An Oligomeric Protein Is Imported into Peroxisomes In Vivo
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Abstract. The mechanism of translocation of perox-
isomal proteins from the cytoplasm into the matrix is
largely unknown. We have been studying this problem
in yeast. We show that the peroxisomal targeting se-
quences SKL or AKL, with or without a spacer of
nine glycines (G9), are sufficient to target chloram-
phenicol acetyltransferase (CAT) to peroxisomes of
Saccharomyces cerevisiae in vivo. The mature form of
CAT is a homotrimer, and complete trimerization of
CAT was found to occur within a few minutes of syn-
thesis. In contrast, import, measured by immunoelec-
tron microscopy and organellar fractionation, occurred
over several hours. To confirm that import of pre-
assembled CAT trimers was occurring, we co-
expressed CAT-G9-AKL with CAT lacking a perox-
isomal targeting sequence but containing a

hemagglutinin-derived epitope tag (HA-CAT). We
found that HA-CAT was not imported unless it was
co-expressed with CAT-G9-AKL. Both proteins were
released from the organelles under mild conditions
(pH 8.5) that released other matrix proteins, indicating
that import had occurred. These results strongly sug-
gested that HA-CAT was imported as a heterotrimer
with CAT-G9-AKL. The process of oligomeric import
also occurs in animal cells. When HA-CAT was co-
expressed with CAT-G9-AKL in CV-l cells, HA-CAT
co-localized with peroxisomes but was cytoplasmic
when expressed alone. It is not clear whether the im-
port of globular proteins into peroxisomes occurs
through peroxisomal membrane pores or involves
membrane internalization. Both possibilities are dis-
cussed.

are destined for organelles and must cross at least

one membrane en route to their final destination.
Fully folded proteins are not competent for export from the
cytoplasm in prokaryotes (Randall and Hardy, 1986; Wick-
ner et al., 1991), nor for import into mitochondria (Eilers
and Schatz, 1986; Chen and Douglas, 1987), or into the lu-
men of the endoplasmic reticulum in eukaryotes (Sanz and
Meyer, 1988). Cytoplasmic chaperones are proposed to
maintain proteins in an unfolded translocation-competent
state (Deshaies et al., 1988; Hendrick and Hartl, 1993) until
encountering the Escherichia coli inner envelope, the mito-
chondrial outer membrane, or the endoplasmic reticulum.
Folding later occurs within the organelles after translocation
has begun. While the import of proteins into chloroplasts
was thought to require unfolded substrates as well, recent
evidence suggests that this might not be correct (America et
al., 1994).

In contrast to these organelles, the nuclear envelope con-
tains pore complexes through which folded proteins of less
than 50,000 kD can freely diffuse (Bonner, 1978). Larger
proteins are imported through the nuclear pores by an active
mechanism that requires cis-acting nuclear targeting se-

M ANY proteins that are synthesized in the cytoplasm
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quences and ATP (Dingwell et al., 1982; Newmeyer et al.,
1986; Silver, 1991).

Much less is known about import into peroxisomes. Many
peroxisomal proteins contain the sequence SKL or a close
variant of this tripeptide at their extreme carboxy termini (de
Hoop and Ab, 1992). This motif has been termed PTSI1
(peroxisomal targeting signal 1). Peroxisomal targeting sig-
nal 1 (PTS1)! has been shown to vary slightly according to
species. In mammalian cells, allowable substitutions are
AorCfor S, R or H for K, and M for L (Gould et al.,
1989), although these variants sort with different efficiencies
(Swinkels et al., 1992). In the yeast Hansenula polymorpha,
the sequences ARF and NKL can function (Hansen et al.,
1992); in Candida tropicalis AKI can serve as a PTS1
(Aitchison et al., 1991). In trypanosomal glycosomes, a se-
quence similar to that of mammalian cells is recognized, al-
though S is allowed at the second position (SSL) and M at
the last position (SKM) (Blattner et al., 1992). The perox-
isomal targeting requirements for Saccharomyces cerevisiae,
however, are not so clear. The attachment of SKL to the car-
boxy terminus of dihydrofolate reductase (DHFR) did not

1. Abbreviations used in this paper: ACO, acyl CoA oxidase; DHAS, dihy-
droxyacetone synthase; DHFR, dihydrofolate reductase; ECL, enhanced
chemiluminescence; HA, hemagglutinin; P, pellet; PTS, peroxisomal tar-
geting sequence; PMP, peroxisomal membrane protein; S, supernatant; SD,
synthetic dextrose; SGd, synthetic glycerol-dextrose.
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permit localization to peroxisomes in S. cerevisiae, suggest-
ing that recognition of this motif may be more complex in
this yeast (Distel et al., 1992; Kragler et al., 1993).

A second type of targeting signal, termed PTS2, is found
on amino terminal extensions of 3-ketoacyl CoA thiolase
(Swinkels et al., 1991) and plant malate dehydrogenase
(Gietl, 1990). Several peroxisomal matrix proteins, how-
ever, do not contain either PTS1 or PTS2. The mechanism
for their targeting is unknown.

Peroxisomal proteins are imported posttranslationally
from cytoplasm to matrix (Lazarow and Fujiki, 1985). Most
matrix proteins are oligomeric. A comparison of the kinetics
of import and oligomerization has been performed in a few
cases. Thus, catalase in rat liver (Lazarow and de Duve,
1973), and alcohol oxidase in the yeast Candida boidinii
(Goodman et al., 1984), became oligomeric within several
minutes, concomitant with their association with organelles.
A recent study of catalase biosynthesis in normal human skin
fibroblasts, however, showed that tetramerization occurred
shortly after synthesis (monomers were not detected) while
incorporation into peroxisomes occurred over several hours
(Middelkoop et al., 1993). Thus, oligomerization and im-
port are not necessarily coupled.

This report describes the sorting of chloramphenicol
acetyltransferase (CAT)-PTSI chimeras to peroxisomes in S.
cerevisiae. We show that AKL or SKL is sufficient to target
CAT to these organelles in vivo. Furthermore, we present
evidence that CAT is imported as a folded trimeric protein.
We present three possible mechanistic models to explain our
data.

Materials and Methods

Strains and Culture Conditions

S. cerevisiae strain MMYO11 (MATo ade 2-1 his3-11,15 leu2-3,112 trpl-l
ura3-1 canl-100 Ole*) (McCammon et al., 1990) was used throughout this
study. Routine molecular biology was performed according to Sambrook
(Sambrook et al., 1989). E. coli strain TG-1 (F' traD36 laclq AflacZ]M15
proA+B+/supE AfhsdM-mcrB]5 [ry my"McrB™] thi A(lac-proAB)) was
used for standard manipulations. CJ236 (F' cat/=pCJ105; M13* Cm'}/dut
ungl thi-1 relAl spoll mcrA) was used for oligonucleotide-directed mutant
enrichment. Transformed yeast strains were maintained on synthetic dex-
trose (SD) plates (0.67% Yeast Nitrogen Base without amino acids [Difco
Labs, Detroit, MI] and 2% glucose), with amino acid and base supplements
as needed. Routine peroxisomal induction and plasmid expression were ac-
complished by inoculating 250 ml of synthetic glycerol-dextrose (SGd)
(containing 3 % glycerol and 0.1% glucose) from an SD plate. The cells were
grown for approximately 2 d to an ODego of 2-3. 250 ODego U of cell were
transferred to a new flask and “boosted” with 1X YP (1% yeast extract, 2%
peptone) for 4 h. The cells were then collected by centrifugation at 7,500 g
for 10 min and resuspended at a final concentration of 1 ODggo U/ml in
semi-synthetic oleate medium (containing 0.05% yeast extract and 0.1%
oleic acid; McCammon et al., 1990) supplemented with amino acids and
bases as required. Cells were incubated in oleate medium for 12-15 h, then
galactose was added to 0.1%. They were then harvested 24 h after galactose
addition (except where noted in the figure legends).

