipoprotein (VLDL), synthesised in liver from endogenous lipid and
de novo lipogenesis. The protein components of both these lipoproteins (“apoproteins”)
serve a variety of functions including structural support (apoB) and receptor recognition
(apoE). Apoprotein-CII (apo-CII) is an activator of the enzyme responsible for TAG
hydrolysis, lipoprotein lipase (EC 3.1.1.34; LPL). LPL activity is considered rate-limiting
for circulating TAG utilisation and is tissue-specific depending on tissue activity.

During systemic sepsis, plasma [TAG] is increased; this is due to increased plasma
VLDL, a result of both increased hepatic lipogenesis and VLDL secretion, and of
decreased adipose tissue LPL activity limiting peripheral uptake. These effects are medi-
ated by pathogen-derived endotoxin stimulating host immune cells to release inflamma-
tory mediators (cytokines).3 The function of the excess VLDL-TAG produced during
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systemic inflammation is unknown, but it is abnormal in composition.4 The heart has
increased workload during early sepsis due to increased tissue demand for cardiac output.
The VLDL produced in sepsis may therefore be destined for the heart. To test this radi-
olabelled VLDL was prepared by perfusing livers from control and endotoxic rats; the
VLDL was then analysed and used to perfuse isolated working hearts from control and
endotoxic rats, and the efficacy of the VLDL-TAG to act as substrate for myocardial oxi-
dation and tissue lipid synthesis was measured.

2. MATERIALS AND METHODS

2.1. Preparation of Lipid Substrates

(i) sodium oleate was prebound to fatty acid-free bovine serum albumin
and added to the heart perfusate to give a final concentration of 1.1 mM (NEFA group).
(ii) triolein in the form of rat VLDL was prepared by rat liver perfusion.
Fasted rats were pre-treated 15 h prior to experiment with endotoxin (from E. coli
serotype 055 :B5) body wt. or saline (control) intraperitoneally; they were
anaesthetised, the portal vein and right atrium were cannulated without heparin and the
inferior vena cava was ligated. The liver was perfused in situ with a recirculating solution
comprising Waymouth’s medium supplemented with glucose, amino acids, washed red
cells and prebound to fatty acid-free albumin, gassed with O2:CO2 (95:5) at
37 °C. The perfusate was ultracentrifuged at 144,500 g to separate d < 1.006 layer. Thin-
layer chromatography (TLC) of the showed that of the label was in the
triacylglycerol band. VLDL were suspended in fatty-acid free bovine serum albumin,
TAG content was assayed (Boehringer test kit) and added to the heart perfusate to give
a final concentration of 0.4 mM TAG.

2.2. Isolated Perfused Working Heart Preparation

Hearts from fed rats were perfused in “working” mode by the Taegtmeyer et al.7

modification of the method of Neely and Morgan. The heart was excised, the aorta
cannulated (<2min from excision) and perfused retrogradely through the coronary arter-
ies in “Langendorff” mode whilst lung, mediastinal, and peri-cardiac brown adipose
tissue were excised, pulmonary arteriotomy performed, and the left atrium cannulated.
The apparatus was switched to “working” mode and cardiac perfusion maintained
through the left atrium (anterograde). A recirculating Krebs-Henseleit bicarbonate buffer
solution containing 1.3mM, glucose l0mM and fatty-acid free bovine serum
albumin 2% (w/v) was filtered and gassed with at 37°C. Afterload was

and preload (atrial filling pressure) After 15 min stabilisation lipid
substrate (v.s.) was added (2min) (Time “0”). Peak systolic pressure (PSP) and heart rate
(HR) were measured by pressure transducer. Aortic flow rate (AFR) and coronary flow
rate (CFR) were measured by timed collections of perfusate. Measurements were
made at time 0 and at 10 min intervals for 60 min. Cardiac output (CO) was calculated
as (CFR + AFR). Hydraulic work (HW) was calculated as (CO x mean aortic pressure
÷ heart wt.). Rate-pressure product = PSP × HR. After t = 60min heparin (5U/ml)
was added and at t = 62 min a perfusate sample was taken for LPL assay, the heart
was rapidly excised, freeze-clamped in light alloy tongs cooled in liquid nitrogen, and
weighed.
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2.3. Measurement of Lipid Oxidation Rate

Timed perfusate samples were extracted (Folch) with chloroform/methanol/water;
the aqueous supernatant phase was counted for radioactivity as described2 (TAG
oxidation rate), the organic infranatant phase was dried, resolubilised in ethanol and
assayed for TAG (TAG uptake rate).

2.4. Incorporation of Exogenous Lipid into Myocardial Lipid

Frozen myocardium was ground to powder and 3H-myocardial lipids were extracted
with chloroform :methanol (Folch). After washing, the lipids were re-solubilised in chlo-
roform and separated by TLC using a hexane-diethylether-acetic acid system. Lipid
classes were counted for

2.5. Lipoprotein Lipase Activity

Myocardial LPL activity was estimated in post-heparin perfusate (“heparin-
releasable”) and in acetone/ether-dried ground tissue powders (“residual-tissue”) by using
a triolein substrate emulsion and counting radioactivity in evolved fatty acids
extracted in methanol/chloroform/heptane.5

2.6. Analysis of VLDL Composition

Apoprotein composition was analysed by denaturing SDS-polyacrylamide gel
electrophoresis/Coomassie Brilliant Blue staining and densitometry; lipid composition
(NEFA, TAG, cholesterol and cholesterol ester, and phospholipid) was determined with
commercial kits (Sigma).

2.7. Statistics

Results are expressed as mean values ± SEM. Statistical analysis was performed by
one-way analysis of variance (ANOVA) for repeated measurements, or by Student’s t test
with Bonferroni correction for multiple comparisons, where appropriate. Statistical sig-
nificance was set at P < 0.05.

3. RESULTS

Working hearts were able to assimilate and oxidise VLDL-TAG (Fig. 1); pre-
treatment of animals with endotoxin (LPS) before isolation of hearts had no effect on
the rate of TAG uptake or oxidation, but VLDL-TAG prepared from livers of endotoxic
rats was taken up and oxidised by hearts at a significantly greater rate than control VLDL
prepared from non-endotoxic livers, regardless of heart endotoxic status (Fig. 1). “Endo-
toxic” VLDL had a greater TAG content than control VLDL when corrected for apo-B
content (data not shown). Under conditions of moderate workload, cardiac output and
hydraulic work were significantly increased in endotoxic VLDL-perfused hearts com-
pared to control VLDL-perfused hearts, again regardless of endotoxic status of the heart
(Fig. 2) although rate-pressure product was unchanged (data not shown). Accumulation
of lipid by cardiac tissue was unchanged by pre-treatment with endotoxin
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(Table 1). However, endotoxic VLDL was also prepared from rats treated with a lower
dose of endotoxin body wt.) prior to liver perfusion; myocardial accumulation
of this “low dose” endotoxic VLDL was significantly less in perfused hearts
33 nmol/g wet wt. (n = 6)) than in control VLDL-perfused hearts wet
wt. (n = 10) P < 0.05), This was due to decreased accumulation of and [3H] dia-
cylglycerol but with no change in ester, and
accumulation. Lipoprotein lipase activity was examined in heparin-releasable (endothe-
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lial, physiologically active) and tissue-residual (nascent) components and compared to
NEFA-perfused hearts (Fig. 3). Total (heparin-releasable + tissue-residual) LPL activity
was significantly increased in VLDL-perfused hearts compared to hearts perfused with
NEFA (l.l mM oleate) under identical conditions; perfusion with endotoxic VLDL
(VLDL-LPS) increased the proportion of the enzyme present at the endothelium (i.e.
heparin-releasable) whilst decreasing the amount of residual enzyme in the tissue (i.e.
causing translocation of the enzyme from intracellular to endothelial site) (Fig. 3).
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4. DISCUSSION

These results indicate that whilst VLDL can act as a substrate for heart at physio-
logical concentrations, its efficacy as a cardiac substrate is significantly improved if the
VLDL is synthesised by a liver previously subjected to endotoxic stimulation—a greater
proportion of the TAG is assimilated and then oxidised, and under certain dosage con-
ditions less is esterified into myocardial tissue lipid whilst hydraulic work and cardiac
output are doubled. This effect may be partly due to increased LPL activity although the
mechanism for the endotoxic VLDL-induced translocation of myocardial LPL to its
active endothelial site is uncertain. One report4 suggests that the composition of VLDL
may change during systemic E.coli sepsis with proportionately increased NEFA and TAG
compared to apoprotein content in VLDL particles from septic rats. Such a modification
of VLDL particle composition may explain the change in LPL activity since TAG and
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NEFA are known to modulate cardiac LPL activity,1,6 and the increased TAG content of
VLDL may render it a better substrate for LPL. Glucose was present as a co-substrate
but its rate of utilisation was not measured in these experiments. The mechanism whereby
endotoxaemia induces increased TAG content of VLDL is unknown but may be related
to the increased hepatic lipogenesis.3 An alternative pathway for VLDL access into the
cardiomyocyte is through the VLDL-receptor8 which binds apo-E as well as LPL; this
may account for quantitatively important amounts of VLDL-TAG uptake under certain
conditions but Tripp et al.9 noted decreased hepatic VLDL-apo-E synthesis during sys-
temic sepsis suggesting that this pathway is unlikely to be increased during endotoxi-
naemia. These results support the hypothesis that excessive, abnormal VLDL produced
by the liver during systemic sepsis/endotoxinaemia may be destined for the heart.

Support was provided by the Wellcome Trust, the British Journal of Anaesthesia
and Oxford Cardiac Surgical Sciences.
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1. INTRODUCTION

Valproic acid (2-propyl-n-pentanoic acid, VPA) is an anticonvulsant widely used in
the treatment of various epileptic disorders.1 It has been known that VPA administration
caused severe hepatic dysfunction similar to Reye’s syndrome in a small number of
patients.2,3 Deaths from hepatotoxicity were also reported. VPA affects carnitine and
ammonia levels and other metabolic parameters related to fatty acid oxidation. The
potential hepatotoxicity by VPA is caused by its unsaturated metabolites, such as 4-en-
VPA.4,5 Histologically, microvesicular steatosis induced by 4-en-VPA is accompanied by
ultrastructural changes characterized by myeloid bodies, lipid vacuoles and mitochon-
drial abnormalities. An enhanced excretion of C6 to C10 dicarboxylic acids by patients
and rats indicates an interference with mitochondrial β-oxidation as an important patho-
genesis.5,6 If the normal pathway of fatty acid oxidation is disrupted by VPA, it results
in reduced ketone body formation and decrease of free coenzyme-A (CoA) in the liver.
Especially, decreased CoA would limit the activities of one or more enzymes in the
pathway of fatty acid oxidation.

VPA is metabolized via four different routes; -oxidation, glucuronide formation,
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-oxidation and -1-oxidation. Among them, oxidation has the most important role.
However, neither the enzyme that is responsible for the dehydrogenation of valproyl-CoA
in oxidation, nor the enzymatic basis for the inhibition of fatty acid oxidation by VPA
had been known for a long period. With the progress of enzymatic and molecular studies
of fatty acid oxidation, five mitochondrial acyl-CoA dehydrogenases have been well
characterized.7 Three of them, short chain (SCAD), medium chain (MCAD), and long
chain acyl-CoA dehydrogenases (LCAD), catalyze the first step of oxidation of fatty
acids with varying chain length, whereas two others, isovaleryl-CoA dehydrogenase
(IVD) and 2-methyl-branched chain acyl-CoA dehydrogenase, catalyze the third step in
the leucine and valine/isoleucine oxidation pathways, respectively.8–10 Comparison of the
amino acid sequence of four acyl-CoA dehydrogenases (SCAD, MCAD, LCAD, and
IVD) revealed a distinct homology, indicating that these enzymes belong to a gene family,
the acyl-CoA dehydrogenase family.11 Ito et al.12 first demonstrated that valproyl-CoA is
dehydrogenated by 2-methyl-branched-chain acyl-CoA dehydrogenase, one of the
enzymes that belong to the acyl-CoA dehydrogenase family. Also, VPA moderately inhib-
ited human acyl-CoA dehydrogenases except the long chain enzyme in vitro.12 However,
the biochemical basis of the inhibition of fatty acid oxidation could not be fully
explained by these observations. Decreased synthesis or an enhanced degradation of acyl-
CoA dehydrogenases could be a possible mechanism. It is currently unknown whether
VPA affects each step of the biosynthesis of acyl-CoA dehydrogenases or not.

In this report, we studied the effects of VPA on the amount of each ACD mRNA
and protein in rat tissues, and also the post-translational processing in vitro.

2. MATERIALS AND METHODS

2.1. Materials, Source of Antibodies and cDNAs, and Preparation
of Probes

VPA was obtained from Sigma (St. Louis, MO). Antibodies and cDNAs for various
acyl-CoA dehydrogenases (SCAD, MCAD, LCAD and IVD) were gifts from Prof.
Kay Tanaka, Yale university school of medicine.7–11 cDNAs for rat ornithine transcar-
bamylase (OTC) and -actin were previously synthesized in our laboratory using cDNA
synthesis kit (Clontech, CA). For use as probes, cDNAs were radiolabeled with

(3,000 mCi/mmol, Amersham Corp.) using a random primer DNA labeling
method.13

2.2 Animals and Assay of Clinical Chemistry Parameters

Male Wistar rats, weighing 100–120 g, were obtained from Charles River and were
randomly divided into two groups (ten rats each). They were fed with standard com-
mercial diet and drank water ad libitum during the study period. The control group of
rats received normal saline (0.5ml twice a day), and the experimental group received VPA
(500mg/kg, divided into two doses/d) by intraperitoneal injections for 7 days. Clinical
chemistry parameters in rat blood (glutamic-oxalacetic transaminase, glutamic-pyruvic
transaminase, ammonia, glucose, -hydroxybutyrate and aceto-acetate) were measured
using diagnostic kits from Sigma (St. Louis, MO). Free and total carnitine levels in
plasma and tissue were determined by the method of McGarry and Foster.14
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2.3 RNA Preparation, Isolation of Mitochondria and Assay of Acyl-CoA
Dehydrogenases

The rats were anesthetized with pentobarbital and blood samples were collected
from the carotid artery. After decapitation, tissues were rapidly removed, weighed, and
used for further experiments. Total RNA was prepared from each tissue by the guani-
dine isothiocyanate method.15 Mitochondria was isolated from rat liver and heart by
the method of Schnaitman and Greenwalt.16 Acyl-CoA dehydrogenase activities were
measured spectrophotometrically in the presence of 0.1 mM FAD as previously
described.7

2.4 Immunoblot Analysis

Mitochondria were solubilized by boiling for 3min with a 10-fold volume of buffer
containing 4% SDS, 125 mM Tris-HCl, (pH 6.8), 20% glycerol, 0.01% bromophenol blue,
and 10% 2-mercaptoethanol. Samples were electro-phoresed on 12.5% SDS-
polyacrylamide gel with a 4% stacking gel. After electrophoresis, the gel was elec-
troblotted on to a Immobilon-P membrane (Millipore), according to the method of
Towbin et al.17 Immunoreactive protein was detected using the Protoblot Western Blot
AP system (Promega). The relative amount of protein bands in the blot was determined
densitometrically.

2.5 Slot Blot Hybridization

Total RNA was denatured with 1M glyoxal in 10mM sodium phosphate buffer (pH
6.8) at 50°C for 1 h. Slot-blots were prepared by applying the glyoxylated RNAs to a
Nylon membrane using a microsample filtration manifold (Bio-Rad). The nylon mem-
brane was then baked at 80 °C and boiled in 20 mM Tris-HCl (pH 8) for l0min.
The membrane was prehybridized with sonicated and denatured salmon sperm DNA
(250mg/ml) for 24 h at 42 °C in prehybridization buffer consisting of 50% formamide,
5 × SSC (1 × SSC, 150mM sodium chloride, and 15mM sodium citrate) 50 mM sodium
phosphate buffer (pH 6.5), and 1 × Denhart’s solution. The nylon membrane thus pre-
pared was hybridized with an appropriate radiolabelled cDNA. After hybridization, the
membrane was washed at room temperature with four changes of 2 × SSC, 0.1% SDS,
for 15min each and then at 64°C with two changes of 0.2 × SSC, 0.1% SDS for 30min
each, and was exposed to an X-ray film at –70 °C for 4–6 h.

2.6 In Vitro Transcription/Translation of Individual Proteins

cDNA inserts, each containing the entire coding region of precursor(p)SCAD,
pMCAD, pIVD and pOTC (ornithine transcaramylase) were subcloned into pGEM blue
or pBluescript transcription vector. In vitro transcription of cDNAs was carried out using
T7 or SP6 RNA polymerase (Promega Biotec). The synthesized mRNA was translated
in vitro using the rabbit reticulocyte lysate translation kit (Promega Biotec). The reaction
mixture, containing [35S]methionine, a mixture of unlabelled amino acids (minus methio-
nine), in vitro transcribed mRNA, and appropriately prepared reticulocyte lysate, was
incubated for 1 hr at 30 °C. The translated polypeptides were analyzed, either directly or
after immunoprecipitation, by SDS-PAGE on 8% gel fluorography.
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2.7 Post-Translational Processing and Assay of Stability of Mature Proteins

The freshly isolated mitochondria were suspended at a final concentration of 20 mg
protein/ml in HMS (2mM Hepes, pH 7.4, 220mM mannitol, 70mM sucrose) buffer. The
translation mixture (6ml) was mixed with 4ml of mitochondrial suspension and 2ml of
HMS buffer and was incubated at 27 °C for 30min. The processed products were ana-
lyzed with SDS-PAGE and fluorography. For analyzing the stability of the mature
enzymes, the reaction mixture was centrifuged for 5min at 8,000 × g. The isolated mito-
chondrial pellet was resuspended in 10   µ1 of HMS buffer and further incubated at 37 °C
for varying periods of time, and then the samples were treated with 5 µg of trypsin/mg
protein for 10min at 4°C After trypsin treatment, soybean trypsin inhibitor (8mg/ml)
was added, and the mitochondrial extracts were analyzed with SDS-PAGE and
fluorography.18

3. RESULTS

3.1. Metabolic Effects of VPA in Rats

All rats survived the experiments. There was no significant differences in body
weight gain between the control and experimental group. Intraperitoneal administration
of VPA (500mg/kg body weight, divided into two doses/d) to rats caused some spe-
cific changes in clinical chemistry parameters, which have also been reported in humans
during valproate therapy. The glutamic-oxalacetic transaminase (GOT) and ammonia
values for VPA-treated rats were higher than the controls. The serum glucose and β-
hydroxybutyrate (BHB) concentrations were significantly decreased by VPA administra-
tion. The values for glutamic-pyruvic transaminase (GPT) and acetoacetate did not show
statistically significant differences between two groups (Table 1). Increased excretion of
urinary dicarboxylic acids were also observed in experimental animals (data not shown).

3.2 Carnitine Concentrations in Various Tissue

Reduction in the free carnitine levels in blood and tissue is another effect of VPA
administration.19 We, therefore, evaluated changes of carnitine levels in the control and
VPA-treated groups. Liver, heart, muscle and plasma carnitine concentrations in control
and VPA-treated rats are shown in Table 2. In liver, both free and acyl-carnitine were
unaffected by VPA administration. However, in heart and plasma, VPA-treated rats
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clearly showed reduced concentrations of free carnitine and increased levels of acyl-
carnitine.

3.3 Enzyme Activities and Immunoblot Analysis of Various Acyl-CoA
Dehydrogenases in Control and VPA-treated Rats

Liver and heart mitochondria from ten normal and ten VPA-treated rats were sep-
arately pooled and used for enzyme assay and irnmunoblot analysis. Enzyme assays by a
dye reduction method revealed that fatty acyl-CoA dehydrogenase (SCAD, MCAD and
LCAD) activities in VPA-treated rat heart mitochondria were moderately decreased
(57–79% of control), however, those in VPA-treated liver mitochondria were slightly
reduced (78–95% of control). IVD activities in liver and heart were almost unchanged
by VPA. We then estimated each enzyme protein by immunoblot analysis. The intensity
of signals of fatty acyl-CoA dehydrogenases in VPA-treated heart decreased significantly
compared to controls (Fig. 1). There were no reductions of any of the ACD proteins in
liver (data not shown).
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3.4 Slot-Blot Hybridization Analysis of mRNAs for Various Acyl-CoA
Dehydrogenases

RNA preparations from ten control and ten VPA-treated rats were separately com-
bined. Three serially diluted amounts (4, 2, and 1 µg) of each total RNA preparation
were applied to nylon membranes using a microsample filtration manifold and were
hybridized with a radiolabelled cDNA probe. Quantitation of each slot was performed
by densitometric scanning of X-ray film. We first carried out preliminary slot-blot
hybridization experiment to confirm that each species of mRNA is specifically detected
by its cDNA probe. The accuracy of quantitation of mRNA amounts was also tested.
The result for SCAD mRNA is shown in Figure 2. The slot blots of SCAD mRNA in
the heart were more intensely labeled than those of the liver. Hybridization signals of
each slot were comparable to the amount of total RNA applied. There was no hybridiza-
tion to yeast tRNA at all. The same experiments using other cDNA probes (MCAD,
LCAD, and IVD) also demonstrated the specificity and accuracy of quantitation (data
not shown).
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We then determined the amounts of mRNAs of four acyl-CoA dehydrogenases in
various tissues of control and VPA-treated rats. The slot blots of SCAD, IVD and -actin
mRNAs in the liver and heart are shown in Figure 3. Densitometric measurements of
mRNA of four acyl-CoA dehydrogenases are summarized in Figure 4. In the liver, kidney,
and skeletal muscle, the levels of mRNAs involved in fatty oxidation (SCAD, MCAD,
and LCAD) increased 1.2–1.6 fold over control. In small intestine, the mRNA levels of
all four ACDs in VPA-treated rats did not show significant differences from controls. The
increases of SCAD and MCAD mRNAs in the heart were particularly large, reaching the
levels of approximately 2.2–2.5 fold over the control. In contrast, the amounts of the IVD
mRNA and -actin mRNA were almost the same as control in five organs.

3.5. Effects of VPA on in Vitro Translation

The decreased amounts of ACD proteins in the presence of increased levels of each
mRNA could be caused by impaired translation or post-translational processing, or by
increased degradation of enzyme protein. First, we evaluated the effect of VPA on in
vitro translation of ACDs. The reticulocyte lysate was preincubated with four different
concentrations of VPA (0, 0.5, 1.0, and l0mM) for 1h at 30 °C. Immediately after this
preincubation, in vitro translation was started by adding in vitro transcribed mRNA,
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methionine, and the minus-methionine amino acid mixture. Autoradiographs of
SCAD and IVD are shown in Figure 5. The amount of synthesized protein was mea-
sured by liquid scintillation. Translational activity was not altered in the range of VPA
concentrations tested. We repeated the experiments using a different batch of lysate, and
the same result was obtained.

3.6. Effects of VPA on Mitochondrial Import and Processing of ACD

We prepared in vitro translated pSCAD using reticulocyte lysate. Mitochondria
were freshly isolated from control and experimental rats. After in vitro translated pSCAD
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was incubated with VPA-treated or control mitochondria for 30min, the reaction mixture
was centrifuged, and the amount of mature (m) SCAD in the mitochondrial pellet was
determined as described. In both VPA-treated and control mitochondria, the rate of
import/processing of the precursor SCAD was similar in repeated experiments (Fig. 6).
Thereafter, the amount of mSCAD decreased markedly faster in VPA-mitochondria than
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in control mitochondria. After 240 min of incubation, only 40% remained as mSCAD in
the VPA-mitochondria, however, almost 100% still remained in control mitochondria.
The same experiment was performed using in vitro translated pIVD and pOTC. The
mature form of these proteins also showed increased degradation after import/process-
ing in the VPA-treated mitochondria.

4. DISCUSSION

It has been suggested that -oxidation inhibition by VPA or its unsaturated metabo-
lites occurred at least by two mechanisms.4 One is a transient sequestering of CoA. The
other is inhibition of -oxidation enzymes, including the acyl-CoA dehydrogenases. In
this study, we have shown that the expression of various acyl-CoA dehydrogenases is
subject to VPA-related effects at the level of their respective mRNAs and also at the level
of stability of mature proteins. Our investigation provides the first comprehensive analy-
sis at the molecular level of the regulation of acyl-CoA dehydrogenases by VPA.

First, the expression of the fatty ACD mRNAs, especially SCAD and MCAD,
appears to be commonly regulated, producing an increased amount of the respective
mRNAs in the VPA-treated rats. The effect of VPA was prominent in the heart where
fatty oxidation is very active, reflecting tissue specific expression of ACDs. It should be
noted that the degree of inhibition of ACD activities was also large in the heart. It is of
particular interest that ACD mRNAs are increased several fold in riboflavin-deficient rat,
in which the mitochondrial oxidation of fatty acids is severely impaired.18 Thus, the
present data and previous observations in riboflavin deficiency, together suggest that the
expression of various ACD genes appear to be coordinately regulated by a feedback
mechanism when fatty acid oxidation is inhibited.

The decrease in the amounts and activities of various ACDs in the presence of
increased mRNA levels suggests that VPA affects the expression of various ACD genes
at the stage of translation, or post-translational processing, or stability of the mature
proteins. The present results show that translation of mRNAs and import/processing of
precursor proteins by mitochondria was not affected by VPA, but that the stability of the
mature protein itself was decreased. The loss of stability in the VPA-treated mitochon-
dria was observed not only in the experiment of SCAD, but also IVD and OTC. There-
fore, this is not a specific finding of fatty ACD. It may be possible that some
mitochondrial proteins lose their stability in the VPA-treated mitochondria in vivo.
Histopathologic examination of the liver from VPA-dosed rats (600mg/kg/day) showed
various changes of mitochondrial morphology.3 It is possible that normal structure of
enzyme proteins could not be retained in the pleomorphic mitochondria, and accelerated
breakdown may occur. Activation of proteinase inside the mitochondria might be asso-
ciated with the phenomenon. However, the exact mechanism of increased degradation of
mature ACDs in VPA-treated mitochondria is unknown at present.

From clinical findings of human VPA therapy, it was suggested that VPA inhibits
the -oxidation at the level of SCAD and MCAD. However, as suggested from in vitro
enzymatic study by Ito et al.,12 VPA and valproyl-CoA did not significantly inhibit the
activities of various ACDs at various concentrations tested. They speculated that the inhi-
bition of ACDs is not the major cause of the inhibition of fatty acid oxidation by VPA.
The in vivo experiment in the present study showed that the degree of inhibition of ACDs
were different between liver and heart. It is also important that the ACD mRNAs are
more greatly changed in the heart. Similar tissue specific responses of the ACD genes
were also observed in the studies of development and starvation.20 Therefore, we should
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note that ACD expression in the heart was differently regulated from that in the liver
during VPA therapy. Although VPA is mainly metabolized in the liver, some potent toxic
intermediates, which inhibit fatty acid oxidation, can exert their effects in other organs.21

Since the utilization of fatty acids as an energy source is very active in the heart, the
degree of inhibition could be greater in the heart than other organs. Unlike fatty ACDs,
the IVD gene may not be coordinately regulated by a feedback mechanism caused by -
oxidation inhibition. In the condition of riboflavin deficiency or starvation, the expres-
sion of IVD is regulated separately from that of the enzymes related to fatty acid
oxidation (SCAD, MCAD, and LCAD).18 These findings are supported by the analysis
of regulatory component of the IVD gene, which are different from those of other acyl-
CoA dehydrogenase genes.22

Carnitine plays an important role in fatty acid oxidation by facilitating both
the transport of fatty acids and excretion of toxic intermediates in the form of acyl-
carnitine esters. Impairment of -oxidation by VPA causes decreased level of plasma and
muscle free carnitine and increased acyl-carnitine.23 The results in this study show that
free carnitine was decreased in the heart, where -oxidation is most active. It has been
suggested that the inhibition of -oxidation due to VPA medication may be relieved with
L-carnitine supplementation.19 Therefore, L-carnitine supplementation might prevent not
only VPA-induced hepatic dysfunction, but also might be effective in compensating -
oxidation in the heart. In addition, VPA administration reduced the in vivo concentra-
tions of liver free coenzyme A.24 Most of the metabolic disturbances caused by VPA can
be explained by an increase in the acyl-CoA/CoASH ratio in the mitochondrial matrix,
which may be associated with a lower acetyl-CoA concentration. The decreased avail-
ability of coenzyme A may inhibit -oxidation, and other important metabolic pathways
(urea synthesis, gluconeogenesis, etc.). Carnitine and coenzyme A are the substances that
control the whole activity of fatty acid oxidation. We are going to investigate the corre-
lation between availability of carnitine and coenzyme A and the expression of ACD genes
in various metabolic disturbances.

Metabolic disturbances caused by the therapeutic range of VPA are partial and are
normally well compensated by the mechanism described above. They could nevertheless
significantly impair the whole activity of fatty acid oxidation when there is an additional
insult, such as may occur with concomitant use of other epileptic drugs, viral infection
or underlying inborn errors of metabolism.25,26 In these conditions, if the biosynthesis of
ACDs is not be regulated normally, the inhibition of fatty acid oxidation may result in
serious clinical problems.
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1. INTRODUCTION

The “electron transferring flavoprotein” (ETF) is the physiological electron accep-
tor for the straight-chain acyl-CoA dehydrogenases (short, medium and long), involved
in the -oxidation pathway.1 ETF is heterodimeric, containing an subunit (32kDa), a

subunit (28 kDa) and one molecule of FAD. In contrast the associated dehydrogenases
are homotetrameric, with a subunit molecular mass of 45 kDa, and contain one FAD
molecule per monomer. In the mammalian system the reducing equivalents from the
dehydrogenases are transferred via ETF to ETF: ubiquinone oxidoreductase (ETF: QO).2

A bacterial equivalent of the mammalian short chain acyl-CoA dehydrogenase,
butyryl-CoA dehydrogenase, has recently been detected in a complex with ETF.3 An
ETF: trimethylamine dehydrogenase complex from Methylotrophus methylophilus has
also been characterised using ultracentrifugation.4

Porcine ETF and MCAD have been shown to form a specific association, with 1:
1 stoichiometry,5 and cross-linking studies showed preferential binding of porcine
MCAD to the subunit of ETF.6 More recently, mammalian ETF has been detected
complexed to MCAD and sarcosine dehydrogenase in the crude extract of porcine
liver [Parker, A and Engel, P.C.-submitted] and these complexes have also been partially
purified.

The phenomenon whereby one protein can recognise and form a protein-protein
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complex with a number of different proteins is of wider occurrence. The ability of thiore-
doxin to interact with several reductases, for instance, is well documented.7 In the present
study the homobifunctional cross-linking reagent dimethyl suberimidate (DMS) has been
employed to seek evidence for a stoichiometric ETF:MCAD complex.
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2. RESULTS

Figure 1, a densitometric scan of a Coomassie Blue stained gel, shows the results
of cross-linking ETF and MCAD both separately and together. Lane A, ETF control,
shows three protein bands A, B and C. Band B is assumed to be a cross-linked mol-
ecule of ETF (60kDa). Bands A and C are probably the result of inter-subunit cross-
linking between two subunits (56kDa: band A) and two  subunits (64kDa: band C).

In the MCAD control, lane B, bands D, E, F, G and H probably represent mono-
(45kDa), di- (90kDa), tri- (135kDa), tetra- (ISOkDa) and penta-meric (225kDa)
cross-linked forms of MCAD. The two unlabelled bands in lane B are probably slight
cross-linked impurities and are not present in the absence of DMS. Lane C shows the
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result of mixing ETF and MCAD, in the presence of octanoyl-CoA, in the ratio of 1:4
in terms of FAD content. A new band of protein is detected, band X, with an approxi-
mate mass of 75–80 kDa (Fig. 2).

This band was found to be present whatever the ratio of MCAD to ETF or ratio of
excess ETF to MCAD used (up to 4-fold excess of each protein was used). The produc-
tion of the extra band is mirrored by the decrease in the formation of the postulated
tetrameric and pentameric cross-linked species of MCAD (bands G and H). In the absence
of octanoyl-CoA, band X was not detected. Figure 3 shows the formation of the band X
as a function of DMS concentration. The formation of only the probable dimeric and
trimeric forms of MCAD at 0.95 mM DMS suggest that only intra-subunit cross-linking
occurs. This corresponds with the absence of band X using this DMS concentration.

3. DISCUSSION

These results provide direct evidence that a specific ETF: MCAD complex is formed
in the presence of octanoyl-CoA. The molecular mass of 75–80 kDa, under denaturing
conditions, implies that 1 ETF molecule interacts with 1 MCAD monomer. This work
does not offer any evidence for the molecular size of such a complex in the native state
although consideration must be given to the possibility that the MCAD tetramer may
not be able to accommodate four ETF molecules simultaneously because of steric
hindrance. Although previous work using N-succimidyl 3-(2-pyridyldithio) propionate
(SPP)6 showed that the subunit of ETF interacted with the MCAD monomer, a clear
protein band representing an ETF: MCAD complex was not produced. This may be due
to the difference in the length of cross-linker used for SPP is only 6.8 Å long whereas
DMS is 11Å long.8

The interaction of the two flavoproteins involves electron transfer from one FAD
molecule to another. The FAD binding site in ETF is located in the -subunit.9 Using
the estimated molecular mass of band X on the gel, the present work suggests that
MCAD may in fact bind to the subunit of the ETF.
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1. ABSTRACT

1.1. Acyl-CoA thioesterases hydrolyze acyl-CoAs to the corresponding free fatty
acid plus CoASH. The activity is strongly induced in rat and mouse liver after feeding
the animals peroxisome proliferators. To elucidate the role of these enzymes in lipid
metabolism, we have cloned the cDNAs corresponding to the inducible cytosolic and
mitochondrial type I enzymes (CTE-I and MTE-I) and studied tissue expression and
nutritional regulation of expression of the mRNAs in mice. The constitutive expression
of both mRNAs was low in liver, with CTE-I being expressed mainly in kidney and brown
adipose tissue and MTE-I expressed in brown adipose tissue and heart. As expected, the
expression in liver of both the CTE-I and MTE-I mRNAs was strongly induced (>50-
fold) by treatment with clofibrate. A similar level of induction was observed by fasting
and a time-course study showed that both mRNAs were increased already at 6 hours
after removal of the diet. Refeeding normal chow diet to mice fasted for 24 hours nor-
malized the mRNA levels with a of about 3–4 hours. Feeding mice a fat-free diet
further decreased the expression, possibly indicating repression of expression. The strong
expression of MTE-I and CTE-I in the heart was increased about 10-fold by fasting. To
further characterize these highly regulated enzymes, we have cloned the corresponding
genes and promoter regions. The structures of the two genes were found to be very similar,
consisting of three exons and two introns. Exon-intron borders conform to general con-
sensus sequences and especially the first exon appears to be highly conserved. The pro-
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moter regions of both the CTE-I and MTE-I genes contain putative peroxisome prolif-
erator response elements (PPREs), suggesting an involvement of peroxisome prolifera-
tor-activated receptors in the regulation of these genes.

2. INTRODUCTION

2.1 A broad class of compounds, collectively known as peroxisome proliferators,
lower plasma lipids, cause proliferation of peroxisomes and induction of several lipid
metabolizing enzymes (for review, see1). Several studies have shown that acyl-CoA
thioesterase activity is strongly induced in rat and mouse liver by treatment with pero-
xisome proliferators. However, the induction was evident mainly in cytosol and mito-
chondria2–1 but was much weaker in peroxisomes. Characterization of the induced activity
by size-exclusion chromatography showed that two types of acyl-CoA thioesterases were
induced, with molecular masses of approximately 40 and 110–150kDa.4,5 The 40kDa
enzyme was tentatively named CTE-I and the 110-150kDa enzyme tentatively named
CTE-II.4 The induced activity in mitochondria was shown to be due to induction of two
activities, MTE-I and MTE-II, which showed identical elution properties on size exclu-
sion chromatography to the corresponding cytosolic type I and type II enzymes.4 The
cDNAs corresponding to these enzymes have recently been cloned by us and others.6–10

The physiological roles of these thioesterases are still unknown, therefore further char-
acterization of the regulation of expression and at the gene level is of importance for the
understanding of the functions of these enzymes.

3. MATERIALS AND METHODS

3.1. Materials

The standard chow diet was obtained from Lactamin (R36, Vadstena, Sweden), the
fat-free diet (containing 64% carbohydrate, 17.6% protein, 4.2% ash, 4% fibre and 10%
water) from AnalyCen (Linköping, Sweden). Clofibrate (Atromidin) was from Zeneca
(Cheshire, United Kingdom) and restriction enzymes were obtained from Pharmacia
Biotech (Sweden). All chemicals used were standard commercial products of analytical
grade.

3.2. Animals and Treatments

Adult male C57 BL/6 mice, obtained from B & K, Sollentuna, Sweden, were used
throughout this study. Mice were maintained on a standard chow diet before com-
mencement of the experiments. Mice were fed a fat-free diet (FF), a 0.5% (w/w) clofi-
brate-containing diet (Clo) or fasted as indicated. All mice had access to water ad libitum.
The animals were sacrificed by CO2 treatment followed by cervical dislocation, and
weighed immediately. The various tissues were then excised, weighed and frozen in liquid
nitrogen.

3.3. Northern Blot Analysis

Total RNA was isolated from mouse tissue samples using QuickPrepR Total RNA
Extraction Kit (Pharmacia Biotech, Uppsala, Sweden) or Ultraspec RNA Kit (Biotecx
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Laboratories Inc., Houston, TX). Twenty micrograms of total RNA was denatured in
formaldehyde/formamide and electrophoresed on 1% agarose gels containing ethidium
bromide. In the case of heart, kidney and brown adipose tissue, 10 mg of RNA was used.
The RNA was transferred to Hybond-N nylon membranes (Amersham International plc,
Buckinghamshire, England) by capillary action using the Northern blotting technique.
Specific cDNA probes for full-length mouse CTE-I and -actin were labelled with
by random priming (Oligolabelling Kit, Pharmacia) and hybridised overnight at 65 °C to
the RNA filters. The filters were then washed at 65 °C in decreasing concentrations of
SSC/SDS solutions and exposed to X-ray film. Filters were stripped in boiling 0.5% SDS
solution and re-probed as above.

3.4. Gel Electrophoresis and Western Blotting

Total mouse liver proteins (50 µg) were separated on a 10% sodium dodecylsulfate
polyacrylamide gel (SDS-PAGE) and Western blotting was performed by electrophoretic
transfer of the separated proteins onto a nitrocellulose filter (Nitropure, Micron Separa-
tions Inc., Westborough, MA, USA) using a Mini-Protean II device (Bio-Rad). The blots
were probed with an anti-MTE-I antibody and subsequently with horseradish peroxi-
dase-conjugated secondary antibodies and visualised by enhanced chemiluminescence
(ECL™, Amersham) using X-ray film.

3.5. Gene Structure and Promoter Region Analysis for MTE-I and CTE-I

About plaques of a mouse genomic Zap library (Stratagene) were screened
with a cDNA probe containing about 2/3 (3') of the CTE-I cDNA sequence. About two
hundred positive clones were isolated of which thirty were rescreened twice. One clone
was partially sequenced in the first exon and intron and used to generate primers for
PCR-based screening of P1 clones by Genome Systems Inc. (U.S.A.). The gene structure
for CTE-I was elucidated using primers designed from the cDNA sequence. Genomic
clones corresponding to MTE-I were obtained by screening of a “mini-library” of the
positive clones obtained in the first screening described above, using an MTE-I specific
cDNA probe corresponding to the sequence of mitochondrial targeting signal of MTE-
I. The intron/exon boundaries were sequenced using the ABI Prism Dye Terminator
Ready-Reaction Kit (Perkin-Elmer) at Cybergene AB (Novum) in an ABI 373A-stretch
DNA Sequencer (Perkin-Elmer). Sequence analysis was performed using the LaserGene
software package (DNAStar).

The 5´-flanking regions of both CTE-I and MTE-I genomic clones were sequenced
in both sense and antisense directions. Sequence analysis was carried out using the ABI
Prism Dye Terminator Ready-Reaction Kit (Perkin-Elmer) at Cybergene AB (Novum)
as stated previously, and the data analysed using LaserGene software package
(DNAStar).

4. RESULTS

4.1. Tissue Expression and Regulation of mRNA Levels

The tissue specific expression of CTE-I and MTE-I mRNA was carried out by
Northern blot analysis. CTE-I was shown to be mainly expressed in kidney, brown
adipose tissue and heart, but was also detectable in control liver, white adipose tissue,
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brain and testis. MTE-I was strongly expressed in heart and brown adipose tissue, with
strong signals also detected in kidney and white adipose tissue. Weak expression of MTE-
I was evident in liver and muscle but no detectable expression was seen in brain or testis.

4.2. Regulation of Acyl-CoA Thioesterases by Dietary Manipulation-

Previous studies by our group indicated a very strong induction of both CTE-I and
MTE-I expression in mouse liver after fasting for 48 hours as compared to expression in
untreated animals, where levels are barely detectable.7 We found that this induction was
already maximal after 24 hours, and carried out a time course of fasting mice for 0, 6,
12, 18, 24, 36 and 48 hours to pinpoint more closely when induction took place. After 6
hours of fasting the expression of the cytosolic acyl-CoA thioesterase was already slightly
increased, with maximum induction after only 12 hours fasting. mRNA levels of the
MTE-I transcript were induced in line with its cytosolic counterpart. Due to the rapid
induction of both CTE-I and MTE-I by fasting, it was of interest to examine how a
refeeding effect would alter the induced expression of these enzymes. An experiment was
carried out where mice were fasted for 24 hours and refed a normal chow diet for 0, 3,
6, 9, 12, 24 and 30 hours. The decrease in transcription of mCTE-I was again very rapid,
being strongly reduced after only 6 hours of refeeding the normal chow diet with mRNA
returning to control levels within 9 hours of this treatment. The apparent half-lives of
the mRNAs were estimated to be about 3–4 hours.

In view of this different tissue specificity and the rapid regulation of expression of
these enzymes in liver by fasting, we investigated the effects of fasting on CTE-I and
MTE-I mRNA in tissues where the enzymes are constitutively expressed, such as heart,
kidney and brown adipose tissue. Interestingly, fasting for 24 hours caused a very large
upregulation of both CTE-I and MTE-I in mouse heart, which was not further increased
at 48 hours. In kidney, mCTE-I transcription was much more strongly upregulated by
fasting than the mitochondrial transcript. The mRNA levels of both these enzymes in
brown adipose tissue were unaffected by fasting conditions.

Previous experiments at this laboratory had indicated that both mCTE-I and
mMTE-I were downregulated at mRNA level by feeding a fat-free diet. We carried out
a long-term time course of feeding mice a fat-free diet for 1 ,2 ,4 and 7 days. After two
days of this treatment, both enzymes were suppressed at mRNA level.

4.3. Regulation of Acyl-CoA Thioesterases by the Peroxisome
Proliferator Clofibrate

Previous results have indicated that both CTE-I and MTE-I are inducible at mRNA
level in both rat and mouse liver by peroxisome proliferators such as clofibrate and di-
(2-ethylhexyl)phthalate (DEHP).6,7 We examined the expression of CTE-I and MTE-I
mRNA after various treatments with clofibrate-containing diets. In a time course carried
out by feeding mice a 0.5% clofibrate-containing diet for 1, 2, 4 and 7 days, both CTE-I
and MTE-I were already maximally induced after the first day of treatment and levels
remained high for the duration of the experiment.

It was of interest to verify if the induction at the mRNA level was also reflected by
an increase at the protein level. Western blot analysis of mouse total liver protein using
an anti-MTE-I antibody, which labelled a strong band at the expected size of 45 kDa,
indicated that there was a good correlation in the changes at the protein and mRNA
levels. Fasting for 24 hours, treatment with a clofibrate-containing diet for 1 day or fasting
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and refeeding a clofibrate-containing diet all caused an increase of MTE-I and CTE-I
proteins. Fasting and refeeding a chow diet for 24 hours normalised levels of the
thioesterase protein. However, treatment with a fat-free diet for 4 days caused a sup-
pression of both CTE-I and MTE-I at mRNA level, but this suppression was not evident
at protein level.

4.4. Gene Structures of MTE-I and CTE-I

The screening of a mouse genomic library, using a cDNA probe corresponding to
about 2/3 of the cDNA sequence (lacking the 5'-end) resulted in positive clones. After 3
more rounds of screening about 90% remained positive, suggesting that the probe recog-
nized several genes of this apparent multi-gene family. Screening for MTE-I was carried
out by generation of a specific cDNA probe containing the 5'-end of the sequence corre-
sponding to the mitochondrial leader peptide, which was used to screen a “mini-library”
consisting of a pool of the positive clones obtained in the first screening. This resulted in
the isolation of two clones, one of which was completely sequenced. About 2.8kb of the
5'-flanking region was also sequenced in both directions. This clone was found to contain
the entire gene for MTE-I, and found to consist of 3 exons and 2 introns. The first exon
contains 680 bp, the second exon contains 202 bp and the third exon about 695bp.

One of the clones obtained from the first screening, corresponding to CTE-I, was
partially sequenced and the sequence information was used to design oligo oligonu-
cleotides for P1-clone screening. A P1 clone containing the entire CTE-I gene was
obtained and completely sequenced and based on the sequence the gene structure was
determined. Similarly to the MTE-I gene, it contains three exons and two introns, with
the consensus sequences for the intron borders commencing with the sequence GTG and
ending in the sequence CAG. The first exon, of 465 base pairs, is highly conserved
between CTE-I and MTE-I (showing greater than 90% homology, differing mainly in
that the mitochondrial variant contains a mitochondrial leader peptide of 42 amino acids
coded for in the first exon). Similar to the MTE-I gene, the second exon contains 202
base pairs. The putative active site serine is encoded in the third exon in both genes.

4.5. Promoter Analysis

Approximately 2.4kb of the promoter region of CTE-I and 2.8kb of the promoter
region of MTE-I were sequenced in the 5´ direction from the ATG start site. The pro-
moter sequences were analysed for the presence of various transcription factor sites, using
TESS String Based Search, which identified putative peroxisome proliferator response
elements (PPREs) in both promoters. These regions of the promoters have now been
cloned into a luciferase expression vector, to be used in transfection experiments to
examine for functional PPREs.

5. DISCUSSION

5.1 It is now well established that the acyl-CoA thioesterase activity in rat and
mouse liver is strongly induced by peroxisome proliferators. The induced activity is due
to induction of several enzymes belonging to two gene families, type I and type II
thioesterases, each of which contains several members of structurally related enzymes.
The type I thioesterases are localized to cytosol, mitochondria and peroxisomes,4,11 which
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are all immunologically related and are recognized by antibodies to MTE-I. In spite of
the previous studies, the physiological functions of these acyl-CoA thioesterases have
remained unknown. In an attempt to increase our understanding of these enzymes, we
have studied the regulation of expression of the mitochondrial and cytosolic enzymes
and also cloned the corresponding genes. The results show that both enzymes are highly,
and very rapidly, regulated by peroxisome proliferators and by changes in nutritional con-
ditions. The very rapid and strong upregulation by peroxisome proliferators and fasting,
and the profound down-regulation of expression by feeding mice a fat-free diet, strongly
suggest that these enzymes are tightly linked to lipid metabolism. The strong regulation
by peroxisome proliferators and presence of putative PPREs in the promoters suggest
that the transcription of these two genes may be regulated via PPAR. Recently it has
been shown that possible ligands for PPARs include fatty acids.12 Interestingly, it was
recently shown that acyl-CoA thioesters are ligands of the hepatic nuclear factor-

Thus, a possible, and very intriguing function for the cytosolic (or putative
nuclear) thioesterases may be in the regulation of transcription via PPAR and
by modulation of acyl-CoA/free fatty acid ratios under various nutritional conditions.
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1. INTRODUCTION

Gliomas are tumours of glial cell origin in the central nervous system (CNS). High
grade malignant gliomas are very aggressive and almost always lethal. Although the treat-
ment of neoplasms in other organ systems has radically improved during the last decade,
improvements in glioma treatment have been marginal. Combinations of surgery, radio-
therapy and chemotherapy may gain some weeks or months in survival time, however
the median survival time after treatment is less than a year.1 The aggressiveness of cancers
depends on qualities such as proliferative rate, invasiveness and angiogenesis. Agents that
influence one or more of these features may affect the tumour malignancy. Character-
istic for the neuroepithelial tumours is their local invasive behavior. Neuroepithelial
tumours are poorly demarcated and hardly ever properly encapsulated. This behavior
makes complete surgical removal of the tumour difficult and they often recur with a fatal
result.

It is largely accepted that a high dietary intake of poly-unsaturated fatty acids
(PUFA) in the series has beneficial effects. Recently, cellular lipid metabolism has
been suggested as a target for cancer therapy. Cancer cells, compared with normal cells,
seem to be vulnerable to exposure of certain polyunsaturated fatty acids (PUFAs),2 espe-
cially those in the series. Characteristic for these compounds are their poor ability to
be oxidized in the cell due to multiple double bonds. They are however likely to be ester-
ified to other lipids, and their incorporation into membrane phospholipids will influence
membrane properties such as fluidity, protein interactions and susceptibility to lipid per-
oxidation. The hypolipidemic properties of some fatty acids, such as EPA, are prob-
ably explained by an induction of mitochondrial β -oxidation3 that is not found after
administration of the non-hypolipidemic PUFA docosahexaenoic acid (DHA).4,5

However, both eicosapentaenoic acid (EPA) and DHA cause increased peroxisomal
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β-oxidation, and this effect may also be obtained by other drugs known as peroxisome
proliferators. Peroxisomal β-oxidation is associated with production, and has
to be detoxified by the cell to avoid cytotoxic oxidative stress. An intact antioxidant
defense is thus important under these conditions.

