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Summary. The DAS gene of Hansenulapolymorpha was 
expressed in Saccharomyces cerevisiae under the con- 
trol of different promoters. The heterologously synthe- 
sized dihydroxyacetone synthase (DHAS), a peroxiso- 
mal enzyme in H. polymorpha, shows enzymatic activi- 
ty in baker's yeast. The enzyme was imported into the 
peroxisomes of S. cerevisiae not only under the appro- 
priate physiological conditions for peroxisome prolife- 
ration (oleic acid media), but also in glucose-grown 
cells where it induced the enlargement of the few 
peroxisomes present. This growth process was not 
accompanied by an increase in the number of microbo- 
dies, which suggests a separate control mechanism for 
peroxisomal proliferation. 

Key words: Peroxisomes - Protein import - Saccharo- 
myces cerevisiae - Hansenula polymorpha 

Introduction 

In contrast to the information available on protein 
targeting into chloroplasts or mitochondria, little is 
known about the molecular mechanism of protein 
targeting into peroxisomes. Only recently have the first 
targeting signals for protein import into peroxisomes 
been described. In the peroxisomal acyl CoA oxidase 
of the yeast Candida tropicalis, two regions have been 
identified that mediate protein import (Small et al. 
1988), and a short sequence of amino acids at the 
carboxy-terminus of insect luciferase has been shown 
to act as a peroxisomal targeting signal in mammalian 
cells (Gould et al. 1987). Methylotrophic yeast species 
promise to be good model organisms for studying 
peroxisomal biogenesis (Veenhuis et al. 1983), because 
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the proliferation and the enzymatic composition of 
their peroxisomes can be strongly influenced by growth 
conditions. The best studied species of these yeasts are 
Hansenula polymorpha, Candida boidinii and Pichia 
pastoris. Growth on methanol as a sole carbon and 
energy source results in the appearance of many large 
peroxisomes, which can comprise up to 80% of the 
total cell volume. The first steps of methanol assimila- 
tion and dissimilation take place in these organelles 
(Veenhuis et al. 1983). 

Recently, genes encoding some of the peroxisomal 
proteins have been cloned and sequenced (Ellis et al. 
1985; Janowicz et al. 1985; Ledeboer et al. 1985). 
Sequence analyses have revealed that these enzymes, 
which are synthesized in the cytoplasm and assembled 
post-translationally into the peroxisomes (Goodman 
et al. 1984; Goodman 1985) have apparently no 
cleaveable signal sequence for translocation (Roa and 
Blobel 1983; Roggenkamp et al. 1984; Ledeboer et al. 
1985). The development of transformation systems for 
H. polymorpha and P. pastoris provides a molecular 
approach to peroxisomal protein translocation analy- 
sis (Cregg et al. 1985; Roggenkamp et al. 1986). 

In Saccharomyces cerevisiae the/?-oxidation path- 
way is located in the peroxisomes. It has recently been 
shown that the proliferation of these organelles is 
inducible by growing S. cerevisiae on oleic acid (Veen- 
huis et al. 1987). This induction method now allows the 
analysis of peroxisomal biogenesis in an organism that 
is amenable to extensive genetic analysis. 

In order to explore the use of heterologous peroxi- 
somal proteins for the study of peroxisomal biogenesis, 
we have expressed the H. polymorpha genes DAS and 
MOX which encode, respectively, dihydroxyacetone 
synthase and methanol oxidase, in S. cerevisiae. As 
only the DAS gene was found to be expressed as an 
active enzyme, we consequently studied the subcellular 
localization of the dihydroxyacetone synthase protein 
in S. cerevisiae. The analysis of this heterologous 
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Fig. 1. The structures of the plasmids that were used to express the 
DAS gene in S. cerevisiae. Plasmid pDEX4-17 ist not shown because 
its overall structure does not differ from that of plasmid pDEX4-56. 
For details of construction, see Materials and methods. B BamHI, E 
EcoRI, H HindIII, P PvuII, S SalI Sp SphI, P/H fusion site of PvuII 
and HindIII, Ap R and Tc R ampicillin and tetracycline resistance gene, 
respectively 

p r o t e i n  b y  cell  f r a c t i o n a t i o n  a n d  i m m u n o c y t o c h e m i c a l  