Preparation of Spheroplasts and
Organelle Fractionation

Cells were converted to spheroplasts (McCammon et al., 1990) using Zy-
molyase 100T (ICN Biomedicals, Irvine, CA) at 0.5 pg/ODgoo U of cells.
All subsequent steps were performed at 0-4°C. The spheroplasts were har-
vested by centrifugation at 7,500 g for 10 min and resuspended in 2 ml of
1 M SMA (1 M sorbitol, 5 mM 2-[N-morpholinoethanesulfonate], pH 5.5,
and 0.2 mM {4-{2-aminoethyl} benzenesulfonylfiuoride HCI]). Osmotic ly-
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sis was achieved by adding 6 ml of 0.25 M SMA (0.25 M sorbitol, 5 mM
2-[N-morpholinoethanesulfonate], pH 5.5, and 0.2 mM [4-{2-aminoethyl}-
benzenesulfonylfluoride HC1J). Lysis was ~70-80% as determined by mi-
croscopic analysis. The lysate was returned to the original osmolarity by
the addition of 6 ml of 1.75 M SMA (containing 1.75 M sorbitol). The lysate
was centrifuged at 1,000 g for 5 min to remove unbroken cells, nuclei, and
other large particles. This low-speed supernatant was carefully removed and
the pellet was re-extracted with 2 ml of 1 M SMA to recover trapped or-
ganelles. After centrifugation, the two supernatants were combined and
centrifuged at 1,000 g again. The combined low-speed supernatants were
centrifuged at 25,000 g for 25 min. The pellet from this spin (“crude or-
ganelles”) was resuspended in 200 ul of 1 M SMA. For analysis of crude
organellar supernatants and pellets, 2-3% of each supernatant and pellet
were precipitated with TCA, and 0.5-06% of each were analyzed by SDS-
PAGE. Peroxisomes and mitochondria in this fraction were separated in a
sucrose gradient as described (McCammon et al., 1990) with the following
modifications: 4-ml sucrose gradients were used, and they were centrifuged
at 201,000 g, for 5.5 h in an SW60 rotor. For the experiment described
in Fig. 7, organelles from the crude organellar pellet were resolved on a
15-45% Nycodenz (GIBCO BRL, Gaithersburg, MD) derisity gradient
(McCammon et al., 1994). For Fig. 8, 50 ul from Nycodenz gradient frac-
tions 1-4 were pooled and 800 ul of 50 mM Tris-Cl, pH 8.5, 10 mM DTT
was added. The sample was incubated on ice for 1 h with intermittent vor-
texing. After this incubation, the extract was centrifuged at 128,000 g for
15 min in a Beckman TL-100 tabletop ultracentrifuge. The pellet was
resuspended in the same buffer as the supernatant and both were precipi-
tated with 10% TCA. The TCA precipitates were recovered and resolved
by SDS-PAGE and immunoblotted.

Preparation of Metabolically Active Spheroplasts and
CAT Trimerization Assay

Cells, cultured as above, were converted to spheroplasts in a similar fashion
as above except that magnesium sulfate was used as the osmotic stabilizer.
Washed, Tris-DTT-treated cells were resuspended and converted to
spheroplasts in 0.55 M MgS0Q,, 20 mM KPi, pH 7.5, 0.1% galactose using
2 pg/ODgyo U of Yeast Lytic Enzyme (ICN Biomedicals). The spheroplasts
were harvested and resuspended at 10 ODgoo U/ml in semi-synthetic oleate
medium containing 0.55 M MgSO; and 0.1% galactose. The spheroplasts
were incubated for 2 h at 30°C to enhance subsequent radiolabeling. After
this incubation, an aliquot of spheroplasts was removed and labeled with
[>*SJmethionine and cysteine (EXPRE**S%’S; Amersham) at ~70 pCi/ml
for 5 min at 30°C. Unlabeled methionine and cysteine were then added to
1 mM each and the spheroplasts were further incubated at 30°C or immedi-
ately processed. A 250-ul aliquot was removed and added directly to 750
ul of ice-cold 1.0 M SMA buffer, pelleted in a microfuge for 2 min at 4°C,
and lysed in 200 ul of 10 mM Tris, pH 80, 5 mM EDTA, 50 mM sodium
chloride, and 1% Triton X-100 (TENT). The lysate was cleared by centrifu-
gation in a microfuge for 10 min at 4°C. After a 30 min chase at 30°C, an-
other aliquot was removed, and processed as above. These cleared lysates
were loaded onto a 4-ml 5-20% sucrose gradient containing TENT and
centrifuged in a Beckman SW60 rotor for 15.5 h at 60,000 rpm (370,000
Zave) and fractionated from the bottom. The fractions were prepared for
immunoprecipitation by adding TENT to 1 ml final volume and 1 ul of
anti-CAT antibody. Immune complexes were allowed to form on ice over-
night. 10 ul Pansorbin (Calbiochem-Behring Corp., Palo Alto, CA) were
then added on ice for 1 h and the immunoprecipitates were recovered by
microcentrifugation. The samples were washed with TENT, resuspended
in Laemmli sample buffer (Laemmli, 1970), and proteins were resolved by
SDS-PAGE.

Plasmid Constructions

The HindIII-BamHI fragment of pCATC (Gould et al., 1988, gift of Suresh
Subramani) containing the CAT-PMP20 coding region, was cloned into
pDT-GCU (GALI-10, CEN4, URA3) (Kang et al., 1990), creating pgC20p.
Modifications to the COOH-terminus were performed by oligonucleotide-
directed mutagenesis (Kunkel et al., 1987). The HindIII-BamHI fragment
was cloned into M13 mpl9 and used as a template for mutagenesis. Se-
quences encoding the 12 amino acids from PMP20 were removed by loop-
ing out the corresponding 36 bp with the oligonucleotide C20-1 (see Table
I). CAT-AKL was created by looping out the sequences ‘corresponding to
the nine amino acids before the AKL with the oligonucleotide C20-2. In
the CAT-G9-AKL construct, the nine PMP20 amino acids prior to the AKL
were replaced with nine glycine residues with the oligonucleotide C20-3.
The mutations were confirmed by dideoxy sequencing (Sequenase; United
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Table I. Oligonucleotides

Sequence

Name

C20-1 5-CCCGGGGATCCTCTAGCCGGCCCCGCCCTCCCA-3'

