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We report the cloning of PERG, a gene essential for peroxisome biogenesis in the methylotrophic yeast Pichia
pastoris. The PER6 sequence predicts that its product Per6p is a 52-kDa polypeptide with the cysteine-rich
C3HC4 motif. Per6p has significant overall sequence similarity with the human peroxisome assembly factor
PAF-1, a protein that is defective in certain patients suffering from the peroxisomal disorder Zellweger
syndrome, and with carl, a protein required for peroxisome biogenesis and caryogamy in the filamentous
fungus Podospora anserina. In addition, the C3HC4 motif and two of the three membrane-spanning segments
predicted for Per6p align with the C3HC4 motifs and the two membrane-spanning segments predicted for
PAF-1 and carl. Like PAF-1, Per6p is a peroxisomal integral membrane protein. In methanol- or oleic
acid-induced cells of per6 mutants, morphologically recognizable peroxisomes are absent. Instead, peroxisomal
remnants are observed. In addition, peroxisomal matrix proteins are synthesized but located in the cytosol. The
similarities between Per6p and PAF-1 in amino acid sequence and biochemical properties, and between
mutants defective in their respective genes, suggest that Per6p is the putative yeast homolog of PAF-1.

Peroxisomes are organelles found in virtually all eukaryotic
cells and are morphologically characterized by a single mem-
brane surrounding a protein-rich matrix. The biochemical hall-
marks of peroxisomes are the presence of catalase and at least
one hydrogen peroxide-generating oxidase (8). Their size,
abundance, and enzymatic content reflect their specific meta-
bolic function and vary depending upon the organism, cell
type, and environmental conditions. Peroxisomes are involved
in several essential catabolic and anabolic pathways. For ex-
ample, in mammalian cells, the organelles are involved in the
oxidative degradation of fatty acids (pB-oxidation), purines, D-
amino acids, and pipecolic acid, as well as in the biosynthesis of
ether-linked glycerolipids (including plasmalogens), choles-
terol, and bile acids (36, 62). Peroxisomes are indispensable for
human survival as demonstrated by the existence of genetic
peroxisomal disorders, several of which are lethal (for a review,
see reference 66). These disorders range in cause from defi-
ciencies in a single peroxisomal enzyme to defects in genes
essential for assembly or biogenesis of functional peroxisomes.
The most severe disorder, Zellweger syndrome, is character-
ized by the absence of peroxisomes. Complementation analysis
of human Zellweger syndrome cell lines has revealed that
mutations in any one of at least nine different genes are re-
sponsible for this disorder (53). Three of these genes have
been identified. The first gene encodes the peroxisomal assem-
bly factor 1 (PAF-1), a 35-kDa peroxisomal integral membrane
protein containing the cysteine-rich C3HC4 motif (54). The
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second encodes PMP70, a member of the ATP-binding cas-
sette transporter family (18, 19, 29). The third and most re-
cently discovered gene, PXRI or PTSIR, was identified by the
similarity of its product to the yeast Pichia pastoris PASS gene
product, a putative import receptor of one class of peroxisomal
matrix proteins (11, 42, 69), and by a two-hybrid screen (16).
Since peroxisomes do not contain DNA or ribosomes, pro-
teins destined for the organelle are most likely encoded by
nuclear genes. Peroxisomal proteins are synthesized in the
cytoplasm and posttranslationally imported into the organellar
matrix or surrounding membrane (3, 35). Two distinct classes
of peroxisomal targeting sequences responsible for correct de-
livery of matrix proteins to the organelles have been identified.
The first is PTS1, a tripeptide of the sequence SKL (and
conservative variants) that is present at the extreme carboxy
terminus of many matrix proteins (9). PTS1 functions in ani-
mals, plants, and yeasts and thus has been conserved through
evolution (22, 23, 57). The second, PTS2, with the consensus
sequence RLX H/QL, was initially identified at the amino
terminus of 3-keto-acyl coenzyme A thiolase of mammals (46,
56) and yeasts (21) but has recently been identified on water-
melon glyoxysomal malate dehydrogenase (20), amine oxidase
(15), and Perlp (67) from the yeast Hansenula polymorpha.
Little is known about targeting of peroxisomal membrane pro-
teins, although a 68-amino-acid internal sequence of PMP47, a
peroxisomal integral membrane protein from the yeast Can-
dida boidinii, is essential for sorting of this protein (41).
Yeasts have emerged as major model systems to investigate
the molecular mechanisms involved in peroxisome biogenesis.
In addition to the ease of handling of these organisms and their
ability to be manipulated by classical and molecular genetic
methods, a major advantage of yeasts is that the requirement
for peroxisomes for their viability is conditional and can be
manipulated by the growth environment (64). Thus, peroxi-
some biogenesis mutants of yeasts can be readily identified by



2528 WATERHAM ET AL.

TABLE 1. P. pastoris strains used

. Source or

Strain Genotype reference
JC100 Wild type NRRL Y-11430
GS115 his4 6
GS200 his4 arg4 This study
JC114 per6 This study
JC116 (per6-1) per6 his4 This study
JC214 (per6A) per6::SHIS4 his4 arg4 This study

their inability to grow on substrates that require peroxisomes
for their metabolism, whereas they are viable when grown on
non-peroxisome-requiring substrates. Several genes essential
for peroxisome biogenesis have been cloned by functional
complementation of such mutants, providing valuable insight
into the biogenesis of the organelles (e.g., 5, 13, 14, 26-28, 37,
42, 55, 58, 67). The suitability of the methylotrophic yeast P.
pastoris as a model system is underscored by the recent iden-
tification of the human homolog of the P. pastoris PASS gene,
whose product is a PTS1 receptor candidate and is mutated in
one complementation group of Zellweger syndrome patients
(11, 69). Thus, studies of a P. pastoris peroxisomal biogenesis
gene have resulted in the identification of a human disease
gene and its etiology at the molecular level.

Previously, we and others described the isolation of a col-
lection of peroxisome biogenesis-defective mutants of P. pas-
toris (24, 38). These mutants are defective in the ability to grow
on methanol and oleic acid, substrates that require peroxiso-
mal enzymes to be metabolized, but grow well on other non-
peroxisome-requiring substrates, such as glucose, glycerol, and
ethanol. Like Zellweger syndrome cells, these mutants lack
normal peroxisomes and the peroxisomal matrix enzyme cata-
lase is located in the cytosol. Here, we report the cloning of the
PERG gene by functional complementation of a P. pastoris per6
mutant. We show that PER6 encodes a peroxisomal integral
membrane protein that is essential for peroxisome biogenesis
in P. pastoris. Although Per6p is a novel protein, it has signif-
icant overall amino acid sequence similarity with PAF-1, a
peroxisomal integral membrane protein that is essential for
human peroxisome biogenesis and is defective in one of the
Zellweger syndrome complementation groups (53, 54).

