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Longg chain fatt y acids are translocated as carnitin e 
esterss across the mitochondrial inner  membrane by 
carnitin ee acylcarnitine translocase (CACT). We report 
functionall  studies on the mutant CACT proteins from 
aa severe and a mild patient wit h CACT deficiency. 
CACTT activities in fibroblasts of both patients were 
markedlyy deficient wit h some residual activit y (< 1%) 
inn the milder  patient. Palmitate oxidation activit y in 
cellss from the severe patient was less than 5% but in 
thee milder  patient —27% residual activit y was found. 
Sequencingg of the CACT cDNAs revealed a c.241G>A 
(G81R)) in the severe and a c.955insC mutation (C-
termina ll  extension of 21 amino acids (CACT(+21aa)) 
i nn the milder  patient. The effect of both mutations on 
thee protein was studied in a sensitive expression sys-
temm based on the abilit y of human CACT to function-
allyy complement a CACT-deletion strain of yeast. Ex-
pressionn in thi s strain revealed significant residual 
activit yy for  CACT(+21aa), whil e the CACT(G81R) was 
i n a c t i v e ,, o ZOOI Academic Press 

KeyKey Words: fatty acid; carnitin e acylcarnitine translo-
case;;  Mendelian disorder  hereditary disease; gene ex-
pression;;  yeast expression; functional complementation. 

Mitochondriall  0-oxidation of long-chain fatty acids 
(LCFA)) is the major source of energy production in 
man.. Since the mitochondrial inner membrane is im-
permeablee for LCFAs or their CoA esters, the LCFAs 
aree transported as acylcarnitines. Three different gene 
productss are involved in this carnitine-dependent 
t ransportt shutt le: carnitine palmitoyltransferase I 

Abbreviationss used: CACT, carnitine acylcarnitine translocase: 
LCFA,, long chain fatty acid: CPT I, carnitine palmitoyltransferase I; 
CPTT II, carnitine palmitoyltransferase II; cit 2, citrate synthase 2. 
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(CPTT I), carnitine acylcarnitine translocase (CACT) 
andd carnitine palmitoyltransferase II (CPT II) . After 
activationn of LCFAs to their CoA-esters, CPT I con-
vertss the fatty acyl-CoA esters to their corresponding 
carnitinee esters, which are subsequently translocated 
acrosss the mitochondrial inner membrane in exchange 
forr free carnitine by CACT. Once inside the mitochon-
driall  matrix, CPT II reconverts the carnit ine esters 
backk to the CoA esters which then can serve as a 
substratee for the jS-oxidation spiral. 

Inn the past, many pat ients have been identified with 
aa defect in het carnitine cycle eitherr at the level of CPT 
I,, CACT or CPT II . Of these diseases, CPT II deficiency 
i ss the most frequent and several mutat ions have been 
reported.. Recently, the molecular basis of hepatic CPT 
II  deficiency was resolved in a single pat ient (1). The 
identifiedd mutations in both CPT I (1) and CPT II 
deficiencyy (2) are disease-causing as shown by heterol-
ogouss expression of the mutant proteins. Since the first 
reportt of CACT deficiency (MIM entry 212138) by Stan-
leyy et al. (3), 12 additional cases have been reported 
(4-13).. As with patients affected in CPT I and CPT II , 
pat ientss with CACT deficiency suffer from hypoketotic 
hypoglycaemiaa and hyperammonemia due to the defi-
cientt fatty acid oxidation. 

Amongg the various fatty acid /3-oxidation disorders, 
LCFAA j3-oxidation is usually most profoundly impaired 
inn case of CACT deficiency (residual activity < 5%). 
Mostt patients show a severe phenotype characterised 
byy generalised muscle weakness, cardiomyopathy, hep-
atomegalyy and impaired liver function usually with 
fatall  outcome, although three patients have been re-
portedd with a milder presentation. 

Thee cDNA encoding rat CACT was cloned in 1997 by 
Indiverii  et al. (14) and the human homolog was cloned 
shortlyy thereafter (10). In the same paper the first 
mutationn in the cDNA of a CACT deficient patient with 
aa mild presentation was reported (10). 
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Wee now report a mutation identified in a patient who 
hadd a severe phenotype of CACT deficiency. In order to 
determinee the effect of this mutation and the earlier 
describedd mutation in a patient with a mild phenotype 
onn the function of both mutant translocases, we devel-
opedd a simple heterologous expression system based on 
thee ability of human CACT to functionally complement 
aa CACT-deficient yeast mutant. The yeast expression 
systemm reflects the findings in both patients thereby 
explainingg their distinct phenotypes: the mutant 
CACTT of the patient with the severe phenotype is not 
functionall  whereas the mutant CACT of the patient 
withh the mild presentation contained residual activity. 

METHODS S 

CaseCase report. Patient 1 was first  described by Niezen-Koning et al. 
(6).. She presented at 36 h of age with sudden cardiorespiratory 
insufficiencyy and extreme hypoglycaemia. Despite treatment with a 
low-fatt  diet supplemented with medium-chain triglycerides and car-
nitin ee she died at 24 months of age. 

