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Protein import into the peroxisome matrix is medi-
ated by peroxisome-targeting signals (PTSs). We have
developed a novel, quantitative, in vitro assay for mea-
suring peroxisomal import of PTS1-containing pro-
teins. This enzyme-linked immunosorbent assay-based
system utilizes semi-intact human A431 cells or fibro-
blasts and a biotinylated version of the PTS1-contain-
ing import substrate, luciferase. We show that biotin-
ylated luciferase accumulated in peroxisomes in a
time- and temperature-dependent fashion, in a reac-
tion stimulated by exogenously added ATP, cytosol,
and zinc. No import was detected in fibroblasts from a
human patient belonging to complementation group 2,
who suffered from the fatal peroxisomal disorder Zell-
weger syndrome and lacked a functional PTS1 recep-
tor, Pex5p. Also, the reaction was significantly inhib-
ited by antibodies to the zinc-finger protein, Pex2p.
Several lines of evidence demonstrate that biotinyl-
ated luciferase was imported into the lumen of bona
fide peroxisomes. (a) Biochemical fractionation of cells
after the import reaction showed a time-dependent
accumulation of the import substrate within intracel-
lular organelles. (b) Confocal fluorescence microscopy
indicated that imported biotinylated luciferase colo-
calized with the peroxisomal protein PMP70. (c) Visu-
alization of the imported biotinylated luciferase by
indirect fluorescence or indirect immunofluorescence
required disruption of the peroxisomal membrane, in-
dicating true import rather than binding to the out-
side of the organelle. © 2001 Academic Press

Key Words: membrane; organelle; peroxisome ma-
trix; protein targeting; zinc.

INTRODUCTION

Peroxisomes amass their constituent enzymes via
mechanisms that resemble, in many ways, protein im-
port systems found in other organelles. Peroxisomes,
like chloroplasts, endoplasmic reticulum, and mito-
chondria, require the presence of targeting signals on
import substrates, a receptor system for their recogni-
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tion, and a membrane-associated translocation appa-
ratus. Despite these apparent similarities, in recent
years it has become increasingly clear that peroxisomal
enzymes are directed to, and imported into, the or-
ganelle by a molecular machinery whose components,
mechanisms, and regulation are unmistakably unique.

For example, peroxisomal enzymes are imported
without a requirement that they be unfolded. Indeed,
fully folded, chemically stabilized proteins with a
PTS12 sequence are imported—as are gold particles
coupled to a PTS1 sequence [1]. In some cases, oligo-
meric proteins enter peroxisomes as assembled com-
plexes [2, 3]. Despite the apparent absence of global
unfolding of import substrates, peroxisomal protein
import does require action of the chaperone, Hsc70 [4].
Hsc70 accumulates on the peroxisome membrane un-
der conditions of stimulated import, but its functional
role remains unclear. Other chaperones, Hsp90, and
Djp1p have also been implicated in facilitating perox-
isomal protein import [5, 6], but their mechanism of
action is not well understood.

Nearly all peroxisomal enzymes are directed to the
organelle by virtue of the tripeptide serine–lysine–
leucine, or a biochemical variant, at their carboxy ter-
mini [7]. This topogenic determinant, called PTS1, is
recognized in a high-affinity interaction by the receptor
molecule Pex5p [8]. This receptor protein appears to
shuttle between the cytosol and the peroxisome [9].
Although an understanding of how Pex5p functions
mechanistically to facilitate import is not yet worked
out, the basis of its association with the peroxisome is.
Mammalian Pex5p interacts with the peroxisome via
at least two membrane docking proteins, Pex13p [10]
and Pex14p [11]. Therefore, import complexes presum-
ably exist as some combination of Pex5p, Pex13p,
Pex14p, the PTS1 substrate, and other unidentified
components. A major goal of current efforts in the field
of peroxisome biology is to identify these unknown

2 Abbreviations used: BSA, bovine serum albumin; CHO, Chinese
hamster ovary; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked
immunosorbent assay; FITC, fluorescein isothiocyanate; Hsc70, heat
shock cognate protein; IRB, import reaction buffer; LDH, lactate
dehydrogenase; PBS, phosphate-buffered saline; PMP70, peroxiso-
mal membrane protein of 70 kDa; PTS1, peroxisomal targeting sig-
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factors and to decipher the underlying molecular mech-
anisms of import.