m e t h o d s  r e v e a l e d  t h a t  S. cerev i s iae  is a b l e  t o  i m p o r t  t h e  

e n z y m e  i n t o  i ts p e r o x i s o m e s .  W e  f u r t h e r  d e m o n s t r a t e d  

t h a t  t h e  p r e s e n c e  o f  D H A S  in  S. cerev i s iae  i n d u c e s  

g r o w t h ,  b u t  n o t  p r o l i f e r a t i o n  o f  t h e  f ew p e r o x i s o m e s  

p r e s e n t  in  t h e  cells  d u r i n g  g r o w t h  o n  g lucose .  D u r i n g  

t h e  c o u r s e  o f  t h i s  w o r k  p e r o x i s o m a l  i m p o r t  o f  i n a c t i v e -  

ly e x p r e s s e d  m e t h a n o l  o x i d a s e  in  S. cerev is iae  was  

r e p o r t e d  i n d e p e n d e n t l y  ( D i s t e l  e t  al.  1987).  

Materials and methods 

Strains and culture conditions 

S. cerevisiae strains EK1 (a leu2-3, leu2-112, pep4-3) (Kellermann et 
al. 1986) and PS1 (a leu2-3, leu2-112, ura3-52, his4-519, pep4-3; P. 
Seeboth, this institute) were used for transformation with recombi- 
nant plasmids. Cultures were grown on 0.67% YNB, 3% glucose 
supplemented with amino acids (40 ~tg/ml) or uracil (20 gg/ml). 
Under derepressing conditions cultures were grown on 0.67 % YNB, 
3 % lactate supplemented with amino acids and uracil if necessary. 
For induction of peroxisomes, cultures were grown on YNB, glucose 
until mid-log phase and were then transferred to 0.1% yeast extract, 
0.1% oleic acid and 0.05% Tween 20. 

H. polymorpha (ATCC 34438) was grown on 0.67% YNB, 1% 
methanol (induced) or 0.67% YNB, 3% glucose (repressed condi- 
tions). All plasmid constructions were carried out in E. coli JA221 
(recA1, leuB6, trpE5, hsdR-, hsdM+, lacY). 

P~smids 

.pMOH1 (Fig. 1), a yeast-E, coli shuttle vector, was constructed by 
cloning a blunt-ended 3.3 kb HindIII fragment from pMP78 
(Hollenberg, 1979), which carries the leu2-d allele and the 2-#m DNA 
origin of replication, into the PvuII site of pBR322. The plasmid 
pMOH-DAS (Fig. 1) was obtained after ligation of HindIII-BamHI- 
digested pMOH1 with a 3.3kb HindIII-BamHI fragment from 
plasmid YRp7-DAS (Janowicz et al. 1985), the latter containing the 
complete DAS ORF and 1 kb of the 5' non-coding region of the DAS 
gene. 

Plasmids pDEX4-17 and pDEX4-56 were constructed as follows. 
A SphI-BamHI fragment of the PDC1 promoter, which ends at the 3' 
end at position -112 relative to the translation initiation codon, was 
inserted into the SphI-BamHI digested pMOH1: the result is plasmid 
pPDC4. DNA fragments containing the coding region of the DAS 
gene were inserted, after BaI31 treatment and linker attachment, as 
BamHI fragments into the BamHI site of pPDC4. The deletion 
endpoints of the fragments used are located at positions -17  and 
-56,  respectively, resulting in plasmids pDEX4-17 and pDEX4-56 
(Fig. 1). 

Plasmid plX17 was obtained by replacing the 0.8 kb SalI frag- 
ment carrying the PDC1 promoter fragment with a 0.8 kb SUC2 
promoter fragment from plasmid pRB58 (Carlson and Botstein, 
1982). The original EcoRI-HindIII fragment was supplied with SalI 
linkers after endfilling the restriction sites. This fragment was then 
inserted into pDEX4-17 after partial digestion with Sal! (Fig. 1). 

