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Wee investigated how NADH generated durin g peroxiso-
mall  p-oxidation is reoxidized to NAD+ and how the 
endd product of p-oxidation, acetyl-CoA, is transported 
fromm peroxisomes to mitochondria in Saccharomyces 
cerevisiae.cerevisiae. Disruption of the peroxisomal malate dehy-
drogenasee 3 gene {MDH3) resulted in impaired fi-
oxidationn capacity as measured in intact cells, whereas 
p-oxidationn was perfectly normal in cell lysates. In 
addition,, mrfA3-disrupted cells were unable to grow 
onn oleate whereas growth on other  non-fermentable 
carbonn sources was normal, suggesting that MDH 3 is 
involvedd in the reoxidation of NADH generated durin g 
fattyy acid p-oxidation rather  than functioning as part 
off  the glyoxylate cycle. To study the transport of acetyl 
unitss from peroxisomes, we disrupted the peroxisomal 
citrat ee synthase gene (CIT2). The lack of phenotype of 
thee cit2 mutant indicated the presence of an alternative 
pathwayy for  transport of acetyl units, formed by the 
carnitin ee acetyltransferase protein (YCAT). Disruption 
off  both the CIT2 and YCAT gene blocked the P-
oxidationn in intact cells, but not in lysates. Our  data 
stronglyy suggest that the peroxisomal membrane is 
impermeablee to NAD(H) and acetyl-CoA in vivo, and 
predictt  the existence of metabolite carrier s in the 
peroxisomall  membrane to shuttle metabolites from 
peroxisomess to cytoplasm and vice versa. 
KeyKey words: P-oxidation/camitine acetyltransferase/citrate 
synthase/glyoxylatee cycle/malate dehydrogenase 

Introductio n n 

Peroxisomess are essential subcellular organelles involved 
inn a variety of metabolic processes. Their importance is 
underlinedd by the recognition of an increasing number of 
inheritedd diseases in man in which one or more peroxiso-
mall  functions is impaired (Wanders et ai, 1988; Moser, 
1991;; Van den Bosch et ai, 1992). 

Forr most of the enzymatic pathways delineated so far, 
peroxisomess are dependent on efficient communication 
withh the remainder of the cell. For instance, the first two 

stepss of die biosynthesis of ether-linked phospholipids in 
mammaliann cells take place in peroxisomes while synthesis 
iss completed in the endoplasmic reticulum. This involves 
exportt of the intermediate alkyl-dihydroxyacetone 
phosphatee across the single membrane bounding the per-
oxisomee (Van den Bosch et al., 1992). A related micro-
body-likee organelle, the glycosome of trypanosomes, 
containss the major part of the glycolytic pathway, implying 
thatt dihydroxyacetone phosphate, glycerol-3-phosphate, 
3-phosphoglyceratee and cofactors should be able to pass 
thee glycosomal membrane (Opperdoes and Borst, 1977). 
However,, how transfer of such metabolites across the 
peroxisomall  membrane takes place is still a matter of 
debatee (reviewed by Borst, 1989). One school of thought 
iss that peroxisomes are freely permeable to low molecular 
weightt compounds. This was concluded from the behavi-
ourr of peroxisomes upon equilibrium density gradient 
centrifugationn in sucrose and the finding that several 
enzymess such as D-amino acid oxidase, glycolate oxidase 
andd urate oxidase failed to exhibit structure-linked latency 
(dee Duve and Baudhuin, 1966). Direct permeability meas-
urementss using patch clamp analysis provided evidence 
inn favour of this concept (Van Veldhoven et ai, 1987). 
Thee other opinion holds that this permeability observed 
inin vitro is a result of their isolation and that peroxisomes 
inin vivo are closed compartments. This concept finds 
supportt by the observation that peroxisomes in Hansenula 
polymorphapolymorpha have an acidic interior which implies restricted 
permeabilityy of the peroxisomal membrane toward protons 
(Nicolayy et ai, 1987; Waterham et ai, 1990). In addition, 
thee observed latency of glycosomal enzymes suggests a 
permeabilityy barrier for phosphorylated substrates and 
cofactorss involved in trypanosomal glycolysis (Opperdoes 
andd Borst, 1977). 

AA solution to overcome a membrane barrier is to use 
shuttle-systems,, as in mitochondria (reviewed by Walker 
andd Runswick, 1993). Here, transport of reducing equiva-
lentss from the cytosol to mitochondria is mediated by the 
glycerol-3-phosphate/dihydroxyacetonee phosphate shuttle 
(Zebee et ai, 1959) or the malate/aspartate shuttle (Borst, 
1963),, whereas the transport of acetyl-CoA is mediated 
byy an acetylcarnitine shuttle (Bieber, 1988). If similar 
shuttless are operative in peroxisomes it predicts the 
existencee of a set of specific enzymes that participate in 
thesee exchange processes. 