There is added urgency in advancing these studies
as, in humans, there exist a number of fatal disorders
in which peroxisomes fail to import PTS1-containing
enzymes [12, 13]. Peroxisome biogenesis disorders are
manifest at birth and affected children most often die
within the first decade of life.

Genetic and biochemical approaches have been ap-
plied to the study of peroxisomal protein import and
biogenesis, with each contributing new and important
insights. Genetic screens for peroxisomal import mu-
tants in a number of organisms have led to the descrip-
tion of some 23 genes which encode proteins, called
peroxins, involved in various aspects of peroxisome
assembly [14, 15]. Biochemical approaches have com-
plemented and extended these studies. Indeed, several
important observations regarding the properties of im-
port have been delineated through the use of in vitro
systems, in which the process of peroxisomal protein
import has been reconstituted.

In vitro peroxisomal import assays fall into three
broad categories: (1) those which utilize purified per-
oxisomes, (2) those based on microinjection of sub-
strates into intact cells, and (3) those employing semi-
permeabilized cells.

Using protease protection as the hallmark of import,
radiolabeled substrates have been incubated in in vitro
import reactions with purified rat liver [16] or yeast
peroxisomes [17]. In rat liver, these experiments
showed that import of the PTS1-containing substrate
acyl-CoA oxidase was ATP-, time-, temperature-, and
signal-dependent [16]. Unfortunately, organelle insta-
bility and questions regarding the import proficiencies
of peroxisome subpopulations have prevented the as-
say from becoming more universally utilized. A second
approach was developed in which peroxisomal sub-
strates were microinjected into cells and import was
detected over time by immunofluorescence. These stud-
ies revealed a requirement for the molecular chaperone
Hsc70 [4], as well as the inability of cells of patients
from specific complementation groups of the fatal dis-
order, Zellweger syndrome, to import peroxisomal sub-
strates [18]. Also, this experimental paradigm led to
the conclusions that there existed no discernible differ-
ences in the import competencies among peroxisomes
in a given mammalian cell [19] and that, as described
above, obligate unfolding of import substrates was not
required [1].

An immunofluorescence-based import assay using
permeabilized cells has proved to be an extremely ef-
fective alternative to its predecessors. The assay, de-
veloped by Wendland and Subramani [20], relies on the
properties of the bacterial toxin streptolysin-O, which
permeabilizes plasma, but not peroxisomal, mem-

branes. After this selective fenestration of the cell’s 8
outer membranes, import substrates (e.g., human se-
rum albumin enzymatically coupled to a PTS1 peptide)
and various biochemical factors are allowed to diffuse
into the cell. Import is assessed by indirect immuno-
fluorescence—specifically looking for the import sub-
strate to appear in punctate structures. That these
structures are actually peroxisomes is then confirmed
by their colocalization with bona fide peroxisomal
marker proteins. In addition to the properties revealed
by the other approaches, this assay has been used to
demonstrate a direct requirement for cytosolic factors,
in general [20], and for Pex5p [21] and Pex14p [11] in
particular.

The assay described in this report also faithfully
recapitulates import into peroxisomes—but does so in
a manner that is, for the first time, truly quantitative.
The assay also utilizes semipermeabilized cells and
includes a biotinylated import substrate, specifically,
the PTS1-containing enzyme luciferase. To ensure that
no unimported biotinylated luciferase is included in
the measurement, the biotin groups on these molecules
are masked with avidin and the excess avidin is
quenched with biocytin. The basis of the assay is that
under appropriate import reaction conditions, peroxi-
somes will accumulate biotin in the form of biotinyl-
ated luciferase. At the conclusion of the reaction, the
cells are lysed, and the amount of biotin is quantitated
by an enzyme-linked immunosorbent assay (ELISA)
using streptavidin labeled with horseradish peroxi-
dase.