Phenylacetate is a naturally occurring peroxisome proliferator, which is reported to
be an antitumor agent.6–8 Structurally, phenylacetate resembles the fibrate hypolipidemic
drugs, and functionally they share several properties such as inhibition of cholesteroge-
nesis, adipocyte differentiation and peroxisome proliferator activated receptor (PPAR)
activation (reviewed9). Gliomas, but not mature normal brain cells, are highly dependent
on mevalonate, which is an intermediate in cholesterogenesis.8 Mevalonate is used for
production of sterols and isoprenoid compounds vital for cell growth. Phenylacetate and
lovastatin inhibit mevalonate pyrophosphate decarboxylase and HMG-CoA reductase,
two enzymes in the mevalonate pathway, respectively. In combination a synergistic anti-
tumor activity of these drugs is observed. Lovastatin is found to increase the transcription
of PPAR.6 PPAR is a transcription factor implicated in the control of lipid metabolism,
cell growth and differentiation.

3-Thia fatty acids have been used as tools in experimental models to further pene-
trate the mechanisms of the lipid metabolism. These fatty acids are activated to their
respective CoA-esters, but, they cannot be degraded by β-oxidation because of the sulfur
substitution in 3-position (reviewed10). Tetradecylthioacetic acid (TTA), a representative
member of the 3-thia family, has the chemical structure of palmitic acid (C16) in which
a sulfur atom is located between the 2 and 3-carbon atoms
TTA is a novel hypolipidemic drug which has been shown to combine several effects of

PUFAs, such as EPA, and structurally unrelated peroxisome proliferators, such as
phenylacetate and fibrates. From this perspective we wanted to investigate if TTA shares
the antitumor activity found for these functionally related compounds, and furthermore
to study the metabolic effects of TTA in cancer cells in relation to the effects found in
hepatocytes.

Since TTA is poorly oxidizable it is likely to be esterified into other lipids, primarily
phospholipids. Thus, TTA readily enters the cell membrane in which it influences mem-
brane properties. Moreover, TTA treatment influences the PUFA composition of mem-
branes. As TTA changes the membrane PUFA content and possesses antioxidant
properties, it may influence the susceptibility to lipid peroxidation. In addition to func-
tioning as an antioxidant itself, TTA changes the antioxidant defense system in hepato-
cytes.11,12 This indicates that TTA affects the cellular oxidative situation.

TTA induces peroxisomal and mitochondrial β-oxidation enzymes in addition to
several other enzymes in lipid metabolism.10 Furthermore, TTA functions as a ligand for

and and it stimulates both peroxisomal and mitochondrial prolifera-
tion. An increasing amount of genes that are known to carry PPAR response elements
(PPREs) is reported, and differential regulation by these receptors is likely to affect the
growth potential. The result of TTA treatment is a reorganization of the cellular lipid
metabolism towards an increased metabolic activity.

2. RESULTS AND DISCUSSION

Our objective was to study how TTA affect the growth and lipid metabolism in
glioma cells. It is well established that normal brain tissue primarily oxidizes glucose as
a source of energy, however, it is also capable of oxidizing fatty acids and ketone bodies.
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In these experiments cultured glioma cells were exposed to TTA, and key enzymes in per-
oxisomal (fatty acyl-CoA oxidase—FAO) and mitochondrial (carnitine palmitoyl trans-
ferase II—CPT II) fatty acid oxidation were studied.

TTA reduced the proliferation of both a rat (BT4Cn) and a human (D-54Mg)
glioma cell line. Detailed results from the growth of these and other cell lines can be
viewed in K. Berge et al. 1998 (this volume), however, the results from the previously
mentioned glioma cells are summarized in Figure 1. TTA has previously been reported
to reduce the growth of the breast cancer cell line MCF-7.14,15

To study the cellular lipid metabolism the human glioma line D-54 Mg was grown
in monolayer cultures with TTA supplemented growth medium. A cell homogenate was
prepared using a ball-bearing homogenizer,16 and separated into subcellular fractions by
differential centrifugation. CPT II activity and the FAO activity in the post-nuclear frac-
tion were increased 3.4 and 2 fold, respectively, after TTA administration (Table 1). These
data further suggest that the increases in both FAO and CPT II enzyme activities are pri-
marily due to enrichments in the mitochondrial fraction. As expected, little or no FAO
and CPT II activity were found in the microsomal and cytosolic fractions (data not
shown).

These results suggest that TTA influences fatty acid catabolism in glioma cells in a
similar pattern as in hepatocytes. Activities of key enzymes of both mitochondrial and
peroxisomal β-oxidation were potentiated, and consequently TTA plays an active role in
the glioma cell metabolism. The induction of FAO demonstrates that TTA is likely to
induce peroxisome proliferation in D-54Mg. Previously, few observations indicating per-
oxisome proliferation in human cells have been reported. Furthermore, increased FAO
activity is associated with increased production of that must be detoxified by the
antioxidant system. Thus it seems likely that the antioxidant systems will be affected in
some way. Unpublished results demonstrate that TTA do affect both glutathione (GSH)
content and activities of GSH associated enzymes.
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Hopefully, further investigation will reveal more information about the TTA effects
in glioma cells, and we will concentrate on the lipid metabolism, redox balance and
PPAR-system.
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1. INTRODUCTION

Tetradecylthioacetic acid (TTA) is a fatty acid analogue in which a sulfur atom sub-
stitutes the β-methylene group of the alkyl chain. The analogue closely resembles normal
fatty acids except that it is unable to be metabolized by β-oxidation.1     fat ty acids,  espe-
cially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are also poorly oxi-
dized and it has been reported that they inhibit proliferation of cancer cells in culture.2

Other similarities between TTA and fatty acids are induction of several enzymes
involved in mitochondrial and peroxisomal β-oxidation.3–5 Moreover, they have
hypotriglyceridemic effects, but TTA is much more potent than EPA.6

Both TTA and EPA have been shown to be inhibitors of growth of human breast
cancer cells in culture.7–8 TTA was found to have the most potent inhibitory effect on the
estrogen responsive human cancer epithelial cell line MCF-7.

The aim of our study was to investigate whether TTA inhibits cell proliferation of
different cancer cell lines cultured as monolayers or as spheroids. It was also of interest
to examine the influence of TTA on tumour growth in vivo.

2. MATERIALS AND METHODS

Glioma cells (BT4Cn and D-54Mg) were cultured in Dulbecco’s modified Eagles
medium (DMEM) supplemented with 10% newborn calf serum (heat denatured), L-
glutamine (2mmol/l), 3% non-essential amino acids, penicillin (100IU/ml) and strepto-
mycin (100µg/ml). HL-60 cells were grown in Iscove’s medium supplemented with 10%
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heat-inactivated fetal calf serum (FCS), L-glutamine (2mmol/l) and gentamycin (0.1
mmol/1). CaCo2 cells were cultured in Dulbecco’s modified Eagles medium (DMEM)
with 20% FCS, insulin 1% non-essential amino acids, L-glutamine (2 mmol/1)
and antibiotics as for the glioma cells. MCF-7 cells were grown in DMEM to which had
been added 10% newborn calf serum, 2% L-glutamine, penicillin (100IU/ml) and strep-
tomycin All cells were cultured at 37 °C, 95% air and 5% CO2. Cell number
was determined by cell counter or estimated by thymidine incorporation.

The multicellular spheroids were initiated by the agar overlay method described by
Yuhas.9 After 6 days in culture, spheroids with diameters between and 300 µm
were selected for growth experiments and transferred to 16mm multiwell culture dishes.
The diameters of the spheroids were determined by using an inverted microscope with a
calibrated graticule in the eyepiece. The wells were base-coated with 0.5ml 0.75%
DMEM-agar and filled with 1 ml of medium.

Male brown rats, BD IX, were obtained from Gades Institute, Haukeland hospi-
tal, Bergen, Norway. They were housed in cages, in pairs, and maintained on a 12 h cycle
of light and dark at a temperature of During the experiments they weighed
250–400 g. They were fed a commercial standard pelleted food and provided with tap
water ad libitum. Fatty acids were administered by oro-gastric intubation. TTA and
palmitic acid were suspended in 0.5% (w/v) sodium carboxymethyl cellulose at a final
stock solution of 75mg/ml. The animals were administered once a day with a dose of
300mg/kg body weight.

The tumour was implanted by stereotactical implantation. The rats were anaes-
thetized with 0.1ml Equithesin/100g body weight. A skin incision was made, and the
skull was trepanned using a dental drill 2.5mm in diameter. 40,000 cells (
cell suspension) was injected with a Hamilton syringe with a cone-tipped 0.7mm needle
at a depth of 2.5mm. The protocol was approved by the Norwegian State Comission for
Animal Experimentation.

3. RESULTS

The effect of different concentrations of ERA and TTA on the growth of CaCo2
cells is shown in table 1. At 100µM, EPA reduced the proliferation of these cells by 34%
and TTA by approximately 90%, compared to control, indicating that TTA is the most
potent fatty acid. Indeed, at TTA reduced the growth by 36% whereas EPA was
without any effect.

The incorporation of thymidine in the MCF-7 cells is shown in table 2. Compared
to palmitic acid (control) this incorporation was reduced by 32% and 40% with EPA and
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TTA, respectively. This, in agreement with earlier findings, suggests that TTA is more
potent than EPA as an anticancer agent.

Figure 1 shows that TTA reduced the growth of human promyelocytic leukemic
cells (HL-60) in a time-dependent manner. Significant growth inhibition by both TTA
and palmitic acid was evident after 4 days in culture, compared to cells grown with no
fatty acid supplementation (control). At this point, their anti-proliferative capacities were
almost equal. However, after 8 days in culture, TTA was more effective than palmitic acid
in reducing the cell growth, and the doubling time of the cells were 50, 56 and 80 hours
for control, palmitic acid and TTA treatment, respectively.

It was also of interest to examine the effect of TTA on growth of human multi-
cellular spheroids (D-54Mg). Figure 2 shows that the growth inhibitory effect of
TTA was evident after 7 days in culture. After 14 days in culture, TTA reduced the average
spheroid diameter by approximately 38%, compared to control.

So far, we have focussed on the effect of fatty acids on human cancer cell prolifer-
ation. It was also of interest to examine whether the growth inhibitory effect of TTA on
cancer cells was also evident on cancer cells from other species. Table 3 shows that

TTA inhibits the growth of rapid proliferating rat glioma cells (BT4Cn) by
approximately 40% (after 6 days in culture). Interestingly, the same concentration of
palmitic acid reduced the growth by approximately 23%.

During the last few years, cell cultures have been frequently used to test the effect
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of agents on cancer cell proliferation. Considering the general problems of using conti-
nous cultures of different cell lines, caution should be taken in extrapolating findings
from cell culture experiments to the in vivo situation. However, we have performed an in
vivo experiment with rats with intracranially implanted BT4Cn tumour. This experiment
showed that the size of the tumour was decreased after TTA administration, compared
to palmitic acid treatment (data not shown). Rats fed TTA showed prolonged survival
time compared to rats fed palmitic acid (data to be published).

4. CONCLUSIONS

These data show that TTA and ERA inhibit growth of a variety of human cancer
cells in vitro. In all these experiments TTA was more potent than EPA. However, cancer
cells from different origins respond differently to poorly oxidizable fatty acids. Human
colon cancer cells were more sensitive than human promyelocytic leukemic cells and
human glioma cells.

Growth of rat cancer cells was also reduced by TTA. This suggests that cell lines
from other species than human are sensitive to this sulfur substituted fatty acid analogue.
Moreover, palmitic acid inhibited the proliferation of rat glioma cells (BT4Cn) and
human leukemic cells (HL-60). However, TTA was more potent. On the growth of human
breast cells, EPA was more potent than palmitic acid. Evidently, cancer cells may be more
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sensitive to poorly oxidizable fatty acids than normal saturated fatty acids. Our experi-
ments indicate that this effect may also occur in vivo.

The mechanism behind the reduced cell proliferation of cancer cells is not known,
but several possible explanations exist. Several fatty acids, including TTA and EPA, serve
as ligands for the peroxisomal proliferator activated receptor (PPAR).10–11 The number of
genes which have been found to carry the cis-binding site for this transcription factor,
called the PPRE element, has been increasing the latest years. An examination of PPAR
regulatable promoters suggests that this receptor family is intimately involved in fat
metabolism, including fat breakdown,12–13 storage14 and synthesis.15 Many of the enzymes
involved in peroxisomal, microsomal and mitochondrial metabolism are regulated via
PPAR. Preliminary data in our laboratory have shown that the gene expression and activ-
ity of several enzymes involved in lipid metabolism in the cancer cells are changed after
TTA administration.

Details on enzyme distribution of CPT II and fatty acyl-CoA oxidase in both rat
and human glioma cells are presented in “Metabolic effects of 3-thia fatty acids in cancer
cells” by Tronstad KJ,. et al. 1998 (this issue).
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1. INTRODUCTION

The ability of the cell to regulate fatty acid utilization and storage exquisitely is
essential to maintain lipid homeostasis and normal functions. In children afflicted with
enzymatic defects in the mitochondrial fatty acid oxidation pathway, cellular lipid uti-
lization capacity is restrained leading to dramatic clinical consequences including hypo-
glycaemia, liver dysfunction, cardiomyopathy, and sudden death.1–3 The is a
ligand activated member of the nuclear receptor superfamilly of transcription factors.4

Several lines of evidence suggest that plays a central role in the control of cel-
lular lipid utilization pathways. Firstly, mediates the peroxisome proliferator
pleiotropic response resulting from the actions of classical peroxisome proliferators.4,5

Secondly, the majority of known target genes encode enzymes involved in cellu-
lar fatty acid (FA) oxidation.6–11 Third, fatty acids and inhibitors of mitochondrial long-
chain fatty acid (LCFA) import activate l2–14 These facts suggest that
serves as a cellular “lipostat”, transducing changes in cellular lipid homeostasis to the
transcription of target genes involved in fatty acid utilization. However, other than its
recently defined role in the control of hepatic peroxisome proliferation,5 little is known
about the function of in vivo.

To investigate the role of in the control of cellular lipid homeostasis, we
characterized the expression of target genes in response to a perturbation in FA oxida-
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tive flux. We hypothesized that in tissues with a high capacity for mitochondrial fatty acid
such as heart and liver, inhibition of LCFA import would cause an accu-

mulation of intracellular lipids or FA metabolites, inducing a feedback
activation of target genes involved in alternate extra-mitochondrial oxidation pathways.
Experiments were performed in which wild-type mice or mice lacking (
–/–) were treated with etomoxir, an irreversible inhibitor of carnitine palmitoyltransferase
I (CPT I), which catalyzes the import of LCFA into the mitochondrion. We found that
inhibition of FA oxidative flux causes a feedback induction of target genes
encoding peroxisomal, cytochrome P450, and mitochondrial FA oxidation enzymes. In

        –/– mice, a perturbation in cellular fatty acid flux causes massive hepatic and
cardiac lipid accumulation, hypoglycaemia and death in 100% of male, but only 25% of

female –/– mice. These results demonstrate a pivotal role for as a “lipid
metabolic-stress” response factor.

2. MATERIALS AND METHODS

2.1. RNA Blot Analysis

Total cellular RNA was isolated from tissues using the RNA zol B technique.15 The
concentration of RNA was measured by A260nm. Total RNA was fractionated
through a formaldehyde/agarose gel and transferred to a nylon membrane. Membranes
were incubated with dCTP-labelled cDNA. The mouse medium-chain acyl-CoA
dehydrogenase (MCAD) EcoRI fragment of l,500bp was provided by Dr Philip Wood,
University of Alabama, Birmingham.16 A mouse AGO cDNA of 559 bp was synthesized
from total mouse liver RNA by reverse transcription/polymerase chain reaction
(RT/PCR) (oligonucleotide primers; sens, 5'-CAATCACGCAATAGTTCTGGCTC-3'
and antisens 5'-AAGCTCAGGCAGTTCACTCAGG-3'). The AGO cDNA was then
directly cloned into pCR™ II TA cloning vector according to the manufacturer’s proto-
col (Invitrogen). Rat Cytochrome P450 4A1 (612bp) and Cytochrome P450 4A3 cDNAs
(394 bp) were amplified by RT-PCR. Oligonucleotides complementary to sequence of
cytochrome P450 4A1 and P450 4A3 cDNAs were chosen as ACCCTAGACACTGT-
CATGAAGTGT (at the 3' end) and AGATGTGCTGAGTTCTCTGACAAT (at the 5'
end) and as CCTCCAGACTCCATCCCAGT (at the 3' end) and CTCTCTACT-
GTTCTGTATCAGAAT (at the 5' end), respectively. The PCR products obtained that
were amplified from cDNA derived from rat liver were cloned directly into pCR™ II
vector. Prehybridization and hybridization were performed in an hybridization oven at
65 °C, using the QuickHyb solution (Stratagene) following the manufacturer’s instruc-
tions. The membranes were washed twice with (1XSSC = 0.15M NaCl/0.015M
sodium citrate) for 15min at room temperature, once with and 1% SDS for
10min at room temperature and with and 1% SDS for 30min at 62 °C. The
signals were quantified by computerized densitometric analysis within the linear range
of film sensitivity. The densitometric values were normalized to the signals obtained after
hybridization of the blots with an 18S ribosomal cDNA probe to control for minor vari-
ations in RNA loading or integrity.

2.2 Animals Studies

All experiments were performed with mice ranging in age from 3–6 months (21–
33g). Adult mice were used for the experiments shown in Fig. 1. The
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–/– and +/+ mice used for this study have been described.5 For the meta-
bolic inhibitor studies, etomoxir ( body mass) or vehicle (sterile water) was given
as a daily intraperitoneal injection at 09:00 a.m. for five days. At the time of harvest,
animals were killed by CO2 inhalation and liver and cardiac ventricle were rapidly dis-
sected free, snap-frozen in liquid nitrogen, and stored at –80 °C until processed for iso-
lation of RNA or lipid extraction. For histologic analyses, the tissue was processed at the
time of harvest as described below.

Mouse tail vein blood glucose levels were determined by use of a standard clinical
blood glucometer (One Touch II, Johnson and Johnson). This method allowed for serial
glucose measurements without a significant drop in blood volume because reproducible
measurements are possible using samples.

All animal study protocols were approved by the Washington University School of
Medicine Animal Studies Committee.

2.3. Tissue Histology Studies

For histologic analysis, organs were removed from the mice and quickly sliced into
small pieces weighing less than 2 mg. The tissue was snap frozen in a cryomold and stored
at –80 °C until it was prepared for cutting and oil red O staining.

2.4. Tissue Lipid Analysis

Tissue lipid extraction and thin layer chromatography (TLC) was performed
using a modification of a previously described protocol.17 In brief, a piece of liver was
baked to a dry mass of approximately 100mg. The dessicated tissue was extracted with
chloroform/methanol The lipid layer was removed, dried and weighed. Percent
lipid was calculated by dividing the extracted fat dry mass by the tissue sample dry mass

For TLC separation, the lipid extract was resuspended in chloroform/methanol
and separated in a two-step chromatograph in CHCl3/methanol/acetic acid: 98/2/1 fol-
lowed by hexane/ethyl ether/HCl: 94/6/0.2. The sample was run adjacent to a panel of
standards (triglyceride, cholesterol, 1–2 diacylglyceride, and monoglyceride). After sepa-
ration, the plate was stained with 3% copper acetate/8% phosphoric acid, followed by
baking. The migration and quantity of sample species was compared with that of the
standards.

2.5. Statistical Methods

Statistical comparisons were made using analysis of variance and Fisher’s test, or
Student’s t-test. A statistically significant difference was defined as a p value <0.05.

3. RESULTS

To investigate the role of in the control of cellular lipid homeostasis in vivo,
we analyzed the expression of known target genes encoding mitochondrial and
extra-mitochondrial FA oxidation enzymes in response to a major perturbation in FA
flux caused by pharmacologic inhibition of mitochondrial import of LCFA by etomoxir.
The results obtained showed that the expression of peroxisomal acyl-CoA oxidase (ACO)
gene was induced in heart and liver of mice receiving a five day course of etomoxir (Fig.
1). CPT I inhibition by etomoxir also led to a marked increase in the expression of
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target genes encoding hepatic cytochrome P450 oxidation enzymes (CYP 4A1
and CYP 4A3) and the expression of the gene encoding medium-chain acyl-CoA dehy-
drogenase (MCAD), which catalyses a rate-limiting step in the mitochondrial oxidation
of medium-chain fatty acyl-thioesters produced by peroxisomal of LCFA.
Thus, inhibition of mitochondrial long-chain fatty acid import induced the expression
of target genes encoding cellular fatty acid oxidation enzymes. All of the mice
tolerated the metabolic perturbation induced by etomoxir.

The CPT I inhibition experiments were repeated with mice homozygous for a tar-
geted disruption of the gene (  –/–). Western-blot analysis showed that
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the protein is absent in these mice.5 These animals are viable, fertile, healthy and
apparently normal; however, the expected hepatic peroxisome proliferation and the acti-
vation of genes encoding peroxisomal and mitochondrial enzymes in response to fibric
acid derivatives are no longer observed. Groups of males and females wild-type (
+/+) and –/– mice were given either vehicle or etomoxir daily for 5 consecutive
days. All males –/– died (9/9) after receiving etomoxir, most of them within
24 h following the first injection (Table 1). In contrast, only two of eight female
–/– died after etomoxir administration; they died after 2 and 3 injections respectively. All
male and female age- and strain-matched +/+ control mice tolerated the 5 day
treatment with etomoxir.

Analysis of the expression of target genes in the liver (Fig. 2) and heart
(data not shown) of  –/– female survivors demonstrated that etomoxir did not
induce the gene expression, further supporting a role of this nuclear receptor in response
to a perturbation of cellular lipid homeostasis.

Histologic analysis of hematoxylin and eosin stained sections of liver and heart
from male –/– mice following a single injection of etomoxir revealed marked
lipid accumulation in both organs with high fatty acid oxidative flux (Fig. 3A). The sec-
tions were also stained with oil red O, a method for staining of neutral lipids (Fig. 3B).
The livers of –/– male and female vehicle-treated control mice contained patchy
areas of small red droplets but not their heart, consistent with the existence of a mild
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defect in hepatic fatty acid oxidation. After a single dose of etomoxir,  –/– male
mice developed massive micro- and macrovesicular hepatic steatosis and diffuse myocar-
dial lipid accumulation. The sections obtained from the livers and hearts of the two
female –/– mice that died in response to etomoxir appeared similar to that of organs from
etomoxir-treated –/– males (data not shown). In striking contrast, the hearts of
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the –/– females that survived had no detectable lipid accumulation, although
mild hepatic steatosis was present (Fig. 3B). Thus lipid accumulation in heart and liver
correlated with the gender-related sensitivity of –/– mice to etomoxir.

Lipids were extracted from liver of male +/+ or –/– mice treated either with
vehicle or with one dose of etomoxir. Thin-layer chromatographic analysis of lipids con-
firmed that over 99% of accumulated lipid was triglyceride (data not shown). The liver
lipid content was increased in both +/+ and  –/– mice after etomoxir treat-
ment, the increase being much more pronounced in the –/– animals (Fig. 4).
Interestingly, when comparing the vehicle treated animals, even at baseline the lipid
amount is higher in the –/– mice than in the +/+ confirming that a mild
defect in hepatic fatty acid oxidation exists in the  –/– mice, as already suggested
from histologic analysis of the liver. These results demonstrated that liver lipid content
paralleled the degree of triglyceride accumulation detected on histologic examination in
the +/+ and –/– mice at baseline and in response to CPT I inhibition.

Fatty acids represent the main energy substrate in tissues such as heart and liver;
but, when inhibition of fatty acid oxidation occurs, these tissues have to switch to glucose
in order to meet their high energy demand. We therefore examined blood glucose levels
to determine whether hypoglycaemia contributed to death of the –/– mice. In
male –/– mice, mean blood glucose levels dropped from 80 to 26mg/dl within 20
hours following the first etomoxir injection (Table 2). In contrast, hypoglycaemia did not
develop in etomoxir-treated male +/+ animals or the female  – /– mice
that survived the etomoxir treatment. These results parallel the gender-related abnor-
mality in cellular lipid utilisation and identify a defect in glucose metabolism in the

  –/– mice.
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4. DISCUSSION

Cellular fatty acid utilization rates are tightly controlled to maintain lipid home-
ostasis in tissues with high fatty acid oxidative flux such as heart and liver. Our results
indicate that the lipid-activated nuclear receptor, transduces changes in cellular
fatty acid oxidative flux to the transcriptional control of genes involved in cellular fatty
acid utilization in vivo. We propose that the expression of target genes encoding
hepatic and cardiac mitochondrial, peroxisomal, and cytochrome P450 enzymes is
orchestrated by in accordance with intracellular levels of fatty acid intermedi-
ates, several of which serve as activating ligands.12–14

Inborn errors in mitochondrial fatty acid enzymes are a relatively
common cause of heritable metabolic disturbances during childhood.1–3 Children afflicted
with a defect in fatty acid oxidation are typically asymptomatic until a “crisis” is pre-
cipitated by a dietary or physiologic condition that dictates increased reliance on fatty
acid oxidation for energy “production” such as fasting, prolonged exercise, or intercur-
rent illness. The clinical episodes in enzyme-deficient children are charac-
terized by hypoglycaemia, cardiomyopathy, liver dysfunction, and a high incidence of
sudden death. The molecular pathogenesis of the inherited defects in has not
been characterized; potential contributing factors include energy deficiency or accumu-
lation of toxic intracellular lipid intermediates. The latter is supported by the observa-
tion of myocardial and hepatic lipid accumulation in postmortem studies of children with

defects.1 The phenotype of the –/– mice in response to the metabolic
stress imposed by CPT I inhibition is remarkably similar to that of humans with genetic
defects in mitochondrial fatty acid oxidation. These results suggest that may
serve as a lipid metabolic stress response factor. We speculate that is an impor-
tant compensatory factor in human inborn errors in lipid metabolism and acquired dis-
eases known to alter cardiac or hepatic lipid metabolism and that the  –/– mouse
should prove useful as an animal model of these diseases.

Our results demonstrate the importance of in cardiac as well as hepatic
metabolism. Several lines of published evidence indicate that is involved in the
regulation of liver metabolism. is required for the hepatic peroxisomal prolifera-
tive response to peroxisome proliferators.4,5 The expression of enzymes involved in per-
oxisomal and mitochondrial fatty acid oxidation are reduced in liver of  –/–
mice.5,18 Most target genes identified to date are expressed abundantly in heart, a
tissue with high capacity for fatty acid oxidation. Our results define a role for in
heart in vivo. The cardiac phenotype of the etomoxir-treated –/– mice strongly
suggests that is involved in the control of myocardial lipid utilization pathways.
Given that the postnatal mammalian heart relies primarily on fatty acid oxidation for
energy production, likely plays a central role in the control of cardiac energy
metabolism. It will be of interest to investigate the role of  as a metabolic stress
response factor in the context of cardiovascular disease states known to be associated with
an alteration in myocardial lipid metabolism such as cardiac hypertrophy or ischaemia.

The development of hypoglycaemia in etomoxir-treated male –/– mice
underscores the link between fatty acid oxidation and glucose homeostasis. The intra-
cellular acetyl-CoA/long-chain acyl-CoA ratio is an important determinant of the
activity of pyruvate carboxylase, which catalyzes a rate-limiting step in hepatic gluco-
neogenesis.19,20 Accordingly, the diminished capacity for in the  –/–
mice would be expected to decrease the acyl-CoA/long-chain acyl-CoA ratio and, thus,
place a constraint on gluconeogenic capacity. We propose that in etomoxir-treated male
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–/– mice, a defect in glucose production coupled with increased glycogen uti-
lization (resulting in diminished glycogen stores) results in a profound decrease in plasma
glucose. These results indicate that in addition to promoting fatty acid oxidation,
exerts an indirect positive regulatory effect on glucose production.

A surprising result of this study was the observation that the metabolic stress-
induced phenotype of the               –/– mice is strongly influenced by gender. Our results
are consistent with the existence of a gender-influenced fatty acid utilization pathway that
in addition to play a role in cardiac and hepatic lipid homeostasis. The mecha-
nism whereby gender influences regulates cellular lipid utilization is presently unknown.
Preliminary data generated by our group suggests that estrogens control hepatic and
cardiac lipid utilization pathways. It will be of considerable interest to determine whether
cellular lipid metabolic pathways are controlled by sex hormones.

In summary, our results define an important role for in the maintenance
of cellular lipid and glucose homeostasis in vivo via the transcriptional control of target
genes encoding mitochondrial and extra-mitochondrial fatty acid oxidation enzymes. We
also demonstrate that gender-related mechanisms are involved in hepatic and cardiac lipid
metabolism. Lastly, we propose that the  –/– mouse may prove useful as a model
of human diseases due to inborn and acquired alterations in cellular lipid metabolism.
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1. INTRODUCTION

Fish oil, containing eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), possesses a number of beneficial effects, including the hypolipidaemic effect. It
has been assumed that EPA and DHA both are hypotriglyceridaemic. However, recent
animal studies1–3 have shown that EPA, but not DHA, appears to be responsible for the
triglyceride lowering effect of fish oil, possibly through increased Results
from a recent clinical study seem to support this pathway as the primary site for the
hypolipidaemic effect of n-3 fatty acids.4

Earlier we fed EPA to rats at different doses, and found that high doses of EPA, at
least 1,000mg/d/kg body mass, were necessary to obtain the hypolipidaemic effect.1,5,6

Introduction of methyl groups to fatty acids makes them more inert to fatty acid
oxidation.7 Recently, we have synthesized several methyl- or ethyl-derivatives of EPA, to
make them more inert to fatty acid oxidation than EPA itself. Fatty acids that are diffi-
cult to metabolize are well known to increase the fatty acid oxidation, in addition to low-
ering plasma lipids, and the EPA-derivatives are therefore expected to influence the fatty
acid oxidation system. However, different degrees of methylation, and the localization of
the methyl group on EPA could have importance for the effects on lipid metabolism and
plasma lipid level, and this was studied.

Tetradecylthioacetic acid (TTA) is a saturated fatty acid with a sulphur atom in the
3-position of the carbon chain. The sulphur atom in 3-position prevents TTA itself from
being but causes elevation of the general fatty acid oxidation. TTA was
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methylated in 2-position, and we fed rats 2-methyl TTA at the dose 15mg/d/kg body mass.
This is a very low dose, and usually we give TTA at a dose ten times this dose to obtain
increased fatty acid oxidation. Its effects on fatty acid oxidation and plasma lipids were
investigated.

2. RESULTS

In Table 1 we measured the plasma triglycerides in rats fed EPA and 2-methyl ERA
at increasing doses.

As expected, EPA was without any effect at dose 600mg/d/kg body mass, or below,
while 2-methyl EPA lowered the plasma triglycerides at this dose. Both EPA and 2-methyl
EPA were hypotriglyceridaemic at the highest dose. We wanted to distinguish between
the hypolipidaemic effects of the different EPA-derivatives, and found it necessary to use
a low dose. The compounds were fed to rats at dose 250mg/d/kg body mass for 5 days.
We measured the amount of plasma lipids (summation of plasma triglycerides, choles-
terol and phospholipids) in these rats. As expected, EPA at this low dose did not have
any hypolipidaemic effect compared to control. Also, 2-methyl EPA was without any
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hypolipidaemic effect, while the other EPA-derivatives seemed to lower the plasma lipids
(Fig. 2).

When measuring the mitochondrial in liver, 2-methyl EPA did not cause
any effect compared to EPA or control, while the other EPA-derivatives increased the
fatty acid oxidation in mitochondria. We measured the mitochondrial activity and gene
expression of an enzyme involved in the oxidation of unsaturated fatty acids, the 2,4-
dienoyl-CoA reductase. Both the activity and gene expression seemed to increase in rats
fed 2,2-dimethyl EPA. We also measured the total activity of CPT in liver, and found an
increased activity in rats fed 2,2-dimethyl EPA. The increase in total CPT-activity after
administration of 2,2-dimethyl EPA seemed to be due to the observed increase in CPT-
II transcription, as the mRNA level of CPT-I was unchanged (data to be published). The
peroxisomal the activity and gene expression of fatty acyl-CoA oxidase,
the rate-limiting enzyme of peroxisomal and the gene expression of the
peroxisomal multifunctional protein were increased after administration of the EPA-
derivatives, as shown in Table 2.

We measured the activity of some enzymes involved in lipogenesis, that is, acetyl-
CoA carboxylase, the rate-limiting enzyme in fatty acid synthesis, and fatty acid synthase,
another enzyme in fatty acid synthesis. The activities of these enzymes seemed to decrease
after administration of the same EPA-derivatives as were found to increase the fatty acid
oxidation.

Tetradecylthioacetic acid (TTA), a saturated fatty acid with a sulphur atom in the
3-position of the carbon chain, is blocked for but causes elevation of the
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general fatty acid oxidation.8,9 TTA was methylated in 2-position, and we fed rats 2-
methyl TTA at the dose 15mg/d/kg body mass. This is a very low dose, and usually we
give TTA at a dose ten times this dose to obtain increased fatty acid oxidation. As shown
in Table 3, TTA and 2-methyl TTA at this low dose did not have any effect on the mito-
chondrial CPT-I or CPT-II activity, and the plasma lipids were unchanged.
However, the peroxisomal FAO activity increased significantly after administration of 2-
methyl TTA compared to TTA. Thus, the increased peroxisomal (measured
as FAO activity) in 2-methyl TTA fed rats did not cause any hypolipidaemic effect com-
pared to TTA fed rats.

3. DISCUSSION

This study shows that the methylation of EPA potentiated the hypolipidaemic effect
of EPA, as low doses of the EPA-derivatives caused hypolipidaemic effect while EPA
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itself did not have any effect on the plasma lipids at this low dose. This study shows that,
at low doses (250mg/d/kg body mass), methylation of the EPA molecule potentiated the
hypolipidaemic effect of EPA, as the order of lipid-lowering effects of the EPA deriva-
tives was 3-methyl

This was followed by increased activities and gene expressions of enzymes involved
in peroxisomal and mitochondrial The increased activity of total CPT in
rats fed 2,2-dimethyl EPA seemed to be due to a transcriptional induction of CPT-II, as
the CPT-I expression was unchanged. Obviously, the position and the length of the alkyl
group attached to the EPA molecule was of vital importance for the hypolipidaemic effect
of the EPA-derivatives. The data indicated that a single methyl or ethyl substituent at
carbon atom number two was not sufficient to impart hypolipidaemic properties to EPA.
However, there seemed to be a difference between 2-methyl EPA and 2-ethyl EPA, the
last being more effective in affecting the plasma lipids. Two methylations in the 2-
position, or one methylation in the 3-position, however, more profoundly potentiated the
hypolipidaemic effect of EPA. The data suggest that the efficiency of the different EPA-
derivatives as lipid lowering agents depend on the methylation and bulkiness. Thus, the
length of the alkyl group (ethyl instead of methyl) and the bulkiness of the group (two
methyl groups instead of one) attached to the EPA molecule in 2-position was of vital
importance for the EPA derivatives as lipid lowering agents. 3-methyl EPA, with a methyl
branching in 3 theoretically cannot be degraded by As pure
EPA at similar dose (250mg/d/kg body mass) did not affect the plasma lipid level, it is
conceivable that the efficiency of these EPA-derivatives as hypolipidaemic agents may
depend on poor susceptibility to undergo e.g. steric hindrance, rather than
polyunsaturation. The lipid-lowering effect also depends on the doses of these modified
fatty acids, as we have recently shown that 2-methyl EPA reduced the plasma triglycerides
at 600 and l,300mg/d/kg body mass, but not at 250mg/d/kg body mass.10

An inhibition of one of the enzymes involved in fatty acid synthesis is consistent
with retarded lipogenesis. The enzyme considered to be rate-limiting in fatty acid syn-
thesis, i.e. acetyl-CoA carboxylase, and another fatty acid synthesis enzyme, i.e. fatty acid
synthase, are both downregulated by hypolipidaemic EPA-derivatives. Thus, the hypolip-
idaemic effect observed by administration of the EPA-derivatives to rats could be due to
both increased fatty acid oxidation and reduced lipogenesis. However, other results by
our group indicate that the fatty acid oxidation is the major cause of the hypolipidaemic
effect.

We found that methylated TTA increased the peroxisomal, but not the mitochon-
drial and no hypolipidaemic effect was observed. Thus, the increased per-
oxisomal (measured as FAO activity) in rats fed 2-methyl TTA did not cause
any hypolipidaemic effect compared to TTA fed rats. According to these findings, it is
reasonable to believe that the peroxisomes are of minor importance for the lipid lower-
ing effect. This study thereby supports the hypothesis by our group that increased mito-
chondrial and not peroxisomal  is responsible for the triglyceride
lowering effect.3,11,12 This is in agreement with a recent study in humans.13 In addition, we
have recently obtained evidence that the mitochondrion is the principal target for nutri-
tional and pharmacological control of triglyceride metabolism.3 It should also be empha-
sized, that the mitochondria are the quantitatively dominating organelles in liver cells
compared to the peroxisomes, implicating that increased mitochondrial
might have a greater impact on the total fatty acid oxidation than an increase in perox-
isomal

In summary, we have demonstrated that methylation of EPA rendered EPA more
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potent as a hypolipidaemic agent. The different degree of methylation, and the position
of the methyl group on EPA had great impact on the ability to cause hypolipidemia. The
hypothesis that the mitochondrion is the primary site for the hypolipidaemic effect was
supported by results from 2-methyl TTA feeding. 2-methyl TTA, which induced the per-
oxisomal but rendered the mitochondrial unchanged, caused no
lipid lowering effect.
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1. INTRODUCTION

Hepatic mitochondrial outer membrane carnitine palmitoyltransferase (CPT I, B.C.
2.3.1.21) is the initial step in a three-part system (comprising CPT I, the acylcarnitine/
carnitine exchange carrier and CPT II) that transfers long-chain fatty acid-derived CoA-
esters across the mitochondrial membrane into the matrix. Specifically, CPT I is a trans-
membrane protein which catalyses the first committed reaction in the pathways of
long-chain fatty acid oxidation and ketogenesis and has, therefore, traditionally been con-
sidered as a site of potential control over these pathway fluxes. Here, we provide a brief
overview of recent relevant experimental data and of frequently conflicting opinions
relating to the contribution to control of hepatic ketogenesis by CPT I. In addition to
reporting qualitative approaches, which have been used to explore control of these path-
ways, we shall also examine the recent use of metabolic control analysis (MCA).1–4 This
is a mathematical tool which allows us to make quantitative assessments of control dis-
tribution in complex, dynamic, metabolic pathways such as these.
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2. TRADITIONAL QUALITATIVE VIEWS

McGarry & Foster5,6 established that octanoate, a medium-chain fatty acid, was
oxidized independently of metabolic state, whereas, the oxidation rate of long-chain fatty
acids was a function of metabolic status (e.g. fed, fasted, diabetic). Since octanoate
bypasses CPT I these authors concluded that this enzyme was a prime candidate for
control of oxidative fluxes, including ketogenesis, from long-chain fatty acids. This con-
clusion was supported by apparent correlations in changes of substrate supply, hormones
and in development with parallel changes in ketogenesis and the activity and expression
of CPT I.

In the fetus, the rates of hepatic and ketogenesis are low. However, fol-
lowing birth, the capacity of these metabolic pathways increases and results in a signifi-
cant rise in the concentration of ketone bodies (increasing from 0.2 mM in the rat at birth
to 2mM 24h later7). This physiological hyperketonaemia is maintained throughout the
suckling period.8 The changes are similar to those in CPT I, where the activity, protein
concentration and level of mRNA encoding CPT I are low in the fetus and increase 5-
fold during the first day of extrauterine life. The enzyme activity and gene expression
remain high during the entire suckling period.9,10 Furthermore, the inhibitory effect of
malonyl-CoA (an intermediate compound in the biosynthetic pathway of fatty acids
and a potent physiological reversible inhibitor of CPT I11) is decreased in the first 24h
following birth. However, these changes are not seen in liver CPT II and the mRNA,
immunoreactive protein and activity are not influenced by nutritional and hormonal
changes in the postnatal period. CPT II activity is already high in fetal rat liver and does
not change after birth. Thumelin et al.9 cite their findings as evidence that CPT I has the
potential to control hepatic long-chain fatty acid oxidation.

3. NEW QUANTITATIVE INSIGHTS

More recently, Drynan et al.12 have used MCA to investigate the role of CPT I in
controlling fluxes (from palmitate) through ketogenesis and the Krebs cycle

in hepatocytes from adult rats in different metabolic states (fed, starved,
starved/refed, starved/insulin treated). This enabled them to derive flux control coeffi-
cients which describe quantitatively the control exerted by CPT I
over each of the respective pathway fluxes. (High values of flux control coefficients (close
to one) would indicate that the control exerted by CPT I over pathway flux is high, sim-
ilarly, a low value (close to zero) would indicate a trivial contribution to control. This
quantitative scale has the benefit that in simple linear systems, where the sum of all the

individual flux control coefficients of a defined pathway is it is possible to

state that, for example, when a step has a flux control coefficient of 0.2 it exerts 20% of
the control over the pathway flux13). Under all of the conditions examined by Drynan et
al.12 in their hepatocytic system, the numerical value of the flux control coefficient for
CPT I over ketogenesis was high (within the range
which provided quantitative support for the traditional view and suggested that CPT I
could be a primary control site for hepatic ketogenesis in adult rats.

Indeed, similar conclusions can be drawn from the work of Spurway et al. 14 who
have also used MCA. In their defined system consisting of cultured hepatocytes (from
adult male rats) and using their two independent methods of bottom-up control analy-
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sis (BUCA) to obtain values for flux control coefficients for CPT I over ketogenic flux
it was once more found that the numerical values where high (0.67 to 0.79) again

providing further support for CPT I being a “rate-controlling” step of ketogenesis.
However, whilst these results indicate that under certain conditions CPT I may

make a significant contribution to ketogenic flux control, results from traditional studies
have also revealed that this enzyme is not the only one involved in hepatic ketogenesis
which undergoes changes during the fetal-neonatal transition (nor indeed the suckling-
weaning period) and thus may not be the only site with high control potential. The
concentration of liver mitochondrial 3-hydroxy-3-methylglutaryl-CoA (mHMG-CoA)
synthase, the second enzyme of the HMG-CoA cycle, increases markedly immediately
following birth and remains elevated during the suckling period.15,16 In addition, plasma
glucagon levels (which increase the activity of mHMG-CoA synthase by lowering the
concentration of succinyl-CoA and, therefore, decreasing the extent of succinylation and
hence inactivation of the enzyme) transiently fall following birth, stimulating ketogene-
sis in neonatal rats.17–19

Again, the flux control potential of this mechanism has been investigated quanti-
tatively using the top-down approach of MCA (TDCA).20–22 TDCA operates on a dif-
ferent level from BUCA as complex pathways are conceptually broken down into
“blocks” of reactions, each consuming or producing a common intermediate. This
conceptual approach reduces the number and simplifies the nature of the experiments
required to analyse flux control precisely in complex systems. Using this approach, Quant
et al.23 found that under certain experimental conditions, only approximately 28% of the
control over ketogenesis was invested in the group of enzymes responsible for the pro-
duction of acetyl-CoA (ie CPT I, the carnitine carrier, CPT II and the associated enzymes
of and the respiratory chain) whilst 72% of the control resided with the
enzymes of the HMG-CoA cycle. It was tentatively suggested that within this cycle
control might be exerted at the level of mHMG-CoA synthase although this remains
unconfirmed. This work therefore suggested that CPT I was unlikely to be the single,
“rate-limiting” step for ketogenesis, although it did not rule out the possibility that CPT
I may have significant control over entry of long-chain fatty acids into mitochondria.

The concept of CPT I being the “rate-limiting” step of fatty acid oxidation and
ketogenesis has been further questioned by Krauss et al.24 Application of TDCA in a
defined, mitochondrial palmitoyl-CoA-oxidizing system enabled these workers to inves-
tigate the role of CPT I in the control over total carbon flux, although not specifically
over ketogenesis. Numerical values of group flux control coefficients for CPT I over total
oxidative carbon flux in adult rats were high, ranging from 0.87 to 1.00. This
supported earlier conclusions, that in the adult rat, the proportion of control exerted by
CPT I over the oxidative pathways was high. However, in the same defined system in
suckling rats, the numerical values of the calculated group flux control coefficients were
lower indicating a decreased level of control exerted by CPT I
over total carbon flux in this age group. Therefore, at this stage of development control
is shifted away from CPT I and, whilst the flux control coefficients are high supporting
the idea that CPT I could be considered “rate-controlling” in suckling rats, it is unlikely
to be the “rate-limiting” step. Recently we have redefined this top-down system25,26 used
by Krauss et al to reanalyse the data using BUCA to calculate individual flux control
coefficients for CPT I over ketogenesis specifically. These new analyses support the con-
clusions drawn from the earlier work: in adult systems control coefficients are close to or
above 1 and in the suckling systems below 1.

We have also recently begun to extend this work into a more “physiological” model
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system by using hepatocytes isolated from suckling rats. In the first stage of this work we
have calculated individual flux control coefficients for CPT I over ketogenesis specifically
and compared them with equivalent coefficients calculated by similar analysis in adult
rats 12,25,26 Here, as in the mitochondrial systems, we found that CPT I exerts significantly
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less control over ketogenesis in hepatocytes isolated from suckling rats than those from
adult rats (Fig. 1). Values of less than 0.6 are not consistent with the enzyme being the
“rate-limiting” step of ketogenesis. Such low values for flux control coefficients refute the
traditional concept of a single “rate-limiting” step where control is situated at one site
and substantiate theoretical tenets of MCA, which suggest that such cases are rare and
that control is multisite and distributed throughout all the steps of the pathway.27,28

Results from our preliminary work in the second stage of our more “physiologi-
cal” system using different fatty acid substrates29,30 (Fig. 2) support earlier work. Very low
values for the flux control coefficients suggest that CPT I cannot be considered either
“rate-limiting” or “ rate-controlling” for ketogenesis at this stage of development.

In conclusion, it appears to be over simplistic to assume that control distribution
in a metabolic pathway remains the same regardless of development, nutritional supply
or hormones or that large levels of control are situated at a single “rate-limiting” step in
a pathway. In this specific case, MCA has supported the traditional view that CPT I does
have a significant contribution to control over ketogenic flux in adult rats. However, it
has also demonstrated that control distribution changes: in suckling systems control over
ketogenesis is distributed throughout the whole pathway. We strongly suggest that it
might be time to reconsider the role of CPT I as the major control site for ketogenesis
in all metabolic states and developmental stages.
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1. INTRODUCTION

The capacity of the liver to produce ketone bodies, acetoacetate and
by and subsequent ketogenesis of stored or dietary fatty acids varies

greatly.1 Elevated levels of ketone bodies, which show the largest physiological variation
of circulating metabolites, are beneficial under certain conditions when they act as pre-
cursors for myelinogenesis or alternate oxidizable chemical fuels for the brain and periph-
eral tissues thus sparing glucose. However, in certain uncontrolled disease states,
pathological ketoacidosis may lead to coma and/or death. Ketone body metabolism is
highly integrated with that of other metabolic substrates, e.g. glucose, amino acids etc.
in health as well as in disease and during development.2

Mitochondrial 3-hydroxy-3-methylglutaryl-CoA (mHMG-CoA) synthase, the
second enzyme of the mHMG-CoA pathway of ketogenesis, is regarded as an important
locus of regulation and control of hepatic ketone body production in some metabolic
states.3–13 The role of this enzyme in exerting control over ketogenesis has been investi-
gated in animal models, where the absolute amounts and relative activities appear to
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change in parallel with ketogenic capacity influenced by physiological or pathological
development, levels of hormones and nutrition.4–8,14 However, due to inaccessibility of
human tissue, little is known about the expression and activity of the human hepatic
mitochondrial enzyme.15

Our recent research has initiated a profile for human hepatic mHMG-CoA syn-
thase and demonstrated that it may be inactivated by a mechanism characteristic of suc-
cinylation observed in other species.15–17 This allows us to make tentative comparisons of
the similarities and differences in enzyme expression and activity in human and rat during
development in this paper.

2. GESTATIONAL AND NEONATAL EXPRESSION AND ACTIVITY
OF MHMG-COA SYNTHASE

The human fetus has a low capacity for fatty acid oxidation, ketogenesis and glu-
coneogenesis. Although the major fetal substrate is glucose, supplied by the mother via
the umbilical cord, concentrations of ketone bodies in maternal blood increase during
the last trimester of pregnancy, with good correlations found between the concentrations
in maternal and fetal blood. These elevated levels may serve as an alternate substrate for
the fetus during any periods of sustained maternal fasting.

