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Fluorescent peroxisomal probes were developed by
fusing green fluorescent protein (GFP) to the matrix
peroxisomal targeting signals PTS1 and PTS2, as well
as to an integral peroxisomal membrane protein
(IPMP). These proteins were used to identify and
characterize novel peroxisome assembly (pas) mutants
in the yeast Pichia pastoris. Mutant cells lacking the
PASIO gene mislocalized both PTS1-GFP and PTS2-
GFP to the cytoplasm but did incorporate IPMP-GFP
into peroxisome membranes. Similar distributions were
observed for endogenous peroxisomal matrix and mem-
brane proteins. While peroxisomes from translocation-
competent pas mutants sediment in sucrose gradients
at the density of normal peroxisomes, >98% of perox-
isomes from paslO cells migrated to a much lower
density and had an extremely low ratio of matrix:
membrane protein. These data indicate that PaslOp
plays an important role in protein translocation across
the peroxisome membrane. Consistent with this hypo-
thesis, we find that PaslOp is an integral protein of the
peroxisome membrane. In addition, PaslOp contains a
cytoplasmically-oriented C3HC4 zinc binding domain
that is essential for its biological activity.
Keywords: green fluorescent protein/integral peroxisomal
membrane protein/peroxisome assembly/protein
translocation/RING finger

Introduction
Peroxisomes are ubiquitous single membrane-bound
organelles that are involved in many metabolic pathways.
Chief among these processes are hydrogen peroxide-based
cellular respiration and fatty acid 3-oxidation, while those
that are more species specific include plasmalogen, bile
acid and cholesterol synthesis in mammalian cells and the
first two steps in methanol utilization in certain yeasts
(Tolbert, 1981; Lazarow and Fujiki, 1985). The numerous
and diverse pathways occurring within peroxisomes imply
that this organelle is important for cellular metabolism.
This inference is borne out by the observation that perox-
isomes are required for normal human development. In
humans, the failure to assemble normal peroxisomes

results in a group of genetically heterogeneous diseases
known as the peroxisome biogenesis disorders (PBDs)
(Lazarow and Moser, 1995). These lethal, inherited dis-
eases include Zellweger syndrome, neonatal adrenoleukod-
ystrophy, infantile Refsum disease and classical rhizomelic
chondrodysplasia punctata. Clinically the PBDs are charac-
terized by severe neuronal dysfunction, mental retardation
and death in early infancy. At the biochemical level, their
only common feature is a defect in the import of at least
one class of peroxisomal matrix proteins.

It has been proposed that peroxisomes arise from pre-
existing peroxisomes and proliferate upon the selective
uptake of lipids and proteins from the cytoplasm (Lazarow
and Fujiki, 1985). While there is no doubt that peroxisomal
proteins are transported directly from the cytoplasm to
the peroxisome, there is insufficient evidence to conclude
that this organelle forms from pre-existing peroxisomes.
Thus, de novo synthesis of peroxisomes remains a formal
possibility (Waterham et al., 1993). Proteins destined for
the peroxisome are synthesized on free polyribosomes and
contain cis-acting peroxisomal targeting signals (PTSs)
which direct them to peroxisomes (Subramani, 1993).
Two PTSs have been identified for matrix proteins. Most
peroxisomal matrix proteins contain PTS 1, a C-terminal
tripeptide consisting of the amino acids Ser-Lys-Leu
(SKL) or a conservative variant (Gould et al., 1987, 1988,
1989, 1990a,b; Aitchison et al., 1991, 1992; Keller et al.,
1991; Blattner et al., 1992; Didion and Roggenkamp,
1992; Distel et al., 1992; Hansen et al., 1992; Miura
et al., 1992; Swinkels et al., 1992). PTS2 consists of an
N-terminal segment that is ~10 residues long and has
been identified in four proteins: 3-ketoacyl-CoA thiolase,
watermelon malate dehydrogenase, yeast amine oxidase
and Trypanosma brucei aldolase (Osumi et al., 1991;
Swinkels et al., 1991; Gietl et al., 1994; Glover et al.,
1994; Blattner et al., 1995; Faber et al., 1995). Both PTS1
and PTS2 appear to be involved only in directing proteins
to the peroxisome lumen. Targeting signals for integral
peroxisomal membrane proteins are distinct (McCammon
et al., 1994) but remain uncharacterized.

While PTSs direct proteins to peroxisomes, the recogni-
tion, targeting and translocation of these proteins requires
a diverse set of accessory factors. To identify these factors,
we and others isolated peroxisome assembly (pas) mutants
from the yeast Pichia pastoris by screening for cells
unable to grow on fatty acids and methanol, the utilization
of which requires distinct sets of peroxisomal enzymes
(Gould et al., 1992; Liu et al., 1992). Peroxisome assembly
mutants have also been identified in the yeasts Saccharo-
myces cerevisiae (Erdmann et al., 1989; Elgersma et al.,
1993), Hansenula polymorpha (Cregg et al., 1990) and
Yarrowia lipolytica (Nuttley et al., 1993). Analysis of
these yeast pas mutants, as well as studies on PBD patient
fibroblasts and peroxisome-deficient Chinese hamster
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ovary cell lines, has led to the identification of receptors
for both PTS 1 (McCollum et al., 1993; van der Leij et al.,
1993; Dodt et al., 1995; Terlecky et al., 1995; Wiemer
et al., 1995) and PTS2 proteins (Marzioch et al., 1994;
Motley et al., 1994; Zhang and Lazarow, 1995), as well
as a host of factors required for import of peroxisomal
matrix proteins. These factors include three distinct zinc-
binding integral peroxisomal membrane proteins (IPMPs)
(Tsukamoto et al., 1991; Kalish et al., 1995; Waterham et
al., 1996), two ATPases (Erdmann et al., 1991; Spong
and Subramani, 1993; Voorn-Brouwer et al., 1993;
Heyman et al., 1994; Yahraus et al., 1996), a ubiquitin-
conjugating enzyme (Wiebel and Kunau, 1992; Crane
et al., 1994), a famesylated protein (Kunau et al., 1993;
James et al., 1994) and several other factors that are not
members of any known protein superfamily (Hohfeld
et al., 1991; Kunau et al., 1993; Eitzen et al., 1995). In
addition, the isolation and characterization of yeast PAS
genes has led to the identification of two PBD genes,
PXRI and PXAAAI, which are mutated in comple-
mentation groups 2 and 4 of the PBD cell lines, respectively
(Dodt et al., 1995; Yahraus et al., 1996).
To identify new pas mutants, we developed a visual

