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Abstract. Several groups have reported the clon-

ing and sequencing of genes involved in the biogenesis
of yeast peroxisomes. Yeast strains bearing mutations
in these genes are unable to grow on carbon sources
whose metabolisin requires peroxisomes, and these
strains lack morphologically normal peroxisomes. We
report the cloning of Pichia pastoris PASI, the homo-
logue (based on a high level of protein sequence simi-
larity) of the Saccharomyces cerevisiae PASI. We also
describe the creation and characterization of P. pastoris
pasl strains. Electron microscopy on the P. pastoris
pasl cells revealed that they lack morphologically nor-
mal peroxisomes, and instead contain membrane-bound
structures that appear to be small, mutant peroxi-
somes, or “peroxisome ghosts.” These “ghosts”
proliferated in response to induction on peroxisome-

requiring carbon sources (oleic acid and methanol),
and they were distributed to daughter cells. Biochemi-
cal analysis of cell lysates revealed that peroxisomal
proteins are induced normally in pasl cells. Peroxi-
some ghosts from pas! cells were purified on sucrose
gradients, and biochemical analysis showed that these
ghosts, while lacking several peroxisomal proteins, did
import varying amounts of several other peroxisomal
proteins. The existence of detectable peroxisome
ghosts in P. pastoris pasl cells, and their ability to
import some proteins, stands in contrast with the
results reported by Erdmann et al. (1991) for the S.
cerevisiae pasl mutant, in which they were unable to
detect peroxisome-like structures. We discuss the role
of PAS] in peroxisome biogenesis in light of the new
information regarding peroxisome ghosts in pas! cells.

~(0.2-1.0 microns in diameter. They are found in vir-

tually all eukaryotic cells and, depending on cell type
and growth conditions, vary in abundance from two to sev-
eral hundred per cell (Lazarow and Fujiki, 1985). The im-
portance of peroxisomes in humans is demonstrated by the
class of peroxisomal disorders of which Zellweger syndrome
is an example. Affected individuals usually die within several
years of birth, and cells from affected individuals have been
shown to have non-functional peroxisomes (for review see
Lazarow and Moser, 1989).

While the biochemistry of peroxisomes has been well-
characterized (Van den Bosch et al., 1992), less is known
about peroxisome biogenesis (Subramani, 1993). Peroxi-
somes are thought to arise from preexisting peroxisomes,
just as mitochondria are believed to be derived from preex-
isting mitochondria (Borst, 1989). This is supported by elec-
tron micrographs showing budding peroxisomes (Osumi et
al., 1975; Veenhuis et al., 1978). Additionally, peroxisomes
contain no protein synthesis machinery, and all peroxisomal
matrix and membrane proteins are synthesized on free poly-
somes and then imported into the organelle (Subramani,

PEROXISOMES are single membrane-bound organelles
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1993). Given these constraints, cells must do several things
to produce and propagate functional peroxisomes: (a) per-
oxisomal proteins must be synthesized and imported into the
organelle; (b) the correct substrates and cofactors must be
imported into the organelle; (¢) membrane material consist-
ing of lipids and proteins must be transported to peroxisomes
so that they can grow and divide; and (d) peroxisomes must
be segregated to daughter cells during cell division.

To identify and characterize the proteins involved in these
processes, mutants with generalized peroxisomal defects
have been generated in several organisms. This approach has
led to the cloning and sequencing of several genes essential
for peroxisome biogenesis (see Subramani, 1993). Of these
genes, only P. pastoris PAS8 (McCollum et al., 1993) and
the homologous S. cerevisiae PASIO (van der Leij et al.,
1993) have been assigned a function that is clearly related
to peroxisome biogenesis. In pas8 P. pastoris cells and in
pasl0 S. cerevisiae cells, proteins normally targeted to the
peroxisome by a COOH-terminal PTS1 (peroxisome-target-
ing signal 1': a COOH-terminal -SKL tri-peptide or variant
that has been shown to direct proteins to peroxisomes in

1. Abbreviations used in this paper: DHAS, dihydroxyacetone sythase; PTS,
peroxisome-targeting signal; SDH, succinate dehydrogenase; SC, synthetic
medium/citrate; SD, /dextrose; SE, /ethanol; SG, /glycerol; SL, /lactate;
SM, /methanol; SOLT, /oleic acid/Tween 40; YP, yeast extract with pep-
tone; YPD, /dextrose; YPM, /methanol; YPOLT, /oleic acid/Tween 40.
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several different organisms [Gould et al., 1989, 1990a, b;
Aitchison et al., 1991]) are not imported into the peroxi-
some. Additionally, the PAS8 protein has been shown to bind
the -SKL tripeptide (McCollum et al., 1993).

We have chosen to study peroxisome biogenesis in the
methylotrophic yeast Pichia pastoris. It has two features that
make it useful for this: (a) it grows well on oleic acid or
methanol, and growth on either of these carbon sources re-
quires, and causes a marked proliferation of, functional
peroxisomes and peroxisomal enzymes; and (b) peroxisomes
in oleate- or methanol-induced wild-type P. pastoris cells are
easily identified as peroxisomes by immunofluorescence or
electron microscopy (Gould et al., 1992).

Here we report the cloning of the P. pastoris homologue
of the S. cerevisiae PASI and the creation and characteriza-
tion of P. pastoris pasl strains. Our results build on those
reported for the S. cerevisiae PASI gene (Erdmann et al.,
1991). Unlike the pas! mutant of S. cerevisiae in which no
morphological or biochemical evidence was found for the
existence of peroxisome “ghosts,” our data show the presence
of these ghosts in the pas! mutant of P. pastoris. We also
demonstrate that the peroxisome ghosts of the pas/ mutant
of P. pastoris are capable of importing some matrix proteins
but not several others. Our data shed new light on the pheno-
type of the yeast pas/ mutant and suggest that the PASI pro-
tein may play a direct or indirect role in delivering mem-
brane material to developing peroxisomes.

Materials and Methods

Bacterial Strains

The Escherichia coli strain DH5aF' was the most frequently used strain.
Miniprep DNA samples were prepared using a modified alkaline lysis pro-
cedure (Zhou et al., 1990). Other recombinant DNA techniques were per-
formed essentially as described previously (Sambrook et al., 1989).

Yeast Strains

The P. pastoris wild-type strain (21-1), the arginine-requiring (GS190) and
histidine-requiring (GS115) strains (accession numbers Y-11430, Y-18014,
and Y-15851, respectively) were obtained from the Northern Regional Re-
search Laboratories (Peoria, IL). We refer to these strains as PPY1, PPY3,
and PPY4, respectively. PPY12 (arg4 his4) was generated previously by our
group (Gould et al., 1992). The PPY300 (arg4 his4 pasl::ScARG4) and the
PPY301 (arg4 his4 Apasl::ARG4) strains were developed for this study as
described below. P. pastoris PPY20 (arg4 pasl-2) was isolated by Dan
McCollum (Gould et al., 1992). PPY115 (arg4 his4 Apas8::ARG4)
(McCollum et al., 1993) is referred to as Apas8 in this paper.

Yeast Culture

Standard rich medium for growth of P. pastoris was YPD medium (1% yeast
extract, 2% bactopeptone, 2% dextrose). Defined synthetic medium con-
sisted of yeast nitrogen base at 0.67% wt/vol supplemented with carbon
sources to a final concentration of either 2% dextrose (SD), 0.5% methanol
(SM), 1% citrate (SC), 1% lactate (SL), 1% glycerol (SG), or 0.2% oleic
acid/0.02% Tween 40 (SOLT). For auxotrophic strains requiring arginine
or histidine or both, the required amino acids were included at 40 pg/ml.

Culturing, mating, sporulation, and random spore analysis were done as
previously described (Gould et al., 1992).

Electron Microscopy

Electron microscopy was performed as described previously (Gould et al.,
1992). However, after preculture of cells in defined dextrose medium (SD),
cells were induced for 4 h in either SM or SOLT media, except for the cells
shown in Fig. 6 a, which were cultured for 7 h in YPM (1% yeast, 2% bac-
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topeptone, 0.5% methanol) after precuiture in YPD. These conditions are
sufficient for induction of peroxisomes and peroxisomal proteins.

Preparation of Crude Yeast Cell Lysates

Celis were grown exponentially in SD and then switched to SM or SOLT
for the desired length of peroxisome induction. Crude cell lysates were pre-
pared by glass-bead lysis. This was performed essentially as previously de-
scribed (Sambrook et al., 1989) except that the lysis buffer was 62.5 mM
Tris-Cl (pH 8.7), 5 mM EDTA, 2 mM PMSEF, and lysates were not cleared
of debris before use in experiments.

Sucrose Gradient Purification of P. pastoris Organelles

Fractionation of P. pastoris cells into an organellar pellet and supernatant
was performed as described previously (Gould et al., 1992), but with the
following changes. Cells were grown in a semi-rich inducing media (1%
bactopeptone wt/vol, 2% wt/vol yeast extract) containing oleic acid and
Tween 40 (0.2% vol/vol of a 9:1 mix of oleic acid and Tween 40, respec-
tively, YPOLT) before being fractionated. Peroxisomes were purified from
this organelle pellet on a sucrose gradient as previously described (Nuttley
et al., 1990).

Sucrose gradients were drained with the aid of a peristaltic pump and
fractions were assayed for catalase and succinate dehydrogenase (SDH) ac-
tivities as described previously (Sottocasa et al., 1967; Leighton et al.,
1968).