There is, however, an immediate and substantial postnatal requirement for ketone
bodies by the human neonate, which initiates the rapid development and onset of fatty
acid ketogenesis and gluconeogenesis, to meet the energy demands during
the first few days after birth. We have hypothesized that these processes would be accom-
panied by the induction/activation of the ketogenic enzymes such as mHMG-CoA
synthase.

During the fetal-neonatal transition in rats ketone body production correlates with
changes in hepatic mHMG-CoA synthase.5,18 Protein expression increases from 18d ges-
tation and doubles over the last two days to reach adult levels at term. Ketogenic capac-
ity does not increase, however, due to increasing inhibition of the enzyme by
succinylation. Rapid activation (desuccinylation) of the enzyme, due to the birth-stress-
induced glucagon surge, occurs shortly after birth (Fig. 1.).

Little is known about the control of ketogenesis during human fetal and neonatal
development but, as in rat, its onset is also linked to hormonal and metabolic changes
accompanying birth. In healthy appropriate-birthweight-for-gestational-age (AGA)
infants, transient self-limiting hypoglycaemia occurs and a counter-regulatory response
to low glucose is met by increased ketogenesis within the first postnatal day.19,20 This
marked ketogenic response results in high plasma ketone body concentrations being
observed 2-3 days after birth. The energy requirement of the human neonate is high
because of the presence of the important, relatively large brain mass. In the first few days
of extra-uterine life ketone bodies can account for 25% of the neonatal basal energy
requirement protecting neurological function and acting as glucose-sparing cerebral
fuels.21 They are reported to be the major source of carbon skeletons for sterol synthesis
during brain development having a particular role in sythesis of brain structures during
myelinogenesis.22,23

Expression of human fetal hepatic mHMG-CoA synthase, which is apparent at 16
weeks gestation, increases from 50% to 100% at term during the period from to 40
weeks gestation (Fig. 2). Therefore, although the same pattern of induction of hepatic
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mHMG-CoA synthase occurs in human as in rat, it does so over a relatively longer period
of gestation. The low capacity for ketogenesis in the human fetus over this period is also
occasioned by increased enzyme inactivation, similar to and characteristic of succiny-
lated enzyme in rat. Throughout gestation, inhibition of up to 25% of total enzyme
lowers enzyme activity despite increased levels of expression.

Activation of the enzyme appears to occur at birth. In live-born fetuses and
neonates, less inhibited enzyme is found relative to those still-born, despite immaturity,
or in infants and children (Table 1).

Whilst in the rat, enzyme activation at birth and increased neonatal expression con-
tribute to the significant and rapid ketogenic response, it is likely in human that enzyme
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expression during gestation and activation after birth allow sufficient capacity to produce
the peak plasma ketone body concentrations observed during the second or third neona-
tal day.

Plasma ketone body concentrations are found to be significantly lower in preterm
neonates than those born at fullterm (>36wk gestation).19 The lack of ketogenesis
observed in these preterm or small-for-gestational-age (SGA) infants appears to be
related to immaturity, despite appropriate metabolic responses to delivery-stress during
the first day and irrespective of plasma glucose, non-esterified fatty acids and hormone
concentrations. It has been suggested that it may be accounted for by reduced expression
of mHMG-CoA synthase.24

3. INFANCY AND CHILDHOOD

In human it might be hypothesized that ketogenesis would play an important role
during early infancy and childhood (<6y) when metabolic systems are highly active main-
taining energy balance whilst promoting marked growth and maturation.

In rat the equivalent period would be during suckling and early weaning (between
14 and 20 days after birth). Expression of mHMG-CoA synthase increases over the
neonatal period from ~1–6 hours and results in a 2–3-fold increase perinatally which,
with maintained activation throughout suckling, allows persistent physiological keton-
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aemia until weaning (Fig. 1). This is maintained further by weaning on to a high-fat low-
carbohydrate diet but falls rapidly with weaning on to the normal high-carbohydrate
diet.5,18

Little evidence has been found in human, due to lack of availability of samples, to
indicate altered mHMG-CoA synthase expression and activity with the onset and dura-
tion of suckling or during the suckling-weaning transition similar to that seen in rat.

However, during this transition there are significant nutritional and metabolic dif-
ferences between human and rat. In rat plasma fatty acid substrates for ketogenesis come
mainly from hydrolysis of maternal milk triacylglycerols, due to lack of white adipose
tissue at birth. In human neonates there is significant accumulated triacylglycerol in the
liver, rapidly mobilized for utilization in situ after birth. Significant amounts of fat are
stored in the human fetus in white adipose tissue comprising 16–20% body mass, mainly
as triacylglycerides containing high proportions of palmic (C16) and oleic (C18: 1) acids.
Plasma free fatty acids start to rise soon after birth from lipolysis of this store. Once lac-
tation is established, fatty acids from intestinal hydrolysis of milk triacylglycerols are
directly absorbed and transported to the liver as free fatty acids. Human milk differs from
rat milk as it comprises more carbohydrate as lactose, less fat, of which a higher pro-
portion is unsaturated long-chain fatty acids and a lower proportion is of medium-chain
fatty acids.6 For the remainder of this period in human, there is the introduction and
establishment of a mixed diet predominated by carbohydrates where fats might only
assume a primary metabolic role during prolonged periods of starvation and/or illness.

During early infancy and childhood human hepatic mHMG-CoA synthase expres-
sion appears to remain at levels similar to those at term, suggesting that the potential
capacity for its use is maintained despite a relatively slower maturation rate over a period
when there might be more flexible nutritional conditions than in the rat. Ketogenesis in
human infants is extremely important particularly during the initial neonatal period and
for meeting energy shortfalls during periods of metabolic stress later during infancy and
childhood.

In rat there is an almost total reliance, for the majority of the period of matura-
tion and growth, on energy and nutritional needs being met by the maternal milk supply.
Ketogenesis in rat during this equivalent stage might be significantly more important as
a continuous and ongoing metabolic process due to nutritional rigidity.

4. LATER CHILDHOOD AND ADULTHOOD

By adulthood, in both human and rat, enzyme expression is similar to that observed
at term.

In human, despite maintained enzyme expression, increased inactivation occurs
during later childhood and adulthood relative to that seen in the neonatal period and
early infancy, resulting in activity (at >6 years) being 30+% lower than at term during a
life stage when generally there might be more stable metabolic and nutritional states
(Table 2).

In the adult rat following weaning, expressed enzyme returns to a level similar to
that seen at term. Whilst there is inhibition of the enzyme, it is not to the degree found
prior to birth at term and as a result active enzyme remains slightly higher. Induction of
the enzyme can be demonstrated following prolonged starvation, during high-fat-feeding
and in experimentally-induced alloxan-diabetes.5,18,24

Although ketone body production has been shown to increase under equivalent
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metabolic conditions in human, lack of samples for this research did not allow us to
confirm whether enzyme induction would occur in a similar method. Despite the multi-
plicity of sources of human liver samples used and metabolic conditions which might
have prevailed when obtained, there was little variation seen in enzyme expression over
later childhood and early adulthood.

This pattern of enzyme expression and activation may suggest that activation and
inactivation of the enzyme, rather than altered expression during changing metabolic
conditions seen in the rat may be more important as a mechanism for regulating and con-
trolling ketogenesis subsequent to birth in human.
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1. PHYSIOLOGICAL BASIS OF KETOGENESIS

1.1. Carbon-Carbon Bond Energy as a Fuel Source

Metabolic fuels may be defined as complex carbon molecules that can be exploited
for the energy released upon breakage of their carbon-carbon bonds. Fatty acids and
hexoses, principally glucose, represent the two major classes of such complex carbon mol-
ecules that are used for fuel by eukaryotes. Typically, glucose is first metabolized anaer-
obically (glycolysis) to three-carbon molecules (pyruvate, phosphoenolpyruvate) which
then provide the precursors of the tricarboxylic acid or Krebs cycle, ie: oxaloacetate and
acetyl-CoA. The cycling of such intermediates via the Krebs cycle then effects the con-
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tinuous release of CO2, resulting in the full exploitation of glucose carbon-carbon bond
energy. Fatty acids are similarly exploited via the Krebs cycle, after having been
catabolised to acetyl-CoA by extensive rounds of -oxidation. However, eukaryotic cells
cannot directly convert such acetyl-CoA to oxaloacetate and, thus, under conditions
of high rates of fatty acid catabolism oxaloacetate becomes limiting. Fatty acid-
catabolising prokaryotic cells circumvent this via the glyoxylate shunt, a short cut in the
Krebs cycle, that converts isocitrate directly to malate and, hence, oxaloacetate. Fatty
acid-catabolising eukaryotic cells, however, do not possess a glyoxylate shunt and, thus,
under high fatty acid/low glucose conditions they generate high levels of acetyl-CoA that
cannot be further metabolized by the Krebs cycle. To obviate this problem, acetyl-CoA
molecules are fused together to generate the four-carbon “ketone bodies” acetoacetate
and -hydroxbutyrate which then diffuse out of the cell as “lost carbon-carbon bond
fuel” (Fig. la).

1.2. Ketogenesis Versus Ketolysis

The process of converting fatty acids to ketone bodies is called ketogenesis whilst
the process of exploiting such ketone bodies is variously described as ketolysis or ketone
body utilisation.1 The situation described in Fig. 1a is presumably not tolerable in a single
cell procaryote whose sole fuel source is fatty acids. However, in a hypothetical “symbi-
otic” 2-cell-type eukaryotic system (Fig. 1b), carbon skeletons could still be conserved
provided that, a “ketogenic” cell-type produces ketone bodies because its sole energy
source is fatty acids and the ketolytic cell-type consumes such ketone bodies via an oblig-
ate consumption of glucose (to generate the requisite oxaloacetate). In practice, this is
what occurs in multi-organ eukaryotes (Fig. 1c). Thus, organs such as liver, that can use
fatty acids as a virtual sole carbon source (hence producing large concentrations of
ketone bodies), can do so without loss of carbon skeletons to the environment (via
urine/breath etc.) provided that other organs such as brain, muscle etc. have sufficient
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glucose (and hence oxaloacetate) supply to metabolise fully such ketone bodies via con-
version back to acetyl-CoA and entry into an active Krebs cycle.

1.3. Ketogenic/Ketolytic Systems: Inter-Organ and Inter-Cellular
Relationships

The processes of ketogenesis and ketolysis have been defined at the organ level1 ie:
ketogenic organs (eg. liver), supplying ketone bodies to ketolytic organs (eg. brain, muscle
etc). However, following on from Fig. 1b, there is no theoretical reason why different cell-
types within the same tissue should not exhibit a mutual “symbiotic” ketogenic/ketolytic
relationship (Fig. 1d), nested within classical inter-organ ketogenic/ketolytic relation-
ships, provided that the “ketogenic” cell-type in such an organ can access and catabolise
fatty acids. It is becoming increasingly clear that this may be the case in organs such as
kidney and brain but to understand this we must digress into the details of the key steps
of ketogenesis from fatty acids, ie the conversion of fatty acid-derived acetyl-CoA to the
ketone body acetoacetate.

2. THE HMG-CoA CYCLE OF KETOGENESIS

2.1. Mitochondrial 3-Hydroxy-3-Methylglutaryl-CoA Synthase as an
Indicator of Ketogenic Potential

Ketogenesis is accomplished by the three mitochondrially-located enzymes of the
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) cycle (Fig. 2). The enzymes are as
follows2: mitochondrial acetoacetyl-CoA thiolase (T2), mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase (mHS) and 3-hydroxy-3-methylglutaryl-CoA lyase (HL).
Of the three enzymes, only mHS functions solely in the conversion of acetyl-CoA to ace-
toacetate, since both T2 and HL have alternate essential functions in the cell related to
ketolysis and amino-acid turnover.2 As such, the abundances of mHS mRNA and/or
protein are closely related to cellular ketogenic potential.1 The suckling liver is the arche-
typal ketogenic organ and this is duly reflected in the detection of high levels of mHS
mRNA and protein.3,4 Furthermore, we have quantified, by the highly sensitive RNase
protection assay, the absolute abundance of mHS mRNA in 11 d-old suckling liver at
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4,300 ± 950 molecules of mRNA/ng total RNA.5 However, other organs such as suck-
ling kidney have been shown to exhibit ketogenesis3 and this is also reflected in detection
of significant abundances of mHS mRNA3,4 that we have quantified at 520 ± 120 mole-
cules of mRNA/ng total RNA5 (ie: 8% of that found in suckling liver). In the case of
suckling brain, we have demonstrated levels of mHS mRNA between 40–80 molecules
of mRNA/ng total RNA5 (ie: 1–2% of that found in suckling liver), suggesting a very
limited ketogenic capacity for the brain as a whole.

2.2. Mitochondrial HS mRNA is Enriched in Certain Brain Cell-Types

Although whole brain may have a nominal ketogenic capacity, we reasoned that
different brain cell-types might exhibit greatly varying abundances of mHS mRNA and,
thus, we prepared highly pure primary cultures of a variety of neural cell-types.5,6 Result-
ing from these studies we have identified primary cultures of neonatal cortical astrocytes
and meningeal fibroblasts containing 264 ± 51 and 337 ± 65 molecules of mHS mRNA/ng
total RNA respectively when cultured in serum-free media.6 Such data imply that corti-
cal astrocytes/meningeal fibroblasts in vivo may exhibit abundances of mHS mRNA of
at least 8% of that found in hepatocytes of suckling liver. In this article we will discuss
how these abundances may further increase under the influence of physiological con-
centrations of certain hormones. In combination with previous studies demonstrating
astrocytic ketogenesis from fatty acids7 and leucine,8 such data indicate that cortical astro-
cytes and, perhaps meningeal fibroblasts, may be major sources of ketone body fuels
within brain. Thus, according to the model we suggested in Figs. 1b and 1d for the “brain
system”, astrocytes (or meningeal fibroblasts) could constitute the “ketogenic” cell-type,
providing ketone bodies on behalf of other glucose-dependent “ketolytic” cell-types, such
as neurons.

3. FATTY ACIDS AS A POTENTIAL PHYSIOLOGICAL
BRAIN FUEL

3.1. Fatty Acid Supply and Accessability

We mentioned that for a given cell-type, eg. astrocyte, to execute ketogenesis it
would need access to a supply of fatty acids and a capacity to metabolise those fatty
acids. To answer the first point, we can say that such a supply is available from the plasma
in the form of free fatty acids but is not equally available to all cells in the body. This is
in part due to differences in extraction capacity by different organs and also because an
organ such as brain has a directional arrangement of cell-types with respect to the blood
supply. Thus, for example, whilst astrocytes and meningeal fibroblasts (or, for that matter
hepatocytes; the classical ketogenic cell-type) are in direct contact with blood capillaries
containing plasma metabolites, neurons, for example, are only indirectly in contact via
their contact with astrocytes. Neurons would, therefore, not appear to be obvious “keto-
genic cell-type” candidates unless astrocytes were to convey significant concentrations of
un-metabolised fatty acids directly to neurons. The brain has a well recognised barrier to
certain blood-borne metabolites, chiefly water-soluble, formed by the interface between
capillary endothelial cells and astrocytes.9 However, evidence indicates that saturated,
mono-unsaturated and poly-unsaturated fatty acids exhibit facile transfer across the
blood brain barrier10 and are thus able to access brain cell-types such as astrocytes.
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3.2. Fatty Acid Catabolism

To address the second point regarding the capacity of the brain to metabolise such
fatty acids to ketone bodies, we must assess both the evidence for the existence of fatty
acid catabolising enzymes and the capacity for those enzymes to be appropriately
induced. In the case of the former, there is evidence11 to suggest that the brain is not dis-
tinct from other organs of the body in lacking any of the basic enzymes of fatty acid
catabolism responsible for generating fatty acid-derived acetyl-CoA. Obviously, the
capacity of certain brain cell-types to generate ketone bodies subsequently from such
acetyl-CoA moieties is a matter of some debate and the subject of this review. The latter
point, with regard to the inducibilty of such of fatty acid catabolising enzymes is,
however, of prime importance since it has recently become clear that fatty acid-activated
transcription factors can co-ordinate induction of expression of many of the enzymes of
fatty acid catabolism, including mHS. Such coordinate induction of fatty acid catabo-
lizing enzymes in liver results in profound amplifications in flux of fatty acids to ketone
bodies. The prime transcription factor responsible for mediating fatty acid/retinoid-
induced upregulation of expression of genes encoding enzymes of fatty acid catabolism
is the peroxisome proliferator-activated receptor (PPAR):retinoid X receptor (RXR) het-
erodimer (Fig. 3) and we must now briefly digress into some molecular biology to under-
stand its mode of action.

4. PPAR:RXR HETERODIMERS AND LIPID HOMEOSTASIS

4.1. PPAR:RXR Heterodimers and PPREs

PPAR:RXR heterodimers regulate target gene transcription by binding to cognate
DNA elements (Fig. 3), termed peroxisome proliferator response elements (PPREs), in
the promoter regions of PPAR:RXR target genes.12 To complicate matters somewhat,
three forms of each receptor exist, thus generating nine possible combinations of het-
erodimer (Fig.3). In the case of the mHS gene, most if not all combinations can bind the
mHS PPRE (Fig. 3)13 and the PPAR :RXR combination has been shown to mediate
fatty acid/retinoid induction of mHS gene expression.14 The significance of this is that
different heterodimer combinations may have different effects on gene transcription, for
example transcriptional upregulation of the gene encoding acyl-CoA oxidase by
PPAR :RXR heterodimers may be confounded by the presence of PPAR  :RXR het-
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erodimers.15 Thus, for a particular cell-type, a potentially complex level of transcriptional
control may be exerted on a PPRE-containing gene such as mHS according to the levels
of different PPAR:RXR heterodimer combinations that compete for binding to the
PPRE.

4.2. PPAR:RXR Heterodimers in the Brain

Using the RNase protection assay, we have shown that the mRNAs encoding
PPAR , RXR , PPAR , and RXR are readily detectable in primary cultures of both
cortical astrocytes and meningeal fibroblasts.16 Such data predict the presence of up to
four PPAR:RXR heterodimers in such cells, namely PPAR :RXR , PPAR :RXR ,
PPAR :RXR , and PPAR :RXR . The predicted presence of PPAR :RXR and
PPAR :RXR favours the notion that fatty acid-induced activation of mHS gene expres-
sion by incoming fatty acids occurs (in an analogous fashion to that observed in liver
hepatocytes) in cortical astrocytes and meningeal fibroblasts, given that such activation
may, in part, be repressed by the effects of PPAR :RXR . The action of PPAR :RXR
on gene expression is, as yet, undefined. In summary, there is evidence to suggest that
both cortical astrocytes and meningeal fibroblasts may have the ability in vivo to access
and rapidly utilise (via PPAR:RXR-mediated activation of enzymes of  -oxidation and
ketogenesis) fatty acid supplies derived from the circulatory system. Metabolic hormones
such as insulin and glucocorticoids are involved in the regulation of PPAR, RXR and
mHS gene expression and, with this in mind, we now turn to the potential involvement
of such hormones in long-term upregulation of neural ketogenic systems.

5. HORMONAL REGULATION OF NEURAL MHS
GENE EXPRESSION

5.1. Glucocorticoids Selectively Increase mHS mRNA Abundances

In vitro experiments have shown that regulation of hepatic mHS gene transcription
initiation by the hormones insulin, hydrocortisone and glucagon is mediated at the level
of cis-acting elements in the mHS gene promoter.17 Furthermore, the absolute amounts
of mHS mRNA in liver are influenced by levels of circulating hormones such as gluco-
corticoids, insulin and glucagon.18 Based on this, we investigated the effects of addition
of insulin, hydrocortisone and dibutyryl cAMP (as a model for glucagon action) on mHS
mRNA abundances in primary cultures of neonatal cortical astrocytes and meningeal
fibroblasts maintained in a serum-free/hormone-free medium. Whilst physiological con-
centrations of insulin or dibutyryl cAMP did not exert significant effects,6 1 µM of the
glucocorticoid hydrocortisone resulted in 4-fold increases over control in mHS mRNA
abundance, with values of 1,095 ± 138 and 1,177 ± 46 molecules of mRNA/ng total RNA
for neonatal cortical astrocytes and meningeal fibroblasts, respectively.6 Similar increases
were not observed for either T2 or HL mRNAs, thus implying a selective effect by hydro-
cortisone on the levels of the mHS mRNA that encodes the key ketogenic enzyme of the
HMG-CoA cycle. Such data imply that, under the influence of glucocorticoids, cortical
astrocytes and meningeal fibroblasts in vivo may exhibit abundances of mHS mRNA up
to 25% of that found in hepatocytes of suckling liver. How might glucocorticoids exert
their effects on mHS mRNA abundances in astrocytes and meningeal fibroblasts?
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5.2. Glucocorticoid Action on mHS Gene Transcription Initiation

The increases in mHS mRNA observed in response to glucocorticoids are likely to
occur as a result of their direct action on the rate of transcription initiation of the mHS
gene, since glucocorticoid response elements (GREs) that bind the glucocorticoid recep-
tor (GR) have been identified in the mHS gene promoter (Fig. 4).17 In addition, gluco-
corticoids may act indirectly on mHS gene expression via the PPAR  :RXR
heterodimer, since the promoter regions of the genes encoding PPAR and RXR also
contain GREs (Fig. 4).19,20 Such direct and indirect co-operative effects by glucocorti-
coids and fatty acids on mHS gene expression may thus permit the development of a
potent and sustained increase in ketogenic flux from fatty acids.

6. POSSIBLE FUNCTIONS OF BRAIN-LOCALISED
KETOGENESIS

6.1. Glucocorticoids and Fat Mobilisation: a Response to Stress

We can more easily understand the logic of the synergistic interactions of the GR
and PPAR:RXR signal pathways on mHS gene expression, when we realise that one of
the functions of glucocorticoid release into the blood is in the response of starvation
stress.21 Starvation partly parallels the situations of the suckling neonate or the adult on
a high fat/low carbohydrate diet in that all three situations result in elevated plasma free
fatty acid concentrations.22,23 In the case of starvation, plasma free fatty acid concentra-
tions increase as a result of fat mobilization from adipose tissue, in an attempt by the
body to compensate for low blood glucose fuel availability. Such fatty acids are pre-
dictably converted to ketone bodies, via the hepatic HMG-CoA cycle, resulting in a sig-
nificant hyperketonaemia that can provide up to 70% of the fuel requirements of the
brain during starvation.22,23 Glucocorticoids released from the adrenal cortex act to effect
such increases in plasma free fatty acids, making sense of their synergistic action with
fatty acid “hormones” on hepatic mHS gene expression.
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6.2. Glucocorticoid/Fatty Acid-Induced Ketogenesis in Brain

If a similar response exists in cortical astrocytes and meningeal fibroblasts, such
cell-types might also alter their ketogenic rate in response to synchronised changes in
plasma concentrations of fatty acid fuels and glucocorticoids. For example, this might
be important during the mid-suckling period of the neonate, where milk-derived plasma
free fatty acids and glucocorticoid levels are steadily rising.22 Brain cell-types such as
astrocytes could then provide increasing supplies of ketone body fuels to surrounding
energy-demanding cell-types within the developing brain, eg. post-natally developing
neurons undergoing synaptogenesis. In addition, such ketone bodies could provide vital
precursors for myelin production by oligodendrocytes, during the post-natal period of
intense myelination.23 Differences in ketogenic fatty acid availability in formula milks and
breast milk might thus have important consequences for the developing brain.

6.3. Ketone Body Concentrations within Brain

Since the liver can achieve a plasma ketone body concentration of between 1–
2mM24 when exposed to a high fat diet, what might be the advantage of an organ such
as brain in possessing an endogenous ketogenic capacity? Firstly, it might provide a com-
pensatory mechanism when, for reasons of reduced hepatic ketogenesis, plasma ketone
body concentrations fall to lower limits (eg. 0.5 mM). This would hold true if there was
an absolute requirement for a given concentration of ketone body within brain eg. 1 mM.
However, there is some evidence to suggest that the brain as a whole uses ketone bodies
facultatively, rather than having an obligate requirement for a minimum plasma concen-
tration.25 Secondly, however, possessing an endogenous ketogenic capacity might expose
ketolytic cell-types in the brain to ketone body concentrations that are simply unattain-
able in the plasma as a result of hepatic ketogenesis. This is potentially very important
in the brain, since ketone body concentrations in the range of 2–5 mM cause significant
perturbations in concentrations of key amino acid neurotransmitters.26,27 Such changes
may have important consequences for the normal functioning of nerve cell discharge
threshholds and, as a consequence of this, in the aetiology of epileptic seizure disorders.

6.4. Ketone Bodies and Seizure Disorders

Epileptic seizures affect approximately 1% of children and constitute one of the
most common paediatric neurological disorders. An increasingly popular epilepsy treat-
ment is the so-called ketogenic diet (KD),28,29 a high fat diet with associated high plasma
concentrations of free fatty acids, ketone bodies and glucocorticoids,24 which can result
in prolonged seizure remission in up to 30% of intractable infant epilepsies.28,29 Although
the biochemical basis behind many seizure-types remains to be defined, certain anti-
epileptic drugs (AEDs) (eg. vigabatrin) appear to enhance the activity of the seizure-
suppressing inhibitory neurotransmitter aminobutyric acid (GABA), whilst others (eg.
lamotrigine, felbamate) appear to inhibit the activity of seizure-inducing excitatory
amino-acids (EAAs) such as aspartate and glutamate.30 Similarly, the mode of action of
the KD appears to involve alterations in amino-acid neurotransmitter concentrations,
since, as previously mentioned, addition of ketone bodies to synaptosomes causes per-
turbations in the concentrations of GABA and EAAs.26 GABA/EAAs are by-products
of the Krebs cycle and thus excess ketone bodies are postulated to alter their concentra-
tions via perturbations in the concentrations of Krebs cycle intermediates eg. acetyl-
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CoA.26,27 Compared to liver, the archetypal ketogenic organ, cortical astrocytes and
meningeal fibroblasts thus represent a site of action for the KD much closer to the local-
ity of seizure-susceptible neurons.

7. CONCLUSIONS

The identification of the components of the HMG-CoA cycle in certain brain cell-
types opens up a hitherto unrealised area neural intermediary metabolism namely keto-
genesis. Studying changes in neural ketogenesis may have important consequences for
understanding processes of brain development such as myelination and the metabolism
of certain neurotransmitters whose concentrations are closely linked to the rate of oper-
ation of the KREBS. Furthermore, establishing the hormonal, nutritional, and phar-
macological conditions under which cells directly adjacent to neurons in vivo, ie:
astrocytes/meningeal fibroblasts, produce the concentrations of ketone body required to
effect perturbations in neuronal synapse GABA/EAA concentrations may assist in:

a. the development of novel AEDs that perturb neuronal neurotransmitter con-
centrations via alterations in glial fatty acid metabolism. An example of this
might be the identification of novel glucocorticoids, since they have been shown
to be seizure-suppressing both clinically31 and in hippocampal slice cultures32

and
b. the understanding and improvement of the KD since, despite its clinical effi-

cacy, there are few animal/cell culture models for the KD.33 A drawback of the
KD with certain patients is intolerance of the high fat/low carbohydrate diet
and the resultant systemic hyperlipedaemia. Identifying the components of the
KD that act as ketogenic precursors for astrocytes/meningeal fibroblasts (ie:
fatty acids) and that are preferentially absorbed by the brain, would assist in
the development of a KD with reduced side-effects. An example of this might
be the addition to the KD of polyunsaturated fatty acids such as docosa-
hexaenoic acid which are preferentially and avidly extracted from the circula-
tion by the brain.34
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1. SUMMARY

The peroxisomal 3-oxoacyl-CoA thiolase (thiolase) is the last enzyme involved in
the oxidation of fatty acids. The enzyme cleaves long chain fatty acyl-CoA to generate
acetyl-CoA and shortened acyl-CoA. The enzyme is nuclear encoded, synthesized in the
cytoplasm and transported into peroxisomes. The thiolase B gene is inducible by the
peroxisome proliferator compounds, like other genes involved in oxidation of fatty
acids in peroxisomes.

The importance of studying thiolase is that it generates acetyl-CoA which is the
precursor for the synthesis of molecules like cholesterol and fatty acids. The structural
and functional analysis of thiolase at molecular level may add to the knowledge of fatty
acid metabolism and further the obesity phenomenon. It is known that several genes
mediate lipid homeostasis in target organs like liver, adipose tissue and are regulated by
peroxisome proliferator activated receptors and To elucidate the mech-
anism of induction of rat liver thiolase B gene, an upstream 2.8kb fragment containing
promoter element has been subcloned and partially sequenced. The sequence analysis
revealed a putative PPRE (Peroxisome Proliferator Response Element) of AGACCT T
TGAACC sequence at –681 to –668 [Kliever et al. (1992) Nature 358:771–774]. By tran-
sient expression of a luciferase reporter gene in HeLa cells, we conclude that the identified
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PPRE could be functional in induction of thiolase B gene, but other sequences of genes
might be involved.

2. INTRODUCTION

The peroxisomal 3-oxoacyl-CoA thiolase (thiolase) is involved in the final reaction
of fatty acids oxidation. The enzyme cleaves long chain fatty acyl-CoA to generate
acetyl-CoA and chain-shortened acyl-CoA. The importance of studying thiolase is
that it generates acetyl-CoA which is the precursor for the synthesis of molecules like
cholesterol and fatty acids. It is now established that several genes mediate lipid metab-
olism in target organs like liver and adipose tissue, and are thus regulated by several
Peroxisome Proliferator-Activated Receptors (PPARs).

In rat liver at least 3 genes encode for peroxisomal thiolase of which thiolase B
is inducible by peroxisome proliferators.1 To elucidate the mechanism of induction
of thiolase B, an upstream 2.8kb fragment containing the promoter element has
been sub-cloned and partially sequenced. The sequence analysis reavealed a putative
PPRE (Peroxisome Proliferator Response Element) AGACCT T TGAACC at –681
to –668.2,3

To analyzes the functional elements in the 2.8 kb fragment, several deletions were
made in the 5´ and the 3´ region in a plasmid containing TK promoter and the sequence
encoding luciferase. Transfection assays were performed with these various deleted con-
structs in HeLa cells. Preliminary transfection results seem to suggest that this localized
PPRE element is not the only one in controlling thiolase B expression by

3. MATERIALS AND METHODS

3.1. Structure of PTBTK luc Plasmid and Deleted Constructs

a. Tool (Fig. 1): a 2.6kb genomic DNA fragment of the 5´-upstream region of PTB
gene was inserted between HindIII and Af1II sites in a pBLluc vector. (Fig. 1)

b. Preparation of 5´ or 3´ deleted upstream constructs in pB luc vector (Table I see
also Fig. 2)

c. Use of HeLa cell line (human cervical carcinoma) as host cell for transient
expression.

d. Techniques of transfection of cells/dish of HeLa cells in transient
expression [6µg of luciferase reporter plasmid and co-transfected with

and or pCMV Not

Luciferase activity has been normalized with galactosidase activity.
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4. RESULTS

4.1. The Structure of the Deleted Constructs in pBluc are Reported in the
Figure 1 (Figure 2)

4.2. Influence of Promoter Strength in Luciferase Gene Expression (Table II)

Conclusion: in HeLa cells, the PTB gene promoter works equally as the TK gene
promoter in luciferase gene expression.

4.3. Influence of the PTB 5´-upstream Sequence on luc Gene Trancient
Expression in HeLa Cells (Table III)

Conclusion: the presence of the PTB 5´-upstream region strongly enhances the luc
gene expression. The enhancement is more than 2 times in HeLa cells.

4.4. Effect of 5´ or 3´ Deletions in the PTB 5´-Upstream Sequence in luc
Gene Transient Expression in HeLa Cells (Table IV)

Conclusion: The 5́  side of the 5´-upstream region from the StuI site is inhibitory
(or down regulating), especially between BamHI and StuI sites. In contrast, the sequence
between StuI and NcoI sites containing the consensus El motif (2),

(conserved in peroxisomal acyl-CoA oxidase, bifunctional enzyme and
thiolase B genes) is an enhancer region.

The 3́  side of the PPRE is important for gene expression especially the sequence
between XmnI and StuI sites.

4.5. Effect of mPPAR

results in HeLa cells (Table V)
Conclusion: the presence of PPAR in HeLa cells (in the absence of exogenous

activator) has no activating effect on luc gene reporter expression and rather shows a
slight inhibitory effect.
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4.6. Effect of Ciprofibrate at 0.5 mM for 2.5 Days on PPAR
HeLa Cells. The Results are Expressed in the Table VI as the Ratio

(Table VI)
Conclusion: ciprofibrate, a strong peroxisome proliferator, in presence of exogenous

shows only a slight or no inducing effect on the luc gene reporter expression
even when the construct contains the DR1.

(the putative PPRE as suggested by the PPAR/RXR
binding study (3).
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5. DISCUSSION AND STATE OF THE ART

Figure 3 summarizes the location of the different DNA regions of the 5́  upstream
promoters fragment which appears to be involved in the modulation of the rat liver
thiolase B gene expression. (Fig. 3)

The lack of peroxisome proliferator-dependent transactivation in HeLa cells would
not be due to a peroxisome proliferator-responsive enhancer but due to other types of
enhancer elements, but not peroxisome proliferator-dependent ones.

Open questions remaining at this moment are:

— How does ciprofibrate stimulate PTB—gene expression (mRNA level is strongly
increased)?

— Is the putative PPRE DR1 at –669/–681 involved in the in vivo gene regulation?
— Is there any other functional DR1 far upstream of the 2.8 kbp fragment?
— What is the role of the El region and what are the DNA-binding proteins

involved?
— Are there any cis-regulatory elements downstream of the PTB-gene promoter?
— Would the results be the same with other gene reporter constructs (ex. CAT con-

structs)? For instance, is the TK promoter not a too strong one to see any reg-
ulatory effects?
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ABBREVIATIONS

— pPTBTKluc = plasmid containing the upstream promoter sequence of rat liver
peroxisomal thiolase B gene, the promoter thymidine kinase of simplex herpes
virus and the luciferase gene as reporter gene.

— = galactosidase reporter gene downstream from a cytome-
galovirus promoter.

— pCMV = mouse downstream from a cytomegalovirus
promoter.

— pCMV NOT = same plasmid as above without PPAR gene.
— pPTBluc = plasmid containing 5´ upstream region and the natural promoter of

the rat peroxisomal thiolase B gene.
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1. ABSTRACT

In mammals, peroxisomes are involved in breakdown of very long chain fatty
acids, prostanoids, pristanic acid, dicarboxylic fatty acids, certain xenobiotics and bile
acid intermediates. Substrate spectrum and specificity studies of the four different
oxidation steps in rat and/or in man demonstrate that these substrates are degraded by
separate systems composed of different enzymes. In both species, the
enzymes acting on straight chain fatty acids are palmitoyl-CoA oxidase, an L-specific
multifunctional protein (MFP-1) and a dimeric thiolase. In liver, bile acid intermediates
undergo one cycle of catalyzed by trihydroxycoprostanoyl-CoA oxidase (in
rat), or branched chain acyl-CoA oxidase (in man), a D-specific multifunctional protein
(MFP-2) and Finally, pristanic acid is degraded in rat tissues by pris-
tanoyl-CoA oxidase, the D-specific multifunctional protein-2 and
Although in man a pristanoyl-CoA oxidase gene is present, so far its product has not
been found. Hence, pristanoyl-CoA is believed to be desaturated in human tissues by the
branched chain acyl-CoA oxidase. Due to the stereospecificity of the oxidases acting on
2-methyl-branched substrates, an additional enzyme, 2-methylacyl-CoA racemase, is
required for the degradation of pristanic acid and the formation of bile acids.

2. INTRODUCTION

Following the discovery of peroxisomal long chain fatty acid in rat liver
and its induction by hypolipidemic drugs,1 the involved enzymes were characterized
mainly by Hashimoto, Osumi and coworkers in liver from induced rats.2 This resulted
in the following picture. After activation, the CoA-esters are desatured by an FAD-
dependent acyl-CoA oxidase. The formed 2-trans-enoyl-CoA is hydrated to a 3-L-hydrox-
yacyl-CoA that is subsequently dehydrogenated to a 3-oxoacyl-CoA. These reactions are
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catalysed by a single protein, called initially bifunctional protein, that displays enoyl-CoA
hydratase and NAD-dependent 3-hydroxyacyl-CoA dehydrogenase activities. Subsequent
work showed that this protein also contained a isomerase activity
(which is involved in the degradation of unsaturated fatty acids),3 hence, it was renamed
multifunctional protein. The 3-oxoacyl-CoA is cleaved by a dimeric thiolase. In man
similar enzymes were found. However, in contrast to the situation in rodents, in man these
enzymes are not induced by peroxisome proliferators.

Besides long chain fatty acids, peroxisomes can degrade a variety of other lipophilic
carboxylates. Physiological substrates include very long chain fatty acids (VLCFA),
arachidonic acid derivatives (leukotrienes, prostaglandins, thromboxanes), polyunsatu-
rated fatty acids, dicarboxylic fatty acids, pristanic acid, and the bile acid intermediates
di- and trihydroxycoprostanic acid.4,5 Given the structural variation in these substrates,
the question emerged whether all these are handled by one set of enzymes or by differ-
ent enzymes. A first indication for the likelihood of the latter possibility was found in
1987 during our studies on peroxisomal bile acid formation. We found that the oxidase
acting on trihydroxycoprostanoyl-CoA was not induced upon treatment of rats with
clofibrate and was only detectable in liver.6 In contrast, the palmitoyl-CoA oxidase activ-
ity was inducible and present in all tissues. In the subsequent years we have systemati-
cally analysed each step of the peroxisomal sequence; we have characterized
the involved enzymes with regard to substrate spectrum and stereospecificity and we have
isolated and/or cloned these enzymes in both rat and man. In this paper we have focused
on the use of three classes of substrates, namely straight chain fatty acids, synthetic 2-
methyl-branched fatty acids (as substitutes for pristanic acid) and bile acid intermediates.
In the following paragraphs, our findings are summarized. When appropriate, references
are also given to work of other groups who reached independently similar conclusions
or that confirmed our findings.

3. PEROXISOMAL REACTIONS RELATED TO

3.1. Activation

For reasons that are not clear yet, substrates for peroxisomal are
activated at different subcellular sites. Long straight7,8 and 2-methyl-branched chain
fatty acids9,10 (but also 3-methyl-branched chain fatty acids; see next chapter) are
activated by mitochondria, peroxisomes and endoplasmic reticulum (ER). Based on
indirect data, the peroxisomal activities seem to reside in different proteins,11,12 but this
idea was recently challenged.13 The CoA-esters of VLCFAs are formed in the ER and
peroxisomes.14,15 A separate synthetase (70.7kDa) is involved in this process.16,17 The cat-
alytic sites of the peroxisomal synthetases acting long chain fatty acids (palmitoyl-CoA
synthetase)8,18 and, most likely, VLCFAs (lignoceroyl-CoA synthetase)18,19 face the
cytosol. Hence, to be further -degraded, a process that takes place in the peroxisomal
matrix, the formed acyl-CoAs have to pass the membrane. This occurs presumably
via integral membrane proteins containing an ATP binding cassette motif (ABC
transporters).20 In broken systems, however, no latency of palmitoyl-CoA oxidation is
observed.21

activated by ER enzymes. To date how the corresponding CoA-esters reach the
peroxisomal matrix has not been studied. It is highly probable that, as in the transloca-

Dicarboxylic fatty acids,22 proistaglandins23 and bile acid intermediates2425 are
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tion of straight chain acyl-CoAs, ABC transporters are involved in their transmembrane
movement.

3.2. Desaturation

In rat liver peroxisomes three acyl-CoA oxidases were found that were named
according to their substrate specificity.26–28 The acyl-CoA oxidase isolated initially by
Hashimoto and coworkers2 (often named palmitoyl-CoA oxidase although palmitoyl-
CoA is not considered to be a physiologial substrate28) is active on the CoA esters
of straight chain mono- and dicarboxylic fatty acids, prostaglandins, VLCFA and xeno-
biotics.28 Pristanoyl-CoA oxidase, initially discovered as a non-inducible palmitoyl-CoA
oxidase,26 is active on 2-methyl-branched chain acyl-CoAs such as pristanoyl-CoA
but can also handle long and very long straight chain acyl-CoAs.28 The presence of pris-
tanoyl-CoA oxidase in rat liver was later confirmed by others.29 Finally, trihydroxyco-
prostanoyl-CoA oxidase (THCCox) is most active on the CoA-esters of the bile acid
intermediates, di- and trihydroxycoprostanic acid, but can desaturate 2-methyl-branched
acyl-CoAs. THCCox is a liver specific enzyme, while the two others are found in all
tissues. For unknown reasons, only palmitoyl-CoA oxidase is inducible.26,27 Due to a splic-
ing event, two isoforms of this enzyme are present.30,31 The bacterially expressed isoforms
do not show major differences in affinities for straight chain monocarboxylic acyl-CoAs.32

Both rat pristanoyl-CoA oxidase33 and THCCox34 have been isolated and their cDNAs
have been cloned.35,36 More information with regard to the molecular properties of the
three acyl-CoA oxidases is given in Table 1.

Two other oxidase activities have been described in rat liver peroxisomes, one acting
on glutaryl-CoA,37 the other on valproyl-CoA.38 The glutaryl-CoA oxidase activity,
however, co-purifies with the inducible palmitoyl-CoA oxidase.28,39 The valproyl-CoA
oxidase was claimed to differ from the above described acyl-CoA oxidases, but in our
hands this activity was recovered mainly in the cytosol (Casteels, M. & Van Veldhoven
P. P., unpublished data).

Based on a report by Bennett et al.,47 human peroxisomes might contain also a glu-
taryl-CoA oxidase. The nature of this enzyme activity remains to be proven (see above).

In man, at the protein level, two oxidases were found.40,41 The first one is palmitoyl-
CoA oxidase, the counterpart of the rat enzyme with regard to substrate spectrum and
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molecular characteristics. Also in man, two isoforms are present due to a splicing
event.42 After a detailed substrate spectrum analysis, the second oxidase was named
branched chain acyl-CoA oxidase (BRCACox).41 It is active on 2-methyl-branched com-
pounds such as pristanoyl-CoA and trihydroxycoprostanoyl-CoA, but also on straight
chain acyl-CoAs (VLCFAs, dicarboxylic fatty acids). The presence of a second oxidase
in human liver was confirmed by others but, using only pristanoyl-CoA as substrate, the
enzyme was named pristanoyl-CoA oxidase.43 Cloning of its cDNA revealed that
BRCACox is the counterpart of rat THCCox.44 In contrast to the rat enzyme, BRCACox
is found in most tissues. It has been mapped to chromosome 3p14.3.44,45 Somewhat con-
fusing is the recent finding in man of the gene for the counterpart of rat pristanoyl-CoA
oxidase.46 Apparently, it is a functional gene, located at chromosome 4pl5.3, that is trans-
lated into mRNA that, at least in a bacterial expression system, gives rise to a full length
oxidase containing a typical peroxisome targeting signal.46 So far, based on enzyme activ-
ity measurements or immunoblotting, the protein has not been shown to be present,
however. One hypothesis is that is might be expressed at certain developmental stages or
in certain tissues not yet investigated.

3.3. Hydratation and Dehydrogenation

Investigation of the 3-hydroxyacyl-CoA dehydrogenase activities in purified rat liver
peroxisomes, using the 3-hydroxyacyl-CoAs of straight chain fatty acids, of 2-methyl-
branched chain fatty acids and of trihydroxycoprostanic acid as substrates, revealed ini-
tially 5 different enzymes (named I to V).48 Enzyme IV was a monomeric 78 kD protein,
possessed crotonase activity, was induced by clofibrate, and was identified as the inducible
multifunctional protein.48 Interestingly, enzyme III, a monomeric 80 kD protein, also
hydrated crotonyl-CoA. In contrast to enzyme IV, enzyme III was not induced by
clofibrate.48 This was the first indication, published in 1994, that peroxisomes contained
a second multifunctional protein. It was named multifunctional protein 2 (MFP-2) (the
inducible, firstly isolated protein is referred to as MFP-1). Based on its substrate spec-
trum, the newly identified multifunctional protein was postulated to be involved in bile
acid formation.48

Using pure 3-hydroxyacyl-CoA isomers, the stereospecificity of these MFPs was
investigated. As predicted, MFP-1 was L-specific, but MFP-2 turned out to be D-
specific.49 Both MFPs act on the enoyl-CoAs and the 3-hydroxyacyl-CoAs of straight
and 2-methyl-branched fatty acids and of trihydroxycoprostanic acid (the latter com-
pound is called varanoyl-CoA). The configuration of the 3-hydroxy derivative of 2-
methyl-branched enoyl-CoAs formed by MFP-1 and of the derivative dehydrogenated by
MFP-1 are, however, not identical. MFP-2 on the other hand, forms and uses the same
3-hydroxy-2-methylacyl-CoAs. This is the 3R,2R-isomer in the case of pristanoyl-CoA
or the 24R,25R-isomer in the case of varanoyl-CoA. Hence, only MFP-2 can be involved
in degradation of bile acid intermediates and pristanic acid.49,50 Based on the reactions
of MFP-1 with the varanoyl-CoA isomers, Xu and Quebas51 concluded also that bile
acids could not be formed via MFP-1.

Isolation and cloning of rat MFP-249 revealed its identity to an enzyme called type
IV dehydrogenase. Independently, Hiltunen and coworkers,52 who also
confirmed the D-specificity of the protein, and Gustafsson and coworkers53 also obtained
the rat cDNA. Type IV                    dehy drogenase was isolated initially from porcine
endometrium and subsequently cloned by Adamski and coworkers.54 The recombinant
porcine enzyme displays crotonase and 3-hydroxybutyryl-CoA dehydrogenase activities55
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and rat MFP-2 dehydrogenates estradiol.49,52 Compared to the activities of
MFP-2, the estradiol dehydrogenase activity is very low,49,52 and most probably has no
physiological consequence. By homology, the cDNAs of the mouse,56 man57 and guinea
pig58 counterparts have been obtained in the meantime. These enzymes are multidomain
proteins.59 The N-terminus contains the 3-hydroxyacyl-CoA dehydrogenase (and estra-
diol dehydrogenase) domain, the central part possesses enoyl-CoA hydratase activity and
the C-terminus shows homology to sterol carrier protein-2 (SCP2). Interestingly, the first
two domains are homologous to those found in the yeast multifunctional proteins60,61 that
are also D-specific.61

MFP-2 is subject to a proteolytic cleavage that seems to be physiological.49,52,54 This
results in an active D-specific hydratase of 44kDa62 and an active D-specific 3-hydroxy-
acyl-CoA dehydrogenase of 40 kD.49 The 44kDa hydratase might give rise to a 33kDa
D-specific hydratase that was discovered and further characterized by Hiltunen and
coworkers.52

The molecular properties of the peroxisomal multifunctional proteins are given in
Table 2.

Also in man the presence of a second, D-specific, MFP was proven enzymically
and immunologically in liver63,64 and in fibroblasts.65 The gene for MFP-2 was mapped
to chromosome 5q2.3.63,66 Interestingly, in fibroblasts the MFP-2 activity is severalfold
higher than that of MFP-165 and the protein seems to play a role in the breakdown of
very long chain fatty acids as well.65

3.4. Thiolytic Cleavage

In peroxisomes purified from liver of control rats, two thiolase activities were found
and their corresponding proteins were isolated.67 Based on N-terminal amino acid
sequencing, the first one was identified as thiolase A. This is a constitutively expressed
protein, that had not been isolated before but whose presence was postulated previously
on the basis of mRNA analysis.68,69 It is rather similar to thiolase B, which had been
purified by other groups from clofibrate treated animals. The substrate spectra of
thiolase A and B are almost identical. Interestingly, thiolase A is more stable than B
(Antonenkov V., Mannaerts G. P. and Van Veldhoven P. P., unpublished data). The other
thiolase activity resided in SCPX, a 58 kDa protein identified initially by the presence of
an SCP2 domain at its C-terminus.70 Based on the amino acid sequence deduced from its
cDNA, a thiolase activity was postulated for SCPX and subsequently demonstrated with
the recombinant protein.70,71 In an active form, SCPx-thiolase had not been purified
before. Like thiolase A and B, SCPx-thiolase cleaves straight 3-oxoacyl-CoAs, but only
SCPx-thiolase acts on the 3-oxoacyl-CoA derivatives of 2-methyl-branched fatty acids
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and trihydroxycoprostanic acid.67 Hence, SCPx-thiolase is indispensable for the degrada-
tion of pristanic acid and trihydroxycoprostanic acid. Based on studies with recombinant
SCPX, its role in pristanic acid removal was confirmed by others.73

3.5. Racemisation

The synthesis of optically pure 2-methylacyl-CoA allowed us to investigate the
stereospecificity of the acyl-CoA oxidases. Rat pristanoyl-CoA oxidase and THCCox
(and most likely BRCACox) desaturate only the 2S-forms.74 Naturally occurring pristanic
acid is racemic at position 2.75 To degrade the 2R-isomer, it needs to be transformed to
the 2S-isomer and this happens at the level of the CoA ester.76 The responsible enzyme
is 2-methylacyl-CoA racemase.76 It is present in mitochondria and in peroxisomes, both
in rat and man.77,78 Presumably, the mitochondrial racemase activity is required for
the racemisation of the shortened pristanic acid metabolites formed by peroxisomal
oxidation and that contain 2R-methyl branches. Mitochondrial oxidation of branched
fatty acids, like the peroxisomal one, is stereospecific for the 2S-isomers.79

Due to a stereospecific hydroxylation step during the of cholesterol,
only 25R-trihydroxycoprostanic acid is formed.80,81 After activation it needs to be con-
verted to 25S-THC-CoA since THCCox acts only on the 25S- isomer,74 a finding
confirmed by others.82 Most likely, racemisation of THC-CoA and pristanoyl-CoA is cat-
alyzed by the same enzymes.76 Recently, the cloning of the (putatively peroxisomal) rat
and mouse racemase was reported.83 Apparently, it is identical to 2-aryl-propionyl-CoA
epimerase.84

4. SEPARATE SYSTEMS

Based on the substrate specificity and stereoselectivity of the above described
enzymes we have proposed the presence of separate systems handling a
limited set of substrates (Fig. 1).5 Bile acid intermediates can only be degraded via race-
mase, THCCox (in rat liver) or BRCACox (in human liver), MFP-2 and SCPx-thiolase.
Pristanic acid breakdown relies on the action of racemase (for the 2R-isomer), pristanoyl-
CoA oxidase (in rat tissues) or BRCACox (in human tissues), MFP-2, and SCPx-
thiolase. Finally, palmitoyl-CoA oxidase, MFP-2 and thiolase take care of the straight
chain fatty acids. Although not yet experimentally proven, it is likely that these enzymes
are associated with each other or kept together by an extra protein, such as SCP2, to form
a multi-enzyme complex, to allow channelling of intermediates.

