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Abstract. The biogenesis and maintenance of cellular
organelles is of fundamental importance in all eukary-
otic cells. One such organelle is the peroxisome. The
establishment of a genetic system to study peroxisome
biogenesis in the methylotrophic yeast Pichia pastoris
has yielded many different complementation groups of
peroxisomal assembly (pas) or peroxisome-deficient
(per) mutants. Each appears to be deficient in func-
tional peroxisomes. One of these mutants, pas3, has
been characterized, complemented, and the gene se-
quenced. Ultrastructural studies show that normal
peroxisomes are not present in pas3, but aberrant
peroxisomal structures resembling “membranous
ghosts™ are frequently observed. The “peroxisome
ghosts” appear to be induced and segregated to daugh-

ter cells normally. Biochemical fractionation analysis
of organelles of the pas5 mutant reveals that perox-
isomal matrix enzymes are induced normally but are
found mostly in the cytosol. However, purification of
peroxisome ghosts from the mutant shows that small
amounts (<5%) of matrix enzymes are imported. The
PASS5 gene was cloned and found to encode a 127-kD
protein, which contains a 200-amino acid-long region
of homology with PAS], NEM-sensitive factor (NSF),
and other related ATPases. Weak homology to a yeast
myosin was also observed. The gene is not essential
for growth on glucose but is essential for growth on
oleic acid and methanol. The role of PASS in peroxi-
some biogenesis is discussed.

complex cellular processes in eukaryotic cells.

Besides increased efficiency, compartmentalization
also allows potentially harmful activities to be confined
within membranous vesicles where no damage can be done
to other parts of the cell. This is certainly true for the lyso-
some and for the peroxisome. Peroxisomes are ubiquitous,
single-membrane-bound organelles that are involved in
many important cellular activities. Chief among these is the
oxidation of a variety of substrates by different H,O,-
generating oxidases. Degradation of H,O; is accomplished
by catalase, which decomposes it to oxygen and water. Other
functions in which peroxisomes are involved include bile
acid synthesis (Krisans et al., 1985), plasmalogen biosynthe-
sis (Hajra and Bishop, 1982), cholesterol metabolism
(Thompson et al., 1987) and the 8 oxidation of long-chain
fatty acids (Lazarow and De Duve, 1976). The presence of
such activities is often organism, tissue, or environment
specific. In addition, the peroxisome can be induced at an or-
ganellar level to proliferate in response to changing meta-
bolic needs (Veenhuis et al., 1987).

COMPARTMENTALIZATION enables the segregation of
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The importance of the peroxisome is demonstrated by the
existence of various human peroxisomal disorders such as
Zellweger syndrome, in which a generalized loss of perox-
isomal function is found and which is believed to be due to
a failure in the translocation of proteins into peroxisomes
(Walton et al., 1992; Wendland and Subramani, 1993b).
This results in the abnormal localization of peroxisomal pro-
teins in the cytoplasm, where they cannot function, and are
often rapidly turned over. The severe abnormalities that re-
sult from impairment of peroxisomal function lead to death
within a few years from birth. Investigation of cell lines de-
rived from patients with this syndrome has revealed that
there are at least nine complementation groups, there being
a number of genes required for function (Yajima et al., 1992;
Shimozawa et al., 1992). Two of these have already been
cloned and encode a 35-kD integral membrane protein
called PAF] (Shimozawa et al., 1992) and a 70-kD integral
membrane protein called PMP70 (Gartner et al., 1992). In
all the cell lines examined so far, there are peroxisomal
“ghosts,” large and apparently empty vesicles that have
peroxisomal membrane proteins but are largely depleted or
devoid of matrix proteins (Santos et al., 1988a,b), although
there is evidence that some complementation groups may
import thiolase and some other proteins (Balfe et al., 1990;
Suzuki et al., 1992).

535



A necessary feature of compartmentalization is the sorting
of proteins to their appropriate destinations and their subse-
quent incorporation into organelles. All peroxisomal pro-
teins are encoded by nuclear genes and many are known to
be translocated posttranslationally into the peroxisomal
membrane or matrix (For review see Subramani, 1993).

There are at least two different targeting signals involved
in the transport of peroxisomal matrix proteins. Peroxisomal
targeting signal 1 (PTS1)' consists of a carboxy-terminal
tripeptide sequence that is ubiquitously used in organisms
ranging from yeast to man (For review see Subramani,
1993). A second signal, PTS2, consists of an amino-terminal
leader sequence that is proteolytically cleaved upon import
(Swinkels et al., 1991; Osumi et al., 1991). Other signals are
no doubt involved in the targeting of membrane proteins.
These signals direct the proteins to the peroxisome where the
translocation machinery presumably imports them. The pro-
teins and mechanisms involved remain unknown.

To try and elucidate some of the mechanisms involved in
this process, various genetic approaches have been used to
isolate mutants that are deficient in peroxisomal import
and/or assembly. In the yeast Saccharomyces cerevisiae, sev-
eral mutants have been isolated and complemented (Erd-
mann et al., 1989, 1990; Hohfeld et al., 1991; van der Leij
et al., 1992; Wiebel and Kunau, 1992). Mutants have also
been isolated in the methylotrophic yeast Hansenula poly-
morpha (Cregg et al., 1990; Veenhuis, 1992). CHO cell mu-
tants have also been generated (Zoeller and Raetz, 1986;
Tsukamoto et al., 1990) and one of these was recently com-
plemented (Tsukamoto et al., 1991) leading eventually to the
isolation of a human homolog whose function was presum-
ably deficient in a Zellweger syndrome patient (Shimozawa
et al., 1992). We devised a screen that has been successful
in identifying several peroxisome-defective mutants in the
methylotrophic yeast Pichia pastoris (Gould et al., 1992).
This yeast was chosen because of its ability to grow well on
both oleic acid and methanol and because the metabolism of
each involves two distinct and separate enzymatic pathways
within the peroxisome. Growth on oleate results in the induc-
tion of several enzymes including the 8 oxidation enzymes
(acyl-CoA oxidase, multifunctional enzyme and thiolase)
and catalase. Upon growth on methanol, the peroxisomal en-
zymes methanol oxidase, dihydroxyacetone synthase (DHAS)
and catalase are induced. By looking for cells that were un-
able to grow on either oleate or methanol, but that were able
to use glucose, ethanol, and lactate, mutants were obtained.
Confirmation of the peroxisome-defective phenotype was
obtained by EM. A second feature of P. pastoris is its excel-
lent morphology and amenability to EM (Hazeu et al.,
1975). Wild-type cells grown on methanol or oleate have
very obvious peroxisomal structures. In all of the perox-
isomal mutants isolated, peroxisomes exhibiting normal
morphology were not observed. Fractionation analysis was
done on all of the mutants, grown under inducing conditions.
They were all found to mislocalize catalase, all of the activity
being found in the supernatant rather than in the pellet where
the wild-type activity is found. All of the mutants obtained
were recessive and were placed into eight complementation

1. Abbreviations used in this paper: DHAS, dihydroxyacetone synthase;
PAS, peroxisome assembly; PTS, peroxisomal targeting signal; SDH, suc-
cinate dehydrogenase.
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groups (Gould et al., 1992). These mutants were called
peroxisomal assembly mutants (pas). Similar mutants (called
per mutants) were isolated independently by Liu et al.
(1992). The mutants described by the two laboratories fall
into a total of 11 complementation groups (James Cregg,
personal communication). One of the mutants in our collec-
tion was pas5. This mutant was characterized and com-
plemented, and PAS5 was found to be essential for perox-
isomal function.

Materials and Methods

Bacterial Strains

The Escherichia coli strain DH5a was the most frequently used strain ex-
cept for plasmid rescue where we used the E. coli strain MC1060. Recom-
binant DNA techniques were performed essentially as described previously
(Sambrook et al., 1989).

Yeast Strains

The wild-type strain of Pichia pastoris (21-1) as well as an arginine-
requiring (GS190) strain (accession numbers Y-11430 and Y-18014 respec-
tively) were obtained from the Northern Regional Research Laboratories
(NRRL; Peoria, IL). For a list of strains, see Table I. The pas5 strain was
backcrossed three times. The Apas5 strain was generated as described in
Results. Culture, mating, sporulation, and random spore analysis were done
as previously described (Gould et al., 1992).