In Figs. 9 and 10, the following steps were taken so that the relative band
intensities seen for a particular protein in Fig. 9 vs. Fig. 10 would reflect
the relative amounts of that protein in the wild-type (Fig. 9) and the Apas/
(Fig. 10) peroxisomes: (a) 8 mg of crude organellar protein was loaded onto
each of the 40 m! gradients (wild type and Apasl! ); (b) each gradient was
drained into 40 fractions; (c) an equal volume (35 pl) of every fourth frac-
tion (1, 4, 7...40) of each gradient was loaded onto 8% SDS-PAGE gels (one
gel per gradient); (d) these gels were run and transferred to nitrocellulose
equivalently; (e) the Western blot filters for each gradient were incubated
at the same time and in the same vessels during Western blotting; and (f)
for blots with a given antibody, films were developed by ECL for the same
amount of time. Film negatives were made from these films with the camera
at a fixed setting, and these negatives were printed at the same exposure
setting.

Western blots were done using antisera to thiolase (gift of Wolf Kunau,
Ruhr-Universitat Bochum, Germany), P. pastoris acyl-CoA oxidase (A. P.
Spong and S. Subramani, manuscript in preparation), the P. pastoris PAS8p
(McCollum et al., 1993) and dihydroxyacetone synthase (DHAS). Antisera
to the carboxy-terminal PTSI peptides, SKL (Gould et al., 1990b) and AKI
(gift of R. Rachubinski, University of Alberta, Canada), and antisera to the
S. cerevisiae multifunctional enzyme (gift of Wolf Kunau), which recog-
nizes the analogous protein, trifunctional enzyme, of P. pastoris, were also
used. In 8% SDS-PAGE, P. pastoris proteins run at the following molecular
masses: thiolase (47 kd), acyl-CoA oxidase (72 kd), trifunctional enzyme
(97 kd), PAS8 (68 kd), DHAS (76 kd). The anti-multifunctional enzyme
antibody is referred to as anti-trifunctional enzyme antibody. Blots shown
in Figs. 9, 10, 11, and 12 were developed using the ECL (Amersham Corp.,
Arlington Heights, Illinois) system, but all others were done according to
Sambrook et al. (1989).

Two-step Sucrose Flotation Gradients

Fractionation of P. pastoris cells into an organellar pellet and supernatant
was performed as described above. This pellet was resuspended in 400 ul
sucrose gradient buffer, loaded onto a 5-ml sucrose gradient, spun for 2.5 h
at 92,000 g, and fractionated into 12 fractions of equal volume. 200 ul of
a fraction of density within the range at which purified wild-type peroxi-
somes are expected to be found (in these gradients, ~1.18-1.23 g/cm?) was
transferred to the bottom of a Beckman ultra-clear centrifuge tube, overlaid
with 2.4 ml 60% sucrose, overlaid again with 2.4 ml 35% sucrose, and the
sample was spun at 170,000 g for 18 h and harvested from the bottom (frac-
tion 1) to top (fraction 12 [wild type], fraction 13[Apasi]) in fractions of
~0.5 ml (Paravicini et al., 1992). Flotation gradient fractions were assayed
for sucrose density and for catalase and SDH activities across the gradient.
These fractions were also immunoblotted with the anti-acyl-CoA oxidase,
anti-trifunctional enzyme, anti-PAS8, and anti-thiolase antibodies described
above. After each flotation gradient had been loaded with a portion of the
fraction from each 5-ml purification gradient, each purification gradient
was assayed across the gradient for sucrose density and for catalase and
SDH activities. The fractions loaded on the flotation gradients had no mito-

1260



chondrial contamination (no SDH activity) and had sucrose densities of
1.21 and 1.20 g/cm® for the wild-type and Apas fractions, respectively.
These fractions were also immuno-blotted with the anti-acyl-CoA oxidase,
anti-trifunctional enzyme, anti-PAS8, and anti-thiolase antibodies to
confirm the quality of the purification gradients.

Isolation and Sequencing of the PASI Gene

A polymerase chain reaction (PCR) was performed on a P. pastoris
genomic DNA library contained in the plasmid pFL20 (Losson and
Lacroute, 1983; Gould et al., 1992). Primers “ A” and “B,” with Universal
Wobble Code sequences 5'- GGG GGA TCC NGG NTG YGG NAA RAC
NYT NYT NGC-3' and 5'- CCC GAG CTC ARN CKN CCN GGN CKN
ARN ARN GC-3', respectively, were obtained from Operon Technologies,
Inc. (Alameda, CA). The PCR product from this reaction was ligated into
pUCI19, and the resultant plasmids were transformed into DH5aF' E. coli
cells. DNA was isolated from the transformants and sequenced, allowing
identification of a clone, pJAH11, that contained a fragment of the P.
pastoris PASI. This fragment was subsequently used as a probe to screen
by hybridization (performed according to Sambrook et al., 1989) the F.
pastoris genomic library and isolate a clone (pJAH12) which contained the
full-length P. pastoris PASI gene.

Sequencing was performed by subcloning fragments into pUC19 (New
England Biolabs, Inc., Beverly, MA) and pBluescript/KS II (Stratagene, La
Jolla, CA). Nested deletions were also generated using Exonuclease III and
S1 nuclease as described previously (Sambrook et al., 1989). The Se-
quenase II system (United States Biochemical, Cleveland, OH) which is
based on the dideoxynucleotide chain-termination method was used for
nucleotide sequencing. Primers T3 or T7 (for pBluescript-based plasmids)
and New England Biolabs primer no. 1212, 1201, 1220, and 1211 (for
pUC19-based plasmids) were used together with denatured, double-
stranded DNA templates. Both strands were entirely sequenced.

Construction of pasl Strains

The pas! disruption (PPY300 [arg4 his4 pasl::ScARG4]) strain was con-
structed by homologous recombination of the S. cerevisiae ARG4 gene into
the P. pastoris PASI locus of strain PPY12. A targeting construct was made
in the pUC19 vector by first ligating the 2.4-kb BgIII fragment of PASI cod-
ing sequence into the BamHI site of pUC19 to create pJAH13. Subsequently,
the S. cerevisiae ARG4 gene was removed from pSG464 with Sall and blunt-
end ligated into the Xhol site of pJAH13 to create pJAH14. The targeting
DNA was released from the vector by digestion with the restriction enzymes
Smal and Xbal. The released fragment was isolated from an agarose elec-
trophoresis gel according to Sambrook et al. (1989) and introduced into
PPY12 (arg4 his4) by electroporation (Bio-Rad Laboratories, Hercules,
California). (The 2.4-kb fragment and the Xhol site of PASI are shown in
Fig. 7).

The pasl deletion (PPY301 [arg4 his4 Apasl:.:ARG4]) was constructed
in a similar fashion to that described for PPY300 except that the targeting
construct used is shown in Fig. 7. The plasmid containing the targeting con-
struct (pJAH21) was pBluescript/KSII-based, and the targeting DNA was
released from this plasmid by the enzymes Kpnl and BamHI. Correct tar-
geting of these fragments was confirmed by Southern analysis (Sambrook

Strain PPY300 was characterized as a peroxisome assembly (pas) mutant
because it did not grow on SM or SOLT, but it did grow on SC, SL, SE,
and SG (since yeast require functional mitochondria to utilize glycerol,
PPY300 must have functional mitochondria). PPY300 and PPY301 were
equally defective for all peroxisomal functions tested.

Complementation of the pasl Mutants

A 5.2-kb Smal to BamHI fragment of pJAH12 was cloned into the P.
pastoris autonomously replicating plasmid pSG464 (Gould et al., 1992).
This fragment contained the entire PAS! open-reading-frame together with
~900 bp 5’ of the initiator ATG and ~500 bp 3’ of the stop codon. (This
fragment also contained at its 5’ end 400 bp of the pFL20 vector which could
not be cut away from the insert.) The resulting plasmid, pJAH15, was intro-
duced into strain PPY20 (arg4 pasl-2) by electroporation. Transformants
were selected by their ability to grow on plates without arginine. All trans-
formants tested were able to grow on SOLT and SM plates.

In order to complement the PPY300 and PPY301 strains (both histidine
auxotrophs), a complementation construct containing the P. pastoris HIS4
gene was constructed. This was accomplished by first blunt-end ligating the
P. pastoris PARS2 sequence (Cregg et al., 1985; Gould et al., 1992) into
the Clal site of pYMS, a plasmid consisting of the P. pastoris HIS4 gene
cloned into the BamHI site of pBR322. This new construct, pJAH16, was
digested with EcoRV and blunt-end ligated with the 5.2-kb Smal to BamHI
fragment of pJAH12 described above. The resulting plasmid, pJAH17, was
introduced into strains PPY300 and PPY301 by electroporation. Transfor-
mants were selected by their ability to grow on plates without histidine. All
transformants tested were able to grow on SOLT and SM plates.

Computer Analysis of Sequences

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

Results

The Yeast P. pastoris Contains a Homologue of the S.
cerevisiae PASI Gene

Fig. 1 shows the region of high homology between the S.
cerevisiae PAS] (Erdmann et al., 1991) and S. cerevisiae
SECI18 proteins (Eakle et al., 1988). We reasoned that a pro-
tein domain shared between these two proteins would also
be found in the P. pastoris PAS] homologue. Accordingly,
we designed degenerate PCR primers corresponding to the
DNA encoding this domain. Repeatedly, the A and B
primers amplified fragments of ~ 380 and 350 bp from a P
pastoris genomic library. These were the only abundant
reaction products seen (data not shown).