Schematically shown are two separate systems, one involved in degra-
dation of straight chain fatty acid derivatives (left side), the other handling 2-methyl-
branched compounds (right side), each of them consisting of four steps that are catalyzed
by an acyl-CoA oxidase, a multifunctional protein (MFP) (containing two or more activ-
ities) and a thiolase. Only the proteins belonging to the left system are (at least in rodents)
induced by peroxisome proliferators and correspond to those initially discovered and
characterized in rat liver. In rat, the CoA-esters of bile acid intermediates and pristanic
acid are desaturated by separate enzymes (highlighted in italic), while in man only one
oxidase appears to be involved. Before the naturally occurring 2R-pristanic acid and 25R-
bile acid intermediates can be desaturated, a racemisation reaction is required. The 2-
methyl-2-enoyl-CoAs, generated by the oxidases, are thought to be hydrated by the same
MFP-2. Under normal conditions, the intermediates are believed to be channeled from



Role and Organization of Peroxisomal 267

enzyme to enzyme in the separate systems (solid arrows). In case of deficiencies, shut-
tling of intermediates between the two systems can occur at different levels (zigzag
arrows) although not all intermediates produced under these conditions can be further
degraded. One should keep in mind that the enzymes involved in the degradation of 2-
methyl-branched compounds can also act on straight chain compounds (and in vitro even
better than the corresponding enzymes of the left system when the chain lenght of the
substrates is increasing). The mechanism of membrane translocation of the CoA-esters
(dashed arrows), most likely mediated by ABC-transporters, awaits further investigation.
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The exact role and substrates of the two acyl-CoA oxidase isoforms in rat and in man
and of the two dimeric thiolases in rat are not known.

ALDP: adrenoleukodystrophy protein; BRCA-: branched chain acyl-; C24: ligno-
ceric acid; THCA: trihydroxycoprostanic acid; THC-: trihydroxycoprostanoyl-.

Such model can also explain most findings in patients with peroxisomal
oxidation defects, and showing various degrees of accumulation of VLCFA, pristanic
acid and bile acid intermediates, or combinations thereof.85 Under pathological condi-
tions where channelling is interrupted, one can imagine that the intermediate will leave
the system and be further degraded by the other system (see Fig. 1). This can lead either
to a non-physiological dead-end intermediate or to a competition with the normal inter-
mediates. In this respect, it is worthwhile to remember that 2-methyl-enoyl-CoAs can be
hydrated both by MFP-1 and MFP-2. However, the 3-hydroxy-2-methyl intermediate
made by MFP-1 cannot be further metabolized.
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1. ABSTRACT

Synthetic 3-methyl-branched chain fatty acids were used to decipher the breakdown
of phytanic acid. Based on results obtained in intact or permeabilized rat hepatocytes,
rat liver homogenates or subcellular fractions, a revised pathway is proposed
which appears to be functioning in man as well. In a first step, the 3-methyl-branched
chain fatty acid is activated by an acyl-CoA synthetase. This reaction requires CoA, ATP
and Subsequently, the acyl-CoA ester is hydroxylated at position 2 by a peroxiso-
mal dioxygenase. This step is dependent on ascorbate (or glutathione),

and The 2-hydroxy-3-methylacyl-CoA intermediate is cleaved by a peroxisomal
lyase to formyl-CoA and a 2-methyl-branched fatty aldehyde. Formyl-CoA is (partly
enzymically) hydrolyzed to formate, which is then converted, most likely in the cytosol,
to CO2. In the presence of NAD+, the aldehyde is dehydrogenated to a 2-methyl-branched
fatty acid, presumably by a peroxisomal aldehyde dehydrogenase. This acid can—after
activation—be degraded via a D-specific peroxisomal system.

2. INTRODUCTION

In 1963, Klenk and Kahlke1 identified the lipid accumulating in Refsum’s disease
as phytanic acid (3,7,11,15-tetramethylhexadecanoic acid). As a result, phytanic acid is
probably the best known 3-methyl-branched chain fatty acid. Over the subsequent 30
years, many groups have tried to elucidate the breakdown of phytanic acid. The presence
of the 3-methyl group in phytanic acid prevents its degradation via the

Current Views of Fatty Acid Oxidation and Ketogenesis: From Organelles to Point Mutations
edited by Quant and Eaton, Kluwer Academic / Plenum Publishers, New York, 1999. 273
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normal catabolic pathway for straight or 2-methyl-branched fatty acids. The pioneering
work of Steinberg and associates showed that the major route for phytanic acid removal
is via In this process phytanic acid is shortened by one carbon atom to pris-
tanic acid, which is further degraded by peroxisomal  Until recently, the
actual steps were not well characterized. A lot of controversy can be found
in the literature with regard to reaction intermediates, cofactor requirements and sub-
cellular localization. In most text books a scheme, depicting a hydroxylation in the 2-
position followed by an oxidative decarboxylation generating CO2 and pristanic acid,
is shown.2 Nevertheless, the existence of a 2-hydroxy intermediate was not generally
accepted.5–9 Also the occurrence of 2-oxophytanic acid, the putative oxidation product
of 2-hydroxyphytanic acid,2 was subject to dispute.6,10,11,12 This oxo-derivative can be
formed by the long chain acid oxidase,13 but this enzyme was assumed to be
present only in renal peroxisomes. Apparently, in rat and human liver a low activity
is detectable.12

As for the cofactors required, even more confusion existed. The simplest combina-
tion reported was the most complex mixtures included ATP,
NADPH or nicotinamide, O2, and or

Needless to say that depending on the actual assay conditions, the
process has been localised to various subcellular sites: mitochondria,6,7,9,14,17 mitochon-
dria plus cytosol,16 mitochondria plus peroxisomes15,18,19 or microsornes.20 Also, depend-
ing on the species investigated, different localizations were reported: mitochondrial in
man, peroxisomal in rodents.21

In our studies, described below, we have relied on the use of synthetic 3-methyl-
branched chain fatty acids (3-MBFA) such as 3-methylheptadecanoic and 3
-methylhexadecanoic acid. In rat hepatocytes20 and human skin fibroblasts22,23,24 these
substrates have been shown to be valid substitutes for phytanic acid. The advantages of
this approach are several fold. Obviously, these fatty acids, as well as the intermediary
products, are easier to synthesize and the introduction of a label at a certain position is
less cumbersome. Since these compounds are not endogenous, the identification of pos-
sible intermediates and products is greatly facilitated. Furthermore, the validity of our
findings is underlined by reports from other groups25,26 that used phytanic acid and
reached similar conclusions.

In retrospect, following major findings have contributed to the elucidation of
phytanic

1. Phytanic acid accumulation is not only seen in Refsum’s disease, but also in
several peroxisomal disorders27,28 suggesting a link between α-oxidation and
peroxisomes.

2. Compared to intact cells, α-oxidation rates were severely depressed in broken
systems,20 a finding that was later confirmed by others.15 This fact casted doubt
about the validity of earlier results obtained in broken preparations.

3. As shown by Poulos and coworkers,24 in addition to CO2, formate is produced
by fibroblasts supplied with phytanic acid.

3. STUDIES ON IN RAT LIVER

In Fig. 1, a revised pathway for the α-oxidative degradation of phytanic acid is
shown. The different reactions depicted are based on experimental data obtained in rat
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hepatocytes, either intact or permeabilized, and in homogenates, subcellular fractions or
purified peroxisomes from rat liver. Some of the different steps are now described in
more detail.

On the left, the intermediates formed during a-oxidation of phytanic acid accord-
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ing to the classical pathway as proposed by Steinberg et al.2 are shown. On the right, a
revised pathway which is confined to peroxisomes (boxed area), is presented. Intermedi-
ates and products, the occurrence of which was experimentally proven using synthetic 3-
methyl-branched analogues, are indicated in bold. Presumably, phytanic acid is activated
at the cytosolic side of the peroxisomal membrane. For the translocation of the formed
CoA-ester, in analogy to the situation for (very) long chain acyl-CoAs,29 the involvement
of an ABC-transporter is postulated. Hydroxylation seem to be a membrane bound
process, whereas the cleavage reaction, giving rise to formyl-CoA and pristanal, is local-
ized in the matrix. Formyl-CoA is hydrolysed to formate that will leave the peroxisomes
to be further oxidized in the cytosol to CO2. Pristanal is oxidized to pristanic acid by a
(presumably peroxisomal) NAD-dependent aldehyde dehydrogenase, but the sequence of
further steps leading to pristanoyl-CoA is not clear yet.

3.1. Formate is the Precursor of CO2

As found initially in human skin fibroblasts,24 formate is also produced in other cell
types such as rat hepatocytes,30 human HepG2 hepatoma cells and canine MDCK cells
during the degradation of 3-MBFAs (unpublished data). The ratio of formate to CO2
production can differ, however, being high in flbroblasts (about 10)24 and low in rat hepa-
tocytes (about 0.3–0.4).30 As a consequence, both products should be determined in order
to obtain valid data. Addition of unlabelled formate to isolated rat hepatocytes incu-
bated with 3-methyl-[1-14C]heptadecanoate decreased the generation of radioactive CO2.
This was accompanied by a compensatory increase in radioactive formate.31 This clearly
indicates that formate is formed first and subsequently converted to CO2.

Two pathways have been described for formate metabolism: a peroxidatic pathway
via catalase and a folate dependent one carbon pathway.32 Treatment of rats with amino-
triazole, an irreversible inhibitor of catalase, severely depressed α-oxidation activity
but only slightly decreased the production of CO2 from exogenously added formate.30

Whether the effect of aminotriazole is (solely) linked to the inhibition of catalase is
unclear (see further). In addition to these above mentioned pathways our data point to
a cytosolic NAD+-dependent dehydrogenase activity that acts on the formate produced
during In permeabilized cells or broken systems, supplied with the ap-
propriate cofactors (see further), almost no CO2 is formed, during unless
NAD+ is added.31

3.2. Iron Plays a Role in the  Process

In various studies in broken systems iron ions have been implicated as a cofac-
tor,6,16,20 although the effective concentrations cannot be considered as physiological.
Treatment of intact rat hepatocytes with the iron chelators, desferrioxamine or o-
phenanthroline, caused a suppression of but mitochondrial or peroxisomal

were not affected.33 The effect on could be reversed, but only
partially, by the addition of Fe3+.33 It is likely that Fe3+ ions do not readily permeate the
hepatocyte membranes, explaining the incomplete restoration. This is in agreement with
the almost complete restitution of rates by fortifying the intact cells with
iron-saturated chicken ovotransferrin.33 Addition of Fe3+ to permeabilized cells resulted
in a virtually complete reversion of the chelator dependent inhibition.33 As discussed
below, the dependency of on iron ions is due to a hydroxylation step.
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3.3. Activation and Hydroxylation are Required for

Knowing that damaging the integrity of cells impaired the process,20 a
search for possible cofactors was initiated in rat hepatocytes permeabilized with Staphy-
lococcus aureus toxin. In such systems, the intracellular environment can be varied
experimentally but the integrity of the intracellular membranes is conserved.34

Addition of ATP, CoA and to permeabilized cells resulted in α-
oxidative rates comparable to those in intact cells.31 In the presence of reducing agents,
such as glutathione (a compound needed to keep the permeabilized hepatocytes viable),
Fe3+ could replace Fe2+.31 Given the reports about a possible 2-hydroxy intermediate5,8 and
the presence of γ-butyrobetaine hydroxylase in peroxisomes,35 the role of cofactors (such
as ascorbic acid and 2-oxoglutarate) for dioxygenases catalyzing hydroxylation reactions36

was verified. By replacing the glutamate (a normal constituent of the incubation medium
of the permeabilized cells), by mannitol the extra requirement for 2-oxoglutarate became
evident.31 In rat liver homogenates, the dependency on ascorbate (or glutathione)—in
addition to 2-oxoglutarate, ATP, Mg2+, CoA, and —was revealed.31 Apparently, this
complex mixture represents the cofactors for two different reactions. An activation
step requiring ATP, CoA and Mg2+ and a hydroxylation step depending on Fe2+, 2-
oxoglutarate and ascorbate (or another reducing agent). In order to oxidize the formed
formate NAD+ is also required.31

Analysis of reaction intermediates showed, as expected, the formation of a
3-methyl-branched chain acyl-CoA (3-MBA-CoA) in the presence of ATP—Mg2+—
CoA.31 No hydroxylated fatty acid could be found when only the cofactors for hydroxy-
lation were present. However, if both sets of cofactors were present, in addition to
3-MBA-CoA, another CoA-derivative was formed. Further purification and GC-MS
analysis identified this intermediate as a 2-hydroxy-3-methyl-branched acyl-CoA.31 This
was consistent with the findings of Mihalik et al.25 who showed that 2-hydroxyphytanoyl-
CoA was formed in purified rat liver peroxisomes in the presence of the mentioned cofac-
tors. With the activated substrate, only the hydroxylation cofactors were needed to form
the hydroxylated intermediate and formate.31

Hence, activation precedes hydroxylation. Although 3-MBFA can be activated at
different cellular sites—mitochondria, peroxisomes and endoplasmic reticulum37,38—only
the peroxisomal activity seems to supply a precursor for the hydroxylation reaction.31

Whether the acyl-CoA synthetase acting on phytanic acid is the same as the one
activating palmitic acid and pristanic acid is a matter of controversy.37–39 Anyway, the
requirement for an activation step explains the inhibition of α-oxidation  by fenoprofen,31

an inhibitor of long chain fatty acid activation,40 and by different fatty acids
(unpublished data), presumably due to competitive inhibition or by depletion of the
available CoA.

The role of a hydroxylation step is consistent with the effects of iron chelators33 and
anti-oxidants such as propylgallate31 seen intact cells. So far, the hydroxylated 3-MBA-
CoA intermediate has been demonstrated only in broken systems and was never seen in
intact cells. This could suggest that this intermediate is accumulating and not further
degraded. Control experiments however showed that racemic 2-hydroxy-3-methyl-
[1-14C]hexadecanoyl-CoA, when incubated with rat liver homogenates, gives rise to
formate and that this process is peroxisomal.41 Pretreatment of the rats with aminotria-
zole did not affect the formate production from 2-hydroxy-3-methyl-[1-14C]hexadecanoyl-
CoA in liver homogenates.41 However, when 3-methyl-[1-14C]hexadecanoic acid was used
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as substrate in the presence of the above mentioned cofactors, the formation of 2-
oxidation products and of 2-hydroxy-3-methyl acyl-CoA was suppressed by 49 and 63%,
respectively.30 This indicates that aminotriazole inhibits the hydroxylation reaction.
Perhaps this can be explained by the inhibition of catalase since this enzyme seems to
play a role in other dioxygenase-catalyzed hydroxylation reactions.36

3.4. The Intermediary 2-Hydroxy-3-Methyl-Branched Acyl-CoA is Cleaved
into Formyl-CoA and a 2-Methyl-Branched Fatty Aldehyde

Although in loading studies formation of 2-hydroxyphytanic acid has been shown,42

no evidence for the presence or generation of a hydroxylated 3-MBFA was obtained in
our studies. This fact, together with the apparent absence of CoA-esters other than 3-
methylacyl-CoA and its hydroxylated derivative, led us to analyse in more detail the water
soluble α-oxidation products in order to reveal CoA-containing compounds. Indeed,
upon incubation of purified peroxisomes with 2-hydroxy-3-methyl-[1-14C]hexadecanoyl-
CoA, an unknown labeled alkali-sensitive compound, eluting on reversed phase columns
between CoA and acetyl-CoA, was discovered.43 This compound was identified as formyl-
CoA.43 Control experiments revealed that the formyl-CoA did not arise by activation of
formate, and that formyl-CoA is hydrolysed, partly actively, in peroxisomes to formate.43

So far formyl-CoA hydrolases have been described only in micro-organisms.44

The finding of formyl-CoA, and not formate, as end-product of the α-oxidation
process directly suggested that the second product might be a fatty aldehyde and not
a fatty acid as assumed till then. GC-analysis of the lipophilic products formed by
peroxisomes incubated with 2-hydroxy-3-methylhexadecanoyl-CoA showed an unknown
metabolite, co-eluting with synthetic 2-methylpentadecanal.43 If NAD+ was present,
the aldehyde was converted almost completely into 2-methylpentadecanoic acid,45

presumably by a peroxisomal aldehyde dehydrogenase.46

4. STUDIES ON IN HUMAN LIVER

Similarly to the studies in rat liver, in human liver homogenates
depended on the presence of cofactors for activation and for hydroxylation.47 In agree-
ment with other reports,26 formation of 2-hydroxy-3-methyl-branched chain acyl-CoA
was confined to subcellular fractions enriched in peroxisomes.47 Verhoeven et al.48 showed
that pristanal is formed in human liver homogenates incubated with phytanic acid,
confirming our findings in rat liver peroxisomes.45

Since peroxisomal phytanoyl-CoA synthetase is not affected in Refsum’s disease
patients,38,49 the basic defect must be further downstream, most likely at the level of the
phytanoyl-CoA hydroxylase. Enzyme measurements revealed a hydroxylase deficiency,
not only in Refsum’s disease50 but also in Zellweger syndrome26 and rhizomelic chon-
drodysplasia punctata.51 Recently, the cloning of this enzyme, together with mutation
analysis in some Refsum’s patients, was reported.52,53 The presence of a peroxisome tar-
geting signal 2 in the hydroxylase explains its deficiency in rhizomelic chondrodysplasia
punctata. Whether the reported presence of 2-hydroxyphytanic acid in plasma of patients
with Zellweger syndrome and rhizomelic chondrodysplasia punctata11 is due to residual
activity of the mislocalized hydroxylase or reflects the existence of some alternative
pathway, awaits further investigation.



Hepatic of Phytanic Acid 279

ACKNOWLEDGMENTS

Funding for this research was obtained from the Flemish Government “Gecon-
certeerde Onderzoeksacties van de Vlaamse gemeenschap” and “FWO-Vlaanderen”.
K. Croes was supported by a fellowship from the “FWO-Vlaanderen”.

REFERENCES

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Klenk, E. & Kahlke, W. (1963) Hoppe-Seyler’s Z. Physiol. Chem. 333, 133–139. Uber das Vorkommen
der 3,7,11,15-Tetramethylhexadecansaure (Phytansaure) in den Cholesterinestern und andern Lipoid-
fraktionen der Organe bei einem Kjankheitsfall unbekannter Genese (Verdacht auf Heredopathia
atactica polyneuritiformis, Refsum’s syndrom).
Steinberg, D. (1989). In: The metabolic basis of inherited disease (Scriver, C.R., Beaudet, A.L., Sly, W.S.
& Valle, D., Eds.) Me Graw-Hill, New York. pp. 1533–1150. Refsum’s Disease.
Mannaerts, G.P. & Van Veldhoven, P.P. (1996) Ann. N. Y. Acad. Sci. 804, 99–115. Functions and
organization of peroxisomal β-oxidation.
Van Veldhoven, P.P. & Mannaerts. G.P. (1998) (next chapter). Role and organisation of peroxisomal

systems in mammals.
Tsai, S.-C, Herndon, J.H.Jr., Uhlendorf, B.W., Fales, H.M. & Mize, C.E. (1967) Biochem. Biophys. Res.
Commun. 28, 571–577. The formation of acid from phytanic acid in mammalian
tissues.
Tsai, S.-C., Avigan, J. & Steinberg, D. (1969) J. Biol. Chem. 244, 2682–2692. Studies of the
of phytanic acid by rat liver mitochondria.
Tsai, S.-C., Steinberg, D., Avigan, J. & Fales, H.M. (1973) J. Biol. Chem. 248, 1091–1097. Studies on the
stereospecificity of mitochondrial oxidation of phytanic acid and of acid,
ten Brink, H.J., Schor, D.S.M., Kok, R.M., Stellaard, J.K., Kneer, J., Poll-The, B.T., Saudubray, J.M. &
Jakobs, C. (1992) Pediatr. Res. 32, 566–570. In vivo study of phytanic acid in classic Refsum’s
disease and chondrodysplasia punctata.
Skjeldal, O.H. & Stokke, O. (1988) Scand J. Clin. Lab. Invest. 48, 97–102. Evidence against
hydroxyphytanic acid as an intermediate in the metabolism of phytanic acid.
Mize, C.E., Avigan, J., Steinberg, D., Pittman, R.C., Fales, H.M. & Milne, G.W.A. (1969) Biochim.
Biophys. Acta 176, 720–739. A major pathway for the mammalian oxidative degradation of phytanic
acid.
ten Brink, H.J., Schor, D.S.M., Kok, R.M., Poll-The, B.T., Wanders, R.J.A. & Jakobs, C. (1992) J. Lipid
Res. 33, 1449–1457. Phytanic acid  accumulation of 2-hydroxyphytanic acid and absence of
2-oxophytanic acid in plasma from patients with peroxisomal disorders.
Wanders, R.J.A., van Roermund, C.W., Schor, D.S., ten Brink, H.J. & Jakobs, C. (1994) Biochim. Biophys.
Acta 1227, 177–182. 2-Hydroxyphytanic acid oxidase activity in rat and human liver and its deficiency
in the Zellweger syndrome.
Draye, J.-P., Van Hoof, F., de Hoffmann, E. & Vamecq, J. (1987) Eur. J. Biochem. 167, 573–578.
Peroxisomal oxidation of L-2-hydroxyphytanic acid in rat kidney cortex.
Skjeldal, O.H. & Stokke, O. (1987) Biochim. Biophys. Acta 921, 38–42. The subcellular localisation of
phytanic acid oxidase in rat liver.
Wanders, R.J.A. & van Roermund, C.W. (1993) Biochim. Biophys. Acta 1167, 345–350. Studies on
phytanic acid in rat liver and cultured human skin fibroblasts.
Muralidharan, V.B. & Kishimoto, Y. (1984) J. Biol. Chem. 259, 13021–13026. Phytanic acid α-oxidation
in rat liver: Requirement for a cytosolic factor.
Watkins, P.A. & Mihalik, S.J. (1990) Biochem. Biophys. Res. Commun. 167, 580–586. Mitochondrial
oxidation of phytanic acid in human and monkey liver: implication that Refsum’s disease is not a
peroxisomal disorder.
Mihalik, S.J., Solimúan, T.M., Day, R.F. & Watkins, P.A. (1992) Prog. Clin. Biol. Res. 375, 239–244.
Involvement of both peroxisomes and mitochondria in the of phytanic acid. In: New devel-
opments in fatty acid oxidation (Coates, P.M. & Tanaka, K., Eds.) Wiley-Liss, New York.
Fingerhut, R., Schmitz, W. & Conzelmann, E. (1993) J. Inher. Metab. Dis. 16, 591–594. Accumulation
of phytanic acid intermediates in Zellweger fibroblasts.



280 P. P. V. Veldhoven et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang, S., Van Veldhoven, PP., Vanhoutte, F., Parmentier, G., Eyssen, H.J. & Mannaerts, G.P.
(1992) Arch. Biochem. Biophys. 296, 214–223. of 3-methyl-substituted fatty acids in
rat liver.
Singh, I., Pahan, K., Dhaunsi, G.S., Lazo, O. & Ozand, P. (1993) J. Biol. Chem. 268, 9972–9979. Phy-
tanic acid Differential subcellular localization in rat and human tissues and its inhibition
by Nycodenz.
Singh, H., Usher, S., Johnson, D. & Poulos, A. (1990) J. Inker. Metab. Dis. 13, 387–389. Metabolism of
branched chain fatty acids in peroxisomal disorders.
Van Veldhoven, P.P., Huang, S., Eyssen, H.J. & Mannaerts, G.P. (1993) J. Inker. Metab. Dis. 16, 381–391.
The deficient degradation of synthetic 2- and 3-methyl-branched fatty acids in fibroblasts from patients
with peroxisomal disorders.
Poulos, A., Sharp, P., Singh, H., Johnson, D.W., Carey, W.F. & Easton, C. (1993) Biochem. J. 292,
457–461. Formic acid is a product of the of fatty acids by human skin fibroblasts: deficiency
of formic acid production in peroxisome-deficient fibroblasts.
Mihalik, S.J., Rainville, A.M. & Watkins, P.A. (1995) Em J. Biochem. 232, 545–551. Phytanic acid
α-oxidation  in rat liver peroxisomes. Production of a-hydroxyphytanoyl-CoA and formate is enhanced
by dioxygenase cofactors.
Jansen, G.A., Mihalik, S.J., Watkins, P.A., Moser, H.W., Jakobs, C., Denis, S. & Wanders, R.J.A. (1996)
Biochem. Biophys. Res. Commun. 229, 205–210. Phytanoyl-CoA hydroxylase is present in human liver,
located in peroxisomes, and deficient in Zellweger syndrome: direct, unequivocal evidence for the new,
revised pathway of phytanic acid α-oxidation  in humans.
Poulos, A., Sharp, P., Fellenberg, A.J. & Danks, D.M. (1985) Hum. Genet. 70, 172–177. Cerebro-hepato-
renal (Zellweger) syndrome, adrenoleukodystrophy, and Refsum’s disease: plasma changes and skin
fibroblast phytanic acid oxidase.
Poulos, A., Sharp, P., Fellenberg, A.J. & Johnson, D.W. (1988) Eur. J. Pediatr. 147, 143–147. Accumu-
lation of pristanic acid (2,6,10,14-tetramethylpentadecanoic acid) in the plasma of patients with gener-
alised peroxisomal dysfunction.
Hettema, E.H., van Roermund, C.W., Distel, B., van den Berg, M., Vilela, C., Rodrigues-Pousada, C.,
Wanders, R.J.A. & Tabak, H.F. (1996) EMBO J. 15, 3813–3822. The ABC transporter proteins
Patl and Pat2 are required for import of long-chain fatty acids into peroxisomes of Saccharomyces
cerevisiae.
Casteels, M., Croes, K., Van Veldhoven, P.P. & Mannaerts, G.P. (1994) Biochem. Pharmacol. 48,
1973–1975. Aminotriazole is a potent inhibitor of of 3-methyl-substituted fatty acids in
rat liver.
Croes, K., Casteels, M., de Hoffmann, E., Mannaerts, G.P. & Van Veldhoven, P.P. (1996) Eur. J. Biochem.
240, 674–683. of 3-methyl-substituted fatty acids in rat liver. Production of formic
acid instead of CO2, cofactor requirements, subcellular localization and formation of a 2-hydroxy-3-
methylacyl-CoA intermediate.
Palese, M. & Tephly, T.R. (1975) J. Toxicol. Environ. Health 1, 13–24. Metabolism of formate in
the  rat.
Croes, K., Casteels, M., Van Veldhoven, P.P. & Mannaerts, G.P. (1995) Biochim. Biophys. Acta. 1255,
63–67. Evidence for the importance of iron in the α-oxidation  of 3-methyl-substituted fatty acids in the
intact cell.
McEwen, B.F. & Arion, W.J. (1985) J. Cell Biol. 100, 1922–1929. Permeabilization of rat hepatocytes
with Staphylococcus aureus α-toxin.
Paul, H.S., Sekas, G. & Adibi, S.A. (1992) Eur. J. Biochem. 203, 599–605. Carnitine biosynthesis in
hepatic peroxisomes. Demonstration of  hydroxylase activity.
Hayaishi, O., Nozaki, M. & Abbott, M.T. (1975) In: The Enzymes (Boyer, P.O., Ed.) Academic Press,
New York. pp. 119–189. Oxygenases: dioxygenases.
Pahan, K., Cofer, J., Baliga, P. & Singh, I. (1993) FEBS Lett. 322, 101–104. Identification of phytanoyl-
CoA ligase as a distinct acyl-CoA ligase in peroxisomes from cultured human skin fibroblasts.
Vanhooren, J.C., Asselberghs, S., Eyssen, H.J., Mannaerts, G.P. & Van Veldhoven, P.P. (1994) Int. J.
Biochem. 26, 1095–1101. Activation of 3-methyl-branched fatty acids in rat liver.
Watkins, P.A., Howard, A.E., Gould, S.J., Avigan, J. & Mihalik, S.J. (1996) J. Lipid Res. 37, 2288–2295.
Phytanic acid activation in rat liver peroxisomes is catalyzed by long chain acyl-CoA synthetase.
Lageweg, W. & Wanders, R.J.A. (1993) Biochem. Pharmacol. 46, 79–85. Studies on the effect of
fenoprofen on the activation and oxidation of long chain and very long chain fatty acids in hepatocytes
and subcellular fractions from rat liver.



Hepatic of Phytanic Acid 281

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Croes, K. (1998)  Acta Biomedica Lovaniensia 165 (Ph.D. thesis—Leuven University Press).
of 3-methyl-branched fatty acids: A revised pathway.
Verhoeven, N.M., Schor, D.S.M., Previs, S.F., Brunengraber, H. & Jakobs, C. (1997) Eur. J. Pediatr. 156,
S83–S87. Stable isotope studies of phytanic acid in vivo production of formic acid.
Croes, K., Van Veldhoven, P.P., Mannaerts, G.P. & Casteels, M. (1997) FEBS Lett. 407, 197–200.
Production of formyl-CoA during peroxisomal of 3-methyl-branched fatty acids.
Sly, W.S. & Stadtman, E.R. (1963) J. Biol. Chem. 238, 2632–2638. Formate metabolism. I. Formyl
coenzyme A, an intermediate in the formate-dependent decomposition of acetyl-phosphate in Clostrid-
ium kluyveri.
Croes, K., Casteels, M., Asselberghs, S., Herdewijn, P., Mannaerts, G.P. & Van Veldhoven, P.P. (1997)
FEBS Lett. 412, 643–645. Formation of a 2-methyl-branched fatty aldehyde during peroxisomal

Antonenkov, V.D., Pirozhkov, S.V. & Panchenko, L.F. (1985) Eur. J. Biochem. 149, 159–167. Intra-
particulate localization and some properties of a clofibrate-induced peroxisomal aldehyde dehydroge-
nase from rat liver.
Casteels, M., Croes, K., Van Veldhoven, P.P. & Mannaerts, G.P. (1997) J. Inker. Metab. Dis. 20, 665–673.
Peroxisomal localization of in human liver.
Verhoeven, N.M., Schor, D.S., ten Brink, H.J., Wanders, R.J.A. & Jakobs, C. (1997) Biochem. Biophys.
Res. Commun. 237, 33–36. Resolution of the phytanic acid pathway: Identification of pris-
tanal as product of the decarboxylation of 2-hydroxyphytanoyl-CoA.
Pahan, K., Khan, M. & Singh, I. (1996) J. Lipid Res. 37, 1137–1143. Phytanic acid oxidation: normal
activation and transport yet defective of phytanic acid in peroxisomes from Refsum
disease and rhizomelic chondrodysplasia punctata.
Jansen, G.A., Wanders, R.J.A., Watkins, P.A. & Mihalik, S.J. (1997) New Engl. J. Med. 337, 133–134.
Phytanoyl-coenzyme A hydroxylase deficiency—the enzyme defect in Refsum’s disease.
Jansen, G.A., Mihalik, S.J., Watkins, P.A., Moser, H.W., Jakobs, C., Heijmans, H.S.A. & Wanders, R.J.A.
(1997) J. Inker. Metab. Dis. 20, 444–446. Phytanoyl-CoA hydroxylase is not only deficient in classical
Refsum disease but also in rhizomelic chondrodysplasia punctata.
Mihalik, S.J., Morrell, J.C., Kim, D., Sacksteder, K.A., Watkins, P.A. & Gould, S.J. (1997) Nature Genet.
17, 185–189. Identification of PAHX, a Refsum disease gene.
Jansen, G.A., Oftnan, R., Ferdinandusse, S., Ijlst, L., Muijsers, A.O., Skjeldal, O.K., Stokke, O., Jakobs,
C., Besley, G.T.N., Wraith, J.E. & Wanders, R.J.A. (1997) Nature Genet. 17, 190–193. Refsum disease is
caused by mutations in the phytanoyl-CoA hydroxylase gene.



This Page Intentionally Left Blank



FUNCTIONS AND DYSFUNCTIONS OF
PEROXISOMES IN FATTY ACID AND

New Insights

R. J. A. Wanders

University of Amsterdam
Academic Medical Centre
Depts. Pediatrics, Emma Children’s Hospital
and Clinical Chemistry
Meibergdreef 9, 1105 AZ Amsterdam
The Netherlands.

1. INTRODUCTION

Peroxisomes are essential subcellular organelles catalyzing a number of different
metabolic functions especially related to lipid metabolism. Studies in the last few years
have clearly established the indispensable role of peroxisomes in fatty acid
fatty acid etherphospholipid synthesis, biosynthesis of cholesterol and other
isoprenoids and the biosynthesis of polyunsaturated fatty acids. Much of our knowledge
about peroxisomes has come from studies on a group of inherited diseases in man in
which there is an impairment in one or more peroxisomal functions. The prototype
of this group of disorders is the cerebro-hepato-renal syndrome of Zellweger, also called
Zellweger syndrome. In these patients morphologically identifiable peroxisomes
are missing due to mutations in different genes which are involved in peroxisome bio-
genesis. Genetic analyses have shown that mutations in at least 10 different genes called
PEX-genes, can give rise to Zellweger syndrome or any of the other peroxisome
biogenesis disorders.1

The finding by Brown and coworkers2 that there was accumulation of very-long-
chain fatty acids (notably C26:0) in plasma from Zellweger patients whereas levels of
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other fatty acids including long-chain fatty acids were normal, provided the first clue that
the mitochondrial and peroxisomal systems might have different substrate
specificities. Subsequent studies indeed revealed that peroxisomes are the primary site of
oxidation of very-long-chain fatty acids whereas oxidation of long-chain fatty acids
occurs predominantly in mitochondria. Later studies showed that oxidation of pristanic
acid and the bile acid intermediates di- and trihydroxycholestanoic acid is also primar-
ily peroxisomal.

The finding that there is accumulation of phytanic acid (3,7,11,15-tetramethyl-
hexadecanoic acid) in plasma from Zellweger patients, suggested that peroxisomes might
also play a major role in phytanic acid The pathway of phytanic acid

was unknown, however, and the role of peroxisomes disputed. Studies from
different laboratories including our own have now led to a full resolution of the pathway
and the role of peroxisomes therein.3–8 In this paper we will discuss our current state of
knowledge about fatty acid in peroxisomes with particular emphasis
on the enzymology, transport of metabolites across the membrane and dysfunction in
patients suffering from certain peroxisomal disorders.

2. SUBSTRATE SPECIFICITY OF THE PEROXISOMAL FATTY ACID
SYSTEM: CLUES FROM PATIENTS WITH

INHERITED DEFECTS

The conclusion that peroxisomes are involved in the of a distinct set of
fatty acids and fatty acid derivatives has largely been derived from studies in patients
affected by inherited diseases in which either mitochondrial or peroxisomal
is impaired.

Fatty acids oxidized in peroxisomes include:

2.1. Very-Long-Chain Fatty Acids

Oxidation of very-long-chain fatty acids is predominantly if not exclusively perox-
isomal, although C26:0-CoA can be oxidized by the mitochondrial system
provided the mitochondrial membrane is disrupted. The most likely explanation for this
apparent discrepancy is that carnitine palmitoyltransferase I (CPTI) is not reactive with
C26:0-CoA so that C26:0 simply can not enter the mitochondrial space.

2.2. Pristanic Acid (2,6,10,14-Tetramethylpentadecanoic Acid)

Pristanic acid is a 2-methyl fatty acid which undergoes exclusive oxidation in the
peroxisome. Indeed, pristanic acid oxidation is strongly deficient in Zellweger cells lacking
peroxisomes. On the other hand, normal oxidation rates were found in patients with an
inherited deficiency of acyl-CoA oxidase, suggesting the existence of a different acyl-CoA
oxidase (see later).

Pristanic acid is either derived directly from dietary sources or is produced from
phytanic acid via (see later). Studies by Singh et al.9 have clearly shown that
pristanoyl-CoA is not a substrate for mitochondrial CPTI.
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2.3. Di- and Trihydroxycholestanoic Acid

Di- and trihydroxycholestanoic acid are intermediates in the complex forma-
tion of bile acids from cholesterol. The two cholestanoic acids are activated to their
CoA-esters at the endoplasmic reticulum membrane10,11 and undergo to
chenodeoxycholoyl-CoA and choloyl-CoA in the peroxisome. This is followed by conju-
gation with either taurine or glycine to produce chenodeoxytauro- or glycocholate and
tauro- or glycocholate, respectively, which can pass the canalicular membrane to end up
in the bile fluid.

2.4. Prostaglandins, Leukotrienes and Thromboxanes

Studies by Diczfalusy et al.12 have shown that oxidation of prostaglandin is
primarily peroxisomal. This is concluded from both in vitro and in vivo studies which
showed that the major urinary metabolite of prostaglandin
11-keto-tetranorprosta-l,16-dioic acid was virtually absent in urine from Zellweger
patients. Similar studies have resolved the major role of peroxisomes in the
of N-acetyl-LTE4

13 and thromboxane B2.14,15

2.5. Dicarboxylic Acid Oxidation

Peroxisomes are probably also the main site of dicarboxylic acid oxidation.16 Dicar-
boxylic acids are formed from mono-carboxylic acids via initial followed
by oxidation of the C-OH-group to an aldehyde and finally an acid. The resulting
dicarboxylic acid is activated at the ER-membrane,17 transported to the peroxisome and
chain-shortened in the mitochondria.

Peroxisomes are also involved in the of other fatty acids not
described here.

3. D-BIFUNCTIONAL PROTEIN AND STEROL-CARRIER-PROTEIN
X (SCPX): NEW INSIGHTS INTO THEIR FUNCTIONAL ROLE
FROM STUDIES ON PATIENTS AND MUTANT MICE

3.1. D-Bifunctional Protein

Recent studies from different laboratories have led to the identification of a new
peroxisomal multifunctional protein with both enoyl-CoA hydratase and 3-
hydroxyacyl-CoA dehydrogenase activity. This protein was first identified by Adamski
and coworkers18 in a systematic study to identify dehydrogenases. The
enzyme turned out to be localized in peroxisomes.19 Subsequent cloning of the cDNA
led to the surprising discovery that the encoded protein appeared to have 3 domains,
including an enoyl-CoA hydratase, 3-OH-acyl-CoA dehydrogenase and sterol-carrier-
protein domain. Studies by Leenders et al.20.established that the 78 kDa protein indeed
catalyzes all 3 partial reactions.

Independent studies from several laboratories also led to the identification of this
enzyme.21–26 In 1994 Novikov et al.27 had already found that peroxisomes contain multi-
ple 3-hydroxyacyl-CoA dehydrogenases of which one turned out to be the newly recog-
nized D-bifunctional protein.21,22 Systematic studies by the group of Hiltunen25,26 into the
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various enoyl-CoA hydratases in rat liver, and the group of Hashimoto23,24 also led to the
identification of this multifunctional protein which has different names including
multifunctional protein 2 (MFP 2),21,22 multifunctional enzyme II (MFE II)25,26 and D-
bifunctional protein.23,24 A problem with the names multifunctional enzyme or mul-
tifunctional protein is that there are many multifunctional enzymes including a
mitochondrial multifunctional enzyme involved in In order to avoid this
confusion, we have suggested the name peroxisomal multifunctional  protein

However, until there is a unified nomenclature we will use the term D-bifunctional
protein as suggested by Hashimoto et al.23,24 next to L-bifunctional protein since the name
refers to one of the most striking aspects of this enzyme which catalyzes the formation
of a D-3-hydroxyacyl-CoA intermediate and not a L-3-hydroxyacyl-CoA ester.

Substrate specificity studies have shown that the two enzymes are quite different
although they both accept trans-2-enoyl-CoA esters of straight-chain-fatty acids.20–26 The
enoyl-CoA esters of pristanic acid and the bile acid intermediate trihydroxycholestanoic
acid are only handled by the D-specific multifunctional enzyme although Qin et al.26 sug-
gested that pristenoyl-CoA might be handled by both enzymes. The recent identification
of patients with defects in only the D-bifunctional protein show that D-BP indeed plays
a major role in peroxisomal fatty acid oxidation in man. In the patient described by
Suzuki et al.30 the D-bifunctional protein was completely lacking whereas in our patient
(see Van Grunsven et al.31) the protein was normally present but functionally inactive at
the level of the D-3-hydroxyacyl-CoA dehydrogenase component.

Interestingly, fatty acid oxidation studies in fibroblasts from our patient revealed
deficient oxidation of both straight-chain as well as 2-methyl-branched fatty acids (C26
:0 and pristanic acid, respectively). These data suggest that the D-bifunctional protein
may also be the primary hydratase/dehydrogenase involved in This is
now under active study.

3.2. Sterol-Carrier-Protein X (SCPx)

Until recently it was thought that a single thiolase, identified by Hashimoto and
coworkers,32,33 was responsible for the thiolytic cleavage of all 3-ketoacyl-CoA esters
derived from both straight-chain (e.g. C26:0) and 2-methyl branched-chain (e.g. pristanic
acid and di- and trihydroxycholestanoic acid) fatty acids. This conclusion was based on
the finding that a genetic deficiency of the classic 41 kDa thiolase identified by Miyazawa
et al.32,33 as observed in the patient described by Goldfischer et al.34 and Schram et al.,35

was associated with accumulation of both very-long-chain fatty acids and trihydroxyc-
holestanoic acid. In an effort to establish whether there is a distinct thiolase for the 3-
ketopristanoyl-CoA esters of pristanic acid and di- and trihydroxycholestanoic acid, we
measured the 3-ketopristanoyl-CoA thiolase activity in peroxiomes from control and
clofibrate-treated rats.29 As expected 3-keto-palmitoyl-CoA thiolase activity was greatly
stimulated in these peroxisomes whereas there was no stimulation of 3-ketopristanoyl-
CoA thiolase activity.29 In fact, 3-ketopristanoyl-CoA thiolase activity was even reduced
in peroxisomes from treated rats. These results argued against a single thiolase accepting
both straight- and 2-methyl branched-chain 3-ketoacyl-CoA esters. The question arose
then which thiolase catalyzes the thiolytic cleavage of 3-ketopristanoyl-CoA. Apparently
it had to be a thiolase not stimulated by clofibrate. A likely candidate was the peroxiso-
mal thiolase identified earlier,36 as a result of studies on sterol-carrier-protein 2 (SCP 2),
alternatively called non-specific lipid-transfer-protein (nsLTP). SCP 2 (nsLTP) is a small
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protein of 143 amino acids which undergoes processing to the mature form of SCP 2
containing 123 amino acids. Northern blot analysis using the SCP 2—cDNA as a probe
revealed the existence of an additional, much longer, mRNA. This larger transcript codes
for a 58kDa protein containing a thiolase domain (amino acids 1–404) plus, a sterol-
carrier-protein domain (amino acids 405–547) (see37 for review). The carboxyl terminus
of SCPx ends in alanine-lysine-leucine which is an established peroxisome-targeting-
signal Type 1 (CPT 1 (see38 for review). After import into peroxisomes the 58 kDa may
be proteolytically cleaved to produce a 46 kDa thiolase plus 123 amino acid SCP 2. The
human SCPx-gene has been characterised at the molecular level,39,40 spans 80kb and con-
tains 16 exons. Transcription can start at two sites controlled by specific promoters in
intron 1 and 12, respectively40 (Fig. 1). The larger transcript codes for the complete 58
kDa thiolase/SCP (SCPx) whereas the smaller transcript codes for the 143 amino acid
SCP 2. Seedorf et al.36 showed that the 58kDa SCPx expressed in E. Coli indeed dis-
played thiolase activity. Remarkably, substrate specificity studies showed that SCPx was
comparable to the classic Hashimoto-thiolase32,33 although studies were restricted to the
3-ketoacyl-CoA esters of straight-chain fatty acids. Our recent studies29 and those of
others,41,42 however, clearly show that the two thiolases are quite distinct when the reac-
tivity with 3-ketoacyl-CoA esters of 2-methyl branched-chain fatty acids is concerned
since the classic 41 kDa thiolase is practically inactive with these substrates in contrast
to SCPx which readily acts on the 3-ketoacyl-CoAs of pristanic acid and trihydroxyc-
holestanoic acid. Since all these studies are in vitro studies making use of isolated enzymes
and/or cell homogenates, it is important to verify these conclusions by independent
studies. In this respect it is very important that Seedorf et al.43 recently succeeded in cre-
ating a SCPx knock-out mouse. Several lines of evidence indicate that disruption of the
SCPx-gene leads to a deficient oxidation of 2-methyl fatty acids whereas oxidation of
straight-chain fatty acids appeared normal. This is concluded from (i) fatty acid oxida-
tion studies in fibroblasts from SCPx mice, (ii) measurement of metabolites in
plasma from these mice and (iii) loading studies with phytol. Taken together, these data
show that SCPx plays an indispensible role in the peroxisomal oxidation of branched-
chain fatty acids and that there are separate pathways for the oxidation of straight-chain
and branched-chain fatty acids in peroxisomes (see Fig. 2).

4. PEROXISOMES: A CLOSED COMPARTMENT IMPLYING THE
EXISTENCE OF METABOLITE TRANSPORTERS

Although long disputed, current evidence suggests that peroxisomes are closed
compartments under in vivo conditions which requires the existence of metabolite trans-
porters as described for other organelles. Another consequence of the peroxisome being
a closed compartment is that the peroxisome must have a system allowing continued reox-
idation of NADH to Ultimately, the NADH has to end up in the mitochondria
for aerobic oxidation in the respiratory chain with molecular oxygen as terminal accep-
tor of reducing equivalents. Transport of cytosolically formed NADH into mitochon-
dria is mediated by so-called NAD(H) redox shuttles which include the malate/aspartate
shuttle and the glycerolphosphate/dihydroxyacetonephosphate shuttle. Recent studies in
the yeast S. cerevisiae have revealed the existence of such a NAD(H) redox shuttle (see
Van Roermund et al.44 which remains incompletely understood but at least involves the
cytosolic and peroxisomal forms of malate dehydrogenase. Baumgart and coworkers45

have suggested another NAD(H) redox shuttle in rat liver peroxisomes.
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Peroxisomes in the yeast S. cerevisiae are the only site of and further-
more, this yeast species is able to degrade a range of polyunsaturated fatty acids with
double bonds at both even and uneven positions which requires the participation of 2,4-
dienoyl-CoA reductase, an NADPH-requiring reaction. Oxidation of polyunsaturated
fatty acids thus requires continued reduction of NADP to NADPH. Independent studies
by ourselves (Van Roermund et al.46) and others (Henke et al.47) have identified the per-
oxisomal isoform of NADP-linked isocitrate dehydrogenase as an essential component
of such a NADP(H) redoxshuttle which requires full elucidation in the future.

The concept of a peroxisome being a closed compartiment also requires transport
systems for fatty acids which undergo oxidation in the peroxisome. Since oxidation of
fatty acids in peroxisomes is incomplete, the peroxisome must also have systems to allow
export of chain-shortened fatty acids. Recent evidence notably in yeast suggests that
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uptake of long-chain fatty acids into peroxisomes is mediated by Pat 1p and Pat 2p,48

alternatively named Pxa 1/249,50 or Pal 1/2.51 These proteins are so-called half-transporters
belonging to the family of ABC-transporters. Since peroxisomes lack the essential ele-
ments of a carnitine cycle such as carnitine: long-chain acyltransferase activity, transport
probably does not involve the carnitine-esters. Our recent studies52 suggest that it is the
acyl-CoA ester which is transported by the Pat 1p/Pat 2p-complex, which most likely
operates as a heterodimer.49,50 Based on these findings we suggest that the ALD-protein
which also belongs to the family of ABC-transporters, transports very-long-chain fatty
acids in their CoA ester form (see Verleur et al.52).