Standard techniques were used for cloning and sequencing of 
DNA (Maniatis et ai. 1982; Maxam and Gilbert 1980). Yeast 
transformations were carried out following a procedure described by 
Klebe et al. (1983). SDS polyacrylamide gel electrophoresis and 
protein transfer were carried out according to published procedures 
(Laemmli, 1970; Towbin et al. 1979). Dihydroxyacetone synthase 
(DHAS) was isolated from induced H.polymorpha as described 
(Bystrykh et al. 1981). Antibodies against the purified protein were 
raised in rabbits using standard procedures. DHAS was detected on 
Western blots by visualization of antibody binding after incubation 
of the blots with horseradish peroxidase protein A by oxidation of 
diaminobenzidin. 

For determination of DHAS activity, transformants were grown 
to mid-log phase, harvested by centrifugation for 5 min at 6,000 g and 
washed in 20 mM sodium phosphate buffer, pH 7.5. Cells from 50-ml 
cultures were resuspended in 0.5 ml of the same buffer containing 
0.1 mM PMSF, and then were broken with glass beads in a Braun 
homogenizer for 3 X 2 min at 4°C. Cellular debris was removed by a 
5-min centrifugation in an Eppendorf centrifuge, and then aliquots 
of the crude extracts were passed through a DEAE sephacel column 
equilibrated with 20 mM sodium phosphate buffer,pH 7.5, to remove 
interfering enzymatic activities. Under these conditions DHAS does 
not bind to DEAE sephacel, but is found in the flow-through. The 
DHAS assay was performed as described by Bystrykh et al. (1981). 

Standard procedures were followed for measuring catalase and 
cytochrome c oxidase (Roggenkamp et al. 1974; Tolbert 1974). 

Celt fractionations were carried out essentially as described for C. 
boidinii (Goodman et al. 1984; Goodman 1985), except for the 
sucrose gradients. Continuous gradients of 30%-50% sucrose 
loaded onto a cushion of 60% sucrose were used. Fractions were 
harvested by collecting drops from the bottom of the gradients. 

Preparations of cells for electron microscopy and immuno- 
cytochemical treatments were carried out as described by Douma et 
al. (1986), cytometric analysis as described by Veenhuis et al. (1978). 
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Fig. 2A-C. Analysis of protein extracts of& cerevisiae EK1 transfor- 
mants by SDS-PAGE and Western blotting. A SDS gel; B correspon- 
ding immunoblot of transformants containing plasmids pDEX4-56 
(3, 4) and pDEX4-17 (5). Extracts of methanol-grown H. polymorpha 
(1) and untransformed S. cerevisiae EK1 (2) were added as controls. 
In lactate-grown transformants of pDEX4-56 (3) a drastical reduc- 
tion in DHAS synthesis in comparison to glucose-grown cells (4) is 
observed. An extract of glucose-grown pDEX4-17 transformants 
also shows high-level expression of the DAS gene (5). C Western blot 
of S. cerevisiae EK1 transformants bearing plasmid pMOH-DAS 
grown on YNB, glucose (1) and YNB lactate (2) 

Table 1. Specific activities of DHAS in different S. cerevisiae EK1 
transformants grown on YNB, 3 % glucose 

Plasmid Specific activity ~ 

pMOH-DAS 0 
pDEX4-17 0.014 
pDEX4-56 0.019 

a /~mol formaldehyde converted/min per milligram protein 

Results 

Expression of  the DAS gene in S. cerevisiae 

To study the behaviour of the heterologous peroxiso- 
real DHAS in S. cerevisiae we tested different expres- 
sion plasmids carrying the DAS gene ofH. polymorpha 
for their ability to express the gene in S. cerevisiae EK1. 
In a first construction, pMOH-DAS (Fig. 1), the 
Hansenula promoter directed transcription in S. cerevi- 
siae. Although the gene was cloned into a high copy 
number 2-/zm derived plasmid, its expression on YNB- 
2% glucose medium was very low. The protein could be 
detected only by immuno analysis on Western blots 
(Fig. 2C). To test the possibility of whether gene 
regulation was the same in S. cerevisiae as in Hansenu- 
la, i.e. by a glucose repression/derepression mecha- 
nism, protein extracts from cells grown on YNB-3% 
lactate were examined for the presence of the DHAS 
protein. On Western blots equal amounts of DHAS 
were detectable both in glucose- and lactate-grown 

cells (Fig. 2C). This suggests that the Hansenula 
promoter is only very poorly recognized by the trans- 
cription apparatus of S. cerevisiae and that the weak 
expression reflects a constitutive basal level of trans- 
cription of the gene. Under both conditions no DHAS 
activity could be detected. 