MATERIALS AND METHODS

Strains, media, and microbial techniques. P. pastoris strains used in this study
are listed in Table 1. Shake-flask cultures were grown or induced at 30°C in
selective minimal YND, YNM, or YNO medium (0.17% [wt/vol] yeast nitrogen
base without amino acids [Difco Laboratories Inc., Detroit, Mich.] supplemented
with 0.4% [wt/vol] glucose, 0.5% [vol/vol] methanol, or 0.2% [vol/vol] oleic acid
with 0.05% [vol/vol] Tween 40 and 0.05% [wt/wt] yeast extract) or in YPD
medium (1% [wt/vol] yeast extract, 2% [wt/vol] peptone, and 2% [wt/vol] glu-
cose). For peroxisome purifications, cells were grown in continuous cultures at a
volume of 2 liters and at 30°C with a Bioflo III fermentor (New Brunswick
Scientific, Edison, N.J.) in a basic mineral medium composed of 0.2 g of
MgSO, - 7 H,0 per liter, 1 g of KH,PO, per liter, 0.5 g of yeast extract per liter,
1 ml of a concentrated (1,000X) trace salts solution (see below), and 40 g of
biotin per liter. (NH,),SO, (2 g/liter) was used as a nitrogen source. Either 0.5%
(vol/vol) methanol or 0.1% (vol/vol) oleic acid plus 0.05% (vol/vol) Tween 40 was
used as a carbon and energy source. The trace salts solution was composed of 4 g
of ZnCl, per liter, 1 g of MnSO, - H,O per liter, 1.5 g of CaCl, per liter, 1 g of
FeCl; - 6 H,O per liter, 0.05 g of H;BO; per liter, 0.3 g of CuSO, + 5 H,O per
liter, and 0.5 g of Na,MoO, - 2 H,O per liter. For growth of auxotrophic strains,
histidine or arginine was added to a final concentration of 50 pwg/ml. The sporu-
lation (mating) medium and procedures for classical genetic manipulation of P.
pastoris have been described previously (38). Transformations of P. pastoris were
performed by the spheroplast method (6) or by electrotransformation (1). Cul-
tivation of Escherichia coli strains (MC1061, DH5«a, and TB1) and standard
recombinant DNA techniques were performed essentially as described previ-
ously (49).

MoL. CELL. BIOL.

Cloning and sequence analysis of PER6. To isolate the PER6 gene, the P.
pastoris per6-1 mutant JC116 was transformed with a P. pastoris genomic DNA
library (37) by the spheroplast transformation method (6). Following selection
for histidine prototrophy on YND plates, the transformants were collected from
the plates, pooled, and inoculated in liquid YNM medium at a starting optical
density at 600 nm (ODg) of 0.1. After 3 days of incubation at 30°C, growth of
the culture was observed and the cells were harvested. Plasmids were recovered
by transformation of E. coli MC1061 with total DNA extracted from the yeast
cells. One vector, named pYT6, was recovered, one which, upon retransforma-
tion of JC116, simultaneously restored histidine prototrophy and methanol
growth and was selected for further study. The complementing region was re-
duced to a 3-kilobase-pair (kb) Clal fragment by testing selected subfragments of
the 6.5-kb insert in pYT6 for their ability to complement JC116 for methanol
growth. A 1.5-kb Clal-Dral subfragment was subcloned into Clal- and Hincll-,
and Clal- and EcoRV-digested, pBluescript II SK+ (Stratagene, La Jolla, Calif.),
and a series of nested deletions was created by limited exonuclease III digestion
as described previously (49). Double-stranded DNA sequencing of the resulting
subclones was performed by the dideoxy method (50) with Sequenase 2.0 (U.S.
Biochemical, Cleveland, Ohio). In addition, several gene-specific 17-bp oligonu-
cleotides were synthesized to complete or confirm the DNA sequence of certain
regions. For analysis of DNA and amino acid sequences, MacVector software
(IBI, New Haven, Conn.) or PCGENE release 6.8 (IntelliGenetics, Mountain
View, Calif.) was used. Sequence alignments were performed with the PALIGN
program of PCGENE with the Dayhoff MDM-78 matrix (settings: open gap cost,
150; unit gap cost, 100). The BLAST Network Service of the National Center for
Biotechnology Information was used to search for sequence similarities in dif-
ferent protein databases.

Construction of a PER6 disruption strain. To disrupt the wild-type PER6
gene, a 4-kb BamHI subfragment from pYT6 was first subcloned into the unique
BamHI site of pBR322, resulting in a plasmid named pRW6. Next, a 4-kb
BamHI-Nrul fragment from pYMS (6) containing the Saccharomyces cerevisiae
HIS4 (SHIS4) gene was ligated into BamHI- and Smal-digested pBWS, a deriv-
ative of pUC19 in which a Sacl site had been converted into a Mlul site by
insertion of an oligonucleotide adapter. The SHIS4 fragment was released from
pBWS5 with BamHI and Miul and inserted into pRW6 digested with Bg/II and
Miul. This resulted in a deletion of 612 bp of the PER6 open reading frame. The
resulting plasmid, named pUZ12, was digested by BamHI to yield a 7.9-kb
fragment composed of the SHIS4 gene flanked by PER6 5" and 3’ sequences and
transformed into P. pastoris GS200. Selected histidine prototrophic transfor-
mants were screened for the ability to grow on YNM plates. Methanol utiliza-
tion-defective (Mut ™) strains were examined for correctly targeted genomic
integration by Southern blot analysis of chromosomal DNA isolated from several
independent Mut™ strains. One per6A disruption strain, named JC214, was
selected for further studies.

Preparation of anti-Per6p antibodies. The carboxy-terminal two-thirds of
Per6p was expressed in E. coli as a fusion protein with maltose-binding protein
(MBP) with the Protein Fusion and Purification System supplied by New En-
gland Biolabs (Beverly, Mass.). To enable subcloning of a 908-bp Bg/II-Hincll
fragment from pYT6 in the MBP reading frame of pMAL-c2, an adapter oligo-
nucleotide (5'-AATTCCGGATCCCTGCAGGATATCA-3") was inserted be-
tween the EcoRI and HindIII site of pMAL-c2 to create an in-frame BamHI site.
A second adapter oligonucleotide (5'-GAGGCCTCTGCA-3") was then inserted
into the PstI site of the vector to create a unique Stul site. The resulting plasmid,
pBW2, was digested with BamHI and Stul, and the Bgl/II-Hincll fragment from
pYT6 was inserted to produce the MBP-Per6p expression plasmid pMW6. Ex-
pression of the MBP-Per6p hybrid protein under control of Ptac in E. coli TB1
was induced by addition of 0.3 mM isopropyl-p-p-thiogalactopyranoside to ex-
ponentially growing cultures. Purification of the MBP-Per6 protein with amylose
resin and DEAE Sepharose CL-6B resin (Pharmacia, Uppsala, Sweden) was
performed according to the instructions of New England Biolabs. Purified MBP-
Per6p fusion protein was used to immunize rabbits. Per6p-specific antibody
preparations were obtained by affinity purification of the antiserum. The crude
serum was first passed twice through a CNBr-Sepharose column containing total
protein of E. coli TB1 transformed with pMAL-c2. Subsequently, the flow-
through was loaded onto an MBP-Per6p fusion protein column, and then the
bound antibodies were eluted with 0.2 M glycine plus 1 mM EGTA [ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid] (pH 2.4). The eluted
fractions were neutralized to pH 7 with 1 M Tris, pooled, and then passaged a
second time through the MBP-Per6p fusion protein column. After addition of
bovine serum albumin to a final concentration of 2 mg/ml, the pooled and
neutralized fractions were passed twice through a column containing total pro-
tein from the P. pastoris per6A disruption mutant JC214. Concentration and
buffer exchange of the final flowthrough were performed with a Centriprep-10
concentrator (Amicon Corp., Beverly, Mass.). The Per6p-specific antibodies
were aliquoted and stored at —70°C in phosphate-buffered saline buffer (49).