5. DISORDERS OF FATTY ACID OXIDATION

As discussed above, the peroxisomal fatty acid system is specifically
involved in the degradation of a specific group of fatty acids including very-long-chain
fatty acids, pristanic acid and di- and trihydroxycholestanoic acid. Several inherited dis-
eases in man have been described in which peroxisomal is impaired at some
level as reflected in the differential accumulation of very-long-chain fatty acids, pristanic
acid and the bile acid intermediates in plasma from patients. The following disorders can
be distinguished:

5.1. X-Linked Adrenoleukodystrophy (X-ALD)

X-ALD has a very variable expression even within the same kindred. At least six
phenotypic variants can be distinguished. Classification of patients is somewhat arbitrary
and is based upon the age of onset and the principal organs involved (Moser et al.53).
The most devastating form is childhood cerebral ALD (CC ALD) which is characterized
by rapidly progressive cerebral demyelination.54 Age of onset is between 3 and 10 years
of age. Early neurologic symptoms frequently include behavioural disturbances, di-
minished school performance, deterioration of vision and impaired auditory discrimi-
nation. There is a rapid downhill progression and seizures, spastic tetraplegia and
dementia develop within months (see53 for more information). The diagnostic hallmark
in X-ALD patients is the accumulation of very-long-chain fatty acids in plasma. VLCFA-
measurement is generally regarded to be conclusive in all clinical forms of X-ALD
although one or two occasional misdiagnoses have been described. In case of ambigu-
ous results one should always perform more detailed studies in fibroblasts. It is generally
accepted that the accumulation of VLCFA in X-ALD patients is due to the defective oxi-
dation of these fatty acids in peroxisomes.55 It was originally thought that the molecular
defect had to be at the level of the gene coding for the peroxisomal C26:0 acyl-CoA syn-
thase, since this enzyme activity was found to be deficient in X-ALD fibroblasts.56,57 The
X-ALD gene was identified by the teams of Aubourg and Mandel58 and the deduced
ALD-protein did not show any homology to known acyl-CoA synthases. Instead, the
ALD-protein turned out to belong to the family of ABC-proteins which also includes
the Cystic Fibrosis Transmembrane Regulator (CFTR)-protein and the Multi Drug
Resistance (MDR)-proteins (see59). The ALD-protein is a so-called half transporter with
six transmembrane spanning elements and probably functions as a homo- or heterodimer.
In analogy with the findings in S. cerevisiae52 we believe that the ALD-protein transports
the C26:0-CoA ester across the peroxisomal membrane. This would make sense since
according to our data60 but not those of others,61 the catalytic site of the peroxisomal
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C26:0 acyl-CoA synthetase faces the cytosol and not the peroxisomal interior. Analysis
of the ALD-gene in X-ALD patients both at the cDNA and genomic level, have revealed
a large variety of different mutations including deletions, insertions and point muta-
tions.62–64 Interestingly, most mutations render the ALD-protein unstable resulting in the
absence of any cross-reactive immunological material upon immunofluorescence or
immunoblot analysis (71% in our hands; see63).

5.2. Straight-Chain Acyl-CoA Oxidase Deficiency

Following the initial report by Poll-Thé et al.65 of two patients with a clinical
presentation strongly resembling neonatal adrenoleukodystrophy, very few additional
patients have been described.66,67 In these patients the straight-chain acyl-CoA oxidase is
deficient resulting in the deficient oxidation of C26:0 only, with normal oxidation of
branched-chain fatty acids which explains the normal levels of pristanic acid and the bile
acid intermediates in these patients.

5.3. Bifunctional Protein Deficiency

Bifunctional protein deficiency was first described by Watkins et al.68 in a patient
presenting with hypotonia, macrocephaly and a number of other abnormalities strongly
reminiscent of a disorder of peroxisome biogenesis such as neonatal adrenoleukodystro-
phy. Subsequent studies did show a peroxisomal involvement (elevated levels of C26:0
and trihydroxycholestanoic acid) although peroxisomes were clearly present. These data
suggested an isolated defect in the peroxisomal pathway. Immunoblot analy-
ses indeed revealed abnormalities since the bifunctional protein was found to be com-
pletely absent. It should be emphasized that this is the original bifunctional protein
identified by Hashimoto and coworkers (Furuta et al.69) which now goes by the name L-
bifunctional protein (L-BP).23,24 Detailed studies at the molecular level have failed to iden-
tify any mutations in the gene coding for L-bifunctional protein (Van Roermund, Van
Grunsven, Hoefler and Wanders, unpublished). We are currently reinvestigating this
patient. Our preliminary data show that the primary defect in this patient is not at the
level of the L-BP, but at the level of D-BP. Molecular analysis of D-bifunctional protein
at the cDNA-level shows clear and unambigous mutations (Van Grunsven et al., in prepa-
ration). The original immunoblot data of Watkins et al.68 remain unexplained. These new
data also shed light on the results obtained in patients with an unknown defect in
peroxisomal oxidation (see below).

5.4. Peroxisomal Thiolase Deficiency

So far only a single patient first described by Goldfischer et al.34 has been identified
with peroxisomal thiolase deficiency.35 The patient displayed severe clinical abnormalities
resembling those described in Zellweger syndrome which led to the name pseudo-
Zellweger syndrome.

5.5. Patients with Defects in Peroxisomal Oxidation of Unknown
Etiologies

In the past many patients have been described with defects in peroxisomal
oxidation of unknown origins. In order to identify the underlying defect in these patients,
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several groups have performed complementation analysis.70–76 In these studies use was
made of two reference cell lines: (i) fibroblasts from the patient described by Poll-Thé et
al.65 with acyl-CoA oxidase deficiency and (ii) cells from the patient by Watkins et al.68

with bifunctional protein deficiency. All studies showed that most patients belong to
the bifunctional protein deficiency group simply because cells from these patients did
show complementation if the acyl-CoA oxidase deficient cells were used but not if the
bifunctional protein deficient cells were used. We have studied our bifunctional protein
deficiency patients at the molecular level by performing mutation analysis of L-bifunc-
tional protein cDNA and found no mutations. However, we then discovered that cells
from the patient with an established defect in the D-bifunctional protein at the level of
the 3-OH-acyl-CoA dehydrogenase component (see Van Grunsven et al.31), also showed
no complementation with the cells from the patient described by Watkins et al.68 with pre-
sumed L-BP deficiency. This led to a joint effort to resolve the Watkins-case which now
appears to be D-bifunctional protein deficient. This explains all the hitherto puzzling
observations.

6. FATTY ACID ALPHA-OXIDATION: ENZYMOLOGY AND
DEFICIENCIES IN MAN

6.1. Phytanic Acid Degradation

The presence of a methyl group at the third carbon atom of any fatty acid prevents
its direct oxidation. In principle oxidation of such 3-methyl branched clain fatty
acids may then proceed via 2 mechanisms which include (i) oxidation or (ii)

oxidation.
In the case of phytanic acid it has been established that oxidation does occur but

only to a limited extent implying that oxidation is the major pathway. Steinberg and
coworkers77 performed a series of studies to establish the structure of the phytanic acid
oxidation pathway. These studies revealed that 2-hydroxyphytanic acid is an obligatory
intermediate.78 This was concluded from the fact that phytanic acid was found to be
oxidized to both in total homogenates as well as in mitochondria from rat liver if

ATP, and NADPH were present. Gaschromatographic analysis of the reaction
mixture revealed the time-dependent accumulation of 2-hydroxyphytanic, pristanic,
pristenic and 4,8,12-trimethyltridecanoic acid.78 These data led to the scheme proposed
by Tsai et al.,78 shown in Figure 3A. Tsai et al.78 also found that the conversion of
phytanic acid to 2-hydroxyphytanic acid required molecular oxygen which led them to
suggest that the first step in the pathway is mediated by a mitochondrial cytochrome

type of hydroxylase.
It is now firmly established that the pathway proposed by Tsai et al.78 is incorrect.

This is concluded from the following key observations. Firstly, Poulos and coworkers79

made the important observation that formic acid and not is the primary product
of oxidation. Secondly, Watkins et al.3 presented convincing evidence showing
that phytanoyl-CoA and not phytanic acid is the true substrate for phytanic acid

oxidation.
Thirdly, Mihalik et al.4 discovered a new enzyme which converts phytanoyl-CoA

into 2-hydroxyphytanoyl-CoA in a reaction involving 2-oxoglutarate, and ascorbate.
The existence of this enzyme was confirmed in subsequent studies both in rat5 and man.6

Interestingly, phytanoyl-CoA hydroxylase is localized in peroxisomes. This has been
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established both in rat liver5 as well as in human liver6 which is hard to reconcile with
data in the literature80 suggesting a different localization of phytanic acid oxidation in
rat (mitochondrial) and man (peroxisomal). As discussed in detail elsewhere, all studies
with homogenates or isolated organelles previous to the discovery of phytanoyl-CoA
hydroxylase by Mihalik et al.4 which also includes our own studies,81,82 suffer from the
fact that the wrong cofactor combination was used lacking 2-oxoglutarate, and
ascorbate. The lack of appropriate cofactors in studies on fatty acid oxidation also
explains the very low rates of phytanic acid oxidation described in homogenates and
isolated organelles (see82).

Recent studies have led to a full resolution of the structure of the phytanic acid
oxidation pathway. Indeed independent studies by Croes et al.7 and Verhoeven83 revealed
that 2-hydroxyphytanoyl-CoA undergoes cleavage to produce formyl-CoA and pristanal
respectively, which is than oxidized to pristanic acid (Fig. 3B). The pristanic acid is now
ready for oxidation after its activation to its CoA-ester.

6.2. Disorders of Phytanic Acid Oxidation

Phytanic acid has been found to accumulate in different types of peroxisomal
disorders including:
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(i) Zellweger syndrome and the other disorders of peroxisome biogenesis,
(ii) Rhizomelic chondrodysplasia punctata type 1 and

(iii) Classical Refsum disease.

6.2.1. Zellweger Syndrome and Other Disorders of Peroxisome Biogenesis. We have
found that phytanoyl-CoA hydroxylase (PhyH) is deficient in liver6 and fibroblasts
(Jansen et al., in preparation) from patients suffering from a defect in peroxisome bio-
genesis. This follows logically from the fact that PhyH is a peroxisomal matrix enzyme
which is targeted to peroxisomes via the PTS2 import route.

Indeed, all phytanoyl-CoA hydroxylases studied by us thus far, which includes
human PhyH84 all show a perfect PTS2-signature in the NH2-terminal portion of
the protein.
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6.2.2. Rhizomelic Chondrodysplasia Punctata Type I (RCDP Type I). Patients suffering
from RCDP type I which is due to a non-functional PTS2-receptor,85–87 also show
deficient oxidations of phytanic acid. Recent data show that this results from a deficiency
of phytanoyl-CoA hydroxylase.88 The deficiency of PhyH probably results from its mis-
localization to the cytosol as a consequence of the non-functional PTS2-receptor and the
apparent instability of the PhyH-protein in the cytosol. Pulse/chase experiments are
underway to resolve this.

6.2.3. Classical Refsum Disease. In patients suffering from classical Refsum disease
PhyH is functionally inactive due to mutations in the structural gene for PhyH. Indeed,
molecular studies by ourselves84 and others89 have shown a variety of distinct mutations
in affected patients.
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1. INTRODUCTION

Most unsaturated fatty acids which enter our body via the alimentary tract (or arise
endogenously via microsomal chain elongation/desaturation systems) have their double
bonds in cis configuration in either odd or even numbered positions. The main metabolic
pathway to degrade them is oxidation. Experiments with isolated subcellular
organelles or organs have demonstrated that the oxidation of unsaturated fatty
acyl-CoA esters is not just chain-shortening but can also pass over pre-existing carbon
double bonds. oxidation, whether it takes place in mitochondria or peroxisomes, has
only one unsaturated intermediate, namely trans-2-enoyl-CoA. Therefore, oxidation
alone is not sufficient for the oxidation of (poly)unsaturated fatty acyl-CoA esters and
auxiliary enzyme systems are required to link their carbon chain to the oxidation
pathway (Fig. 1).

2. ENOYL-CoA ISOMERASE

Enoyl-CoA isomerase activity (EC 5.3.3.8) was first demonstrated in isolated
rat liver mitochondria by Stoffel and coworkers.1 The enzyme catalyzes the conversion of
both cis and trans-3-enoyl-CoA esters to their trans-2 counterparts with the catalytic rate
being about ten times higher for cis-enoyl-CoA substrates.2,3 Originally, isomerase was
regarded as an obligatory enzyme for the metabolism of monounsaturated and polyun-
saturated fatty acids with double bonds at odd-numbered carbon atoms, e.g. oleic,
linolenic and arachidonic acids.1–3 However, according to recent data, isomerase also par-
ticipates in the oxidation of unsaturated fatty acids with double bonds at even-
numbered position, since intermediates arise from double bonds at the position via
a 2,4-dienoyl-CoA reductase-dependent pathway4 (see below).
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Two mitochondrial isoforms of rat enoyl-CoA isomerase have been described,
the first one being a mitochondrial short-chain isomerase with a preferred chain-length
specificity of C6–C12.3,5 This heat-stable enzyme has a subunit size of 30kDa and a pI
value of about 9.5. The second isoform found in rat liver is also mitochondrial, but
its catalytic rate is greatest for C10–C12 enoyl-CoA substrates and it is not clofibrate-
inducible, unlike the rat liver short-chain specific enzyme.6 The cDNA sequence of the
mitochondrial short-chain isomerase has been published and its amino acid sequence
shows similarity to the mitochondrial 2-enoyl-CoA hydratase 1.7 Currently the
hydratase/isomerase family has about 30 known eukaryotic and prokaryotic members
and the structure for two members has been published (rat mitochondrial 2-enoyl-CoA
hydratase 18 and Pseudomonas sp. 4-chlorobenzoyl-CoA dehalogenase9). They all possess
a conserved fingerprint of Val-Ser-X-Ile-Asn-Gly-X-X-X-Ala-Gly-Gly-X-Leu-X-X-X-
X-Cys-Asp-Tyr, potentially have similar main chain folding, and catalyze reactions with
carboxylic CoA esters as substrates.8–11

Sequence aligments of hydratase/isomerase proteins show that Glul65 of the mito-
chondrial short-chain isomerase and Glul64 of the mitochondrial hydratase from
rat are conserved throughout the family.10,12 It has been shown by site-directed mutage-
nesis analysis10,12 that the replacement of these residues with glutamine leads to reduced
activity. The results of crystallization studies of hydratase 1 are in line with this
observation since the data showed that Glu 164 provides an  proton during hydration
reactions.8

Rat peroxisomal multifunctional enzyme 1 (MFE-1) which is a monomeric protein
with a molecular mass of 79 kDa possessing 2-enoyl-CoA hydratase and 3-hydroxyacyl-
CoA dehydrogenase activities was purified as early as 1979.13 Since then the rat peroxi-
somal isomerase was purified and the protein turned out to be identical to MFE-1.14

Based on the kinetic properties of MFE-1 from rat liver it has been suggested that sub-
strate channelling occurs between sites catalyzing hydration and dehydrogenation.15 The
observation that addition of purified hydratase 1 and 3-hydroxyacyl-CoA dehydrogenase
to the assay did not increase the observed isomerization rates lead to the proposal that
substrates are also channelled from the active site of isomerization to that of dehydra-
tion without release in the bulk phase.14 This proposal was further supported by a
comparison of the amino acid sequence of the amino terminal half of MFE-1 with mito-
chondrial hydratase 116 and isomerase7 and also by structural data on hydratase 18 and
4-chlorobenzoyl-CoA dehalogenase.9 The observed amino acid sequence similarity and
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the size of the polypeptide suggested that both isomerase and hydratase 1 activities are
catalyzed by the amino terminal half of the multifunctional polypeptide, occupying only
one substrate binding site.17

Two enoyl-CoA isomerases have been characterized in humans: a mitochon-
drial monofunctional enzyme and a peroxisomal activity as part of a multifunctional

enoyl-CoA isomerase/2-enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase
enzyme.l8 The mitochondrial isoform has the same subunit size as the rat short-chain iso-
merase (30kDa), although it does not have any clear chain-length specificity and its pI
value is 6.5.18,19 The human mitochondrial enoyl-CoA isomerase exhibits a sequence
identity of 74% and 78% to the rat counterpart at the amino acid and nucleotide levels,
respectively. Many basic amino acid residues in the rat isomerase have been changed
to acidic or neutral residues in the human enzyme, explaining in part the differences
observed between these proteins.

It has been shown that an isomerase from fat-degrading plant tissue was entirely
restricted to the peroxisomes and the isomerase activity could be attributed to a homod-
imer with a molecular mass of 50kDa.20 Interestingly, Erdmann and co-workers have
recently demonstrated a peroxisome-associated isomerase activity in Saccharomyces
cerevisiae cells grown on oleic acid as carbon source,21 however the properties of the
corresponding protein have not been characterized.

3. DIENOYL-CoA REDUCTASE

2,4-Dienoyl-CoA reductase (EC 1.3.1.34) catalyses the NADPH-dependent reduc-
tion of trans-2 and cis/trans-4 double bonds in unsaturated fatty acyl-CoAs to trans-3 in
eukaryotes and to trans-2 in bacteria.3,22,23 2,4-Dienoyl-CoA reductase activity has been
reported to increase in liver mitochondria and peroxisomes from clofibrate-treated rats.
Further investigations have shown separate inducible isoforms in both organelles.24–28 In
addition to a 120kDa mitochondrial reductase characterized earlier, a novel 60kDa
isoform has been reported in rat liver mitochondria that represents 80% and 50% of the
total reductase activity in clofibrate-treated rat heart and liver homogenates, respectively,
as measured with 2,4-hexedienoyl-CoA, the rest of the activity being in the 120kDa
mitochondrial isoform and the peroxisomal isoform.29 The mitochondrial 120kDa
reductase isoform was induced 6-fold in clofibrate-treated rat liver, as measured with
2,4-hexedienoyl-CoA, whereas the 60kDa isoform was induced 3.5-fold.30

Only rat and human 120kDa mitochondrial 2,4-dienoyl-CoA reductase, S. cere-
visiae peroxisomal reductase (SPS19) and bacterial reductase have been characterized
at the DNA level.31–33 Spsl9p has an overall 24% identity to rat mitochondrial reductase.
It lacks the mitochondrial targeting sequence, and instead has Ser-Lys-Leu that
targets it to peroxisomes.33 cells did not grow on petroselinic acid supporting
the proposal that there exists only one 2,4-dienoyl-CoA reductase in S. cerevisiae. The
promoter region of SPS19 contains an ORE which is sufficient for oleate-dependent
induction.33

2,4-Dienoyl-CoA reductase belongs to the short-chain dehydrogenase/reductase
superfamily34 in which a highly conserved Tyr-Xaa-Xaa-Xaa-Lys motif is important
for catalysis.35,36 The same protein family has a pattern of an NAD(H) or an NADP(H)
binding site in which Gly-Xaa-Xaa-Xaa-Gly-Xaa-Gly common in the amino-terminal
part of the protein, represents the structure found in several dinucleotide
binding proteins.37,38 According to the original proposal, unsaturated fatty acids with
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even-numbered double bonds were assumed to be degraded via the so called “epimerase”
pathway,1 but it is now clear that this metabolism proceeds via a reductase-dependent
pathway. It has been shown that both E. coli39 and S. cerevisiae,33 strains deficient in
reductase activities, were unable to grow on petroselinic acid as the sole carbon source
and that a reductase deficiency is lethal to humans.40

4. DIENOYL-CoA ISOMERASE

The discovery of enoyl-CoA isomerase gave rise to the proposal that metabo-
lites with odd-numbered double bonds underwent only a 3-cis to 2-trans isomerization
before re-entering the oxidation spiral (Fig. 2). However, an additional pathway that
reduces the double bond in an NADPH-dependent manner was recently described by
Tserng and Jin.41 The starting metabolite in this reaction sequence is trans-2-cis-5-dienoyl-
CoA, which can either complete the oxidation cycle to yield cis-3-enoyl-CoA or can be
converted to trans -3,cis-5-dienoyl-CoA by enoyl-CoA isomerase. A novel enzyme,

dienoyl-CoA isomerases then catalyzes the shift of both double bonds to produce
a trans -2,4-trans -dienoyl-CoA42–45 which is a substrate of 2,4-dienoyl-CoA reductase and,
hence, can be reduced to trans-3-enoyl-CoA. This is then converted to trans-2-enoyl-CoA
by enoyl-CoA isomerase (Fig. 2).

Two dienoyl-CoA isomerases have been isolated and purified from rat liver
to apparent homogeneity by the Schulz43 and Tserng44 groups and both enzymes are
located in mitochondria. Schulz et al.43 described a 126kDa enzyme with a subunit size
32kDa, whereas Tserng et al.44 showed a native molecular mass of 200kDa with four
subunits of 55 kDa. The relationship between these two dienoyl-CoA isomerases
is still unknown.

Additionally, another rat liver dienoyl-CoA isomerase (DECI) has been
characterized at the molecular level by Filppula et al.45 cDNA of the rat DECI encodes
a protein with a predicted molecular mass of 36 kDa which belongs to the hydratase/iso-
merase superfamily.45,46 It has a potential N-terminal mitochondrial targeting signal as
well as a C-terminal PST1. Apparently, both targeting signals are functional in vivo since
subcellular fractionation and immunoelectron microscopy using antibodies to a synthetic
polypeptide derived from the C-terminus of DECI1 showed that DECI is located in the
matrix of both mitochondria and peroxisomes. Transport of the protein into the mito-
chondria with cleavage of the mitochondrial targeting signal results in a mature mito-
chondrial form with a subunit size of 32 kDa but transport to peroxisomes yields a
subunit of 36 kDa.45

5. COMMENTS ON THE DIENOYL-CoA ISOMERASE-REDUCTASE
PATHWAY VS. ENOYL-CoA ISOMERASE PATHWAY

The elucidation of this novel pathway raised the question as to whether unsaturated
fatty acids with odd-numbered double bonds are metabolized via one or both branches
of the pathway (Fig. 2). Tserng and co-workers47–49 concluded that in rat the novel

reductase-dependent pathway is the
dominant route, especially in liver mitochondria. Conversely, Shoukry and Schulz50 have
shown by concentration-dependent and time-dependent measurements that the flux
through the reductase-dependent branch (20%) was much slower than through the
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isomerase-dependent branch (80%). The main reason for the slow degradation of 2,5-
octadienoyl-CoA via the reductase-dependent pathway is the low activity of enoyl-CoA
isomerase towards 2,5-dienoyl-CoAs relative to the activity of 3-hydroxyacyl-CoA dehy-
drogenase with 3-hydroxy-5-enoyl-CoAs as a substrate in rat liver mitochondria.50

However, if 3,5-octadienoyl-CoA is formed from 2,5-octadienoyl-CoA it can be metabo-
lized at a significant rate only by its conversion to 2,4-octadienoyl-CoA. The major reason
for this situation is the greater thermodynamic stability of 3,5-octadienoyl-CoA as com-
pared with the 2,5-isomer. An experiment with a system reconstituted from
enzymes in the absence of isomerase and 2,4-dienoyl-CoA reductase
demonstrated that the metabolism of 3,5-octadienoyl-CoA via the isomerase-dependent
pathway is very slow even when this compound is present at a high concentration. However,
the fluxes through both pathways were almost equal at ratios of 0.5
and I50. Thus, the relative contribution of the reductase-dependent pathway to the
degradation of unsaturated fatty acids with odd-numbered double bonds appears to be
more significant when the intramitochondrial ratio is high, e.g. under
conditions of restricted energy utilization.

6. CONCLUDING REMARKS

Our understanding of the of unsaturated fatty acyl-CoA esters has
expanded rapidly during the last few years. It is now clear that both mitochondria and
peroxisomes in mammals have the complete enzymatic machinery to unsatu-
rated fatty acids at rates dependent on the chain length of the fatty acids and the number
and configuration of the double bonds. Most unsaturated fatty acids are oxidized in per-
oxisomes faster than their saturated counterparts, with the exception being of fatty acids
with the initial double bond at the e.g. arachidonic acid. Similar to other
enzymes of lipid metabolism, the auxiliary enzymes are present as isoforms and can be
found in both peroxisomes and mitochondria, while some of the activities are an inte-
gral part of multifunctional enzymes of systems. Currently, the physiologi-
cal role of these isoforms is not always understood, and the contribution of alternative
pathways (Fig. 2) to the degradation of unsaturated fatty is partially open.

The known human inborn errors affecting auxiliary enzymes of con-
sists of one identified case of 2,4-dienoyl-CoA reductase deficiency and a possible case
of peroxisomal MFE-1 deficiency. Once the auxiliary enzymes required for the metabo-
lism on unsaturated fatty acids have been identified and characterized also at molecular
level, it may be possible to identify more inborn errors belonging to this category.
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1. INTRODUCTION

Thia fatty acids are fatty acid analogues where a methyl group of a normal fatty
acid is substituted with sulphur. Such fatty acids can be categorised in two groups with
distinct biological and metabolic properties depending on the position of the sulphur-
atom in the fatty acid. In 3-thia fatty acids the  group is substituted with sulphur
and, hence, they are blocked and cannot undergo  As they are substrates for
CPT-I and CPT-II they can enter the mitochondria and further metabolism is blocked
because they are not substrates for acyl-CoA-dehydrogenase. The only method of
metabolising the 3-thia fatty acids is, consequently, to a dicarboxylic acid,
followed by from the

The 3-thia, non- thia fatty acids (as exemplified by TTA (tetradecylth-
ioacetic acid,  decrease plasma triglycerides and cholesterol
levels when administered to rats.1 At the same time TTA increased the hepatic fatty acid
oxidation capacities. Recently we have demonstrated that stimulation of mitochondrial

but not peroxisomal fatty acid oxidation, decreases hepatic triglyceride for-
mation.2 This has also been shown with fatty acids and fibrates in different animal
models (rats, rabbits and dogs). Altogether the mitochondrion seems to be the principal
target for the plasma triglycerid lowering effect.

The other category of thia-fatty acids is the variant with sulphur in
the 4th position as exemplified by TTP (tetradecylthiopropanoic acid,

Since the is available for oxidation, these fatty acid analogues
can undergo one cycle of mitochondrial but the alkyl-thioacryloyl-CoAs
then formed are poor substrates for both mitochondrial hydratase3 and for CPT-II.
Consequently they will accumulate in the mitochondrial matrix where they inhibit
normal fatty acid oxidation.4 In contrast to the effect obtained with TTA, repeated
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administration of TTP increased the hepatic level of triglycerides, while the concentra-
tions of cholesterol and phospholipids remained unchanged.5 The TTP tended to enlarge
the mitochondria and did not promote proliferation of mitochondria and peroxisomes
when compared to the fatty acid. The most striking effect of the TTP
was the formation of numerous fat droplets in the liver cells. The volume fraction of lipid
droplets increased 23-fold after TTP feeding.6 Thus, TTP feeding appears to cause a
pathological condition associated with fat droplets and high triglyceride levels in the liver.
The reason for this is that the hepatic mitochondrial fatty acid oxidation is strongly
inhibited. The 4-thia fatty acids have also been reported to increase plasma levels of
triglycerides and cholesterol when administered to rats.5,7

2. RESULTS AND DISCUSSION

To elucidate more of the so far not fully understood mechanisms behind the effect
of treatment with the thia fatty acids, we compared the effect of treatment with thia acids
with the sulphur in different positions (Table 1). The main difference between these 16
carbon (17 including the sulphur) fatty acids is their availability for mitochondrial
oxidation. As already mentioned TTA is blocked for but can enter the mito-
chondria, as it is substrate for CPT-I and CPT-II. However, 5-S, 7-S and 9-S can both
enter the mitochondria and undergo 1, 2, or 3 cycles of respectively, before
they are metabolised into chain-shortened 3-thia fatty acids which cannot be
Evidently, the metabolised forms of 5-S, 7-S and 9-S will accumulate in the mitochon-
dria. In agreement with earlier findings TTA administration lowered plasma triglycerides,
5-S tended to lower plasma triglycerides, but 7-S and 9-S did not effect the plasma triglyc-
eride levels (data not shown). As shown previously, TTA administration lowered plasma
cholesterol levels, while none of the fatty acids (5-S, 7-S and 9-S) had any
effect on plasma cholesterol (Fig. 1). Hence, we see that the administered thia-
fatty acids are less (if at all) hypolipidaemic than TTA. The same  thia fatty
acids are also weaker inducers of mitochondrial (Fig. 2) and peroxisomal (data not
shown) than TTA.

It has been shown previously that chain-shortened 3-thia fatty acids have less
hypolipidemic effect than TTA8 (Table 2). Thus the less biological potency by the
oxidable fatty acids compared to TTA could be due to chain shortening of the adminis-
tered thia fatty acids by mitochondrial Another possibility is the formation
of an inhibitory metabolite during of these thia fatty acids as is
the case for 4-thia fatty acids.

In order to elucidate that, we compared the effect of treating rats with the
oxidable thia fatty acid 5-S and the 3-thia fatty acid DTA (dodecanylthio
acetic acid, Theoretically DTA is formed when 5-S has
undergone 1 cycle of In agreement with earlier findings (Table 2),
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administration of DTA lowered the plasma triglycerides and plasma cholesterol levels
(data not shown). 5-S administration decreased plasma triglycerides and plasma choles-
terol significantly less than dodecanylthio acetic acid (DTA) at the same dosages. These
results are in agreement with formation of an inhibitory metabolite during
of 5-S. Whether increased intrahepatic direction of fatty acids towards esterification, as
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opposed to mitochondrial may effect the hepatic lipid metabolism and
plasma lipid lowering effect are also to be considered.
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It is generally accepted that high levels of plasma cholesterol represent an impor-
tant risk factor for coronary artery disease. However, more resent research suggests that
high serum levels of triglyceride (TG)-rich lipoproteins, i.e, very low density lipoprotein
(VLDL) and its remnants are also important risk factors.1,2 Serum lipids can be lowered
either by dietary treatment with fish oil3,4 or by pharmacological treatment with drugs of
the fibrate class.5 Fibrate action has been partly ascribed to increased fatty acid oxida-
tion, decreased TG synthesis and secretion, and enhanced clearance of VLDL from
serum due to a down-regulation of hepatic apoC-III gene-expression.6,7

Besides lowering plasma lipids and the apparent protection in thrombosis, dietary
supplements enriched in omega-3 fatty acids have proved to lower blood pressure,
alter lipoprotein metabolism and dampen platelet aggregation among other beneficial
effects in humans.8–10 The two components of fish oil attracting the most attention,
namely eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are still often
referred to as omega-3, or n-3 fatty acids without any further distinction. Nearly all
studies that have been conducted have used a mixture of EPA and DHA. It has, however,
been reported that DHA are retroconverted to EPA in cultured hepatocytes,11 rat12 and
man13 and it is, therefore, conceivable that EPA and DHA possess different metabolic
properties.14

The availability of TG is a major driving force in the secretion of VLDL by the
liver. Evidently, factors influencing the balance between TG biosynthesis and/ or
fatty acid oxidation may ultimately influence plasma lipoprotein levels and metabolism.15

We have demonstrated this mechanism of action with sulfur-substituted fatty acids (3-
thia fatty acids). In rats, the TG-lowering effect of the 3-thia fatty acid tetradecylth-
ioacetic acid (C14-S-acetic acid), was established within hours of feeding and this
was mainly due to stimulated mitochondrial fatty acid oxidation, thereby reducing
hepatic TG synthesis and secretion.16,17 The mechanism has been further evaluated using
cell cultures.18

Treatment of rats with the peroxisomal- and mitochondrial- proliferating
C14-S-acetic acid, caused a drop in the hepatic content of ERA.19 Conversion of EPA to
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docosahexaenoic acid (DHA) can not explain the decreased content of EPA, as the
hepatic content of DHA also decreased.19 The decreased hepatic levels of n-3
fatty acids may result from a selective increased as the 2.4-dienoyl-CoA
reductase activity, which is necessary to oxidize polyunsaturated fatty acids, was
increased in both the mitochondrial- and the peroxisomal fraction after 3-thia fatty acid
treatment.19

Activation of the fatty acids to their respective CoA esters, is a necessary step prior
to oxidation. DHA was converted to its CoA ester in all subcellular fractions, but was a
poor substrate for oxidation in both the mitochondrial- and the peroxisomal fractions.20

Compared to EPA-CoA, DHA-CoA was more effectively synthesized in the peroxisomal
than the mitochondrial fraction, especially in animals treated with 3-thia fatty acids.20

It has been reported that very long chain fatty acyl-CoA synthases as lignoceryl-CoA
are absent in mitochondria21 and DHA-CoA synthase activity measured in the
mitochondrial fraction, might also be due to contamination of peroxisomes.20

DHA-CoA was a substrate for peroxisomal fatty acyl-CoA oxidase and the activ-
ity of DHA-CoA oxidase increased several folds after treatment with 3-thia fatty acids
(Table 1). Noteworthy, in contrast to EPA-CoA, DHA-CoA was a very poor substrate,
if at all, for mitochondrial carnitine acyltransferase (CAT) -I and CAT-II (Table 1). In
addition, neither mitochondrial CAT-I nor CAT-II activity increased after 3-thia fatty
acid treatment (Table 1) when DHA-CoA was used as a substrate. It might, therefore, be
considered that DHA can not be oxidized by the mitochondria.

The different metabolism of EPA and DHA is consistent with our findings that the
oxidation of EPA and not DHA in cultured hepatocytes was strongly inhibited by
the CAT-II inhibitor aminocarnitine (Fig. 1). The overall kinetics suggest that EPA can
be oxidized in both peroxisomes and mitochondria, but is oxidized in preference
by mitochondria.

3-Thia fatty acids increased oxidation of the different fatty acids, but the oxidation
of palmitic-, oleic acid and EPA in the peroxisomal fraction was only 5–20% of the mito-
chondrial fatty acid oxidation.20 Thus, the capacity of the mitochondria to oxidize long-
chain fatty acids is of quantitative major importance. Seen as a whole, our results suggest
that EPA is preferentially oxidized by mitochondria, while DHA is preferentially oxidized
by peroxisomes. This might explain why the EPA level was decreased 40–80% after 3-thia
fatty acid treatment whereas the DHA level was decreased only 17–24%.19
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When EPA or DHA are fed to rats, they accumulate in different organs.12 However,
DHA feeding also leads to an accumulation of EPA.12 As DHA seems difficult to
metabolize, one might speculate that DHA needs to be converted to EPA for further
metabolism.

In rats fed a single dose of EPA the plasma TG concentration was decreased within
hours, accompanied by an increased hepatic fatty acid oxidation.22 Table 2 shows after
10 days of repeated administrations of EPA, the plasma concentration of TG was
decreased almost 40% and both the mitochondrial and peroxisomal oxidation was
increased. On the other hand, administration of DHA increased the peroxisomal fatty
acid oxidation, but both the plasma TG levels and mitochondrial fatty acid oxidation
were unchanged (Table 2). These results among others23 suggest that the hypotriglyceri-
daemic effect of n-3 fatty acids is independent of the peroxisomal fatty acid oxidation.

After long-term feeding (12 weeks) with EPA an increased volume fraction of
mitochondria was seen with a concomitant reduction in plasma VLDL-TG (Table 3). In
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contrast, DHA had no effect on plasma VLDL-TG and did not affect the mitochondria
but increased the volume fraction of peroxisomes (Table 3). In addition, the volume frac-
tion of hepatic fat droplets decreased after EPA, but not after DHA treatment.24 The
mitochondria are much more abundant than peroxisomes in most animal cells and under
normal conditions they oxidize more than 90% of long-chain fatty acids.25 Thus, the mito-
chondria would, therefore, be a more useful target than peroxisomes for nutritional and
pharmacological control of triglyceride metabolism.

We have suggested that 3-thia fatty acids26,27 and EPA which we have demonsrated
is the hypotriacylglycerolidaemic component of fish oil12,28 may mediate their hypotria-
cylglycerolidaemic effect by increasing mitochondrial In addition, we have
obtained evidence that the mitochondria are the principal target for nutritional and phar-
macological control for the hypolipidaemic effect of EPA, fibrates and C14-S-acetic acid
in rats and rabbits.24

Both EPA and C14-S-acetic acid are converted to their respective Co A esters in
mitochondria.20 Furthermore, in contrast to DHA-CoA, EPA-CoA and C14-S-acetyl-
CoA are easily transferred into the mitochondria by the CAT system.20 EPA is more
difficult to oxidize than saturated and monounsaturated fatty acids, due to the double
bonds and C14-S-acetic acid is non-oxidizable by due to the sulfur atom in
3-position. Thus, accumulation of their respective CoA esters in the mitochondria might
give an “fatty acid overload” signal leading to increased mitochondrial fatty acid oxida-
tion. C14-S-acetic acid mimics the effects of peroxisome proliferators such as the fibrates
and it was recently shown that it may be a ligand for the peroxisome proliferating acti-
vated receptor (PPAR) As administration of the 3-thia fatty acids seem to force EPA
to the mitochondria, an additional “fish oil effect” might be seen.

In conclusion, we have demonstrated that the polyunsaturated n-3 fatty acids, EPA
and DHA are differently metabolized in rat liver. As palmitic- and oleic acid, EPA is oxi-
dized by both peroxisomes and mitochondria, however, during mitochondria- and per-
oxisome proliferation, EPA seems to be preferentially oxidized by the mitochondria
whereas DHA is most likely oxidized by the peroxisomes. Thus, different metabolic prop-
erties of these polyunsaturated n-3 fatty acids also imply different effects i.e. they affect
organelle proliferation in relation to the substrate preference.
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The release of from [9,10-3H]myristate and/or [9,10-3H]palmitate has been
used extensively for detecting medium- and long-chain fatty acid oxidation defects, both
in cultured fibroblasts1,2 and in fresh lymphocytes.3 Over the past 10 years we have used
both substrates to screen routinely for fatty acid oxidation defects in over 1,200 patients
and have identified 113 individuals with specific fatty acid oxidation disorders (Table 1).
More recently we have examined the use of a third substrate, [9,10-3H]oleate, to improve
discrimination of long-chain defects.4

1. ASSAYS WITH LABELLED MYRISTATE AND PALMITATE

Comparison of the absolute and relative activities obtained with these two sub-
strates can often pinpoint the nature of the fatty acid oxidation defect. Medium chain
acyl-CoA dehydrogenase deficiency (MCAD) is characterised by a much decreased oxi-
dation of myristate and a high palmitate/myristate (P/M) ratio, mean percentage activ-
ity relative to simultaneous controls being with a corresponding P/M
ratio of (Fig. 1).

The long chain defects, very long-chain acyl-CoA dehydrogenase deficiency
(VLCAD) and long-chain 3-hydroxacyl-CoA dehydrogenase deficiency (LCHAD), gen-
erally give a low P/M ratio. The mean P/M ratio for LCHAD is and
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the mean percentage activity with palmitate of (Fig. 2), giving good dis-
crimination between LCHAD and controls.2 However, discrimination is rather poor for
VLCAD, particularly “mild” variants, where both absolute activities and the P/M ratio
may show overlap with the control range (Fig. 3).

2. ASSAYS WITH [9,10-3H]OLEATE: VERY LONG-CHAIN ACYL CoA
DEHYDROGENASE DEFICIENCY

The introduction of our [9,10-3H]oleate assay has given improved discrimination in
the detection of long chain defects especially enabling us to confidently detect all cases
of both LCHAD and VLCAD.4
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Clinically, VLCAD can be divided into “mild” and “severe” variants.5 In our series,
the “severe” group comprised patients with evidence of cardiomyopathy at presentation
or cardiomyopathy in a previously affected sibling and/or early presentation (3 days to 3
months of life) with generally a poor clinical outcome. The “mild” group contained two
adult presentations with predominantly skeletal muscle involvement and four children
(two pairs of affected siblings from two families) surviving with relatively little clinical
intervention in the early years.

Mean activities with [9,10-3H]oleate for “mild” and “severe” VLCAD (as a per-
centage of mean control activity) were and respectively, and the
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corresponding myristate/oleate (M/O) ratios were and
(Fig. 4). However, comparing the activity with all three substrates may indicate the degree
of clinical severity: palmitate oxidation is less markedly impaired in the milder variants,
the mean P/M ratio being and for “mild” and
“severe” variants respectively.
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3. RESPIRATORY CHAIN DISORDERS

In recent years we have increasingly encountered patients whose clinical and bio-
chemical presentations both suggest a fatty acid oxidation disorder but who do not meet
the criteria for any of the recognised defects. These patients may have mild
to moderate reductions in fibroblast oxidation of both [9,10-3H]myristate and [9,10-
3H]palmitate, often into the VLCAD and LCHAD ranges, but show only a moderate
reduction in oxidation of [9,10-3H]oleate (Fig. 5). A number of such patients have pre-
sented with hepatic and/or skeletal muscle symptomatology but have subsequently proved
to have a definite or probable mitochondrial respiratory chain disorder.

REFERENCES

1. Manning, N.J., Olpin, S.E., Pollitt, R.J. & Webley, J. (1990) J. Inherited Metab. Dis. 13, 58–68. Com-
parison of [9,10-3H]palmitic acid and [9,10-3H]myristic acids for the detection of fatty acid oxidation
defects in intact cultured fibroblasts.

2. Olpin, S.E., Manning, N.J., Carpenter, K.., Middleton, B. & Pollitt, R.J. (1992) J. Inherited Metab.
Dis. 15, 883–890. Differential diagnosis of hydroxydicarboxylic aciduria based on release of  from
[9,10-3H]myristic and [9,10-3H]palmitic acids by intact cultured fibroblasts.

3. Brivet, M., Slama, A., Saudubray, J-M. & Lemonnier, A. (1995). Ann. Clin. Biochem. 32, 293–297. Rapid
diagnosis of long and medium chain fatty acid oxidation disorders using lymphocytes.

4. Olpin, S.E., Manning, N.J., Pollitt, R.J. & Clark, S. (1997). J. Inherited Metab. Dis. 20, 415–419.
Improved detection of long-chain fatty acid oxidation defects in intact cells using [9,10-3H]oleate.

5. Vianey-Saban, C., Divry, C., Brivet, M., Nada, M., Zabot, M.T., Mathieu, M. & Roe, C. (1998) Clin.
Chim. Acta , 269, 43–62. Mitochondrial very-long-chain acyl-coenzyme A dehydrogenase deficiency:
clinical characteristics and diagnostic considerations in 30 patients.



This Page Intentionally Left Blank



38

RAPID DIAGNOSIS OF ORGANIC ACIDEMIAS
AND FATTY-ACID OXIDATION DEFECTS BY
QUANTITATIVE ELECTROSPRAY TANDEM-MS
ACYL-CARNITINE ANALYSIS IN PLASMA

P. Vreken*, A. E. M. van Lint, A. H. Bootsma,
H. Overmars, R. J. A. Wanders, and A. H. van Gennip

Academic Medical Center
University of Amsterdam
Dept. of Clinical Chemistry and
Div. Emma Children’s Hospital
F0-224, P.O. Box 22700
1100 DE Amsterdam
The Netherlands

1. ABSTRACT

The analysis of circulating free carnitine and acyl-carnitines provides a powerful
selective screening tool for genetic defects in mitochondrial fatty acid oxidation and
defects in the catabolism of branched chain amino acids. Using electrospray tandem mass
spectrometry (ESI/MS/MS) we developed a sensitive quantitative analysis of free carni-
tine and acyl-carnitines in plasma and/or serum. This method was evaluated by analyz-
ing 250 control samples and 103 samples of patients suffering from twelve different
defects in either mitochondrial fatty acid oxidation or the catabolism of branched chain
amino acids. The reproducibility of the method was acceptable with a day-to-day
coefficient of variation ranging from 6–15% for free carnitine and the different acyl-
carnitines. Except for one patient with a mild form of short chain acyl CoA dehydroge-
nase (SCAD) deficiency and a single sample from a patient with a mild form of multi-
ple acyl CoA dehydrogenase (MAD) deficiency all patient samples were clearly abnormal
under a wide variety of clinical conditions, illustrating the high sensitivity and specificity
of the method.
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2. INTRODUCTION

Organic acidemias caused by mitochondrial enzyme defects in the catabolism of
branched-chain amino acids and defects in mitochondrial fatty acid oxidation comprise
a group of more than 20 distinct disorders. In all these disorders there is a accumulation
of potentially toxic acyl-CoA esters in mitochondria which are converted into acyl-
carnitine esters, releasing coenzyme This results in an increased concentration of
circulating acyl-carnitines, increased excretion of acyl-carnitines in urine and secondary
carnitine deficiency. Therefore the analysis of circulating free carnitine and acyl-carnitines
provides a powerful selective screening tool for these disorders.5–9

Electrospray-tandem-mass-spectrometry (ESI/MS/MS) analysis has provided a
significant technological advance for the rapid and accurate analysis of acyl-carnitines
with high sensitivity and specificity, allowing the analysis of large numbers of samples.5,6,9

Moreover, ESI/MS/MS analysis of acyl-carnitines does not require time-consuming sep-
aration techniques like GC or HPLC before mass-spectrometry because separation
occurs during MS/MS analysis allowing high specificity even with complex mixtures like
plasma and urine. The basic principle of this technique is that analytes are ionized by
electrospray, a soft ionization technique that minimizes fragmentation of the molecules.
Molecular ions are selected in the first mass-spectrometer and undergo collision induced
fragmentation, after which the daughter ions are selected in the second mass-
spectrometer. By selecting appropriate scanning functions (e.g. parent-ion scan for buty-
lated acyl-carnitines or neutral-loss scan for several butylated amino acids) specific mul-
tiple analytes of different chemical classes can be detected and quantified.6,7,10

ESI/MS/MS of acyl-carnitines has been successfully applied in newborn screening
for defects in fatty acid oxidation and organic acidemias.5,6,9,11 In addition, acyl-carnitine
analysis has also been applied for the selective screening for these disorders,12,13,14,15 for
postmortem diagnosis using bile fluid16 and for prenatal diagnosis of organic acidemias
and defects of fatty acid oxidation.17,18 In the current study we developed a quantitative
acyl-carnitine analysis in plasma and included the analysis of free carnitine in the same
assay. The results show that this analysis is highly sensitive and reproducible and there-
fore suitable for selective screening of fatty acid oxidation defects, organic acidemias and
secondary carnitine deficiency.

3. MATERIALS AND METHODS

3.1. Blood Samples

Blood samples were collected by venous puncture, centrifuged and the resulting
plasma or serum was stored at –20°C until analysis. Samples were collected from patients

either suspected of a defect in fatty acid oxidation or an organic acidemia, or
from patients known to suffer from any of these defects. All diagnoses were confirmed
either enzymatically or using molecular analysis. Reference samples were
obtained from hospitalized children in the age from 1 month to 10 years not suspected
or suffering from one of the above mentioned disorders.

3.2. Sample Preparation

In this study, to plasma or serum standard 1  free car-
nitine in and standard 2  and
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carnitine in acetonitrile) were added. Samples were mixed and subsequently
deproteinized with acetonitrile and centrifuged. The resulting supernatant was
dried under nitrogen at 45 °C, and subsequently derivatized in butanolic-HCl for
15 min at 60 °C. Samples were dried under nitrogen at 45 °C and redissolved in ace-
tonitrile. Prior to injection, of the acetonitrile containing the acyl-carnitines was
mixed with

3.3. Sample Introduction and ESI-MS/MS Analysis

Free carnitine and acyl-carnitines were measured using scanning for precursor ions
of mass 85 from 200–550 Da during 2 minutes on a Micromass Quattro II triple quadru-
pole mass spectrometer, using a Gilson 231 XL autosampler and a Hewlett-Packard HP-
1100 HPLC pump essentially as described previously.5,6

3.4. Calibration

Calibration curves were obtained for free carnitine in the range of
for acetyl-carnitine and from for all other available acyl-

carnitines by adding standards to a normal plasma pool. All calibration curves were
linear data not shown). For unsaturated and hydroxylated acyl-carnitines an
identical response as for their saturated counterparts was assumed.

4. RESULTS AND DISCUSSION

Since all butylated acyl-carnitine species share a similar fragmentation pattern with
a common fragment, acyl-carnitines can be detected with a parent-ion scan for
this fragment.5,6,11 In normal controls the plasma or serum acyl-carnitine profile shows
only substantial amounts of free carnitine and acetyl-carnitine, whereas other acyl-
carnitine species are only present in trace amounts (Fig. 1). In contrast to acyl-carnitine
profiles obtained from blood-spots, long chain acyl-carnitines (C14–C18) are virtually
absent in plasma or serum acyl-carnitine profiles obtained from normal controls, sug-
gesting that the long-chain acyl-carnitines observed in blood-spot samples are derived
from intracellular sources.5,6 This facilitates the visual inspection of acyl-carnitine
profiles, especially when profiles are printed in a standard way, with the
internal standard at 50% of full scale, allowing an easy detection of defects in the
metabolism of long-chain acyl-carnitines (Fig. 1).