screen using a peroxisomal form of the green fluorescent
protein (GFP). Wild-type cells expressing PTS1-GFP were
chemically mutagenized and strains unable to import
PTS1-GFP into peroxisomes were identified by fluores-
cence microscopy. The P.pastoris paslO mutant exhibited
a defect in import of PTS1-GFP. We report here on the
identification and characterization of the Ppastoris PASIO
gene and its product, PaslOp. This novel protein is a zinc-
binding IPMP with a C-terminal RING finger that extends
into the cytoplasm. A detailed analysis of the paslO
mutant revealed that PaslOp is essential for import of both
PTS 1 and PTS2 proteins into peroxisomes but is not
required for targeting, inserting or orienting integral pro-
teins into peroxisome membranes and thus for synthesis
of peroxisome membranes. Furthermore, we find that most
peroxisomes inpas]O cells contain little if any peroxisomal
matrix proteins and migrate to an anomalously low density
in sucrose gradients. We conclude from these studies that
PaslOp plays an important role in protein translocation
across the peroxisome membrane.

Results
Visual screening for pas mutants using a
peroxisomal form of GFP
To create a peroxisomal form of GFP, the open reading
frame (ORF) of a modified GFP gene (GFPS65T; Helm
et al., 1995) was extended at its 3'-end by six codons
encoding Pro-Leu-His-Ser-Lys-Leu-COOH. The C-ter-
minal tripeptide Ser-Lys-Leu-COOH is sufficient to direct
proteins to peroxisomes in all known eukaryotes (Gould
et al., 1989). This PTS1-GFP gene was cloned downstream
of the Ppastoris PAS8 promoter in the vector pGD79, a
HIS4-based Ppastoris replicating vector (Dodt et al.,
1995), and introduced into his4A (wild-type) and pas7A,
his4A strains of P.pastoris. The resultant strains were
examined by fluorescence microscopy. Previously, we
have shown that the pas7A strain is defective in import
of PTS1 proteins (Kalish et al., 1995). In wild-type cells,
a punctate peroxisomal staining pattern for PTS1-GFP

Fig. 1. Confocal fluorescence microscopy of yeast cells expressing
peroxisomal forms of GFP. Phase (left panels) and fluorescence (right
panels) images of (A) PTSI-GFP in wild-type cells, (B) PTSI-GFP in
pas7A cells, (C) PTSI-GFP in pasJO-I cells, (D) PTSI-GFP in
paslOA cells, (E) PTS2-GFP in wild-type cells. (F) PTS2-GFP in
pasJOA cells, (G) IPMP-GFP in wild-type cells and (H) IPMP-GFP
in paslOA cells. Bar, 5.0 ,um.

was observed, whereas diffuse cytoplasmic staining was
detected in pas7A cells (Figure IA and B). These results
demonstrated that PTS I-GFP is an effective visual marker
for peroxisomal protein import in living cells.

Wild-type Ppastoris cells expressing PTS1-GFP were
chemically mutagenized with N-methyl-N-nitro-N-nitroso-
guanidine (MNNG). After a recovery period single cells
were seeded on minimal dextrose medium and grown
for several days. Next, each clone was examined by
fluorescence microscopy to assess PTS1-GFP import, as
well as for any alterations in peroxisome morphology and
motility. A detailed description of the mutants derived
from this screen will be presented elsewhere (S.J.Mihalik,
W.-H.Lee and S.J.Gould, in preparation). The pasJO-I
strain displayed a defect in import of PTS1-GFP (Figure
IC). Furthermore, it was unable to utilize fatty acids or
methanol as sole carbon source, the classic phenotype
exhibited by P.pastoris pas mutants (Gould et al., 1992).

PAS10 is required for peroxisomal import of
lumenal proteins but not integral membrane
proteins
The PASIO gene was cloned by functional comple-
mentation of the pasJO-I mutant. Subcloning, sequencing
and complementation analyses revealed that an ORF of
1230 bp was responsible for complementing activity. A
strain lacking this ORF was generated by targeted gene
disruption. This deletion mutant (pasJOA) had the classic
pas phenotype and was allelic to the original pasJO-I
mutant, demonstrating that we had cloned the PASIO gene
and not a suppressor. To begin to understand the role
of PAS1O in peroxisome assembly, we compared the
subcellular distribution of PTS 1-GFP and two other fluor-
escent peroxisomal proteins, PTS2-GFP and IPMP-GFP,
in wild-type and pasIOA cells (Figure 1D-H). PTS1-GFP
was distributed throughout the cytoplasm in paslOA cells
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(Figure ID), consistent with the phenotype of the paslO-I
strain. Likewise, PTS2-GFP, a peroxisomal form of GFP
targeted to peroxisomes via PTS2, was mislocalized to
the cytoplasm in pasJOA cells (Figure lE and F), sug-
gesting that the product of the PASIO gene was required
for import of both classes of peroxisomal matrix proteins.
In contrast, IPMP-GFP was targeted to vesicular structures
in both wild-type and pasJO1A cells (Figure IG and H),
indicating that synthesis of peroxisome membranes and
targeting of IPMPs was not dependent upon PaslOp.
To test whether the protein import phenotypes observed