Expression of luciferase in yeast strains. As a reporter protein for PTS1
protein import, the gene encoding firefly luciferase (LUC) was expressed under
control of the P. pastoris alcohol oxidase (AOX) 1 gene promoter (40X1p). The
wild-type and per6A strains were transformed with the ARG4-based AOX1p-LUC
plasmid pJAH23 (a gift from S. Subramani, University of California at San
Diego). The per6-1 mutant was transformed with pHWO17, a plasmid composed
of the AOXIp-LUC expression cassette from pJAH23 subcloned as a Bg/II-Pvull
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fragment into the Bg/II and blunted Clal sites of the HIS4-based vector pHIL-A1
(Invitrogen, San Diego, Calif.).

Subcellular fractionation. Wild-type and per6 mutant cells were pregrown in
YPD medium, transferred during logarithmic growth phase by centrifugation
into YNM or YNO medium, and then induced for 6 h at 30°C. Subcellular frac-
tionations of these cells were performed as described previously (38). In addition,
subcellular fractionations of cells from continuous cultures were performed by
the following method. After harvesting by centrifugation (5 min, 6,000 X g) and
washing with an 0.25 volume of water, the cells were resuspended at an ODy, of
37.5 in 20 mM potassium phosphate buffer (KP;, pH 7.5) supplemented with 20
mM B-mercaptoethanol. Following incubation for 15 min at 30°C, cells were
harvested, washed once with KP; alone and once with KP; supplemented with 1.2
M sorbitol, and finally suspended at an ODg, of 50 in KP; with 1.2 M sorbitol.
Cells were converted to protoplasts by adding 0.8 mg of Zymolyase 100T (ICN,
Costa Mesa, Calif.) per 500 ODg, units and incubated for 45 to 90 min at 30°C.
All subsequent steps were performed at 4°C. After harvesting by centrifugation
(10 min, 6,000 X g), the protoplasts were gently homogenized at an ODy, of 175
in MES™ buffer (5 mM 4-morpholineethanesulfonic acid, 1 mM MgCl,, 1 mM
EDTA, and 0.1% ethanol) supplemented with 1 M sorbitol, 1 mM phenylmeth-
ylsulfonyl fluoride, and 0.21 mg of NaF per ml by 10 strokes in a Potter-Elvehjem
tissue grinder. To remove cell debris, nonlysed protoplasts, and nuclei, the
homogenate was centrifuged at 2,500 X g for 10 min. The resulting supernatant
was saved, and the pellet was suspended in MES™ buffer supplemented with 1 M
sorbitol, phenylmethylsulfonyl fluoride, and NaF; suspension was followed by 10
more strokes and centrifugation at 2,500 X g for 10 min. The pooled superna-
tants were centrifuged two to four times at 2,500 X g for 10 min until virtually no
protoplasts were observed in samples of the supernatant by phase-contrast light
microscopy. The organelles in the final supernatant were sedimented at 30,000 X
g for 30 min. The resulting organelle pellet, consisting mainly of mitochondria
and peroxisomes, and corresponding supernatant were used for biochemical
analysis. For purification of peroxisomes, organelle pellets were further fraction-
ated in discontinuous sucrose gradients. The organelle pellet resulting from
approximately 3,500 ODg, units of homogenized cells was gently suspended in
4 ml of MES™ buffer supplemented with 1.2 M sorbitol by a few strokes in a
Potter-Elvehjem tissue grinder with a loosely fitting pestle. The organelles were
then loaded on top of a sucrose gradient composed of 4 ml of 60%, 5 ml of 50%,
7 ml of 45%, 6 ml of 40%, 3 ml of 35%, and 4 ml of 32% (wt/wt) sucrose in MES™
buffer and centrifuged at 4°C for 6 h at 27,000 rpm in a Beckman SW27 Ti rotor.
Fractions of approximately 1.2 ml were collected from the bottom of the tube
and used for biochemical analysis.

Protein extractions with Na,CO; (68), urea (7), and Triton X-114 (4) were
performed as described elsewhere.

Biochemical methods. Peroxisomal AOX (65) and catalase (CAT) (39), mi-
tochondrial cytochrome ¢ oxidase (12), and cytosolic glyceraldehyde 3-phosphate
dehydrogenase (40) activities were assayed at 30°C by established procedures.
Luciferase activity was assayed by the Luciferase Assay System from Promega
(Madison, Wis.) as described previously (45). Protein concentrations were de-
termined with Bio-Rad Laboratories (Hercules, Calif.) or Pierce bicinchoninic
acid (Rockford, Ill.) protein assay kits with bovine serum albumin as a standard.
Transfer of proteins onto nitrocellulose after sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (34) with the Bio-Rad Mini Trans-Blot Elec-
trophoretic Transfer Cell was performed as indicated by the manufacturer.
Immunoblotting experiments were performed with the Tropix Western Light Kit
(Bedford, Mass.) with specific polyclonal antibodies against Per6p, AOX, dihy-
droxyacetone synthase (DHAS), or thiolase (a gift from W. H. Kunau, Ruhr
University, Bochum, Germany).

Electron microscopy. Electron microscopy and immunocytochemistry were
performed as described by Waterham et al. (67).

Nucleotide sequence accession number. The sequence data for P. pastoris
PERG are available from EMBL, GenBank, and DDBJ under accession number
X96945.