MATERIALS AND METHODS

Luciferase biotinylation. Firefly (Photinus pyralis) luciferase
from Sigma (St. Louis, MO) was biotinylated essentially as described
by Schmid and Carter [22]. Briefly, 2 mg of luciferase was dissolved
in 200 ml PBS and incubated with 20 ml of 8.2 mM 6-((6-((bioti-

oyl)amino)hexanoyl)amino)hexanoic acid, succinimidyl ester (bi-
tin-XX SE) (Molecular Probes, Eugene, OR) in DMSO for 45 min at
oom temperature. Biotinylated luciferase was separated from un-
onjugated biotin-XX SE by gel filtration using a G25 spin–desalt
olumn preequilibrated with PBS/0.2% bovine serum albumin (BSA).
SDS–PAGE/blotting. Proteins were separated by SDS–PAGE,

ransferred to nitrocellulose, and blotted with antibodies or strepta-
idin alkaline phosphatase as described previously [21]. Anti-SKL,
nti-luciferase, and streptavidin alkaline-phosphatase were all used
t a dilution of 1:5000.
Measurement of cytosolic and peroxisomal markers. Lactate de-

ydrogenase activity was determined as described by Storrie and
adden [23]. Hsc70 levels were quantitated by Western blotting
ith the monoclonal antibody 13D3 as described by Terlecky et al.

24].
ELISA-based import assay. Peroxisomal PTS1-protein import
as reconstituted using a system based on a previously described
ssay for receptor-mediated endocytosis in semi-intact cells [25]. The
ssay will be described briefly here, noting relevant differences with
he original description. The plasma membranes of human epider-
oid carcinoma (A431) cells or diploid lung fibroblasts (IMR90) were

ermeabilized by mechanical disruption, a procedure which permits

7–92% of the cytosol to be removed (Fig. 4A) while affording com-
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100 TERLECKY ET AL.
plete access to the intact (.90% catalase latency, data not shown)
intracellular organelles. After the cells were pelleted and resus-
pended at 4°C, they were incubated with the biotinylated substrate
(the PTS1-containing enzyme, luciferase, typically at 6–12 mg/ml) at
7°C in a 40-ml reaction volume. The import reaction buffer (IRB)

contained 40 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid (Hepes)–sodium hydroxide (pH 7.4), 85 mM sucrose, 2 mM
magnesium acetate, 100 mM potassium acetate, 100 mM zinc chlo-
ide, 1 mM adenosine 59-triphosphate, 5 mM creatine phosphate, and
.4 IU creatine phosphokinase. After 45 min, the level of import was
etermined by masking accessible biotin sites with avidin (Calbio-
hem, La Jolla, CA), quenching excess avidin with biocytin (Calbio-
hem), and solubilizing the cells with detergent. The concentrations
f avidin and biocytin in the masking/quenching reactions were
ncreased by 50% over those originally described. One hundred mi-
roliters of the cell lysates were plated on microtiter plates coated
ith anti-luciferase antibodies. (Rabbit anti-luciferase antibodies
ere used at a 1:500 dilution.) The extent of unmasked biotin, the
allmark of import, was then quantitated with horseradish peroxi-
ase-labeled streptavidin in a microplate absorbance reader set at
90 nm and corrected for background at 650 nm. The maximal
bsorbance signal obtained in a given experiment depended on such
actors as the concentration of ligand added and the number of cells
sed (typically 1.4–2.7 3 105 per reaction).
Cytosol was prepared from CHO cells as described by Smythe et al.

25] except that a Dounce homogenizer was used to disrupt the cells.
nti-Pex2p antibodies were provided by Dr. Rolf Thieringer of
erck.
For the biochemical analysis of protein import into organelle pel-

ets, the import and masking/quenching reactions were scaled up
ixfold. Import reactions were conducted with (CHO) cytosol added.
fter a 45-min incubation at 37°C, the A431 cells were pelleted and
asked/quenched with a (63) avidin and biocytin reaction as out-

ined above except that the buffer was 0.25 M sucrose, 10 mM
riethanolamine (pH 7.8), 10 mM acetic acid, 1 mM EDTA, and 0.1%
tOH. After quenching, the cells were homogenized on ice with 10
trokes of a Teflon homogenizer, followed by 10 strokes of a tight-
tting Dounce homogenizer. The resultant homogenate was centri-
uged at 1000g to remove nuclei and unbroken cells and then at
7,000g to create the organelle pellet. Proteins in the organelle pellet
ere separated by SDS–PAGE, transferred to nitrocellulose, and
robed with streptavidin alkaline-phosphatase. Alternatively, the
evel of unmasked biotinylated luciferase in the organelle pellets was
etermined by ELISA as described above.
Immunofluorescence-based import assay. A431 cells were perme-