Electron Microscopy

Electron microscopy was performed as described previously (Gould et al.,
1992). However, after preculture of cells on YPD (1% wt/vol Bactopeptone,
2% wt/vol Yeast extract, 2% wt/vol Glucose), the cells were induced for
16 h in a semi-rich inducing media (1% wt/vol Bactopeptone, 2% wt/vol
Yeast extract) containing either methanol (0.5% vol/vol) or oleic acid and
Tween 40 (0.2% vol/vol of a 9:1 mix of oleic acid and Tween 40, respec-
tively) before being prepared for sectioning.

Immuno-electron microscopy with rabbit antibodies against alcohol oxi-
dase and DHAS was done as described (McCollum et al., 1993).

Fractionation of pas5 Cells and Analysis of Proteins

Fractionation of pas5 cells into an organellar pellet and supernatant was
performed essentially as described previously (Gould et al., 1992). How-
ever, cells were grown in a semi-rich inducing media (1% Bactopeptone
wt/vol, 2% wt/vol Yeast extract) containing either methanol (0.5% vol/vol —
YPM) or oleic acid and Tween 40 (0.2% vol/vol of a 9:1 mix of oleic acid
and Tween 40, respectively—YPOI) before being fractionated.

Fractions were assayed for catalase activity and succinate dehydrogenase
(SDH) activity, as described previously (Leighton et al., 1965; Sottocasa
etal., 1967). The Acyl-CoA oxidase assay was carried out as described by
Hryb and Hogg (1979). Methanol oxidase activity was measured using the
protocol outlined by van der Klei et al. (1990). Western blots were done
using antisera to thiolase and DHAS as described in Sambrook et al. (1989).
Antisera to the carboxy-terminal PTS} peptides SKL (Gould et al., 1990)
and AKI (gift of R. Rachubinski, McMaster University, Canada) were also
used.

Isolation of Peroxisome Ghosts from the Apas5 Strain

Purified peroxisomes were obtained by loading the organelle pellets of
YPOI- or YPM-induced cells from the differential centrifugation assay on
a sucrose gradient as previously described (Nuttley et al., 1990). Fractions
were collected and assayed for catalase activity to determine the location
of peroxisomes for wild-type cells. Because Apas5 peroxisomes do not im-
port catalase, gradient fractions from Apas$ cells were analyzed by assaying
for the presence of Acyl-CoA oxidase. Peak peroxisomal fractions collected
at a density of 1.21 g/cm® were examined for the presence of matrix en-
zymes by immunoblotting also. Peroxisomal fractions from both wild-type
and Apas5 cells were found to be essentially free of mitochondrial contami-
nation, determined by assaying for SDH activity (Sottocasa et al., 1967).
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Table 1. Strains Used

Strain Description
WT PPY1 Wild-type
pas5 PPY23 pas5 Mutant
pas5 arg PPY200 Arginine-minus mutant
Apas5 PPY201 Disrupted strain
pas5 arg/pAPS001 PPY202 pasS mutant with complementing plasmid

Complementation of the pas5 Mutant and Sequencing
of the Gene

Complementation of pas5 was accomplished using reagents described pre-
viously (Gould et al., 1992). Sequencing of the complementing plasmid was
performed by subcloning fragments into pBluescript/KS II (Stratagene, La
Jolla, CA). Nested deletions were also generated using Exonuclease III and
S1 nuclease as described previously (Sambrook et al., 1989). The Se-
quenase II system (United States Biochemical Corp., Cleveland, OH)
which is based on the dideoxyribonucleotide chain-termination method was
used for nucleotide sequencing. T3 or T7 primers were used together with
denatured, double-stranded DNA templates. Both strands were entirely se-
quenced.

Computer Analysis of Sequences

Sequences were analyzed using the Macvector software (IBI, New Haven,
CT) and also FASTA (Pearson and Lipman, 1988).

Results

The pas5 Mutant Does Not Contain
Normal Peroxisomes

The pas5 mutant was obtained by screening for the ability
of mutagenized P. pastoris cells to grow on minimal medium
containing glucose, ethanol, glycerol, or lactate as the sole
carbon source but not on methanol or oleate (Gould et al.,
1992).

Both wild-type and pas5 cells were induced overnight on
glucose-, oleic acid-, or methanol-containing minimal me-
dia. As previously reported (Gould et al., 1992), the wild-
type cells on glucose have only a few small peroxisomal
profiles (Fig. 1 a). On oleate, there is a dramatic increase in
both number and size of the peroxisomes (Fig. 1 ¢). On
methanol, the peroxisomes are also induced to proliferate
but are dramatically larger than those seen in oleate-grown
cells and are clustered together (Fig. 1 ¢). When pas5 cells
were examined, their appearance after growth on glucose
was similar to that of wild-type cells (Fig. 1 b). However,
after induction on oleate, there were no normal-looking
peroxisomes present. Instead, some smaller, single-mem-
brane-bound structures were present (Fig. 1 d), analogous
to the peroxisomal ghosts seen in cell lines from patients
with Zellweger syndrome (Santos et al., 1988a,b; Wiemer
et al., 1989). Similar structures were observed in cells in-
duced on methanol. Instead of peroxisomes with a large lu-
men characteristic of those in wild-type cells, flattened
membranous structures were frequently observed, some-
times clustered in stacks (Fig. 1 f). These structures were
often associated with the vacuolar membranes and were be-
ing engulfed by the vacuole (Fig. 2 a), presumably as a
mechanism for degradation. The degradation of peroxi-
somes by lysosomes has been documented in P. pastoris
(Tuttle et al., 1993). These structures were clearly being
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segregated to daughter cells and newly formed buds almost
always contained these peroxisome-like structures (Fig. 2 b).

The pas5 Mutant Induces Peroxisomal
Enzymes Normally

During growth on oleate and methanol, there is a consider-
able induction of the peroxisomal enzymes that are involved
in the metabolism of these carbon sources. To rule out the
possibility that the mutant is merely unable to appropriately
induce the required enzymes for growth on oleate or metha-
nol, we examined the induction of catalase, thiolase and
DHAS.

Cells were grown on YPD to an early log stage before be-
ing transferred to minimal media containing either glucose,
oleate, or methanol. After 12-18 h, these cells were spun
down and cell-free extracts were made.

Catalase activity measurements revealed that in wild-type
cells, there is a considerable induction of catalase when cells
are grown on oleate and on methanol. In the mutant, the lev-
els of induction on oleate and methanol were comparable,
though at a slightly lower level (Fig. 3 a). This could be at-
tributed to some cytoplasmic degradation or feedback in the
expression levels.

Western blot analysis of wild-type and pas5 cell-free ex-
tracts revealed that both thiolase and DHAS were induced
appropriately by oleate and methanol, respectively (Fig. 3
b). This, together with the catalase data, demonstrates that
pas5 is not defective in the induction of peroxisomal en-
zymes.

The pas5 Mutant Fails to Import Most of the PTSI- and
PTS2-containing Peroxisomal Proteins Synthesized

A deficiency in peroxisomal import should lead to the mis-
localization of peroxisomal proteins to the cytoplasm. We
tested pas5 for its ability to target peroxisomal proteins to
sedimentable structures. Cells were grown under appropri-
ate inducing conditions and then spun down and washed.
They were then spheroplasted before being homogenized by
the use of a Dounce homogenizer. After removal of nuclei
and cell debris, Triton X-100 (0.5% vol/vol) was added to
half of the sample and then the two halves were spun at high
speed to give an organellar pellet and a cytosolic superna-
tant. The sample with Triton X-100 added should release
proteins from membranous compartments into the super-
natant.

In pas5 cells, >95% of the catalase activity was found to
be in the supernatant compared with wild-type cells where
the majority (~50%) of the catalase activity was in the pellet
fraction (Table II). Similarly, in wild-type cells grown on
methanol, 49% of the methanol oxidase activity was in the
organelle pellet in a Triton-releasable form. However, none

537



The Journal of Cell Biology, Volume 123, 1993

538

Figure 1. pas5 cells are
deficient in growth but not in
proliferation of peroxisomes.
(a) Wild-type P. pastoris
grown in glucose medium.
Mitochondria (M) and nu-
cleus (V). (b) The pas5 mutant
grown in glucose medium. (c)
Wild-type P. pastoris grown
in oleate medium. Note nu-
merous peroxisome-like struc-
tures (P), scattered through-
out the cell. (d) pas5 cells
induced in oleate medium
contain a number of small
peroxisomes, as indicated by
the arrow. (¢) Wild-type P. pas-
toris grown in methanol me-
dium. Note the presence of
large clustered peroxisomes
(P). (f) The pas5 mutant in-
duced on methanol media.
Contains small peroxisome-
like structures, sometimes in a
stack (arrow). Bars, 0.5 uM.