with these fluorescent peroxisomal marker proteins accur-
ately reflected the protein import capabilities of pasJOA
cells, we examined the subcellular distribution of endo-
genous PTS1, PTS2 and IPMP marker proteins in wild-
type and pasJOA cells. These cells were incubated in
oleate medium to induce peroxisome proliferation and
subsequently homogenized. The post-nuclear supernatant
was separated into a supernatant consisting of cytoplasm
and microsomes and a pellet containing peroxisomes and
mitochondria by centrifugation at 25 000 g (Aitchison
et al., 1991). Equal proportions of these two fractions
were assayed for catalase, a marker for PITS1 protein
import (McCollum et al., 1993), thiolase, a marker for
PTS2 protein import (Osumi et al., 1991; Swinkels et al.,
1991; Glover et al., 1994), and Pas7p, an IPMP (Kalish
et al., 1995). The majority of catalase (54% of total
activity) and thiolase (72% of total protein, quantitated by
densitometry) was detected in the organelle pellet of wild-
type cells, as was all Pas7p (Figure 2A). In contrast, <5%
of catalase activity and 15% of thiolase was detected in
the organelle pellet of paslOA cells. However, Pas7p was
quantitatively recovered in the 25 000 g pellet of paslOA
cells. These data confirm that PaslOp is required for
import of PTS1 and PTS2 proteins but not for targeting
integral membrane proteins to peroxisomes. Essentially
identical results were obtained when the post-nuclear
supernatant was spun at 100 000 g (data not shown),
demonstrating that centrifugation at 25 000 g quantitatively
pelleted peroxisomes of pasJOA cells.

The finding that Pas7p was quantitatively recovered in
the 25 000 g pellet of pasJOA cells suggested that PaslOp
is not required for targeting IPMPs to peroxisomes. To
determine whether PaslOp plays a role in inserting or
orienting IPMPs within the peroxisome membrane, we
examined the topology of Pas7p in pasJOA cells. Pre-
viously, we demonstrated that Pas7p is located entirely
within the peroxisome, as it is sensitive to protease only
after peroxisome membranes have been disrupted with
detergent (Kalish et al., 1995). Organelles (25 000 g pellet
fraction) from wild-type and pasJOA cells were treated
with increasing amounts of trypsin in the absence or
presence of Triton X-100. Pas7p was degraded by exo-
genous protease only when peroxisomes from both wild-
type and pasJOA cells were pre-incubated with detergent
(Figure 2B). The fact that Pas7p behaved identically in
wild-type and pasJOA cells suggests that PaslOp is not
required for targeting, inserting or orienting IPMPs into
the peroxisome membrane.

Multiple peroxisome populations in pas104 cells
Differential centrifugation and protease protection experi-
ments suggested that Pas7p is targeted to and inserted
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Fig. 2. The pasJOA mutant is defective in import of PTS 1 and PTS2
peroxisomal matrix proteins but not in targeting or insertion of
peroxisomal membrane proteins. (A) A 25 000 g supernatant (S)
consisting of cytosol and microsomes and a pellet (P) containing
mitochondria and peroxisomes were isolated from wild-type and
pasJOA cells. Equal amounts of these fractions were separated by
SDS-PAGE and immunoblotted with affinity-purified anti-thiolase (top
panel) or anti-Pas7p antibodies (bottom panel). Antibody detection was
by chemiluminescent exposure of X-ray film. (B) Organelles (200 .g
25 000 g pellets) from wild-type (top panel) and pasJOA (bottom
panel) strains were treated with increasing amounts of trypsin (0, 15,
30 and 60 ,ug) for 25 min on ice in the absence or presence of 0.1%
Triton X-100. Samples (30 gg) were separated by SDS-PAGE and
immunoblotted with anti-Pas7p antibodies.

into peroxisome membranes in the absence of PaslOp.
However, since a 25 000 g pellet contains both mitochon-
dria and peroxisomes, one remote possibility was that
Pas7p had been mistargeted to mitochondria in paslOA
cells. To address this possibility, organelles from a 25 000 g
pellet of pasJOA cells were separated by sucrose density
gradient centrifugation. Fractions were assayed for catalase
(a peroxisomal matrix enzyme marker), succinate dehydro-
genase (SDH, a mitochondrial enzyme marker), density
and levels of Pas7p. The clear separation between the
majority of Pas7p and mitochondria in this gradient
(Figure 3A) demonstrated that Pas7p is not mistargeted
to mitochondria in pasJOA cells.

In addition to ruling out a mitochondrial localization
for Pas7p, this experiment revealed that peroxisomes of
pasJOA cells behaved quite differently from those of wild-
type cells. Peroxisomes of wild-type cells migrate to a
density of 1.21-1.23 g/cm3 (see Figure 7B for comparison),
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Fig. 3. Multiple populations of peroxisomes exist in paslOA cells.
(A) A 25 000 g organelle pellet was isolated from pasJOA cells and
separated by sucrose density gradient centrifugation. Fractions of I ml
were collected from the bottom of the gradient and assayed for
catalase activity (a peroxisomal marker; 0), SDH activity (a
mitochondrial marker; O) and density (--- ). Enzyme activities are
plotted as a percentage of the total activity in the gradient. Equal
amounts of odd numbered fractions were assayed for levels of Pas7p
by immunoblot. (B) Five fractions that matched either the normal
density catalase peak (fractions 11-15, Pop2; top panel) or the
peroxisome membrane-rich peak (fractions 25-29, Popl; bottom panel)
were treated as described in Materials and methods. Ten fractions of
0.5 ml were collected from the bottom of both gradients and assayed
for catalase activity (0), density (- - -) and levels of Pas7p.