Heree we have re-investigated the issue of peroxisome 
permeabilityy using a genetic approach to study how 
thee end products of the P-oxidation of fatty acids in 
SaccharomycesSaccharomyces cerevisiae, acetyl-CoA and reducing 
equivalentss (NADH), leave the peroxisome for further 
metabolismm in the cytosol and mitochondria. Our results 
indicatee that peroxisomes are impermeable to these com-
poundss and that specific shuttles are required to facilitate 
transportt across the peroxisomal membrane. 
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Fig.. 1. Subcellular location of malate dehydrogenase in S.cerevisiae. An organellar pellet was obtained by subcellular fractionation of oleate-grown 
cellss and used for density gradient centrifugation on Nycodenz. Fraction 1 presents the bottom fraction, fraction 20 the top fraction. Succinate 
dehydrogenasee and 3-hydroxyacyl-CoA dehydrogenase were measured as mitochondrial and peroxisomal markers, respectively. (A) Gradient of wild-
typee cells; (B) gradient of Amdh3 cells. 

Result s s 

MalateMalate  dehydrogenase  3 is  present  in 
peroxisomes peroxisomes 
Transportt of reducing equivalents from cytosol to mito-
chondriaa in higher eukaryotes, has long been known to be 
mediatedd by the glycerol-3-phosphate/dihydroxyacetone 
phosphatee shuttle and the malate/aspartate shuttle. In 
analogyy to the latter shuttle, a candidate enzyme for the 
reoxidationn of NADH in peroxisomes of S.cerevisiae is 
thee malate dehydrogenase enzyme (MDH). Earlier studies 
havee revealed the existence of three MDH isozymes in 
S.cerevisiaeS.cerevisiae (McAllister and Thompson, 1987; Minard 
andd McAllister-Henn, 1991; Steffan and McAllister-Henn, 
1992).. The C-terminus of MDH3 ends in SKL (Steffan 
andd McAllister-Henn, 1992) which is an established 
peroxisomall  targeting signal (PTS) (Gould et al., 1989). 
However,, the presence of MDH3 in peroxisomes has not, 
ass yet, been demonstrated. 

Wee disrupted the MDH3 gene and tested whether this 
resultedd in the absence of malate dehydrogenase in the 
peroxisomall  fractions. Therefore, cells were grown in 
aa medium containing oleate, a well-known inducer of 
peroxisomes,, followed by subcellular fractionation and 
densityy gradient centrifugation of the organellar pellet. 
Thee results presented in Figure 1 show good resolution 
betweenn peroxisomes and mitochondria as exemplified by 
thee distinct profiles of activity of succinate dehydrogenase 
(aa mitochondrial marker) and 3-hydroxyacyl-CoA dehy-
drogenasee (a peroxisomal marker). Importantly, malate 
dehydrogenasee activity showed a bimodal distribution 
profilee coinciding with the peroxisomal and mitochondrial 
fractionss in wild-type cells (Figure 1A). No peroxisomal 
MDHH activity was observed in the Amdh3 cells (Figure 
IB),, indicating that the MDH3 gene encodes the peroxiso-
mall  malate dehydrogenase. 

Iff  peroxisomal MDH is involved in reoxidation of 
intraperoxisomall  NADH, one would expect induction of 
activityy by oleate since oleate is known to induce the 
peroxisomall  p-oxidation capacity and thus the production 
off  NADH many-fold. Northern blot analysis indeed 
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Fig.. 2. Northern-blot analysis of MDH3 expression. Cells were grown 
onn medium containing glucose (1), glycerol (2), oleate (3) or acetate 
(4)) as sole carbon source. Total RNA (10 ug) was used for each lane 
off  the agarose gel. After blotting onto nitrocellulose, the filters were 
probedd with the radiolabelled MDH3 gene or with the actin gene as a 
control. . 

showedd profound induction of MDH3 mRNA by growth 
onn oleate, whereas expression of the actin gene (used as 
aa control) is almost constant under the various growth 
conditionss (Figure 2). The observed induction of MDH3 
iss very similar to that found for the p-oxidation enzymes. 