Figure 2. Peroxisome-like
structures segregate and are
degraded in pas5 cells. (a)
The peroxisome-like struc-
tures are often associated with
the vacuole. In this section,
there appears to be engulf-
ment of one of these structures
by the vacuolar membrane
(arrow). (b) Cells were grown
on methanol-containing me-
dium. Note the stacked perox-
isome-like structures in both
mother and daughter cells.
Bars, 0.5 uM.
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Figure 3. pas5 cells induce peroxisomal proteins. Wild-type and
pasS5 cells were precultivated in rich glucose medium (YPD), and
then shifted to either YPD, rich methanol medium (YPM) or rich
oleate media (YPOI) for 16 h. Whole cell extracts from these cells
were assayed (a) for catalase enzymatic activity, and by (b) Western
blotting for the presence of DHAS protein or thiolase. Antibodies
were used at dilutions of 1/200 in both cases. The amount of Cata-
lase activity is expressed as Beaufay Units/mi.

of the methanol oxidase was in the organelle pellet in the
pas5 mutant (Table II).

The localization of luciferase (which has a PTS1 sequence)
was analyzed in wild-type and mutant cells. An extrachro-
mosomal autonomously replicating plasmid (pPAM2Fluc)
containing the luciferase gene under the methanol oxidase

Table II. Percent Total Enzyme Activity in Organelle Pellet

Wild-type pass
- Triton + Triton - Triton + Triton
P S P S P S P S
DHAS . s r
Thiolase 5 —-_—

Figure 4. Thiolase and DHAS are mislocalized in pas5 cells. Wild-
type and pas$5 cells were induced for 16-18 h in either rich methanol
medium (DHAS induction), or rich oleate medium (thiolase induc-
tion), and then fractionated into cytosolic supernatant (S), and or-
ganellar pellet (P) fractions after treatment with and without 0.5%
Triton X-100. The pellet was resuspended in a volume equal to the
supernatant and equal volumes were loaded onto the gel.

promoter was introduced into the cells by electroporation.
Cells were cultured in oleate and methanol-containing me-
dia. Fractionation revealed that, as expected, luciferase was
found in the pellet fraction of wild-type cells and was Triton
releasable. In methanol-induced wild-type cells only 15% of
the luciferase was in the pellet because not all the enzyme
is imported into the peroxisome when overproduced from
the highly active methanol oxidase promoter (McCollum et
al., 1993). In the mutant, when the pas5 cells were grown
either on oleate or methanol, the luciferase activity was al-
most entirely in the supernatant, which suggests that it is not
imported.

When SDH activity (a mitochondrial marker enzyme) was
measured, there was considerable activity in the pellet frac-
tion of both wild-type and pas5 cells. This indicates that the
mitochondrial protein is targeted to a sedimentable structure
normally in the mutant.

Western blot analysis of fractionated wild-type and pas5
cells revealed that both thiolase (which contains PTS2) and
DHAS were localized to a sedimentable organelle in wild-
type cells but not in pas5 cells (Fig. 4). In a recent study,
we reported the characterization of the PAS8 protein of P,
pastoris and showed that it was an excellent candidate for the
PTS1 receptor (McCollum et al., 1993). The peroxisome-
membrane-associated protein PAS8 and other peroxisomal
proteins were found in the organelle pellet in pas5 cells (see
below) indicating that peroxisome-like structures might be
in the pellet fractions. To further investigate the organelles
in the pellet, we tried to purify peroxisome ghosts from the

Luciferase activity

Catalase activity Methanol oxidase activity

Strain Carbon source ~Triton +Triton —Triton +Triton —Triton +Triton
wt Oleate 92 0 46 1 ND* ND
pass Oleate 0 0 5 0 ND ND
wt Methanol 15 0 51 1 49 0
pas5 Methanol 0 0 4 0 0 0

pas5 cells not not import catalase, luciferase, and methanol oxidase. Supernatant and organellar pellet fractions were assayed for catalase activity after growth
on oleate or methanol. Luciferase, containing the PTS1 sequence, was introduced to cells on a plasmid. After induction and fractionation of these cells, luciferase
activity was determined in each fraction, using a luminometer. Finally, for cells grown on methanol, methanol oxidase activity was assayed (van der Klei et al.,

1990). The percent of the total activities in the pellet is shown for each sample.

* QOleate grown cells do not induce methanol oxidase.

Spong and Subramani Role of the PASS Gene in Peroxisome Biogenesis
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pass Figure 5. The PAS8 protein is
associated with the pellet frac-

TritonX-100 - + tion in pas5 cells. pas5 cells
were induced 16-18 h in rich
Anti_PASH - o oleate medium, and then frac-

tionated into cytosolic super-

natant (S), and organellar
pellet (P) fractions after treatment with and without 0.5% Triton
X-100. The pellet was resuspended in a volume equal to the super-
natant and equal volumes were loaded onto the gel. Western blot
analysis of these fractions using antibodies to the peroxisome
membrane-associated protein PAS8 revealed that PAS8 is present
in the organellar pellet of pas5 cells. Affinity-purified PAS8 anti-
body used at 1/200.

pas5 null-allele strain (Apas5—for construction details, see
below) to compare with wild-type peroxisomes.

Purified Peroxisomes from the Null-Allele Strain
Contain a Membrane-associated Protein and Small
Amounts of Peroxisomal Matrix Proteins

Since peroxisome-like structures were observed in the
Apass$ (see below), we decided to see if peroxisomal marker
proteins were associated with these structures in the mutant.
Cells were fractionated after induction on oleate-containing
media and then the organelle-pellet and supernatant frac-
tions were tested by Western blotting with affinity-purified
antisera to the peroxisome-associated protein PAS8 (McCol-
lum et al., 1993). The majority of the protein was found in
the pellet fraction of pas5 cells, as it was in wild-type cells
(Fig. 5). Addition of Triton X-100 led to the loss of PAS8 sig-
nal in the pellet fraction. The presence of lower molecular
weight bands is probably due to degradation of PASS, which
is particularly sensitive to proteolysis, especially in the pres-
ence of Triton X-100. This may be due to the release of a pro-
tease from a Triton X-100 sensitive compartment.

To further investigate this localization, the organellar frac-
tions (consisting mainly of peroxisomes and mitochondria)
prepared from wild-type cells and Apas5 cells induced on
oleate-containing medium were run on a sucrose gradient to
purify peroxisomes. Catalase activity was determined and
for wild-type cells, the peak activities were found in fraction
6 with a density of 1.21 g/cm® (Fig. 6 a). As expected,
there was no detectable catalase activity in the Apas5 frac-
tions apart from a small amount at the top of the gradient
that may be accounted for by interstitial cytosol from the pel-
let (Fig. 7 a). SDH assays were performed on the fractions
of wild-type and Apas5 cells and the results indicated that
the peak mitochondrial activity was in fractions with a den-
sity of approximately 1.15 g/cm®. Assays to determine Acyl-
CoA oxidase activity were then performed on both sets of
fractions. The activity in wild-type cells was found to
colocalize with Catalase activity, peaking in fraction 6 (Fig.
6 ¢). Interestingly, this was also observed for the Apas5 frac-
tions (Fig. 7 ¢c).