whereas most peroxisomes in the pasJOA mutant (assayed
by detection of Pas7p) migrated to a much lower density,
-1..14-1.16 g/cm3 (peroxisome population 1, or Popl).
Because the high protein:membrane ratio of normal perox-
isomes is at least partly responsible for their high density,
these data indicate that loss of PaslOp had such a severe
effect on protein translocation into peroxisomes that the
density of the organelle was lowered significantly. How-
ever, a small subset of peroxisomes in pasJOA cells
(<2%) did sediment at the high density typical of normal
peroxisomes (Pop2; compare with the gradient of wild-
type cells in Figure 7B). These few peroxisomes contained
almost as much catalase activity as all other peroxisomes
of pasJOA cells.
To further investigate the distribution of Pas7p and

catalase in these two peroxisome populations of pasJOA
cells, we performed two-step flotation gradient analysis
(Heyman et al., 1994). This procedure differentiates
between membrane-associated proteins, which migrate
into the gradient, and protein aggregates, which remain at
the bottom of the gradient. An organelle pellet from
pasJOA cells was fractionated by sucrose density centrifug-
ation. Five fractions that matched the densities of Popl
and Pop2 were each pooled, overlaid with 60 and 28%
sucrose and spun at 170 000 g for 18 h. Ten fractions of
0.5 ml were collected from the bottom of each flotation
gradient and assayed for catalase activity, density and
levels of Pas7p by Western blot analysis (Figure 3B).
Catalase and Pas7p were detected at or above the 60/28%
sucrose interface in both gradients, indicating that these
proteins were organelle associated. Furthermore, the low
density peroxisome population was resolved into light and
heavy components, PoplL and PoplH. Quantitation of
catalase and Pas7p levels allowed us to calculate relative
ratios for these matrix and membrane protein markers.
PoplL had a relative catalase:Pas7p ratio of 1, PoplH
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displayed a ratio of 2 and Pop2 exhibited a ratio of 24.
These data suggest that pasJOA cells contain multiple
peroxisome populations which are distinguishable by dif-
ferences in their relative matrix protein content. Further-
more, the low matrix:membrane protein ratios for most
peroxisomes of pasJOA cells are what one would expect
if peroxisomes exhibited a severely reduced rate of protein
translocation across the membrane.

Electron microscopic analysis of the pas 1O0
mutant
The gradations of matrix protein content observed for
peroxisomes of oleate-induced pasJOA cells should also
be reflected in their morphologies. Wild-type and pasJOA
cells were incubated in either methanol or oleic acid
medium and processed for electron microscopy. We
observed large attached peroxisomes in wild-type cells
incubated in methanol medium (Figure 4A), whereas
oleate-grown cells contained smaller spherical perox-
isomes that were dispersed throughout the cell (Figure
4B). These carbon source-specific peroxisome morpholo-
gies have been noted previously in P.pastoris and can be
useful to identify peroxisomes (Gould et al., 1992; Kalish
et al., 1995). In contrast to the peroxisomes of wild-type
cells, peroxisomes of paslOA cells incubated in methanol
appeared as clusters of attached oblong structures (Figure
4C and E), while oleate-induced pasJOA cells contained
small unattached peroxisomes encompassing little matrix
space (Figure 4D and F). Furthermore, the peroxisomes
of oleate-induced pasJOA cells spanned a wide variety of
morphologies, varying from dumbbell-shaped structures
with barely any lumenal space to more spherical structures
that appeared to contain more matrix content. The identi-
fication of these structures as peroxisomes can be inferred
since they were never observed in wild-type cells and
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Fig. 4. Peroxisomes of several morphologies are observed in pasJOA
cells. Wild-type (A and B) and pasJOA (C-F) cells were incubated in
methanol (A, C and E) or oleic acid medium (B, D and F) for 18 h
and processed for transmission electron microscopy. P, peroxisome;
M, mitochondria; N, nucleus; V, vacuole. The arrows point to
peroxisomes of pasJOA cells. (A) and (E), (B) and (D) and (C) and (F)
are of the same magnification. Bar, 1.0 gm.

were specifically induced by incubation in methanol and
fatty acid media.
We also tested whether peroxisomes of pasJOA cells

could be detected by immunoelectron microscopy using
antibodies specific for Pas7p (Figure 5), an integral protein
of the peroxisome membrane (Kalish et al., 1995). As
expected, the anti-Pas7p antibodies decorated the perox-
isome membrane of wild-type cells. These antibodies also
stained the inside of small vesicles in paslOA cells that
were similar in size and shape to the peroxisomes of
pasJOA cells observed by transmission electron micro-
scopy. Protease protection experiments have demonstrated
that Pas7p is entirely protected from external protease in
both wild-type and pasJOA cells and the gold particle
labeling in these immunoelectron microscopy images is
consistent with this topology.

PAS10 encodes an integral peroxisomal membrane
protein
Examination of the deduced amino acid sequence of
PaslOp (Figure 6) revealed two putative membrane
spanning segments (amino acids 171-195 and 266-282),
suggesting that PaslOp might be an integral membrane
protein. To determine its subcellular location, we first
generated affinity-purified polyclonal antibodies against
the C-terminal 120 amino acids of PaslOp. Immunoblot
analysis demonstrated that these antibodies were specific

Fig. 5. Immunoelectron microscopic detection of peroxisomes in wild-
type and pasJOA cells. Wild-type (A) and pasJOA (B) cells were
incubated in methanol medium for 18 h and processed for
immunoelectron microscopy with antibodies specific for the IPMP and
Pas7p and subsequently detected using protein A-gold particle
(10 nm) conjugates. Bar, 0.1 gm.