As can be inferred from the protein alignment in Fig. 1,

et al., 1989). a PCR product from the P. pastoris PASI-homologue DNA
A
—

Sc SEC18 253 RRAFASRIFPPSVIEKLGISHVK(l;Lli..II..??Pli’CI;TGKTLIARKIGTIﬂ.NAKE 302
Sc PAS] 710 LETLEWPTKYEPIFVNCPLRLRSGILLYGYPGCGKTLLASAVA.QQCGLN 758  Figure 1. Highly homologous
regions of S. cerevisiae (Sc)
303 PKIVNGPEILSKYVGSSEENIRNLFKDAEAEYRAKGEESSLHI IIFDELD 352 SECIS and PASI. Oligonucle-
L[ 11 deeloddalflelle J2e .o |2:]11: otides fully degenerate for the
759 FISVKGPEILN'KFIGASEQNIRELFERAQSVKPC eeeese..ILFFDEFD 800 DNA encoding the peptides
indicated by arrows A and B
353 SVFKQRGSRGDGTGVGDNVVNQLLAKMD VDOLNNILVIGMTNRRDLIDS 401 were used to PCR-amplify P
3oee el el ] aeefsazezas || ]]]] pastoris genomic DNA. Iden-
801 SIAPKRG. .HDSTGVTDRVVNQLLTQMDGAEGLDGVYILAATSRPDLIDS 848 tities are indicated by vertical
° lines and similarities are indi-
402 ALLSRGRITVOYRIILRORACRLGIED. faTRAREI. | WSSOI, 445 0, T
849 898 resent highly conserved resi-
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should be shorter than the product from the P. pastoris The PASI-derived fragment was then used in a hybridiza-
SECI8-homologue DNA. This size difference, combined  tion-screen of a P. pastoris genomic library contained in the
with subsequent subcloning, sequencing and protein se-  pFL20 vector (Losson and Lacroute, 1983; Gould et al.,
quence comparison with the S. cerevisiae PAS] and SEC18  1992). A clone containing a 7.1-kb genomic insert was ob-
proteins, allowed us to determine that the 350-bp PCR prod-  tained, and sequencing of a portion revealed the clone to
uct was from the P. pastoris PASI homologue. contain the entire P. pastoris PASI gene (Fig. 2).

-7 TIRCCISCAATORCTAMICTTTAMATAGTICIKCTCACTTTICTICAACTAGT 14 1727 GAAGCTOCCTCUTIACTIATCCTAGAMGACTIAGACTCATTGATACCAGCAGAMCANGA. 17806
577 XA PSLLILEDLDTSLTIPAEQTE 596
-13 CAACACTIIICGATGAATTCCATAGATGCTGTIGTICUTIACTCICCATIGAGAMCAA 46
HEBIDAVVRYSPLRNEN 16 1787 GCATICTGACTORAITCAITCAMGCANTTOAGTGAMTATTTIATTMGCANICTCICAGS 1846
%7 W8 DS SQB8RQLSEYTPISKLSA 66
47 TCTTTOCAATTIGCCATCOGCAMTANCCACMIICTITITAYIGCAGACTICACATICA 106
: " 1847 TOMCATANCAGAGATATCACMTTTIAGCTICTIOGAMOTCTAMGAAICTCTGM. 1906
P oremLrsAITINLISADE IO €7 QT IBRDITILASSEKSKEGBSTLSESE 66
107 ACAGATCATAOTTGAACTATCTIUOUTICCICACCAGAIAGCTACCCAGAGGAGAATIGE 166
1907 TICTTTGATATTTACIACTCATTTGATAGAGCATGATTTTCAGCTACGACTOCOGACAA. 1966
¥ @IIVELSNVEIRQOQRAAQGRRIA 36 €37 8L I X TTELIEHEDFIQLNXAPDTEK 66
167  EEATTITAOTIGCCRITRKICATINCTAMACAAICTCTICTRATOCCOTTATCUAGAT 226
" PVIETZ 76 1967 GGAMGCANGAMGCAMTITICAMGTTATTIAGATACTCTAMIOICTICTONICIGA 2026
M ycawaraagorrxrases t 67 EARKQILQSYLDTLEVYCESE 66
227 TANCIOTICATIGCGAGTOCTATCGATCIACANIAGAATUTAMIFIGACTOTCANCOT 286
EEVEVTVRV 9 2027 ATAGAGTTACTAMCAATATTGCTOTTAMACGGANGOTTATTIACCOAMGACCTAM, 2086
T oxsiAsAIDLO €7 GE LLNNIAVETEGYTLEPRKDLEK 696
287 TCACATAGACOCTUTGMGGCAAT TACTITGAGTTIGANCIGTIACAGCAATGATTG M6 2087 2146
ELEPV TS BDW 116 QITTTIG TG TGACAGGICCTACCATGATTIAATATCTAGIGACATCTIRGCAGACICTGA
 RIPAVEATEV 67 VLCDRAYHBDLIGSRDILADTESD 76
347  GIAMTASTCOAGACICATUCOCAGIINCTTGRAGACTTATTIACTCAAICAAACCCOTTG 406 2247 2208
ETYLLBEQTREC 13 TICTGAMCTUGATATIGAAGAATCTAGCACACCAA T TCTAMATGITTCAGTORKIGATAY
w oErvETREAGVL ° 77 $ 2 L DIEESSTPILEGSVGDI 73
407 TOTTIATCCAMTCAMGTTTTAGICOTTIATCCAACTOOCAMCANCTOCANGICTATT 466 2207 268
LVVYPTPQTTARLTE 13 TACAMIAMCATTOOGAGATAGAGA TIFTATATOCGGAT TAGAGTTAC TRATAATTC
wmovyreaev e 77 ANKQSEIENGISGLELTEUNS 736
467  MITGAMAGATIGANCCTUAMGTCICIACATTIOCCAATTATTTAACGATACGANGT 526 2267 2326
Vv TAQLTFTBEDTEV 17 AMCATCTACA OO TTGATAMACATIGAGCGACAATTICAAMIGATATTTTATAG
¥vExier s ¢ 77 88 TIAVOKHEHGATIQEKDUEEFDS 76
sz1mmmmmmmm§: 2327 2386
XRPS ISSVRSDESS TOCICTCAITOGCIACATACC TCAVICT TG TOGOUTAMATTACAANAATCTGATGT
M erArRVae 7 AL S80YIPQSLRGVEKLGQXSDYV 79

TOGECACAGAMT TOGACGAGTAAGATC T TCCACH TCAAC TUCCACAGG TRGACGATOCGT
VRS BTSTATGRRTSY 216 2387 TOOCTGGGATGATATTGGIGGTCTACGAGATGCAMATCAATTTTATIGGAMOTTIGGA 2446
17 ¢ ERIRR 77 R W DDIGGELRDAKXKTSILLTETTZILIE 816
647 GACAANANCGITGAAFTGCTTOCTICAATGCTCAGANGATCUCATCACACTCOCCAATAR. 706 2047 2506
L P8 HLRRSIOTLPNENDN 236 ATOGCCCACCAAG TATUCRCCAATC TTCTC TAG TTGCCCAC TACGAC TAAGUTC TGUTAT
W reEoxrv €17 W P T K YA PITPFPS S8CPLRLNSGI] 836
707 CACGTATGCTCATGTTAACGACTCAMATOGGITOG TIATAMGTTTACTGTAACC TGAA ;:: 2507 o o 2566
ARV P8 XK 8 G GYKXVYCHLZDN ACTXC TRCLX CTTOCTCOCATCAGCIGICACAICACA
ooy ' 837 L LY GYPGCGKTLUILASAVARAMAQ .13

767 TGAATTGATTCCAGCTCTGCAAMIGCGCACTTIVICTORGTTICIUIGCTOGTAGGACC 826

257 R LI PALQUWAMHRTFTVSEYVS VL VGTEP 276 2367 ATGTUGATTAMATTICATTICAATCAAAGGTCCCGAMATCTIAMATAMTATATOMGAOC 2626
87 ¢C ¢ LNPFrIsIKGPTETIILDSNKYTIGHT?P 876

827 AGGAACTCCAGATAGAACCOGAITTGACAAG TAGCAAMATTANGCAATTGANTGACTCGAT 886

277 6 T PDRTGLTS S8 XIXKOQLNDSTI 296 2627 GTCAGNGCAMGTEICOWIGAACTTTTIGAACGAGCCCAMGCTGCTAAMOCTACATITT 2686
877 8 E Q 8 VR ELTFERAQAAKTPCTIL 896

887 TGATCAAGCAGCTCAMCGCAAACAATGCTOCGAGATCAMICCATCCACCAGAATCATC 546

297 DOQAAQTQTNAAGS 8 HPPTEGS S8 e 2687 GTTTTTIGATGAGTTIGATTCAATTGCCOCCAMGUGTGGCCATGATICTACTIGAGTING 2746
87 r r DEY¥DS8IAPXKRGEHDST?TGVT 916

947 CTACACOGAGACAGGAMGGTAATTGCAGANCTAGICCACGATTCGMATCTOCARMAAGGE 1006

37 Y% TG KXKVIAELVEDZSBIXKSTZP?PIKSG 336 2747 TGATAGAGTAGTGATCAMATGCTTACACAGATUGATUGTUOCGAGGGATTAGATIGAGT 2806
917 DRV V 2 QML TQMDGATLRGLDGYV 936