Equal volumes of each fraction were then taken for West-
ern analysis and blotted with antisera to the AKI peptide
which has been shown to function as a PTS in yeast (Aitchi-
son et al., 1991). This revealed in the wild-type fractions a
clear peak of protein in the region where maximal Catalase
and Acyl-CoA oxidase activities had been observed. This
protein was also detected in the same part of the gradient in
the fractions derived from the Apas5 cells.
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Figure 6. Purification of peroxisomes from wild-type cells on a su-
crose gradient. Wild-type cells were induced on oleate for 16-18 h
and the organelle pellet fraction, consisting primarily of peroxi-
somes and mitochondria, was fractionated on a sucrose gradient as
described by Nuttley et al. (1990. (a) Gradient fractions assayed for
catalase and SDH activity across the gradient. Catalase activity is
expressed in Beaufay Units/ml. SDH activity is expressed as the
change in absorbance at 410 nm/min/ml of fraction. (b) Equal
volumes (120 pl) of each fraction analyzed by Western blotting
using antisera to PAS8 and thiolase. Antibody dilution was 1/200
and 1/500, respectively. (c) Fractions assayed for Acyl-CoA oxidase
activity. Activity measured as the increase in absorbance at 420
nm/min/ml of fraction. Density of fractions in g/cm?. (d) Equal
volumes (120 ul) of each fraction analyzed by Western blotting
using antisera to the AKI peptide. Antibody dilution was 1/500.

Blots were then incubated with PAS8 and thiolase antisera.
PAS8 was found to migrate in the gradient at densities be-
tween 1.22 g/cm?® and 1.12 g/cm? in wild-type cells, peaking
at ~1.21 g/cm? (Fig. 6 b). This distribution across the gra-
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Figure 7. Purification of “peroxisome ghosts” from Apas5 cells on
a sucrose gradient. The organellar pellet fraction from oleate-
grown Apas5 cells was fractionated as described in Fig. 6. (a) Cata-
lase and SDH activity across the gradient. Catalase activity is
expressed in B.U./ml. SDH activity is expressed as the change in
absorbance at 410 nm/min/ml of fraction. (b) Equal volumes (120
ul) of each fraction analyzed by Western blotting using antisera to
PASS8 and thiolase. (c) Fractions assayed for Acyl-CoA oxidase ac-
tivity. Activity measured as the increase in absorbance at 420
nm/min/ml of fraction. Density of fractions in g/cm®. (d) Equal
volumes (120 pl) of each fraction analyzed by Western blotting
using antisera to the AKI peptide.

dient may be explained by the presence of peroxisomal mem-
brane fragments produced during the homogenization proce-
dure that contain PAS8. An alternative explanation is that
there is a heterogeneous population of peroxisomes distribut-
ing at different densities. This may be similar to the case ob-
served by Heinemann and Just (1992) who noticed that there
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Figure 8. Comparison between peak peroxisome fractions from
wild-type and Apas5 gradients. (a) Equal amounts of protein (150
ug) of the peak fractions from wild-type (WT) and Apas5(A5) gra-
dients were subjected to SDS-PAGE and then transferred to
nitrocellulose. The blot was then stained by Ponceau S. The multi-
ple of WT and AS lanes, respectively, are identical. (b) Strips corre-
sponding to WT and AS samples in (@) were blotted with antisera
to SKL (Antibody dilution was 1/200), PAS8 (1/500), AKI (1/200),
and thiolase (1/500).

were two distinct populations of peroxisomes that had differ-
ent densities. These are thought to correspond to peroxi-
somes of different maturity. However, a significant propor-
tion of the PAS8 signal colocalizes in the gradient with the
matrix proteins such as catalase and Acyl-CoA oxidase, free
from mitochondrial contamination, in wild-type cells. In the
case of Apas5 cells, PAS8 was not observed in the fractions
that would normally contain it. Instead, it appears as if the
majority of the PAS8 protein is present in fractions enriched
for mitochondria (Fig. 7 b). Examination of the peak perox-
isomal fraction from Apas5 cells however, revealed that
some PAS8 was present. Blotting across the gradients with
thiolase antisera showed strong staining in the wild-type gra-
dient at densities expected for normal peroxisomes. In the
Apas$ cells, staining was visible only at the top of the gra-
dient where free protein was expected to be found (Fig. 7 b).

Fractions with a density of 1.21 g/cm® where peak Acyl-
CoA oxidase activities were found, were taken for both the
wild-type and Apas5 cells and equal amounts of protein
loaded onto a protein gel. After separation by SDS-PAGE,
the protein was transferred to nitrocellulose. Staining of the
filter with Ponceau S revealed that a number of major pro-
teins were present in the fractions from both wild-type and
ApasS5 cells (Fig. 8 a). Some proteins were seen to be at com-
parable levels, others were at reduced levels or absent in the
fraction from ApasS5 cells. The filter was then cut into four
strips and blotted with antisera to SKL-peptide, PASS, AKI-
peptide, and thiolase (Fig. 8 b). The results show that PASS
was present in the Apas5 and wild-type fractions at compara-
ble levels. The AKI antisera detected a major band of ~68
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kD in both fractions, also at comparable levels. A smaller
band of approximately 33 kD was also detected using this an-
tisera in the wild-type peroxisomes (Fig. 6 4) but was not
observed in the mutant (data not shown). Using the SKL an-
tisera, a major band of ~97 kD was detected in the wild-type
fraction which could be the trifunctional enzyme. This en-
zyme has been shown to be a major induced protein in
oleate-grown cells and contains an SKL motif in S. cere-
visiae (Hiltunen et al., 1992). This protein was also present
in the Apas5 fraction but at a reduced level. Finally, thiolase
was present in the wild-type fraction but at barely detectable
levels in the Apas5 fraction. Similar studies were undertaken
on methanol-induced cells and this resulted in the detection
of PAS8, DHAS and methanol oxidase in fractions taken
from the Apas5 strain at densities of ~1.21 g/cm? (data not
shown). Taken together, these data show that some perox-
isomal proteins are present in an organellar fraction from the
ApasS5 strain and this would further support the idea that the
structures seen by electron microscopy are indeed of a perox-
isomal nature. These peroxisomes can be isolated on a gra-
dient at the appropriate density but appear to be unable to
import enough matrix proteins to be functional.
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accession number Z22556.

The PAS5 Gene Encodes a Protein of 127 kD Related
to PASI and Other Proteins

We cloned the PASS gene by functional complementation.
The mutant strain carrying the auxotrophic marker arg4 was
transformed with a genomic library and Arg* colonies were
selected on minimal plates. Those colonies that contained
plasmids were subsequently scored for their ability to use
methanol as the sole carbon source. Those that could were
checked for their ability to grow on oleate as the sole carbon
source. Colonies that could use both carbon sources were
grown up and DNA was isolated from them. These DNAs
were then used to transform bacteria. Large-scale prepara-
tions were made and the plasmid DNA re-introduced into
pas3 cells to check that they restored the ability to use oleate
and methanol. Once this was demonstrated, the DNA was
sequenced and was found to contain an open reading frame
of 3.5 kb that would encode a protein of 1165 aa with a
predicted molecular weight of 127 kD. The sequence was ex-
amined for intron/exon splice sites but none were found. Al-
though the Kozak sequence is weak for the first methionine
in this open reading frame, we believe it to be the correct
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initiator for the following reasons. Firstly, a frameshift was
inserted between the first and second in-frame ATGs by
digestion of the DNA with BamHI, followed by fill-in of the
overhanging ends with E. coli DNA polymerase I and liga-
tion of the ends. This construct was then introduced into a
pas5 arg- strain and found to no longer complement the in-
ability to grow on methanol. Secondly, an antibody raised
against PASS was used to immunoblot induced cell extracts
of P. pastoris and it specifically recognized a protein of the
expected size (data not shown).

The complete nucleotide and predicted amino-acid se-
quences of PASS are shown in Fig. 9. The nucleic acid se-
quence was compared to sequences in GenBank (Gen-
Bank(R) Release 75.0, February 15, 1993) and it was found
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1598
a single dot represents weakly
conserved residues.

to have homologies with PAS! of Saccharomyces cerevisiae
as well as other related putative ATPases including NSF
(Wilson et al., 1989), SEC18 (Eakle et al., 1988), VCP
(Koller and Brownstein, 1987), CDC48 (Frohlich et al.,
1991), and the human TAT-binding protein (Nelbock et al.,
1990). The homology was even more pronounced at the pro-
tein level and extended over a 200-amino acid region (Fig.
10 a). Within this region of PASS was a perfect consensus
ATP-binding site. The rest of the protein did not have a
significant similarity to any other reported protein, except
PAY4 which appears to be the PASS homolog in Yarrowia
lipolytica (R. Rachubinski, personal communication). Al-
though both PAY4 and PASI from S. cerevisiae appear to
have two ATP-binding consensus sequences, the PAS5 pro-
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tein has only a marginal second consensus sequence at amino
acids 575-577. The spacing between this sequence and the
full consensus sequence is the same as that found between
the sequences in PAY4 and PAS1 (200-300 amino acids). It
is noteworthy that in all of these proteins, the sequence
similarity to other members of this ATP-binding superfamily
is most pronounced at the second site.