Patientt  2 presented at 1 day of age with a cyanotic episode followed 
byy a cardiorespiratory arrest with seizures on the second day of life. 
Shee was transferred at two weeks of age to a university hospital 
wheree hypoglycemia, hepatic dysfunction with hepatomegaly, de-
creasedd muscle tone with muscle weakness and a mild cardiomyop-
athyy were diagnosed. She was given oral carnitin e supplementation 
(1000 mg/kg/day) and a low fat diet which resulted in slow resolution 
off  her  symptoms. She was discharged on this treatment regimen 
afterr  3 weeks. She was hospitalized 3 more times in the first 4 
monthss of lif e with symptoms of hypoglycemia, dehydration and 
weakness.. She had six more hospitalizations by 3 years of age, 
usuallyy associated with mild viral infections. Mental development 
wass normal but motor  skills were delayed secondary to muscle weak-
ness.. Fatty acid oxidation studies of skin fibroblasts indicated an 
unknownn fatty acid oxidation defect. She first was evaluated at 6 
8/122 years of age. Mental development was normal and only mild 
musclee weakness was found on neurologic exam. Muscle tone was 
normal.. Cardiomyopathy had resolved as tested by cardiac echo as 
hadd hepatomegaly by physical exam. Blood carnitin e level = 45/ 
16/299 (total:free:carnitin e esters). Her  carnitin e dose was increased 
fromm 11 mg/kg/day to 55 mg/kg/day with improvement in muscle 
strength.. She was continued on a low fat diet and has been well since 
thatt  time. 

CellCell culture conditions. Fibroblasts were cultured as described 
beforee (15). 

FattyFatty acid ^-oxidation and enzyme activity measurements. Fatty 
acidd ^oxidation of [9,10-JH]-palmitat e in fibroblasts was performed 
ass described before (1). Fatty acid oxidation assays in yeast were 
donee as described by Van Roermund et al. (16). 3-Hydroxyacyl-CoA 
dehydrogenasee activity was measured on a Cobas-Fara centrifugal 
analyserr  by monitoring the acetoacetyl-CoA-dependent rate of 
NADHH consumption at 340 nm (17). Fumarase activity was mea-
suredd as desribed before (18). 

SyndiesisSyndiesis of [l-' 4C]-acetylcarnitine. [1-'*C]-Acetylcarnitin e was 
preparedd enzymatically from [l-14C]-acetyl-CoA in an incubation 
mixtur ee (final volume 1 ml) containing: 25 mM HEPES (pH 7.6), 2 
mMM  N-ethylmaleimide (NEM), 10 mM EDTA, 40 i*M  carnitin e 
(Sigmaa Chemical Co.. St. Louis, MO), 44 fxM  (600,000 dpm) [1-"C ] 
acetyl-CoAA (Amersham LIF E SCIENCE) and 50 /ig (4 U) carnitin e 
acetyltransferasee (Boehringer, Mannheim). The reaction was al-
lowedd to proceed for  1 h at 25°C. Next, the excess N-ethylmaleimide 
wass neutralised by addition of 10 /i.L  200 mM cysteine. The reaction 
mixtur ee was applied to a Dowex AG-1-X8 anion exchanger  (1 mL 

bedvolume.. Cl form, 200-400 mesh) to remove unreacted [1-UC1-
acetyl-CoAA from the reaction mixtur e (recovery typically >90%). The 
run-throug hh was used directly as substrate for  activity measure-
ments. . 

CACTCACT activity measurements. The reaction was performed in a 
glasss vial with rubber  septum. This vial contained two smaller  tubes, 
onee containing the reaction mixtur e and the other  containing 0.5 mL 
22 M NaOH. For  measurements in fibroblasts, the assay mixtur e 
(finall  volume 500 /tL , pH 7.4) was composed of 25 mM Tris, 150 mM 
KC1,, 2 mM EDTA, 10 mM KPi, 10 mg/ml BSA, 40 ng/mL digitonine, 
0.11 mM acetylcarnitine, 60,000 dpm [l- ,4C]-acetylcarnitine and a 
fibroblastfibroblast  suspension (200 fig protein) and allowed to proceed for  30 
minn at 25°C and subsequently stopped by addition of 100 /xL 2.6 M 
perchloricc acid. [l- !4C]-COz was trapped overnight at 4°C and the 
radioactivit yy present in the NaOH fraction was quantitated using a 
liqui dd scintillation counter. CACT activity measurements in yeast 
spheroplastss (19) were performed essentially as described above in a 
mediumm containing 1.2 M sorbitol, 50 mM KPi (pH 7.5), 1 mM EDTA 
andd 200,000 dpm [l-'*C]-acetyl-carnitin e (5 j*M ) and spheroplasts 
(1000 pg protein). 

RNARNA isolation and cDNA synthesis. Total RNA was Isolated from 
culturedd skin fibroblasts using the acid guanidinium thiocyanate-
phenol-chloroformm extraction procedure (20) and used to prepare 
cDNAA (21). 