1007 CAATUTAGOCCTTICTGAACTOTTAGCATGTICTTTAGGANTAGAGATACAGTGOGAM. 1066

337 " VOGLSELLACSTLGIEDNTVGHN 356 2807 ATATUTICTTOCTOCTACTAGTAGOCCAGACTIGATIGATAGTUCICTCTIANGICCTIG 2866

$37 Y VL AATSRPDILTIDSALTLRTPG 936
1067 CTIGATCTCTCTIGAACACICTORCAAACCTTTAATAAAMMACCCACTOTTITAGTOCT 1126
3%7 L I 8 LEQARKZPLTIKKZPTVLVEL 376 2867 CAGACTIGATAAGTCTGTAA X CGATGACAGACTTGATATICT 2926
7 RLDKSV ICDMPDTPIDDRTLDIL 976

1127 TCACAAATATACTACAGIATCACCGGCTTCTCTCGATAGAGTIGACAATAMGCATOCCAC 1186

377 R XY T TV S8 PASLDRVYVTIXKHAMIT 396 2927 TCAGTCTUTAACCAGAAATATGAATUTCTCTAMAGIGTIAATTIVICCAGTOTNETUG 2986
977 Q¢ 8 VT R R M NV E KBS V NLSSVAGG 996

1187 TGAAGAMCAGAANCGTOTCCAAAACAAGAANGAGAGGGATACTCTCCTGACTCACTAAT 1246

3%7 FEQKRVQEXKXTERDTLLTOQLM 416 2987 GGAATITTCAGGATTITCAGGAGCAGATCTTCAMGCATIKICTIACAATGCTIATTIGAA 3046
97 B C 86 Fr 5 G ADLOQALAYUDNAYLK 1016

1247 GCAACTACTTTCGCCTTICTAGATICTIGTACTITIRCAMTIGIGTGAMCTICCAM. 1306

417 Q L L 8 P LLDSBCTTPFITNCVIEKLTFPK 436 3047 AGCTGTTCATGAGAACTGACCAAGGACGATCGATGGCMTUGCAGGAGAGATIGATGA 3106
1017 AV R EKLTKDTESMANAGTENDD 1036

1307 GATTGOTACATTGCTACCTAATGGAGGATTACTACAMTTCANGAGGATTAMAGCIGTIG 1366

437 I @ T L L PN G GLLQPFKRTIKS SSG G GHW 436 3107 TGATA TTTCAATTTTCCUGMATACTGAAMGAA 3166
10037 ® D DK XKRMNVECTYQTF B GNTTEIKHIK 1056

1367 GACANCTCCTTTAGGGAAMGACAATOTTTICTTTOGAGATCGGAGAGGAGATICTTAGALC 1426

437 T TP L G XKD NV S LEIGETETITLRTPEP 476 3167 AAGCTTAATAGAMTTGAMOCCTCCGATCUTGOCACTGTMTCAMMAGCTAGMCACTT 3226
1057 8 L I E L X P 8 DRATVIXKNXKTLTETEBHTL 1076

1427  GERAGTCATICAGCCCATCTTACGATCTCCTACCTGATAGGAAMCTCATUTGAGANCACA. 1486

477 E 8 T 8 P 8 Y DLLPDRXTH RVYVRTZQ 496 3227 GTATCAGGICAATGGTAACCATICAGAAGGAGAMCTAMOITAATIAGCTACGACTIC 3286
1077 Y Q 6 " G HAXGETXKSKLATTA 1096

1487 AANGTGACCAGTATCCTACTOCTCANGAAMOCTTGATIGAATCATTAICTRAMTIGCTIC 1546

497 8 D Q Y P T A QENIL IGESLSKTIAS 516 3287 AGCAAMCTIOGGTTATCATTACTICCAAMGATTTTGAGGATICUCTTICTGAMCCAANCA 3346

1007 A ® 8 VIITSKDPIFrEDTSILSTET?TIXK Q 1116
1547 TOGTGRITCCCTGCTTITIVGTACMITOGTAGCGICAAICTCTCITCATATCGCANGT 1606
517 6 68 L LY OGTS GBS GXKESLVISJQYV 536 3M7 ARGTATCTCICAGTCTGAGAAMGANMATTIGGAGGCCATATACCAGCAGTICATIAGTOG 3406
1117 38 I 8 Q 8 £E X RKLEAIYQQUPrPrISG 1136
1607 AGCACAMTIAZTCACGAACANGGGACACTTIGTCAAGCTICTAAACTGCGATAAMATIAT 1666
537 A QI VTHEXKGHTYIYVKLTLECDT KTINM L1 3407 CAGAGACGRIGAACATGCOGGATOGGACAICAMICAATGAMTOGGAGCTCGGTCTACACT M 66
1137 R D G X M P D G TA S8 REIGARTSTL 1156
1667 GAGTGAMGTTACAATAAC TTGAGAKIGCATTTTIGAAGATATATTTAGOGMGGTCAGTIG 1726
SS7 8 E8 YN ®BRLRGTIYYEDTIT SEVEW 576 3467 GATOTGAAGTAGTATATIGAATTAAGTATIAGCTAACTTACTCTAAIGTAGTTIGACAAC 3526
1137 M 8TOP -

3527 TOCTGAGGCATTAIGCCTTOGAL CTT 131562

Figure 2. Nucleotide sequence and deduced amino acid sequence of the P. pastoris (P.p.) PASI gene. PASI nucleotide and deduced amino
acid sequence. The translation of the PAS! sequence from the ATG at nucleotide 1 (underlined) to the termination codon is shown in one
letter code below the first nucleotide of each codon in the sequence. The two putative ATP-binding domains are double-underlined. The
PASI open reading frame is 3471 base pairs long, encoding a 1157-amino acid protein with predicted molecular mass of 127 kD.
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A comparison of the sequences of the P. pastoris PAS] and
the S. cerevisiae PASI proteins (Fig. 3) shows that the pro-
teins share 39% sequence identity and 60% similarity. The
P, pastoris protein is 114 amino acids longer than the S.
cerevisiae protein, and regions of strong homology are seen
in the line-up at P. pastoris residues 458-705 and 771-1052.
These regions contain consensus ATP-binding sites at P
pastoris residues 523-530 and 840-847, and these are the
regions which place PASI in the growing family of ATP-
binding proteins (Kunau et al., 1993). The family now in-
cludes PAS1, CDC48 (Frohlich et al., 1991), and SEC18
from S. cerevisiae; PASS (Spong and Subramani, 1993) and
its homologues, PAY4 (Nuttley et al., 1993) and PASS8
(Voorn-Brouwer et al., 1993), from the yeasts P. pastoris,
Yarrowia lipolytica, and S. cerevisiae, respectively; NSF
(the SEC18 homologue [Wilson et al., 1989]), VCP (the
CDC48 homologue [Koller and Brownstein, 1987]), and p97
(Peters et al., 1990) from vertebrates; and the virally en-
coded TBP (Nelbock et al., 1990).

P. pastoris PAS] and P. pastoris PAS5 (Fig. 4) share 49%
similarity and 26 % identity. Not surprisingly, the P. pastoris
pasl and pas5 mutants have similar phenotypes (but they do
belong to different complementation groups). These similar-
ities are addressed in the Discussion.

P.p. PASL 3 SIDAVVRYSPLRNNLCN........ LPSAITTHLFSADFNIQQIIVELSW 44
21 1 ]-.2

S.c. PAS1 2 TTTKRLKFENLRIQFSNAIVGNFLRLPESIINVLESTKYAIQEFGIAV 49

45 VPBQRAAQRRIAYCGWAGGITKTSSSNPVIEIDRSLASAIDLQENVNV 92

| <lee -]
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R

| -
96 YTSSENEETELATEVYVTPETSDDWEIIDANAMR!QNGEILEQTRIVTPG 145

141 QVLVVYPTPQTTARLLVKKIEPEVSTFAQLFNDTEVQIAPKVQKRP5ISS 190

N
146 ETLICYLEGIVT KFKIDRVEPSHRS ARITDGSLVVVAPKVNKTRLVKA 193
191 VRSDSSGERIRRVRSSTSTATGRRSVTNNGEVLPSMLRRSITLPNNTYAH 240
194 EYGHSN. . covvenvnnsananss KTILRNGAI..QLLRKRVIL........ 216

241 VNDSKSGGYKVYCNLNELIPALQNAHFVSVSVLVGPGTPDRTGLTSSKIK 290

217 WRSTVCRM...coaun DFPRDNLFVVYISDGAQLPSQKGYASIVKC 253

291 QLNDSIDQAAQTQTNAAGSSEPPESSYTETGKVIAELVE DSKSPRGNVG 339

254 SLRQSKKRDSD ............ NKSVPIPSKKIGVFIKCDSQIPENEIA 291

340 LSELLACSLGIENTVGNLISLEQARKPLIKRPTVLVLBKYTTVSPASLDR 389

292 LSSHLWDAFFTEPMNGAKIKLE.....cc00as FLQHNQANIIS GRNAT 329

380 VTIKEATEEQKRVQNKKERDTLLTQLMQLLSPLLDSCTFTNCVXLPRIGT 439
| & 1].

:|
330 VNIKYFGKD ............ VPTKSGDQYSKLLGGTLLTNNLILPTEQI 367

440 LL ...... PNGGLLQFKRIKSGW TTPLGKDNVSLEIGEEILRPESF 479

.- lezfllzz. |3
368 IIEIKKGESEQQLCNLNEISNESVQWRVTQHGKDELKDIIERBLPKBYEV 417

480 SPSYDLLPDRKTEVRTQSDQYPTA QENLIESLSK IASGGSLLFGT 524

418 KETAQVSRTSK ..... DEDDFITVNSIKKEHVNYLTSPIIATPAIILDGK 462

525 SGSGKSLVISQVAQIVTNKGE FVKLLNCDKIHSES YNNLRGIFEDIFS 572
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- | |
463 QGIGKTRLLKELINEVEKDHBIFVKYADCETLEETSNLDKTQRLIMEWCS 512

573 EVSWKAPSLLILEDLDSLIPAEQ ....... EESDSSQSRQLSEYFISKLS 615
-l l.

513 FCYWYGPSLIVLDNVEALFGRPQANDGDPSNNGQWDNASKLLNFFINQVT 562

The P. pastoris PASI Is Required for
Functional Peroxisomes

The strain PPY300 (arg4 his4 pasl.:ScARG4), containing a
disruption of the PASI gene, differed phenotypically from
PPY12 (arg4 his4) in several ways related to peroxisome
function. (Hereon, PPY300 will be referred to as pasi::
ARGH4. See Materials and Methods for details of strain con-
struction.)