C20-2 5-CCTCTAGAGCTTCGCGCCGGCCCCGCCCTCCCA-¥

C20-3 5-CCTCTAGAGCTTCGCGCCGCCGCCGCCGCCGCCGCCGCCGCCGGCCCCGCCCTCCCA-Y
C20-4 5-CCTCTAGAGCTTGCAGCCGGCCCCGCCC-3

C20-5 5-CCTCTAGAGCTTCGAGCCGCCGCCGCCG-3

CAT-Notl(+)

5-GCTAAGGAAGCTAAAATGGGCGGCCGCGAGAAAAAAATCACTGG-3'

States Biochemical Corp., Cleveland, OH) and reconstructed.in pgC20p to
create the three new expression vectors pgC20-1C, pgC20-2B, and pgC20-
3A encoding CAT, CAT-AKL, and CAT-G9-AKL, respectively. The AKL
was changed to SKL as follows: single-stranded DNA containing the CAT-
AKL construction was mutated to CAT-SKL with the oligonucleotide
C20-4. Similarly, CAT-G9-AKL was mutated to CAT-G9-SKL with the oli-
gonucleotide C20-5. These mutations were reconstructed in pgC20p to cre-
ate the two new expression vectors pgC20-4E, and pgC20-5D, encoding
CAT-SKL and CAT-G9-SKL respectively.

The yeast coexpression experiments used constructs that were based on
the pRS310-314 plasmid series of Sikorski and Hieter (1989). pJ/M3A-GCH
was created by the following manipulations: pgC20p was cut with Aatll,
filled in with Klenow, and cut with Eagl. This fragment, which contained
the GALI-10 promoter, CAT-G9-AKL, and the phosphoglycerate kinase 3'
terminator, was ligated into pRS313 (CENG6, HIS3) after digestion with
EcoRV and Eagl.

pIMIC-GCU was created by first inserting the GALI-10 promoter into
a modified pRS316 (CENG6, URA3), without the Sall, Clal, HindIIl, or
EcoRV sites in the multiple cloning region, on an EcoRI-BamHI fragment.
The remainder of the construct was generated by cutting pgC20-1C with
HindIIl and Eagl. This fragment, which contained CAT and the phos-
phoglycerate kinase 3' terminator, was ligated into the pRS313 vector with
the GALI-10 promoter cut with HindIII-Eagl.

Three copies of the hemagglutinin epitope tag (HA-tag) were fused to
the amino terminus of CAT by first inserting a Notl site in CAT immediately
3' of the initiator methionine by oligonucleotide-directed mutagenesis. To
accomplish this, a 250-bp EcoRI fragment containing the initiator methio-
nine and the first 71 amino acids of CAT was cloned in M13mpl9 (RI-
CAT19). This construct was used to add an in-frame Notl site, generating
the amino acids GGR. The oligonucleotide used for this manipulation was
CAT-Notl(+). The resulting construct, RI-CAT19-Notl, was removed from
M13mpl9 by cutting with EcoRI and ligated into pUCI18 cut with EcoRI
giving pRICATI8-Notl. Three copies of the HA tag were removed from
pSM491 (obtained from Carol Berkower and Susan Michaelis) by digesting
with Notl. The resulting 109-bp fragment was ligated into pRICAT18-Notl,
generating pRICAT18-HA. The EcoRI fragment was reconstructed back
into pJMIC-GCU, generating pJMICHA-GCU. All mutations were con-
firmed by sequencing.

Expression in animals cells required reconstruction of CAT-G9-AKL and
HA-CAT into the animal cell expression vector pPCMV5 (Andersson et al.,
1989). Thus, pCMV5-3A was created by inserting CAT-G9-AKL into
pCMVS by cutting both pCMVS and p/M3A-GCH with HindIIl and
BamHI. pCMV5-1C was created similarly by removing CAT from pJMIC-
GCU on a HindlII-BamHI fragment and ligating the fragment into pCMV5
which had been cut with HindIII and BamHI. The HA tag was added, creat-
ing pPCMVS-ICHA, by cutting pRICAT18-HA with HindIII-BspEI, which
contains the NHz-terminus of CAT with the HA tag, and ligating the frag-
ment into pPCMV5-IC. Transfection-quality DNA was obtained for animal
cell transfection using the Qiagen Maxiprep kit according to the manufac-
turer’s instructions.

SDS-PAGE and Immunoblotting

Standard 9% Laemmli gels (Laemmli, 1970) were used throughout. Un-
stained and pre-stained molecular weight markers were from Bio-Rad
Laboratories (Cambridge, MA). Protein precipitations by TCA were done
according to McCammon et al. (1994). Immunoblotting was performed as
described by Towbin et al. (1979) using the enhanced chemiluminescence
(ECL; Amersham Corp., Arlington Heights, IL) method of detection as
recommended by the manufacturer. The anti-CAT polyclonal antibody, (5
Prime-3 Prime Inc., Denver, CO), was used at a dilution of 1:1,000 for im-
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munoblotting. The anti-thiolase antibody, kindly provided by Jon Rothblatt
(Dartmouth, Hanover, NH), was used at a dilution of 1:30,000 in combina-
tion with the anti-acyl CoA oxidase antibody (McNew et al., 1993) at a dilu-
tion of 1:500. The HA monoclonal antibody 12CAS (BABCO; gift of
Melanie Cobb, University of Texas Southwestern, Dallas, TX) was used at
a dilution of 1:1,000. The anti-PMP24 antibody will be described elsewhere
(Marshall, P, and J. M. Goodman, manuscript in preparation), and was
used at a dilution of 1:1,000. The intensity of bands from films were quanti-
tated by densitometry (Zenith Soft Laser Scanning Densitometer, Biomed
Instr.).

Immunoelectron Microscopy

Approximately 100 ODggo U of cells were centrifuged through 2% gelatin
in 0.1 M sodium phosphate buffer, pH 7.4, and placed on ice for 10 min.
0.5-1.0-mm blocks of cells were cut from the gelatin pellet and placed in
0.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer on
ice for 1 h. Blocks of cells were infused with 2.3 M sucrose in phosphate
buffered saline containing 25% polyvinylpyrolidone (M; 10,000) for 1 h at
room temperature. Selected blocks were mounted on aluminum pins, fro-
zen, and stored in liquid nitrogen. Cryosections 80-100-nm thick were cut
on an ultramicrotome (Leica Inc., Deerfield, IL) at —80°C as described
(Griffiths et al., 1984). For immunolabeling, the sections were collected on
glow-discharged carbon-coated formvar films supported by 200-mesh hex-
agonal copper grids (Ted Pella, Inc., Redding, CA). Immunolabeling was
carried out as described (Hartfield et al., 1991). The sections were in-
cubated with the primary anti-CAT antibody diluted 1:1 with 5% fetal calf
serum (GIBCO BRL, Gaithersburg, MD) in phosphate-buffered saline con-
taining 0.12% glycine for 45 min at room temperature. Protein A, con-
jugated to 10 nm gold from a stock of 0.2 ODs3z9, was used at a dilution
of 1:50 in 5% fetal calf serum in phosphate buffered saline containing 0.12%
glycine for 30 min at room temperature. Sections were imaged on Kodak
SO163 film using a Jeol 1200 electron microscope operating at 80 kV.