for PaslOp, detecting a single 46 kDa band in wild-type
cells which was absent in the paslOA mutant (data not
shown). Next, a post-nuclear supernatant from wild-type
cells was separated into a supernatant consisting of cytosol
and microsomes and a pellet containing mitochondria and
peroxisomes by centrifugation at 25 000 g. PaslOp was
detected solely in the pellet when equal proportions of
these fractions were analyzed by immunoblot (Figure 7A).
Mitochondria and peroxisomes in this pellet were next
separated by sucrose density centrifugation and PaslOp
co-localized with the peroxisomal matrix protein catalase
(Figure 7B), as well as with other peroxisomal proteins
(data not shown). Furthermore, PaslOp remained associ-
ated with the membrane during hypotonic lysis of organ-
elles and extraction of organelle membranes with 100 mM
Na2CO3, pH 11.5, a treatment that strips all but integral
proteins from membranes (Figure 7C). Thus, biochemical
techniques indicate that PaslOp, is an IPMP.
To determine the topology of PaslOp, a protease protec-

tion assay was performed (as described in Figure 2B).
PaslOp was trypsin accessible even in the absence of
detergent (Figure 7D, top panel), indicating that its
C-terminus extends into the cytoplasm (the antibodies
were specific for the C-terminal 120 amino acids of
PaslOp, the region downstream of the second putative
transmembrane domain). In contrast, the soluble lumenal
protein thiolase was degraded by trypsin only when
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AGAAATCCATcGCGA A CCCCAATAAACCT'1-rCAAAAGCVTACTGAAAAAGAGACTTl1GAAG
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AAGTCACAGAGCAATACGGTACTrGCCC1CTITGCCATAAACAGATTA ACCA CTIGCCGICATCGAAACGGGATATGGTATTTGCTAC
K S Q S N D G T C P L C H K O I T N P A V I E T G Y V F C Y

ACCTGTAITTTTCAAGCATCCTACACTGAGNCTGAGAAGaAGAATGTCC_ _ __A_ _TAGAAGACTCCTCGGATGC
T C I F K H L T S S E L D E E T G G R C P I T G R R L L G C

cGTGTCAG_GGAC GGACGGAATCCGTCC IATTAGATGAI TAGrATAAGTAGCCIITGGTAG
R I N K T T G E W T V D G I R R L M M

GTAATCATAACTGrAGGTC Tr A
EcoRV

Fig. 6. Nucleotide sequence of PASIO and its deduced amino acid sequence. The nucleotide sequence of a 1765 bp EcoRV fragment that
encompasses the PAS1O gene was determined in its entirety on both strands. The start codon, relevant restriction enzyme sites and the C3HC4
zinc-binding motif are underlined. The stop codon is highlighted with an asterisk. The deduced amino acid sequence is presented as single letter
code. These sequence data are available from EMBL/GenBankIDDBJ databases under accession No. U58140.

organelle membranes were disrupted with detergent
(Figure 7D, bottom panel).

The C-terminal zinc RING finger motif of Pas lOp is
essential for its biological activity
PaslOp contains a putative C3HC4 zinc-binding domain
within its C-terminal 70 amino acids (Freemont et al.,
1991). Although only five of the eight consensus zinc-
binding residues exist in the C3HC4 domain of PaslOp,
all other conserved hydrophobic amino acids of the RING
finger motif are present (Figure 8A). Three-dimensional
structures of C3HC4 zinc-binding domains have been
solved, revealing that RING fingers bind two zinc ions
via clusters of cysteine and histidine residues (Barlow
et al., 1994; Borden et al., 1995). If each of the eight zinc
binding residues is designated by a roman numeral and
ordered in the direction of the polypeptide chain, the first
zinc ion is coordinated by residues I, II, V and VI (all
Cys), while the second ion is bound by Cys III, His IV
and Cys VII and VIII. Applying this structural model to
PaslOp, it appeared that PaslOp contained all necessary
residues for the first zinc binding site but lacked three of
the four residues predicted to coordinate the second zinc
ion. Thus PaslOp may bind only one zinc ion.
To determine whether this putative zinc-binding domain

was important for biological activity of PaslOp, a series
of mutations were created and assayed for their ability to
rescue the methanol growth defect of the pasJOA mutant.
Deletion of either the entire RING domain (AC120) or

the region downstream of Cys VI (AC41) completely
abolished Pas lOp activity (data not shown). Loss of PASIO
function was also observed when we substituted serine
for either of two pairs of cysteine residues (C339S and
C359S or C339S and C362S) predicted to play a direct
role in binding zinc ions (Figure 8B).

Because the RING finger of PaslOp was essential for
biological activity of this protein, we next examined
whether it could physically bind zinc ions. The C3HC4
domain of PaslOp (encompassed within the 120 C-terminal
amino acids) was expressed in Escherichia coli as a

maltose binding protein (MBP) fusion, purified and ana-

lyzed by atomic absorption spectroscopy. The observed
molar ratio of zinc to protein for purified MBP-PaslOp
was -0.3. Although 0.3 is less than the predicted value
of one zinc ion per PaslOp molecule, neither MBP alone
nor a control fusion protein, MBP-Pxrlp (Kalish et al.,
1995), bound any zinc (depressed zinc-binding capacities
for bacterially synthesized zinc-binding proteins have been
noted; Borden et al., 1995). When MBP-PaslOp was

dialyzed overnight against 1 mM EDTA and re-assayed
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Fig. 7. PaslOp is an IPMP with its C-terminus extending into the cytoplasm. (A) Equal proportions of 25 000 g supernatant (S) and pellet (P)
fractions from wild-type yeast cells were analyzed by immunoblot with affinity-purified anti-PaslOp antibodies. (B) Mitochondria and peroxisomes
were fractionated as described in Figure 3A. Equal amounts of odd numbered fractions were assayed for levels of PaslOp by immunoblot. (C) A
membranous pellet was resuspended in 100 mM Na,CO3, pH 11.5. incubated on ice for 30 min and spun at 200 000 g for 30 min. A supematant (S)
consisting of peripheral membrane proteins and a pellet (P) containing integral membrane proteins were analyzed by immunoblot with anti-PaslOp
(top panel) and anti-Pas4p (bottom panel) antibodies. Pas4p is a peripheral peroxisomal membrane protein (Crane et al., 1994). (D) Protease
protection assays were performed as described in Figure 2B. Anti-PaslOp (top panel) and anti-thiolase (bottom panel) antibodies were utilized for
immunoblot analysis.

for the amount of zinc bound, the molar ratio of 0.3 was

unchanged, demonstrating that zinc was tightly bound to
this fusion protein.

