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Abstract

A protease activity has been partially purified from peroxisomal matrix fractions of the methylotrophic yeast Candida
boidinii. The enzyme migrates as a single peak on a sucrose velocity gradient with an apparent native molecular mass of
V80^90 kDa. Activity can be recovered from nonreducing sodium dodecyl sulfate gels as a V20 kDa species, suggesting it is
an oligomer. The protein exhibits chymotrypsin-like activity and cleaves the model compound suc-L-L-V-Y-AMC.
Additionally, monomers of alcohol oxidase (AO), an abundant protein of C. boidinii peroxisomes, generated in vitro or in
pulse-radiolabeled cells, are preferentially sensitive to degradation by the protease. Sensitivity is lost over time in vivo as AO
folds and matures into octamers, suggesting that the protease may be involved in these processes. ß 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Peroxisome; Microbody; Serine protease; Alcohol oxidase; Candida boidinii

1. Introduction

Peroxisomes are ubiquitous organelles that are
comprised of a matrix surrounded by a single mem-
brane and are essential for synthesis and degradation
of lipids and other compounds [1]. Peroxisomes have
no genome; all peroxisomal proteins are nuclear en-
coded and must be imported from the cytoplasm.

There are two well characterized targeting motifs
that direct proteins from the cytosol to the peroxi-
somal matrix [2,3]. Most matrix proteins have a con-

served targeting motif, termed PTS1, at their extreme
carboxy termini. A few matrix proteins have an ami-
no-terminal PTS2 sequence that is cleaved in some
species upon or shortly after translocation across the
membrane. Cognate receptors bind matrix proteins
in the cytosol and transport them to a docking com-
plex on the peroxisomal surface.

The mechanism of entry of protein cargo into the
matrix following docking is obscure. Unlike some
import mechanisms, proteins need not be unfolded
to cross the peroxisomal membrane. Several proteins
are known to act after the docking step but their
precise roles are unknown [4]. Our group and others
have shown that folded proteins and oligomers can
enter peroxisomes [5]. There is no evidence that un-
folding occurs during this process; even colloidal
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gold particles can enter the organelles [6]. Further-
more, the association of receptors and cargo may not
be interrupted until the complex enters the matrix
[7,8].

Molecular chaperones can bind to peroxisomal
proteins in the cytosol, and they are also found on
the peroxisomal surface [9,10]. Whether they help
fold these precursors or keep them unfolded and
competent for import is not clear. No members of
classical chaperone families have been demonstrated
to exist in the peroxisomal matrix with the possible
exception of peroxisomes in plants [11], suggesting
that the bulk of protein folding occurs before trans-
location into the matrix.

Alcohol oxidase (AO), a £avin-containing oc-
tamer, is the only peroxisomal matrix protein known
to be imported as a monomer and to oligomerize
within the matrix [12,13]. It is a very abundant pro-
tein of methylotrophic yeasts when grown on meth-
anol as the carbon source. Flavin auxotrophs have
been generated to study the binding of this cofactor
to AO as it relates to peroxisomal import. Low ex-
ternal £avin concentrations result in a decrease in
AO import and in aberrant AO aggregates both in
the cytosol and in the peroxisomal matrix [14]. This
defect cannot be attributed to a decrease in cellular
energy stores. One cannot de¢nitively conclude that
AO binds £avin after translocation but it is clear that
the absence of the cofactor results in decreased AO
import.

While it is unknown whether or not peroxisomes
have the capacity to fold proteins within the matrix,
peroxisomes can catalyze the proteolytic maturation
of precursors. Three steps of peroxisomal protein
maturation have been attributable to peroxisomal
activities: the clipping of the PTS2 amino terminal
signal, the further degradation of the PTS2 peptide,
and the scission of the A subunit of acyl-CoA oxi-
dase to generate B and C subunits [15^17]. The deg-
radation of the PTS2 peptide may be catalyzed by a
peroxisomal protease formerly known as the insulin-
degrading enzyme [15]. The cleavage of the PTS2
peptide from the primary translation product occurs
in association with a preperoxisomal vesicle, at least
in the yeast Yarrowia lipolytica [18]. Several di¡erent
endoprotease activities have also been identi¢ed and
characterized in plant peroxisomes although no se-
quences are available [19].

In this report we identify, enzymatically character-
ize, and partially purify a novel protease activity
from the peroxisomal fraction of Candida boidinii.
We ¢nd that it is highly active against newly synthe-
sized AO monomers, but not mature octamers. This
protease sensitivity reveals di¡erences in AO folding
during import and assembly, in which this protease
may be involved.

2. Experimental procedures

2.1. In vitro transcription/translation

In vitro labeled proteins were synthesized with the
T3 or T7 promoters from Bluescript plasmids con-
taining the appropriate genes (Stratagene Cloning
Systems, La Jolla, CA), using the TNT Coupled Re-
ticulocyte Lysate System (Promega Corp., Madison,
WI) with [35S]methionine (translation grade, New
England Nuclear Life Science Products, Boston,
MA). Synthesis was allowed to proceed for 90 min.
Plasmid constructs encoding ornithine decarboxylase
and gamma-glutamyl cysteine synthetase were the
kind gift of Meg Phillips (UT Southwestern Medical
Center, Dallas, TX).