Wild-type P. pastoris grows on either oleic acid or metha-
nol as sole carbon source, and growth on either substrate
causes substantial peroxisomal proliferation (Gould et al.,
1992). Electron micrographs of wild-type, oleic acid-grown
cells contain numerous mitochondria-sized peroxisomes,
while wild-type cells grown on methanol contain several
clustered, huge peroxisomes (Fig. 5).

The pasl::ARG4 strain, however, was unable to grow on
either oleic acid or methanol as sole carbon source, and elec-
tron micrographs of pasl::ARG4 cells cultured on either car-
bon source showed no structures comparable to the peroxi-
somes seen in oleic acid- or methanol-induced wild-type
cells (Fig. 6, a and b). Notably, the induced pasl::ARG4 cells
did contain some structures that resembled the peroxisomes
seen in methanol-induced wild-type cells at early time points
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Figure 3. Comparison between P, pastoris (P.p.) PASI and S. cerevisiae (S.c.) PASI proteins. Sequences were aligned using the BEST-FIT

program.
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Figure 4. Comparison between P. pastoris PAS] and PASS proteins.
Sequences were aligned using the BEST-FIT program.
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of induction (data not shown). (These putative “peroxisome
ghosts” will be discussed later.)

Thus, the pasl::ARG4 disruption confirmed that the PASI
protein is required for functional peroxisomes in P, pastoris,
and it defined P. pastoris pas (peroxisome assembly) mu-
tants as being: (a) unable to grow on oleic acid or methanol
as sole carbon source; and (b) having no morphologically
normal peroxisomes.

Later, to be sure that the disruption removed all PAS!
activity, we constructed a strain, PPY30l (argd his4
Apasl::ARG4), with a near-complete deletion of the PAS!
gene (Materials and Methods and Fig. 7). The pasl::ARG4
and the Apasl strains were equally deficient for all aspects
of peroxisomal function tested. (Hereon, PPY301 will be re-
ferred to as Apasl.)

We were able to restore functional peroxisomes in both the
pasl::ARG4 strain (Fig. 6, ¢ and d) and the Apas! strain
(data not shown) by transformation with extrachromosomal
plasmids that contained the full P. pastoris PASI open read-
ing frame and ~900 base pairs of DNA 5’ of the ATG initia-
tion codon.

Peroxisomal Proteins Are Induced Normally in
pasl::ARG4 Cells

As mentioned earlier, the production of peroxisomal proteins
required for growth on oleic acid or methanol is greatly in-
creased when P. pastoris is grown on either of these carbon
sources. It is thought that the increase in size of wild-type
peroxisomes during induction is due in part to increased im-
port of these proteins (Hazeu et al., 1975; McCollum et al.,
1993). Thus, a defect in peroxisomal protein induction could
cause the morphological and growth defects seen in the P
pastoris pasl strains.

We tested this possibility by comparing the levels of per-
oxisomal protein produced in whole-cell lysates of wild-type
and pasl::ARG4 cells.

The pasl:: ARG4 strain and the wild-type strain produced
thiolase (a peroxisomal matrix protein [Kunau et al., 1988)),
PASS (a peroxisome-membrane-associated protein [McCol-
lum et al., 1993]), and DHAS (dihydroxyacetone synthase,
a peroxisomal matrix protein) at similar levels (Fig. 8). Ad-
ditionally, catalase and methanol oxidase (both peroxisomal
matrix proteins) were induced normally in the pas!::ARG4
strain (data not shown). Therefore, PASI is not involved in
peroxisomal protein induction in P. pastoris.

Apasl Cells Contain Peroxisomal Ghosts

Erdmann et. al (1991) were unable to find peroxisome-like
structures (ghosts) in their S. cerevisiae pasl strains by either
electron microscopy or by biochemical examination of sub-
cellular fractions. Interestingly, the P. pastoris pasl strains
contain peroxisomal ghosts.

The electron micrographs in Fig. 6 show pasl::ARG4 cells
grown on methanol (Fig. 6 @) and oleic acid (Fig. 6 b). In
these micrographs we have indicated structures that resem-
ble mutant peroxisomes (McCollum et al., 1993; Spong and
Subramani, 1993). These structures are commonly seen in
pasl cells induced by methanol or oleic acid, but similar
structures are only rarely seen in uninduced pas! cells or in
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Figure 5. Growth of P. pastoris on methanol or oleic acid causes a massive proliferation of peroxisomes. (a) Wild-type P. pastoris grown
in glucose medium. (b) Wild-type P. pastoris grown in methanol medium. Note the large, clustered peroxisomes (P). (c) Wild-type P.
pastoris grown in oleic-acid medium. Note the large, unclustered peroxisomes (P). M, Mitochondria; N, nucleus; P, peroxisome; V, vacu-

ole. Bar, 500 nm.

uninduced wild-type cells. Interestingly, structures similar
to the stacked organelles indicated as peroxisomes in Fig. 6
a are regularly seen in P. pastoris Apas5 cells cultured in
methanol media and in wild-type cells cultured in methanol
media for short periods (less than 2 h) of time (Heyman and
Monosov, unpublished observations).

To further examine the possibility that P pastoris pasl
cells contain mutant peroxisomes, we purified, then com-

Heyman et al. Role of P. pastoris PASI in Peroxisome Biogenesis

pared, peroxisomes from oleic-acid induced wild-type and
Apasl cells. The data presented below were obtained from
analysis of two sucrose gradients: The “wild-type” and
“ApasI” gradients were loaded with crude organellar pellets
from wild-type and Apasl cells, respectively. Each 40-ml
gradient was loaded with 8 mg total protein. During the
characterization of the gradients for Figs. 9 and 10, care was
taken in the Western blotting and in the preparation of nega-

Figure 6. Methanol- or oleic-
acid-induced pasl::ARG4 cells
contain structures that look like
very small peroxisomes. Trans-
formation with extrachromo-
somal copies of the PASI gene
restores normal peroxisomes to
the pasl::ARG4 strain. (a)
pasl::ARG4 cells cultured in
methanol medium contain clus-
tered, single-membrane-bound
structures that resemble small
peroxisomes (P). (b) pasl::
ARG4 cells cultured in oleic-
acid medium contain several
small, single membrane-bound
structures that are not seen in
uninduced wild-type cells. pasi::
ARGH4 cells harboring the PASI
gene on extrachromosomal plas-
mids contain morphologically
wild-type peroxisomes (P)
when cultured in (¢) methanol,
or (d) oleic-acid. Bar, 500 nm.
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Figure 7. Deletion of the PAS]
gene. The 5’ 600-bp EcoRI
(R) fragment (blunted) and the
B 3" 1200-bp Bglll (G) to
BamHI (B) fragment were cut

from pJAHI15 (@) and cloned
consecutively into the Xhol
(blunted and treated with phos-
phatase) and BamHI (treated
with phosphatase) sites, re-
spectively, of the pBluescript-
IIKS multiple cloning site
(mcs), forming the construct
in b. The P. pastoris ARG4
gene was then excised from
pASI00 (Spong and Subra-
B mani, 1993) with Kpnl and
EcoRV (a 2075-bp fragment),
blunted, and ligated into the
EcoRV (treated with phospha-
tase) site between the PAS/
fragments (¢). Thus, 2.4 kb of
PASI coding sequence was re-
placed with the P pastoris
ARG4 gene. Digestion at the
Kpnl (K) and Scal (§) sites
was used to release the PASI-

targeted ARG4 gene, and this DNA was introduced into the genome by homologous recombination into PPY12, forming the Apas! locus
depicted in d. Enzyme sites in brackets were destroyed during cloning. The PAS] coding sequence is shaded and bounded by heavy vertical

lines.
a Wild - type pas1:;; ARG4
------ SM ------ -——---SM -----
G 15 35 75 G 15 35 75
DHAS . ——
PASS ——— g
b Wild-type pas1:: ARG4
SOL SOL
G 75 G 75
PAS8 —
THIOLASE —

Figure 8. Growth on oleic acid or methanol causes normal induc-
tion of peroxisomal proteins in pasl::ARG4 cells. Wild-type and
pasl::ARG4 cells were precultivated in yeast nitrogen base with
2% glucose (SG) and then shifted to either yeast nitrogen base with
methanol (SM) or yeast nitrogen base with oleic acid and Tween
(SOLT) for 1.5, 3.5, or 7.5 h. (a) The methanol-induced cells were
immuno-blotted for the presence of DHAS and PAS8. (b) The oleic-
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tives and prints to ensure that it would be valid to use band
size/intensity to compare the amount of each marker protein
in the wild-type gradient with the amount of the correspond-
ing protein in the Apasl gradient.