Discussion
We have demonstrated the utility of peroxisomal forms
of GFP for the isolation and characterization of novel pas

mutants defective in peroxisomal protein import. More
importantly, these studies led to the identification of
P.pastoris PASIO and characterization of its product,
Pas Op. This protein is an IPMP that contains a C-terminal
RING finger which is essential for its biological activity.
Furthermore, biochemical and ultrastructural analysis of
the pasJOA mutant suggests that PaslOp is involved in
protein translocation across the peroxisome membrane.

Pas lOp plays a specific role in matrix protein
import
The role of PaslOp in peroxisome assembly was addressed
by examining the import capabilities of peroxisomes
depleted of this protein. Fluorescence microscopy analysis
of paslOA cells expressing either PTS I-GFP, PTS2-GFP
or IPMP-GFP demonstrated that PaslOp is required for
import of PTS1 and PTS2 proteins but is dispensable for
targeting an integral membrane protein to peroxisomes.
Traditional biochemical analyses of pasJOA cells led to

the same conclusion. In addition, protease protection
experiments and immunoelectron microscopy studies
revealed that the endogenous IPMP Pas7p (Kalish et al.,
1995) had inserted and oriented properly into the perox-

isome membrane of pasJOA cells. Although the total
membrane surface area of peroxisomes is much lower in
pasJOA cells than in wild-type cells, similar levels of
Pas7p were detected in organelle pellet fractions from
both strains. Consistent with this observation, antibodies
specific for Pas7p appeared to label the peroxisome
membrane more densely in pasJOA cells than in wild-
type cells. Taken together, these studies indicate that
Pas lOp is required for import of peroxisomal matrix
proteins but is not required for targeting, inserting or

orienting IPMPs into peroxisome membranes and thus for
synthesis of peroxisome membranes.

Pas lOp is involved in peroxisomal protein
translocation
While the data clearly show that PaslOp is required for
import of peroxisomal matrix proteins, what is its role in
the import process? One approach used to address the
function of a peroxisome assembly factor is to examine
the properties of peroxisomes in the corresponding pas
mutant. For instance, peroxisomes of Ppastoris pas] and
pasS cells import sufficient amounts of peroxisomal matrix
proteins to sediment in sucrose gradients at the density
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Fig. 8. The RING finger of PaslOp is essential for its biological
activity. (A) Comparison of the consensus C3HC4 zinc-binding motif
and the RING finger of PaslOp. Conserved residues of the C3HC4
motif are represented by one letter code and X denotes non-conserved
positions. Solid lines represent amino acid identities, the dashed line
denotes an amino acid similarity and underlined residues show
deviations from the conserved C3HC4 motif. (B) HIS4-based
replicating vectors containing either wild-type PASIO, double point
mutants (C339S, C359S or C339S, C362S) or no insert (vector) were

transformed into the pasJOA, his4A strain. HIS+ transformants were

selected on minimal dextrose medium and tested for growth in liquid
methanol medium. Optical densities of the cultures were measured at
600 nm over a period of 135 h.

typical of peroxisomes (Spong and Subramani, 1993;
Heyman et al., 1994). Based on these findings, Heyman
et al. (1994) and Spong and Subramani (1993) concluded
that PasIp and Pas5p are not involved in protein transloca-
tion across the peroxisome membrane. In contrast, subcel-
lular fractionation and ultrastructural analyses revealed
that the vast majority of peroxisomes (98%) of pasJOA
cells migrated to an anomalously low density in sucrose

gradients and appeared to contain little lumenal space.
Thus, peroxisome membranes form in the absence of
PaslOp, but translocation of proteins across these mem-
branes may be extremely inefficient.

Defects in the import of PTS1 and PTS2 proteins have
also been reported for other yeast pas mutants and human
PBD cell lines. For example, Ppastoris pas7 cells (Kalish
et al., 1995) display a similar yet more severe defect in
protein translocation than pasJOA cells. PBD fibroblasts
from complementation groups 3 and 10 also appear to be
unable to import peroxisomal matrix proteins (Slawecki
et al., 1995). However, the majority of pas mutants are
translocation competent, importing small amounts of both
PTS 1 and PTS2 proteins into peroxisomes. This phenotype
has been observed for P.pastoris pas], pas5 and pas4
mutants (Spong and Subramani, 1993; Heyman et al.,
1994; J.E.Kalish and S.J.Gould, in preparation) and PBD
fibroblasts from complementation groups 1, 4, 6 and 8
(Slawecki et al., 1995). Recently, the gene mutated in
PBD group 4 cells, PXAAAJ, was identified and shown
to be the human ortholog of Ppastoris PAS5 (Yahraus
et al., 1996). A selective defect in PTS 1 or PTS2 protein
import has been reported for cells carrying mutations in
the PTS1 and PTS2 receptor genes (McCollum et al.,

HpPer8p

PpPas7p*

HsPaflp

PaCarlp

PpPer6p*

PpPaslOp*

Fig. 9. Dendogram representation of relatedness between known zinc
binding peroxisome assembly factors. Sequences of all six proteins
were analyzed using the PILE-UP algorithm of the GCG package with
a gap width of 3.0 and gap extension of 0. 1. Branch lengths are a
measure of divergence among the proteins. Abbreviations: Hp,
H.polymorpha; Hs, Homo sapiens; Pa, Panserina; Pp, P.pastoris.