SequenceSequence analysis. The cDNA encoding CACT was amplified in 
twoo overlapping fragments using the following Ml3-tagged primers: 

Fragmentt  A: -43CACTf-21M13 5'-tgt aaa acg acg gcc agt GGC AGG 
TCGG AGA ACT GAC AG-3' and 468CACTrMI3 m 5'-cag gaa aca get atg 
acee TGC ACA GTC CAA GGT ACC AG-3'; Fragment B: 368CACT 
f-HM133 5'-tgt aaa acg acg gcc agt CAC CAC AGG AAT CAT GAC TC-3' 
andd 967CACTrMi3re» 5'-cag gaa aca get atg ace TAC TCC TTC TCC 
TCAA ACG AC-3'. Sequence analysis of these PCR fragments using 
BigDyee fluorescent-labelled M13 primers was performed on an Ap-
pliedd Biosystems 377A automated DNA sequencer  following the 
manufacturer' ss protocols (PE Applied Biosystems, Foster  City, CA). 

Genomicc DNA was analysed as described (22). 

YeastYeast strains and culture conditions. A previously described 
&cit2::URA3&cit2::URA3 heart::kanMX4 double deletion mutant of Saccharomy-
cesces cerevisiae strain BJ 1991 was used in this study [MATa, leu2. 
trpl,trpl, ura3-251, prbl-1122, pep4-3, ga!2) (18). Yeast transformants 
weree selected and grown on minimal medium containing 6.7 g/L 
yeastt  nitrogen base without amino acids (YNB-WO; Difco), 3 g/L 
glucosee and amino acids (20-30 jxg/mL) as required. The liquid 
mediaa used for  growing cells for  subcellular  fractionation, fatty acid 
oxidationn assays, immunogold electron microscopy and enzyme as-
sayss contained 5 g/L potassium phosphate buffer, pH 6.0, 3 g/L yeast 
extract,, 5 g/L  peptone, 1 g/L oleate and 2 g/L Tween-40. Before 
shiftingg to these media, the cells were grown on minimal 3 g/L 
glucosee medium for  at least 24 h. Oleate plates contained 6.7 g/L 
yeastt  nitrogen base without amino acids (YNB-WO; Difco), 1 g/L 
yeastt  extract (Difco), 1 g/L oleate, 2 g/L Tween-40, 20g/L agar  and 
aminoo acids (20-30 ng/mL) as required. 

ConstructionConstruction of CACT expression plasmids. Three expression 
plasmldss were constructed for  expression of CACT(wt) , CACT(G81R) 
andd CACT(+21aa) in S. cerevisiae. cDNA encoding CACT was am-
plifiedd by PCR using the following primer  set: sense: 5'-TTT AAG 
CTTT AAA ATG GCC GAC CAG CCA AA A C-3' and antisense: 
5'-TTTT TCT AGA GCA ACA GTC TCA CCA AGT CC-3'. The ampli-
fiedfied fragments of a control subject and the patients were inserted 
intoo pGEM-T (Promega corp. Madison, WT) and subsequently se-
quencedd to assess the integrit y of the PCR process. The ORFs of 
CACT(wt) ,, CACT(G81R) and CACT(+21aa) were subcloned down-
streamm of the catalase promotor  into the Xbal and Mndll l sites of 
expressionn plasmid pUL30 (TRP1. CEN4, PCTAI)-

Forr  haemagglutinin (NH) epitope tagging the coding sequence of 
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TABLEE 1 

Fat tyy Acid jS-Oxidation and CACT Activit y Measurements in Fibroblasts from the Pat ients and Control Subjects 

Controls s Parameterr measured Patientt 1 Patientt 2 

Ratee of fatty acid oxidation: (nmol/h/mg) 
[9,10-3H]-palmitatee (C16) 

CACTT activity: (pmol/min/mg) 

<0.1 1 

ND* * 

2.44  1.0(3) 

0.55  0.3 (3) 

7.88 2 (40) 

511  15 (16) 

Note.Note. Results are expressed as the mean  SD with the number of independent assays done between parentheses. 
aNDD = not detectable (detection limit : 0.1 pmol/min.mg). 

humann CACT was cloned in frame with the NH-epitope as described 
(23). . 

Plasmidss were transformed into S. cerevisiae using the lithium 
acetatee procedure (24). 

SubcellularSubcellular fractionation and Nycodenz gradients. Subcellular 
fractionationn was performed as described (25). Organellar pellets 
weree used for continuous 15-35% Nycodenz gradients (12 mL) with 
aa cushion of 1.0 mL of 50% Nycodenz dissolved in 5 mM MES (pH 
6.0),, 1 mM EDTA, 1 mM KC1 and 85 g/L sucrose. The sealed tubes 
weree centrifuged for 2.5 h in a vertical rotor (MSE 8 x 35) at 36000 
g att 4°C and the gradient was subsequently unloaded and individual 
fractionss collected. 