PAS5 Shows Some Weak Homology to Myosin

While characterizing antisera made to PASS protein, it was
observed that there was some cross-reactivity to the 205-kD
protein standard, which in this case was bovine myosin. This
led us to compare the sequence of PAS5 with some myosin
genes isolated from S. cerevisiae. The result of this compari-
son showed that PASS has ~44 % similarity and 19% iden-
tity with the Myol protein over the entire length of the pro-
tein (Fig. 10 b). The Myol gene product is a type II heavy
chain myosin believed to play a role in the budding and divi-
sion of cells (Sweeney et al., 1991).

The Cloned PASS5 Gene Complements the Mutant
Phenotype of pas5 Cells

The introduction of the PASS5 gene into pas5 cells restores
their ability to grow on oleate or methanol as the sole carbon
source. We then checked the morphology of pas5 cells con-
taining the complementing plasmid (pas5/pAS001) by EM.
Cells were induced in minimal media containing the appro-
priate carbon source and then prepared in the normal way.
Essentially wild-type peroxisomes were observed on both
oleate and methanol as sole carbon sources (Fig. 11, a and
b, respectively). A crude fractionation on these cells was
also done and localization of peroxisomal matrix proteins to
the pellet was observed (data not shown).

The PAS5 Gene Is Required for Normal
Peroxisomal Biogenesis

A null allele of the PAS5 gene (ApasS5) was generated by in-
tegration via homologous recombination of a deletion-inser-
tion construct. The PASS5 gene was excised with BamHI and
Apal which eliminated 2.5 kb encoding the amino-terminal
part of the gene. Then the P. pastoris ARG4 gene was cloned
into these sites (Fig. 12 A). The plasmid was then cut with
Kpnl and Spel to yield a 3.2-kb fragment which was intro-
duced into an arg4 strain of P. pastoris by electroporation.
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Figure 11, The PASS5 gene re-
stores wild-type peroxisome
morphology in pas5 cells.
pasS cells containing the com-
plementing plasmid pAS001
after growth in (a) methanol

medium or (b) oleate medium.
Bars, 0.5 yM.
e —————
K B R RA 8
H ! /' -
ARG 4 |
K : ;&
-+ ARG 4 | —
K=Kpnl B=BamHl R=EcoRl A=Apal S=Spel
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Figure 12. Disruption of the PASS5 gene. (A) The PAS5 coding region
contained between the BamHI and Apal sites was replaced with the
P, pastoris ARG4 gene and introduced into the genome by homolo-
gous recombination (see Materials and Methods for details). The
sites used for generating a linear fragment and for Southern blot
analysis are also shown. (B) Proper targeting of this construct to
the genome was confirmed by Southern blotting of genomic DNA
cut with EcoRI and probed with the indicated probe. Lanes / and
2 are two different null strains and WT is the wild-type control.
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Cells containing the ARG4 gene were selected and assayed
for growth on methanol. Those strains that were unable to
grow on methanol were checked for growth on oleate-
containing media. Southern blot analysis was performed to
demonstrate that the ARG4 gene had integrated into the cor-
rect locus (Fig. 12 B). The stain with the deleted PASS gene
was mated with pas3 cells to ensure that the right gene had
in fact been cloned. The resulting diploids were still unable
to use methanol or oleate as the sole carbon source, indicat-
ing that the cloned gene was indeed the PASS gene.

EM was used to study the morphology of the Apas5 strain.
It was found to have an identical phenotype to the original
pas5 mutant. Stacked peroxisome-like structures were again
found in cells induced in methanol-containing media (Fig.
13 a). These structures are reminiscent of the clusters of
peroxisomes in newly formed buds observed in wild-type
cells (Fig. 13 b).

Discussion

Recently, much information has emerged regarding the
mechanisms of targeting and import of proteins into peroxi-
somes. Both biochemical and genetic studies have revealed
the existence of at least two targeting signals (Gould et al.,
1987, 1988, 1989; Swinkels et al., 1991) which appear to
function independently to some degree (Erdmann and Ku-
nau, 1992; McCollum et al., 1993). Less is known about the
actual mechanism of import but many mutants have now
been isolated in different organisms. The characterization of
genes that complement these mutants and the study of the
proteins they encode is likely to provide important insights
regarding protein import into peroxisomes as well as the bio-
genesis of the organelle. The characterization of one such
mutant (pas8) and its complementing gene from P. pastoris
has already provided an excellent candidate for the PTSI
receptor (McCollum et al., 1993).

Peroxisome “Ghosts” in pas5 Cells Resemble Those
Seen in Cells from Zellweger Syndrome Patients

We have isolated several complementation groups of mu-
tants characterized by a general peroxisomal dysfunction.
One of these is pas5, which does not appear to import wild-
type levels of peroxisomal matrix proteins yet has some
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Figure 13. The null allele of
PASS has the same phenotype
as pas5 cells. (a) ApasS cells
grown on methanol-contain-
ing media. In this example,
the stack-like structures are
shown. (b) Wild-type cells
grown on methanol-contain-
ing medium. In the newly
formed bud, the peroxisomes
have not yet reached the fully
mature form displayed in the
mother cell. Note that the
peroxisomes in this earlier
stage appear to be in a similar
stack-like array, before being
completely filled by matrix
proteins. Bars, 0.5 uM.

peroxisomal structures as judged by EM. These structures
seem to be analogous to the “membrane ghosts” seen in pa-
tients with Zellweger syndrome (Santos et al., 1988a,b;
Wiemer et al., 1989). Purification of these structures from
pas5 cells has led to the discovery that small amounts of
matrix proteins are correctly localized and this is similar
to the situation observed in some Zellweger cell lines. Work
by the laboratories of Wanders and Hashimoto demonstrated
the presence of several matrix proteins colocalizing with the
peroxisomal membrane protein PMP70 (Roermund et al.,
1991; Suzuki et al., 1992). Previous studies also showed that
thiolase was sometimes associated with peroxisome ghost
structures in Zellweger syndrome fibroblasts (Balfe et al.,
1990; Girtner et al., 1991).

As in Zellweger syndrome fibroblasts, the “peroxisome
ghosts” of pas5 cells are capable of division and segregation
to daughter cells. A further similarity is that the structures
in pas5 cells are often associated with vacuolar membranes
which in the yeast cell are the site of degradative and
lysosomal activities. A recent report indicated that the
peroxisome ghosts are themselves fused with lysosomes giv-
ing rise to autophagic vacuoles in Zellweger syndrome cells
(Heikoop et al., 1992). The ghosts in Zellweger syndrome
cells are larger than the wild-type peroxisomes normally
seen in human fibroblasts whereas in pas5 cells, this is not
the case. These types of structures have not been described
in mutants isolated from S. cerevisiae, where peroxisomal
morphology is not as prominent as in P. pastoris. However,
much remains to be learned about the processes that regulate
peroxisome turnover and stability. For example, how does
the cell discriminate between functional and nonfunctional
peroxisomes with respect to turnover and degradation? In
addition, the cell must preserve some progenitor peroxi-
some(s) that can be induced to proliferate either in response
to metabolic requirements or cell cycle-dependent stimuli to
ensure the segregation of organelles.

The Peroxisome Ghosts in pas5 Cells Proliferate and
Segregate Normally

It is interesting to note that in pas5 cells grown in methanol-
containing media, the aberrant peroxisomes are clustered,
whereas the oleate-induced structures appear to be separate,
reflecting the situation observed in wild-type cells. The
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clustering may be due to a specific methanol-induced mem-
brane protein that effectively cross-links the peroxisomes,
perhaps to stabilize the large peroxisomes that can result
from growth on methanol. In addition, the stack-like struc-
tures suggest that the proliferating peroxisomes in methanol-
grown cells may divide serially. Substantial evidence is now
available to indicate that in Candida boidinii (Veenhuis and
Goodman, 1990), and in P pastoris (Heyman, J., E.
Monosov, and S. Subramani, unpublished data) proliferation
precedes peroxisomal protein import and organellar growth.
The morphology of the peroxisomes in the pas35 and Apas5
strains is very similar to intermediate structures observed
during the biogenesis of peroxisomes in a wild-type strain
(Fig. 13 b). The biochemical data showing the normal induc-
tion of several matrix proteins in pas5 cells and the subcellu-
lar fractionation experiments that show the most matrix pro-
teins (catalase, luciferase, methanol oxidase, DHAS, and
thiolase) are not imported into peroxisomes suggests that
pasS5 cells are arrested along the normal peroxisome biogen-
esis pathway. The arrest appears to be between the stages of
organellar proliferation and organellar growth.