1993; van der Leij, 1993; Marzioch et al., 1994; Dodt
et al., 1995; Zhang and Lazarow, 1995). In addition, a more
generalized peroxisome assembly defect, characterized by
an inability to import peroxisomal membrane proteins, as
well as PTS 1 and PTS2 matrix proteins, has been observed
in a yeast mutant (Waterham et al., 1993) and a PBD
fibroblast cell line (G.Dodt and S.J.Gould, manuscript
submitted). These phenotypes suggest the existence of at
least one gene involved either in the synthesis of perox-
isome membranes or targeting IPMPs to the peroxisome
membrane.

Pas lOp represents the third zinc-binding IPMP
required for peroxisome assembly
PaslOp is an IPMP required for peroxisome assembly and
a C3HC4 zinc-binding protein. These properties have been
found in two other P.pastoris proteins, Pas7p (Kalish
et al., 1995) and Per6p (Waterham et al., 1996), as well
as in human PafIp, H.polymorpha Per8p (Tan et al., 1995)
and Podospora anserina Carlp (Berteaux-Lecellier, 1995).
We examined the amino acid sequences of these six
proteins using the relatedness algorithm PILE-UP (Genet-
ics Computer Group Inc., Madison, WI). The results of
this analysis are presented as a dendogram in which the
branch lengths are a relative measure of divergence (Figure
9). PaslOp appears to be a unique peroxisome assembly
factor, whereas Ppastoris Pas7p and H.polymorpha Per8p
represent a second subfamily and Ppastoris Per6p is most
closely related to human Paflp and P.anserina Carlp.
Given that P.pastoris PaslOp, Pas7p and Per6p all share
similar general features, it will be particularly interesting
to determine whether there is any functional redundancy
between these proteins. Such redundancy would most
likely occur for PaslOp and Per6p because their RING
fingers both extend into the cytoplasm.

The zinc-binding domain of PaslOp is essential for
biological activity
Unlike other members of the RING finger superfamily,
PaslOp does not contain all eight zinc-binding residues of
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Table I. Yeast strains and their source or reference

Strain Genotype Source/reference

PPY3 arg4-1 Gould et al. (1992)
SGY30 arg4-1, his4A::ARG4 (pSM102) this study
SGY31 arg4-1, his4A::ARG4 (pJM205) this study
SGY32 arg4-1, his4A::ARG4 (pJM182) this study
SGY55 arg4-1, his4A::ARG4 Crane and Gould (1994)
SGY 1 32 arg4-1, pas7A::LEU2, his4A::ARG4 Kalish et al. (1995)
SGY48 arg4-1, pas7A::LEU2. his4A::ARG4 (pSM 102) this study
SGY400A arg4-1, paslO-I this study
SGY400 arg4-1, paslO-1, his4A::ARG4 this study
SGY431 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJEK70) this study
SGY435 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJEK72) this study
SGY438 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJM50.1) this study
SGY439 arg4-1, paslOA::ARG4, his4A::ARG4 (pSG927) this study
SGY443 arg4-1, paslOA::ARG4, his4A::ARG4 this study
SGY456 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJEK107) this study
SGY459 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJEK127) this study
SGY60 arg4-1, pasJO-I. his4A::ARG4 (pSM102) this study
SGY68 arg4-1, pasIOA::ARG4, his4A::ARG4 (pSM102) this study
SGY69 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJM205) this study
SGY70 arg4-1, pasJOA::ARG4, his4A::ARG4 (pJM 182) this study

the classical C3HC4 motif but only enough to form a
single zinc-binding cluster (Freemont et al., 1991; Barlow
et al., 1994; Borden et al., 1995). Nevertheless, substituting
Ser for either of two pairs of zinc-binding Cys residues
eliminated PaslOp activity, as did deletion of the entire
zinc-binding domain or its C-terminal half. Furthermore,
a bacterially synthesized protein that contains the putative
zinc-binding domain of PaslOp did bind zinc ions. Taken
together these data suggest that PaslOp is a zinc binding
protein and that zinc binding is required for its function.
It will be interesting to determine whether this domain is
merely required for PaslOp to attain its proper tertiary
structure in the peroxisome membrane or whether PaslOp
uses this zinc-binding domain to interact with other
components of the peroxisomal protein import machinery.
Given the importance of PaslOp for protein translocation
into the peroxisome lumen, characterization of its zinc-
binding domain may aid in identifying other proteins
involved in import.

Materials and methods
Strains
The Ppastoris strains utilized in this report are shown in Table I and
were grown as described (Gould et al., 1992). The E.coli strain DHIOB
was used for all bacterial manipulations (Grant et al., 1990).

Plasmid construction
All cloning and subcloning procedures were carried out as described in
Sambrook et al. (1989). Peroxisomal forms of GFP were constructed
using the S65T-GFP mutant (Helm et al., 1995). PTS1-GFP was
created by PCR mutagenesis, directly appending the sequence 5'-
CCACTGCACTCAAAACTC-3' immediately upstream of the stop
codon. PTS2-GFP and IPMP-GFP were also created by PCR, appending
the GFP-S65T ORF to the 3'-end of the S.cerevisiae thiolase ORF (Igual
et al., 1991) and the PXSH3 ORF (Gould et al., 1996) respectively.
Human PXSH3 encodes a 43 kDa IPMP. Each peroxisomal GFP gene
was originally constructed in the vector pcDNA3 (Invitrogen). For
expression in yeast, modified GFP genes were cloned downstream of
the PAS8 promoter in the vector pGD79 (Dodt et al., 1995), creating
pSM 102 (PTS1-GFP), pJM205 (PTS2-GFP) and pJM 182 (IPMP-GFP).
The PASIO gene was cloned by functional complementation of the

paslO-I strain using a HIS4-based P.pastoris genomic DNA library. Full
complementing activity was found within a 1765 base pair (bp) EcoRV
fragment. pJM50.1 consisted of this EcoRV fragment in the EcoRV site