In order to increase expression, the DAS ORF was 
placed under control of the PDC1 promoter in plas- 
raids pDEX4-17 and pDEX4-56 (Fig. 1). In crude 
extracts of the transformants of S. cerevisiae EK1 
carrying these plasmids, a high level of expression was 
detected. Analysis of the protein patterns of the 
transformants on the Coomassie blue-stained gel re- 
vealed an additional band having the size of the DHAS 
polypeptide. This additional band was one of the most 
prominent protein bands present in the gel, suggesting 
that DHAS is produced in large amounts in these 
transformants (Fig. 2A). The immunoblot shows a 
strong antibody reaction at the position of this extra 
band, indicating that it does indeed represent the 
DHAS protein (Fig. 2B). The extract ofuntransformed 
cells showed no such signal. 

Protein levels, as estimated by densitometric scan- 
ning of the stained gel strips, approximated 4% DHAS 
in pDEX4-17 transformants and 9% DHAS in 
pDEX4-56 transformants. 

DHAS enzymatic activity was detected in the 
protein extracts of both transformants of pDEX4-17 
and pDEX4-56 (Table 1). 

We also investigated whether the expression of the 
DAS gene under control of the PDC1 promoter is 
regulated. It was shown previously that this promoter 
is fully induced during growth on glucose media, but 
only a reduced expression level was observed on lactate 
media (Schmitt et al. 1983). A comparison of crude 
extracts of pDEX4-56 transformants showed a drastic 
decrease in the expression of the DAS gene in lactate- 
grown cells relative to glucose-grown cells (Fig. 2A, B). 
The expression of the DAS gene was also reduced on 
yeast extract/oleic acid media, a result of regulation of 
the PD C1 promoter. The decrease in DA S transcription 
on this medium was detected by Northern analysis 
(data not shown). 

Subcellular localization of  DHAS in S. cerevisiae 

In a first attempt at analysing the localization of the 
DHAS protein in S. cerevisiae, we analysed transfor- 
mants of the plasmid pDEX4-56 by cell fractionation 
methods. The cells were first grown on YNB-3% 
glucose to mid-log phase and then shifted to oleic acid 
media. After a 13-h induction period on oleic acid 
medium the distribution of the DHAS protein between 
the cytoplasmic and the organelle fractions was analy- 
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Fig.3A-C. Analysis of the subcellular distribution of DHAS in 
pDEX4-56 transformants grown on oleate medium. A Distribution 
of DHAS between cytoplasmic and organelle fractions. Cells were 
fractionated into a cytoplasmic (S) and an organelle fraction (P). 
Equal volume fractions of both were analysed for DHAS content by 
SDS-PAGE and Western blotting. Under peroxisome-inducing 
conditions the S 17 contained more than 50 % of the DHAS present in 
the cells. B Protease treatment of cytoplasmic proteins (S) from 
oleate-induced pDEX4-56 transformants. Aliquots containing 30/1g 
of the S fraction were treated with proteinase K in both the presence 
and absence of detergents. The samples were incubated in 1 MSorbit, 
5 mM MES (pH 5.5) for 20min at room temperature. If detergents 
were added, the final concentration was 1% Triton X-100 and 1% 
sodium desoxycholate; if proteinase K was added, the final concen- 
tration was 500/~g/ml. The total volume of the reaction mixtures was 
200/~1. The reactions were stopped by the addition of PMSF to a final 
concentration of 2 raM, 50/~g BSA was then added, the samples were 
precipitated with acetone and finally analysed by SDS-PAGE and 
Western blotting. The composition of the reaction mixtures is listed 
above each lane. (P protein fraction, D detergent mix, K proteinase 
K). C Protease treatment of organelle fraction (P). Protocol as in B; 
20/lg proteins were used in each lane 

sed. As shown in Fig. 3A considerable amount  of  
D H A S  sedimented with the organelles when osmotic 
shock lysates obtained f rom protoplasts were centrifu- 
ged at 17,000 g. However,  more than 50 % of the D H A S  
protein was found in the soluble cytoplasmic S17 
fraction (Fig. 3A). This suggests that at least some of 
the D H A S  was particle-bound in oleate-grown S. 
cerevisiae. 