Since we wanted to establish a quantitative analysis of acyl-carnitines the assay was
calibrated with authentic standards for free and saturated acyl-carnitines (cf. Fig. 1). All
calibration curves were linear in the physiological and pathological range Since
most unsaturated and hydroxylated acyl-carnitines are not commercially available, no cal-
ibration curves for these acyl-carnitines were constructed and an identical response as for
their saturated counterparts was assumed. Reproducibility was acceptable with a day-to-
day-coefficient of variation of 8.6% for free carnitine and 6–15% for the different
acyl-carnitines (table 1).

The analysis of samples from patients suffering from various defects in mitochon-
drial beta-oxidation shows, in each case, a characteristic acyl-carnitine profile in which
the specific accumulation of acyl-carnitine species can be observed. For instance, in short-
chain acyl-CoA dehydrogenase (SCAD) deficiency there is a specific accumulation of
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butyryl-carnitine and in some, but not all, cases an accumulation of C5-carnitine; in
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency a specific accumulation of
hexanoyl-, octanoyl- and decenoyl-carnitine is observed, similarly to the reported blood-
spot acyl-carnitine profiles in samples from MCAD patients.5,6,7,11 In very long-chain acyl-
CoA dehydrogenase (VLCAD) deficiency a marked accumulation of C14:l-carnitine,
with less prominent elevations of C16- , C16:l, C18-, C18:l and C18:2-carnitine are
observed. In carnitine palmitoyl transferase II (CPTII) deficiency there is a marked accu-
mulation of C16-, C16:l, C18- and C 18:1-carnitine, with less prominent accumulations
of C14:l- and C12-carnitine (Fig. 1). When the acyl-carnitine profiles of VLCAD and
CPT II patients are compared, it is striking that in VLCAD deficiency, the concentration
of C 14:1-carnitine is always higher than the concentration of other long-chain acyl-
carnitines, whereas in CPT II deficiency C18:l- and C16-carnitine concentrations are
always higher than the C14:l-carnitine concentration, suggesting that acyl-carnitine
analysis enables discrimination between these two disorders. In long-chain 3-hydrox
yacyl-CoA dehydrogenase (LCHAD) deficiency a specific accumulation of long chain
acyl-carnitines and their hydroxylated analogues (C16-OH, C18-OH and C 18:1-OH) is
observed, whereas in multiple acyl-CoA dehydrogenase (MAD or glutaric acidemia type
II (GAII)) deficiency there is a general accumulation of acyl-carnitines from C4 to C18
(Fig. 2). In addition, characteristic acyl-carnitine profiles are observed in several organic
acidemias including glutaric acidemia type I (GA I) in which a prominent accumulation
of an ion m/z 388 corresponding to glutaryl-carnitine can be observed, and in isovaleric
acidemia (IVA) in which a prominent accumulation of an ion m/z 302 corresponding to
iso-C5 (isovaleryl)-carnitine is observed (Fig. 2). In methylmalonic acidemia (MMA) and
propionic acidemia (PA) an accumulation of m/z 274 corresponding to propionyl-carni-
tine is always observed, whereas in most samples of patients with methylmalonic acidemia
an additional ion at m/z 374, corresponding to methylmalonyl-carnitine can be detected.
In defects of ketone body metabolism, 3-hydroxy-3-methyl-glutaryl-CoA lyase (HMG-
CoA lyase) deficiency ions at m/z 318 and m/z 402 corresponding to hydroxy-C5- and 3-
methylglutaryl-carnitine respectively accumulate. Finally in 2-methylacetoacetyl-CoA
thiolase deficiency (beta-keto thiolase deficiency), an ion at m/z 300, corresponding to
tiglyl-carnitine characteristically accumulates (Fig. 2).
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In this study, the analysis of plasma samples from patients suffering from fatty acid
oxidation defects or organic acidemias showed abnormal acyl-carnitine profiles
in all cases when the samples were taken under stress (e.g. hypoglycemic episodes). In
clinically stable episodes an essentially normal acyl-carnitine profile was obtained for only
one patient with a mild form of SCAD deficiency and for a patient with a mild form of
multiple acyl-CoA dehydrogenase deficiency (data not shown). For all other defects
abnormal profiles were observed under a wide variety of clinical conditions illustrating
the high sensitivity of the method. In table 2, the upper reference limit, defined as the
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95th percentile is compared to the concentrations (or ratios) observed in patient samples.
The results show that in all defects a clear discrimination can be made between controls
and affected individuals based on a combination of diagnostic m/z ratios. However, the
individual concentrations of the different acyl-carnitines varied considerably between
patients and between different samples of the same patient, which might reflect the meta-
bolic condition of the patient and thus be important in the therapy control of patients
suffering from one of these defects (details will be published elsewhere). Most patients
affected with defects in the mitochondrial fatty-acid oxidation suffered from a secondary
carnitine deficiency at the time of diagnosis (data not shown), although free carnitine
concentrations varied considerably depending on metabolic state, type of disease and
during treatment. Therefore, free carnitine is not included in table 2 as diagnostic
parameter.

The data presented in this study show that we have developed a quantitative analy-
sis of free carnitine and acyl-carnitine species in plasma or serum. The quantitative nature
of this analysis enables good discrimination between normal and abnormal profiles and
accurate therapy monitoring, although one should realize that mild cases exist which may
have normal profiles in clinically stable episodes. Compared to other methods for quan-
titative acyl-carnitine analysis like HPLC or GC/MS, the method described here is less
laborious and allows determination of a wide variety of acyl-carnitine species, including
hydroxylated acyl-carnitine species, which is not the case for the (laborious) GC/MS
method.19 Since for selective screening for inborn errors of metabolism, apart from urine
samples, mostly serum or plasma samples are send in, this method allows direct com-
prehensive acyl-carnitine analysis in such materials, obviating the need for a separate
blood-spot for acyl-carnitine analysis which would allow qualitative or semi-quantitative
acyl-carnitine analysis.6,8,11

In conclusion, ESI/MS/MS of plasma or serum samples is a suitable and rapid tech-
nique for detecting defects in the catabolism of branched-chain amino acids and defects
in mitochondrial fatty-acid oxidation with a high sensitivity and accuracy.
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1. INTRODUCTION

of long chain fatty acids is the major source of energy supply for
the skeletal muscle, especially during prolonged exercise and fasting. The carnitine
palmitoyltransferase enzyme system facilitates the entry of long chain fatty acid into
the mitochondrial matrix for Two distinct enzymes can be differentiated
by their sensitivity to inhibition by malonyl-CoA, the product of the acetyl-CoA car-
boxylase reaction. Carnitine palmitoyltransferase I (CPT I), located on the outer
membrane, catalyses the transfer of acyl groups from coenzyme A to carnitine, the
acylcarnitine so formed then traversing the inner membrane by means of a specific
transporter. Carnitine palmitoyltransferase II (CPT II), on the matrix side of the
inner membrane, reverses the transacylation reaction, regenerating acyl-CoA.1 cDNA
cloning of CPT I and CPT II from rat liver and human liver has recently established that
CPT I and CPT II are distinct proteins. CPT I exists as tissue-specific isoforms. Con-
versely, CPT II is expressed as the same protein bodywide in both rat and human
as well.2–9

Whereas adults with deficiency of CPT II have a disorder characterised by exer-
cise intolerance and myoglobinuria, the same deficiency in new-borns is a gen-
eralised lethal disease with reduced CPT II activity in multiple organs. Distinct genetic
variations have been described for both disorders. In this review article we will report
the current knowledge of the molecular genetic background of both types of CPT
II deficiency.
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2. CLINICAL MANIFESATIONS

2.1. Muscle Form (adult onset)

Adult onset CPT II deficiency (muscle type) is the most common disorder of lipid
metabolism affecting skeletal muscle. Since its first description in 1973 by DiMauro and
DiMauro about 70 patients are published in the literature. It is a clinically as well as bio-
chemically heterogeneous disease. Only 20% of these patients have been females. In more
than two-thirds of the cases, the first intermittent symptom began during the first or
second decade of life, but in other patients they appeared as late as the fifth decade. In
the majority of cases, the biochemical diagnosis was established in the second
decade. The symptoms typically consist of attacks of myalgia, cramps, muscle stiffness
or tenderness with weakness, and—in severe instances—progress to myoglobinuria. The
frequency of these attacks in individual patients ranges from one or two during a
lifespan to several attacks per week. The severity of attacks can vary from mild myalgias
lasting for only a few hours or mild pigmenturia without other symptoms to severe
muscle weakness and rhabdomyolysis lasting for several days. The myoglobinuria may
lead to acute renal failure. Involvement of the respiratory muscles may cause a respira-
tory insufficiency requiring assisted ventilation. In the symptom free intervals, there is
usually no muscle weakness and the neurological examination is entirely normal.
The symptoms are most commonly precipitated by prolonged exertion. The ability to
perform short, intense exercise is not impaired. Myalgia, cramps muscle tightness, and
weakness develop during prolonged exertion, e.g. long distance walking or running,
hiking, mountain climbing sustained standing, wrestling or swimming. The first symp-
toms may occur several hours after the period of heavy exercise and may involve any
muscle group or may be generalised. Fasting, exposure to cold or a high fat intake can
precipitate rhabdomyolysis even without exercise or can contribute to the effects stress
can provoke. Sometimes, however, there is no apparent cause for the rhabdomyolysis in
CPT deficiency.

In spite of the primarily muscular presentation, their enzyme defect is not restricted
to muscle and is expressed in other tissues, such as liver, fibroblasts and leukocytes.

2.2. Hepatic Form (lethal-infantile)

The second form presents as a lethal neonatal multiorgan deficiency of carnitine
palmitoyltransferase II. Reduced CPT II activity in multiple organs is observed and
reduced concentrations of total and free carnitine and increased concentrations of lipids
and long chain acylcarnitine can be found. The accumulation of long-chain acylcarnitines
has an arrhythmogenic effect on the heart. The patients presented with hypoketotic hypo-
glycaemia, seizures, tachycardia, cardiomegaly, hepatomegaly, liver failure and died
within the first two years.

Since its first description in 1989 only a few cases have been reported.10–13 It was
pointed out that the difference in clinical severity of CPT II deficiency in adult and new-
borns is not determined by the degree of reduction in CPT II activity nor in the tissue
distribution of the deficiency since isoforms of the enzyme do not exist and the magni-
tude of the reduction is similar in both forms of the disease.

In 1995 an exceptional case of neonatal CPT II deficiency was published, which
presented as a lethal myopathy. The common metabolic features of the lethal infantile
form were absent.14
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3. BIOCHEMISTRY

The CPT system consists not only of the translocase but also of two functionally
separate forms of CPTs. CPT I which catalyses the formation of acylcarnitine from car-
nitine and Acyl-CoA, and CPT II which catalyses the formation of Acyl-CoA from acyl-
carnitine and CoA.

Within a species CPT II, in contrast to CPT I, is conserved across tissue lines. It is
a homotetrameric enzyme of approximately 68 kDa molecular weight. The human cDNA
predicted a nascent product of 658 amino acids and is reduced by 25 residues upon mito-
chondrial import.15

CPT II is loosely associated with the inside of the inner mitochondrial membrane
and can easily be solubilized in an active form by mild detergent treatment, such as 1%
Tween-20.16 In line with these findings is the absence of any amino acid sequence
indicative of a membrane spanning domain.8 The matrix location of CPT II ¥s catalytic
centre is confirmed by its insensitivity to protease treatment of intact mitochondria,
whereas after exposure of the matrix face by freeze/thawing, the enzyme is readily
proteolysed.17

Widely different results have been obtained on CPT II levels in normal tissues
and in tissues of patients suffering form CPT deficiency. This might be partly due to
the use of different assays and assay conditions for CPT.18 All assays are based on
the reaction

Depending on the assay system used, CPT levels in muscle in muscle CPT deficiency
range from not detectable to about 30% of normal. Partial muscle CPT deficiency with
activities ranging form 40% to 60% of normal have also been reported. In most cases
CPT deficiency in muscle was established either by the isotope exchange assay or by the
backward assay. However, in several of these patients, normal CPT activity was detected
when the forward assay was performed under optimal conditions.19–21

In a large group of 18 patients using the isotope forward assay all had normal total
enzyme activity. After inhibition of the enzyme by malonyl-CoA and

Triton X-100 there was a significant difference in enzyme activity in patients and con-
trols. In controls we observed a residual activity of 40.2% (malonyl-CoA) and 57.7%
(Triton X-100) respectively. In contrast had our patients a mean residual activity of 8.9%
(malonyl-CoA) and 7.1% (Triton X-100).22 We, therefore, speculate that the pathologic
mechanism in adult onset CPT II deficiency is not a reduction of CPT activity in general
but maybe a misregulation of the enzyme. This might have pathophysiological implica-
tions since malonyl-CoA is the natural “regulator” of this enzyme system.

4. GENETICS

4.1. The CPT II Gene

Finocchiario et al. cloned and sequenced a cDNA encoding human liver carnitine
palmitoyltransferase in 1991 after mapping it to chromosome 1p32 by fluorescence in situ
hybridisation. Two years later the structure of the gene was completely resolved. It con-
tains an open reading frame of 1974 basepairs that encodes a protein of 658 amino acid
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residues including 25 residues of an NH2-terminal leader peptide. It spans approximately
20kb and is composed of five exons, ranging from 81 to l,305bp in length separated
by introns ranging from 1.5kb to 87kb in length.23 The exon-intron boundaries conform
to the consensus splice junction sequences. The 5-prime and 3-prime untranslated
regions of exons 1 and 5 were also determined, including the ployadenylation signal
and the ployadenylation site.6,23,24

There are some unusual features in this gene. Exon four is with l,305bp excep-
tionally long and accounts for 66% of the translated portion of the mRNA. In verte-
brates only approximately 0.5% of internal exons are more than 550bp in length, the
average size being 137 bp.23,25 Intron three is with 8 kb also particularly long. Less than
8% of vertebrate introns are more than 3 kb in size.

Searching sequence databases with FASTA turned up no other proteins homolo-
gous to CPT II except other carnitine acyl transferases such as carnitine acetyltransferase,
choline acetyltransferase or carnitine octanoyltransferase.

Two polymorphisms are present in the gene. It is a G1992 --> A transition, leading
to a Valin to Isoleucin substitution at amino acid position 368 and a C2040 --> T tran-
sition resulting in a Methionin substitution through a Valin at amino acid position
647 with a frequency of 0.5 and 0.25 in the normal population respectively exhibiting
Hardy-Weinberg equilibrium.

4.2. Mutation analysis in Patients

4.2.1. Adult onset (muscular) form. Soon after identification of the gene disease causing
mutations could be detected in the patients.

Particularly common among Europeans with the classical adult muscular form of
the disorder is a C --> T transition at nucleotide 439 which changes amino acid 113 from
serine to leucine. It was first described by Taroni et al in 1993 and in subsequent studies
it was shown that this mutation can be found in approximately 60% of all alleles. It is
therefore called the “common” CPT II deficiency mutation.23

Screening the S113L negative alleles revealed two more mutations. A C --> A trans-
version at nucleotide position 665 in exon one leading to an amino acid exchange of
Prolin to Histidin at amino acid position 50 (P50H) and a G --> A transition at position
2,173 of exon 5 resulting in an amino acid exchange of Aspartic acid to Asparagin at
position 553 (D553N).23 Notably, two patients were heterozygous for the R631C muta-
tion, a nucleotide exchange C --> T in position 1,992 leading to an exchange of Arginin
to Cystein at amino acid position 631, which was hitherto assigned to be associated with
the lethal infantile form of the disease. They have an yet unidentified mutation on their
second allele.

Of our sample of 18 patients 14 were available for genetic analysis. Seven were
homozygous for the “common” S1 13L mutation. Six patients were heterozygous for the
this mutation and one patient had the common alteration on neither allele. This patient
was homozygous for the rare mutation P50H, which was overall present in two patients.
The D553N and R631C mutations were not present in our collective. Direct sequencing
of the entire coding region could identify three novel mutations. The first is a T --> C
transition in position 742 leading to a substitution of the amino acid Methionin to Thre-
onin in position 214 (M214T). The second is a T --> C transition in position 1,442, result-
ing in the amino acid exchange of Phenylalanin to Leucin in position 448 (F448L). This
mutation was observed in two patients. In two brothers a A to T transition in position
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1,547 could be observed. This exchange of nucleic acids leads to the substitution of a
Tyrosin to a Phenylalanin at amino acid position 479 (Y479F).26

To address the question whether the presence of the polymorphisms exacerbates
the effects of certain mutations or maybe mitigates deleterious effects, Taroni et al.
Expressed wild-type and mutant CPT II cDNA constructs in transfected COS-cells. It
was shown that they do not affect enzyme activity by themselves. In combination with
the S113L, P50H and D553N mutations they are functionally inert and no synergistic
effect could be observed. This is not the case with the R631C mutation associated with
the lethal-infantile form of the disease, were an exacerbating effect is described.23 For the
other mutations information regarding this aspect is not yet available.

4.2.2. Lethal infantile (hepatic) form. The first mutation associated with the hepatic
form was the before mentioned R631C mutation found homozygously in a boy with an
acute episode with seizures, coma and respiratory distress after a history of recurrent
episodes of vomiting, sweating and lethargy. Three more mutations associated with the
lethal infantile form were identified subsequently either homozygously or compound het-
erozygously, namely F383Y, Q174L and Y628S.27,28 All patients displayed the above men-
tioned metabolic features and died within a few month.

The child with the lethal myopathic form of the disease described in the chapter
“clinical manifestations” underwent no genetic analysis.

5. CONCLUSION

CPT II deficiency is a clinically as well as biochemically heterogeneous disease. Phe-
notypic expression ranges from mild myalgia without myoglobinuria to severe exercise-
induced attacks leading eventually to renal failure and death. Obviously it is rare disease,
but might be immensely underdiagnosed, considering that: (i) the investigation of a
muscle biopsy specimen is necessary to establish the diagnosis and (ii) expression of
potentially mild phenotypes.

As more and more patients get investigated it shows that the marked clinical het-
erogeneity corresponds to a as marked genetic heterogeneity. Due to small numbers and
only limited information on the clinical status of the patients it is difficult to draw strict
phenotype/genotype correlations. A further problem is the different test methods used by
different groups. Using the isotope forward assay all our patients had an overall CPT
activity of 100%, but showed a different pattern after inhibition by malonyl-CoA and
Triton X-100 as controls.

The range of residual CPT II activity in our patient sample was from 1.8% to 20%.
The patient with the lethal infantile form who lead to the identification of the R631C
mutation showed CPT II activity of 6.6%. Unaffected parents, which are heterozygous
for disease causing mutations, obviously have 50% enzyme activity. In a very interesting
experiment Bonnefont et al. compared the metabolic consequences of a lethal-infantile
associated mutation (Y628S) with the common adult-onset S113L mutation, whereby
they demonstrated a similar residual activity of CPT II between 10% and 15% of control
mean values after expression in transfected COS-cells.27 Both the adult and infantile cases
hitherto studied have been shown to be associated with a decreased amount of steady-
state CPT II protein.l0,23,24,29 All together these data do not suggest any threshold effect
to be responsible for the two distinct clinical features of this disease, even bearing in mind
that comparison of the data is difficult due to the different test methods used.
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In summary, to date there is neither a plausible concept of how different mutations
in the same gene cause such disparate clinical symptomatology of the disease on one
hand (lethal-neonatal versus adult-onset) nor how such different residual activities of this
enzyme lead to comparably similar phenotypes (adult-onset muscular) on the other hand.
A variable degree of reduction of CPT activity, variable posttranslational modifications
of the enzyme in different tissues, a disturbance of regulatory properties of the CPT
system or a variable efficiency of further distal components of the machin-
ery by an pathologically altered enzyme might determine the difference in clinical
severity of the different forms of CPT II deficiency.
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1. INTRODUCTION

Mitochondrial -oxidation of long-chain fatty acids is the major source of energy
production in man. The mitochondrial inner membrane is impermeable to long chain
fatty acids or their CoA esters whereas acylcarnitines are transported. Three different
gene products are involved in this carnitine dependent transport shuttle: carnitine palmi-
toyl transferase I (CPT I), carnitine acyl-carnitine carrier (CAC) and carnitine palmitoyl
transferase II (CPT II). The first enzyme (CPT I) converts fatty acyl-CoA esters to their
carnitine esters which are subsequently translocated across the mitochondrial inner mem-
brane in exchange for free carnitine by the action of the carnitine acyl-carnitine carrier
(CAC). Once inside the mitochondrion, CPT II reconverts the carnitine ester back to the
CoA ester which can then serve as a substrate for the -oxidation spiral.

Since the first report of CAC deficiency (OMIM entry 212138) by Stanley et al.,1

7 cases have been reported. Most patients suffer from hypoketotic hypoglycaemia and
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hyperammonemia due to deficient fatty acid oxidation. They show a severe phenotype
characterised by generalised muscle weakness, cardiomyopathy, hepatomegaly and
reduced liver function usually with fatal outcome, although two cases have been reported
with a milder phenotype.2,3 Among the different fatty acid -oxidation disorders, long
chain fatty acid -oxidation is usually most impaired in case of CAC deficiency
(< 5% control activity) which can be demonstrated in fibroblasts or lymphocytes.

The cDNA encoding rat CAC was cloned in 1997 by Indiveri et al.2 and the human
homologue was cloned shortly after.4 The latter also described the first mutation in the
cDNA of a CAC deficient patient with mild presentation.

We now report the resolution of the molecular defect in a patient with enzymati-
cally proven CAC deficiency with a severe phenotype.

2. MATERIALS AND METHODS

Case report: The patient was first described by Niezen-Koning et al.5 She presented
at 36 hours of age with sudden cardiorespiratory insufficiency and extreme hypogly-
caemia. Despite treatment with low-fat diet supplemented with medium-chain trigly-
cerides and carnitine she died at 24 month of age.

Cell culture conditions were exactly as described before.6

Fatty acid -oxidation of [9,10-3H]-myristate and palmitate in fibroblasts was per-
formed essentially as described before.7

Synthesis of [1-14C]acetylcarnitine: [l-14C]Acetylcarnitine was prepared enzymati-
cally from [1-14C]acetyl-CoA in an incubation mixture (final volume 1ml) containing:
25mM HEPES pH 7.6, 2mM N-ethylmaleimide (NEM), 10mM EDTA, 40 µM
carnitine (Sigma Chemical Co., St. Louis, MO), (600,000dpm) [1-14C]acetyl-
CoA (Amersham Life Science) and (4U) carnitine acetyltransferase (Boehringer
Mannheim). The reaction was allowed to proceed for 1 hour at 25 °C. Thereafter excess
N-ethylmaleimide was neutralised by addition of 200 mM cysteine. The reaction
mixture was applied to a Dowex AG-1-X8 anion exchanger (1ml bed volume, Cl-

form, 200–400 mesh) to remove unreacted [l-14C]acetyl-CoA from the reaction mixture
(recovery typically >90%). The elvant was used directly as substrate for activity
measurements.

Carnitine acylcarnitine carrier activity measurements: The reaction was performed
in a glass tube with a rubber septum. This tube contained two smaller tubes, one con-
taining the reaction mixture and the other containing 0.5ml 2M NaOH. The assay
mixture (final volume , pH 7.4) contained 25mM Tris, 150mM KCl, 2mM EDTA,
10mM KPi, l0mg/ml BSA (bovine serum albumin), digitonin, 0.1 mM acetyl-
carnitine, 60,000dpm [1-14C]acetyl-carnitine and 200µg fibroblast suspension. Reactions
were allowed to proceed for 30min at 25 °C. Reactions were subsequently stopped
by addition of  2.6 M perchloric acid. 14CO2 was trapped overnight at 4°C and
the radiolabelled product was measured in the NaOH fraction using a liquid scintillation
counter.

RNA isolation and cDNA synthesis. Total RNA was isolated from cultured skin
fibroblasts using the acid guanidinium thiocyanate-phenol-chloroform extraction
procedure8 and used to prepare cDNA.9

Sequence analysis: The complete cDNA encoding CAC was amplified in two
overlapping fragments using the following M13-tagged primers:

Fragment A: -43CACf-21M13 5'-tgt aaa acg acg gcc agt GGC AGG TCG AGA ACT
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GAC AG-3´ and 468CACrM13rev 5´-cag gaa aca gct atg acc TGC ACA GTC CAA GGT
ACC AG-3´; Fragment B: 368CACf.2IM13 5´-tgt aaa acg acg gcc agt CAC CAC AGG AAT
CAT GAC TC-3´ and 967CACrM13rev 5´-cag gaa aca gct atg acc TAC TCC TTC TCC TCA
ACG AC-3´. Sequence analysis of these PCR fragments using BigDye fluorescent labelled
M13 primers was performed on an Applied Biosystems 377A automated DNA sequencer
following the manufacturer’s (PE Applied Biosystems, Foster City, CA) protocols.

3. RESULTS AND DISCUSSION

Biochemical studies in fibroblasts from the index patient showed that the rate of  -
oxidation of myristate and palmitate was severely decreased to less than 5% of the con-
trols (Table 1). Enzyme measurements of the very-long chain acyl-CoA dehydrogenase,
enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, thiolase, carnitine palmitoyl-
transferase I and II showed normal activities (not shown). The severe deficiency of long
chain fatty acid oxidation was explained by the complete deficiency of CAC activity
(Table 1).

To clarify the genetic defect in this patient we sequenced the complete cDNA encod-
ing CAC. We found a G241A missense mutation, hereby changing the codon for glycine
at position 81 into arginine. This glycine is located in the second predicted membrane
spanning segment and is likely to cause inactivation of the carrier.

Comparison of human, rat and yeast CAC homologues of CAC reveals that this
glycine is conserved (Fig. 1). The six membrane spanning segments contain 3 basic
residues (H in segment 1 and R in segments 4 and 6) and one acidic residue (D in segment
4). All of these changed residues are conserved and may play an important role in carrier
function. Introduction of a fourth basic residue as identified in the patient’s cDNA
(G81R) probably inactivates CAC. On the other hand, the rat sequence as published
before2 contains in addition a third arginine in the fifth membrane spanning segment.
Comparison with 4 mouse sequences in the EST data base revealed at this position an
alanine as found in the human and yeast sequence. We suspect that arginine 219 in the
rat sequence represents a sequence error.

Expression studies of the mutant CAC hope to reveal the influence of the G81R
mutation on the protein function. Such expression studies in yeast are now underway.
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MCAD DEFICIENCY

Acylcarnitines (AC) by Tandem Mass Spectrometry (MS-MS)
are Useful to Monitor Dietary Treatment
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1. INTRODUCTION

Medium chain acyl-CoA-dehydrogenase (MCAD) deficiency is one of the most
common inborn errors of metabolism.1 Classically the disease appears in infants with
vomiting, lethargy, hypotonia and slight liver enlargement. Prolonged fasting and/or an
intercurrent illness usually trigger this presentation. Eighteen percent of patients with
MCAD deficiency present with sudden death and total mortality rate before diagnosis
is about 24%.2 Children who survive the first episode may have severe sequelae.2 During
the acute presentation, common laboratory findings are hypoketotic hypoglycemia, slight
metabolic acidosis and increased uric acid, ammonium and liver enzymes, but biochem-
ical diagnosis is based on the analysis of organic acids (OA), acylcarnitines (AC) and/or
acylglycines.3,4,5 A common mutation, G985, accounts for the vast majority of the alleles
in northern Europeans,6 but is less prevalent in other populations.7 Recently the use of
tandem mass spectrometry (MS-MS) for AC analysis has allowed neonatal screening for
MCAD deficiency.7,8 Typical profiles show a marked increase of octanoylcarnitine (C8),
less prominent increase of hexanoyl (C6), decenoyl (C10: 1) and decanoylcarnitines (C10)
and an abnormal C8 to C10 ratio.5,7,8

The recommended treatment of MCAD deficiency includes carnitine and a low fat
(15–25%), high carbohydrate (CHO) (65–75%) diet, avoiding long periods of fasting. The
use of uncooked cornstarch has also been suggested.4,9,10

The increased diagnosis and survival of patients with MCAD deficiency highlights
the need for biochemical tests to determine the metabolic status of the patient, allowing
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dietary modifications to optimise treatment. However monitoring of the long term treat-
ment is difficult, as hypoglycaemia, increased uric acid or abnormal organic acids may
only appear under stress.3–4

2. AIM

To assess the biochemical response of two patients with MCAD deficiency to dif-
ferent diets and to evaluate the usefulness of AC to monitor these treatments.

3. PATIENTS

Two patients with MCAD deficiency were studied. Patient 1: This female was
normal until 15m of age when she presented with a Reye-like syndrome. Diagnosis of
MCAD deficiency was established. She survived the initial episode but a severe seizure
disorder and cerebral palsy developed. Since diagnosis the patient has been on a diet with
65–67% of total calories given as CHO, 25–27% as fat and 7.5–8% as protein. Due to a
partial lactose intolerance, diet was prepared using a lactose free formula (LK® Kasdorf,
Argentina) mixed with glucose polymers (GP) (Polimerosa®—Kasdorf, Argentina) or
GP plus uncooked corn starch (CS) and was given by nasogastric feeds every 4–6 h. Her
studies were performed at age 2y 10m as follows:

Test No 1: (GP)

The patient was fed her usual amount of formula ( of her 24 h intake), con-
taining 1 g/kg of GP. Blood samples were obtained 2, 4 and 6h after finishing the feed.

Test No 2: (GP + CS)

CS at a dose of 1 gr/kg, was added to the previous preparation (total amount of
CHO added = 2 g/kg). Blood sampling was similar to test No 1.

Patient 2

This female was born full term to a non-consanguineous couple. Her physical exam-
ination at birth was normal. A Guthrie card sample was obtained on the  day of life
and sent for routine newborn screening with MS-MS. Diagnosis was established on the 4th

day of life. She was breast fed, supplemented with an infant formula (Similac® Abbot,
Argentina) every 3–4 h until 5 months of age. From then on, her diet consisted of the same
formula mixed with GP or GP + CS, and semisolids, providing 65–70% of total calories
as CHO, 20% as fat and 10–15% as protein. Maximum interval allowed between feeds was
4 h until one year of age and 6 h thereafter. The patient is currently 2 years old, has had no
decompensations, her weight, length and head circumference are at the  percentile
and she is physically normal. Her studies were performed at age 18m as follows:

Test No 1: (GP)

The patient was given her usual amount of formula, mixed with 3 g/kg of GP. Blood
samples were obtained 2, 4, 6 and 8h after finishing the feed.
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Test No 2: (GP + CS)

The test was similar to the previous one except that out of the 3g/kg of CHO,
1.5g/kg (50%) were given as CS and the remainder 1.5g/kg as GP.

Both patients have been treated with carnitine (~Albicar, Casasco, Argentina)
(100mg/kg/day) since diagnosis.

4. METHODS

The protocol was approved by the ethics committee of the “Fundación para el
Estudio de las Enfermedades Neurometabólicas” where all the studies were performed. An
informed consent was obtained from the parents prior to each test. Both patients were
in stable condition, without any sign of intercurrent illness and had normal liver enzymes
and creatine kinase when the tests were performed. A heparin lock was maintained
throughout each test and blood was obtained for AC, non-esteritied fatty acids, insulin,
glucose, -hydroxybutyrate, amino acids, carnitine (total and free) and uric acid levels.
For acylcarnitine analysis, blood samples were spotted in a filter paper (Schleicher &
Schuell 903) and allowed to dry at room temperature. Sample preparation and analysis
were performed as described11,12 with a VG Quattro II, triple quadrupole mass spec-
trometer (Micromass, UK) with electrospray injection, an HPLC pump and autosampler
(Hewlett Packard series 1050). Acquisition was performed scanning for ions parent of
m/z 85. The signals in the profiles correspond to the [M+] ions of the acylcarnitine butyl
esters. Free, acetyl, octanoyl and hexadecanoylcarnitines were quantitated with their cor-
responding stable isotopes. Labelled internal standards were obtained from Dr. Herman
J. Ten Brink (Academic Hospital V. U. Amsterdam). Normal values were obtained from
58 children in whom fatty acid oxidation defects were excluded by our usual protocol of
amino acids, AC and carnitine in blood, and organic acids in urine. None of the controls
received a special diet and their blood samples were obtained after an overnight fast
(children) or at the end of their usual fasting period (infants). When enough sample was
available, levels of octanoic acid were measured in plasma by GC/MS, as described.13

Mutation analysis was performed by Drs. B. Storstein Andersen and N. Gregersen at the
Centre for Medical Molecular Biology, University of Aarhus, Denmark.

5. RESULTS

The initial AC profile obtained in each patient was typical of MCAD, with marked
elevation of C8 and milder elevations of C6, C10:1 and C10 (Fig. 1).

Mutation analysis confirmed the biochemical diagnosis: Both patients were com-
pound heterozygotes, with the prevalent G985 mutation in one of their MCAD alleles.
The second allele was a 1-bp-insertion of a T in exon 11, corresponding to cDNA posi-
tion 1190 in case No 1 (patient number 13, in reference 14), and an A to T transversion
in exon 7, corresponding to cDNA position 503 in case No 2.

Results of the tests performed with GP in both patients showed that C8 was ele-
vated in all samples, and increased progressively with fasting (Table 1, Figs. 2 and 3). The
use of GP + CS allowed a marked improvement of C8 levels at 4 and 6h in both patients
but failed to prevent a C8 increase at 8 h in patient No 2 (Table 1, Figs. 2 and 3).

Values of NEFA followed a pattern similar to C8-carnitine (Table 1). Accordingly,
there was a significant positive correlation between the C8-carnitine and NEFA values
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(r = 0.87, p < 0.05, n = 13). Values of octanoic acid (Table 1) showed also a significant
correlation with C8-carnitine (r = 0.99, p < 0.001, n = 6) and NEFA (r = 0.98, p < 0.001,
n = 6). In patient No 2, insulin levels in the GP test were higher at 2h and lower at 4, 6
and 8 h than those in the GP + CS test (Table 1). The patients’ clinical condition remained
unchanged during the tests. Blood glucose and uric acid values remained within normal
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limits (Table 1) as did serum amino acids. Levels of free carnitine were low in patient 1
during the GP test (Table 1).

6. DISCUSSION

MCAD deficiency is one of the most common inborn errors of metabolism. It is
generally believed that treatment of this condition is simple and prognosis is good once
diagnosis is established. A study of 120 cases showed that no patient died after diagno-
sis, however there were significant sequelae in those patients who survived the initial
episode of decompensation.2 Early recognition through newborn screening programs
aimed to prevent mortality and reduce sequelae of the disease. However, two patients
that had been diagnosed by newborn screening died suddenly, one after an immunisation
and the other during an intercurrent illness.7

The diagnosis of an increasing number of patients with MCAD deficiency, together
with its morbidity and mortality, even in patients under treatment, highlight the need for
its optimal management. Even though a good dietary treatment is essential for this con-
dition, monitoring of the diet is difficult as the usual biochemical markers of the disease
(hypoglycemia, increased uric acid or abnormal organic acids) only appear under stress.
The purpose of our study was to assess the biochemical response of two patients with
MCAD deficiency to different diets and to evaluate the usefulness of AC to monitor these
treatments.

In our patients, C8-carnitine levels were always elevated, increased markedly during
short periods of fasting and improved at 4 and 6h when complex carbohydrates were
used. These results suggest that C8-carnitine is indeed a very sensitive marker of the meta-
bolic status in these children.

Patients with MCAD deficiency may be encephalopathic despite normoglycemia15

and it is believed that the accumulated octanoic acid is the toxic compound.1,16 The sig-
nificant correlation found in our study between octanoic acid and C8-carnitine, validates
the significance of measuring the later as a marker of the metabolic status of the patient.
To our knowledge, this is the first time that the levels of octanoic acid and C8-carnitine
have been measured simultaneously in MCAD deficient patients. While further studies,
with a larger number of samples may be needed to confirm these findings, the possibil-
ity of using blood spots on filter paper, together with a simple and rapid sample prepa-
ration and analysis, make the C8-carnitine the method of choice for the follow-up of
these patients.

Dietary treatment of MCAD deficiency is aimed to decrease the use of fatty acids
as a fuel, which due to the block in fatty acid oxidation, can result in the accumulation
of toxic compounds. For that reason it is essential to avoid long periods of fasting, which
would mobilize free fatty acids from adipose tissue stores and activate the lipolytic
pathway. A high CHO diet will increase endogenous insulin secretion, suppressing lipol-
ysis and stimulating lipogenesis. Our results show that the use of glucose polimers pro-
duces a short lasting increase of insulin levels and, when the levels of insulin drop,
C8-carnitine, octanoic acid and NEFA rise, even during a short period of fasting. The
rationale for the use of CS is to obtain a CHO release that will last for longer periods of
time, achieving a more even and prolonged insulin secretion. Our studies show that CS
mixed with GP in the formula, improves C8-carnitine levels at 4 and 6h of fasting, but
the amount used (1.5g/kg) was not enough to prevent an increase at 8 h of fasting in
patient 2. To our knowledge this is the first time that the usefulness of CS for manage-



362 J. E. Abdenur et al.

ment of MCAD patients is documented. Further studies are necessary to determine the
optimal amount and composition of CHO in the diet of these patients.

We conclude that C8-carnitine levels measured by MS-MS, are very useful to
monitor the metabolic status in patients with MCAD deficiency. This marker will allow
determining the best dietary treatment and fasting tolerance for these patients. This will
probably be true as long as normal levels of free carnitine are maintained and valproic
acid, which can increase C8-carnitine levels and is contraindicated in patients with
MCAD deficiency, is not given.17 Our results also highlight the importance of carefully
recording the hours of fasting when values of AC are measured in patients with fatty
acid oxidation disorders.
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1. ABSTRACT

The second and third steps of peroxisomal -oxidation are catalysed by two mul-
tifunctional enzymes: D-bifunctional protein and L-bifunctional protein. Here we show
that fibroblasts of a patient described as being deficient in the 3-hydroxyacyl-CoA dehy-
drogenase component of D-bifunctional protein and fibroblasts of a patient described
as being deficient in L-bifunctional protein do not complement one another. Using a
newly developed method to measure the activity of D-bifunctional protein in fibroblast
homogenates, we found that the activity of the D-bifunctional protein was completely
deficient in the patient with presumed L-bifunctional protein deficiency.
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2. INTRODUCTION

Until recently, -oxidation of different fatty acids and fatty acid derivatives in per-
oxisomes was thought to be mediated by a single bifunctional protein containing both
2-enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase activities.1–3 Recent
studies have shown that there is an additional bifunctional protein alternatively called
multifunctional protein 2,4 multifunctional enzyme 2,5,6 or D-bifunctional protein.7–9 This
newly identified bifunctional protein generates a D-3-hydroxyacyl-CoA, whereas the
other bifunctional protein generates L-3-hydroxyacyl-CoA intermediates.4,5,7,8 Because of
this remarkable difference in stereospecificity of the two bifunctional proteins,
Hashimoto and coworkers suggested the names D-bifunctional protein (D-BP) and L-
bifunctional protein (L-BP), respectively.5,7,8

Available evidence suggests that D-BP is involved in the -oxidation of straight-
chain fatty acids (e.g. C26:0), 2-methyl-branched chain fatty acids (e.g. pristanic acid),
and bile acid intermediates (e.g. THCA), whereas L-BP is involved in the   -oxidation of
straight-chain fatty acids only and not in the -oxidation of 2-methyl-branched chain
fatty acids and bile acid intermediates.5,6,9

We recently identified a new peroxisomal disorder in a patient showing signs and
symptoms comparable to those observed in Zellweger syndrome. In the patients’ plasma,
very-long-chain fatty acids, pristanic acid, and di- and trihydroxycholestanoic acid were
elevated suggesting a defect in the peroxisomal -oxidation system. Subsequent studies
identified the defect in this patient at the level of the 3-hydroxyacyl-CoA dehydrogenase
component of the newly identified D-bifunctional protein.10

Remarkably, no complementation was found when cells from the newly identified
patient were fused with cells from the patient described by Watkins and coworkers11 with
L-bifunctional protein deficiency. We now present data shedding some light on this appar-
ent enigma.

3. MATERIALS AND METHODS

3.1. Case Reports

Patient 1 suffered from an isolated deficiency of the 3-hydroxyacyl-CoA dehydro-
genase component of D-bifunctional protein and has been fully described elsewhere.10

The clinical and biochemical characteristics of patient 2 have been described previously
by Watkins and coworkers.11

3.2. Complementation Analysis

Fibroblasts were grown using standard conditions in Dulbecco Modified Eagles
Medium with fetal calf serum and fused or cocultivated according to Brul et al.l2 The
fused cells were cultured for three days in Dulbecco’s Modified Eagle Medium without
fetal calf serum after which overall pristanic acid   -oxidation was measured as described
before.13

3.3. Measurement of the Activity of D-bifunctional Protein

The combined activity of the 2-enoyl-CoA hydratase and D-3-hydroxyacyl-CoA
dehydrogenase components of D-bifunctional protein was measured as described in.10
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4. RESULTS AND DISCUSSION

Recently we described a patient with a defect in the 3-hydroxyacyl-CoA dehydro-
genase component of the D-bifunctional protein.10 We have now performed comple-
mentation studies and fused fibroblasts from this patient (patient 1) with fibroblasts from
the L-bifunctional protein deficient patient known from literature (patient 2)11 followed
by measurement of pristanic acid -oxidation in the fused cells (Table 1). As a control,
cells were not fused but only cocultivated after which pristanic acid -oxidation was mea-
sured. Remarkably, pristanic acid -oxidation was not restored after fusion, indicating
that cells from patient 1 and patient 2 did not complement one another. As expected,
both cell lines did show complementation when fusions were performed with fibroblasts
from a Zellweger patient (Table 1).

The results of the complementation studies suggest that in both patient 1 and
patient 2 the defect is in the same gene although patient 1 was described as being D-
bifunctional protein deficient and patient 2 was described as being L-bifunctional protein
deficient. Importantly, both patients showed elevated levels of C26:0 and accumulation
of bile acid intermediates (DHCA, THCA) in plasma.10,11 The accumulation of THCA
in plasma and the deficient -oxidation of pristanic acid in fibroblasts are hard to rec-
oncile with the fact that L-bifunctional protein has been found not to be involved in the

-oxidation of 2-methyl branched-chain fatty acids, like pristanic acid, and bile acid inter-
mediates, like THCA. In fact, recent studies have shown that it is the D-bifunctional
protein which is involved in the -oxidation of these substrates.5,6,9 This led us to measure
the activity of D-bifunctional protein in fibroblasts from patient 2.

To this end fibroblasts of patient 2 were incubated with the enoyl-CoA ester of
THCA and formation of 24-hydroxy-THC-CoA and 24-keto-THC-CoA was measured
(Fig. 1). The results in Fig.1 clearly show that patient 1 is deficient at the level of the 3-
hydroxyacyl-CoA dehydrogenase component of D-bifunctional protein because of the
increased formation of 24-hydroxy-THC-CoA and lack of 24-keto-THC-CoA formation
(Fig. 1B). In contrast, there was only very little formation of 24-hydroxy-THC-CoA and
no formation of 24-keto-THC-CoA in patient 2 (Fig. 1C).

These data strongly suggest that it is the D-bifunctional enzyme which is function-
ally inactive in patient 2. Subsequent studies which include analysis at the molecular level,
have revealed distinct mutations in the gene coding for D-bifunctional protein. These
results will be described elsewhere (Van Grunsven et al., in preparation).

Taken together, our results resolve the puzzling finding that cells from our patient
1 with a defect in the 3-hydroxyacyl-CoA dehydrogenase component of the D-
bifunctional protein failed to show complementation with cells from the patient with pre-
sumed L-bifunctional protein deficiency which we have now found to be deficient in the
D-specific enzyme. The finding that C26:0 is strongly increased in plasma from both
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patient 1 and patient 2, suggests that D-bifunctional protein is also involved in C26:0
-oxidation.
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1. INTRODUCTION

Refsum disease (RD) was first described as a distinct entity in the 1940s by Sigvald
Refsum.1 Most patients show a tetrad of abnormalities which include retinitis pigmen-
tosa, peripheral neuropathy, cerebellar ataxia and elevated protein levels in the cere-
brospinal fluid with a normal cell count as main manifestations. However, subsequently
several patients have been described who lack this tetrad of abnormalities (for review
see2). A major breakthrough with respect to the identification of the metabolic defect in
RD was the finding by Klenk and Kahlke in the 1960s of the accumulation phytanic acid
(3,7,11,15-tetramethylhexadecanoic acid), an unusual branched chain fatty acid, in body
fluids and tissues of patients with RD.3 Since phytanic acid contains a methyl group at
the third carbon atom, it can not be degraded via -oxidation. Instead, the first carboxyl
group is removed by oxidation.

We recently found the enzyme defect in RD to be at the level of phytanoyl-CoA
hydroxylase (PhyH), a peroxisomal enzyme catalysing the first step of the oxidation of
phytanic acid, which involves conversion of phytanoyl-CoA to 2-hydroxyphytanoyl-
CoA.4,5 Furthermore we identified the human PHYH cDNA after purification of PhyH
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from rat liver peroxisomes.6 The human PHYH cDNA encodes a peroxisomal protein
containing a cleavable leader sequence with a Peroxisome Targeting Signal type 2 (PTS2).
We now report the development of an enzyme assay allowing PhyH activity measure-
ment in human skin fibroblasts. In addition, we performed PHYH mutation analysis at
the cDNA level in a series of patients with RD, and we developed an expression system
in bakers yeast S. cerevisiae in order to verify whether the mutations found in the PHYH
cDNA from patients with RD affect PhyH activity.

2. MATERIALS AND METHODS

2.1. Phytanoyl-CoA Hydroxylase Activity Measurement in Human Liver and
Skin Fibroblast Homogenates

Measurement of PhyH activity in human liver homogenates is based on the con-
version of [l-14C]phytanoyl-CoA to [1-14C]2-hydroxyphytanoyl-CoA followed by separa-
tion of the CoA esters by means of a radio-HPLC method (see7 for details).

PhyH activity in skin fibroblast homogenates was determined using a gas chro-
matography / mass spectrometry (GC-MS) method (Jansen et al., manuscript in prepa-
ration). Briefly, skin fibroblasts were homogenised and incubated in the presence of all
substrates and cofactors as described for human liver homogenates.7 The product of the
PhyH reaction, 2-hydroxyphytanoyl-CoA was hydrolysed to form 2-hydroxyphytanic acid
which was measured by stable isotope dilution GC-MS essentially as described by ten
Brink et al.8

2.2. Mutation Analysis of the PHYH cDNA

cDNA was obtained from skin fibroblasts by RT-PCR and subsequent PHYH
mutation analysis was carried out exactly as described before.6

2.3. PHYH Expression in Saccharomyces cerevisiae

The PHYH open reading frame was amplified from control human fibroblast
cDNA using XbaI and HindIII tagged primers and cloned into the XbaI and HindIII
sites of a yeast expression plasmid containing the oleate inducible CTA1 promoter.9 S.
cerevisiae strain BJ1991 was transformed as described.10 Yeast cells were harvested
and resuspended in 250 µ l buffer containing 20mM Tris pH 7.5, 5mM dithiotreitol,

leupeptin, Pefabloc and 10% (v/v) glycerol. After addition of 200 µl
glass beads the suspension was vortexed for 30min at 4°C, centrifuged for 2min at 12,000
× g at 4°C, and the clear lysate was removed and used for PhyH activity measurements,
carried out as described above for human liver homogenates.

3. RESULTS AND DISCUSSION

3.1. PhyH Activity Measurement in Human Liver and Skin Fibroblast
Homogenates

Initially, we used the method developed by Mihalik et al.11 to measure PhyH activ-
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ity in human liver. In that assay [l-14C]phytanic acid was added as substrate to purified
peroxisomes in the presence of ATP, and CoASH, which resulted in rapid conver-
sion of the radiolabeled phytanic acid to phytanoyl-CoA, the substrate for PhyH. This
conversion was catalysed by long chain acyl-CoA synthetase present in the peroxisomal
membrane.12 When applied to human liver homogenates, this assay system did not give
satisfactory results because of relatively low long chain acyl-CoA synthetase activity in
human liver homogenates yielding only low amounts of phytanoyl-CoA. In addition, a
much higher hydrolase activity was present in human liver homogenates, causing a
hydrolysis of phytanoyl-CoA to form the free fatty acid again. These findings led us to
develop an assay system using phytanoyl-CoA rather than phytanic acid as substrate in
the presence of ATP, and CoASH.7 This HPLC based assay allows detection of
both the substrate, phytanoyl-CoA, and the product, [1-14C]2-hydroxyphytanoyl-CoA
(Fig. 1). PhyH activity measurement in a liver homogenate from a patient with RD
showed no detectable amounts of 2-hydroxyphytanoyl-CoA, demonstrating that PhyH is
deficient in RD (Table 1; see also4).