MDH3MDH3 is  essential  for  growth  on oleate 
Too investigate a role for peroxisomal malate dehydro-
genasee in reoxidation of intraperoxisomal NADH, the 
growthh rates of wild-type and Amdh3 strains were com-
paredd on plates containing either oleate, acetate, ethanol 
orr glycerol as the sole carbon source. Growth of Amdh3 
cellss on acetate, ethanol or glycerol was unaffected (not 
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Fig.. 3. Growth of wild-type cells and mutant cells on oleate medium. 
(A)) Growth on a plate containing minimal oleate medium. The pas21 
mutantt (disturbed in the assembly of peroxisomes) is used as control 
forr no growth. (B) Growth curves of wild-type and mutant strains on 
richh oleate medium. The strains shown are: wild-type cells ( + ), 
AmdhjAmdhj cells (A), Acii2 cells (O), Aycal cells (D) and Aeir2/&ycat cells 
(O).. As a control, wild-type cells were grown on the same medium 
withoutt Tween/oleate (dashed line). 

shown),, but growth on oleate was strongly impaired 
(Figuree 3), suggesting that peroxisomal malate dehydro-
genasee is not taking part in the glyoxylate cycle, but is 
involvedd in the P-oxidation of fatty acids. 

Too ascertain whether the inability to grow on oleate is 
causedd directly by a block in peroxisomal P-oxidation, we 
studiedd the oxidation of a l- l4C-labelled fatty acid 
(octanoicc acid) in control and Amdh3 mutant cells. As 
shownn in Figure 4, oxidation of [l- ,4C]octanoic acid was 
stronglyy impaired in the intact Amdh3 cells. Importantly, 
fattyy acid oxidation was normal in Amdh3 cell-free lysates 
inn which the membrane barriers of the different intra-
cellularr organelles were absent and NAD+ was present in 
excess.. The rates of fatty acid oxidation represent the sum 
off  [14C]COi and water-soluble material after extraction of 

thee fatty acid. This gives a much better estimate of fatty 
acidd oxidation than the amount of [ l4C]C02 alone, since 
onlyy part of the acetyl-CoA produced during P-oxidation 
iss converted into C02 (Veerkamp et al., 1986). The results 
off  Figure 4 suggest that the impairment in fatty acid P-
oxidationn in Amdh3 intact cells is caused solely by the 
absencee of peroxisomal malate dehydrogenase, and not 
byy reduced induction or activity of the enzymes involved 
directlyy in P-oxidation, which include acyl-CoA oxidase, 
enoyl-CoAA hydratase, 3-hydroxyacyl-CoA dehydrogenase 
andd 3-ketoacyl-CoA thiolase. 

AccumulationAccumulation  of  3-hydroxyacyl-CoA  intermediates 
inin  the Amdh3  mutant 
Iff  in vivo the block in P-oxidation is indeed due to the 
inabilityy to reoxidize peroxisomal NADH in the absence 
off  MDH3, this should be reflected in the accumulation of 
thee 3-hydroxyacyl-CoA ester in the Amdh3 cells but not 
inn control cells. We tested this notion in the experiment 
depictedd in Figure 5. Oleate-induced wild-type and Amdh3 
cellss were incubated for 0, 30 or 60 min with radiolabelled 
fattyy acid. The various labelled acyl-CoA esters, including 
thee acyl-CoA ester itself and the a,P-unsaturated, 3-
hydroxy-- and 3-ketoacyl-CoA esters, were extracted and 
separatedd on thin layer plates. The results show that 
significantt levels of the 3-hydroxyacyl-CoA ester were 
foundd only in Amdh3 cells incubated with radiolabelled 
fattyy acid for 30 or 60 min (Figure 5). The observed 
accumulationn of the 3-hydroxyacyl-CoA intermediate in 
thee Amdh3 mutant suggests again that MDH3 participates 
inn a redox shuttle rather than in the glyoxylate cycle. 

RemovalRemoval  of  acetyl-CoA  from  peroxisomes 
Acetyl-CoAA is the end product of the p-oxidation of 
straight-chainn fatty acids in yeast. An important function 
off  the glyoxylate cycle is the condensation of two C2 
unitss (acetyl-CoA) to succinate, thereby enabling the cell 
too form C4 carbon skeletons from C2 units. In addition, 
iff  peroxisomes are impermeable for (acetyl-) CoA, this 
cyclee is also important for releasing the CoA for continuing 
cycless of p-oxidation and for facilitating the transport of 
carbonn units across the peroxisomal membrane. 