bilized with 0.05 U/ml streptolysin-O and incubated with 60 mg/ml
biotinylated luciferase for 45 min at 37°C in an in vitro import assay
essentially as described by Wendland and Subramani [20]. The im-
port system was optimized for use with A431 cells as follows. Per-
meabilization and import reaction volumes were 60 ml and the buffer
ontained 20 mM Hepes–potassium hydroxide (pH 7.3), 2 mM mag-
esium acetate, 110 mM potassium acetate, 5 mM sodium acetate,
00 mM zinc chloride, 2 mM dithiothreitol, 1 mM ethylene glycol-
is(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid, 1 mM adeno-

sine 59-triphosphate, 5 mM creatine phosphate, and 20 U/ml creatine
phosphokinase. Import was evaluated by indirect immunofluores-
cence using guinea pig anti-luciferase antibodies at a 1:250 dilution
or by indirect fluorescence using FITC-labeled avidin at a 1:25 dilu-
tion. The cells were blocked in 4% BSA in PBS for 1 h before
incubation with primary antibodies or avidin. Masking/quenching of
the unimported biotinylated luciferase was accomplished as for the
ELISA-based assay above. Guinea pig antibodies were detected with
FITC-labeled, goat anti-guinea pig IgG at a 1:25 dilution. For colo-
calization studies, peroxisomes were identified with rabbit anti-
PMP70 antibody at a 1:250 dilution and the antibody was detected
by CY3-conjugated, goat anti-rabbit IgG at a 1:300 dilution. Impor-

tantly, in these experiments no FITC signal was detected in the y
543-nm (“red”) channel, and no CY3 signal was detected in the
488-nm (“green”) channel (data not shown). All fluorescence reagents
were from KPL (Gaithersburg, MD). Rabbit anti-SKL antibody was
used at a dilution of 1:250. Slowfade antifade from Molecular Probes
was used as the mounting medium. Microscopy was performed on a
Zeiss LSM-310 confocal microscope at the Wayne State University
School of Medicine Molecular & Cellular Imaging and Analytical
Cytometry Core Facility.

RESULTS

Quantitative Analysis of PTS1 Protein Import
in Vitro

To further elucidate the molecular mechanisms of
peroxisomal protein import, and identify the requisite
biochemical components, we developed a quantitative
in vitro assay for peroxisomal PTS1-protein import.
This assay, based on a similar system for examining
coated-pit assembly, invagination, and coated-vesicle
formation [25], is ELISA based and utilizes semiper-
meabilized human A431 cells or fibroblasts and a bio-
tinylated PTS1-containing reporter protein. The ligand
we chose to biotinylate was the well-characterized,
PTS1-containing protein luciferase [7, 26]. Biotinyla-
tion results in a conjugate protein that is recognized by
anti-luciferase antibodies and anti-SKL antibodies, as
well as by streptavidin alkaline-phosphatase (Fig. 1).
This latter recognition confirms the presence of the
biotin moiety in the conjugate protein. Also, biotinyl-
ated luciferase is recognized by the PTS1-import recep-
tor, Pex5p, to the same extent as its unmodified coun-
terpart in an in vitro binding assay (data not shown).

After biotinylation, and optimization of conditions to
rap the molecule in wells of an ELISA plate coated
ith anti-luciferase antibodies (data not shown), inter-
alization assays were performed. Levels of import
ere determined as follows: after internalization into
eroxisomes, the biotin groups on unimported biotin-

FIG. 1. Biotinylation of luciferase. Biotin was chemically coupled
to luciferase as described under Materials and Methods. 250 ng of
luciferase (L) and biotinylated luciferase (BL) was separated by
SDS–PAGE, transferred to nitrocellulose, and probed with (A) anti-
luciferase antibodies, (B) anti-SKL antibodies, and (C) streptavidin
alkaline-phosphatase.
lated luciferase were sequestered with avidin, and the
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101PEROXISOMAL PROTEIN IMPORT IN VITRO
excess avidin bound to biocytin. These reagents cannot
penetrate the peroxisome membrane. The biotinylated
luciferase was released from cells by treatment with
detergent and was captured in microtiter wells using
anti-luciferase antibodies, and the biotin groups re-
maining on the biotinylated luciferase corresponding
to the imported substrate were quantitated with a
streptavidin horseradish peroxidase conjugate. Using
the accumulation of avidin-inaccessible biotinylated
luciferase as the hallmark of import, peroxisomal im-
port in human A431 cells was found to be time- (Figs.
2, 4B, and 5) and temperature- (Figs. 3 and 4B) depen-
dent. Importantly, no import of biotinylated ovalbu-
min, a non-PTS1-containing protein, was observed
(data not shown).