PreparationPreparation of fractions for SDS-PAGE analysis. 150 /J.L aliquots 
weree taken from the fractions obtained by differential and density 
gradientt centrifugation, respectively, followed by addition of 1350 ftL 
off  a solution containing 11% trichloroacetic acid (TCA). Samples 
weree kept overnight at 4°C and centrifuged for 15 min at 10000 g at 
4°C.. The pellets obtained were resuspended in 100 piL Laemmli 
samplee buffer and used for SDS-PAGE analysis. 

ImmunoblotImmunoblot analysis. Fibroblast and yeast homogenates were 
subjectedd to SDS-PAGE on a 10% acrylamlde gel. NH-epitope was 
visualizedd as described (26). CACT protein was visualized using 
polyclonall  antibodies raised against the N-terminal part of the hu-
mann CACT protein. 

ElectronElectron microscopy. Oleate-induced cells were fixed with 2% 
paraformaldehydee and 0.5% glutaraldehyde. Ultra-thin sections 
weree prepared as described by Gould et ai (27). Immunogold detec-
tionn was performed with anti-NH antibodes. 

RESULTS S 

CharacterizationCharacterization of patients' fibroblasts. Biochemi-
call  studies in fibroblasts from both patients showed 
reducedd rates of j3-oxidation of the long chain fatty acid 
(LCFA)) palmitate amounting to less than 5% and 30% 
off  the mean control values in patients 1 and 2, respec-
tivelyy (Table 1). Subsequent enzyme studies revealed 
thatt the severe deficiency of LCFA oxidation was due to 
aa deficient activity of CACT {Table 1). Whereas in 
patientt 1 the CACT activity was completely deficient, 
somee residual activity (about 1% of controls) was mea-
suredd in patient 2. This is in line with the relatively 
highh residual fatty acid oxidation activity (about 30%) 
inn fibroblasts from patient 2 in contrast to the complete 
deficiencyy of palmitate oxidation in fibroblasts from 
patientt 1. 

MolecularMolecular studies in patients. To identify the ge-
neticc defect in patient 1 we sequenced the cDNA en-
codingg CACT. We found a c.241G>A missense muta-

tion,, which changes the glycine at position 81 into 
arginine.. Since mutation analysis was done at the 
cDNA-levell  and material was available from the par-
ents,, we reinvestigated the C4CTgene at the genomic 
level.. In contrast to the findings at the cDNA level, the 
c.241G>AA mutation was found in heterozygous form at 
thee genomic level. In addition, three heterozygous mu-
tationss were found in intron 5 and 7 respectively 
(IVS5+12g>a;; IVS5+17c>t; IVS7-10a>t). These in-
tronicc mutations are located outside the splice site 
consensuss and it is therefore not likely that they affect 
splicing.. Earlier studies by Huizing et al. (10) have 
shownn a c.955insC mutation in patient 2, extending the 
proteinn with 21 amino acids. 

Too be able to investigate the effect of the mutations 
onn the activity of the translocases, we studied whether 
S.S. cerevisiae could be used as a heterologous expression 
system.. As a first step to determine the suitability of 
yeastt as an expression system we expressed an NH-
taggedd version of human CACT in a wild-type strain of 
S.S. cerevisiae and determined its subcellular localiza-
tion.. After subcellular fractionation of the transfor-
mants,, we found NH-CACTp exclusively present in the 
organellarr pellet fraction (Fig. 1A). The organellar pel-
lett was further fractionated by Nycodenz density gra-
dientt centrifugation (Fig. IB). Immunoblot analysis of 
thee gradient fractions using NH-antibodies revealed 
thatt the NH-CACTp co-localised with the mitochon-
driall  enzyme fumarase, indicating a mitochondrial lo-
calisation.. Correct targeting to the mitochondrial cris-
taee was shown by immunogold-electronmicroscopy 
usingg NH-antibodies (Fig- 1C)-

Thee yeast CACT gene was recently identified as 
YORlOOcc in a selective screen using a kcit2 deletion 
strainn to isolate mutants specifically affected in the 
mitochondriall  transport of acetyl-carnitine produced 
byy peroxisomal j3-oxidation (18, 28). For the purpose of 
thee study presented in this paper we used a kcact/&cit2 
doublee mutant which is not able to grow on oleate-
containingg plates (Fig. 2). To study whether human 
CACTT could functionally complement the Acacdbcit2 
doublee mutant, human CACT(wt) was transformed 
intoo the strain. The resulting transformants regained 
thee ability to grow on oleate-containing plates showing 
thatt the NH-tagged human CACT could functionally 
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FIG.. I . Mitochondrial localisation of NH-tagged human CACT 
proteinn in 5. cerevisiae as determined by subcellular fractionation 
(A,B)) and immunoelectronmicroscopy (C). (A) Fractionation by dif-
ferentiall  centrifugation of a homogenate (H) of S. cerevisiae express-
ingg NH-tagged CACT into a 17000 g pellet (P) and supernatant (S). 
(B)) The 17000 g pellet was further fractionated by Nycodenz equi-
libriumm density gradient centrifugation (fractions 1-13). In all frac-
tionss fumarase (open symbols) and 3-hydroxyacyl-CoA dehydroge-
nasee (closed symbols) activities were measured as markers for 
mitochondriaa and peroxisomes respectively. The CACT-NH fusion 
proteinn was detected on Western blot using an antibody against the 
NH-tag.. (C Immunoelectronmicroscopy of mitochondria (M) and per-
oxisomess (P) in S. cerevisiae expressing NH-tagged CACT showing 
thee reaction of anti-NH-tag antibodies. 

replacee yeast CACT (Fig. 2). This result also indicates 
thatt the human orthologue is functionally targeted to 
thee mitochondrial inner-membrane. This shows that 
yeastt is a good model system for the functional char-
acterisationn of wild type and mutant CACTp. 