Too test whether peroxisomes are. indeed impermeable 
forr acetyl-CoA, we tested the effect on P-oxidation by 
disruptingg the peroxisomal citrate synthase (CIT2) gene 
(Lewinn et ai, 1990). Growth on oleate and oxidation of 
[l- l4C]octanoicc acid were investigated as described above 
forr the Amdh3 mutant. The results depicted in Figure 6 
(secondd bar) show that oxidation of octanoate was normal 
inn cells deficient in peroxisomal citrate synthase. Moreover, 
growthh on oleate was indistinguishable from wild-type 
cellss (Figure 3). However, since growth of Acit2 cells is 
almostt normal on ethanol and acetate as well (not shown), 
thesee results strongly suggest the existence of an efficient 
bypasss that can compensate for the loss of peroxisomal 
citratee synthase. 

Onee possible bypass route would be the conversion of 
acetyl-CoAA into acetylcarnitine via carnitine acetyltrans-
ferasee (CAT) which is known to be present in mitochondria 
andd peroxisomes in higher eukaryotes and yeast (Markwell 
etal,etal, 1973, 1976; Markwell and Bieber, 1976; Kawamoto 
etet ai, 1978; accompanying paper, Elgersma el ai, 1995). 
Thee acetylcarnitine formed in peroxisomes might sub-
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Fig.. 4. Octanoic acid fi-oxidation in oleate-induced wild-type cells and Amdh3 cells. (A) p-oxidation in intact cells; (B) P-oxidation in cell lysates. 
[l- l4C]octanoicc acid oxidation is expressed as the sum of [14C]C02 and water-soluble |3-oxidation products produced. 
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Fig.. S. TLC analysis of the '4C-labelled products derived from fatty 
acidd oxidation in wild-type cells and Amdhl cells. The products 
formedd were analysed after incubating cells 0. 30 and 60 min with 
[l-'4C]palmitate.. The right-hand panel shows a marker lane of 
[l- l4C|3-hydroxypalmitoyll  CoA. 

sequentlyy be transported to mitochondria where it could 
bee further oxidized to C02 in the Krebs cycle. However, 
inn the absence of the CIT2 protein, the citrate (or isocitrate) 
formedd in mitochondria may also be retrieved for net 
synthesiss of carbon skeletons in the glyoxylate cycle, as 
depictedd in Figure 7. The possibility that peroxisomal and 
mitochondriall  citrate synthase may be able to take over 
eachh other's function has earlier been suggested for 
S.cerevisiaeS.cerevisiae based on gene deletion studies (Kispal et al, 
1988),, and for the ethylamine-grown yeast Trichosporon 
cutaneumcutaneum based on the enzymatic contents of peroxisomes 
(Veenhuiss et al, 1986). 

Elgersmaa et al. (1995) demonstrated in the accompany-
ingg paper that carnitine acetyltransferase is indeed present 
inn peroxisomes and mitochondria of oleate-grown S.cerevi-
siae.siae. Both enzymes are encoded by the same gene, YCAT. 
Figuree 6 shows that deletion of the YCAT gene results in 
aa slight decrease in [ l- l4C]octanoic acid oxidation in intact 
cellss (Figure 6A, third bar) and in cell lysates (Figure 6B, 
thirdd bar). However, the growth rate on oleate appeared 

nott to be affected (Figure 3). Furthermore, growth on 
ethanoll  and acetate was normal (not shown). However, 
whenn we disrupted both the CIT2 gene and the YCAT 
gene,, the cells could no longer grow on oleate (Figure 3). 
Sincee the Acit2/ycat cells were also unable to grow on 
ethanoll  and acetate (not shown) we conclude that the 
YCATT protein is indeed indispensable for the net synthesis 
off  C4 carbon units in case the CÏT2 gene is deleted. 

Sincee the YCAT gene disruption results in the absence 
off  both the peroxisomal and mitochondrial carnitine acetyl-
transferasee protein (Elgersma et al, 1995) the observed 
inabilityy of Acit2/ycat cells to grow on oleate may be 
causedd exclusively by the impermeability of mitochondria 
towardss acetyl-CoA. To investigate directly the permeab-
ilit yy properties of the peroxisomal membrane towards 
acetyl-CoAA we investigated the ability of the Acit2/ycat 
doublee mutant to (3-oxidize fatty acids as described above 
forr the Amdh3 mutant. Indeed, similar to what we found 
forr the Amdh3 mutant, the P-oxidation was practically 
blockedd in intact Acit2/ycat mutant cells, whereas the (3-
oxidationn capacity was hardly affected in cell lysates in 
whichh the membrane barriers are lost (compare Figure 6A 
withh B, fourth bar). This strongly suggests that there are 
onlyy two pathways for the export of acetyl-CoA from 
peroxisomes;; either via conversion into glyoxylate cycle 
intermediatess or via conversion into acetylcarnitine. Con-
sequently,, blocking both pathways leads to the accumula-
tionn of peroxisomal acetyl-CoA, which depletes the 
peroxisomess from free CoA for continued P-oxidation or 
inhibitss the P-oxidation enzymes by product inhibition 
(Hovikk and Osmundsen, 1989). 