RESULTS

Cloning and sequence analysis of the PER6 gene. The PER6
gene was cloned by functional complementation of the P. pas-
toris per6-1 mutant JC116 with a P. pastoris genomic DNA
library. This mutant was one of a collection of peroxisome-
deficient (per) mutants, representing eight different comple-
mentation groups isolated in our laboratory (38) (see below for
physiological and biochemical characterization of the per6-1
mutant). Library transformants were first selected for histidine
prototrophy (His*) and subsequently for restored ability to
grow on methanol (Mut™). After transformation of the total
DNA extracted from a pool of His* Mut™ transformants into
E. coli, one plasmid, named pYT6, was recovered. pYT6 si-
multaneously transformed the per6-1 strain to His™ and Mut™
at high frequency, indicating that the plasmid harbored the
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PERG6 gene. The complementing activity in pYT6 was con-
tained within a 6.5-kb genomic DNA insert in the plasmid and
was subsequently found to reside within a 3-kb Clal subfrag-
ment. Northern (RNA) blots, with equal amounts of total
RNA isolated from glucose- and methanol-grown wild-type
cells of P. pastoris and the complementing Clal fragment as
probe, revealed a single transcript of approximately 1.4 kb (not
shown). The transcript was present at a higher level in meth-
anol-grown cells relative to glucose-grown cells as expected for
a PER gene transcript since peroxisomes are strongly induced
by methanol in P. pastoris.

The DNA sequence of a major portion of the Clal fragment
revealed one long open reading frame of 1,383 bp encoding a
polypeptide of 461 amino acids with a calculated molecular
mass of 52 kDa (Fig. 1A). Hydropathy analysis indicated that
the PER6 gene product Per6p possesses several potential
membrane-spanning segments (Fig. 1B) (33). On the basis of
the algorithm of Klein et al. (30), three membrane-spanning
regions were predicted (Fig. 1A; residues 108 to 124, 172 to
189, and 226 to 242) of which one (residues 172 to 189) meets
the requirements of a transmembrane a-helix according to the
algorithm of Rao and Argos (47). These predictions suggest
that Per6p may be an integral membrane protein. The carboxy
terminus of Per6p is hydrophilic because of the presence of
many aspartic and glutamic acid residues in this region. Over-
all, the amino acid sequence of Per6p contains more negatively
charged residues (67) than positively charged residues (45),
resulting in an acidic protein with an isoelectric point of 4.6.
The amino acid sequence of Per6p contains the cysteine-rich
C3HC4 motif in the carboxy-terminal half (Fig. 1A; residues
281 to 351). Interestingly, such a C3HC4 motif has been found
in several proteins that are essential for peroxisome biogenesis
in both yeasts and mammals (see Discussion).

A search of protein databases revealed significant overall
amino acid sequence similarity between Per6p and PAF-1, a
peroxisomal membrane protein essential for human peroxi-
some biogenesis (Fig. 2; 29% identity, 46% similarity [54]) and
its rodent homologs (rat, 26% identity, 44% similarity [60];
Chinese hamster, 28% identity, 46% similarity [61]). Signifi-
cant similarity was also found with carl from the filamentous
fungus Podospora anserina, a protein required for peroxisome
biogenesis and caryogamy and a proposed homolog of the
mammalian PAF-1 proteins (Fig. 2; 27% identity, 44% simi-
larity [2]). In addition to the overall similarity in sequence, the
C3HC4 motif and two of the three predicted membrane-span-
ning segments of Per6p align with the C3HC4 motifs and the
two membrane-spanning segments predicted for PAF-1 and
carl (Fig. 2; the cysteine-rich motif of carl has a cysteine
substituted for the histidine). Sequence similarity was also ob-
served between Per6p and the unpublished S. cerevisiae CRT1
gene product, Crtlp (29% identity, 42% similarity; GenBank
accession no. M86538). Finally, the carboxy terminus of Per6p
showed sequence similarity with aspartate- and glutamate-rich
domains of numerous proteins. However, this similarity seemed
nonspecific since it was strictly limited to the acidic residues in
these regions and was not regarded as significant. The acidic
carboxy terminus of Per6p is not present in PAF-1 but is
observed in carl. In addition, carl has an amino-terminal ex-
tension which is not present in either PAF-1 or Per6p (Fig. 2).

Construction of a PER6 disruption mutant. To confirm that
the identified open reading frame is the PER6 gene, a gene
disruption was performed by the gene replacement method
(48). For the replacement, a plasmid was constructed, one in
which 612 bp of the PER6 coding sequence (nucleotides 489 to
1,100 encoding amino acid residues 163 to 367 in Fig. 1A) was
replaced by a fragment containing the S. cerevisiae HIS4
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-395 tcaagctgt tgcet tteectgt. tacaaagcctcatctctcgacttgeteaaataa
-316 aaagctatcaattcgeccatcagctcaatygttaggtctaatttcctgotactageteccatetgecagetttetagty
-237 agtcctcacaagacacgctaaccgactggatgtttaagcaaatgggacatttttgagttgtacacgttactggecctec
-158 <catgtgcatttcaagcacactecgageccteggtgctaccaaaagectaccccactcccttcagaaatgggeegetteg
- 79 gctatctctgttctctaaccatcaccaaaaatacctagcatcoctcotocttctactgtttttotttgtattcaacaacy

ATG CCC AAT AGG CTC ATA CCA TTG GCA AAT CCA GCT AAT AGG GTC CTT CAA CTC GAT GCT
M P N R T I P L A N P A N R v I Q L D A

61 AAG TTG CTA GAC AAC GAA ATA TCG GAT ATG CTC TAC CGG CAG CTA TCT GGA GCT TTT AAC
21 K L L D N E I s D M L Y R Q L El G A F N

121 AGC ARC AGA CTT CCG AGT TGG CTT GGG AGA ATC CAT TCC AARC TAT GCC TCT GAG TTA AAG
41 s N R L P S W L G R I H S N Y A § E L K

181 CTC TTA CTG GAA CTA CTT ATC TTT ARA GTA ACC GTA TGG AARC AAG CAC TCA AGC TAT GGC
61 L L L E I I I F K v T v w N K H s s Y G

241 CTC ACT CTT CAG AAT CTG GTA ATG TAC GAT GGT GGT GTT CAT AAT AAA AAA TTC AGG TCG
81 L T L Q N L v M Y D G G v H N K K F R E

301 AAA CAA CAG TCC GAA CTC AGG GTT ACA AAG AAA ATA CTIT TTA CTG TCA TCC GIG TTG CTT
101 K Q Q S E L R v T K K I L L L k] 5 v L L

361 GGG TAT TTT GTC AARA AAG ATT CAA TCG TAT GTG TAC TCT TTC GAA GAT TAT GAT CTA GAG
121 G Y F v K K I Q s Y v Y 5 F E D Y D L E

421 ACT GAT GGA GRA GAC TTG AGC ACC TTA GAG AGA ATT AGA TTA AAG ACT ATC AAA CTG TTA
141 T D G E D L 5 T T B R I R L K T I K L L

481 AAAR TCC CAG ATC TCC ACA CTG GAG AAA GCA CAT TCC GIT CTC TCA TTG GTA AAT TTT GTT
66 X s ¢ I s T L E K A H 8§ ¥V L S L V F_ Vv

541 ACA TTT CTG GTA TCT GGA AGT TTT CCT GAC CTA ACT ACT CGA ATC CTT AAC ATT AGA TTC
181 ® ¥ L VvV _S§ 6 S ¥ P D L T T R I L N I R F