Fig. 9 summarizes experiments performed on sucrose
fractions from a peroxisome purification gradient for wild-
type cells. Catalase activity was seen primarily in fractions
13-25, with a peak in fraction 16, and SDH activity (mito-
chondrial marker) was seen in fractions 28-37, with peak ac-
tivity in fraction 31 (Fig. 9 a). Western blots with antibodies
against trifunctional enzyme (Fig. 9 b), acyl-CoA oxidase
(Fig. 9 ¢), and thiolase (Fig. 9 d) show that these peroxi-
somal proteins also colocalized with catalase within the gra-
dient. Blotting with anti-PAS8 antibody (Fig. 9 ¢) showed the
PASS8 protein to have a bimodal distribution within the gra-
dient: one peak coincided with the peroxisomal markers, and
the other peak was likely to be the result of PASS8 protein run-
ning as a free protein or as a protein that sticks non-
specifically to mitochondria. (An experiment in which hu-
man serum albumin was added to an organelle pellet before
sucrose gradient centrifugation showed that free protein runs
at the top of these sucrose gradients; data not shown.)

Since four peroxisomal matrix proteins and one peroxi-
somal membrane-associated protein colocalized in fractions
13-25, and because there was virtually no SDH (Fig. 9 a)
activity in these fractions, it is clear that intact peroxisomes,
free of mitochondrial contamination, were purified in frac-

acid induced cells were immuno-blotted for the presence of PAS8
and thiolase.
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gradient as described by Nutt-
ley et al. (1990). The gradient
was drained into 40 1-ml frac-
tions. (a) Gradient fractions
assayed for catalase and SDH
(succinate dehydrogenase) ac-
tivity across the gradient. Cata-
lase activity is expressed in
Beaufay U/ml. SDH activity
is expressed as the change in
absorbance at 410 nm/min/mi
of fraction. Density of frac-
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tions in g/cm?®. (b-¢), results of Western blotting equal volumes (35 ul) of every fourth gradient fraction (including the first and last
fractions) with: (b) antisera to trifunctional enzyme (abbreviated “anti-TFE”); (c) antisera to acyl-CoA oxidase (abbreviated “anti-
AOX"); (d) antisera to thiolase; and (e) affinity-purified antisera to P. pastoris PAS8. Antibody dilutions were 1/2,000, 1/1,000, 1/500,

1/1,000, respectively.

tions 13-25. The fraction most enriched for peroxisome
markers (fraction 16), had a sucrose density of 1.19 g/cm?.
This agrees with published figures for the density of yeast
peroxisomes purified on sucrose gradients (Hohfeld et al.,
1991).

Fig. 10 summarizes experiments performed on sucrose
gradient fractions from a peroxisome purification gradient
from Apasl cells. Similar to the wild-type gradient, SDH ac-
tivity was found in fractions 28-37, with peak activity in
fraction 31 (Fig. 10 a). Catalase activity (Fig. 10 a), how-

sucrose gradient

V)
-

ever, was not found at all in fractions 13-25, and the only
detectable catalase was a small amount found in fractions
37-40 (corresponding to free protein). An immunoblot with
anti-thiolase antibody (Fig. 10 d) demonstrated that no thio-
lase was loaded on the gradient (even a very long ECL ex-
posure did not show any thiolase on this blot; data not
shown). These results suggest that the Apas! cells did not im-
port thiolase and catalase into membrane-bound structures.

Blotting Apas! gradient fractions with antibodies that
recognize the trifunctional protein (Fig. 10 b) and acyl-CoA

Figure 10, Purification of
peroxisomes from Apasl cells
on a sucrose gradient. A pas/
cells were cuiltivated in oleic
acid for 18 h and the organelle
pellet fraction (8 mg) was
fractionated on a sucrose gra-
dient as described by Nuttley
et al. (1990). (a) Gradient
fractions assayed for catalase

-~ sucrose density :

1.0
fraction 1 4 7 10 13 16 19 22 25 28 31
b anti-TFE -
C anti-AOX -—
d anti-thiolase
€ anti-PAS8 i —

Heyman et al. Role of P. pastoris PASI in Peroxisome Biogenesis

— — — — _—

and SDH activities across the
gradient. Density of fractions
in g/cm®. Catalase, SDH, and
Acyl-CoA oxidase activities
are expressed as described in
the legend to Fig. 9. (b-e),
results of Western blotting
equal volumes (35 ul) of every
fourth gradient fraction (in-
cluding the first and last frac-
tions) with: (b) antisera to
trifunctional enzyme (anti-
TFE); (c¢) antisera to acyl-
CoA oxidase (anti-AOX); (d)
antisera to thiolase; and (e)
affinity-purified antisera to P,
pastoris PAS8. Antibody dilu-
tions were as described in the
legend to Fig. 9.
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oxidase protein (Fig. 10 c) revealed that both proteins con-
centrate in two distinct parts of the gradient: fractions 34-40,
which are likely to contain free protein, and fractions 13-19,
which correspond (both in number and in sucrose density)
to the peak peroxisome-containing fractions from the wild-
type gradient (Fig. 9). A blot with anti-PAS8 antibody (Fig.
10 e) shows that the PASS protein was distributed through the
gradient in a bimodal manner, as was seen for the wild-type
gradient. The comigration of acyl-CoA oxidase, PAS8 pro-
tein, and the trifunctional enzyme to fraction 16 is striking,
especially in light of the fact that both the wild-type gradient
fraction 16 (peak peroxisomal fraction) and Apas! fraction
16 have a density of 1.19 g/cm’.

The colocalization of these peroxisomal markers to frac-
tions of 1.19 g/cm® sucrose density in the gradient from
Apasl cells was most likely due to one of three reasons: (a)
the three proteins were part of a large protein complex that
had sedimented to sucrose of 1.19 g/cm® during the 8-h,
92,000-g spin; (b) the three proteins were loaded onto the
sucrose gradient as a result of nonspecific clinging to the
crude pellet, then during the spin migrated as free proteins
to sucrose of density 1.19 g/cm?; or (¢) the three proteins
are associated with peroxisome ghosts.

To distinguish between the first and third possibilities, we
performed a sucrose-flotation experiment (Walworth et al.,
1989; Paravicini et al., 1992). Crude organellar pellets were
prepared from oleic acid-induced wild-type and Apasi cells,
then loaded on 5-ml sucrose gradients and spun for 2.5 h at
92,000 g. These gradients were fractionated and 200-ul gra-
dient material of the appropriate peroxisome- or peroxisome
ghost-containing fraction was placed in a 5-ml high-speed
centrifuge tube, overlaid with cushions (2.4 ml) of 60 and
35% sucrose and centrifuged at 170,000 g for 18 h in a swing-
ing bucket rotor. Fractions were then assayed for the pres-
ence of peroxisomal markers. It was expected that protein
aggregates that did not completely sediment during the first
(8 h, 92,000 g) spin would completely sediment during the
second (18 h, 170,000 g [Horazdovsky and Emr, 1993]) spin,
and that membrane-enclosed proteins would rise to the 60/

Wild-type flotation

gradient

35% sucrose interface (Stack et al., 1993). Since no mito-
chondria were loaded onto the flotation gradient (the mate-
rial loaded onto this gradient contained no SDH activity;
data not shown), there was no chance that proteins could rise
to the 60/35 % sucrose interface due to interaction with mito-
chondrial membranes.

In both wild-type and Apas! gradients, it is clear that the
peroxisomal markers (trifunctional enzyme, acyl-CoA oxi-
dase, and PASS protein) floated out of the densest sucrose
and concentrated at the interface of the 60 and 35% sucrose
(Figs. 11 and 12).

The fact that the peroxisomal markers behave similarly in
the wild-type and the Apasl flotation gradients suggests that
the colocalization of peroxisome markers in the Apas!
purification gradient was not the result of the proteins being
in a complex that had sedimented to sucrose of 1.19 g/cm?
during the 8-h, 92,000-g spin.

To test the possibility that acyl-CoA oxidase, trifunctional
enzyme, and PAS8 migrated as free proteins to sucrose of
density 1.19 g/cm® in the Apas! purification gradient, we
ran sucrose purification gradients with organellar pellets
prepared from P. pastoris wild-type, Apasl, and Apas8 cells.
The Apas8 strain was used because it is known that it will
not import acyl-CoA oxidase or trifunctional enzyme into
peroxisomes: P. pastoris Apas8, and the equivalent S. cere-
visiae strain, pasl0, are characterized by peroxisomes that
fail to import PTSl-containing proteins and the PAS8 protein
of P. pastoris is the PTS] receptor (McCollum et al., 1993;
van der Leij et al., 1993).

In the wild-type and the Apasl gradients, trifunctional en-
zyme and acyl-CoA oxidase were distributed essentially as
in the gradients described in Figs. 9 and 10 (peroxisomal
markers were found in peak levels in both gradients at den-
sity 1.21 g/cm?®; data not shown) whereas in the Apas8 gra-
dient, no acyl-CoA oxidase was detected at all, and the very
small amount of trifunctional enzyme detected was found at
a density of 1.16 g/cm’ at the top of the gradient. Thus, in
Apas8 cells, acyl-CoA oxidase was not imported into peroxi-
somes, nor did it cling to the pre-gradient pellet in an amount

Figure 11. Localization of per-
oxisomal markers in two-step
0.2 sucrose gradients. Wild-type

2 1.28 p - cells were induced on oleic
€ 124 sucrose density % acid for 18 h and an organellar
s catalase act. 0.1 E pellc?t fraction, copsisting pri-
% 1.20 = marily of peroxisomes and
g ' r mitochondria, was obtained.
S @ This pellet was loaded on a
Sl —— T =00 5-ml sucrose gradient, spun
: for 2.5 hat 92,000 g, and frac-
0 9y k]
fraction b2 3 45 6 7 91 112 tionated into 12 fractions of
. S ~480 ul each. 200 ul from a
b anti-TFE PRGN o oo v ——— fraction of density 1.21 g/cm’
was transferred to the bottom
C anti-AOX L e — o GEREN= of a Beckman ultra-clear cen-
trifuge tube, overlaid with 2.4
: ml 60% sucrose, then overlaid
d anti-PAS8 again with 2.4 ml 35% sucrose.