In order to test whether the sedimentable DHAS 
indeed represented organelle-imported protein, the 
protease resistance of the DHAS in aliquots of  the S 17 
and P17 fractions was investigated in the presence and 
absence of detergents (Fig. 3C). The results indicate 
that the D H A S  in P17 was highly protected against 
protease digestion. The addition of detergent and 
protease led to the degradation of DHAS,  while in 
samples containing only protease or only detergent 
DHAS remained detectable. In contrast to this result 
the D H A S  in the S17 fraction was protease digestable 
even in the absence of detergents (Fig. 3B). 

Several reasons can be given for the fact that only a 
port ion of the DHAS was present in the peroxisomal 
fraction. In the first place peroxisomes are fragile and 
can be disrupted easily during the fractionation. Fur- 
thermore, it is possible that the molecules synthesized 
during the conditions of  repression of microbody 
proliferation (glucose) resided in an import- incompe- 
tent state even after the shift of  the cells to oleic acid 
media. 

To obtain a high level of  expression of DHAS 
concomitantly with the induction of peroxisomes on 
oleic acid medium, the DAS gene was placed under 
control of the SUC2 promoter  (pIX17). The SUC2 
promoter  shows the highest activity under conditions 
of glucose derepression (Carlson and Botstein 1982). 
Plasmid plX17 (Fig. 1), therefore, allows the simult- 
aneous induction of peroxisomes and D H A S  expres- 
sion. 

Transformants  of  plasmid p IX 17 were analysed in a 
similar manner as described above. Thirteen hours after 
the cells had been transferred from glucose to oleic acid 
media a cell fractionation was performed (Fig. 4). Even 
under the conditions of simultaneous induction of 
peroxisome format ion and DAS expression, 50 % of the 
DHAS was not particle bound (Fig. 4A). After sucrose 
density gradient centrifugation most of the sedimenta- 
ble enzyme co-migrated with the mitochondrial and 
peroxisomal fractions. Similar results were obtained 
with pDEX4-56 transformants (data not shown). In the 
case of oleate-grown cells, D H A S  co-migrated with the 
peroxisomes and mitochondria,  but surprisingly, we 
found the same distribution of D H A S  in glucose-grown 
transformants.  This suggests at least a partial import  of 
D H A S  under physiological conditions that normally 
repress microbody proliferation. Since our biochemical 
experiments did not allow an unambiguous localization 
of the D H A S  protein under the different conditions 
described above, immunocytochemical  means were 
employed. 

Electron microscopy 

The overall cell morphology of the transformants of 
plasmids pDEX4-56 and pIX17 is shown in Figs. 5-8. 
Figures 5 and 7 both represent glucose-grown cells, 
which normally contain only a few small peroxisomes. 
This is indeed the case in the t ransformant  cells shown 
in Fig. 7 in which the biosynthesis of DHAS is 
repressed by the glucose present in the medium. When, 
however, D H A S  was synthesized in such cells (Fig. 5), 
peroxisomes were larger and obtained the same size as 
in the cells grown under oleate-induced conditions 
(Figs. 6 and 8). This observation was supported by a 
morphometrical  analysis (Table 2). The volume frac- 
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Fig. 4A, B. Analysis of the subcellular location of DHAS in pIX17 transformants. A Distribution of DHAS between cytoplasmic (2) and 
organelle fractions (3) after centrifugation at 17,000g. Osmotic-shock lysates of protoplasts of pIX17 transformants grown for 13h on YNB 
oleic acid were analysed by immunoblotting for distribution of DHAS between supernatant and pellet after centrifugation at 17,000 g. Fifty 
percent of the DHAS was associated with the pellet (= organelle fraction). 1 MW marker: fl-galactosidase (116 kDa), phosphorylase B (97 kDa), 
bovine serum albumin (66kDa), egg albumin (45kDa). B Analysis of the organelle-associated DHAS by sucrose density gradient 
centrifugation. The P17 fraction was loaded on top of a 30%-50% sucrose gradient and spun for 6h at 27,000g in a SW27 rotor. Fractions of 
1.5 ml were then collected from the bottom of the tube, and 30/A of each fraction was subsequently separated by SDS-PAGE and analysed by 
immunoblotting for the presence of DHAS. The resulting blot is aligned with the distribution of the marker enzyme cytochrome c oxidase 
(mitochondria) and catalase (peroxisomes). 1 bottom, 18 top 