601 ARA CCA TTG GIT ACT ACG CAA GTG GCC TTC GCT TCA AAC CCA GAA ACG ATA TCC TAT GAA
201 K h:4 L v T T Q v A F A S N P E T I s Y E

661 TTT CAA BRAT AGA CAA CTA GTG TGG AAC ACA TTG ACA GAA TTT ATT GTG TTT ATT TTG CCA
222 F Q¢ N R @ L V W N T L T E F I V F T L P

721 GCA TTA TCA GTA CCT AAG TTT ACC AAG TCA CTG GTA AGC TCG ATA ACA GGA ACT TCA CCC
241 A L 5 v P K F T K E b v 5 5 I T G T 5 P

781 ARG TCT AGC CAA GTG ACT GAC GAG GAC CTA ARA GTT TTT TCT TCT CTT CCG GAA AGA GTA
261 K 5 5 Q v T D E D L K v F s s L P E R v

841 TGT GCT ATA TGT TTC CAG AAT TCA CAA AAT TCT GAC TCG GGA GCT CAA AAT GAT ATT TCC
281 ¢ A 1 ¢ F Q N S Q N S D S 6 A Q N D I 5

901 CTC AAC GAT ACT TTA GTC ACC BAT CCA TAC GARA ACT ACC TGT GGA CAT ATT TAC TGC TAT
301 L N D T L v T N P Y E T T < G H I Y c Y

961 GTIG TGC ATT CTT TCA ARA TTG CAA ATC TTC AAG GAG GAA GGC ARG RAT CTC CCA ARG TCA
321 v c I L s K L Q I F K

1021 GAT CCG RAC AAA TAC TGG CAT TGC TTG AGA TGT AAT GAG CCA GCT TCT TGG TGT CGA GTC
341 D P N K Y W H < L R c N E P A 5 w C R v
1081 TAT ACT GGA GAT GTG GAA GAC GCG TTG AGA CAG AAG GCT GTT GAA GAA GTC ACA GAG GAT
361 ¥ T G D v E D A L R Q K A v E E v T E D

1141 GAA GAT GCT TCA AGT GAA GAC GAG GAA AAA AGG GAT CAA GAT TCA GAA GGT GCT AAA ACT
381 E D A S El E D E B K R D Q D B E G A K T

1201 GTT TCC CAA AGT TTC CAT CAC GTT AAT GGA TCA GAC TAT CAA ACA GCA TCA TTC ATA GAG
401 v E Q 5 F H H v N G s D Y < T A 5 F

1261 CAG GCT GAG CTG AAT GAA AAT GAA TAC ACA GAC GGT TCG GAA GTG GAA ATA TAT GAT GCT
42] Q A E L N E N E Y T D G Ll E v E I Y D A

1321 GAA GAT GAA TAC ACT GAT GAA GAA GTA GAT GAC GAC TCT CCA GGT TTT TTC GTT GGT GCG
441 E D E Y T D E E v D D D S P G F F v G A

1381 TTA TAG agttacggttaacaagatggtattagaatttgttaagtaatgataatcatgtaatgtgtcacgtgactgtt
461 L kxx

1458 tgtatcattccttacctggataacaatctatctatctcatcgecat gogtaaat gaactatcact
1537 gttggctoctacggctcaaccaattgctetateagtttatgtggatttes ttcaatacaat tg
1616 gggacctctcgtttcctaaaaacagtgaagggectcaacgatcaagggagcatigttgtcaaagtcctegttaaaccta
1695 atagcggcttggatcttagtgaatgggtagaaaagttggaattcttacgactgaagetgcttgatgtaccaaacgtyat
1774 accatataacttggtc

58

48

URIRA A B L B L L L L ALY LI B L B

1 98 188 278 360 458

FIG. 1. PERG sequence and hydropathy plot. (A) Nucleotide sequence and
deduced amino acid sequence of the P. pastoris PER6 gene. Membrane-spanning
segments as predicted by the method of Klein et al. (30) are in boldface and
underlined. The C3HC4 motif is indicated in boldface italics and underlined. (B)
Hydropathy profile of the predicted amino acid sequence of Per6p according to
the method of Kyte and Doolittle (33) with a window size of 15 amino acids.
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carl msdskppkdssspsaavpdvaaaaasstptpapvaitppsnpgsahsfagaqg 52
carl grliarrgtrdageaarvaaggsesglrariaasgspllrrlgastlslwdt 104

Per6p MpnR1iplANPANRVL---QLDAKLLDNEISDMLYrQLSgAFnsnR1-PswlL 48
PAF-1 MASRKEN-AKSsANRVLrisQLDAleLnkaLeqLVWsQETQqcFhgFK--PGLL 49
carl ISSR-Eg-TRPAfRVg---QVDAeLLDeELVELMkgQVgeAvryYggggGgd 151

Pexrép gRIhsnYaSELKLILeLLIFKVTVWnRKhSSYGLTLQNLvm vhnkKFRs 100

PAF-1 aR----FEpEVKacLwVELWRETIYSKnATvVGQSVINI KYKn 87
carl nnIkheWDAkIsLaLraVIFKLTIWAhAATYGaALQNL- -RY¥td 193
Per6p kqggSeLRVtkkilllssvllgyfvkKIgsyVySfedy-------- dLEtdge 144
PAF-1 dfspnLRyQPPSK-------—-- nQKIWYaVeTIGGR-------- WLEErcy 121
caril arhTgsvLVPPSK- - - - - -~ - wQKglYgLmTVEGRymwskwenWLkEq-- 233

Per6p DLstlerirLkTIklLKSqIstLekaHSV1S
PAF-1 DL--frnhhLaSfgKVKgeVvnfVigLlkLgq,
carl Dg--gydepspTVgRLsSmtdrLstLHAaaSfasFLVFLLQGRYrTL1IDRVL

msr

Perép nIRfkPLvTTQvafasNpetISYEFQNRQLVWnTITEFIVFILPaLsVpKFt 248

PAF-1 gIhsvi-ckpQ----- NiREVGFEYMNReLLWHGFAEFLIFLLPLInVQK1K 217

caril rMR1aP-pTSQ--- -~ vSREVEFEYLNRQLVWHAFTEFLLFVLPLVGINRWR 329

msr

Peré6p KsLv-8s---itgtSPkSsqvTDEAKLVFSSLPERVCAICFQnsQNsdsSgaQ 296

PAF-1 akLS-8W------ ciPlTGapnsDntL---AtsgKeCALC------------ 247

carl RWLArTWrktkkimSttgGegAEEKKgeFAfLPERtCAICYQd-QNgaTneN 380
* %

Perép n---------- dIslndT1VINPYET-tCGHIYCYVCI1SKLgifkeE@knl 337
PAF-1 ---rmmmmmmmmm o gewpTmPhti-gCeHIFCYfCakSsflf-------- 274
carl elmaaatsktgvVgsaqTAVTNPYETipCGCeVYCFVCLaTRIercegEBG--- 429
* o« x %
Persp pksdpnkYWhCLRCnEpaswCRvYTGDV --------------- eDaLRgKAvV 374
PAF-1 ~---- AVYFEtCPKCG-~---=-----tEV--------------- hslgplKSg 296
carl  -------- WnCLRCGElvkeCprsGDVleheskspaqktvvfaDdVKdan 473
o
Perép EEVTEdedasseDEEkrdgDsEGaktvsgsfhhvnGS----DyqTaSfiEqA 422
PAF-1 SEMSE-------momommm oo oo e e 301
carl DEgensqvlvqggEDDdeypEeEGeeggecececeeG@SrsleDlrTeSasEeS 525
Perép elNBnEyTDGsEVE1YDAEDEytdeEVDDDspgfngAL 461
PAF-1  —mmmmmmmmmmmmmmmee T 305
carl seQBaD-SEGJESEAYEAEEEelgaDLDED 554