Since liver (biopsy) material is not very convenient for diagnosis we have now set
up an assay allowing PhyH activity measurement in skin fibroblast homogenates. This
assay is based on a gas chromatography / mass spectrometry (GC-MS) detection method
(Jansen et al., manuscript in preparation). Using this assay we have measured PhyH activ-
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ity in fibroblast homogenates from patients with RD, as well as from patients with
Zellweger syndrome (ZS) in which peroxisomes are deficient due to a defect in peroxi-
some biogenesis.13 Both types of patients are clearly deficient in PhyH activity (Table 1),
which corresponds exactly to our previous findings in liver material from patients with
RD and ZS.5,7 Measurement of PhyH activity in fibroblasts from patients with classical
RD revealed a complete deficiency of PhyH activity, which is due to mutations in the
PHYH gene.6 In the case of ZS the deficiency of PhyH activity is a secondary conse-
quence of the absence of peroxisomes in these patients. The PhyH protein is probably
normally synthesised, but will not function properly or will be broken down in the cytosol
as found for other peroxisomal proteins.l4

3.2. Mutation Analysis of the PHYH cDNA

Mutation analysis of the PHYH cDNA has revealed that all patients with RD
analysed contain mutations confirming that PHYH is the defective gene in RD. The
mutations found include: 1) a single nucleotide deletion which causes a premature stop
codon resulting in a truncated protein, 2) a 111 nucleotide deletion resulting in a protein
lacking 37 internal amino acids, and 3) several different point mutations resulting in the
substitution of a single amino acid (Table 2; see also15).

3.3. PHYH Expression in Saccharomyces cerevisiae

It is evident that the single nucleotide deletion (del T164) resulting in a truncated
protein which contains only 16% of the PhyH amino acid sequence will cause PhyH defi-
ciency. In the case of the 111 nucleotide deletion it is very likely that the protein lacking
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an internal fragment of 37 amino acids will be misfolded or lack a part of the protein
which is important for enzymatic activity such as substrate- or cofactor binding sites,
which explains the deficiency of PhyH activity. However, it is difficult to predict the con-
sequences of a single amino acid substitution on the activity of the PhyH protein. In
order to verify the effect of the G610A transition (giving rise to a Arg275Trp substitution,
as found in patient 8, Table 2), we have cloned this mutation in the PHYH open reading
frame and used the yeast S. cerevisiae to express the mutant protein. Activity measure-
ments in yeast lysate preparations containing the expression vehicle without the PHYH
open reading frame showed no detectable PhyH activity. When the correct human PHYH
open reading frame was cloned into this expression system, a high PhyH activity was
measured. When the PHYH open reading frame containing the G610A transition was
expressed, no PhyH activity could be detected in the yeast lysate. This finding provides
the final proof that this point mutation is causing the loss of PhyH activity in this patient
with RD.
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1. ABSTRACT

Several severe congenital cardiomyopathies are known to be associated with defi-
ciencies in long-chain fatty acid transport and oxidation. Our studies are focused on a
key enzyme in the regulation of intracellular long-chain fatty acid transport: carnitine
palmitoyltransferase 1. Of this enzyme, two isoforms are expressed in the neonatal heart:
L-CPT1 (the “liver-type” isoform) and M-CPT1 (the “muscle-type” isoform). It is known
from studies in rats that chemical inhibition of both CPT1 isoforms results in hypertro-
phy of the cardiomyocytes, leading to an increase in heart-weight of up to 25%. With the
aid of expressed sequence tag database analyses, cDNA- and genomic sequence infor-
mation, we analysed the human gene for M-CPT1 in detail, and obtained partial clones
of the murine genes for both CPT1 isoforms. We now started the development of a con-
ditional knockout model to analyse and dissect deficiencies in these genes.

While of the other mitochondrial components of the carnitine system deficiencies
are known, some with severe cardiac consequences, M-CPT1 deficiencies have never been
described. This suggests that M-CPT1 deficiency either (1) has not been recognised within
the pool of congenital disorders, (2) is detrimental in an early stage of reproduction or
embryogenesis, or (3) does not lead to physiological problems, probably due to the exis-
tence of a rescue system. If (1) is the case, the phenotypic effects of M-CPT1 deficiency
have to be studied in order to generate criteria for clinical decision making and diagno-
sis. Option (2) demonstrates the necessity to use novel vector systems to create condi-
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tional gene disruptions. Hypothesis (3) implies a possible role for L-CPT1, and a knock-
out model allows a study of the interaction between the genes for L-CPT1 and M-CPT1.
Applicable strategies to develop such a model system will be discussed.

2. INTRODUCTION

Long-chain fatty acids are the major substrates for energy generation in the heart.1

Before entering the mitochondrial -oxidation cycle, long-chain fatty acids have to be
transported across the mitochondrial membranes as carnitine esters. The machinery
needed for transport of long-chain acylcarnitines includes three membrane-associated
components:2 the enzyme carnitine palmitoyltransferase 1 (CPT1), the carrier carnitine
acylcarnitine-translocase (CACT), and the enzyme carnitine palmitoyltransferase 2
(CPT2). Of CPT1, two isoforms are expressed in the neonatal heart: L-CPT1 (the “liver-
type” isoform) and M-CPT1 (the “muscle-type” isoform).3 These isoforms are encoded
by two separate genes,4,5,6 CPT1A and CPT1B, respectively.

Several familial cardiomyopathies are known to be associated with deficiencies in
long-chain fatty acid transport and oxidation.7,8,9 Patients with adult10,11 and juvenile pre-
sentations of CACT- and CPT2 deficiencies have been described, of which the acute juve-
nile forms are accompanied by severe cardiac problems.12,13,14,15,16 Of CPT1 deficiencies,
only defects in the liver-type enzyme are documented.17,18,19,20 In these patients hepatic
problems dominate, i.e., hypoketotic hypoglycemia under circumstances where an
increase in -oxidation is called upon. These primary metabolic consequences in L-CPT1
defects can lead to hepatomegaly, encephalopathy, coma, and sudden death. Apart from
malfunctioning of other organ systems, transient cardiac arrhythmia,20 tachycardia21 and
cardiomegaly21,22 in cases of L-CPT1 deficiency have been observed. These cardiac
deviances, and also the sudden death phenomenon, may be caused by the metabolic state
of the whole body, but the direct effect of a lack of L-CPT1 in the heart itself may play
a role as well. If a L-CPT1 deficiency could be limited to the heart in a model system,
this would allow a better understanding of the role of L-CPT1 in heart metabolism, and
of the cardiac contribution to sudden death in some cases of L-CPT1 deficiency.

Whereas the “hepatic” CPT deficiency refers to a L-CPT1 defect, the “muscular”
CPT deficiency is the adult presentation of a CPT2 defect, while the acute juvenile CPT2
malfunctioning has been designated “hepatocardiomuscular” (see also McKusick’s On-
line Mendelian Inheritance in Man accession numbers 255110, 255120, 600528, 600649,
600650, 601987; http://www3.ncbi.nlm.nih.gov/omim/). All known CPT1 deficiencies are
L-CPT1 defects, and M-CPT1 deficiencies are not known. However, it is clear that M-
CPT1 plays a functional role in long-chain fatty acid metabolism in heart muscle,3 e.g.,
it has been shown by studies in rats that chemical inhibition with etomoxir, which acts
irreversibly on both CPT1 isoforms,3 results in hypertrophied cardiomyocytes, leading to
an increase in heart-weight of up to 25%.23,24

3. WHAT CAN BE EXPECTED? POSSIBLE EXPLANATIONS FOR
THE ABSENCE OF M-CPT1 DEFICIENT PATIENTS

Since L-CPT1 deficiency is compatible with life, it is anticipated that a CPT1A
knockout mouse model will be a viable model system. The value of such an animal model
will increase if conditional (spatiotemporal) control of L-CPT1 function can be achieved
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(see above). For a model of M-CPT1 deficiency the conditional aspect may even be of
more importance. The main question to be answered is why there are no M-CPT1 defi-
cient patients known. Possible explanations for this can be divided in three groups, which
we will discuss below. It is of clinical and social importance which of these explanations
will hold true. Not only will a CPT1B knockout study be relevant even if a probably low
number of patients suffer from such a recessively inherited disorder, it may also improve
the differential diagnosis of metabolic disease9 in a large population of patients8 when
M-CPT1 deficiency can be excluded as a possible cause of metabolic disorder. Further-
more, the social impact and psychological consequences for the direct environment of
cases of unexplained sudden death are hardly quantifiable.

The outcome of a CPT1B knockout study will provide answers to existing ques-
tions. It can be expected that new questions will arise as well, and that basic scientific
insight may gain considerably. One of the major reasons to develop a conditional knock-
out mouse model for both CPT1 genes is to investigate the phenotype of a M-CPT1
defect as a single entity, as well as in conjunction with a L-CPT1 defect.

The possible explanations we have been considering are the following:
(1) M-CPT1 deficiency could be structurally misdiagnosed. It may not have been

recognised within the pool of congenital disorders due to the specific gene expression
pattern of CPT1B. The genetic regulation of expression of the two CPT1 isoforms in
skin fibroblasts, the default tissue material for diagnosis of metabolic disorders, permits
only the enzymatic measurement of L-CPT1, and not M-CPT1.2,22 For the accurate mea-
surement of M-CPT1 much more invasive methods would be needed to obtain biopsies
in stead of the relatively mild approach used to obtain skin fibroblasts. Although justi-
fied in obvious cases of severe (cardio)muscular problems, it is certainly not routine to
obtain muscle- or fat biopsies from young children, let alone heart biopsies. It is, there-
fore, easily conceivable that the specific expression pattern of the CPT1B gene has limited
the probability to accurately diagnose possible patients. If this is the case, the phenotypic
effects of M-CPT1 deficiency have to be studied in detail in order to determine clear cri-
teria for diagnostics and clinical decision making. A proper understanding of the onset
of the disorder will improve genetic counselling and advice. Therefore, possible disease-
related problems during late stages of embryogenesis and near-term fetal development
should also be within the scope of this study.

(2) M-CPT1 deficiency could be detrimental in an early stage of reproduction or
embryogenesis. If this explanation is true, the accuracy of diagnosing cardiomuscular dis-
orders will improve as there would be one possible metabolic disorder less to take into
account. If early problems due to inaccurate expression of CPT1B occur, it is of impor-
tance to identify the developmental stage at which these are initiated and effectuated. In
that respect, the expression pattern of CPT1B is intriguing since it is known that abun-
dant levels of its mRNA are present in rat testis.25 We know from dbEST (expressed
sequence tag database) analysis that a substantial number of mouse and human CPT1B
clones in this database originate from testis as well.

At first sight, obligatory post-meiotic expression of CPT1B could explain why M-
CPT1 defects never occur congenitally, when proper expression from a single allele is a
prerequisite for the viability and fertility of spermatozoa. This would mean that, although
heterozygous germ-line cells could exist due to a de novo mutation in CPT1B, the mutant
allele would not pass through the haploid stage, and even heterozygotes would never be
born. However, this thought is contradicted by experimental evidence that haploid sperm
cells actually behave as diploids, probably due to cellular interconnections.26 Moreover,
there is important circumstantial evidence that the complete lack of an active gene for
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M-CPT1 can be overcome during haploid stages in humans: several patients are known
with subtelomeric deletions of chromosome 22q,27,28,29 the chromosomal site which con-
tains the CPT1B gene.5,6 These reported cases are hemizygous for CPT1B, and none of
them appear to be mosaic (H. E. McDermid, personal communication). Since the parents
have normal karyotypes,28 the de novo rearrangements of 22qter must have arisen in germ-
line cells of one of the parents, most likely during meiosis I. This strongly suggests that
gametes without an active locus for M-CPT1 are fertile. Some of the 22qter deletions are
of paternal origin,27 i.e., the gametes were spermatozoa. Thus, if CPT1B malfunctioning
would lead to problems in early stages of reproduction or development, these problems
can only become manifest in diploid cell stages in cases of homozygosity or compound
heterozygosity. This could be relevant either in pre-meiotic stages of germ cell develop-
ment, or in early stages of embryo development. It will be clear that information on the
importance of CPT1 expression in reproduction is crucial for the development of a viable
animal model.

(3) M-CPT1 deficiency may not be a cause of physiological problems, since there
may exist a rescue system. Again, this would be relevant for the spectrum of defects to
count with in the diagnosis of long-chain fatty acid metabolic disorders. It would also
mean that the M-CPT1 enzyme is not necessary for life, which would prompt us to the
subsequent question why there exist different CPT1 isoforms at all. The conceivable
explanation for the existence of at least two CPT1 isoforms, is that body homeostasis is
too complex to be covered by a single gene product at a crucial entry site in long-chain
fatty acid oxidation. The two known isoforms are similar, but have different properties
with respect to a.o. inhibitor sensitivity and carnitine affinity,2 e.g., rat L-CPT1 shows a
much higher affinity for carnitine than rat M-CPT1 (Kms of 32 µM and 500 µM, respec-
tively).30 In the healthy rat heart, the expression of the CPT1 isoforms shift from L-CPT1
to M-CPT1 during the fetal-neonatal transition.3 The teleological explanation that in the
late fetal / early neonatal heart, L-CPT1 is expressed when free carnitine levels are too
low for optimal M-CPT1 activity, and that in the neonatal heart M-CPT1 takes over
CPT1 function after free carnitine levels increase,3 seems plausible. Therefore, if a rescue
system appears, this implies a candidate role for L-CPT1, in which L-CPT1 function pro-
longs after the level of free carnitine increases in the heart. Other enzymes with acylcar-
nitine transferase properties may also be involved such a rescue system. A binary
knockout model with disrupted genes of both isoforms is needed to study the possible
interaction between the genes for L-CPT1 and M-CPT1.

4. MOLECULAR GENETIC CONSIDERATIONS

In our opinion, the model of choice to study a genetic deficiency is a knockout
model. This implies that the model animal has to be a mouse,31 since only in murine
embryonic stem cells it has been possible to efficiently create the desired genetic alter-
ations while pertaining these cells pluripotent, a prerequisite for proper embryonic devel-
opment. Thus, in contrast to transgenic model systems, which in principle can be
generated in any mammalian species by means of oocyte microinjection, the choice of
animal for knockout studies is limited to the mouse. Techniques to analyse cardiovascu-
lar function are well developed for larger animal models, and some of these are now mod-
ified for the small size of the mouse heart and for the animal’s rapid cardiac cycle.32

As discussed in the previous section, the possibility that a CPT1B gene knockout
can be detrimental in pre-meiotic or post-zygotic stages of reproduction cannot be
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excluded. This necessitates the use of novel vector systems to create conditionally con-
trollable gene disruptions, in order to circumvent possible complications in a classic
knockout model, and in order to obtain a viable model system. An analogous approach
for the CPT1A gene knockout enables the dissection of cardiac and hepatic metabolic
consequences of a L-CPT1 deficiency.

Novel knockout techniques allow the specific initiation of gene-disruption events
by the use of the bacteriophage P1-derived Cre-LoxP system.33,34,35 This system consists
of two elements: short DNA sequences called LoxP sites, and a specific recombinase
which causes rearrangements of DNA by its action on these sites. The recombinase is
encoded by the Cre gene, and in most applications it functions through deleting a DNA
fragment between two LoxP sites (the “floxed” DNA). By introducing LoxP sequences
in introns which flank important exons, silent gene-disruptions are created, which only
become apparent after the action of the Cre-recombinase. Mice resembling classic knock-
outs can be obtained by breeding, after crossing of the LoxP-tagged mice with “deleter”
mice which express Cre body-wide.36 Other transgenics which express Cre later in devel-
opment, or specifically in one tissue, can be used in order to create the desired spa-
tiotemporal disruption of the target gene. Transgenic and knock-in mice expressing Cre
in various specific manners are in development at several laboratories. Useful informa-
tion about promoter specificity in conjunction to Cre expression can be found on the
internet at http://www.mshri.on.ca/develop/nagy/Cre.htm. We refer to ref.37 for a recent
example of a knock-in strategy, which was used for ventricular myocardium-specific gene
targeting at early stages of ventricular specification.

Not only by crossing with mice which express Cre, but also by infection with Cre-
adenovirus vectors the tissue-specific control of the knockout event can be achieved.38

This is a simple and attractive approach which reduces time, labour, and the number of
animals needed for breeding. Adenoviral delivery of Cre in adult ventricular cardiomy-
ocytes in vivo has been shown effective.39

In man, and presumably also in mouse, the CPT1A and CPT1B genes are asyn-
tenic (i.e., the loci are on different chromosomes).4,5,6 In the human genome, CPT1A is
located on chromosome 11q13,5 whereas CPT1B is located very closely to the distal end
of chromosome 22q (22q telomere, 22qter, also called 22q13.32)5,6 (see also Genbank
accession number U62317). The equivalent of human 22qter is a region of chromosome
15 in mouse, and for 11q13 this is a region of chromosome 19. Mice with defined muta-
tions in these particular chromosomal regions are not known. The genomic sequences
of the chromosomal region surrounding human6,40 and rat41 CPT1B genes are known in
detail, but of the larger CPT1A gene no complete genomic sequence has been reported
yet. Partial genomic sequences from the human4 and rat42 CPT1A gene point to the exis-
tence of several large introns in this gene in both species. If in the mouse the CPT1A
gene contains large introns as well, the introduction of loxP sites will probably be less a
problem than for CPT1B. The CPT1B gene is relatively compact, spanning less than
10kb in man and rat.6,40,41 For normal activity of the floxed gene, the small size of the
CPT1B gene may not allow even small alterations in most of the introns, as this could
affect proper splicing. Moreover, the first introns may contribute to the regulation of tran-
scription and should be avoided in cloning strategies for the insertion of LoxP sites.

As discussed above, an attractive strategy to create a target site for Cre is to intro-
duce LoxP sequences in introns. To lower the risk that the activity of the floxed gene or
its product is negatively affected, two loxP sites should be used, without any additional
alterations like selection—or reporter genes. However, it is tempting to introduce at least
one reporter system in either gene-targeting experiment, as this may provide a means to
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follow gene-inactivation after Cre-mediated excision. Even if normal function of the
floxed or fused gene is altered, this may give rise to an informative animal model. Several
reporter systems can be used in these types of experiments,43 but success seems to depend
largely on specific conditions which differ from gene to gene. In our current studies we
focus on the jellyfish green fluorescent protein (GFP) reporter system,44 because exoge-
nous substrates are not required for GFP, which may be useful to monitor gene expres-
sion in living cells. The GFP system, just as any other reporter, can be used in two ways:

— An off-on reporter switch after Cre-mediated excision, i.e., Cre-mediated inac-
tivation of the floxed gene results in expression of GFP. In this case the GFP
gene should be cloned outside the floxed sequence, and should become acti-
vated either by in-frame fusion to the first region of the CPT1 peptide sequence,
or by replacement of the complete coding sequence. An in-frame fusion may
be the best approach, as the 5´ LoxP site still would be situated distant from
the promoter and first introns. Coding sequence replacement requires a LoxP
site between the promoter and the start codon. Off-on expression switching is
a dominant trait, and therefore allows expression of the reporter in homozy-
gous and heterozygous mice. Gene-activity of those floxed genes which escaped
to Cre-mediated inactivation cannot be assessed this way.

— An on-off reporter switch allows a better estimate of the remaining amount of
gene product after Cre-mediated excision. This situation can be reached by
placing the reporter between the loxP sites, in-frame with the CPT1 protein
sequence, either N- or C-terminal. Again, a prerequisite for an optimal analy-
sis is that the gene fusion does not interfere with normal gene function. The
on-off switch is of recessive nature, just as the target gene alteration itself,
and therefore better reflects the level of residual activity after Cre-mediated
inactivation.

Both these strategies create knock-in situations: the off-on switch results in a
reporter gene knock-in behind the endogenous CPT1 promoter after inactivation of
CPT1, while the on-off approach attaches the reporter to active CPT1 and allows gene
expression studies in the first generation of mice already. For these reasons our first efforts
focus on the latter strategy. Much will depend on the flexibility of CPT1 enzyme func-
tion, and also on the applicability and sensitivity of GFP in these studies.

5. CONCLUDING REMARKS

Genetic defects in transport and oxidation of fatty acyl derivatives regularly cause
cardiomyopathies and produce dramatic symptoms under circumstances where an
increase in -oxidation is called upon. Our aim is to create a binary (CPT1A and CPT1B)
and conditional (Cre-LoxP) knockout mouse model to study deficiencies with expected
consequences for the regulation and action of intracellular long-chain fatty acid trans-
port to the mitochondrial matrix. Depending on the viability of the animals, mice with
complete or partial knockout genotypes will be analysed. The emphasis will be on the
analysis of the phenotypes of homozygotes (LLmm and llMM) and double-homozygotes
(llmm) at the macroscopic-, microscopic-, molecular- and biochemical level.

Once the above described system has been developed, a broad range of intriguing
questions can be approached efficiently. Our primary interests are focused on pediatric
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cardiology, lipid metabolism, and inherited metabolic disorders. However, it is clear that
a conditional CPT1 knockout system will provide a valuable model for a wide range of
research fields, including those of diabetes, obesity, apoptosis, muscular dystrophy and
brain metabolism. The application of reporter systems like GFP enable the combination
of gene knockout and reporter knock-in. Much will depend on the functional feasibility
of the various approaches.
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1. INTRODUCTION

Medium chain acyl-CoA dehydrogenase (MCAD; EC 1.3.99.3) is one of the family
of enzymes that catalyse the first of the four reactions that comprise the -oxidation cycle,
the oxidation of fatty acyl-CoA to enoyl-CoA1 with the insertion of an double bond.
MCAD is specific for 6–12 carbon long, straight chain fatty acyl-CoAs. The human
enzyme consists of 421 amino acids2 25 of which are cleaved upon entry into mitochon-
dria.3 In the mitochondria, MCAD folding is assisted by heat shock protein 60.4 Subse-
quently the monomers are assembled to the active tetramer, incorporating one FAD
molecule per subunit.5,6

MCAD deficiency is the most common defect of -oxidation in humans.7,8 It is an
autosomal, recessively-inherited, potentially fatal disease, usually manifesting within the
first years of life.9 The clinical manifestations can be quite diverse, but usually include
fasting-induced non-ketotic hypoglycaemia, lethargy, even coma. Up to 25% of the first
of such attacks can be fatal, although affected individuals who remain symptom free for
years have also been reported.10,11 The wide clinical spectrum is partially due to the fact
that fasting, sometimes in connection with infection and fever, is required to trigger the
disease.

The high incidence of MCAD-deficiency largely reflects the high frequency of one
predominant mutation, A985G, found in almost 90% of all affected alleles.12–13

The product of this common mutation is a lysine to glutamate change at position
304 in the mature protein. The K304E mutant was found to be unstable in patient fibrob-
lasts14 and upon overexpression in COS-7 cells,15 whereas in E. coli most of the protein
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was found in insoluble aggregates,16 indicating misfolding and/or hampered tetramer
assembly. The chaperonin cpn60 (GroEL in E. coli) and co-chaperonin cpn-10 (GroES
in E. coli) cooperate in the folding procedure and GroEL together with GroES, when co-
overexpressed with the K304E mutant, aid the folding and correct assembly of the mutant
enzyme.17

Over the last few years, a large number of other MCAD mutations have also been
discovered, usually in heterozygous combination with A985G.11 Although the G985
homozygotes may display the entire clinical spectrum, it could be speculated that a more
distinct correlation between clinical phenotype and genotype is possible in patients with
the rare mutations. These rare mutations, have now been recreated by site-directed muta-
genesis by the megaprimer PCR procedure18 or by subcloning from plasmids harbor-
ing patient MCAD cDNAs. The pWt plasmid19 has been used as a template in the
megaprimer procedure. The plasmids containing the mutations have been transformed
into E. coli JM109 cells, overexpressed with and without the co-overexpression of GroEL
and GroES, and investigated with respect to their ability to fold and assemble into a
stable, active tetramer.11,20 The main aims of our current study were to characterise bio-
chemically these naturally occurring mutations, and establish possible correlation
between the severity of the mutation, as established from the in vitro measurement of
enzyme activity, and the clinical representation in the affected patients. This involves the
overexpression in the presence of chaperonins, purification and characterisation of the
mutant proteins and this has been undertaken for several of the rarer mutations. In this
paper we present results for the mutation G242R.

2. PATIENT HISTORY OF THE G242R MUTATION

One patient, a 4-month old Danish boy, is previously described as case 1.21 This
patient died suddenly at the age of four months and was characterized as a borderline
SIDS.   -Oxidation activity in fibroblasts was decreased relative to controls, but was
nevertheless higher than levels usually observed for MCAD patients.

All exons of the MCAD gene from this patient’s genomic DNA were amplified and
sequenced as previously described.11 No changes other than heterozygosity for the G799A
mutation in exon 9, corresponding to the G242R change in the protein, were observed
in the genomic DNA from this patient. The only known gross rearrangement in the
MCAD gene, a deletion involving exons 11 and 12,22 was excluded on the basis that both
patients were heterozygous for the 1161A > G polymorphism.23 In conclusion, our results
strongly suggest that this patient is only heterozygous for the G242R mutation, and has
no other disease-causing mutations in the MCAD gene.

3. PURIFICATION OF WILD TYPE AND G242R MCAD

For purification, 10 of the non-G985 mutations were subcloned into the pTrc-
MCAD vector to allow expression of the mutant protein in higher yields, and trans-
formed into E. coli TG1 cells. For the G799A mutation, the ECoRI/HindIII fragment
(position 689-1315) of the pG242R plasmid was ligated into the pTrc-MCAD plasmid,
digested with the same enzymes.

The wild type and the mutant G242R have successfully been purified. The enzymes
were purified from 6L of culture. The G242R mutant was co-overexpressed with the
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chaperonins GroEL and GroES. After induction with 0.1 mM IPTG at the
cultures were grown at 28 °C for 16 hours.24 The cells were broken up by a large-scale
version of a lysozyme/sonication protocol.17 The purification procedure was modified
from,25 with the following differences: The DE52 buffer contained 5µM FAD, the gel fil-
tration step was omitted and the AH-Sepharose column was replaced by octyl-sepharose.

The octyl sepharose column bound porcine kidney MCAD in 1M ammonium sul-
phate in 250 mM KPi, but both the human wild type and G242R enzymes bound only
in 250mM KPi and 40% ammonium sulphate (1.75M). The human enzymes were eluted
in 250nM KPi and 15% ammonium sulphate (0.65 M).

After purification the enzymes were precipitated by 80% ammonium sulphate in
250mM potassium phosphate, (containing 0.3mM EDTA) pH 7.6 and stored at 4°C in
an approximately 5-fold excess, of FAD. Prior to use, the enzyme was dissolved in
250mM KPi, 0.3 mM EDTA, pH 7.6, and run through a Sephadex G-25 column to
remove the ammonium sulphate and excess FAD. The enzyme concentration was mea-
sured from the visible spectrum, taking  Total protein was mea-
sured by the Bradford microassay and enzyme activity was measured by the ferricenium
assay.26

The purity of the enzyme was estimated from the A280: A450 ratio25 and by SDS-
PAGE gel, followed by Coomassie staining. The following table shows the absorbance
maxima and ratios for the wild type and the G242R mutant enzymes.

A280: A450 ratio of purified enzymes:
Wild type 5.34
G242R 5.24

The purification was also monitored by running SDS-PAGE gels with samples
taken after each purification step. In case of the G242R mutant, 5 µ g protein was loaded
in each lane. For the wild type enzyme 7.5µg of the supernatant, 5µg of the ammonium
sulphate and 2.5 µ g of the other steps were loaded. The results for the wild type and
G242R mutants are shown in figure 1.
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4. THERMAL STABILITY OF THE WILD TYPE AND G242R MCAD

The thermal stability of the partially active MCAD mutants has so far been deter-
mined only on the cellular lysates after co-overexpression with GroEL and GroES.11,23

The G242R mutant has been shown to have a slightly reduced stability compared to the
wild type. However, the presence of chaperonins and other proteins may have a signifi-
cant influence on the results, so temperature stability of the purified proteins was also
measured. The enzymes were incubated at 37 °C and residual activity was measured over
a 100 minute period. The results are shown in figure 2.

5. CONCLUSIONS
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In previous experiments, wild type and mutant MCAD enzymes were overexpressed
on a small scale, using the plasmid pWt and mutant derivatives, for studies on the cellu-
lar lysate.11,20 However, the yields for large scale purification purposes were very low. To
obtain larger amounts of pure protein, the plasmid pTrc has been obtained, which in the
case of the wild type increased the yield by about 5-fold (data not shown).

All but one of 10 partially active mutations have now been subcloned into the pTrc
expression vector. The first of the 10 partially active mutant proteins, G242R, has been
successfully purified to a level similar to the wild type enzyme. The purification of the
others is in progress.

As a first approach we chose to characterize the G242R mutation as it is the most
interesting of the mutations. The G242R mutation is one of the two most frequent non-
G985 mutations and our preliminary results had shown that it is partially active, and that
it shows an abnormal behaviour in native gels.11 From a patient point of view, the G242R
mutation is of particular interest, since, as described in the previous sections a patient,
affected by this mutation appeared to be only heterozygous for the G242R mutation in
one allele and to have a wild type sequence in the other allele, suggesting a dominant
effect of this mutation under certain circumstances. This would be highly unusual, as
MCAD deficiency is traditionally considered an autosomal recessive inherited disease.

The purified MCAD wild type and G242R mutant enzymes show no obvious spec-
tral differences. The visible peak was at 447 nm for both the wild type and the G242R
mutant. The near UV peak was at 371/372nm, and the far UV peak at 271 nm for both
enzymes. The ratios between the peak absorbances are also closely similar, and the slight
differences may be due to slight impurities. They were both purified to >90% purity, as
seen from the SDS-PAGE gels, which indicate one minor contaminating band for both
enzymes. The A280:A450 ratios have been reported for the purified porcine kidney
enzymes as 5.25.25 This suggests, that approximately the same level of purity has been
achieved with the human wild type and G242R enzymes. Slightly better purification was
achieved in case of the G242R mutant.

The specific activity of the G242R mutant was found to be 50% higher than that
of the wild type. Previously11 it was shown that the specific activity of the G242R, as
measured in the E. coli cellular lysate is 30–40% of the wild type, when the enzyme is co-
overexpressed with the bacterial chaperonins GroEL and GroES, but the native PAGE
was inconclusive about the amount of tetramer present. The G242R mutant behaves in
a very unusual manner on the native gel, the band is upshifted and much less intense than
would be expected from the measured activity, a property in which it is unique among
all MCAD mutations so far investigated.11,20 The present data show that the amount of
active tetramers formed in case of the G242R is only 20–25% of the wild type, but once
formed, the mutant enzyme has a specific activity approximately 150% of that of the wild
type enzyme. However, the conditions have been selected to minimise the effect of the
impaired folding mechanism by the co-overexpression of chaperonins. In the human
tissues, the amount of active tetramers is likely to be considerably lower than under the
experimental conditions, as G242R is a disease-causing mutation. Nevertheless it was
shown that the G242R mutant, can yield levels of active tetramer under optimised con-
ditions that are not dramatically decreased when compared to the wild type enzyme. Also,
the specific activity of this mutant showed a 50% increase, indicating that reduced activ-
ity of the correctly folded enzyme is not likely to be responsible for symptoms of MCAD-
deficiency in the patients.

The thermal stability of the purified wild type protein and G242R has been com-
pared. In a previous study, using higher temperatures and shorter incubation times the
G242R showed a slight reduction in stability compared to the wild type.11 In this study,
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it was shown, that at the physiological temperature, the G242R shows a detectable, but
not drastic reduction in stability. The wild type and the G242R proteins show 50% inac-
tivation after 40 minutes and 33 minutes respectively. It is noteworthy though, that
patients usually have fever (patient 1 had a slight cold prior to death), so the tempera-
ture might be more relevant in vivo than in the case of in vitro experiments. Unfortu-
nately, our results from the biochemical characterization of the G242R mutant protein
have not explained how the G242R mutant protein should be able to exert a dominant
effect. So, it is still a mystery, whether the disease in the described patient is a result of
a dominant effect of the G242R protein (perhaps mediated through the tetrameric struc-
ture of the enzyme), compound-heterozygosity for the G242R mutation and a undetected
mutation, or true heterozygosity for the G242R mutation in MCAD combined with
unknown genetic factors.

In conclusion, the evidence from this work still supports the theory that it is not
the stability of the enzyme already formed, but the impaired folding and/or tetramer
assembly, that is the most significant factor in the disease-causing nature of this
mutation.
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1. INTRODUCTION

Short-chain acyl-CoA dehydrogenase (SCAD) is one of four similar acyl-CoA
dehydrogenases that catalyze the first reaction in the mitochondrial -oxidation of fatty
acids. As the nae implies, the substrates for this enzyme are short-chain acyl-CoAs

A little over a decade ago, the first spontaneous animal model for an inherited
defect in -oxidation of fatty acids was discovered and characterized, the BALB/cByJ
mutant mouse with inherited short-chain acyl-CoA dehydrogenase (SCAD = enzyme,
Acads = gene) deficiency. At that time SCAD was called butyryl-CoA dehydrogenase
(BCD = enzyme, Bcd-1 = gene), thus referring to its primary substrate. Although these
mutant mice have no clinically overt abnormal phenotype, they do have important
biochemical and pathological abnormalities. This mouse model has since been extensively
characterized, progressing from the molecular basis of its SCAD deficiency to the
evaluation of germ-line genetic correction with an SCAD transgene. It has been a unique
model to study in vivo the metabolic bases of fatty acid -oxidation deficiency
disease.

Current Views of Fatty Acid Oxidation and Ketogenesis: From Organelles to Point Mutations
edited by Quant and Eaton, Kluwer Academic / Plenum Publishers, New York, 1999. 395
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2. BACKGROUND

The mouse model of SCAD deficiency was discovered by a combination of processes.
The first clue was revealed by a cellulose acetate electrophoresis assay for the genetic marker
butyryl-CoA dehydrogenase (BCD).1 The Bcd-1 locus, located on mouse chromosome 5,
encodes for BCD, now called SCAD. There were two electrophoretic allozyme variants
known in the various inbred strains.1 The fast anodally migrating band, representing the
Bcd-1a allele, is found in A/J, C57BL/6J, SJL/J, SM/J, and 101/H strains. Likewise, the slow
anodally migrating band, representing the Bcd-1b allele, is found in BALB/c, CBA/H,
NZB/B1, NZC/B1, and 129/J mice.1 In 1986, Prochazka and Leiter2 reported that
BALB/cByJ mice had a null activity allele at the Bcd-1 locus. Based on this interesting
genetic marker variant, our gas chromatography-mass spectrometry analysis of urinary
organic acids, revealed in the BALB/cByJ mice had not only an off-scale peak of butyryl-
glycine, but also a very large peak of ethylmalonic acid and a significant peak of methyl-
succinic acid.3 This pattern, except for the butyrylglycine, all fit well with the report by
Rhead and colleagues of two human patients with short-chain acyl-CoA dehydrogenase
deficiency.4 In 1989, both Wood, et al.,3 and Schiffer, et al.,5 independently reported the
deficiency of short-chain acyl-CoA dehydrogenase (SCAD) and the biochemical abnor-
malities associated with this defect in BALB/cByJ mice. Schiffer et al.5 also demonstrated
that the SCAD deficiency mapped to the Bcd-1 locus on chromosome 5.

The BALB/cByJ mice are direct descendents of the BALB/cBy strain maintained
originally by Donald Bailey at the Jackson Laboratory through a subline removed from
his research colony in 1975 and put in the Jackson Laboratory production colony;2 these
became the BALB/cByJ subline, now known to have SCAD deficiency. In later studies
based on PCR analysis of the BALB/cByJ-fld mutants,6 it was determined that the Acads
mutation occurred sometime between 1981 and 1982. This study also established that the
mutation for fatty liver dystrophy (fld) was not the same as SCAD deficiency, although
fatty liver is found in both. Having been separated since 1935,7 BALB/cByJ are more
distantly related to the other common BALB/cJ mouse strain also available from the
production colony of the Jackson Laboratory. BALB/cJ mice have a very aggressive,
hyperactive behavior as compared to the relatively reserved BALB/cByJ mice. We initially
speculated that the BALB/cByJ mice were mentally retarded as a result of SCAD defi-
ciency, but the BALB/cBy mice also have placid behavior. Therefore, we recommend that
the best SCAD-normal control subline to use is the BALB/cBy mice, since they are
virtually coisogenic.

3. CLINICAL AND PATHOLOGIC CHARACTERIZATION

In our initial paper3 describing this mutant mouse model, we reported that they had
undetectable SCAD activity, which agreed metabolically with the urinary organic acid
results and the genetic marker results. In addition, upon fasting the blood glucose of these
mice would drop to approximately half of normal control values and their serum glycine
concentrations would also decrease to two thirds of normal.3 We speculated that the
glycine was being lost in the urine due to the abnormally high amounts of butyrylglycine
being excreted. We also did carnitine loading experiments and found that these mice were
not carnitine deficient, perhaps because they were excreting excess butyryl-CoA as
butyrylglycine via glycine conjugation rather than as butyrylcarnitine.3 We did, however,
find excessive muscle butyrylcarnitine in the mutants and trace to no detectable amounts
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of muscle butyrylcarnitine in the controls. The mutant mice develop severe fatty liver
with fasting, as well as excessive fat in the liver without fasting as compared to normal
controls. Immunoprecipitation studies later showed that there was no detectable SCAD
antigen produced in multiple tissues.8

Clinically, these mutants have remained consistently normal.3 We have challenged
them with fasting,3 medium-chain triglyceride loading,3 as well as, sodium butyrate
loading, sodium benzoate and salicylate9 loading in an attempt to overload the glycine
conjugation pathway. We have also fed them a high fat diet (40% fat) composed of butter
fat with a relatively high short-chain fatty acid content. Even after consuming this diet
for over a month, these mice showed no clinical signs of disease with fasting. Patholog-
ical characteristics include predominately fatty liver and kidney3,9 ultrastructural studies
demonstrated swollen, disorganized mitochondria in hepatocytes from fasted mutants
with the appearance of a grade II change as described for children with swollen
mitochondria associated with Reye Syndrome.9 There was also depletion of hepatocyte
glycogen stores.

4. MOLECULAR GENETICS OF MOUSE SCAD AND
SCAD DEFICIENCY

4.1. Mouse SCAD cDNA Characteristics

We cloned and reported the complete sequence of the cDNA for mouse precursor
SCAD.I0 The full length mouse SCAD cDNA is 1,792 base pairs; the mouse SCAD cDNA
coding sequence covers 1,239 base pairs. The coding sequence contains a 24-amino acid
leader peptide and a 388-amino acid mature peptide. Comparison of this sequence to
reported rat and human SCAD cDNA sequences revealed a high degree of homology
between the three species. Comparison of the amino acid sequence to that of the other
acyl-CoA dehydrogenases, medium-chain acyl-CoA dehydrogenase (MCAD) and long-
chain acyl-CoA dehydrogenase (LCAD), also showed a high degree of similarity.

4.2. Mouse SCAD Genomic Characteristics

To further understand the similarities between the members of this gene family, to
characterize how this gene is regulated, and to determine if there is coordinate regula-
tion between these related genes, we isolated genomic clones containing the mouse Acads
gene.11 We showed that Acads is a compact, single-copy gene approximately 5,000bp in
size. We sequenced the entire coding portion of the gene, all of the intron/exon junctions,
and an 850bp segment upstream of the translation start site. We determined that the gene
consists of 10 exons ranging in size from 56bp to 702bp, and 9 introns ranging in size
from 80bp to approximately 700bp. The 5' region of the mouse Acads gene lacks a TATA
box or a CAAT box, is GC rich, and also lacks any similarity to the related gene, medium-
chain acyl-CoA dehydrogenase. This was the first report of the gene structure and 5' reg-
ulatory sequence of the short-chain acyl-CoA dehydrogenase gene in any species.

4.3. Mutation Characterization

We also demonstrated the molecular basis of this defect by DNA and RNA
analyses, comparing these mice with the wild-type predecessor strain BALB/cBy,12 see
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Figure 1. The mutant strain has a 278 bp deletion in the 3' end of the structural gene for
SCAD, and reduced steady state levels of SCAD mRNA. The deletion begins in intron
8 and extends into exon 10. Two major transcripts are produced from this allele in the
mutant. One contains intronic sequence due to the absence of splicing, and the second
transcript results from missplicing of a normal splice donor site to a cryptic splice accep-
tor site in the 3' terminal exon. Both abnormal transcripts have aberrant stop codons,
thus confirming the molecular basis of SCAD deficiency in this unique mouse model.
Based on the cloning and molecular characterization of this mutant allele,12 we also
devised a polymerase chain reaction (PCR) assay13 to distinguish the Acadso null allele
from the other two functional alleles, Acadsa or b. This assay is technically much simpler
than the allozyme electrophoresis assay, and it provides for a rapid method of testing
BALB/c stocks for genetic contamination by the BALB/cByJ subline. BALB/cByJ mice
are otherwise genetically indistinguishable from the commonly used, but behaviorally and
biologically different BALB/cJ mice. In a recent study, Cordydon and colleagues reported
the genomic characteristics of human SCAD gene (ACADS).14 The human ACADS,
like the mouse Acads, is composed of 10 exons, but is 13kb in size, making it more than
twice the size of the mouse Acads gene. This same group then characterized several vari-
ants in the human ACADS gene frequently associated with varying degrees of SCAD
deficiency and of ethylmalonic aciduria in particular.15 Earlier descriptions of human
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ACADS mutations were also point mutations, but were very rare and associated with
severe neonatal forms of disease,16 in contrast with the mouse SCAD gene deletion muta-
tion with misspliced SCAD mRNA.12 Missplicing, however, may be an important mech-
anism to study further in the mouse model, since this has been a common finding in
human patients with medium-chain acyl-CoA dehydrogenase deficiency (MCAD).17,18

5. STUDIES TO INVESTIGATE MECHANISMS OF DISEASE

In human patients with SCAD or MCAD deficiency the common features include
hypoglycemia, hyperammonemia, metabolic acidosis, organic acidemia and a fatty
change of liver.4,15,16,17 As stated previously there are no overt clinical signs reported in
these mice; however, they do show several biochemical and pathological features. We have
found that upon fasting SCAD deficient mice under 8 weeks of age that the blood glucose
will drop in half as compared to normal controls.3 In our experience, normal mouse blood
glucose concentrations run approximately 150-200 mg/dl and the fasted mutants will
drop to 70–90 mg/dl; this is apparently not low enough induce any clinical signs of hypo-
glycemia. Yamanaka and colleagues have confirmed the hypoglycemia in the mutant
mice,19 and studies using perfused liver from these mice also showed glucose production
was lower in the mutants, as well as a failure to increase ketone body production using
either butyrate, octanoate, or oleate as substrates.19 Surprisingly, liver acetyl-CoA was not
deficient even in the fasted SCAD deficient mutants.

6. EFFECTS OF SCAD DEFICIENCY ON OTHER
METABOLIC PATHWAYS

As mentioned, human patients with acyl-CoA dehydrogenase deficiencies share the
disease features of hypoglycemia, hyperammonemia, tissue fatty change, hypoketonemia,
carnitine deficiency and organic acidemia due to apparent disruption of normal fatty
acid, glucose and urea metabolism. Most of the acute clinical episodes occur in young
children. These episodes are precipitated by fasting and are often fatal with the in vivo
mechanisms essentially unknown. Since the genes of the rate controlling enzymes of these
pathways are tissue and developmentally regulated at the transcriptional level, we mea-
sured, throughout neonatal development, the steady-state mRNA levels of long-chain
(LCAD), medium-chain (MCAD), short-chain (SCAD) acyl-CoA dehydrogenases, pyru-
vate carboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK), carbamyl phos-
phate synthetase I (CPS), ornithine transcarbamylase (OTC), and argininosuccinate
synthetase (AS) in fed or fasted-SCAD deficient BALB/cByJ mice, as compared to
BALB/cBy normal controls.20 Overall our results showed no major effects on steady state
mRNA expression of acyl-CoA dehydrogenases due to SCAD deficiency, regardless of
age or fasting. In SCAD deficient mice, we found depressed mRNA expression and
enzyme activity for the urea cycle enzymes CPS and AS at 6 days old, and found no
apparent effects on expression of gluconeogenesis enzymes PC or PEPCK. In the mouse
there was a period of overall lower gene expression for most of these metabolic genes at
6 and 15 days of age which appears to parallel the developmental period when human
children with these diseases are most severely affected.

Qureshi and colleagues have investigated several aspects of SCAD deficiency using
the BALB/cByJ mouse model. SCAD deficient mice were shown by these investigators to
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have significantly lower concentrations of acetyl-CoA in both liver and cerebrum, while
cerebrum had significantly higher concentrations of lactate, as compared to BALB/cJ
normal controls.21 Fasting aggravated these abnormalities. Fasted SCAD deficient mutants
also had signficantly reduced concentrations of liver free carnitine, as well as brain long-
chain acyl-carnitines.21 L-carnitine treatment was associated with increased cerebral CoA-
SH concentrations, as well as both hepatic and cerebral acetyl-CoA concentrations.21

They also investigated the effects of combining SCAD and ornithine transcar-

ing the SCAD deficient mice with sparse fur (spf) mice that have X-linked OTC deficiency.
By combining these mutations, the double mutant offspring (male or female) often did
not survive to breeding age. These investigators postulate that this double mutant mouse
may serve as a model to study ammonia: fatty acyl-CoA synergism in secondary hyper-
ammonemic syndromes.

In other studies by this group, riboflavin deficiency was induced in the SCAD defi-
cient BALB/cByJ mice by feeding them a riboflavin deficient diet for three weeks.23 Since
SCAD and the other acyl-CoA dehydrogenases are riboflavin dependent enzymes requir-
ing FAD, they hypothesized that inducing a multiple acyl-CoA dehydrogenase deficiency
via FAD depletion would potentiate the SCAD deficiency. Interestingly, they found that
SCAD deficiency combined with riboflavin deficiency enhanced the excretion of butyryl-
glycine, ethylmalonic, methylsuccinic acids, and other dicarboxylic acids. Furthermore,
they reported increased hepatic ammonia levels, but not increased cerebral ammonia or
glutamine concentrations. Acetyl-carnitine treatment restored most if not all of these
measures to normal.

7. TRANSGENIC CORRECTION STUDIES IN VIVO:
THE POTENTIAL FOR GENE THERAPY

We have explored the potential therapeutic effects of liver specific expression of a
short-chain acyl-CoA dehydrogenase (SCAD) transgene in the SCAD deficient mouse
model.24 Transgenic mice were produced with a rat albumin promoter/enhancer control-
ling a mouse SCAD minigene (ALB-SCAD) on both the SCAD normal genetic back-
ground (C57BL/6J x SJL/J-F1) and an SCAD deficient background. In three transgenic
lines produced on the SCAD deficient background, recombinant SCAD activity and
antigen in liver mitochondria increased up to 7-fold of normal control values. All three
lines showed a markedly reduced organic aciduria and fatty liver, which are sensitive indi-
cators of the metabolic abnormality seen in this disease found in children. We found no
detrimental effects of high liver SCAD expression in transgenic mice on either back-
ground. These studies provide important basic and practical therapeutic information for
the potential gene therapy of nuclear-encoded mitochondrial enzyme deficiencies, as well
as insights into the mechanisms of this specific disease.

8. ROLE OF FATTY ACID OXIDATION IN OTHER DISEASES

We and others have recently become interested in the roles aberrant fatty acid
metabolism may play in the pathogenesis of more common dyslipidemic syndromes such
as diabetes, obesity and development of cardiovascular disease. Recent studies reported
by Park and coworkers,25 attempted to identify different genetic backgrounds in mice that

bamylase (OTC) deficiency22 in the same mouse. Double mutants were produced by cross-



Lessons Learned from the Mouse Model of Short-Chain Acyl-CoA Dehydrogenase Deficiency 401

influence the development of these more chronic disease processes. They found that the
BALB/cByJ mice became significantly heavier and had significantly higher total serum
cholesterol, HDL cholesterol, and triglyceride concentrations in the fed state than
C57BL/6J mice. These authors did not mention the fact that these mice have SCAD defi-
ciency. As more is learned by genetically manipulating lipid metabolism in mouse models,
we can more fully understand the roles aberrant fatty acid metabolism plays in these
complex, chronic disease processes.