Table 2. ResuIts of cytometric measurements of peroxisomes in S. 
cerevisiae transformants and control cells 

Carbon source Strain Number a Volume fraction b 

Glucose n.t. c n.d. d 0.2 
pDEX4-56 n.d. d 1.8 

Oleic acid n.t. c 2.6 6.4 
pIX17 2.7 11.1 

a Average number per thin section (Veenhuis et al. 1978) 
b Percentage of the cytoplasmic volume (Veenhuis et al. 1978) 
° Non-transformed control cells 
d Not determined 

tions of peroxisomes are significantly increased in the 
transformants in comparison to untransformed con- 
trol cells due to the high expression of the DHAS 
protein. 

Serial sectioning of the glucose-grown cells indica- 
ted that the number of microbodies per cell did not 
increase in the DHAS-producing transformants (Fig. 
5; pDEX4-56) compared to the plX17 transformants 
(Fig. 7) in which the synthesis of DHAS was low or 

compared to wild-type cells (not shown). Generally, 2- 
5 microbodies were present in all strains: in pDEX4-56 
transformants they attained a maximum diameter of 
0.6/~m; in pIX17-harbouring cells and in wild-type 
cells, the maximum diameter of the organelles was 
0.2¢tm. This demonstrates that in glucose-grown cells 
the overexpression of a peroxisomal protein results 
only in an increase in peroxisomal size and not in the 
induction of peroxisome proliferation. 

Proliferation occurred to the same extent in pIX17 
transformants and wild-type cells on oleate medium. 
This is shown by a comparison of the average numbers 
ofperoxisomes per thin section ofpIX17 transformants 
and control cells (Table 2). The values 2.6 and 2.7 
indicate that the number of peroxisomes is almost 
identical. It must be stressed that the values determined 
here are numbers of peroxisomes per section and, 
therefore, are not comparable to the number of 
peroxisomes determined by serial sectioning of glucose 
grown cells. These numbers only demonstrate that 
microbodies in the pIX17 transformants proliferate to 
the same extent as those in wild type cells grown on oleic 
acid. Under no conditions did we observe the proteina- 
ceous aggregates described by Distel et al. (1987) in 
alcohol oxidase-producing strains of baker's yeast. 



18 

Figs. 5-8. Thin sections of KMnO4-fixed cells showing the morphology of the two transformants grown on glucose (Fig. 5, pDEX4-56; Fig. 7, 
pIX17) and oleic acid media (Fig. 6, pIX17; Fig. 8, pDEX4-56). Note: when DHAS is highly expressed the size of the microbodies increases 
(Figs. 5 and 6). L lipoid droplet, M mitochondrion, N nucleus, P peroxisome. The marker represents 0.5/~m 



19 

The immunocytochemical results are shown in Figs. 
9-12. Experiments performed on ultrathin lowicryl 
sections using specific antibodies against DHAS and 
protein A/gold revealed that under conditions of 
enhanced DHAS synthesis specific labelling is concen- 
trated on the microbody profiles, although it is also 
present in the cytosol (Fig. 10; pIX17, oleic acid and 
Fig. 11; pDEX-56, glucose). When the same transfor- 
mants were grown under conditions of low synthesis of 
DHAS, labelling was very weak (Fig. 9; pDEX4-56, 
oleic acid) or lacking completely (Fig. 12; pIX17, 
glucose). 