FIG. 2. Alignment of the predicted amino acid sequences of P. pastoris
Per6p, human PAF-1, and P. anserina carl. Amino acid residues identical in at
least two sequences are shown in boldface capitals, similar residues are shown in
capitals, and nonsimilar residues are shown in lowercase. Similar residues are
defined as follows: A, S, T; D, E; N, Q; R, K; I, L, M, V; F, Y, W. Membrane-
spanning segments for the proteins are predicted by the method of Klein et al.
(30) and underlined. The C3HC4 motif is indicated by asterisks.

(SHIS4) gene (Fig. 3A). The per6A::SHIS4 allele was released
on a linear DNA fragment and transformed into P. pastoris
GS200 (his4 arg4). Southern blot analysis of total genomic
DNA isolated from a randomly selected His™ transformant
that was unable to grow on methanol indicated a correctly
targeted chromosomal integration (Fig. 3B). The per6A::SHIS4
strain JC214 (per6A) was crossed with the per6-1 strain JC116,
and prototrophic diploid cells were selected on glucose plates
and tested for growth on methanol. All were Mut™. In addi-
tion, after sporulation, approximately 500 spore products were
examined, and they also were Mut™. Together, these results
demonstrate that the per6-1 and the per6A alleles are tightly
linked and most probably mutant alleles of the same gene.

Per6p is a peroxisomal integral membrane protein. To de-
termine the subcellular location of Per6p, the contents of
methanol- and oleic acid-grown wild-type cells were fraction-
ated by differential centrifugation into an organelle-rich (pel-
let) fraction, consisting mainly of peroxisomes and mitochon-
dria, and a cytoplasmic (supernatant) fraction (Table 2). In
immunoblots with these fractions, affinity-purified antibodies
raised against Per6p specifically recognized one major protein
species of 58 kDa, as well as a minor species of 45 kDa, that
was present in the organelle fraction (Fig. 4A). Neither of
these species was observed in similar fractions obtained from
methanol- or oleic acid-induced per6A cells (see Fig. 6). Ad-
ditional experiments revealed that the 58-kDa protein is full-
length Per6p and that the lower species is a degradation prod-
uct (not shown).

To further determine the location of Per6p, the organelle
fraction obtained from wild-type cells grown in an oleic acid-
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FIG. 3. Disruption of PER6. (A) PER6 DNA sequences (black box) encoding
Per6p amino acid residues 163 to 367 were replaced by a DNA fragment con-
taining the S. cerevisiae HIS4 gene (SHIS4; stippled box) and integrated into the
P. pastoris genome (gray boxes) by homologous recombination. (B) Correct
targeting of the per6A::SHIS4 fragment is demonstrated by Southern blot analysis
with Clal-digested genomic DNA of wild type (Wt) and per6A strain JC214 (A).
The DNA fragments used as probes (P1 and P2) are indicated in panel A.

limited continuous culture was further fractionated into per-
oxisomes and mitochondria by sucrose-density gradient cen-
trifugation. Fractions were collected from the gradient and
assayed for peroxisomal CAT and mitochondrial cytochrome ¢
oxidase activities (Fig. 4B). Immunoblotting of fractions from
this gradient revealed that Per6p had the same distribution as
CAT, indicating a peroxisomal location for Per6p (Fig. 4C).
Similar results were obtained with sucrose gradients of or-
ganelles isolated from methanol-grown cells (not shown). To
examine the prediction that Per6p is an integral membrane
protein, organelle fractions were subjected to carbonate, urea,
and Triton X-114 extractions. After carbonate or urea extrac-
tions and subsequent centrifugation, Per6p was found in the
membrane pellet fractions. In contrast, the peroxisomal matrix
enzyme AOX was located in the supernatant (Fig. 4D). The
same results were obtained when these extractions were per-
formed with purified peroxisomes (not shown). After Triton
X-114 extraction of peroxisomal membranes, Per6p was parti-
tioned to the detergent phase (Fig. 4D). Thus, all three extrac-
tion methods indicated that Per6p is a peroxisomal integral
membrane protein. The location of Per6p in the peroxisomal
membrane was also studied immunocytochemically with sec-
tions of methanol-grown wild-type P. pastoris. In these sec-
tions, gold labeling was confined to the peroxisomal mem-
branes, which confirmed the biochemical data that Per6p is
located in the peroxisomal membrane (Fig. SE).

per6 mutants are impaired in peroxisomal matrix protein
import. To gain insight into a possible function of Per6p, the
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physiological and biochemical properties of the chemically in-
duced per6-1 mutant JC116 and the constructed per6A mutant
JC214 were compared with those of wild-type P. pastoris. Both
per6 mutants were unable to grow on methanol or oleic acid as
carbon source but grew well on glucose, ethanol, or glycerol. In
wild-type cells, methanol or oleic acid induced numerous large
peroxisomes that contained enzymes required for the metab-
olism of these substrates (Fig. SA). However, in induced cells
of both per6 mutants, normal peroxisomes were not observed.
Instead, in per6-1 cells, clusters of small vesicular structures
that are likely to be peroxisomal remnants were induced (Fig.
5B). Similar structures were also observed in per6A cells (Fig.
5D).