9. SUMMARY

The SCAD deficient mouse model has been useful to investigate mechanisms of
deficient fatty acid oxidation disease in human patients. This mouse model has been thor-
oughly characterized and is readily available from the Jackson Laboratory. Using the new
technologies of gene-knockout mouse modeling, we envisage developing additional
members of the acyl-CoA dehydrogenase family of enzyme deficiencies in mice and fur-
thering our understanding of fatty acid metabolism in health and disease.26
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of phytanic acid, 273–281
peroxisomal, 283–299

ABC transporters, 262–263, 290
in -oxidation of phytanic acid, 275–276

Acetoacetate, 2, 155, 233
effect of valproic acid on circulating levels, 180

Acetoacetyl-CoA
inhibitor of 2-enoyl-CoA hydratase, 135
substrate for hydroxymethylglutaryl-CoA synthase,

235–236
Acetoacetyl-CoA thiolase, 150

in ketogenesis, 243
Acetyl-carnitine, 147, 149,155–159, 164
Acetyl-CoA, ix, 145, 147, 148, 149, 162, 163, 399

inhibitor of carnitine palmitoyl transferase I, 29–30
in ketogenesis, 243

Acetyl-CoA carboxylase, 43
binding to cytoskeleton, 51
effect of methylated 3-thia fatty acids and

eicosapentaenoic acid, 223–224
effects of 3-thia fatty acids, 127–128
interaction with mitochondrial outer membrane, 51

Acetyl-CoA synthase, 150
-Actin, effect of valproic acid on mRNA, 182–183

Acyl-carnitine esters, 27, 63–64,155–159, 161–162
accumulation in adult form carnitine palmitoyl

transferase II deficiency, 340
effect of valproic acid on circulating levels, 180–181
measurement by tandem mass spectrometry, 327–337

in monitoring treatment of medium-chain acyl-coA
dehydrogenase deficiency, 353–363

Acyl-CoA dehydrogenase, 138, 146, 147, 161, 162,
167; see also Isovaleryl-acyl-CoA
dehydrogenase; Long-chain acyl-CoA
dehydrogenase; Medium-chain acyl-CoA
dehydrogenase; 2-Methyl branched
acyl-CoA dehydrogenase; Very-long-chain
acyl-CoA dehydrogenase; Short-chain
acyl-CoA dehydrogenase

complexes with 3-thia-CoA esters, 53
effect of valproic acid on expression of, 177–189
electron transfer flavoprotein as electron acceptor,

191

Acyl-CoA esters, 1, 145–154,161–168
long-chain, 2, 27
possible rise after 3-thia fatty acid feeding, 128

Acyl-CoA:glycine-n-acyltransferase, 151
Acyl-CoA hydrolases, 150, 151

CTE I and CTE II (cytosolic isoforms), 197–200
gene structure, 199
northern blotting, 197–198

induction by fasting, 198
MTE I and MTE II (mitochondrial isoforms), 197–

200
gene structure, 199
northern blotting, 197–198

regulation by peroxisome proliferators, 198–199
Acyl-CoA ligases: see Acyl-CoA synthases
Acyl-CoA oxidases, 138, 284

branched chain acyl-CoA oxidase (human), 263–264
deficiency of, 291
effect of methylated 3-thia fatty acids and

eicosapentaenoic acid, 223–224
effects of 3-thia fatty acids in glioma cells, 203
glutaryl-CoA oxidase, 263
induction by etomoxir, 213–214
oxidation of docosahexaenoic and eicosapentaenoic

acids, 316
palmitoyl-CoA oxidase, types I and II, 263–264
peroxisome proliferator response element in, 130
pristanoyl-CoA oxidase, 263–264
trihydroxycoprostanoyl-CoA oxidase, 263–264
valproyl-CoA oxidase, 263

Acyl-CoA synthase, 290
activation of eicosapentaenoic acid and

docosahexaenoic acid, 316
activities responsible for activation of peroxisomal

substrates, 262
in a-oxidation of phytanic acid, 275–276
medium-chain, 149, 150
long-chain, 2, 23,72,76

assay of, 71
target of peroxisome proliferator activated recep-

tor, 80, 82, 84
Acyl-CoA thioesterases: see Acyl-CoA hydrolases
Acyl-glycines, in diagnosis of medium-chain acyl-CoA

dehydrogenase deficiency, 353
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AD 198: see Benzyladriamycin-14-valerate
Adenylate kinase

as interraembrane space marker, 36
assay of, 33

Adipocytes
brown

expression of acyl-CoA hydrolase mRNAs, 197–198
presence of muscle isoform of CPT I, 2, 80

white
absence at birth, 237
presence of muscle isoform of CPT I, 2, 80
expression of acyl-CoA hydrolase mRNAs, 197–198

Adrenal cortical cells, cytoskeleton and outer mito-
chondrial membrane in, 46

Adrenoleukodystrophy, X-linked, 290
Aequorea victoria: see Green fluorescent protein
Alcoholic liver disease, 165
Aldehyde dehydrogenase (peroxisomal), in α-oxida-

tion of phytanic acid, 278
Alkyl-thioacryloyl-CoA esters, products of partial

-oxidation of 4-thia fatty acids, 311
Alloxan-induced diabetes, induction of

hydroxymethylglutaryl-CoA synthase, 237
-Aminobutyric acid (GABA), 248

L-Amino carnitine, as inhibitor of carnitine palmitoyl
transferase II, 87–93, 317

Aminotriazole, 276
Ammonia, affected by valproic acid, 177, 180
AMP, 151
AMP-dependent protein kinase, 50–51
Amyloid -peptide, 140
Anti-epileptic drugs, 248
Apolipoprotein C-II, activator of lipoprotein lipase, 169
Apolipoprotein C-III, role in plasma triacylglycerol

metabolism, 125
Apoprotein B-containing lipoproteins, 65
Apoptosis, role of long-chain acyl-CoA in, 3,46–47
Argininosuccinate synthetase, 399
Aryl ester hydrolase, as marker for microsomes, 71–72
2-Aryl-propionyl-CoA epimerase, 266
Ascorbate

cofactor for -butyrobetaine hydroxylase, 118–124
in a-oxidation of phytanic acid, 275–276, 292–295

Astrocytes, 3-hydroxymethylglutaryl-CoA synthase in,
244–251

ATP, 27
in -oxidation of phytanic acid, 275–276
necessity of in import of liver mitochondrial

carnitine palmitoyl transferase 1, 5
ATP/ADP, 145

buffering by phosphocreatine/creatine, x
ATP-citrate lyase, 126

-Oxidation, passim
Bcl-2

interaction with carnitine palmitoyl transferase 1,3
presence in mitochondria, endoplasmic reticulum

and nuclear membranes, 23

Benzyladriamycin-14-valerate (AD 198), inhibitor of
carnitine palmitoyl transferase I, 28–40

Bifunctional protein (peroxisomal): see
Multifunctional proteins 1 and 2
(peroxisomal)

D-Bifunctional protein: see Multifunctional protein 2
(peroxisomal)

Bile acids, see also Di- and trihydroxycoprostanoic acid
substrate for peroxisomal -oxidation, 262, 284

Blood-brain barrier, facile transfer of fatty acids, 244
Brain, 155

expression of acyl-CoA hydrolase mRNAs, 197–198
3-hydroxyacyl-CoA dehydrogenase, 140
mitochondria

interaction between outer membrane and
cytoskeleton, 46

presence of liver isoform of CPT I, 2
Branched-chain 2-oxoacid dehydrogenase, 148,150
2-Bromopalmitoyl-carnitine, inhibitor of carnitine

acyltransferases, x
2-Bromopalmitoyl-CoA, inhibitor of carnitine

acyltransferases, x, 28–40
-Butyrobetaine, in biosynthesis of carnitine, 117–124
-Butyrobetaine hydroxylase
assay, 120
purification from rat liver, 117–124
stability, 120

Butyryl-glycine, 396

Ca2+/calmodulin dependent protein kinase
inhibition by KN-62, 44
involvement in control of carnitine palmitoyl

transferase I activity, 47–50
cAMP-dependent protein kinase, lack of effect on

carnitine palmitoyl transferase I activity, 49
Cancer cells, effects of 3-thia fatty acids on growth of,

205–210
Carbamoyl phosphate synthase I, 399
Cardiomyopathy, 165, 378
D-Carnitine/(+)-carnitine, 73
L-Carnitine (–)-carnitine, ix–xi, 147, 149

biosynthesis, 117–124
pathway, 119

buffering by carnitine acyltransferases, 103
discovery, 117
effect of valproic acid, 177,180
primary carnitine deficiency, 322
transfer across microsomal membrane, 64

Carnitine acetyl transferase, 118, 147,149, 150, 155,
158, 164

buffering of acetyl-CoA, x
lack of allosteric regulation, 103
purification of, ix

Carnitine acylcarnitine translocase, x, 2, 11, 27, 87,
118, 149, 151, 155

assay of, 348
characterisation of, xi
deficiency of, 322, 347–351,378
inhibitors of, xi
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Carnitine octanoyl transferase
active site model, 106
different transcripts of, 98
inhibitors of, 103–109
isolation of cDNA, 96
kinetics of, 104
lack of allosteric regulation, 103
processing by cis- and trans- splicing, 95–102

Carnitine palmitoyl transferase I, x, 118,161,164
liver isoform

activity towards eicosapentaenoyl- and
docosahexaenoyl-CoA esters, 316

assay of, 19, 33, 55, 71, 88
biogenesis of and import into mitochondria, 1–16
C-terminal sequence, homology with carnitine

palmitoyl transferase II, 10
C-terminal sequence, functional importance, 10
control of activity by cytoskeleton, 43–52
deficiency, 111, 322, 378
effect of methylated 3-thia fatty acids and

eicosapentaenoic acid, 223–224
effects of 3-thia fatty acids, 53–57, 129, 316
enrichment in contact sites, 11, 23
expression in heart, 378
inhibition by DNP-etomoxiryl-CoA, 17–23
in control of ketogenesis, 227–232
in vitro translation in canine pancreatic micro-

somes, 62
knockout model, 377–386
N-terminal sequence of in import into outer mito-

chondrial membrane, 7
N-terminal sequence, functional importance, 10
N-terminal sequence, modified in microsomes,

22–23
orientation within outer mitochondrial membrane,

10, 23, 27–40
presence in endoplasmic reticulum, 59–67
pristanoyl-CoA not substrate for, 284
sensitivity to malonyl-CoA, 2, 10,50–51,55–56
targeting to outer mitochondrial membrane, 6
transmembrane domains of, 8
western blotting of with anti-epitope antibodies,

20–22, 61
muscle isoform, 2

expression in heart, 378
fusion with green fluorescent protein, 111–115
hydrophobic cluster analysis of, 8
kinetics of, 87–93
knockout model, 377–386
lack of normal expression in fibroblasts, 112
sensitivity to malonyl-CoA, 2, 87–93
target for peroxisome proliferator activated recep-

tor, 79–85
transmembrane domains of, 8

Carnitine palmitoyl transferase II, x, 1,2, 27,118,145,
148, 149, 150, 152,161

activity towards eicosapentaenoyl- and
docosahexaenoyl-CoA esters, 316

and alkyl-thioacryloyl-CoA esters, 311

Carnitine palmitoyl transferase II (cont.)
assay of, 341
deficiencies of, 87, 322, 331–337, 339–345

adult (myopathic) presentation, 339–340, 378
neonatal (hepatic) presentation, 339–340

effect of methylated 3-thia fatty acids and
eicosapentaenoic acid, 223–224

effects of 3-thia fatty acids, 129
effects of 3-thia fatty acids in glioma cells, 203
enrichment in contact sites, 11
in neonatal rats, 228
inhibitors of, 103–109
kinetics of, 87–93, 104
lack of allosteric regulation, 103
N-terminal sequence of, in targeting to mitochon-

drial matrix, 6
sensitivity to L-amino-carnitine, 87–93

Carnitine palmitoyl transferase, microsomal
malonyl-CoA insensitive, 59–67

Carnitine transporter, plasma membrane, 155, 158
Caspases, 3
Catalase, 276
Cell signalling, 2
Ceramide, synthesis during inhibition of carnitine

palmitoyl transferase I activity, 46
Cerebellar ataxia, in classical Refsum disease, 371
Channelling, 148, 162, 164, 166
Chaperonins cpn-60, cpn-10, 388
Chenodeoxycholyoyl-CoA, 285
Chicken ovalbumin upstream promoter transcription

factor, 80–82
4-Chlorobenzoyl-CoA dehalogenase, 302
Cholesterol

serum
effect of eicosapentaenoic acid and

docosahexaenoic acid, 315
effect of thia fatty acids, 53, 313
in short-chain acyl-CoA dehydrogenase defi-

ciency model, 401
synthesis in peroxisomes, 283

Choloyl-CoA, 285
Chylomicrons, 169
Ciprofibrate, effect on peroxisomal 3-ketoacyl-CoA

thiolase B gene in PPARα transfected HeLa
cells, 256–257

cis- splicing, processing of carnitine octanoyl
transferase by, 95–102

Citrate synthase, x
as mitochondrial marker enzyme, 91

Clofibrate
induction of acyl-CoA hydrolases, 198
lack of induction of trihydroxycoprostanoyl-CoA

oxidase
substrate for peroxisomal β-oxidation, 262

CoA: see Coenzyme A
Coenzyme A, ix, 27, 63, 145–154

assay of, ix
buffering by carnitine acyltransferases, 103
effects of valproic acid, 177
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Coenzyme A (cont.)
inhibitor of carnitine palmitoyl transferase I, 29–30
transfer across microsomal membrane, 64

Colchicine, as a microtubute disrupter and effect on
carnitine palmitoyl transferase activity, 45–
46

Complex I, 147, 152, 162, 166
Confocal microscopy, detection of green fluorescent

protein carnitine palmitoyl transferase I fu-
protein, 111–115

COUP-TF: see Chicken ovalbumin upstream promoter
transcription factor

Cornstarch, treatment of medium-chain acyl-CoA
dehydrogenase deficiency, 353–363

Cre-LoxP system for generation of knockout models,
381–382

Creatine x
Crotonase: see 2-Enoyl-CoA hydratase
Crotonyl-CoA: see 2-Enoyl-CoA
CTE-I and CTE-II: see Acyl-CoA hydrolases
Cyclopropanecarboxylic acid, 150
Cytochalasin B, as a microfilament disrupter and effect

on carnitine palmitoyl transferase activity,
45–46

Cytochrome c oxidase, as mitochondrial marker, 19
Cytochrome P450, 292

target for PPAR , 212–219
induction by etomoxir, 213–214

Cytokines, 169
Cytoskeleton, involvement in control of liver carnitine

palmitoyl transferase activity, 43–52, 56
Cytokeratin-enriched cytoskeletal fraction, 45–46
Cytokeratins, phosphorylation of and carnitine

palmitoyl transferase I activity, 48–50

(+)-Decanoyl-carnitine, as inhibitor of carnitine
palmitoyl transferase

Desmin, mitochondria in desmin-null mice, 46
Diabetes

alteration in Ki of carnitine palmitoyl transferase by
malonyl-CoA, 28

induction of hydroxymethylglutaryl-CoA synthase,
237

role of long-chain acyl-CoA in, 3
Diacylglycerol acyltransferase, 127

topology of, 65
Dicarboxylic acids

effects of valproic acid, 177
substrates for peroxisomal -oxidation, 262, 285

-Dienoyl-CoA isomerase, in -oxidation of
polyunsaturated fatty acids, 304–305

2,4-Dienoyl-CoA reductase, 303–304
deficiency, 304
effect of methylated 3-thia fatty acids and

eicosapentaenoic acid, 223–224
induction by 3-thia fatty acids, 316
in peroxisomes, 289

Di-(2-ethyIhexyl)phthalate (DEHP), induction of
acyl-CoA hydrolases, 198

Digitonin, permeablisation of hepatocytes by, 44,53–57
Dihydrofolate reductase, fusion with N-terminal of

liver carnitine palmitoyl transferase 1,7
Dihydroxycoprostanoic acid

accumulation in multifunctional protein 2 defi-
ciency, 366

substrate for peroxisomal -oxidation, 262, 284–285
Dimethyl suberimidate, cross-linking of medium-chain

acyl-CoA dehydrogenase and electron trans-
fer flavoprotein, 192–194

2,4-Dinitrophenol, 164
DNP-etomoxir/DNP-etomoxiryl-CoA

as inhibitor of liver carnitine palmitoyl transferase I,
17–23

for detection of microsomal carnitine palmitoyl
transferase, 60

Docosahexaenoic acid, 249; see also Fish oils
effects on mitochondrial and peroxisomal volume

fraction, 317–8
metabolic effects, 315–320

Dodecylthioacetic acid: see 3-Thia fatty acids
Dodecyloxoacetic acid: see 3-Oxa fatty acids
Double inhibitor studies: see Yonetani and Theorell

studies

Eicosapentaenoic acid, see also Fish oils
effects on glioma cells, 201–204, 205–210
effects on mitochondrial and peroxisomal volume

fraction, 317–318
hypolipidaemic effects, 221–226
metabolic effects, 315–320
potentiation of hypolipidaemic effects by 2- and 3-

methylation, 221–226
Electron transfer flavoprotein, 167

complex with medium-chain acyl-CoA
dehydrogenase, 191–194

deficiency: see Glutaric aciduria type II
Electron transfer flavoprotein: ubiquinone

oxidoreductase, 167
and electron transfer flavoprotein, 191
deficiency: see Glutaric aciduria type II

Encephalopathy, in medium-chain acyl-CoA
dehydrogenase deficiency, 361

Endoplasmic reticulum, presence of carnitine palmitoyl
transferase, 59–67

Endotoxin, effect on substrate utilisation in the heart,
169–175

trars-2-Enoyl-CoA esters, xi, 147, 150, 151, 162, 163,
164, 166

products of -enoyl-CoA isomerase, 301–303
products of 2,4-dienoyl-CoA reductase in bacteria,

303
substrate for 2-enoyl-CoA hydratases, 134

eis-3-Enoyl-CoA esters, substrates for
-enoyl-CoA isomerase, 301–303

trans-3-Enoyl-CoA esters
products of 2,4-dienoyl-CoA reductase in

eukaryotes, 303
substrates for -enoyl-CoA isomerase, 301–303
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trans-2-Enoyl-CoA hydratases, 146
and alkyl-thioacryloyl-CoA esters, 311
component of peroxisomal multifunctional proteins,

262, 264–265, 285
molecular mechanism of catalysis, 134–137
substrate specificity of, 140–141

-Enoyl-CoA isomerase
component of peroxisomal multifunctional protein I,

262, 302
in -oxidation of polyunsaturated fatty acids, 301–

303
mitochondrial short-chain isozyme, 302

homology with 2-enoyl-CoA hydratase, 302
mitochondrial long-chain isozyme, 302
plant activity, 303
Saccharomyces cerevisiae activity, 303

Epilepsy, 177, 248–249
Escherichia coli, fatty acid oxidation complex

2-enoyl-CoA hydratase activity of, 134–137
L-3-hydroxyacyl-CoA dehydrogenase activity of,

137–141
3-ketoacyl-CoA thiolase activity of, 137–139

17 -Estradiol dehydrogenase, identity with
multifunctional protein 2 (peroxisomal), 264,
285

Ethanol acyltransferase, as reporter for acylcarnitine
transport across endoplasmic reticulum, 63

Etherphospholipid synthesis, 283
N-Ethylmaleimide, sensitivity of microsomal glyc-

erol-3-phosphate acyl transferase to, 70
Ethylmalonic acid, 396
Ethyl palmitate, product of ethanol acyltransferase,

63
Etomoxir/etomoxir-CoA, 59

as inhibitor of camitine palmitoyl transferase I, 3,
104, 378

injection in PPAR -null mice, 213

FAD
and acyl-CoA oxidase, 261
and electron transfer flavoprotein, 191

Fatty acid synthase, 126
effect of methylated 3-thia fatty acids and

eicosapentaenoic acid, 223–224
Fatty acid synthesis: see Lipogenesis
Fatty acid esterification, 43, 69–78
Fatty liver dystrophy, 396
Fe2+

cofactor for -butyrobetaine hydroxylase, 118–124
in -oxidation of phytanic acid, 275–276, 292–294

Felbamate, 248
Fenoprofen, inhibition of acyl-CoA synthase and -ox-

idation, 276
Fetus

-oxidation and ketogenesis in, 228
ketogenesis and hydroxymethylglutaryl-CoA

synthase in, 234–239
Fibrates, effect on serum triacylglycerols, 125–126,

315

Fibroblasts, 161, 165, 166
expression of green fluorescent protein camitine

palmitoyl transferase I fusion protein, 111–115
for diagnosis of fatty acid oxidation defects, 321–325
meningeal: see Meningeal fibroblasts
recalcitrance to transfection, 112

Fish oils
effect on serum triacylglycerols, 125–126, 315
effects on cancer cells, 201
peroxisome proliferation by, 202

Flurocitrate, 164
Flux control coefficients, of camitine palmitoyl

transferase I over ketogenesis, 43, 227–232
Formate, formation in -oxidation of phytanic acid,

275–278, 292–294
Formyl-CoA, formation in -oxidation of phytanic

acid, 275–278, 293–294
Formyl-CoA hydrolase, 278, 294

GABA , see -Aminobutyric acid
General insertion pores (GIP), in import of liver

camitine palmitoyl transferase I, 5–6
GIP: see General insertion pore
Gliomas

beneficial effects of polyunsaturated fatty acids, 201
effects of 3-thia fatty acids on growth of, 205–210
metabolic effects of 3-thia fatty acids, 201–204

Glucagon
effects on camitine palmitoyl transferase activity,

51, 104
post-natal glucagon surge, 234

Glucose
levels of, circulation, 1
effect of valproic acid on circulating levels, 180
effect of etomoxir on circulating levels in

PPAR -null mice, 217–219
substrate for brain, 202

Glucuronide formation, in metabolism of valproic acid,
177

Glucocorticoids, effect on
3-hydroxymethylgIutaryl-CoA synthase
mRNA, 246–7

Glutamic-oxalacetic transaminase, effect of valproic
acid on circulating levels, 180

Glutamic-pyruvic transaminase, effect of valproic acid
on circulating levels, 180

Glutaric aciduria type I, 332–337
Glutaric aciduria type II, 322, 332–337
Glutaryl-CoA oxidase, 263
Glutathione, effects of 3-thia fatty acids in glioma

cells, 203
Glyburide, inhibitor of camitine palmitoyl transferase

1, 28–10
Glycogen, in PPAR -null mice, 219
Glycerol-3-phosphate acyltransferase, 127

assay of, 71
detergent/papain sensitivity, 73
N-ethylmaleimide sensitivity, 70, 73
interaction with camitine palmitoyl transferase, 69–78
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Glyoxylate shunt, lack of glyoxylate shunt in higher
eukaryotes, 242

Glyoxysomes, 133, 135
Golgi apparatus, 2
Green fluorescent protein, 382

fusion with muscle camitine palmitoyl transferase I,
111–115

GroEL, 388–391
GroES, 388–391

Heart, 155, 162, 164, 165, 165–166
arrhythmias in adult form carnitine palmitoyl

transferase II deficiency, 340
expression of acyl-CoA hydrolase mRNAs, 197–198
importance of fatty acid substrates, 133
lipid accumulation in inborn errors of -oxidation,

218
lipid accumulation in PPAR null mice, 212–219
perfusion of, ix, 170–175
presence of muscle isoform of CPT I, 2

Heart mitochondria, x, 150, 151, 162, 163, 164
presence of muscle carnitine palmitoyl transferase I,

80
Heat Shock Protein, in import of liver mitochondrial

carnitine palmitoyl transferase I, 5
Hemiacylcarnitiums (2-hydroxymorpholiniums), inhibi-

tors of carnitine acyl transferases, 30,103–109
(+)-Hemipalmitoylcarnitinium, inhibitor of carnitine

palmitoyl transferase I, 30
Hepatic nuclear factor 4 (HNF-4), 80–82

and acyl-CoA hydrolases, 200
Hepatic steatosis

in inborn errors of -oxidation, 218, 397
in PPAR -null mice, 216–219

Hepatocytes, 17,43–52, 155, 227–232
effects of 3-thia fatty acids, 53–57
elucidation of pathway of -oxidation, 274–281

HeLa cells: see Hepatoma cells
Hepatoma cells, 47, 81, 113–114, 253–259
Hippuric acid, 151
HMG-CoA cycle: see Ketogenesis
HMG-CoA lyase: see 3-HydroxymethylgIutaryl-CoA

lyase
HMG-CoA synthase: see

3-Hydroxymethylglutaryl-CoA synthase
HNF-4: see Hepatic nuclear factor, 4
HSP: see Heat shock protein
Hydrocortisone, effect on

3-hydroxymethylglutaryl-CoA synthase,
246–247

Hydrogen peroxide, production in peroxisomes, 202
Hydrophobic cluster analysis, 7–8
α-Hydroxyacid oxidase, 274
D-3-Hydroxyacyl-CoA dehydratase, peroxisomal, 135
D-3-Hydroxyacyl-CoAdehydrogenases

component of multifunctional protein 2
(peroxisomal), 264, 285, 365

deficiency of activity, 286, 365–369
peroxisomal, 137, 140

L-3-Hydroxyacyl-CoA dehydrogenases, 145–154,
161–168

component of peroxisomal multifunctional protein,
262, 264–265

deficiency of: see Trifunctional protein deficiency
catalytic mechanisms of, 137–141
novel brain isozymes, 140
substrate specificity of, 141

3-Hydroxyacyl-CoA esters, xi, 147, 150, 151, 162,
163,164,166

products of 2-enoyl-CoA hydratases, 134–137
substrates of 3-hydroxyacyl-CoA dehydrogenases,

137–140
D-3-Hydroxybutyrate ( -hydroxybutyrate), 2, 155,233

effect of valproic acid on circulating levels, 180
3-Hydroxymethylglutaryl-CoA cycle: see Ketogenesis
3-Hydroxymethylglutaryl-CoA lyase

deficiency of, 332–337
in ketogenesis, 243–244

3-Hydroxymethylglutaryl-CoA synthase, mitochon-
drial (HMG-CoA synthase), 243–244

developmental profile of, 233–239
in neonates, 229
effect of 3-thia fatty acids, 131
purification of, x
regulation in astrocytes and meningeal fibroblasts,

241–251
succinylation of, x, 229, 233–239
target for peroxisome proliferator activated receptor,

79–82
4-Hydroxyphenylglyoxylate, inhibitor of carnitine

palmitoyl transferase 1,28–40
2-Hydroxyphytanic acid

in “classical” -oxidation of phytanic acid, 274–275
in plasma of patients with Zellweger syndrome and

rhizomelic chondrodysplasia punctata, 278
2-Hydroxyphytanoyl-CoA, in -oxidation of phytanic

acid, 275–278,371
17 -hydroxysteroid dehydrogenase: see 17 -Estradiol

dehydrogenase
-hydroxy-ε-N-trimethyllysine, in camitine

biosynthesis, 118
-hydroxy-ε-N-trimethyllysine aldolase, in carnitine

biosynthesis, 118
Hyperketonaemia

adverse effects on neurotransmitters, 248
during development, 228
in response to starvation, glucocorticoids, 247–248

Hypoglycaemia
in adult form carnitine palmitoyl transferase II defi-

ciency, 340
in carnitine acyl-carnitine translocase deficiency,

347
in carnitine palmitoyl transferase I (liver) deficiency,

340
in medium-chain acyl-CoA dehydrogenase defi-

ciency, 353, 387
in short-chain acyl-CoA dehydrogenase model, 396,

399
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Hypoglycaemia (cont.)
in response to etomoxir in PPAR -null mice, 217–

219
in neonates, 234

Hypoglycin, 150
Hypoglycinaemia, in short-chain acyl-CoA

dehydrogenase model, 396
Hypoketonaemia

in adult form carnitine palmitoyl transferase II defi-
ciency, 340

in carnitine acyl-carnitine translocase deficiency, 347
in carnitine palmitoyl transferase I (liver) deficiency,

340
in medium-chain acyl-CoA dehydrogenase defi-

ciency, 353, 387
Hypolipidemic fatty acids: see 3-Thia fatty acids,

eicosapentaenoic fatty acid

IDPN, as an intermediate filament disruptor and effect
on carnitine palmitoyl transferase I activity,
45–46

Inborn errors of oxidation, 218
Inner mitochondrial membrane, 2

carnitine palmitoyl transferase II, 341
contact sites with outer membrane: see Outer mito-

chondrial membrane
presence of trifunctional protein and very-long-chain

acyl-CoA dehydrogenase, 161
Insulin

effects on carnitine palmitoyl transferase activity,
51, 104

effects on VLDL secretion, 65
resistance, skeletal muscle, 3
secretion, stimulation by long-chain fatty acids, 2

Intermediate filaments, 45–46
Intermediates of -oxidation, detection of, xi, 145–154
Ion channels, 2
Iron

chelators, effect on -oxidation of phytanic acid, 276
necessity in -oxidation of phytanic acid, 276

Isocitrate dehydrogenase, in peroxisomal
NADP+/NADPH shuttle, 289

Isovaleryl-CoA dehydrogenase
deficiency of, 332–337
effect of valproic acid

on activity, 181
on immunoreactive protein, 181–182
on mitochondrial import and processing, 184–186
on mRNA levels, 182–183
on translation

3-Ketoacyl-CoA esters, 146, 147, 148, 149, 152
3-Ketoacyl-CoA thiolase, x, 145–154, 164

peroxisomal, regulatory role, 253–259
deficiencies of, 286, 291
SCPx, 265–266, 285–287
thiolase A, 265
thiolase B, 253–259, 265

Ketogenic diet, 248–249

Ketogenesis, ix, 147, 155, 131, 133, 164, 233–239 and
passim

control of by liver carnitine palmitoyl transferase I,
227–232

in brain, 241–251
in kidney, 244
Ketoglutarate, 150, 292

Butyrobetaine hydroxylase assay, 117–124
Ketoglutarate dehydrogenase, 148, 150

Ketolysis, in brain, 202, 241–251
Ketone bodies, 2, 155, 399; see also

Hydroxybutyrate and acetoacetate
oxidation: see Ketolysis

2-Ketophytanic acid (2-oxophytanic acid), possible oc-
currence in -oxidation of phytanic acid, 274

Kidney
expression of acyl-CoA hydrolase mRNAs, 197–198
presence of liver isoform of CPT I, 2

KN-62, inhibition of /calmodulin dependent pro-
tein kinase by, 44, 49–50

Krebs cycle, 147, 162

Lactate, 147
Lactate dehydrogenase, 147

as cytosolic marker, 19
Lamotrigine, 248
Laurate, oxidation, effects of 3-thia fatty acids, 54
LDL-cholesterol, 127
Leucine, ketogenesis from, 244
Leukaemic cells, effects of 3-thia and eicosapentaenoic

acid on growth of, 205–210
Leukocytes, 161, 165, 166
Leukotrienes, substrates for peroxisomal oxidation,

262, 285
Lignoceroyl-CoA synthase, 262
Linoleic acid, activation of peroxisome proliferator

acivated receptor, 80
Lipogenesis, 43

reduction by 3-thia fatty acids, 53
Lipolysis, 65
“Lipostat,” PPAR as a lipostat transcription factor,

211–220
Lipopolysaccharide: see Endotoxin
Lipoprotein lipase

activation by apolipoprotein C-II, 169, 174
possible enhanced activity by fibrates, 125

Liver, 155,162, 164, 165, 165–166
-oxidation of phytanic acid, 273–281

expression of acyl-CoA hydrolase mRNAs, 197–198
perfusion of, 19

Liver mitochondria, x, 1–16
preparation of, 18, 32

Long-chain acyl-CoA dehydrogenase
effect of valproic acid

on activity, 181
on immunoreactive protein, 181–182
on mitochondrial import and processing, 184–186
on mRNA levels, 182–183
on translation
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Long-chain acyl-CoA dehydrogenase (cont.)
in short-chain acyl-CoA dehydrogenase deficiency

model, 399
Long-chain acyl-CoA synthase: see Acyl-CoA

synthase, long-chain
Lovastatin, inhibition of mevalonate pyrophosphate de-

carboxylase and HMG-CoA reductase, 202
Low-density lipoprotein-cholesterol, effect of 3-thia

fatty acids, 127–128
Lysine, substrate for carnitine biosynthesis, 118

Malate dehydrogenase, in redox shuttle,
287

Maleate, 150, 151
Malonyl-CoA

concentration in hepatocytes, 45–46
effect of 3-thia fatty acids on hepatic concentration

of, 128
effect on glycerol-3-phosphate acyltransferase activ-

ity, 73
inhibition of CPT I by, 2, 11, 17–23, 28–40,43, 50–

51, 55–56, 87–93, 104, 128, 161, 164, 228–
232

intermediate in fatty acid biosynthesis, 2, 28, 43,
104, 128, 228

Mealworms, requirement for carnitine, ix, 117
Medium-chain acyl-CoA dehydrogenase

as target for peroxisome proliferator activated recep-
tor, 80, 82, 84

complex with electron transfer flavoprotein, 191–
194

deficiency
biochemical characterisation of, 387–393
diagnosis of, 321, 330–334
monitoring treatment by tandem mass spectrome-

try, 353–363
effect of valproic acid

on activity, 181
on immunoreactive protein, 181–182
on mitochondrial import and processing, 184–186
on mRNA levels, 182–183
on translation

in short-chain acyl-CoA dehydrogenase deficiency
model, 399

induction by etomoxir, 213–214
thermal stability, 390–391

Medium-chain acyl-CoA synthase: see Acyl-CoA
synthase, medium-chain

Meningeal fibroblasts, 3-hydroxymethylglutaryl-CoA
synthase in, 244–251

Metabolic control analysis, 227–232
2-Methylacetoacetyl-CoA thiolase deficiency, 332
2-Methylacyl-CoA racemase

in degradation of 2R-pristanoyl-CoA, 266
presence in mitochondria and peroxisomes, 266

3-Methylheptadecanoic acid, substrate analogue of
phytanic acid, 274–281

3-Methylhexadecanoic acid, substrate analogue of
phytanic acid, 274–281

Methylation of eicosapentaenoic acid and 3-thia fatty
acids, enhancement of hypolipidaemic effect
by, 221–226

2-Methyl branched-chain acyl-CoA dehydrogenase, in
metabolism of valproic acid, 178

Methylmalonic aciduria, 332–337
Methylmalonyl-CoA, inhibitor of carnitine palmitoyl

transferase I, 29–30
Methylsuccinic acid, 396
Methylotropus methylophilus, electron transfer

flavoprotein, 191
Mevalonate, importance in gliomas, 202

in oxidation of phytanic acid, 275–276
Microsomes

preparation of, 71
presence of carnitine acyltransferase, 2, 17–23, 59–

67
Mitochondria, ix-xi, 1–16, 145–154, 158, 161–168

in -oxidation of polyunsaturated fatty acids, 301–
309

increased volume fraction with eicosapentaenoic
acid, 317

interaction with endoplasmic reticulum, 76
matrix, targeting of proteins to, 6, 112
membrane potential in import of mitochon-

drial proteins, 6
preparation of, 18, 32, 70–71
swelling of, 36

Mitochondrial stimulating factor, in import of liver mi-
tochondrial carnitine palmitoyl transferase I,
5

Monoamine oxidase, as mitochondrial marker, 71–72
Morpholiniums, inhibitors of carnitine

acyltransferases, 103–109
MTE-I and MTE-II: see Acyl-CoA hydrolases
Multifunctional oxidation enzymes, comparison of,

138
Multifunctional proteins 1 and 2 (peroxisomal), 261–

262, 264–266, 365–369
deficiencies of multifunctional protein 1

(L-bifunctional protein), 291
deficiencies of multifunctional protein 2,

(D-bifunctional protein), 286, 291, 365–369
enoyl-CoA isomerase as component of, 302–

303
Multiple acyl-CoA dehydrogenase deficiency, 332–

337
Muscle, skeletal, 155,162–163, 165, 165–166

presence of muscle isoform of carnitine palmitoyl
transferase I, 2

measurement of carnitine palmitoyl transferases, 87–
93

Muscle, smooth, cytoskeleton and outer mitochondrial
membrane

Myoglobinuria, in adult form carnitine palmitoyl
transferase II deficiency, 340

Myopathy, 165
in adult form carnitine palmitoyl transferase II defi-

ciency, 340
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Myristate, for diagnosis of fatty acid oxida-
tion disorders, 321–325

Myristoylation of proteins, 2

145, 147, 148, 152, 162, 163, 164, 166
in -oxidation of phytanic acid, 275–276

NADH, 145, 146, 147, 148, 152, 162, 163, 164, 166
of 3-hydroxaycyl-CoA dehydrogenase for, 137

control of mitochondrial oxidation by, 145–154,
161–168

determinant of partitioning between
-dienoyl-CoA isomerase and standard

pathways, 304–306
shuttle in peroxisomes, 287

shuttle in peroxisomes, 289
NADPH

cofactor for 2,4-dienoyl-CoA reductase, 303
cofactor for dienoyl-CoA isomerase, 304

NADPH-cytochrome c oxidoreductase, as microsomal
marker, 19

Nagarse, in characterisation of localisation of carnitine
palmitoyl transferase I, 28–40

NEFA: see Non-esterified fatty acids
Nematodes, trans- splicing, 95
Neonates, 155–159

carnitine palmitoyl transferase 1 and ketogenesis in,
227–232

3-hydroxymethylglutaryl-CoA synthase, 243
ketogenesis and hydroxymethylglutaryl-CoA

synthase in, 234–239
microsomal carnitine palmitoyl transferase activity

in, 61
screening for inborn errors of -oxidation, 328

Non-esterified fatty acids
circulating, 169–175
correlation with octanoyl-carnitine in medium-chain

acyl-CoA dehydrogenase deficiency, 355
Neurofilament proteins, 46
Neurons, ketolysis by, 248

Octanoate
ketogenesis from, 230–232
measurement and correlation with

octanoyl-carnitine, 355–361
oxidation, effects of 3-thia fatty acids, 54
oxidation, independence from carnitine, 228

Octanoyl-CoA, cross-linking of medium-chain
acyl-CoA dehydrogenase and electron trans-
fer flavoprotein, 192–194

Okadaic acid, as a protein phosphatase inhibitor, 44–
45
oleate, for diagnosis of fatty acid oxidation
disorders, 321–325

Oleic acid, activation of peroxisome proliferator acti-
vated receptor, 80

Oligodendrocytes, myelin production and ketolysis,
248

Oligomycin, 164

and oxidation
in oxidation of 3-thia fatty acids, 311
in metabolism of valproic acid, 178

Organic acidurias, diagnosis of, 327–337
Ornithine transcarbamylase, 399–400
Outer mitochondrial membrane, 2, 3, 4, 5

contact sites with inner membrane, 11, 23
fluidity of, 11
targeting of liver carnitine palmitoyl transferase I to,

6
targeting of proteins to, 112
orientation of proteins within, 9
orientation of liver carnitine palmitoyl transferase I

within, 10
preparation of, 32

3-Oxa fatty acids, 56
3-Oxoacyl-CoA esters: see 3-Ketoacyl-CoA esters
3-Oxoacyl-CoA thiolase: see 3-Ketoacyl-CoA thiolase
2-Oxoglutarate: see -Ketoglutarate
2-Oxophytanic acid: see 2-Ketophytanic acid
Oxygen, cofactor for butyrobetaine hydroxylase,

118–124
Oxfenicine, precursor of 4-hydroxyphenylglyoxylate,

28

Palmitate, ix, 147, 156, 162, 164
oxidation, effects of 3-thia fatty acids, 54

palmitate, for diagnosis of fatty acid oxida-
tion disorders, 321–325

Palmitoyl-carnitine, xi, 151, 162
inhibition of forward carnitine palmitoyl transferase

activity, 105
Palmitoyl-choline, substrate analogue/inhibitor of

carnitine acyltransferases, 105–109
Palmitoyl-CoA, 150, 151, 162, 163

optimisation of concentration in assay of carnitine
palmitoyl transferases, 19

substrate for ethanol acyltransferase, 63–64
Palmitoyl-CoA oxidase: see Acyl-CoA oxidase
Palmitoylation of proteins, 2
Pancreas

in vitro translation of carnitine palmitoyl transferase
into microsomes, 62

stimulation of insulin secretion by long chain fatty
acids,3

presence of liver isoform of CPT I, 2
Papain

in characterisation of localisation of carnitine
palmitoyl transferase I, 28–40

treatment of mitochondria, 71
Pent-4-enoic acid, 150
Peripheral neuropathy, in classical Refsum disease,

371
Peroxisome proliferators, induction of acyl-CoA hy-

drolases, 195–200
Peroxisome proliferator activated receptor (PPAR),

79–85, 202, 209, 245, 253–259
and acyl-CoA hydrolases, 200
and 3-thia fatty acids, 202, 318
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Peroxisome proliferator activated receptor (PPAR) (cont.)
PPAR 245–246

effects of etomoxir, 213–214
fatty acid oxidation genes as targets of, 211–220

knockout mice, phenotype of, 212–219
knockout mice, survival with etomoxir, 215

PPAR 245–246
Peroxisome proliferator response element (PPRE),

129, 245
and acyl-CoA hydrolases, 200
in acyl-CoA oxidase, 130
in 3-hydroxymethylglutaryl-CoA synthase, 245
in peroxisomal 3-ketoacyl-CoA thiolase B gene, 253
in muscle carnitine palmitoyl transferase I, 79–85

Peroxisomes, 147, 283–299
cholesterol synthesis in, 283
etherphospholipid synthesis in, 283
in -oxidation of poly unsaturated fatty acids, 301–309
preparation of, 8
presence of carnitine acyltransferase, 2, 17–23
proliferation by phenylacetate, 202
proliferation by 3-thia fatty acids, 125–132
regulation of -oxidation at 3-ketoacyl-CoA thiolase

step, 253–259
role and organisation of -oxidation, 261–272
volume fraction, effects of eicosapentaenoic and

docosahexaenoic acid, 318
PEX genes, deficiency in Zellweger syndrome, 283
Phenylacetate

as peroxisome proliferator and anti-cancer agent, 202
inhibition of mevalonate pyrophosphate decarboxyl-

ase and HMG-CoA reductase, 202
Phorbol esters, 49
Phosphatidate phosphohydrolase, effect of 3-thia fatty

acids, 127–128
Phosphocreatine, x
Phosphoenolpyruvate carboxykinase, 399
Phytanic acid(3,7,11,15-tetramethylhexadecanoic acid)

-oxidation of, 273–281, 292–299
accumulation in Refsum’s disease, 273, 371
accumulation in general peroxisomal disorders, 274,

284
Phytanoyl-CoA, in -oxidation of phytanic acid, 273–

281, 292–299, 371
Phytanoyl-CoA hydroxylase, 273–281, 292–299

assay of, 372
deficiency in classical Refsum disease, 371–376

Ping-pong kinetics, 149
Polyunsaturated fatty acids, see also Eicosapentaenoic

acid; Docosahexaenoic acid; Fish oils
-oxidation of, enzymology, 301–309

substrates for peroxisomal -oxidation, 262
synthesis in peroxisomes, 284

Porin, 46
PPAR: see Peroxisome proliferator activated receptor
PPRE: see Peroxisome proliferator response element
Primary carnitine deficiency, 322
Piistanal, in phytanic acid α-oxidation, 275–278, 293–

294

Pristanic acid
accumulation in multifunctional protein 2 defi-

ciency, 366
in phytanic acid -oxidation, 274–275
substrate for peroxisomal -oxidation, 262, 284

Pristanoyl-CoA, in phytanic acid -oxidation, 275–278
2-Propyl-n-pentanoic acid: see Valproic acid
Propionic aciduria, 332–337
Propionyl-CoA, inhibitor of carnitine palmitoyl

transferase I, 29–30
Propylgallate, effect on oxidation of phytanic acid,

276
Prostaglandins, substrates for peroxisomal -oxidation,

262, 285
Protein import, into mitochondria, 1–16
Protein kinase C, lack of effect on carnitine palmitoyl

transferase I activity, 49
Pyrophosphate, 151
Pyruvate, 147, 150
Pyruvate carboxylase

effect of acetyl-CoA/long-chain acyl-CoA ratio, 218
in short-chain acyl-CoA dehydrogenase deficiency

model, 399
Pyruvate dehydrogenase, 148, 150

Renal failure, in adult form carnitine palmitoyl
transferase II deficiency, 340

Refsum disease, 273, 295, 371–376
Respiratory chain defects, in tritium release assays,

324
Retinitis pigmentosa, in classical Refsum disease, 371
Retinoid X receptor and (RXR), 245–246
Reye’s syndrome, 177, 354, 397
Rhabdomyolysis, in adult form carnitine palmitoyl

transferase II deficiency, 340
Rhizomelic chondrodysplasia punctata, 278, 295
Riboflavin deficiency, 186,400
Ro 25-0187

inhibitor of carnitine palmitoyl transferase I, 30
Rotenone, xi, 162
RXR: see Retinoid X receptor

Sarcosine dehydrogenase, complex with electron trans-
fer flavoprotein, 191

SCP-2, 265
265–266, 285–287

knockout mouse, 287
Sepsis, effects on substrate utilisation by the heart,

169–175
Short-chain acyl-CoA dehydrogenase, 395

deficiency
deficiency, 329–333
mouse knockout model of, 395–402

effect of valproic acid
on activity, 181
on immunoreactive protein, 181–182
on mitochondrial import and processing, 184–186
on mRNA levels, 182–183
on translation Skeletal muscle: see Muscle, skeletal
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Smooth muscle: see Muscle, smooth
Sterol carrier protein-2, 265
Sterol carrier protein X, 265, 285–286

knockout mouse, 287
Submitochondrial particles, x
N-Succimidyl 3-(pyridyldithio) propionate,

cross-linking of medium-chain acyl-CoA
dehydrogenase and electron transfer
flavoprotein, 194

Succinic thiokinase, 150
Succinyl-CoA, inhibitor of carnitine palmitoyl

transferase I, 29–30
Suckling: see Neonates

Tandem mass spectrometry, 155–159, 327–337
Taxol, as stabilizer of the cytoskeleton, 44–46
Tenebrio molitor: see Mealworms
Testis, expression of acyl-CoA hydrolase mRNAs,

197–198
2-Tetradecylglycidic acid, inhibitor of carnitine

palmitoyl transferase I, 104
Tetradecylthioacetic acid: see 3-Thia fatty acids
3,7,11,15-Tetramethylhexadecanoic acid: see Phytanic

acid
3-Thia fatty acids

activation to CoA esters, 53
effects on -oxidation, 53–57, 125–132
effects on carnitine palmitoyl transferase activity,

53–57
effects on fatty acid metabolism, 311–314
effects on proliferation of cancer cells, 205–210
hypolipidaemic effects of, 53–57, 125–132, 311
ligands for peroxisome proliferator activated recep-

tor, 202, 318
metabolic effects on cancer cells, 201–204
methylation, potentiation of effects by, 222–226
peroxisome proliferation by, 126
substrates for carnitine palmitoyl transferase I, 53,

311
uptake by hepatocytes, 53

4-Thia fatty acids
-oxidation of, 311

effects on fatty acid metabolism, 311–314
hyperlipidaemic effects of, 312

5-Thia fatty acids, effects on -oxidation, 312–313
7-Thia fatty acids, effects on -oxidation, 312–313
9-Thia fatty acids, effects on -oxidation, 312–313
Thiolase A (peroxisomal): see 3-Ketoacyl-CoA

thiolase A (peroxisomal)
Thiolase B (peroxisomal): see 3-Ketoacyl-CoA

thiolase B (peroxisomal)
Thioredoxin superfamily, microsomal carnitine

palmitoyl transferase as a member, 60
Thromboxanes, substrates for peroxisomal oxidation,

262, 285
Tom (Translocase of the Outer Membrane), in recogni-

tion of liver carnitine palmitoyl transferase I,
5–7

trans- splicing
mechanism of, 100–101
processing of carnitine octanoyl transferase by, 95–

102
Translocase of the outer membrane: see Tom
Triacylglycerol, 65

milk, 237
serum,

as substrate for the heart in VLDL, 169–175
effect of 3-thia fatty acids, 53
effect of fish oil, 125
in short-chain acyl-CoA dehydrogenase defi-

ciency model, 401
transfer protein, microsomal, 65

Trifunctional protein (mitochondrial), 133, 147–150,
161, 162

deficiency of, 139
diagnosis of, 321–324, 330–337

L-3-hydroxyacyl-CoA dehydrogenase activity of,
137

3-ketaocyl-CoA thiolase activity of, 137–139
Trifunctional protein (peroxisomal): see

Multifunctional protein (peroxisomal)
Triglycerides: see Triacylglycerol
Trihydroxycoprostanoic acid

accumulation in multifunctional protein 2 defi-
ciency, 366

substrate for peroxisomal -oxidation, 262, 284–
285

Trimethylamine dehydrogenase, complex with electron
transfer flavoprotein, 191

-Trimethylaminobutyraldehyde, in carnitine
biosynthesis, 118

-Trimethylaminobutyraldehyde dehydrogenase, in
carnitine biosynthesis, 118

16-Trimethylamino-palmitoyl carnitine, inhibitor of
carnitine acylcarnitine translocase, xi

-N-Trimethyllysine, in carnitine biosynthesis,
118

-N-Trimethyllysine hydroxylase, in carnitine
biosynthesis, 118

Trypanosomes, trans- splicing, 95
Trypsin

use of to delineate mitochondrial import and topol-
ogy of carnitine palmitoyl transferase I, 5–6,
28–40

stimulatory effect on carnitine palmitoyl transferase
I activity, 44

Uncase, as peroxisomal marker, 19

Valproic acid, effect on acyl-CoA dehydrogenase ex-
pression, 177–189

Valproyl-CoA oxidase, 263
Very-long chain acyl-CoA dehydrogenase

on inner mitochondrial membrane, 133
deficiency, 165

diagnosis of, 321–324, 331–337
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Very-long chain fatty acids
accumulation in multifunctional protein 2 defi-

ciency, 366
accumulation in X-linked adrenoleukodystrophy,

290
accumulation in Zellweger syndrome, 283
oxidation of, peroxisomal, 2, 133, 262–272

Very low density lipoproteins (VLDL)
effect of eicosapentaenoic acid and docosahexaenoic

acid, 315
risk factor for coronary artery disease, 125

Very low density lipoproteins (VLDL) (cont.)
secretion, 65
utilisation by the heart, 169–175

Vigabatrin, 248
VLDL: see Very low density lipoproteins

Yonetani and Theorell studies, 31–32

Zellweger syndrome, 278, 283, 294, 365, 374
Zucker diabetic fatty rats, pancreatic cell apoptosis

in, 3