The PAS5 Gene Complements the pas5 Mutant

The evidence that the cloned PASS gene complements the
original pas5 mutant is as follows. The introduction of the
gene into the mutant restores its ability to grow on methanol
or oleic acid as the sole carbon source. It also restores the
morphology to give wild-type peroxisomes on both of these
carbon sources and peroxisomal protein import is normal.
Construction of the null allele produces a strain indistin-
guishable from the original mutant in all aspects of its pheno-
type. Finally, matings between the Apas5 and the pas5
strains produce diploids that are still unable to metabolize
methanol or oleate, genetically placing these two strains in
the same complementation group. No mitotic recombinants
were observed, as are frequently observed in matings of
strains with different allelic mutations. This indicates that
the mutation in pas5 is most likely in the region deleted in
the Apas$5 strain.

Data from the lab of Richard Rachubinski (personal com-
munication) indicates that a homologue of PASS has been iso-
lated in the yeast Yarrowia lipolytica. In this organism, the
mutant is unable to metabolize oleate as a sole carbon
source. The high level of similarity between the genes, out-
side of the highly conserved region they share with other
ATPases, leads us to believe that these are homologues and
this provides evidence that the gene is conserved in other
organisms.

Sequence Similarity between PAS5 and Other Proteins

Examination of the amino acid sequence of PASS immedi-
ately revealed a discrete region of high homology with PASI
from S. cerevisiae (Erdmann et al., 1991). This is the same
region that is found to be conserved amongst a family of
ATPases (Fig. 10 a) and contains consensus sequence motifs
previously described for ATP-binding proteins (Walker et
al., 1982; Chin et al., 1988). This region must represent a
functional domain, perhaps involved in nucleotide-regulated
protein—-protein interactions. NSF, which contains this do-
main, is known to bind to Small NSF-associated proteins
(SNAPs) in an ATP-dependent fashion (Clary et al., 1990).
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It will be of considerable interest to determine what proteins
interact with PASS5 in the cell.

Although the PASS gene of P. pastoris exhibits some ho-
mology to the PAS gene of S. cerevisiae, the two genes are
not functional homologues of each other. The PASI gene of
S. cerevisiae is equivalent to the PAS! gene of P. pastoris
(Heyman, J., and S. Subramani, unpublished data) and the
pasl and pas5 mutants of P. pastoris fall into different com-
plementation groups.

Comparisons of PASS and Myosin reveals weak homology
(Fig. 10 b) over the entire length of the protein. The
significance of this is not yet clear but it is an intriguing ob-
servation.

Functional Role of the PAS5 Gene

So far, the evidence seems to indicate that there is only
limited import of peroxisomal proteins into the matrix of the
peroxisome-like structure of pas5 cells. This is apparently
not sufficient for growth on either oleate- or methanol-
containing media. In addition, proliferation of the perox-
isomal structures also appears to be normal given the
reasonably large numbers of structures seen. Purification of
the peroxisomes from Apas5 cells has revealed that perox-
isomal matrix proteins are present in the ghosts in addition
to the peroxisome membrane-associated PAS8 protein. An-
tisera to DHAS and methanol oxidase allowed detection of
these matrix proteins in the peroxisome fractions separated
on sucrose gradients from methanol-induced Apas5 cells.
However, the amounts of these proteins present in peroxi-
somes of pas5 cells is a tiny fraction of the total produced
for each of these peroxisomal proteins, as judged by the frac-
tionation results (Fig. 4 and Table II). A significant amount
of AKI-containing protein and Acyl-CoA oxidase activity is
present in the peroxisomes isolated from oleate-induced
Apass5 cells but thiolase and SK1.-containing proteins are not
present in significant amounts. Thus, most of the perox-
isomal matrix proteins appear to be cytosolic in the mutant
and Apas$ cells. We could not demonstrate the presence of
catalase enzyme activity in the purified Apas5 peroxisomes,
which could be due to the insensitivity of our assay. Alterna-
tively, it may be present but in an inactive form, perhaps re-
quiring other factors for its assembly into an active form.

Membrane proteins presumably play a role in proliferation
and segregation of the organelle, processes that seem to be
unaffected in pas5 cells. Because pas3 cells contain peroxi-
some ghosts it is possible that the localization of membrane
proteins is unaffected. The presence of PAS8 protein (McCol-
lum et al., 1993) in the purified peroxisomes of Apas5 sup-
ports this idea. However, until antisera to peroxisomal inte-
gral membranes proteins are available this question cannot
be resolved. This does not preclude the idea that a subset of
membrane proteins is misiocalized leading to a diminution
in the import of matrix proteins or a failure to enlarge the
peroxisomes. We can conclude however that the PASS gene
product does not appear to be involved in the induction
of peroxisomal proteins, organelle proliferation, or segre-
gation,

The fact that luciferase and thiolase are not imported in the
mutant indicates that both PTS1 and PTS2 pathways of perox-
isomal protein import are affected in the pas5 mutant. Lu-
ciferase has the carboxy-terminal tripeptide SKL., that was
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used to define the PTS1 (Gould et al., 1987, 1988, 1989).
There is mounting evidence that the other major yeast matrix
proteins bear the PTS1 signal. In S. cerevisiae catalase ends
in the tripeptide SKF and this was shown to function as the
targeting signal (Kragler et al., 1993). Moreover, methanol
oxidase from P. pastoris ends in the tripeptide ARF (Koutz
et al., 1989) and DHAS from P. pastoris in DKL (cited in
McCollum et al., 1993). Further evidence that these are all
PTSI signals comes from the characterization of the pas8
mutant in which only the import of PTSI-containing proteins
is affected, and all of the above proteins are not imported
(McCollum et al., 1993). Unlike the import of thiolase into
peroxisomes of pas8 cells, this protein which contains the
prototypical amino-terminal PTS2 signal is also only im-
ported at low levels in pas5 cells.

The apparent import of significant amounts of Acyl-CoA
and a 70-kD protein recognized by antisera raised against
AKI peptide may indicate that some part of the import ma-
chinery for these proteins is not so dependent on PASS. In
any case, these proteins serve as useful markers for the aber-
rant peroxisomal structures.

PASS5 might be involved in facilitating the import of matrix
proteins containing either PTS] or PTS2. It could serve as
an accessory factor to the import machinery. The absence of
PASS5 could lead to the lowered levels of proteins in the
peroxisome matrix. Those proteins that are present in the
matrix of Apas5 cells may be imported inefficiently. Those
proteins that are not detected in purified peroxisomes from
Apas5 cells (Fig. 8) may not be imported at all or might be
degraded at a faster rate than others. Those proteins that ap-
pear unaffected for import in Apas$ cells (Fig. 8) may be im-
ported in a PAS5-independent manner.

Alternatively, the PASS protein may play a role in main-
taining the integrity of the peroxisomal structure, allowing
it to import matrix proteins, or in the growth of the organelle
to accommodate new proteins. This last explanation seems
unlikely since the peroxisomes clearly proliferate to some
extent and would appear to be large enough to contain ap-
preciable amounts of enzymes. Import into peroxisomes has
been shown to require ATP hydrolysis (Imanaka et al., 1987;
Wendland and Subramani, 19934). A defect in a putative
ATPase such as PASS5 might therefore be expected to affect
import of matrix proteins.