Additional evidence for the absence of normal peroxisomes
in both per6 mutants was obtained from biochemical experi-
ments aimed at determining the location of peroxisomal matrix
proteins. Initial experiments indicated that, in cells of both per6
mutants induced on methanol or oleic acid, most peroxisomal
enzymes were present. The location of selected enzymes was
determined through subcellular fractionation of induced cells
into an organelle pellet (consisting mainly of mitochondria and
peroxisomes) and a cytosolic supernatant. The three major
peroxisomal matrix enzymes induced on methanol—AOX,
DHAS, and CAT—are believed to be PTS1 proteins in P.
pastoris, like their counterparts in H. polymorpha (10, 25).
After subcellular fractionation of methanol-grown wild-type
cells of P. pastoris, a large portion of AOX and CAT activities
(Table 2) and of DHAS protein (Fig. 6) was present in the
organellar pellet, reflecting their peroxisomal location. How-

TABLE 2. Distribution of peroxisomal, mitochondrial, and cytosolic
marker enzyme activities in organelle pellet and cytosolic
supernatant fractions obtained by subcellular
fractionation of methanol- or oleic acid-
induced wild-type, per6-1,

and per6A cells”
C source Strain Enzyme” P S P/S ratio
Methanol WT CAT 47.85 104.90 0.46
AOX 0.51 0.52 0.98
Cyt ¢ oxidase  1,274.00 36.00 35.39
GAPDH ND 1,050.00
per6-1  CAT 2.53 69.09 0.04
AOX 0.15 0.01 15.00
Cyt ¢ oxidase 719.90 96.70 7.44
GAPDH 23.30 139.70 0.17
per6A CAT 2.55 56.50 0.05
AOX ND ND
Cyt ¢ oxidase  1,122.40 119.00 9.43
GAPDH 4330  2,825.90 0.02
Oleic acid  WT CAT 95.63 37.94 2.52
Luciferase 35.97 14.51 2.48
Cyt ¢ oxidase 629.00 8.00 78.63
GAPDH 56.94  5,612.00 0.01
per6-1  CAT 2.76 94.46 0.03
Luciferase 19.15 306.97 0.06
Cyt ¢ oxidase 574.00 9.00 63.77
GAPDH 87.60  4,944.00 0.02
per6A CAT 3.65 79.00 0.05
Luciferase 2.99 152.06 0.02
Cyt ¢ oxidase 158.00 4.00 39.50
GAPDH 269.29  1,591.00 0.17

“ Abbreviations: P, pellet; S, supernatant; Cyt ¢, cytochrome ¢; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; WT, wild type; ND, not detected.

b Activity units: CAT, AE,4, per minute per milligram; AOX, micromoles of
product per minute per milligram; cytochrome ¢ oxidase and glyceraldehyde
3-phosphate dehydrogenase, nanomoles of product per minute per milligram;
luciferase, arbitrary light units per milligram of protein.
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FIG. 4. Per6p is a peroxisomal integral membrane protein. (A) Organelle pellet (P) and cytoplasmic supernatant (S) fractions obtained after subcellular
fractionation of oleic acid-grown wild-type cells were analyzed by immunoblot with affinity-purified anti-Per6p antibodies. Each lane contains 20 g of protein. (B)
Sucrose density gradient profile of the organellar pellet obtained from oleic acid-grown wild-type cells. Fractions collected from the gradient were assayed for
peroxisomal CAT and mitochondrial cytochrome ¢ oxidase activity. (C) Equal volumes of every odd-numbered fraction of the sucrose density gradient in panel B were
analyzed by immunoblot with the anti-Per6p antibodies. (D) A total of 25 wg of the organelle pellet of methanol-grown wild-type cells was extracted with 0.1 M sodium
carbonate (pH 11) or 8 M urea. In addition, peroxisomal membranes were extracted with Triton X-114. After extraction, samples were centrifuged, and supernatant
and pellet fractions were analyzed by immunoblot with anti-Per6p and anti-AOX antibodies.

ever, significant amounts of these proteins were found in the
supernatant, a known consequence of leakage and breakage of
peroxisomes during fractionation. As controls, mitochondrial
cytochrome ¢ oxidase fractionated to the organelle pellet and
cytosolic glyceraldehyde 3-phosphate dehydrogenase fraction-
ated to the supernatant. In contrast to wild-type cells, almost
all CAT activity and DHAS protein were located in the super-
natant fractions of both per6 mutants, indicating a cytosolic
location of these proteins (Table 2 and Fig. 6). Immunoblot
analysis indicated that, in both per6 strains, substantial amounts of
AOX protein were present. Furthermore, the majority of this
protein sedimented upon subcellular fractionation (Fig. 6).
However, this was most likely not due to proper AOX import
but to aggregation of the protein in the cytosol, a frequently
observed phenomenon in methanol-induced per mutants of P.
pastoris (Fig. 5C) (37). A small amount of AOX activity was
present in the per6-1 mutant and located in the organelle
fraction. However, in the per6 A mutant, no AOX activity could
be measured. Such low AOX activity levels are observed for
most P. pastoris per mutants (37, 38, 66a) and are believed to be
due to an inability of AOX subunits to assemble into mature,
active octamers in the cytosol. The presence of a small amount
of AOX activity in the organelle pellet of per6-1 cells, but not
in that of per6A cells, suggests that the peroxisomal remnants

in per6-1 cells retain residual import function and, therefore,
that the per6-1 allele is slightly leaky. Consistent with this
notion, a significant amount of normal-sized Per6p is present
in the organelle pellets of induced per6-1 cells (Fig. 6).

To confirm the location of PTS1 proteins in the per6 mu-
tants, the mutants were transformed with the gene encoding
the prototypical PTS1 protein luciferase under the control of
the AOX1 promoter. This promoter is most active in methanol-
induced cells but is also expressed at significant levels in oleic
acid-induced cells (55). Organelle and cytoplasmic fractions
obtained from oleic acid-induced cells were examined for CAT
and luciferase activity (Table 2) and for the PTS2 enzyme
thiolase (Fig. 6). While CAT, luciferase, and thiolase were
mostly present in the organelle pellet from wild-type cells, they
were predominantly found in the cytosolic fractions in both
per6 mutants. However, small amounts of thiolase and lucif-
erase were also present in the organelle pellet of the per6-1
mutant. The amount found in the pellet could only partly be
explained by contamination of the pellet fraction with cytoplas-
mic material since little of the cytosolic marker enzyme glyc-
eraldehyde 3-phosphate dehydrogenase was present in the pel-
let. Thus, as with AOX activity in methanol-induced cells,
these data suggest that the per6-1 allele is leaky and that small
amounts of peroxisomal enzymes are imported into peroxiso-
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FIG. 5. Electron micrographs showing subcellular morphology of selected P. pastoris strains. (A) Proliferation of peroxisomes in methanol-grown wild-type cells.
(B and D) In methanol-induced cells of per6-1 (B) as well as per6A (D), vesicular structures (arrows) that are likely to be peroxisomal remnants are induced. (C) These
cells also frequently contain electron-dense protein aggregates (asterisks). (E) Immunocytochemistry using the specific antibodies against Per6p revealed a location of
Per6p on the peroxisomal membrane. (F) The per6-1 mutant is complemented by pYT6, resulting in methanol growth and the appearance of normal peroxisomes. (A
to D and F) KMnO, fixation; (E) aldehyde-unicryl-uranyl acetate. Abbreviations: N, nucleus; P, peroxisome; V, vacuole. Bars, 0.5 wm.

mal remnants. In contrast, the small amounts of thiolase and
luciferase in the organelle pellet of the per6A mutant could be
explained by cytoplasmic contamination as indicated by the
activity of glyceraldehyde 3-phosphate dehydrogenase in the
pellet (Table 2).