Discussio n n 
Wee have used a novel approach to obtain information on 
thee permeability properties of peroxisomes in the yeast 
S.cerevisiae.S.cerevisiae. This is based on disruption of specific genes 
encodingg proteins involved in the preparatory steps for 
thee transport of metabolites generated from fatty acid P-
oxidationn across the peroxisomal membrane. We first 
concentratedd on peroxisomal malate dehydrogenase 
(MDH3)) which was recently cloned and sequenced by the 
groupp of McAllister-Henn (Steffan and McAllister-Henn, 
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Fig.. 6. Octanoic acid P-oxidation in oleate-induced wild-type and mutant ceils. (A) P-oxidation in intact ceils; (B) P-oxidation in cell lysales. 
[l- l4C]octanoicc acid oxidation was measured as the sum of [l4C]C02 and water-soluble material produced. The bars represent wild-type cells (I), 
Acit2Acit2 cells (2), Aycat cells (3) and Acit2/Aycal cells (4). 

Fatl yy  «eld» 

T T 
Fatt yy  acylCo A Malate 

< ^ N A 0 0 

NAOH H 
.. ^ I MDH3 

Oxaloacetat ee <t£-

Acetyl-Co AA + 

Acetyl-Co AA + 

Carnitin ee -

CATT ^ 
Acetylcarnitin ee — 

Acetyl-Co AA +

Oxaloacetat ee «^ 

CIT22 ^ 
Citrat ee ^ -

ACOO xy 

Isocitrat e e 
i i 

ICL11 ["* * Succinat e 

Glyoxylat ee ,£-

Malatee ' 

—— Carnitin e ^ ~ 

^ ^^  Acetylcarnitin e ^— 

-?

Isocitrat e e 
i i 

ICL11 h*?* Succinat e 
V V 

Glyoxylate e 

CO. . 

CO O 

'2*"77 TCA A 
) 2 < JJ Cycle I 

M M 
—ii  Carnitin e + Acetyl-Co A 

^^  CAT 

-^Acetylcarnitin e e 

Citrat e e 
Oxaloacetat e e 

Malate e 

t t 
>> Fumarat e 

Peroxisom e e Cytoso l l Mitochondrio n n 

Fig.. 7. Model for the reoxidation of intraperoxisomal NADH and the pathways for the transport of acetyl-CoA. Our results do not rule out that other 
metabolitess than malate and oxaloacetate are shuttled between peroxisome and cytosol. Since the presence of aconitase and isocitrate lyase in 
peroxisomess has not been demonstrated unambiguously, these reactions might also take place in the cytosol (bold-dashed arrows). The thin arrows 
indicatee the supposed retrieval pathway of mitochondrial citrate or isocitrate for use in the glyoxylate cycle in case the C1T2 gene has been deleted. 
MDH3,, malate dehydrogenase 3: CAT, carnitine acetyltransferase; CIT2. peroxisomal citrate synthase; ACO, aconitase; ICL, isocitrate lyase; MLS, 
malatee synthase. 

1992).. Earlier studies (McAllister and Thompson, 1987; 
Minardd and McAllister-Henn, 1991) had identified a 
mitochondriall  (MDH1) and cytosolic malate dehydro-
genasee (MDH2). Based on the presence of a serine-
leucine-lysinee (SKL) tripeptide at the C-terminus, the 
MDH33 isoenzyme was speculated to be located in peroxi-
somess (Steffan and McAllister-Henn, 1992). Our results 
indicatee that this is indeed the case. Disruption of the 
MDH3MDH3 gene led to the total absence of MDH activity in 

peroxisomes,, and to complete impairment of growth on 
mediumm containing oleate as the sole carbon source due 
too a peroxisomal P-oxidation deficiency. In cell lysates 
wheree reoxidation of NAD+ is not required since this 
cofactorr is present in the reaction medium, fatty acid 
oxidationn was completely normal. These data strongly 
suggestt that the peroxisomal membrane is impermeable 
too NAD(H) in vivo, and that malate dehydrogenase is 
involvedd in regeneration of intraperoxisomal NAD+. In 
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suchh a shuttle mechanism malate dehydrogenase catalyses 
thee reduction of oxaloacetate to malate with concomitant 
formationn of NAD+ from NADH, followed by the shuttling 
off  malate versus oxaloacetate across the peroxisomal 
membrane.. We cannot exclude other shuttles, for example, 
aa malate/aspartate shuttle system. Such a shuttle would 
requiree the presence of aspartate aminotransferase protein 
inn peroxisomes, which converts aspartate into oxaloacetate. 
Wee are currently investigating whether this protein is 
indeedd present in peroxisomes of S.cerevisiae. 