The peroxisome membrane contains at least three
proteins, Pex2p, Pex10p, and Pex12p, which contain
zinc-binding signature sequences [14]. To examine
whether zinc or other metal ions play a role in the
import of biotinylated luciferase, we tested their effect
in our assay. Low concentrations (100 mM) of zinc (Fig.
), but not other divalent ions (e.g., calcium—data not
hown), stimulated import some sixfold. This zinc ef-
ect was largely reversed by the divalent metal chelator
,10-phenanthroline (Fig. 3). We also examined the
ffect of including anti-Pex2p antibodies in the import
eaction. As shown in Fig. 3, these antibodies inhibited
he assay, directly implicating the peroxin in PTS1
mport. Similar effects of anti-Pex2p antibodies were
bserved in the immunofluorescence-based import as-

FIG. 2. Peroxisomal import kinetics. Semi-intact A431 cells were
ncubated at 37°C with biotinylated luciferase in the in vitro import
eaction described under Materials and Methods. At the times indi-
ated, the extent of import was determined by ELISA. (E) The raw
bsorbance units (3103) obtained at each time point; (■) and accom-
anying solid line indicate the adjusted values reflecting subtraction
f the time 0 value from all others. Results shown are means 61
tandard deviation of triplicate samples.
ay described below; control antibodies did not affect
import in these assays (data not shown). Unfortu-
nately, we do not yet have antibodies to Pex10p or
Pex12p, so their involvement could not be tested in this
manner.

The in vitro assay was applied to other cells to ex-
mine their import capacities (Fig. 3). Normal human
IMR90) fibroblasts imported biotinylated luciferase to
pproximately the same level (;85%) as seen in A431
ells. In contrast, fibroblasts from patients with the
atal peroxisomal disorder cerebrohepatorenal (Zell-
eger) syndrome were incapable of importing signifi-

ant amounts of biotinylated luciferase (;4% of the
A431 level). The cell line, called FAIR-T, is known to
lack the PTS1 receptor, Pex5p [21, 27].

Cytosol Stimulation of Import

During preparation of semi-intact cells for the in
vitro import assay, a 15-min incubation at 4°C was
included to allow leakage of cytosolic components. This
process resulted in 92% of the cytosolic marker LDH
and 87% of the cytosolic Hsc70 molecule to be released
(Fig. 4A). Clearly, the 8–13% of cytosol that remains
was capable of supporting import (Figs. 2 and 3). How-

FIG. 3. Peroxisomal protein import. Semi-intact A431s (A), nor-
mal human IMR90 fibroblasts (NF), or fibroblasts from a Zellweger
syndrome patient of complementation group 2 (CG2) were incubated
at 37°C or at 4°C with biotinylated luciferase in the in vitro import
reaction described under Materials and Methods. After 45 min, im-
port was quantitated by ELISA. Where indicated, zinc chloride was
omitted from the IRB or the ion chelator 1,10-phenanthroline (1 mM
final concentration) or anti-Pex2p antibodies (5 ml) were added. Re-
sults presented (means 61 standard deviation) are a composite of
nine separate experiments and normalized to the level of import in

A431 cells (which is arbitrarily set at 100) to permit comparison.
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ever, this did not represent maximum levels of import
since the addition of exogenous (CHO) cytosol was
stimulatory (Fig. 4B). Most cytosol preparations re-
sulted in similar two- to threefold stimulations of im-
port although some were more active (data not shown).
The basis of these differences remains to be elucidated.

Biotinylated Luciferase in Organelle
Pellets/Peroxisomes

To confirm that biotinylated luciferase was imported

FIG. 4. (A) Cytosol leakage from permeabilized cells. Semi-intact
A431 cells were prepared as described under Materials and Methods.
After 15 min at 4°C, the cells were pelleted and the resultant super-
natants (Sup) and pellets (Pel) analyzed for the relative amounts of
the cytosolic markers lactate dehydrogenase (LDH) and Hsc70. The
total LDH or Hsc70 present in the supernatant and pellet fractions
was arbitrarily set at 100. (B) Cytosol stimulation of peroxisomal
import. Semi-intact A431 cells were incubated with biotinylated
luciferase in the in vitro import reaction described under Materials
and Methods. Where indicated, CHO cytosol was added at a concen-
tration of 10 mg/ml. After 45 min, import was quantitated by ELISA
nd the results (means and ranges (3103) of duplicate samples) are