Animal Cell Transfection and
Immunofiuorescence Microscopy

CV-1 cells were seeded at ~70% confluency in DME containing 10% fetal
calf serum and antibiotics (50 U/ml penicillin G and 50 pg/ml streptomycin)
and grown for 24 h. The cells were washed in DME and transfected using
Lipofectin (GIBCO BRL) according to the manufacturer’s instructions.
Cells were transfected with pCMV5-3A or pCMV5-ICHA individually or
in combination for 6 h. Then the lipofectin-DNA containing media was re-
moved and replaced with fresh DME with 10% FCS and antibodies. At48-h
posttransfection, the cells were split, plated on coverslips and grown over-
night. The transfected cells were processed for double indirect im-
munofluorescence 64 h after transfection as follows: cells were washed two
times with PBS, and then fixed with 4% paraformaldehyde (Fluka Chemic
AG, Buchs, Switzerland) in PBS for 20 min at room temperature. The
paraformaldehyde fixation was quenched by a wash with DME. The cells
were then washed once with PBS, and then twice with PBS + 1% BSA.
Next, the cells were permeabilized by incubating in PBS + 1% BSA + 0.1%
Triton X-100 for 15 min at room temperature. They were then washed once
with PBS and twice with PBS-1% BSA. Primary antibody (anti-CAT or -HA
IgG derived from monoclonal antibody 12CAS, Boehringer-Mannheim Bio-
chemicals, Indianapolis, IN) in PBS-1% BSA was then added as described
in the legend for Fig. 9. Cells were incubated with primary antibody for 30
min. They were then washed as before and fluorescent secondary antibodies
were added. Both second antibodies (Fisher Scientific, Pittsburgh, PA),
goat anti-rabbit IgG conjugated to Texas red and goat anti-mouse IgG con-
jugated to FITC, were used at 1:100 (1 ug/ml). Finally, the cells were washed
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twice with PBS-1% BSA, twice with PBS, and then mounted on slides. The
slides were viewed on a Zeiss confocal microscope and photographs were
taken on Kodak Tmax 100 film.

Results

PTS1 Is Sufficient for Peroxisomal Import in
Saccharomyces cerevisiae

.. We have developed a system for examining the sorting of het-
erologous proteins to the peroxisome in Saccharonyces
cerevisiae in vivo (McCammon et al., 1994). The heterolo-
gous protein is expressed on a centromeric plasmid driven
by the inducible GALI-I0 promoter. Cells are grown with
oleic acid as the sole carbon source to induce the prolifera-
tion of peroxisomes, and expression of the heterologous pro-
tein is accomplished by the addition of galactose. We use low
levels (0.1-0.2%) of galactose to limit the negative effects of
this carbon source on peroxisomal proliferation (McCam-
mon et al., 1990) as well as to maintain relatively low levels
of expression to avoid aberrant sorting. After peroxisomal
induction and plasmid expression, the cells are converted to
spheroplasts, osmotically lysed, and organelles are fraction-
ated, first into a 25,000 g crude organellar pellet (containing
mainly peroxisomes and mitochondria) and supernatant.
Mitochondria and peroxisomes can then be separated on su-
crose or Nycodenz gradients.

Using these techniques, we tested the ability of perox-
isomal targeting sequences to drive the import of chloram-
phenicol acetyltransferase, a homotrimeric bacterial protein
encoded by the Tn9 transposon (Shaw and Leslie, 1991).
CAT has a subunit molecular mass of 25,700 D. We first
tested a protein fusion termed CAT-PMP20 that sorts with
high efficiency to animal peroxisomes (Gould et al., 1990a).
This hybrid consisted of CAT followed by the final 12 amino
acids of the peripheral membrane protein PMP20 (DVS-
TAQKIIAKL; see Table II) from Candida boidinii. Un-
modified CAT was used as a negative control.

Fig. 1 illustrates the partitioning of these proteins, and
others described below, between crude organellar pellet (P)
and supernatant (S) fractions. It also shows the partitioning
of two peroxisomal matrix proteins, acyl CoA oxidase
(ACOQ), and 3-ketoacyl CoA thiolase, as controls for frac-
tionation. As we have found before, thiolase tended to leak
more readily from peroxisomes than acyl CoA oxidase
(McCammon et al., 1990). It is clear from the figure that
most of CAT-PMP20 (81% in this experiment) partitioned to
the pellet, suggesting that it correctly sorted to peroxisomes.
In other experiments, a greater percentage was detected in
the supernatant. This was mirrored, however, by greater
leakage of thiolase (data not shown). In contrast, all of un-
modified CAT remained in the supernatant.

To confirm that CAT-PMP20 had associated with peroxi-
somes, the organellar fraction from a similar experiment was
subjected to sedimentation through a sucrose density gra-
dient (Fig. 2). Fig. 2 A illustrates the protein profile from a
typical gradient. Peroxisomes sediment to fractions 4 and 5
in this system (Fig. 2 B) while mitochondria remain in the
top half of the gradient. A significant but variable amount
of catalase also appears at the top of the gradient in fraction
1 due to leakage from some peroxisomes and contamination
of unbroken oleate-filled spheroplasts (McCammon et al.,
1990). It is clear that the migration of CAT-PMP20 in this
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Table I1.
CAT-PTS1 Constructs*

CAT-PMP20

—EGGA v
CAT

—EGGA G
CAT-AKL

—EGGA G
CAT-G9-AKL

—EGGA

CAT-SKL

—EGGA G
CAT-G9-SKL

—EGGA

DVSTAQK ] 1AKL

AKL
GGGGGGGGGAKL
SKL
GGGGGGGGGSKL

* Plain text shows the last four amino acids of CAT; bold text illustrates the
amino acid created during the construction; and bold italic text describes the
additions at the extreme carboxy terminus.

gradient closely followed the marker enzyme catalase, con-
firming that the construct sorted to peroxisomes. Thus, the
COOH-terminal 12 amino acids of PMP20 were sufficient
for sorting in S. cerevisiae. CAT enzymatic activity was ob-
served in fraction 5 from this gradient (data not shown), in-
dicating that at least some of the protein was properly assem-
bled into a trimer. No unmodified CAT appeared in a parallel
gradient since it was all cytosolic.