This sample was centrifuged

at 170,000 g for 18 h and dripped from bottom (fraction 1) to top (fraction 12) in ~0.5 ml fractions. (a) Gradient fractions assayed for
SDH activity across the gradient. Density of fractions in g/cm®. (b-d) Equal volumes (35 ul) of fractions Western-blotted with the indi-
cated antisera. Antibody dilutions are as described in the legend to Fig. 9.
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great enough to allow its detection in the Apas8 sucrose gra-
dient. The small amount of trifunctional enzyme that did get
loaded on the Apas8 gradient did not migrate to the density
of wild-type peroxisomes. These results rule out the possi-
bility that the distribution of trifunctional enzyme and acyl-
CoA oxidase seen in the Apasl sucrose gradient described
in Fig. 10 was due to the two proteins clinging non-
specifically to the crude pellet and then migrating as free
proteins to sucrose of density 1.19 g/cm?. This fact, cou-
pled with the flotation gradient results, suggests that tri-
functional enzyme and acyl-CoA are imported to mem-
brane-bound structures in Apas! cells. Furthermore, these
membrane-bound structures are peroxisomes because they
have the correct density and they contain several peroxi-
somal markers, but no SDH activity.

Apasl Peroxisomal Ghosts Contain Some, but Not All,
of the Proteins Seen in Wild-type Peroxisomes

When Figs. 9 and 10 are compared, it can be seen that Apasl
peroxisomal ghosts were completely deficient for the import
of thiolase and catalase. When care is taken (see Materials
and Methods) to ensure that the band intensity of a particular
marker protein in gradient fractions can be used to compare
the relative levels of that protein in the Apas! and wild-type
gradients, it is clear that several proteins (trifunctional en-
zyme, PAS8 protein, and acyl-CoA oxidase) were indeed im-
ported in the Apas! cells, but at very low levels when com-
pared to the levels seen in wild-type peroxisomes. This is
well illustrated by the difference in band intensity seen for
trifunctional enzyme in Western blots of the wild-type (Fig.
9 b) and Apasl (Fig. 10 b) sucrose gradients (ECL-
development time required to detect trifunctional enzyme on
the Apasl blot is sufficient to overexpose the band corre-
sponding to this protein in the wild-type blot).

Fractions from wild-type and Apasl gradients were also
blotted with anti-SKL antibody. Since COOH-terminal -SKL
tripeptides are used as peroxisomal targeting signals in yeast
(Distel et al., 1992), it was expected that antibodies directed
against these sequences would recognize proteins in purified
wild-type peroxisomes. This was the case: four proteins
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0.0 ml fractions. (a) Gradient
fractions assayed for SDH ac-
tivity across the gradient.
Density of fractions in g/cm®.
(b-d) Equal volumes (35 pul)
of fractions Western-blotted
with the indicated antisera.
Antibody dilutions are as de-
scribed in the legend to Fig. 9.

much enriched in the peroxisomal fractions were recognized
by anti-SKL antibody (molecular masses: 97, 72, 38, and 31
kD). Interestingly, when fractions from a Apas! sucrose gra-
dient were blotted with anti-SKL antibody, only the 97-kD
protein (now known to be trifunctional enzyme) and the 72-
kD protein (now known to be acyl-CoA oxidase) were de-
tected. The two other proteins (38 and 31 kD) recognized by
the anti-SKL antibody were not detected in blots of the Apas!
gradient (data not shown). However, since these two proteins
are seen at lower intensities than trifunctional enzyme or acyl
CoA oxidase in blots of wild-type peroxisomes, it is possible
that small amounts of these proteins might have gone un-
detected in the peroxisomes from Apas! cells.

Thus peroxisome ghosts from Apasi cells are unable to
import any of the proteins tested with the same efficiency
as wild-type peroxisomes. Some peroxisomal proteins (thio-
lase, catalase and the 38- and 31-kD proteins) are undetect-
able in the organelles from Apasl cells, but others (trifunc-
tional enzyme, acyl CoA oxidase, and PASS8) are present at
reduced levels, relative to that in wild-type cells.

It is interesting that the proteins found in association with
Apasl ghosts include both PTSI-targeted proteins (trifunc-
tional enzyme, acyl-CoA oxidase) and at least one protein
that is not targeted via this pathway (PAS8 has no PTSI se-
quence [McCollum et al., 1993]). Apas! cells appear to be
deficient in the import of a PTS2-containing protein (thio-
lase), as well as some proteins that are either known to be
imported via the PTS1 pathway (e.g., catalase, McCollum et
al., 1993) or others that are recognized by the anti-SKL anti-
body and may therefore be imported via this pathway.

The PASI Protein Is Induced by Growth on Oleic Acid
or Methanol

Crude P. pastoris lysates from glucose-grown cells were
blotted with an antibody made against a GST-PAS1 fusion
protein. A protein of the predicted size, 127 kD, was recog-
nized (Fig. 13). This protein was seen in increased amounts
in lysates from cells grown on oleic acid or methanol. This
protein was not recognized in lysates from pasl::ARG4 cells
grown on glucose, oleic acid, or methanol, proving that the
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Figure 13. The PASI protein is induced by growth on oleic acid or
methanol. Wild-type and pasl::ARG4 cells were precultivated in
SG medium and then shifted to SM medium for 1.5, 3.5, or 7.5 h,
or to SOLT medium for 7.5 h. Glass-bead lysates were obtained
from these cells. (a) 120 ug protein from methanol-induced cells
was loaded in each lane. (b) 120 ug protein from oleic-acid induced
cells was loaded in each lane. Western blotting was performed with
antiserum raised against a fusion protein expressed by DNA encod-
ing glutathione-S-transferase cloned upstream of an internal 2.4-kb
BgllII fragment of PASI. Antisera was used at a 1/100 dilution.

recognized band was indeed the PASI protein. Thus, the P
pastoris PAS] protein is induced by growth on oleic acid or
methanol.

Discussion

The P. pastoris PASI Is a Homologue
of the S. cerevisiae PAS] and Is Required for
Functional Peroxisomes

The evidence that the P. pastoris PASI gene is required for
peroxisomal biogenesis and is the homologue of the S.
cerevisiae PASI is as follows. (a) Disruption or deletion (by
homologous recombination) of the P. pastoris PASI results
in cells that are unable to grow on oleic acid or methanol,
carbon sources known to cause induction of wild-type P.
pastoris peroxisomes and peroxisomal enzymes. In S.
cerevisiae, oleic acid is the only carbon source known to in-
duce peroxisomes and peroxisomal proteins (Kunau et al.,
1988), and S. cerevisiae pasl cells are unable to grow on
oleic acid as sole carbon source (Erdmann et al., 1989). (b)
Electron micrographs of P. pastoris pasl cells induced on
oleic acid or methanol show fewer and much smaller
peroxisome-like structures than do similarly grown wild-
type P. pastoris cells (Fig. 5, b and ¢). This is similar to
results seen for S. cerevisiae, in which peroxisomal struc-
tures are never seen in oleic acid-induced pasl cells but are
easily observed in induced wild-type cells. (¢) Comparison
of the predicted amino acid sequences reveals that the P
pastoris PAS] shares 60% similarity and 39% identity with
the S. cerevisiae PAS1 (Fig. 3). The sequences contain 1157
and 1043 residues, respectively, with homology throughout
the length of the proteins and extremely high homology in
two regions containing consensus ATP-binding domains.
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Additionally, a search of GENBANK with the predicted P.
pastoris PAS] sequence reveals S. cerevisiae PAS] as its best
match in GENBANK. For comparison, P. pastoris PASS
(McCollum et al., 1993) and its homologue, S. cerevisiae
PAS10p, share 57 % similarity and 37 % identity (van der Leij
etal., 1993). (d) Introduction of the cloned P. pastoris PASI
gene complements the peroxisomal defects seen in P
pastoris strains bearing a disruption or deletion of the chro-
mosomal PASI gene. (¢) In Western blots, an antibody made
against a GST-PASI fusion protein reacts with a protein of
127 kD. This protein is the correct size, it is induced on ole-
ate and methanol (Fig. 13), it is absent in strains bearing a
deleted or disrupted chromosomal PASI gene, and it is over-
expressed in strains bearing the PAS! gene on a multicopy
episomal plasmid (relative to the amount of PAS] seen in
similarly grown wild-type cells; data not shown). (f) The
PASI genes of P. pastoris and S. cerevisiae are more closely
related to each other (Fig. 3) than the PASI and PASS genes
of P. pastoris (Fig. 4) which complement mutations that be-
long to different complementation groups, yet encode related
proteins.

Ultimate proof that the P. pastoris PAS] and S. cerevisiae
PASI are functional homologues might be obtained if the
gene from one organism complements a pas! mutant of the
other. Unfortunately, we have been unable to show this. We
have tried the following: (a) We cloned the P. pastoris PASI]
gene, under its own promoter, into S. cerevisiae shuttle vec-
tor pRS316 and transformed this construct into an S.
cerevisiae pasl strain. Cells bearing this construct did not re-
gain the ability to use oleic acid. (b) We cloned the entire
S. cerevisiae PASI ORF behind the P. pastoris methanol oxi-
dase promoter in a vector which contained a P. pastoris au-
tonomous replication sequence and the S. cerevisiae ARG4
gene. P, pastoris pasl cells harboring this construct did not
grow on methanol. (c) We cloned, behind the P. pastoris
PASI promoter, a construct that encoded a fusion protein
consisting of the first 83 amino acids of P. pastoris PASI
fused to amino acids 123 to 1043 of S. cerevisiae PASI (resi-
due 1043 is the final residue of S. cerevisiae PASI). Cells
containing this fusion construct were unable to grow on oleic
acid or methanol. It should be noted, however, that homolo-
gous genes do not always function in a heterologous system.