Thee finding that tsmdhi cells are not impaired in growth 
onn C2 carbon sources suggests that this enzyme does not 
participatee in the glyoxylate cycle. Moreover, the enzyme 
wouldd then have to operate in two directions in the same 
compartment,, which is obviously impossible. Indications 
thatt the kinetic parameters of glyoxysomal malate dehydro-
genasee are unfavourable to its participation in the glyoxyl-
atee cycle of plant glyoxysomes were earlier reported by 
Mettlerr and Beevers (1980). The consequence of these 
findingss is that malate produced by the glyoxylate cycle 
iss transported out of the peroxisome followed by retro-
conversionn to oxaloacetate in the cytosol (via MDH2) or 
thee mitochondria (via MDH1) (Figure 7). 

Thee results described in this paper also provide new 
informationn on the way in which acetyl-CoA is transported 
fromm the interior of the peroxisome to mitochondria for 
furtherr metabolism in the Krebs cycle. It was a surprise 
too observe that disrupting the CIT2 gene for peroxisomal 
citratee synthase did not lead to a deficiency to grow on 
oleatee or C2 compounds such as acetate or ethanol. 
Sincee assimilation of C2 compounds requires a functional 
glyoxylatee cycle, this suggests that citrate or isocitrate 
fromm mitochondria can reach the cytoplasm (or even the 
peroxisomes)) as has been proposed earlier (Veenhuis et al., 
1986;; Kispal et al., 1988). Our results indicate that the 
carnitinee acetyltransferase protein is essential for this 
bypasss (Figure 7). 

Thee finding that intact cells with either the CTT2 or the 
YCATYCAT gene disruption have almost normal capacity to 
oxidizee fatty acids whereas ^-oxidation is blocked when 
bothh genes are disrupted, indicates that there are only two 
wayss in which acetyl-CoA can leave the peroxisome: via 
conversionn into glyoxylate cycle intermediates or via 
conversionn into acetylcarnitine by carnitine acetyltrans-
ferase.. Consequently, since p-oxidation is virtually normal 
inn cell-free lysates of bcitlfycat cells (where the membrane 
barrierss are absent), we conclude that acetyl-CoA (or CoA 
itself)) cannot freely pass the peroxisomal membrane. 

Itt has been notoriously difficult to establish whether all 
glyoxylatee cycle enzymes are located in peroxisomes of 
S.cerevisiae.S.cerevisiae. The presence of isocitrate lyase and aconitase 
inn peroxisomes is still a matter of debate, as indicated in 
Figuree 7. However, these uncertainties do not compromise 
thee implication we propose here with regard to the 
impermeabilityy of the peroxisomal membrane to NAD(H) 
andd acetyl-CoA. The enzymes of the pVoxidation pathway 
thatt produce these compounds and the enzymes that 
takee care of the preparatory steps in removal of these 
compoundss from peroxisomes (MDH3, CIT2, MLS1 and 
YCAT)) are all localized in peroxisomes beyond any doubt. 
Onee of the predictions of our results is that, in analogy with 
mitochondria,, the peroxisomal membrane must contain a 

varietyy of different transport-proteins such as carnitine/ 
acetylcarnitinee carriers and dicarboxylate carriers. 