Next, constructs were made to test the contribution of the
nine amino acids (DVSTAQKII) preceding the carboxy-
terminal AKL of PMP20 (Table II). Nine glycines were sub-
stituted for this sequence (in the construct CAT-G9-AKL), or
the sequence was deleted entirely (CAT-AKL) to determine
whether AKL was sufficient for targeting. Data in Figs. 1

- - ACO
49.5 — —

SD el W™ aThiolase
325 — —

B 32.5 — ——

27.5 — —

Figure 1. CAT-PTSI chimeras fractionate to a particulate fraction.
Induced cells expressing the indicated CAT constructs were frac-
tionated into 25,000 g supernatants and pellets. An equal percentage
of each supernatant (S) and pellet (P) was resolved by SDS-PAGE,
transferred to nitrocellulose and immunoblotted with various anti-
bodies as follows. (4) Immunoblot using antibodies against the
peroxisomal marker proteins thiolase and acyl CoA oxidase (ACO)
in combination. (B) Immunoblot using anti-CAT antibody. The sec-
ondary antibody in all cases was a donkey anti-rabbit IgG at a dilu-
tion of 1:5,000. Positions and masses (in kD) of molecular weight
markers are indicated.
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Sucrose Gradient Fractions
T

- B

{ B B B B

-
CAT-PMP20 CAT
325— i < Wt
2?,5—‘- - - - -‘- -‘T.
i

CAT-AKL CAT-GS-AKL
25—
T e e Al AT s

CAT-SKL CAT-G9-SKL

Figure 2. CAT-PTSI chimeras sort to peroxisomes. 25,000 g pellets
were fractionated on discontinuous sucrose gradients. (S and P) Su-
pernatant and pellet from the 25,000 g centrifugation. (4) A repre-
sentative Coomassie-stained gel illustrating the pattern of total pro-
teins obtained by this method. (B) The gradient seen in 4 was
analyzed for the marker enzymes catalase (peroxisomes) and
cytochrome ¢ oxidase (mitochondria). Values are total activities
from the fractions. (C) Immunoblots of the CAT constructs, ex-
pressed separately, using the anti-CAT antibody. Molecular weight
markers, in kD, are indicated to the left of A and C.

and 2 indicated that both proteins sorted to peroxisomes
to about the same extent as CAT-PMP20. Thus, AKL is
sufficient for this process, at least in the context of CAT. Fi-
nally, constructs containing G9-SKL or SKL alone were
tested, since SKL was found not to sort when placed behind
DHEFR (Distel et al., 1992). These proteins sorted to peroxi-
somes as well. Based on the results from several experiments
we found that the G9 spacer usually had a positive effect on
sorting, and AKL constructs were more efficient for sorting
than the corresponding SKL constructs.

To confirm that the CAT-PTS1 constructs were imported
into peroxisomes and not simply bound to the outside sur-
face of the organelle, cells expressing CAT-G9-AKL were
subjected to immunoelectron microscopy. The results, shown
in Fig. 3, clearly indicate that this molecule is localized to
the organelle and is distributed randomly within the matrix.
Unmodified CAT did not localize to peroxisomes (data not
shown).

Thus, PTS]1 tripeptides can target CAT to peroxisomes in
§. cerevisiae, as they can to animal peroxisomes and try-
panosomal glycosomes (Gould et al., 1989; Blattner et
al., 1992).

CAT Trimerizes Rapidly in S. cerevisiae

Preliminary experiments suggested that import of CAT-PTSI
proteins occurred over many hours. Using our standard cul-
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Figure 3. CAT-G9-AKL is imported into the peroxisome. Frozen
thin sections from cells expressing CAT-G9-AKL were incubated
with the anti-CAT antibody and processed for immunogold electron
microscopy. Bar, 200 nm.

turing conditions, the cellular concentration of CAT reached
a plateau 8 h after the addition of galactose while the fraction
of CAT found in organellar pellets compared to supernatants
appeared to increase over several more hours (data not
shown). Difficulties in controlling for similar protein recov-
eries in organellar fractions at each time point, however,
made the analysis difficult.

These results prompted us to analyze the rate of CAT
trimerization. Since CAT-PTSI constructs were competent
for import, we assumed that the active species for import was
the monomer, and we predicted that the rate of trimerization
would be at least as slow as the rate of import in yeast. To
determine the rate of CAT trimerization in vivo, cells ex-
pressing CAT were cultured as usual, converted to sphero-
plasts and metabolically radiolabeled with [*S}methionine
and cysteine for 5 min. Excess unlabeled methionine and
cysteine were added and the cells were either lysed immedi-
ately in detergent-containing buffer on ice or further in-
cubated for 30 min at 30°C and then lysed. Lysates were sub-
jected to centrifugation through sucrose velocity gradients
under conditions where trimers migrate into the bottom half
of the gradient while monomers should remain in the top
half. Fig. 4 A shows the migration of mature CAT in this gra-
dient system. Surprisingly, all of the CAT was found to be
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Figure 4. CAT trimerizes very rapidly in S. cerevisiae. (4) The
25000 g supernatant from cells expressing the unmodified CAT
construct was concentrated by Amicon ~10-fold. 200 ug of BSA
(66,200 D) and 200 ug STI(21,500 D) were added to 200 ul of the
concentrated supernatant and centrifuged through a 4-ml 5-20%
continuous sucrose gradient. Proteins in fractions were resolved by
SDS-PAGE and immunoblotted with the anti-CAT antibody. The
positions of BSA and STI in the gradients, determined by staining
with Coomassie, are indicated. (B) Induced cells were converted
to metabolically active spheroplasts and radiolabeled for 5 min at
30°C. Excess unlabeled methionine and cysteine were added and
the cells were lysed immediately in detergent-containing buffer.
The lysate was centrifuged through a 5-20% sucrose gradient
as above and fractionated. Gradient fractions were immunoprecipi-
tated with the anti-CAT antibody and analyzed by SDS-PAGE and
autoradiography. (C) Cells expressing either CAT-PMP20 or un-
modified CAT were radiolabeled for 5 min and immediately ana-
lyzed as above (B) except that the gradients were fractionated into
four fractions instead of 14. (P) Pellets from the sucrose gradients,
which were resuspended in a volume of TENT equal to the other
fractions were processed identically.

trimeric by the end of the 5-min pulse (Fig. 4 B). In contrast,
these lysis conditions prevented the oligomerization of newly
synthesized alcohol oxidase, a peroxisomal protein of
methylotrophic yeasts (Goodman et al., 1984). The migra-
tion pattern was identical when cells were incubated for an
additional 30 min with excess unlabeled amino acid (data not
shown). This fast rate of trimerization was not-unique to un-
modified CAT. Modification of the carboxy terminus with
PTS1, the last 12 amino acids of PMP20, yielded identical
results (Fig. 4 C). While we cannot formally rule out that
some trimerization occurred during lysis, this should be
minimal due to the massive dilution of the cytoplasm upon
cold lysis. Thus, trimerization of CAT appears to occur in
vivo within a few minutes.

CAT Is Imported as a Trimer

The kinetiés of CAT trimerization in vivo suggested that CAT
trimers. containing PTS1 may be imported into the perox-
isomal matrix. To confirm this idea, we expressed 3 CAT-
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- o . __ of § and P were resolved by
SDS-PAGE and immunoblotted

CAT-G9-AKL with the anti-CAT antibody.

PTS1 constructs in the absence of induced peroxisomes to
determine whether preformed trimers could be imported
once peroxisomal proliferation was allowed to proceed. For
this experiment cells were first cultured in 0.2% galactose
for 8 h to induce the expression of CAT constructs, then
galactose was removed and the cells were transferred to oleic
acid to induce peroxisomal proliferation. At different times
after the addition of oleic acid, cells were converted to
spheroplasts and crude organellar pellets and supernatants
were obtained (Fig. 5). The unmodified CAT control was al-
ways found in the supernatant since it did not contain a PTS.
Only a minor fraction of the CAT-PTSI proteins pelleted at
ty (immediately after transfer to oleic acid), indicating that
most of the molecules were still in the cytosol and had not
yet associated with peroxisomes. This was confirmed by a
subsequent centrifugation of the medium-speed supernatant
at 100,000 g, indicating that the proteins were not in a small
organelle (data not shown). Over several hours, however,
much of the preexisting soluble CAT-PTSI proteins disap-
peared from the cytosol fraction and appeared in the pellet
fraction. The fraction of fusion protein in the pellet at t35
varied from 35% for CAT-SKL to 75% for CAT-G9-AKL.
Some variability in recovery of total CAT-PTS] protein be-
tween time points was seen due to different efficiencies of
spheroplasting and spheroplast lysis during the course of the
experiment. No CAT was detectable if galactose was not
added to the culture medium (data not shown).