presented as absorbance units minus the time 0 (40 absorbance
units) value.
into peroxisomes, we scaled up the reaction sixfold and,
after the import and masking/quenching steps, homog-
enized the cells and prepared organelle pellets. As
shown in Fig. 5, there was a time-dependent accumu-
lation of biotinylated luciferase in organelle pellets, as
assayed by both blotting with streptavidin alkaline-
phosphatase and ELISA. To determine whether the
organellar biotinylated luciferase was associated with
peroxisomes, we resuspended the organelle pellets af-
ter a 45-min import reaction and used a Nycodenz step
gradient to fractionate the sample. Catalase and im-
ported biotinylated luciferase largely comigrated in
these gradients (data not shown), suggesting that bio-
tinylated luciferase was targeted to peroxisomes in the
in vitro assay.

Analysis of Biotinylated Luciferase Import
by Confocal Fluorescence Microscopy

To demonstrate more directly that biotinylated lucif-
erase was imported into peroxisomes, we localized the
import substrate using indirect confocal fluorescence
microscopy (Figs. 6–8). The mechanical disruption
technique employed to permeabilize cells for the in
vitro assay required them to be lifted from the culture
plate or coverslips and therefore was incompatible with
morphological analyses. To circumvent this problem,
we used the plasma membrane-specific permeabiliza-
tion agent streptolysin-O to create semi-intact cells.
This treatment permitted the execution of an import
reaction, followed by the localization of biotinylated
luciferase and peroxisomes in situ.

We performed an import and masking/quenching re-
action with streptolysin-O-treated A431 cells and visu-
alized the imported biotinylated luciferase using
guinea pig anti-luciferase antibodies and a FITC-la-
beled, goat anti-guinea pig, secondary antibody (Fig.
6A). The substrate protein appeared in punctate struc-
tures, randomly scattered through the cytoplasm. In
the same cells, peroxisomes were identified using rab-
bit antibodies to the peroxisomal membrane protein,
PMP70, and appropriate CY3-labeled secondary anti-
bodies (Fig. 6B). A punctate staining pattern was ob-
tained again, and confocal superimposition of the im-
ages (Fig. 6C) revealed that the imported substrate
colocalized virtually completely with peroxisomes.

Colocalization of imported biotinylated luciferase
and peroxisomes was also accomplished using avidin–
FITC to recognize the biotinylated import substrate
(Fig. 7A). In control experiments, no staining was ob-
tained if the import reaction was conducted without an
ATP-regenerating system (Fig. 7C) or without lucif-
erase (Fig. 7D). Since the biotin groups on unimported
biotinylated luciferase were masked/quenched, the im-
port signal obtained presumably reflects bona fide im-

port into the peroxisome and not binding to the surface
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103PEROXISOMAL PROTEIN IMPORT IN VITRO
of the organelle. Confirmation of true import of the
substrate was also accomplished by examining the
staining patterns of peroxisomal antigens in cells per-
meabilized with streptolysin-O, fixed, and treated or

ot with the detergent Triton X-100 prior to immuno-
taining (Fig. 8). PMP70, a cytosolically exposed, per-
xisomal membrane protein, was recognized by appro-
riate antibodies in the absence of detergent treatment
Fig. 8A). In contrast, neither SKL-containing proteins
or imported biotinylated luciferase was recognized by
ppropriate antibodies in a similar incubation (Figs.
B and 8C). If, however, the cells were treated with
etergent, both SKL-containing proteins and imported
iotinylated luciferase were visible (Figs. 8D and 8E).

DISCUSSION

In this report, we describe a reliable quantitative in
itro assay for peroxisomal import of PTS1-containing

FIG. 5. Biotinylated luciferase in organelle pellets. Semi-intact A
reaction as indicated. After a 45-min incubation, the cells were pellet
described under Materials and Methods. In (A), equivalent portio
SDS–PAGE, transferred to nitrocellulose, and probed with strepta
import in equivalent portions of the organelle pellets was determine