Material ss  and method s 

YeastYeast  strains  and culture  conditions 
Alll  the gene disruptions used for this study were made in the S.cerevisiae 
strainn BJ1991 (MATa, leu2, trpl, ura3-251, prbl-1122, pep4-3). Yeast 
transformantss were selected and grown on minimal medium containing 
0.67%% yeast nitrogen base without amino acids (YNB-WOXDIFCO), 
2%% glucose and amino acids (20 u,g/ml) as needed. The liquid media 
usedd for growing cells for RNA isolations, growth curves or subcellular 
fractionationn contained 0.5% potassium phosphate buffer, pH 6.0, 0.3% 
yeastt extract, 0.5% peptone, and 2% glucose, or 2% glycerol, or 2% K-
acetate,, or 0.12% oleic acid/0.2% Tween-40 as carbon source. Before 
shiftingg to one of these media, cells were grown on minimal 0.3% 
glucosee medium for at least 24 h. For RNA isolations, the cultures were 
inoculatedd at such a density that they reached OD ô = 0.7-1.0 after 
~I55 h. Oleic acid plates contained 0.1% oleic acid/0.4% Tween-40, 
0.67%% yeast nitrogen base without amino acids (YNB-WOXDIFCO), 
0.1%% yeast extract (DIFCO) and amino acids (20 fig/ml) as needed. 

CloningCloning procedures 
Standardd DNA techniques were carried out as described (Sambrook 
elel at.. 1989). The yeast MDH3 gene was amplified using two oligonucleo-
tidee primers corresponding to regions of non-homology with MDHI and 
MDH2.MDH2. Oligonucleotide sequence from the 5' end of the gene was (5'-
TTTGAATTCAAGCATAAAACAATCAAGG-3') .. The oligonucleotide 
sequencee from the 3' end of the gene was (5'-GGATCCGATATGAGT-
CAAGATACAAAGG-3').. A S.cerevisiae genomic DNA library was 
usedd as a template in a polymerase chain reaction (PCR) using the above 
twoo primers. The PCR reaction was carried out using 0.5 jig of template 
DNA,, 167 ug/ml oligonucleotides, 10 mM dNTPs, 0.5 units of Taq 
polymerasee (Boehringer Mannheim), 1.5 mM MgCl2, 10 mM Tris-HCl, 
pHH 8.4, 50 mM KC1 and 0.01% BSA in a total volume of 50 uJ. The 
annealingg temperature was 55°C. A 1.2 kb EcoRl-BamHl fragment was 
obtainedd and subcloned into the multiple cloning site of pUC19. The 
EcoRV-NcolEcoRV-Ncol fragment containing 600 bp of the MDH3 open reading 
framee was replaced using blunt ended cloning, with a 2.2 kb fragment 
off  the LEU2 gene. Linearized plasmid DNA with the disrupted MDH3 
genee was used to transform a haploid wild-type strain BJ1991. Leu4 

transformantss were confirmed for disruption of the chromosomal MDH3 
locuss by analysing the PCR product obtained on chromosomal DNA 
withh the same primers as used earlier to amplify the gene. 

Thee Cm gene deletion was made by isolating genomic DNA of 
PSY42-dr22 cells (Leu2-2. Ieu2-112, lys2-801. C1T2::URA3) (kindly 
providedd by A.Shyan and R.Butow). This was used as template for PCR 
withh the OT2 primers (5'-GGATCCATGACAGTTCCTTATCTA-3') and 
(5'-CrATAGTTTGCTTTCAATGTT-3').. The resulting PCR fragment 
wass used to transform BJ1991 cells, and ura+ transformants were 
selectedd for integration in the CIT2 gene by PCR analysis. 

Thee YCAT gene was amplified from genomic DNA using the 5' CAT-
AA primer (5'-TTTGAATTCGAGAACTCTCTCAAAC-3') and the 3' 
CAT-BB primer (5-TTTCTGCAGCGTAAGCCCTTTTTTCTCCC-3) 
oligonucleotides.. The annealing temperature used for the PCR reaction 
wass 55°C. The resulting 2.1 kb EcoRl-Pstl fragment was subcloned 
intoo pUC19 (pEL72). The major part of the open reading frame was 
deleted,, by replacing the Acc\-Bg[2 fragment (containing 1281 bp of 
thee CAT open reading frame) by the LEU2 gene (pEL78). This plasmid 
wass used to transform wild-type cells (BJ199I) and Acit2 (PSY142) 
cells,, Leu+ transformants were selected for integration in the KOI/" gene 
byy PCR analysis. 