CharacterisationCharacterisation of CACTp in S. cerevisae. To in-
vestigatee the effect of the mutations detected in the two 
patientss on the function of CACT, we expressed the 
wildd type and the two mutant CACTps in the \cactlcit2 
strain.. Untransformed cells and cells transformed with 

thee expression vector without insert were not able to 
groww on oleate-containing plates: the medium re-
mainedd opaque (Fig. 2). Cells transformed with wild-
typee C4C7*grew on oleate as judged by clearance of the 
plates.. In contrast, yeast strains transformed with ei-
therr mutant CACT (CACT(G81R) and CACT(+21aa)) 
weree not able to grow on oleate. Similar results were 
obtainedd when transformants were grown in liquid 
mediumm with oleate as sole carbon source. This indi-
catess that both mutations affect the function of CACT 
inn such a manner, that they do no longer support 
growthh of the yeast transformants. 

Basedd on the clinical and biochemical data of patient 
2,, the CACT(+21aa) allele was predicted to have some 
residuall  activity. Since such residual activity could be 
insufficientt to support growth of the Acact/cit2 mutant 
onn oleate plates, we studied the activities of CACT and 
fattyy acid oxidation in oleate-induced transformants. 
CACTT activity measurements in spheroplasts from the 
differentt transformants showed clear activity in the 
&cacticit2&cacticit2 strain transformed with CACTfwt). No sig-
nificantt CACT activity was found in the strains trans-
formedd with CACT(G81R) or expression vector only. In 
thee CACT(+21aa) transformants the CACT activity 
measuredd was just above the limit of detection (Fig. 
3A).. A more significant difference between both mu-
tantss was found when the capacity of fatty acid oxida-
tionn was measured (Fig. 3B). Oxidation of oleate in the 
CACTT deletion strain is virtually normal but the end 
productss of the peroxisomal fatty acid oxidation cycle 
cann not be converted to C02 in the mitochondrial ma-
trixx due to deficient carnitine-dependent acetylcarni-
tinee transport. This is reflected in normal acid soluble 
productss and deficient C02 production. The human 
CACTT can complement the defect in the deletion strain 
andd C02 production is restored. Deficient C02 produc-
tionn was found also in the deletion strain transformed 

CACT(wt) ) 

,Kacllcit2 ,Kacllcit2 

CACT-NH H 

CACT(G81R) ) 

CACT(+21aa) ) 

FIG.. 2. Growth of S. cerevisiae deletion strain kcact/cit2 trans-
formedd with CACT(wt), CACT(G81R). CACT(+21aa) and CACT-NH 
onn an agar plate containing oleate. 
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FIG.. 3. Functional analysis and immunoblotting of spheroplasts 
fromm S. cerevisiae deletion strain ^cact/citZ transformed with 
CACT(wt),, CACT(G81R) and CACT(+21aa). (A) CACT activity. (B) 
0-Oxidationn measured with [l- HC]-oleate as substrate, acid soluble 
productss (open bars), C02 production (closed bars). (C) Expressed 
CACTT was detected on Western blot using an antibody against 
humann CACT. 

withh CACT(G81R). In contrast, the deficiency was less 
severee in the CACT(+21aa) transformants. In this mu-
tantt the acetylcarnitine transport amounts 10% of the 
CACT(wt)) activity, indicating that the c.955insC allele 
resultss in a protein with residual activity. The different 
CACTss were cloned in a yeast single copy expression 
vectorr downstream of the catalase promoter (CTAt), 
allowingg induction of transcription by growth on oleate 

medium.. In this way transcription of CACT was corre-
latedd to endogenous catalase activity which paralleled 
CACTT expression (not shown). 

Thee impact of the mutations on CACTp was investi-
gatedd by immunoblot analysis using antibodies raised 
againstt human CACT (Fig. 3C), which, for CACT, re-
vealedd a protein with an apparent MW of 28 kD. This 
iss smaller than the calculated MW of 32.9 kD, which is 
problablyy due to the hydrophobic nature of the protein. 
Extractss of mutant CACT(G81R) showed, in addition 
too the 28 kD band, a band with an apparent molecular 
weightt of 27 kD, which is most likely a breakdown 
product.. The molecular weight of CACT(+21aa) was 
31.55 kD on SDS-PAGE, 3.5 kD larger than the wild-
typee protein which is close to the calculated MW of the 
21aaa extension (2.6 kD). Furthermore, the intensity of 
thee signal of the CACT(+21aa) protein on the immu-
noblott was reduced to less than 10% of the control. 