These data support the hypothesis that preformed CAT
trimers were capable of peroxisomal import. Although tri-
meric CAT is very resistant to subunit dissociation and
denaturation in vitro (Shaw and Leslie, 1991), it is possible
that the trimers had undergone dissociation into monomers
before being imported. To rule out this possibility, we co-
expressed CAT-G9-AKL with CAT containing three copies
of an epitope tag from influenza virus hemagglutinin but no
PTS1 (HA-CAT). If only unfolded monomeric subunits are
competent for import, then HA-CAT should never associate
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with this organelle. Conversely, if trimers can cross the
peroxisomal membrane, then CAT-G9-AKL should be capa-
ble of transporting HA-CAT into the peroxisome as a het-
erotrimer.

There were two unexpected observations that were seen
upon expressing HA-CAT in yeast, and these are illustrated
in Fig. 6. First, the HA-tagged protein was not detectable
with the anti-CAT antibody. This suggested that the un-
modified extreme amino terminus of CAT was critical to the
recognition of this protein by the anti-CAT antibodies. The
lack of recognition made it difficult to compare the relative
concentrations of the two proteins. The second observation
was that HA-CAT, or at least the HA epitope, was considera-
bly less stable than the CAT-PTSI fusion proteins. The half-
lives of CAT-PTSI fusions were greater than 40 h in yeast
(data not shown). In contrast, when HA-CAT was expressed
alone and cells were harvested at the normal time (24 h after
galactose addition), no HA-CAT was detectable, although
the protein was clearly seen after only 9 h. Significantly, the
degradation of HA-CAT was slowed by the co-expression of
CAT-G9-AKL. Thus, at 9 h following addition of galactose,
there was twice the amount of detectable HA-CAT in cells
expressing both constructs compared with those expressing
only HA-CAT. After 24 h HA-CAT was seen (19% remained
compared to the 9-h time point) only when both were ex-
pressed. Perhaps HA-CAT homotrimers dissociate more
readily than CAT or CAT-PTSI1 homotrimers, yielding an un-
stable monomeric species. Regardless, our result suggested
that heterotrimers were formed, and that this species pro-
tected HA-CAT from degradation.

Because the HA-CAT was relatively unstable, cells were
harvested at an earlier time point (15 h after galactose addi-
tion instead of 24 h) to determine its intracellular localiza-
tion. Organelles were purified on a Nycodenz gradient instead
of sucrose. Under normal culturing conditions (harvesting
24 h after galactose), mitochondria and peroxisomes mi-
grate to opposite ends of this gradient with essentially no
overlap (McCammon et al., 1994). At 15 h, a distinctive pat-
tern of total proteins in this gradient can still be seen, such
that peroxisomes peak in fractions 2 and 3 while the mito-
chondria peak in fractions 9 and 10 (Fig. 7 4). At this earlier
time point, however, we reproducibly saw that both or-
ganelles migrate more diffusely in the gradient.

When HA-CAT was expressed alone, no immunoreactivity
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Figure 7. HA-CAT co-fractionates with peroxisomes. Cells express-
ing HA-CAT, CAT-G9-AKL, or both were precultured as normal.
At 15 h after the addition of galactose, cells were harvested and
25,000 g supernatants and pellets were prepared. The 25,000 g pel-
let from cells expressing CAT-G9-AKL or both constructs were fur-
ther fractionated on 15-45% Nycodenz gradients. The gradients
were fractionated from the bottom. (4) The gradient fractions from
cells expressing both constructs were resolved by SDS-PAGE and
stained with Coomassie. (B) Fractions from the gradient described
in A (expressing both constructs in combination) were subjected to
SDS-PAGE, transferred to nitrocellulose, and immunoblotted with
the anti-HA antibody, the anti-CAT antibody, or with anti-ACO and
anti-thiolase in combination. Additionally, the 25,000 g superna-
tant and pellet from cells expressing only HA-CAT were also in-
cluded (left two lanes). (C) Gradient fractions from cells express-
ing only the CAT-G9-AKL construct were immunoblotted with the
anti-CAT antibody. The presence of Nycodenz in the gradient frac-
tions caused minor differences in electrophoresis resulting in the
uneven pattern seen.
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was found in the organellar pellet as expected, since this pro-
tein lacks a PTS (Fig. 7 B, first two lanes). When both pro-
teins were expressed, however, 32% of the detectable HA-
CAT was in the organellar pellet. A few minor host soluble
proteins can be seen that cross-reacted with the HA antibod-
ies. Another yeast cytosolic protein of 90 kD that stained
intensely with the HA antibody is not shown. Most of the pel-
letable HA-CAT migrated with CAT-G9-AKL and the peroxi-
somal markers thiolase and acyl CoA oxidase in the gradient,
indicating that HA-CAT had indeed associated with peroxi-
somes. CAT-G9-AKL behaved similarly when it was ex-
pressed alone (Fig. 7 C). It should be noted that at this earlier
time point some peroxisomal protein, both markers and CAT
constructs, localized at the top half of this isopycnic gradient,
where only mitochondria are normally found (McCammon et
al., 1994). The possible significance of this observation is dis-
cussed below.

It is imaginable that HA-CAT, when expressed with CAT-
G9-AKL, is tightly aggregated onto the outside surface of
peroxisomes or trapped within the membrane, rather than ex-
isting inside the organelle. The nonspecific cross-reactivity of
the anti-HA-antibody to other yeast proteins obviated the
cytochemical experiment to test this possibility. Instead, we
exploited the finding that yeast peroxisomes release matrix
proteins at slightly alkaline pH (8.0-8.5) compared to pH 5.5
or 60 (Goodman et al., 1984). If HA-CAT is aggregated on
the outside surface of peroxisomes or stuck in the membrane,
it should not be released by pH 8.5 and mild ionic strength
since it survived the conditions of centrifugation. When
purified peroxisomes from the Nycodenz gradient were ex-
posed to this treatment, all of CAT-G9-AKL was released, as
well as 86% of HA-CAT (Fig. 8). We believe that the remain-
ing 14% of HA-CAT has dissociated from trimers (consistent
with its instability) and has aggregated to other proteins or to
the membrane. Almost all of thiolase (94%) was released,
whereas only half of acyl CoA oxidase, a matrix enzyme
which is normally more tightly associated to the organelles
(McCammon et al., 1990) was released. In contrast, the inte-
gral membrane protein PMP24 was not extracted after this
treatment. This experiment confirms that HA-CAT is being
imported into the matrix compartment when co-expressed
with CAT-G9-AKL.
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Figure 8. HA-CAT is extracted with matrix proteins. Nycodenz
gradient-purified peroxisomes were extracted with 5 vol of 50 mM
Tris-Cl, pH 8.5, containing 10 mM DTT for 1 h on ice with inter-
mittent vortexing. This extract was centrifuged at 128,000 g for 15
min to yield a supernant (S) and pellet (P), which were precipitated
with TCA, resolved by SDS-PAGE, and transferred to nitrocellu-
lose. These samples were immunoblotted with antibodies to CAT,
HA, thiolase, acyl CoA oxidase, and PMP24.
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Oligomeric Import Is Not Restricted to Yeast