of the HIS4-based replicating plasmid pSG927 (Crane and Gould, 1994).
The plasmid (pJM66) utilized for chromosomal deletion of the PAS1O
gene was created by inserting 425 nucleotides of the 5'-untranslated
region of PASIO and 440 nucleotides of the 3-untranslated region
of PAS1O upstream and downstream of the S.cerevisiae ARG4 gene
respectively in the plasmid pSG915. Truncations at the 3'-end of the
PASIO gene were generated by removing either the C-terminal 120
codons (ACI120, pJEK70) or the C-terminal 41 codons (AC41, pJEK72).
The Cys->Ser substitution mutants were created by site-directed muta-
genesis using the C339S oligonucleotide (5'-GACGGTACCTCCCCT-
CTTTGCCATAAACAG-3') and either the C359S oligonucleotide (5'-
AGAACTAGTGAGATGCTTGAAAATACAGGTGTAGGAAAATAC-
ATA-3') or the C362S oligonucleotide (5'-AGAACTAGTGAGATGCT-
TGAAAATAGAGGTGTAGCA-3'). Structures of the PASIO-C339S,
C359S (pJEK107) and PASIO-C339S, C362S (pJEK127) genes were
confirmed by restriction mapping and sequence analysis (Sanger et al.,
1977). The plasmid (pJM59) used for expression of the C-terminal 120
amino acids of PaslOp in bacteria (for generation of antibodies and zinc-
binding studies) was created by inserting the 462 bp EcoRI fragment
from pJM50.1 into the EcoRI site of pMAL-c2 (New England Biolabs).
The vector (pJEK21) used for expression of thiolase in Ecoli was
constructed by inserting the S.cerev'isiae thiolase ORF between the
BamHI and XbaI sites of pMAL-c2.

DNA recovery from yeast and yeast transformations
DNA was extracted from yeast cells according to a modified protocol
of Hoffman and Winston (1987), as outlined previously (Crane et al.,
1994). Isolated DNA was amplified in E.coli and reintroduced into yeast
strains by electroporation (Cregg et al., 1985; Crane et al., 1994). The
paslO disruption strain (paslOA) was generated by transformation of the
linear Asp718-SpeI fragment of pJM66 into PPY3 and selecting for
ARG+ prototrophs. The desired rearrangement was confirmed by
Southern blot analysis.

Fluorescence, electron and immunoelectron microscopy
Yeast cells expressing peroxisomal forms of GFP were examined with
a Bio-Rad MRC-600 scanning laser confocal imaging system. For both
electron and immunoelectron microscopy studies, wild-type (SGY55)
and paslOA (SGY443) cells were grown in dextrose medium and then
incubated in methanol or oleic acid medium for 18 h to induce peroxisome
proliferation. Transmission electron microscopy was performed as

described previously (Gould et al., 1992). For immunoelectron micro-
scopy cells were fixed with 0.5% glutaraldehyde, 3% formaldehyde, 0.2
M cacodylate buffer, pH 7.2, on ice overnight and processed as described
(Keller et al., 1987). Labeling was performed with protein A-gold
conjugates (10 nm).

Quantitation of zinc in protein samples
The plasmid pJM59, containing the C3HC4 domain of PaslOp, was

introduced into DH1OB cells and propagated in LB medium. The
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MBP-PaslOp fusion protein was induced and then purified by affinity
chromatography over amylose resin as described (Kalish et al., 1995).
Purified MBP-PaslOp, MBP-Pxrlp and MBP were analyzed by atomic
absorption spectroscopy as described (Kalish et al., 1995).

Antibodies, SDS-PAGE and Western blot analysis
Antibodies to PaslOp and yeast thiolase were generated by injecting
bacterially synthesized proteins into rabbits. Crude anti-PaslOp and anti-
thiolase sera were affinity purified as described (Crane et al., 1994).
Affinity-purified anti-Pas4p and anti-Pas7p antibodies are described
elsewhere (Crane et al., 1994; Kalish et al., 1995). Secondary antibodies
(horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies) used
for chemiluminescent detection of primary antibodies were obtained
from Sigma. Proteins were separated by SDS-PAGE on either 4-15 or
4-20% gradient polyacrylamide gels (Bio-Rad) and analyzed by Western
blot as described (Crane et al., 1994). To reduce non-specific binding,
Immobilon-P membranes (Millipore) were incubated with primary anti-
bodies in a 10% non-fat dried milk (Carnation)/TBST solution (25 mM
Tris-HCI, pH 7.4, 137 mM NaCl, 3 mM KCI, 0.1% Tween 20).

Subcellular fractionation, protease protection assays and
enzyme assays
Differential centrifugation, subcellular fractionation, sodium carbonate
extraction (Fujiki et al., 1982a,b) and protease protection assays were
performed as described (Crane et al., 1994). For these experiments,
equal amounts of each fraction (by proportion, not protein concentration)
were analyzed by Western blot. Catalase activity was assayed as described
by Peters et al. (1972), SDH was measured according to Pennington
et al. (1961) and density was determined by refractometry.

Two-step flotation gradients
A 25 000 g pellet from paslOA cells was separated over a linear 32-
60% sucrose gradient as described previously (Crane et al., 1994).
Fractions of I ml were collected from the bottom of the gradient and
the refractive indices were measured. The five fractions with refractive
indices that matched most closely with (i) the normal density catalase
peak (fractions 11-15, Pop2) and (ii) the peroxisome membrane-rich
peak (fractions 25-29, Popl ) were pooled. Aliquots of 200 ,ul from each
pooled sample were transferred to a 5 ml Ultra-clear Beckman tube and
overlaid with 2.4 ml 60% sucrose and then 2.4 ml 28% sucrose. The
gradients were spun in a SW55 rotor at 170 000 g for 18 h at 4°C. Ten
fractions of 0.5 ml were collected from the bottom of the gradients and
each fraction was assayed for catalase activity, density and levels of
Pas7p by Western blot analysis. Relative amounts of Pas7p were
quantitated by densitometry.
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