DISCUSSION N 

Att present 13 patients with CACT deficiency have 
beenn reported but only 3 mutations have been identi-
fiedfied (10, 12, 29, 30). Functional characterization of 
mutantt CACT has not been performed so far. Translo-
casee activity measurements in a liposome reconstitu-
tionn system has been the method of choice (31). A 
drawbackk of this method however, is that it is laborious 
andd not sensitive enough to detect low levels of activity. 
Therefore,, we developed a simple expression system 
basedd on functional complementation of a yeast Aci'fi?/ 
cactcact deletion mutant. For this, we took advantage of 
thee recent identification of the yeast orthologue of 
CACTpCACTp (YORlOOc) in a selective screen to isolate mu-
tantss affected in the mitochondrial transport of acetyl-
carnitinee produced by peroxisomal /3-oxidation (18). In 
thatt study evidence for two metabolic routes for the 
catabolismm of acetyl-CoA generated in peroxisomes was 
given.. One route involves the glyoxylate cycle with 
citratee synthase (CIT2) as key enzyme. The other route 
iss via the carnitine-dependent pathway where the 
acetyl-CoAA is transported as a carnitine ester. 
YORlOOc,, the CACT orthologue in yeast, transports 
thee acetyl-carnitine into the mitochondrion for further 
metabolismm to C02. We created a Acacf mutant in a 
yeastt strain lacking CIT2, and the resulting disruption 
strainn was no longer able to grow on oleate. Transfor-
mantss with human wild-type CACT complemented 
thiss mutant for oleate-growth and fatty acid oxidation, 
herebyy providing a tool to study the mutant CACTps. 

Thee two patients studied in this paper have been 
reportedd before, and both suffer from the same enzy-
maticc defect but have distinct phenotypes. Patient 1 
sufferedd from a classical, severe phenotype of CACT 
deficiency.. This patient is a heterozygote for a 
c.241G>AA missense mutation. In addition to this mis-
sensee mutation 3 nucleotide changes in intron 5 and 7 
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humann 1  M ADQPKPISPLKNLLAGGFGGVCLV 
ra tt  1  M AEEPKPISPLKNLLAGGFGGVCLV 
yeas tt  1  MSSDTSLSESSLLKEESGSLTKSRPPIKSNPVRENIKSFVAGGVGGVCAV 

humann 2 6 FVGHPLDTVKVRLQT-QPPSLPGQPPMYSGTFDCFRK-TLFREGITGLYR 
ra tt  2 6 FVGHPLDTVKVRLQT-QPPSLPGQPPMYSGTIDCFRK-TLFREGITGLYR 
yeas tt  5 1 FTGHPFDLIKVRCQNGQANSTVHAITNIIKEAKTQVKGTLFTNSVKGFYK 

humann 7 4 GMAAPIIgVTPMFAVCFFGFGLGKKLQQKHPED VLSYPQLFAAGML 
ra tt  7 4 GMAAPIIGVTPMFAVCFFGFGLGKRLQQKSPED ELTYPQLFTAGML 
yeas tt  10 1 GVIPPLLGVT PIFAV S FWGYDVGKKLVT FNNKQGGSNELTMGQMAAAGFI 

humann 12 0 SGVFTTGIMTPGERIKCLLQIQASSGESKYTGTLDCAKKLYQEFGIRGIY 
ra tt  12 0 SGVFTTGIMTPGERIKCLLQIQASSGKNKYSGTLDCAKKLYQEFG1RGFY 
yeas tt  15 1 SAIPTTLVTAPTERVKVVLQT—SS KGSFIQA-AKTIVKEGGIASL F 

humann 17 0 KGTVLTLMRDVPASGMYFMTYEWLKN-IFTPEGK RVSELSAPRILV 
ra tt  17 0 KGTALTLMBDVPASGMYFMTYEWLKN-LFTPQGK SVHDLSVPRVLV 
yeas tt  19 5 KGSLATLARDGPGSALYFASYEISKNYLNSRQPRQDAGKDEPVNILNVCL 

humann 21 5 AGGIAGIFNWAVAIPPDVLKSRFQTAPPGKYPNGFRDVLRELIRDEGVTS 
ra tt  21 5 AGGFRGIFNWVVAIPPDVLKSRFQTAPPGKYPNGFRDVLRELIREEGVTS 
yeas tt  2 4 5  AGGIAGMSMWLAVFPIDTIKTKLQ-ASSTRQNMLSATKEIYLQRG-GIKG 

humann 26 5 LYKGFNAVMIRAFPANAACFLGFEVAMKFLNWATPNL 
ra tt  26 5 LYKGFNAVMIRAFPANAACFLGFEIPMKILNWIAPNL 
yeas tt  2  9 3 FFPGLGPALLRSFPANAATFLGVEMTHSLFKKYGI 

FIG.. 4. Comparison of different CACT proteins from human (Accession No. Y10319), rat (Accession No. X97831), and S. cerevisiae 
(Accessionn No. Z75008). The predicted membrane-spanning segments are underlined. Basic and acidic residues in these membrane-spanning 
segmentss are shown bold and the mutated glycine at position 81 (G81R) is doubly underlined. 