To test whether the import of CAT trimers could occur in ani-
mal cells, we examined the localization of CAT-G9-AKL and
HA-CAT after transient transfection of monkey CV-1 cells.
When CAT-G9-AKL was expressed alone, it localized, as
expected, to discrete, punctate structures characteristic of
peroxisomes in this organism (Fig. 9 A, Gould et al., 1987,
1990b). In contrast, a diffuse cytoplasmic staining was ob-
served after the transfection of HA-CAT alone (Fig. 9 B).
When these two proteins were co-expressed, both yielded a
punctate pattern with variable levels of cytoplasmic staining
(Figure 9, C-F). This observation indicated that HA-CAT can
sort to the peroxisome in CV-1 cells when it is co-expressed
with CAT-G9-AKL.

Discussion

In this report we have shown that a PTSI tripeptide is suf-
ficient for peroxisomal targeting in S. cerevisiae, and that
CAT containing a PTSI sequence is imported as an oligomer
into yeast and animal cell peroxisomes in vivo.

Many proteins of the microbody matrix contain SKL, or
a closely related variant, at their extreme carboxy termini.
These include proteins of peroxisomes, glyoxysomes, and
glycosomes (Keller et al., 1991). It has been shown in many
systems that the PTSI tripeptide is necessary for targeting.
However, only in the CV-1 system and in trypanosomes has
it been shown that the tripeptide, fused to CAT, is sufficient
for targeting (Gould et al., 1989; Blattner, et al., 1992). We
now show that it is also sufficient in yeast. It should be noted
that the same carrier protein, CAT, has been used in all
cases. While we show here that AKL or SKL, fused to CAT,
is sufficient for sorting in S. cerevisiae, Aitchison et al.
reported that CAT-AKI did not localize to peroxisomes in
this organism (Aitchison et al., 1991), although this se-
quence was necessary for peroxisomal import in an unrelated
yeast, Candida tropicalis.

Import of our CAT proteins is slow relative to the import
of endogenous proteins. Kinetics of import of endogenous
matrix proteins have only been studied in a few cases, and
this process generally occurs over several minutes. In rat
liver, 50% of catalase is imported over 14-15 min while
urate oxidase is almost entirely peroxisomal by the end of a
4-min labeling (Lazarow and de Duve, 1973; Lazarow et al.,
1982). In Candida boidinii, half of alcohol oxidase, di-
hydroxyacetone synthase, and the peripheral protein PMP20
are imported over 20, 7, and 5 min, respectively (Goodman
et al., 1984, 1992).

Our CAT constructs are imported over several hours. An
objection can be raised that the slow kinetics that we observe
may indicate that the import of oligomers is nonphysiological
and reflects an aberrant process that is never seen with nor-
mal peroxisomal proteins. While only future experiments
with native proteins will conclusively answer this question,
the fact that oligomeric import occurs in animals (Fig. 9) as
well as yeast increases the likelihood that this process is
physiological and not simply an abnormality in yeast. There
is also a precedent for the slow import kinetics of a native
protein. In contrast to the rapid kinetics of catalase import
in intact liver, import in human fibroblasts occurs over two
hours or more. Moreover, tetramerization of catalase mono-
mers in the cytoplasm, creating an active enzyme, precedes
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Figure 9. HA-CAT co-localizes
with CAT-G9-AKL when co-
expressed in animal cells. CV-1
cells were transfected with CAT-
G9-AKL (A), HA-CAT (B), or
both in combination (C-F). The
cells were processed for double
indirect immunofluorescence 64-h
posttransfection and viewed on a
Zeiss confocal microscope. (A,
C, and E) CAT-G9-AKL im-
munolocalized with the CAT anti-
body (1:100 in A4, 1:200 in C and
E) and goat anti-rabbit IgG con-
jugated to Texas red. (B, D, and
F) HA-CAT immunolocalized
with the 12CA5 HA monoclonal
antibody (1:50 in B, 1:20 in D,
1:100 in F) and goat anti-mouse
IgG conjugated to FITC.



import into peroxisomes. Monomers and/or dimers are
never seen without perturbing the system with drugs (Mid-
delkoop et al., 1993).

It can be argued that the rate of CAT import is particularly
slow because it is an oligomer, and that unfolded monomers
may be imported much faster. This may be true. However,
there is no previous data to indicate that peroxisomal pro-
teins containing a PTS1 are imported as unfolded monomeric
proteins. The kinetics of oligomerization vs. import has been
studied in two cases: catalase in rat liver (Lazarow and de
Duve, 1973), and alcohol oxidase in C. boidinii (Goodman
et al., 1984). In both cases the kinetics of oligomerization
were close to that of organellar association. The simplest in-
terpretation of these data based on the mechanism of import
into other organelles is that import precedes oligomer forma-
tion. However, it is possible that an oligomer is at least as
efficient as a monomer for import. Furthermore, neither of
these proteins contain a PTS1 motif.

It is reasonable to assume that the import of an artificial
protein may be slower than a native protein. Unfortunately,
there are no published data that systematically compare the
rate of sorting of a carrier protein containing only the tripep-
tide signal compared to constructs with more extensive car-
boxy termini derived from peroxisomal sequences. The last
12 amino acids of PMP20 linked to CAT, for example, is a
stronger targeting signal than simply AKL in the CV-1 sys-
tem (S. Subramani, personal communication) and has been
repeatedly used as a marker for peroxisomes in this system.
Sequences in addition to PTS1 may confer secondary or ter-
tiary structure which could increase the efficiency of tar-
geting.

Another major factor that probably contributes to the slow
sorting kinetics of the CAT proteins in our system is the pres-
ence of galactose during their expression. Galactose re-
presses peroxisomal proliferation in yeast (Trumbly, 1992);
it is converted to glucose, a classical repressor. We have had
difficulty in the past purifying intact peroxisomes after
galactose treatment. We believe that galactose may cause in-
activation of peroxisomal import. This may explain why
most of the import of the CAT proteins is primarily occurring
after galactose is removed or used up, and cells regain perox-
isomal function as they resume oleic acid utilization. This
predicts that import will be faster if the galactose promoter
is avoided in future constructs.

In fact, if organelles are prepared at an intermediate time
(15 h) after the addition of galactose, a significant amount
of peroxisomal protein, both marker and newly synthesized
CAT-PTS], is seen at a position of the Nycodenz gradient of
a lighter density (see Fig. 7). While this could represent a
normal subpopulation of lighter peroxisomes in which im-
port occurs (Heinemann and Just, 1992; Luers et al., 1993),
it may also be a response to galactose, in which a wave of
budding of immature organelles follows the disappearance of
the repressive carbon source.