SubcellularSubcellular  fractionation  and Nycodenz  gradients 
Subcellularr fractionations were performed as described (Van der Leij 
eiei a/., 1992). Organellar pellets were used for continuous 16-35% 
Nycodenzz gradients (12 ml), with a cushion of 1 ml 42% Nycodenz 
dissolvedd in 5 mM MES, pH 6.0. 1 mM EDTA, 1 mM KCI and 8.5% 
sucrose.. The sealed tubes were centrifuged for 2.5 h in a vertical rotor 
(MSEE 8X35) at 19 000 r.p.m. (29 000 g) at 4°C. 

p-oxidationp-oxidation  measurements 
Oleate-grownn cells were washed with water and «suspended in phos-
phate-bufferedd saline (PBS), to OD^n = 2.5. Aliquots of 20 ul of cell 
suspensionn were used for fatty acid p-oxidation measurements in 200 j i l 
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mediumm containing PBS plus 10 nM [l- l4C]palmitaie or [l-14C]-
octanoate.. Reactions were allowed to proceed for 6 or 12 rain at 30°C, 
followedd by termination of reactions by adding 100 fxl ofl .3 M perchloric 
acid.. Radiolabelled COj was trapped overnight in 500 fxl of 2 M NaOH. 
Thee ,4C-labelled J? oxidation products were subsequently collected after 
extractingg the acidified material with chlorofomi/methanoVheptane as 
describedd before (Heikoop et al, 1990) and quantified in a liquid 
scintillationn counter. Fatty acid ^-oxidation activities were also measured 
inn cell-free lysates prepared by lysing protoplasts in a medium containing 
0.1%% Triton X-100. 5 mM MOPS, pH 7.4, I mM EDTA and 1 mM 
PMSF.. The cell-free extract was subsequently incubated in reaction 
mediumm containing the following components: 150 mM Tris-HCl, pH 
8.5,, 5 mM ATP, 5 mM MgCl2, 2 mM NaCN, 100 u;M FAD, I mM 
NAD,, 1 mM CoASH, 0.005% (w/v) Triton X-100, 1 mU/mll  acyl-CoA 
synthetasee (Boehringer Mannheim) and 10 fiM [l- l4C]palmitate or 
[l-14C]octanoate.. Reactions were allowed to proceed for 6 or 12 min, 
followedd by quantification of [l4C]CC>2 and 14C-labelled B-oxidation 
productss as described above. 

IdentificationIdentification  of  acyl-CoA  intermediates 
Inn order to identify the nature of the acyl-CoA esters acrumulating in 
mutantt cells, oleate-induced intact cells were incubated with 10 nM 
[l- l4C]palmitatee as described above, for 30 or 60 min. Reactions were 
terminatedd by 100 Jil 1.3 M perchloric acid. In order to hydrolyse all 
CoA-esterss 100 |il of 2 M NaOH was subsequently added and the 
mixturee was incubated at 50°C for 30 min. This was followed by 
additionn of 10 |il of 0.5 M H2S04 and 75 u.1 of sodium acetate buffer, 
pHH 6.0. If required, pH was adjusted to 4.0. The fatty acids were then 
extractedd with methanol/chloroform/heptane as described above. The 
lowerr layer was collected, washed and taken to dryness under N2. The 
residuee was taken up in acetone, followed by chromatography on TLC 
usingg conditions as described by Bremer and Wojtczak (1972), with die 
exceptionn that benzene was replaced by toluene. After running, the plate 
wass dried and subjected to autoradiography. The recovery of fatty 
acidd derivatives during extraction and solvent evaporation, acetone 
solubilizationn and TLC chromatography were checked by determining 
thee recovery of [t-l4C]palmitoyl-CoA and enzymatically synthesized 
enoyl-CoAA esters and 3-hydroxyacyl-CoA esters prepared from 
il- ,4C|palmitoyl-CoA.. Recoveries were >95%. 

Radioactivelyy labelled [l- l4C]3-hydroxypalmitoyl CoA was synthe-
sizedd enzymatically by incubating 10 |iM [l-14C]palmitate for 10 min 
withh 50 U/ml crotonase (Sigma Co., St Louis, USA) and 10 U/ml acyl-
CoAA oxidase (Sigma) in a reaction medium as described above. Further 
handlingg of the samples was as described above for the identification of 
acyl-CoAA intermediates. 

EnzymeEnzyme assays 
Malatee dehydrogenase activity was measured as the oxaloacctate-depend-
entt rate of NADH oxidation (A^o nm) in assay mixture' containing 
455 mM K3P04, pH 7.4, 0.12 mM NADH, and 0.33 mM oxaloacetate 
(Steffann and McAllister-Henn, 1992). 3-hydroxyacyl-CoA dehydro-
genasee activities were measured on a Cobas-Fara centrifugal analyser 
byy following the 3-keto-octanoyl-CoA-dependent rate of NADH con-
sumptionn at 340 nm (Wanders et ui, 1990). Succinate dehydrogenase 
wass measured according to a recently described method (Munujos et al, 
1993).. Protein concentrations were determined by the bicinchoninic acid 
methodd (Smith et al., 1985). 
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