weree found, all located outside the splice site consensus 
sequences.. Analysis of cDNA did not reveal aberrantly 
splicedd mRNAs, indicating that the identified intronic 
mutationss do not affect splicing. Furthermore, the 
c.24lG>AA mutation was found homozygous at the 
cDNAA level, indicating that only the mRNA from the 
allelee containing the missense mutation is translated. 
Thee missense mutation changes the glycine at position 
811 into an arginine (G81R). Comparison of human, rat 
andd yeast CACT orthologues of CACT reveals that this 
glycinee is well conserved and located within the second 
membranee spanning region (Fig. 4). The six membrane 
spanningg segments contain 3 basic residues (H in seg-
mentt 1 and R in segments 4 and 6) and one acidic 
residuee (D in segment 4) which are all well conserved. 
Thee formation of charge-pairs has been recognised in 
thee mitochondrial ADP/ATP translocase and found to 
bee essential for the translocase's function (32). Intro-
ductionn of a fourth basic residue as is the case in this 
patientt (G81R) completely inactivated CACTp as dem-
onstratedd in our yeast expression system, which may 
bee due to an altered formation of charge-pairs. 

Patientt 2 has a mild phenotype. In this patient an 
insertionn (c.955insC) was found which leads to a frame-
shiftt and as a result the CACT protein is extended by 
21aa.. Both in fibroblasts of the patient as well as in 
yeastt cells transformed with the corresponding mutant 
CACT,CACT, residual activity was found. This residual activ-
ityy is insufficient to support growth of the Lcact/cit2 

mutantt on oleate plates, but is partially able to restore 
COzz production from fatty acids in the \cact/clt2 dis-
ruptionn strain. Immunoblot analysis after expression 
inn yeast showed that the expressed mutant protein was 
largerr as predicted from the 21 amino acid extention 
andd that in comparison to the expressed wild-type 
CACT,, the amount of protein was reduced to a similiar 
extentt as the activity. This indicates that the extended 
mutantt protein must be properly integrated in the 
mitochondriall  inner membrane where it retains its 
function.. Furthermore, this result suggests that the 
deficiencyy in patient 2 is not primarily due to a non-
functionall  translocase but that the overall 0-oxidation 
inn the patient is affected due to a decreased amount of 
translocase.. In conclusion, the activity of both mutant 
CACTss as determined by expression in the kcact/cit2 
mutantt reflects the findings in the corresponding pa-
tients. . 

ACKNOWLEDGMENTS S 

Wee are grateful to Mariene van den Berg for help with electron 
microscopyy and Hans Waterham for discussions and critical reading 
off  the manuscript. The financial support of Telethon-Italy (Grant 
E.0958),, MURST, and the CNR Target Project on Biotechnology is 
gratefullyy acknowledged. 

REFERENCES S 

1.. Ulst. L., Mandel, H., Oosthelm, W., Ruiter, J. P., Gutman, A., 
andd Wanders, R. J. A. (1998) J.Clin. Invest, 102, 527-531. 

67 7 



2.. Taroni, F., Verderio, E., Fiorucci, S., Cavadini. P., Finocchiaro, 
G.,, Uziel, G., Lamantea, E., Gellera, C. and DIDonato. S. (1992) 
Proc.Proc. Natl. Acad. Sci. USA 89, 8429-8433. 

3.. Stanley, C. A., Hale, D. E., Berry, G. T., Deleeuw, S., Boxer, J., 
andd Bonnefont, J. P. (1992) N. Engl. J. Med. 327, 19-23. 

4.. Pande, S, V., Brivet, M., Slama, A., Demaugre, F., Aufrant, C, 
andd Saudubray, J. M. (1993) J, Clin. Invest. 91, 1247-1252. 

5.. Brivet. M., Slama, A., Ogier, H,. Boutron. A., Demaugre, F., 
Saudubray,, J. M., and Lemonnier, A. (1994) J. Inherit. Metab. 
Dis.Dis. 17, 271-274. 

6.. Niezen-Koning, K. E., van Spronsen, F. J., IJlst, L., Wanders, 
R.. J. A.. Brivet, M., Duran, M., Reijngoud, D. J., Heymans, H. S., 
andd Smit, G. P. (1995) J. Inherit Metab. Dis. 18, 230-232. 

7.. Ogier de Baulny, H.. Slama, A., Touati, C, Turnbull, D. M., 
Pourfarzam,, M., and Brivet, M. (1995) J. Pediatr. 127, 723-728. 

8.. Brivet, M , Slama, A., Millington, D. S., Roe, C, R„  Demaugre, F., 
Legrand,, A., Boutron, A., Poggi, F., and Saudubray, J. M. (1996) 
J.J. Inherit. Metab. Dis. 19, 181-184. 

9.. Chalmers, R. A., Stanley, C. A., English, N„  and Wigglesworth, 
J.. S. (1997) J. Pediatr. 131, 220-225. 