DISCUSSION

This report describes the identification and characterization
of P. pastoris Per6p, a peroxisomal integral membrane protein

essential for the biogenesis of peroxisomes. Although several
proteins essential for peroxisome biogenesis in different yeast
species have been identified (5, 13, 14, 26-28, 37, 42, 55, 58, 67),
only four are integral components of the peroxisomal membrane.
These four are Pas3p of S. cerevisiae (27), Pay2p of Yarrowia
lipolytica (13), Per8p of H. polymorpha (58), and its P. pastoris
homolog Pas7p (28). Per6p is only the second peroxisomal inte-
gral membrane protein described for P. pastoris, although several
peroxisomal membrane-associated proteins have been reported
in this yeast. These proteins include Pas8p, the putative PTS1
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FIG. 6. Subcellular location of selected peroxisomal proteins in wild-type and
per6 mutants. Organelle pellet (P) and cytosolic supernatant (S) fractions, ob-
tained after subcellular fractionation of wild-type (Wt), per6-1, and per6A cells
induced on methanol or oleic acid, were analyzed by immunoblots with antibod-
ies against DHAS, AOX, thiolase, or Per6p. Each lane contains 20 pg of protein.

receptor (42, 59); Pasdp, a ubiquitin-conjugating protein (5); and
Per3p, a protein involved in protein import (37).

The calculated molecular mass of Per6p is 52 kDa. However,
on immunoblots, antibodies against Per6p recognized a major
protein species at 58 kDa. The discrepancy between the calcu-
lated and empirical sizes of Per6p can be explained by the
physical properties of the protein, such as its overall negative
charge, which results in a low pl (4.6), which may retard mi-
gration in SDS-polyacrylamide gels.

The carboxy-terminal half of Per6p contains a C3HC4 motif
(or RING motif), a cysteine-rich region which defines a family
of proteins involved in a variety of physiological functions (17,
32). Since several proteins of this family are located in the
nucleus, it is assumed that the motif is involved in DNA bind-
ing. However, other proteins, including Per6p, are not located
in the nucleus, and therefore, it has been suggested that the
motif may participate in other processes such as protein-pro-
tein interaction (32). Although the precise role of the C3HC4
motif remains unclear, its importance in peroxisome biogenesis
is suggested by its presence in several peroxisomal integral
membrane proteins required for peroxisome biogenesis. In
addition to Per6p, the motif is found in Per8p of H. polymorpha
(58) and its P. pastoris homolog Pas7p (28) and in the mam-
malian PAF-1 proteins (54, 60, 61).

Per6p contains significant overall amino acid sequence sim-
ilarity with the mammalian PAF-1 proteins and P. anserina
carl. The mammalian PAF-1 proteins are 35-kDa peroxisomal
integral membrane proteins that are essential for peroxisome
biogenesis. Defects in human PAF-1 result in a lethal disorder
called Zellweger syndrome. In cells from these patients, nor-
mal peroxisomes are absent and peroxisomal matrix proteins
are located in the cytosol (44, 54), the same phenotype we
observe in our per6 mutants. The amino acid sequence of P.
pastoris Per6p has 29% identity with that of human PAF-1.
This level of identity is comparable to that shared by other
yeast and human homologs, including peroxisomal proteins
such as the putative P. pastoris and human PTS1 receptors
Pas8p and Pxrlp/PTSIR, which are 30% identical (11, 16, 42,
69), and the S. cerevisiae and human ATP-binding cassette
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transporter proteins Pxalp and ALDp, which are 28% identi-
cal (43, 52).

The carl gene was cloned by complementation of a caryo-
gamy (nuclear fusion) mutant of the filamentous fungus P.
anserina and is required for peroxisome biogenesis (2). In con-
trast to carl mutants, P. pastoris per6 mutants do not display
sexual cycle defects. In crosses between strains with different
per6A alleles, mating and ascus formation proceed normally
and efficiently, and the spore products are fully viable (unpub-
lished observations).

Significantly, the C3HC4 motif and two of the three mem-
brane-spanning segments predicted for Per6p align with the
C3HC4(-like) motifs and the two membrane-spanning seg-
ments predicted for PAF-1 and car1 (Fig. 2). The conservation
of these secondary structural features indicates that these re-
gions are important for the conformation and/or function of
the proteins. Indeed, it was recently shown that the two mem-
brane-spanning segments in Chinese hamster PAF-1 are es-
sential (61). As proposed for carl (2), the overall sequence
similarity between Per6p and PAF-1, in conjunction with their
conserved secondary structural features, suggests that Per6p
may be the homolog of mammalian PAF-1.

Recently, we isolated another P. pastoris PER gene, PER4,
whose predicted product also has sequence similarity to PAF-1
(21% identity, 34% similarity) (unpublished results). The
Perdp sequence includes a cysteine-rich motif that is not re-
lated to the C3HC4 motif and has only 13% identity with
Per6p. The existence of two different PAF-1-related PER
genes in P. pastoris indicates that PAF-1-related proteins rep-
resent a family of proteins composed of at least two function-
ally distinct groups, with one group composed of Per4p and the
other of Per6p, PAF-1, and carl.

Finally, Per6p, PAF-1, and carl have similarity with an un-
published S. cerevisiae gene product, Crtlp (GenBank acces-
sion no. M86538). However, the primary sequence of Crtlp
does not predict membrane-spanning segments, and its cys-
teine-rich motif, although akin to the C3HC4 motif, contains
an alanine substituted for the histidine. Thus, it remains un-
clear what the relationship is between Crtlp and the PAF-1-
related proteins.

The data presented in this paper are consistent with the
hypothesis that Per6p is involved in the import of peroxisomal
matrix proteins. Biochemical characterization of methanol- or
oleic acid-induced per6A cells revealed that PTS1 proteins
(AOX, DHAS, CAT, and heterologously expressed luciferase)
and the PTS2 protein thiolase are located in the cytosol. These
biochemical data were supported by electron microscopic ob-
servations which showed that induced per6A cells contain only
small vesicular structures that are likely to be peroxisomal
remnants, as we have shown in other per mutants (37). Since
peroxisome size is largely dependent on protein import, the
small size of these peroxisomal remnants suggests that per6A is
defective in peroxisomal protein matrix import and, therefore,
that Per6p is required for this process. The per6-I mutant
results are also consistent with this hypothesis. In induced
per6-1 cells, a minor portion of PTS1 and PTS2 proteins is
imported into the peroxisomal remnants observed in these
cells, although the bulk of each protein remains in the cytosol.
This result suggests that the per6-1 allele is slightly leaky and
allows some residual matrix protein import.

Since Per6p is a peroxisomal integral membrane protein, its
role in protein import may be as part of a protein complex that
functions in the translocation of proteins from the cytosol into
the peroxisome matrix. As shown for other organelles like the
mitochondrion (31) and the chloroplast (51), the peroxisomal
protein translocation machinery is likely to be composed of
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many different proteins. It is tempting to speculate that the
three peroxisomal cysteine-rich membrane proteins of P. pas-
toris (Per6p, Perdp, and Pas7p) interact to form the core of
such a protein complex.
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