Apasl Contains Peroxisomal Ghosts

Electron micrographs of oleic acid- or methanol-induced
Apasl cells contain structures that look like extremely small
peroxisomes (Fig. 6, a and b) which are quite distinct mor-
phologically compared to the peroxisomes seen under simi-
lar circumstances in wild-type cells (Fig. 5, b and ¢).

To confirm that Apasl cells contain peroxisomal “ghosts,”
we purified these structures on sucrose gradients. Several
peroxisome markers (acyl-CoA oxidase, trifunctional pro-
tein, and PAS8) comigrated to fractions of the same sucrose
density (1.19 g/cm®) to which wild-type peroxisomes and
peroxisomal markers migrate (Figs. 9 and 10). The colocal-
ization, in Apasl sucrose gradients, of bona fide peroxisomal
markers at the same sucrose density as that of wild-type
peroxisomes was not fortuitous. This was shown by the fact
that both acyl-CoA oxidase and trifunctional enzyme, which
in wild-type P. pastoris are imported into peroxisomes via
the PTS1 pathway and migrate in sucrose organelle purifica-
tion gradients to a density of 1.19 g/cm?, failed to localize
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to this density in sucrose gradients loaded with an organellar
pellet isolated from PTSl-import deficient Apas8 cells (data
not shown). The colocalization of multiple peroxisomal
markers at a sucrose density of 1.19 g/cm? in Apasl cells
cannot be due to simple aggregation of these proteins either,
as demonstrated by the fact that the markers floated to the
interface between 60 and 35% sucrose during the Apas! su-
crose flotation gradient experiment (Fig. 12) in a fashion vir-
tually identical to that seen for markers enclosed in wild-
type peroxisomes (Fig. 11). These observations provide
strong evidence for the association and import of acyl CoA
oxidase and trifunctional enzyme into peroxisome ghosts of
Apasl cells. The presence of PASS, the putative PTSI recep-
tor, in peroxisome ghosts of Apasl cells is consistent with
their ability to import small quantities of certain PTSI-
containing proteins.

The existence of detectable peroxisome ghosts in the
Apasl mutant of P. pastoris clearly distinguishes it from the
analogous mutant of S. cerevisiae (Erdmann et al., 1991). It
is possible that these ghosts are more visible by electron mi-
croscopic analysis and more stable during biochemical
manipulations in P. pastoris, relative to S. cerevisiae. The
existence of these ghosts however, provides a satisfying ex-
planation for the fact that peroxisomes reappear in the pas/
mutants complemented with the PASI gene from the corre-
sponding organism (Fig. 6, ¢ and d). If peroxisomes arise
only from preexisting peroxisomes, and if the pas/ mutant
of S. cerevisiae really has no peroxisome ghosts, then it
would be difficult to explain how peroxisomes are restored
by the introduction of the PASI gene into the pas/ mutant of
S. cerevisiae.

Apasl Peroxisomal Ghosts Import Some, but Not All,
of the Proteins Seen in Wild-type Peroxisomes

The phenotype of the S. cerevisiae pasl mutant, i.e., cells
with no detectable peroxisomes, has been explained as the
result of a defect in protein import into peroxisomes (Erd-
mann et al., 1991). A more detailed analysis of the pas! mu-
tant of P. pastoris shows that the situation is more complex.
A comparison of data obtained from Western blots of wild-
type and Apasl peroxisome purification gradient fractions
confirmed that Apasl cells contain ghosts, and that these
ghosts did not contain wild-levels of peroxisomal proteins
(Figs. 9 and 10). Interestingly, however, a peroxisomal pro-
tein’s import-fate in Apas! cells does not seem to be depen-
dent on the protein’s targeting signal alone: proteins absent
from Apasl peroxisomes include the PTSI-targeted catalase
and the PTS2-targeted thiolase, while proteins that are im-
ported into Apasl peroxisomes include two PTSI-targeted
proteins (trifunctional enzyme, which is recognized by anti-
SKL antibody, and acyl-CoA oxidase, which is recognized
by anti-AKI antibody and anti-SKL antibody) and PASS,
which does not contain a PTS1 or PTS2 (McCollum et al.,
1993).

These results argue against PAS] having a direct role in the
import of proteins bearing a specific type of peroxisomal tar-
geting signal: if this were the case, it would be expected that
Apasl peroxisomes would contain wild-type amounts of all
proteins except those targeted by a PASl-requiring path-
way. We have not yet determined the PASI protein’s cellular
location, but cellular fractionation suggests that PASI is not
a free cytosolic protein. Additionally, Western blots of
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sucrose-gradient purified peroxisomes isolated from oleic
acid-induced, wild-type P. pastoris revealed no PASI protein
associated with peroxisomes.

Role of the PASI Protein in Peroxisome Biogenesis

P. pastoris pasl cells contain extremely small peroxisomes
that will not support growth on oleic acid or methanol. The
fact that Apasl cells contain peroxisomal ghosts suggests that
P. pastoris PASI is not required for distribution of peroxi-
somes to daughter cells. Additionally, pasl::ARG4 cells
(which are phenotypically equivalent to Apas! cells) pro-
duce peroxisomal proteins at wild-type levels (Fig. 8), sug-
gesting that PAS] is not involved in the induction of peroxi-
somal proteins. Further, it is unlikely that a defect in
peroxisomal substrate import would result in extremely
small peroxisomes. Thus, the Apasl phenotype is likely to
be due to a defect in peroxisomal matrix protein import or
in the addition of membrane to growing peroxisomes.

The following characteristics of the Apasl ghosts lead us
to believe that PAS1 functions in the addition of membrane
to peroxisomes: (a) electron micrographs reveal that induced
Apasl cells often contain structures that look like small
peroxisomes. Similar structures are rarely seen in uninduced
or fully induced wild-type cells. Interestingly, structures
similar to the small, stacked organelles seen in the metha-
nol-cultured Apasl cells (Fig. 6 a) are regularly seen in
methanol-cultivated Apas35 cells and in wild-type cells culti-
vated for short periods (less than 2 h) in methanol. This sug-
gests that the peroxisome ghosts seen in the Apas/ cells may
be normal intermediates in the peroxisome biogenesis path-
way and the situation is reminiscent of the immature acyl
CoA oxidase-containing peroxisomes of rat liver cells,
which import other proteins to become mature peroxisomes
(Heinemann and Just, 1992; Luers et al., 1993). (b) Peroxi-
somal ghosts isolated from Apas! cells contain several, but
not all, of the proteins seen associated with wild-type peroxi-
somes. Since peroxisomal proteins of at least two types (ma-
trix proteins targeted via the PTSI pathway and at least one
membrane protein [PAS8] targeted via a different signal) are
associated with purified ghosts, it does not seem likely that
pasl cells are simply defective for matrix protein import. It
should be noted that Apas/ cells have fewer and smaller
peroxisomes than wild-type cells under analogous peroxi-
some-induction conditions. The reduced efficiency of import
of markers such as acyl-CoA oxidase, trifunctional enzyme
or PAS8p, into peroxisomes of Apas! cells could be due, at
least in part, to the possibility that these organelles can only
accommodate limited amounts of matrix proteins. If they be-
come full, and if the organelle cannot grow in size due to
some other limitation, then there would appear to be a pro-
tein import defect.

These results are consistent with PAS] playing a role in
membrane addition: if peroxisomes could import protein but
not accrue membrane material such as lipid or protein, cells
growing on oleic acid or methanol would soon fill their
peroxisomes to capacity with protein. Also, if it is posited
that different peroxisomal proteins are imported to or re-
tained in peroxisomes at different efficiencies, then peroxi-
somal proteins would be expected to collect in peroxisomal
ghosts at differing levels.

A membrane-addition role for the PASI protein is consis-
tent with the results found for S. cerevisiae pasl. This mutant
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had no detectabie peroxisomes, but Erdmann et al. (1991)
mentioned that diminished peroxisomes might have been
present and simply not detected. Additionally, they stated
that the S. cerevisiae pasl defect could be complemented by
the addition of the PASI gene and that, if S. cerevisiae pasl
cells contained no peroxisomes, this result would be incon-
sistent with the dogma that peroxisomes must come from
preexisting peroxisomes.

It was mentioned earlier that . pastoris PAS] and PASS
(Spong and Subramani, 1993) share considerable homology.
Thus, it should be possible to explain the pas5 phenotype as
the result of a defect in membrane addition. This is the case
because the pas5 phenotype is similar to the pas! phenotype:
cells from each strain contain small (with respect to wild
type) peroxisomes and these peroxisomes can import some
peroxisomal proteins (Spong and Subramani, 1993) but not
others. Thus, the results reported for the pas5 mutant are not
inconsistent with a peroxisomal membrane addition role for
PASS.

Finally, the fact that SECI8 (Eakle et al., 1988) and its
mammalian homologue NSF (Wilson et al., 1989) are
thought to play a role in the intracellular trafficking of
membrane-bound vesicles suggests that PAS] may also be in-
volved in intracellular membrane movement.
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