10.. Huizing, M , lacobazzi, V., IJlst, L., Savelkoul, P.. Ruitenbeek, 
W.,, van den Heuvel, L., Indiveri, C, Smeitink, J., Trijbels, F., 
Wanders,, R. J. A., and Palmieri, F. (1997) Am. J. Hum. Genet. 
61,, 1239-1245. 

11.. Olpin, S. E., Bonham, J. R., Downing, M„  Manning, N. J.. Pollitt, 
R.. J., Sharrard, M. J., and Tanner, M. S. (1997) J. Inherit. Metab. 
Dis.Dis. 20, 714-715. 

12.. Huizing, M., Wendel, U., Ruitenbeek, W., lacobazzi, V., IJlst, L., 
Veenhuizen,, P., Savelkoul, P., Van den Heuvel, L. P., Smeitink, 
J.. A. M., Wanders, R. J. A., Trijbels, J. M. F., and Palmieri, F. 
(1998)) J. Inherit. Metab. Dis. 21, 262-267. 

13.. Al Aqeel, A. I., Rashed, M. S., and Wanders, R. J. A. (1999) 
J.J. Inherit. Metab. Dis. 22, 271-275. 

14.. Indiveri, C, lacobazzi, V,, Giangregorio, N., and Palmieri, F. 
(1997)) Biochem. J. 321, 713-719. 

15.. Wanders, R. J. A., van Roermund, C. W. T., van Wijland, M. J„ 
Schutgens,, R. B. H., Heikoop, J., van den Bosch, H.r Schram, 
A.. W., and Tager, J, M. (1987) J. Clin. Invest. 80, 1778-1783. 

16.. van Roermund, C. W. T., Hettema, E. H., Kal, A. J., van den 
Berg,, M., Tabak, H. F., and Wanders, R. J. A. (1998) EMBO J. 
17,, 677-687. 

17.. Wanders, R. J. A., IJlst, L., Poggi, F.. Bonnefont, J. P., Munnich, 
A-,, Brivet, M., Rabier, D., and Saudubray, J. M. (1992) Biochem. 
Biophys.Biophys. Res. Commun. 188, 1139-1145. 

18.. van Roermund, C. W. T., Hettema, E. H., van den Berg, M., 
Tabak,, H. F., and Wanders, R. J. A. (1999) EMBO J. 18, 5843-
5852. . 

19.. Yaffe, M. P. (1991) Methods Enzymol. 194, 627-643. 
20.. Chomczynski, P., and Sacchi, N. (1987) Anal. Biochem. 162, 

156-159. . 

21.. IJlst, L., Wanders, R. J, A„  Ushikubo, S., Kamijo, T., and Hashi-
moto,, T. (1994) Biochim. Biophys. Acta 1215, 347-350. 

22.. lacobazzi, V., Naglieri, M. A., Stanley, C. A., Wanders, R. J. A., 
andd Palmieri, F. (1998) Biochem. Biophys. Res. Commun. 252, 
770-774. . 

23.. Elgersma, Y., Vos, A., van den Berg, M., van Roermund, C. W. T., 
Vann der Sluijs, P., Distel, B., and Tabak, H. F. (1996) J. Biol. 
Chem.Chem. 271, 26375-26382. 

24.. Becker, D. M., and Guarente, L. (1991) Methods Enzymol. 194, 
182-187. . 

25.. Van der Leij, I„  van den Berg, M., Boot, R., Franse, M., Distel, 
B.,, and Tabak, H. F. (1992) J. Cell. Biol. 119, 153-162. 

26.. Elgersma, Y., Kwast, L., Klein, A., Voorn-Brouwer, T., van den 
Berg,, M., Metzig, B, America, T., Tabak, H. F., and Distel, B. 
(1996)) J. Cell. Biol. 135, 97-109. 

27.. Gould, S. J., Keller, G. A., Schneider. M.. Howell. S. H„  Garrard, 
L.. J., Goodman, J. M., Distel. B., Tabak, H., and Subramani, S. 
(1990)) EMBO J. 9, 85-90. 

28.. Palmieri, L., Lasorsa. F. M., lacobazzi, V., Runswick, M. J„ 
Palmieri,, R, and Walker, J. E. (1999) FEBS Lett 462, 472-476. 

29.. Brivet, M., Boutron, A., Slama, A., Costa, C, Thuillier, L., De-
maugre,, F., Rabier, D., Saudubray, J. M., and Bonnefont, J. P. 
(1999)) J. Inherit. Metab. Dis. 22, 428-441. 

30.. Costa, C, Costa, J. M., Nuoffer, J. M , Slama, A., Boutron, A., 
Saudubray,, J. M., Legrand, A., and Brivet, M. (1999) J. Inherit. 
Metab.Metab. Dis. 22, 267-270. 

31.. Indiveri, C, lacobazzi, V., Giangregorio, N., and Palmieri, F. 
(1998)) Biochem. Biophys. Res. Commun. 249, 589-594. 

32.. Nelson, D. R„  Felix, C. M., and Swanson, J. M. (1998) J. Mol. 
Biol.Biol. 277, 285-308. 

68 8 