Not all matrix proteins contain PTSI1 or PTS2 sequences.
Notable exceptions are yeast acyl CoA oxidase and catalase
(Cohen et al., 1988; Hiltunen et al., 1992). There is data to
suggest that both of these proteins require internal regions
for import (Small et al., 1988; Kragler et al., 1993). An al-
ternative explanation is that such proteins do not contain
PTSs, but form import complexes with other proteins which
do contain PTSs. For example, perhaps acyl CoA oxidase is

The Journal of Cell Biology, Volume 127, 1994

imported with the next enzyme in the fatty acid 8-oxidation
pathway, the multifunctional enzyme, which terminates in
SKL. An association of these two proteins within the matrix
has been seen in that they are released together from the or-
ganelle following treatment with high pH (J. M. Goodman,
unpublished results). An import complex of alcohol oxidase
and dihydroxyacetone synthase has also been observed in C.
boidinii (Bellion and Goodman, 1987).

There has been previous data to suggest that oligomeric
proteins can be imported into peroxisomes. The first such
case involved the fusion of two different complementation
groups of Zellweger fibroblasts (Brul et al., 1988). When
these cells were fused, peroxisomal assembly was recovered,
and tetrameric catalase from the cytosol was imported into
peroxisomes. Pre-existing catalase was shown to be the ac-
tive species since the process was unaffected by the addition
of cycloheximide. The import of tetrameric catalase also
might have been seen in a more recent work involving yeast
cells that had a temperature sensitive mutation in perox-
isomal assembly (Waterham et al., 1993). After incubation
at the nonpermissive temperature in which catalase was
mainly cytosolic, a shift to the permissive temperature in-
creased the amount of particulate catalase, suggesting that
cytosolic catalase was imported into peroxisomes. Although
this was interpreted by the authors as the import of newly
synthesized catalase, it is reasonable that at least some of the
import utilized pre-existing cytosolic catalase. More re-
cently, Middelkoop et al. examined catalase assembly in
normal human fibroblasts to try to address the earlier finding
that active cytosolic catalase was found in Zellweger fibro-
blasts (Middelkoop et al., 1993). This group used confor-
mation-specific antibodies to show that catalase formed
tetramers within one hour of synthesis while it remains in the
cytosol. It subsequently localizes to a particulate organelle,
presumably the peroxisome, over several hours. They also
found that the addition of aminotriazole slowed the accumu-
lation of particulate catalase. The authors speculated that
aminotriazole inhibited the dissociation of tetramer. It is
equally plausible to us that aminotriazole inhibited oligomer
formation and therefore import, since an increase in catalase
monomers and dimers was detected after drug treatment.
Human catalase has been shown to sort to the peroxisomes
of S. cerevisiae and forms an active enzyme (de Hoop et al.,
1993); the kinetics of tetramerization and import, however,
has not been studied in this heterologous system.

Another example of import of oligomers was shown by
Walton et al. (1992), who microinjected octameric alcohol
oxidase into cells. Most of the injected material was found
later in a particulate pattern by immunofluorescence. Many
of the particles were peroxisomes as determined by marker
analysis.

The pathway that we report in this paper resembles nuclear
import more than translocation into mitochondria, en-
doplasmic reticulum, or export from bacterial cytoplasm.
The diameter of the CAT trimer (the type III isozyme, the
only CAT molecule whose three-dimensional structure has
been determined) is roughly 60 A (Leslie, 1990), much
larger than a diameter that is required to accommodate an
unfolded protein being “threaded” through the membrane.
Yet clearly, there are no structures on the peroxisomal surface
that are reminiscent of nuclear pores. However, freeze-
fracture micrographs of yeast peroxisomes show small inter-
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membranous particles although they are seen less frequently

than in other organelles (de Duve, 1983). These particles are -

much smaller than nuclear pores but they may be large
enough to permit the passage of a molecule the size of tri-
meric CAT (Fig. 10, Static Pores). Alternatively, hypotheti-
cal pores may be dynamic, similar to those envisioned by
Dobberstein and Blobel for translocation across the en-
doplasmic reticulum (Blobel and Dobberstein, 1975). Thus,
a protein destined for secretion, in association with the ribo-
some, was hypothesized to engage subunits in the membrane
to form a pore. Once translocation of the molecule across the
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Figure 10. Possible mechanisms for trimeric CAT import. This
figure illustrates three potential mechanisms of oligomeric protein
import into the peroxisome. All models contain a membrane bind-
ing site (solid rectangle), presumably a proteinaceous receptor that
binds to an oligomer (three hatched circles). The role of molecular
chaperones in this process remains undetermined. The static pore
model (middle) predicts that the membrane receptor is the pore.
The dynamic pore model (left) predicts that pore components (stip-
pled ovals) are recruited after membrane binding occurs which
form a pore through which the oligomer passes. After import, the
subunits dissociate. The membrane internalization model (right)
predicts that membrane binding of an oligomer induces membrane
invagination, and the oligomer is internalized in a vesicular struc-
ture. The mechanism of release from the vesicle could range from
total dissolution of the vesicle to simple opening to the matrix com-
partment, with recovery of the bilayer.
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membrane was completed, the pore would dissociate into
subunits. If the rate of translocation is sufficiently rapid,
such complexes might not be easily visualized by micro-
scopic techniques. There has been a controversy in the
peroxisomal literature regarding large pores. Mannaerts and
colleagues have shown that peroxisomes, when isolated,
have pores that allow small molecules such as nucleotides,
to freely diffuse (van Veldhoven et al., 1983). On the other
hand, there is evidence that a proton gradient exists across
the peroxisomal membrane, at least in yeast (Bellion and
Goodman, 1987; Nicolay et al., 1987). This would not be
consistent with large pores that remain open. Perhaps the
pores seen in vitro reflect the inappropriate assembly of pro-
tein transport units.

In contrast to these pore models, globular proteins may be
imported by a mechanism analogous to endocytosis (Figure
10, Membrane Internalization). Thus, membrane vesicles
may bud into the matrix of peroxisomes. In fact, although
the peroxisome is called a unilamellar structure, internal
membranes have been seen within peroxisomes in regenerat-
ing liver (Liiers et al., 1993) and in S. cerevisiae (V. Hines,
personal communication). Moreover, the morphology of
peroxisomes in two yeast peroxisomal assembly mutants
termed PAS10 (van der Leij et al., 1992) and PAS22 (El-
gersma et al., 1993) shows a large amount of internal mem-
branous structures within the peroxisome. Internal mem-
branes are also seen within the organelles in the human
peroxisomal disease neonatal adrenoleukodystrophy (Mot-
ley et al., 1994). These mutants could represent defects in
a membrane internalization pathway. If some peroxisomal
proteins are indeed internalized, then a mechanism must ex-
ist for liberating them into the matrix compartment. Perhaps
the general role of peroxisomes in phospholipid metabolism,
or the general oxidizing environment of the matrix, is linked
to this process. The extent of bilayer disruption causing re-
lease of contents (two extremes are illustrated in Fig. 10) is,
of course, unknown.

Experiments are planned to determine whether endoge-
nous proteins are imported as oligomers and to further dis-
sect the mechanism of protein translocation across the perox-
isomal membrane.
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