Discussion 

The DAS gene from H. polyrnorpha which encodes the 
peroxisomal dihydroxyacetone synthase, has been ex- 
pressed in S. cerevisiae through the introduction of a 
variety of expression plasmids into this yeast. The 
genuine H. polymorpha promoter was recognized only 
very poorly by the S. cerevisiae transcription appara- 
tus. This could be concluded from the fact that only 
small amounts of the enzyme were synthesized on both 
glucose media and lactate media. Fusions of the DAS 
coding region to PDC1 or SUC2 promoters led not 
only to an increased expression of the gene but also to 
its regulatable expression. High amounts of DHAS 
protein could be expressed on 3 % glucose media in S. 
cerevisiae EK1 transformed with plasmid pDEX4-56 
(8%-10% of total cell protein). Enzymatic activity 
could only be detected in the highly expressing trans- 
formants of the PDC1-DAS fusions. The specific 
activity of the enzyme, however, lies below the values 
expected for a completely active gene product. On the 
basis of a specific activity of 4 U/mg (as determined for 
the purified enzyme, Bystrykh et al. 1981), one would 
expect specific activities of 0.3-0.4 U/mg in crude 
extracts ofpDEX4-56 and activities of 0.1-0.2 U/mg in 
extracts of pDEX4-17 transformants. However, the 
extracts showed only 5%-10% of these theoretical 
values. It is difficult to account for this low specific 
activity at this time. Assuming that more than half of 
the synthesized protein is imported into the peroxiso- 
mes, the low activity might be due to an incomplete 
folding or dimerization. The same reason might hold 
for the DHAS protein in the cytoplasm. 

The strong overlap of peroxisomes and mitochon- 
dria in our sucrose gradients did not enable us to isolate 
microbodies in a pure form and led to the presence of 

interfering enzymatic activities in the DHAS assay. A 
better method for isolating peroxisomes from S. cere- 
vesiae is required in order to determine the localization 
biochemically. We cannot exclude the possibility that 
the protein, although transported into the peroxiso- 
mes, is not properly assembled. 

The EM data together with the fractionation data 
strongly indicate that at least a large part of the DAS 
product is imported into the peroxisomes. The protea- 
se resistance of the DHAS protein in the organelle 
fraction suggests that the protein is included in a 
membrane particle, whereas the immuno-labelling in 
the electron micrographs shows that most of the 
DHAS material is associated with the peroxisomal 
structures. 

Recently Distel et al. (1987) presented evidence 
indicating that the H. polymorpha peroxisomal protein 
encoded by the M O X  gene (Ledeboer et al. 1985) can 
also be imported into S. cerevisiae peroxisomes. In this 
case, however, no enzymatic activity could be measu- 
red, and a large part of the protein was present in 
cytoplasmic aggregates. The import of insect luciferase 
into mammalian peroxisomes represents another case 
of heterologous peroxisomal import (Gould et al. 
1987). Moreover a target signal that allowed a cyto- 
plasmic protein to be localized in the peroxisomal 
fraction could be identified at the C-terminus of the 
luciferase, suggesting a universal recognition system. 

The study of peroxisomes in S. cerevisiae is greatly 
facilitated by the finding that the organelles increase in 
number and size under appropriate growth conditions 
(Veenhuis et al. 1987). On glucose, only a few small 
peroxisomes are detectable, whereas on oleic acid 
medium multiple larger organelles are present. By 
using two oppositely regulated promoters, we were 
able to study the effect of DHAS protein production on 
peroxisome morphology under both conditions. Sur- 
prisingly, the expression of the heterologous DHAS 
protein induced a remarkable increase in the volume of 
the peroxisomes. This is the best indication that DHAS 
protein is imported into the organelle. The increase in 
volume is dependent on the amount of DHAS protein 
produced and occurred most dramatically under con- 
ditions where normally only a small number of small 
peroxisomes occurs. The increase in size shows that 
merely the import of the protein can already lead to 
membrane proliferation and organelle growth. 

However, no increase in number, which is normally 
associated with peroxisomal induction on oleate me- 
dium, was observed in DHAS-expressing cells grown 

Figs. 9-12. Immunocytochemical demonstration of DHAS protein using specific antibodies against DHAS and protein A/gold. Under 
conditions in which DHAS is highly expressed, the microbody-matrix is densely labelled (Fig. 10, pIX17/oleic acid and Fig. 11, pDEX4-56/ 
glucose), and labelling is present on the cytosol. Under conditions in which the synthesis of DHAS is repressed, labelling is either extremely thin 
(Fig. 9, pDEX4-56, oleic acid; arrow) or entirely lacking (Fig. 12, pIX17; glucose) 
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on  glucose. Similar  results were ob ta ined  by Distel et 
al. (1988) when they expressed the MOX gene in H. 
polymorpha dur ing  growth of the cells unde r  peroxiso- 
me-repressing condi t ions.  This suggests that  peroxiso- 
mal  biogenesis with respect to increase in bo th  size and  
n u m b e r  underl ies  separate control  mechanisms.  
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