FIG. 6. Biotinylated luciferase is imported into peroxisomes. S
biotinylated) luciferase for 45 min at 37°C as described under Mat
xamined by indirect immunofluorescence. Cells were incubated si
ITC-conjugated secondary antibody and a rabbit anti-PMP70 ant

uciferase is revealed in green (A) and PMP70 is revealed in red (B). In
hich register as yellow/orange.
roteins. This ELISA-based assay employs semiperme-
bilized human cells and a biotinylated import sub-
trate. It faithfully recapitulates several well-defined
roperties of peroxisomal protein import and offers
everal advantages over previously described import
ystems. The assay should make possible, for the first
ime, a rapid and large-scale analysis of the necessary
iochemical components and underlying molecular
echanisms of import.
An immunofluorescence-based assay, also utilizing

emipermeabilized cells, is an effective system that has
ed to the description of several novel properties of the
mport process [20]. Indeed, a variation of it is used in
his study (Figs. 6–8) to confirm that the PTS1 import
ubstrate has correctly entered peroxisomes. However,
major drawback with the system is the time-consum-

ng nature of the requisite microscopy. In contrast, the
LISA-based assay described herein permits the pro-
essing of many samples within a single experiment.

1 cells were incubated at 37°C in a sixfold scaled up in vitro import
and homogenized, and an (organelle) pellet fraction was prepared as
of the proteins in the organelle pellet fraction were separated by
n alkaline-phosphatase. In (B), the level of biotinylated luciferase
y ELISA. Values presented are absorbance units (3103).
tolysin-O-permeabilized A431 cells were incubated with 60 mg/ml

als and Methods. The cells were then fixed, detergent-treated, and
ltaneously with guinea pig anti-luciferase antibody followed by an
dy followed by a CY3-conjugated secondary antibody. Biotinylated
), confocal superimposition of the images reveals colocalized proteins
43
ed
ns
vidi
d b

trep
eri
mu
ibo

(C
An important parameter regarding the assay is the



104 TERLECKY ET AL.
signal-to-noise ratio. That is, how much of the signal
observed at a particular time point is present at time 0.
In the experiment shown in Fig. 2, the signal was quite
high (.95%). Although this property does vary (;75%
in the experiment shown in Fig. 4B, for example),
overall throughout the many experiments conducted,
the signal/noise ratio remained high.

To ensure that the signal being measured truly rep-
resents protein import into the peroxisome, a series of
biochemical and morphological assays was performed.
The first approach involved showing that biotinylated
luciferase accumulated in organelle pellets after the
import reaction (Fig. 5). As these were crude organelle
pellets, a Nycodenz step gradient was used to further
illustrate the colocalization of imported biotinylated
luciferase and peroxisomes. However, since other or-
ganelle marker enzymes were not examined in this
assay, it remained a formal, albeit unlikely, possibility
that biotinylated luciferase was present in another or-

FIG. 7. Recognition of imported biotinylated luciferase by avidin.
Streptolysin-O-permeabilized A431 cells were incubated with biotin-
ylated luciferase as described for Fig. 6. After 45 min at 37°C, the
biotin moiety of unimported biotinylated luciferase was masked/
quenched with avidin and biocytin as described under Materials and
Methods. The cells were then fixed, detergent-treated, and examined
by indirect fluorescence or by indirect immunofluorescence. Cells
were treated simultaneously with FITC–avidin and an anti-PMP70
antibody followed by a CY3-conjugated secondary antibody. Biotin-
ylated luciferase is shown in (A) and PMP70 is shown in (B). The in
vitro import reaction with biotin masking/quenching was conducted
in buffer without ATP or an ATP-regenerating system in (C) or in
buffer without biotinylated luciferase in (D). The cells were fixed,
detergent-treated, incubated with FITC–avidin, and processed for
indirect fluorescence.
ganelle.
To address this, a more detailed morphological anal-
ysis was initiated. Since the necessary confocal fluores-
cence microscopy could be performed only on immobi-
lized cells, mechanical disruption was not possible.
Therefore, we employed streptolysin-O to permeabilize
cells—in essence, we were performing the immunoflu-
orescence-based import assay described by Wendland
and Subramani [20]. Using this approach, for the first
time with human A431 cells, it was clear that biotin-
ylated luciferase was taken up into the lumen of per-
oxisomes (Figs. 6–8).