Given to the weak similarity to myosin, it is tempting to
speculate that PASS may associate with the cytoskeleton, in
particular with actin. It may serve its function as an intracel-
lular motor delivering material to developing peroxisomes,
or it may play a structural role, anchoring the peroxisome to
the cytoskeleton in some fashion.
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Note Added in Proof: Dr. Henk Tabak’s laboratory (University of Amster-
dam, Netherlands) has recently cloned and sequenced the S. cerevisiae
PAS8 gene which appears to be a homolog of the P. pastoris PAS5 gene
(Voorn Brouwer, T., I. vander Leij, W, Hemrika, B. Distel, H. F. Tabak.
1993. Biochem. Biophys. Acta. In press.).

References

Aitchison, J. D., W. W. Murray, and R. A. Rachubinski. 1991. The carboxy-
terminal tripeptide Ala-Lys-Ile is essential for targeting Candida tropicalis
trifunctional enzyme to yeast peroxisomes. J. Biol. Chem. 34:23197-23203.

Balfe, A., G. Hoefler, W. W. Chen, and P. A. Watkins. Aberrant subcellular
localization of peroxisomal 3-ketoacyl-CoA thiolase in the Zellweger syn-
drome and rhizomelic chondrodysplasia punctata. Pediatr. Res. 27:304-
310.

Chin, D. T., A. S. Goff, T. Webster, T. Smith, and A. L. Goldberg. 1988.
Sequence of the Jon gene in Escherichia coli (a heat-shock gene which en-
codes the ATP-dependent protease La). J. Biol. Chem. 263:11718-11728.

Clary, D. O., L. C. Griff, and I. E. Rothman. 1990. SNAPs, a family of NSF
attachment proteins involved in intracellular membrane fusion in animals and
yeast. Cell. 61:709-721.

Cregg, . M., . J. van der Klei, G. J. Sulter, M. Veenhuis, and W. Harder.
1990. Peroxisome-deficient mutants of Hansenula polymorpha. Yeast.
6:87-97.

Eakle,K. A., M. Bernstein, and S. D. Emr. 1988. Characterization of 2 compo-
nent of the yeast secretion machinery; identification of the SEC18 gene prod-
uct. Mol. Cell Biol. 8:4098-4109. :

Erdmann, R., and W.-H. Kunau. 1992. A genetic approach to the biogenesis
of peroxisomes in the yeast Saccharomyces cerevisiae. Cell Biochem. and
Funct. 10:167-174.

Erdmann, R., M. Veenhuis, D. Mertens, and W.-H. Kunau. 1989. Isolation
of peroxisome-deficient mutants of Saccharomyces cerevisiae. Proc. Natl.
Acad. Sci. USA. 86:5419-5423.

Erdmann, R., F. F. Wiebel, A. Flessau, J. Rytka, A. Beyer, K. U. Frohlich,
and W.-H. Kunau. 1991. PAS1, a yeast gene required for peroxisome bio-
genesis, encodes a member of a novel family of putative ATPases. Cell.
64:499-510.

Frohlich, K. U., H. W. Fries, M. Riidiger, R. Erdmann, D. Botstein, and D.
Mecke. 1991. Yeast cell cycle protein CDC48p shows full-length homology
to the mammalian protein VCP and is a member of a protein family involved
in secretion, peroxisome formation and gene expression. J. Cell Biol.
114:443-453.

Gartner, J., W. W. Chen, R. 1. Kelley, S. J. Mihalik, and H. W. Moser. 1991.
The 22 KDa peroxisomal integral membrane protein in Zellweger syndrome-
Presence, abundance, and association with a peroxisomal thiolase precursor
protein. Pediatr. Res. 29:141-146,

Girtner, J., H. W. Moser, and D. Valle. 1992. Mutations in the 70K perox-
isomal membrane protein gene in Zellweger syndrome. Nar. New Genetics.
1:16-22.

Gould, S. J., G.-A. Keller, and S. Subramani. 1987. Identification of a perox-
isomal targeting signal at the carboxy terminus of firefly luciferase. J. Cell
Biol. 105:2923-2931,

Gould, 8. J., G.-A. Keller, and S. Subramani. 1988. Identification of perox-
isomal targeting signals located at the carboxy terminus of four peroxisomal
proteins. J. Cell Biol. 107:897-905.

Gould, S. J., G.-A. Keller, N. Hosken, J. Wilkinson, and S. Subramani. 1989.
A conserved tripeptide sorts proteins to peroxisomes. J, Cell Biol. 108:
1657-1664.

Gould, S. J., S. K. Krisans, G.-A. Keller, and S. Subramani. 1990. Antibodies
directed against the peroxisomal targeting signal of firefly luciferase recog-
nize multiple mammalian peroxisomal proteins. J. Cell Biol. 110:27-34.

Gould, S. J., D. McCollum, A. P. Spong, J. A. Heyman, and S. Subramani.
1992. Development of the yeast Pichia pastoris as a model organism for a
genetic and molecular analysis of peroxisome assembly. Yeast. 8:613-628.

Hajra, A. K., andJ. E. Bishop. 1982. Glycerolipid biosynthesis in peroxisomes
via the acyl dihydroxyacetone phosphate pathways. Annu. NY. Acad. Sci.
386:170-182.

Hazeu, W., W. H. Batenburg-van der Vegte, and P. J. Nieuwdorp. 1975. The
fine structure of microbodies in the yeast Pichia pastoris. Experientia
(Basel). 31:926-927.

Heikoop, J. C., M. van den Berg, A. Strijland, P. J. Weijers, W. W. Just, A. J.
Meijer, and J. M. Tager. 1992. Turnover of peroxisomal vesicles by au-
tophagic proteolysis in cultured fibroblasts from Zellweger patients. Eur. J.
Cell Biol. 57:165-171.

Heinemann, P., and W. W. Just. 1992, Peroxisomal protein import. In vivo
evidence for a novel translocation competent compartment. FEBS (Fed. Eur.
Biochem. Soc.) Lert. 300:179-182.

Hiltunen, J. K., B. Wenzel, A. Beyer, R. Erdmann, A. Fossa, and W.-H.
Kunau. 1992. Peroxisomal multifunctional B-oxidation protein of Sac-
charomyces cerevisiae. J. Biol. Chem. 10:6646-6653.

Hohfeld, J., M. Veenhuis, and W.-H. Kunau. 1991. PAS3, a Saccharomyces
cerevisiae gene encoding a peroxisomal integral membrane protein essential
for peroxisome biogenesis. J. Cell Biol. 114:1167-1178.

547



Hryb, D. J., and J. F. Hogg. 1979. Chain length specificities of peroxisomal
and mitochondrial beta-oxidation in rat liver. Biochem. Biophys. Res. Com-
mun. 87:1200-1206.

Imanaka, T., G. M. Small, and P. B. Lazarow. 1987. Translocation of Acyl-
CoA oxidase into peroxisomes requires ATP hydrolysis but not a membrane
potential. J. Cell Biol. 105:2915-2922.

Koller, K. J., and M. J. Brownstein. 1987. Use of a cDNA clone to identify
a supposed precursor protein containing valosin. Nature (Lond.). 325:
542-545.

Koutz, P., G. R. Davis, C. Stillman, K. Barringer, J. Cregg, and G. Thill.
1989. Structural comparison of the Pichia pastoris alcohol oxidase genes.
Yeast. 3:167-177.

Kragler, F., A. Langeder, J. Raupachova, M. Binder, and A. Hartig. 1993.
Two independent peroxisomal targeting signals in catalase A of Sac-
charomyces cerevisiae. J. Cell Biol. 120:665-673.

Krisans, S. K., S. L. Thompson, L. A. Pena, E. Kok, and N. B. Javitt. 1985.
Bile acid synthesis in rat liver peroxisomes: metabolism of 26-hydroxycho-
lesterol to 38-hydroxy-5-cholenoic acid. J. Lipid Res. 26:1324-1332.

Lazarow, P. B., and C. De Duve. 1976. A fatty acyl-CoA oxidizing system
in rat liver peroxisomes: enhancement by clofibrate, a hypolipidemic drug.
Proc. Natl. Acad. Sci. USA. 73:2043-2046.

Lazarow, P. B_, and Y. Fujiki. 1985. Biogenesis of peroxisomes. Annu. Rev.
Cell Biol. 1:489-530.

Leighton, F., B. Poole, H. Beaufay, P. Baudhuin, J. W. Coffey, S. Fowler,
and C. De Duve. 1968. The large scale separation of peroxisomes mitochon-
dria, and lysosomes from the livers of rats injected with triton WR-1339.
J. Cell Biol. 37:482-513.

Liu, H., X. Tan, M. Veenhuis, D. McCollum, and J. C. Cregg. 1992. An
efficient screen for peroxisome-deficient mutants of Pichia pastoris. J. Bac-
teriol. 15:4943-4951.

McCollum, D., E. Monosov, and S. Subramani. 1993. The pas8 mutant of
Pichia pastoris exhibits the peroxisomal protein import deficiencies of Zell-
weger Syndrome cells—The PASS8 protein binds to the COOH-terminal
tripeptide peroxisomal targeting signal, and is a member of the TPR protein
family. J. Cell Biol. 121:761-774.

Nelbock, P., P. J. Dillion, A. Perkins, and C. W. Rosen. 1990. A cDNA for
a protein that interacts with the immunodeficency virus transactivator.
Science (Wash. DC). 248:1650-1653.

Nuttley, W. M., A. G. Bodnar, D. Mangroo, and R. A. Rachubinski. 1990.
Isolation and characterization of membranes from oleic acid-induced peroxi-
somes of Candida tropicalis. J. Cell Sci. 95:463—470.

Osumi, T., T. Tsukamoto, S. Hata, S. Yokota, S. Miura, Y. Fujiki, M.
Hijikata, S. Miyazawa, and T. Hashimoto. 1991. Amino-terminal prese-
quence of the precursor of peroxisomal 3-ketoacyl-CoA thiolase is a cleav-
able signal peptide for peroxisomal targeting. Biochem. Biophys. Res. Com-
mun. 181:947-954.

Pearson, W. R., and D. J. Lipman. 1988. Improved tools for biological se-
quence comparison. Proc. Natl. Acad. Sci. USA. 85:2444-2448.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning, a labo-
ratory manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.

Santos, M. J., T. Imanaka, H. Shio, and P. B. Lazarow. 1988a. Peroxisomal
integral membrane proteins in control and Zellweger fibroblasts. J. Biol.
Chem. 263:10502-10509.

Santos, M. J., T. Imanaka, H. Shio, G. M. Small, and P. B. Lazarow. 1988b.
Peroxisomal membrane ghosts in Zellweger syndrome: aberrant organelle
assembly. Science (Wash. DC). 239:1536~1538.

Shimozawa, N., T. Tsukamoto, Y. Suzuki, T. Orii, Y. Shirayoshi, T. Mori,
and Y. Fujiki. 1992. A human gene responsible for Zellweger syndrome that
affects peroxisome assembly. Science (Wash. DC). 255:1132-1134,

Sottocasa, G. L., P. Kuylenstierna, L. Ernster, and A. Bergstrand. 1967. An
electron-transport system associated with the outer membrane of liver mito-
chondria. J. Cell Biol. 32:415-438.

Subramani, S. 1993. Import of proteins into peroxisomes and biogenesis of the
organelle. Annu. Rev. Cell Biol. 9:447-478.

The Journal of Cell Biology, Volume 123, 1993

Suzuki, Y., N. Shimozawa, S. Yajima, T. Orii, S. Yokota, Y. Tashiro, T.
Osumi, and T. Hashimoto. 1992. Different intracellular localization of
peroxisomal proteins in fibroblasts from patients with aberrant peroxisome
assembly. Cell Struct. Funct. 17:1-8.

Sweeney, F. P., M. J. Pocklington, and E. Orr. 1991. The yeast type Il myosin
heavy chain: analysis of its predicted polypeptide sequence. J. Muscle Res.
Cell Mortil. 12:61-68.

Swinkels, B. W., S. J. Gould, A. G. Bodnar, R. A. Rachubinski, and S.
Subramani. 1991. A novel, cleavable peroxisomal targeting signal at the
amino-terminus of the rat 3-ketoacyl-CoA thiolase. EMBO (Eur. Mol. Biol.
Organ.) J. 10:3255-3262.

Thompson, S. L., R. Burrows, R. J. Laub, and S. K. Krisans. 1987. Choles-
terol synthesis in rat liver peroxisomes: Conversion of mevalonic acid to cho-
lesterol. J. Biol. Chem. 262:17420-17425.

Tsukamoto, T., S. Yokata, and Y. Fujiki. 1990. Isolation and characterization
of Chinese hamster ovary cell mutants defective in assembly of peroxisomes.
J. Cell Biol. 110:651-660.

Tsukamoto, T., S. Miura, and Y. Fujiki. 1991. Restoration by a 35K membrane
protein of peroxisome assembly in a peroxisome-deficient mammalian cell
mutant. Nature (Lond.). 350:77-81.

Tuttle, D. L., A. 8. Lewin, and W. A. Dunn, Jr. 1993. Selective autophagy
of peroxisomes in methylotrophic yeasts. Eur. J. Cell Biol. 60:283-290.

vanderKlei, L. J., L. L. Bystrykh, and W. Harder. 1990. Alcohol oxidase from
Hansenula polymorpha CBS 4732. Methods Enzymol. 188:420-422.

van der Leij, I., M. van den Berg, R. Boot, M. Franse, B. Distel, and H. F.
Tabak. 1992. Isolation of peroxisome assembly mutants from Sac-
charomyces cerevisiae with different morphologies using a novel positive se-
lection procedure. J. Cell Biol. 119:153-162.

van Roermund, C. W. T,, S. Brul, J. M. Tager, R. B. H. Schutgens, and
R. J. A. Wanders. 1991. Acyl-CoA Oxidase, peroxisomal thiolase and di-
hydroxyacetone phosphate acyltransferase: aberrant subceliular localization
in Zellweger syndrome. J. Inherited Metab. Dis. 14:152-164.

Veenhuis, M. 1992. Peroxisome biogenesis and function in Hansenula poly-
morpha. Cell Biochem. Funct. 10:175-184.

Veenhuis, M., M. Mateblowski, W.-H. Kunau, and W. Harder. 1987. Prolifer-
ation of microbodies in Saccharomyces cerevisiae. Yeast. 3:77-84.

Walker, J. E., M. Saraste, M. J. Runswick, and N. G. Gay. 1982. Distantly
related sequences in the - and 8-subunits of ATP synthase, myosin, kinases
and other ATP-requiring enzymes and a common nucleotide binding fold.
EMBO (Eur. Mol. Biol. Organ.) J. 1:945-981.

Wendland, M., and S. Subramani. 1993a. Cytosol-dependent peroxisomal pro-
tein import in a permeabilized cell system. J. Cell Biol. 120:675-685.
Wendland, M., and S. Subramani. 199354. Presence of cytoplasmic factors func-
tional in peroxisomal protein import implicates organelle-associated defects

in several human peroxisomal disorders. J. Clin. Invest. In press.

Wiebel, F. F., and W.-H. Kunau. 1992. The Pas2 protein essential for peroxi-
some biogenesis is related to ubiquitin-conjugating enzymes. Nature
(Lond.). 359:73-76.

Wiemer, E. A. C., S. Brul, W. W. Just, R. van Driel, E. Brouwer-Kelder, M.
van den Berg, P. J. Weijers, R. B. Schutgens, H. van den Bosch, and A.
Schram. 1989. Presence of peroxisomal membrane proteins in liver and
fibroblasts from patients with the Zellweger syndrome and related disorders:
evidence for the existence of peroxisomal ghosts. Eur. J. Cell Biol.
50:407-417.

WilsonD. W., C. A. Wilcox, G. C. Flynn, E. Chen, W.-J. Kuang, W. J. Hen-
zel, M. R. Block, A. Ullrich, and J. E. Rothman. 1989. A fusion protein
required for vehicle-mediated transport in both mammalian cells and yeast.
Nature (Lond.). 339:355-359.

Yajima, S., Y. Suzuki, N. Shimozawa, S. Yamaguchi, T. Orii, Y. Fujiki, T.
Osumi, T. Hashimoto, and H. W. Moser. 1992. Complementation study of
peroxisome-deficient disorders by immunofluorescence staining and charac-
terization of fused cells. Hum. Genet. 88:491-499.

Zoeller, R. A., and C. R. H. Raetz. 1986. Isolation of animal cell mutants
deficient in plasmalogen biosynthesis and peroxisome assembly. Proc. Natl.
Acad. Sci. USA. 83:5170-5174.

548