As part of the ELISA-based import assay’s charac-
terization, we evaluated the kinetics of peroxisomal
import (Fig. 2). Import appeared to peak at approxi-
mately 45 min—roughly consistent with the time
course results obtained with other import assays. That
is, Wendland and Subramani [20], using the immun-
ofluorescence-based import assay, and Walton et al. [4],
using the microinjection-based import assay, observed
maximal import at 1 h; Imanaka et al. [16], using
purified rat liver peroxisomes, observed a plateau at
approximately 30 min.

All assays are in accord that peroxisomes do not
import substrates at low temperatures ([16, 18, 20],
Figs. 3 and 4B). Furthermore, since previous work
showed ATP hydrolysis to be necessary for import, ATP
and an ATP-regenerating system were routinely in-
cluded in all import reaction buffers used in this study.
If these components were left out of the incubation, and
endogenous ATP suitably depleted, import was signif-
icantly reduced (data not shown). Similar effects of the
absence of ATP were observed in the immunofluores-
cence-based assay (Fig. 7).

A powerful aspect of the ELISA-based assay is that it
can be applied to more than one human cell type. As
shown in Fig. 3, import into peroxisomes of normal
fibroblasts was highly efficient. This contrasted with
cells of patients with the peroxisomal disorder Zell-
weger syndrome, which imported little, if any, sub-
strate (Fig. 3). Perhaps in future studies, this assay
could be used to add back the biochemical components
defective or missing in specific patient cell lines. The
only caveat is that the defect must lie in a cytosolic
molecule, as there would be no way to correctly intro-
duce a membrane protein back into cells or peroxi-
somes.

Previous assays have been equivocal with respect to
the effects of cytosol. In vitro assays employing purified
peroxisomes suggest no effect of cytosol [16], whereas
the immunofluorescence-based, semipermeabilized
system has been shown to require cytosol [20] as well
as to be cytosol-independent [28]. Since a number of
peroxins and chaperone molecules are cytosolic [14,
29], it is reasonable that cytosolic factors are neces-
sary.
Our results indicate a clear stimulatory effect of
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exogenously added cytosol (Fig. 4B). A two- to threefold
stimulation by cytosol was typically observed; however,
as pointed out above, this effect is variable, with some
preparations stimulating over sevenfold. The basis of
these activity differences is unclear—it may reflect dif-
ferential leakage of endogenous factors, although cells
used in the in vitro import assays are treated exactly
the same between experiments, or some undefined
properties of the cytosol itself. One possibility is that
during cytosol preparation, homogenization results in
variable leakage of proteases or other inhibitors from
disrupted lysosomes and other organelles. Perhaps
these organelle contents adversely affect the activity of
requisite components. Also, it should be noted that we
have not yet been able to develop a cocktail of peroxins,
chaperones, and other molecules which will stimulate
import to the same level as whole cytosol. Clearly, all
the necessary components, or the means to maintain
their activities, have not been identified.

A novel aspect of peroxisomal protein import re-
vealed by the ELISA-based assay was the effect of zinc.
A clear stimulatory effect was realized at a concentra-
tion of 100 mM (Fig. 3). Importantly, other ions present
at similar concentrations show no such stimulation
and furthermore, the zinc effect was largely eliminated
by the cation chelator 1,10-phenanthroline (Fig. 3).
These exciting observations suggest that peroxisomal
protein import may be regulated in a manner hereto-

FIG. 8. Biotinylated luciferase is imported into the peroxisomal
biotinylated luciferase as described for Fig. 6. After masking/quench
cells were fixed, detergent-treated (D and E), or not (A, B, and C), an
Cells were incubated with anti-PMP70 antisera in (A), with anti-SK
appropriate, species-specific antiserum was used to visualize the bo
fore not envisioned.
Zinc is critically important in a vast array of bio-
chemical and metabolic processes [30]. The intracellu-
lar concentration of zinc has been calculated to be some
400 to 800 mM [31, 32], although it is not well under-
stood how the cell stores and traffics the ion to appro-
priate sites. As pointed out above, the peroxisome
membrane contains at least three zinc-finger-contain-
ing peroxins. Our results directly implicate one of
them, specifically Pex2p, in the import of PTS1-con-
taining proteins (Fig. 3). Perhaps zinc regulates the
activity of Pex2p or, indeed, other peroxins; further
analysis of the role of zinc in PTS1-protein import is
currently under way. Interestingly, the import of cer-
tain (carrier) proteins into mitochondria also requires
100 mM zinc and is mediated by two zinc-binding (mi-
tochondrial) membrane proteins—Tim10 and Tim12
[33].
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