2.2. Protease activity assay using 35S-labeled in vitro
translated alcohol oxidase

Standard in vitro protease reactions consisted of
5 Wl of translated product (see above) incubated with
enzyme samples in a ¢nal volume of 20 Wl for 30 min
unless otherwise indicated. Sample bu¡er [20] was
immediately added and the sample boiled prior to
performing sodium dodecyl sulfate^polyacrylamide
gel electrophoresis (SDS^PAGE). Gels were then
treated with 1 M sodium salicylate (pH 5.5) for
5 min, dried, and exposed to ¢lm.

2.3. Peroxisomal matrix puri¢cation

Peroxisomal matrix from highly puri¢ed organelles
was obtained from a 10-l culture of methanol-grown
C. boidinii as previously described [21]. Assays for
cytochrome c oxidase [22] and catalase [23] were
used to verify organellar separation. The peroxisomal
fraction was diluted with 2 volumes of 30% sucrose
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and centrifuged at 31 000Ug for 45 min at 2³C in a
JA17 rotor (Beckman Coulter, Fullerton, CA). The
pellet was resuspended in 10 ml TE bu¡er (50 mM
Tris^Cl (pH 8.5), 5 mM EDTA), which lysed the
peroxisomes. Membranes were removed by centrifug-
ing the peroxisomal lysate at 100 000Ug for 15 min
at 2³C in a TLA 100.3 rotor (Beckman Coulter).

2.4. Fluorogenic peptide assay

Peptides conjugated with 7-amino-4-methylcou-
marin (AMC), (Bachem, Torrance, CA), were uti-
lized for analysis of proteolytic activity. The rate of
AMC release was monitored for 5 min with the Pho-
ton Technology International Fluorometer and Felix
software (Lawrenceville, NJ) with excitation and
emission wavelengths set to 370 and 440 nm, respec-
tively. Rates were linear over the measurement. A
unit of activity is de¢ned as the rate of increase of
£uorescence in photons detected per second over the
5-min assay.

Peroxisomal matrix was used for the measure-
ments of peptide speci¢city. One-ml reactions in TE
containing 50 WM of peptide and 10 Wl of 2 mg/ml
matrix in TE were assayed. Reactions with chymo-
trypsin (Sigma, St. Louis, MO) were identical except
they contained 0.00055 U of enzyme instead of ma-
trix.

For inhibitor studies, matrix (9 mg) in TE was
applied to a 35 ml 5^20% continuous sucrose gra-
dient, which was centrifuged at 28 000 rpm in a
SW-28 rotor (Beckman Coulter) for 48 h. Peak frac-
tions containing protease activity were pooled and
concentrated for use as the source of enzyme. Inhib-
itors were preincubated with 5 Wl (430 ng protein) of
pooled fraction for 5 min at concentrations shown.
The peptide substrate suc-Leu-Leu-Val-Tyr-AMC
was then added to a ¢nal concentration of 30 WM
in 1 ml ¢nal volume in TE. Approximate IC50s were
calculated using Sigma Plot (SPSS, Chicago, IL).

2.5. Denaturation/renaturation of protease

Partially puri¢ed protease from a sucrose velocity
gradient as described above was incubated with non-
reducing sample bu¡er (50 mM Tris^Cl (pH 6.8),
10% glycerol, 1% SDS), at either 25³C or 50³C for
30 min. The two samples were electrophoresed

through a 9% SDS polyacrylamide gel at 75 V.
Each lane was then cut into 0.5-cm slices, noting
relative position to prestained molecular mass
markers. Renaturation was performed by incubating
each section in 1 ml of TE bu¡er containing 0.25%
Triton X-100 on a rocker overnight. Gel sections
were washed with 1 ml of TE bu¡er, and then each
slice was crushed into a slurry in 20 Wl of TE bu¡er
to extract the protein. An additional 30 Wl of TE
bu¡er was added before the eluted material was as-
sayed for activity against in vitro translated AO
product.

2.6. Column chromatography

Econo-Pac prepacked 1-ml columns and Macro-
prep resins were purchased from Bio-Rad (Hercules,
CA). Columns were run as per manufacturer's in-
structions. Econo-Pac columns were utilized to devel-
op a large scale puri¢cation protocol. Puri¢cation
was then performed using Macro-Prep resin for larg-
er columns. Puri¢ed peroxisomes were lysed in Tris
bu¡er (pH 8.5) and matrix obtained as described
above, except without EDTA. Matrix was loaded
onto a 15 ml Macro-prep HiQ column that had
been pre-equilibrated with 50 mM Tris^Cl bu¡er,
pH 8.5. Fractions were collected during elution
with an increasing salt gradient to 500 mM NaCl
in 50 mM Tris^Cl bu¡er, pH 8.5. Protease activity
of the fractions was assessed by the £uorogenic pep-
tide assay (above), and active fractions were pooled.
Ammonium sulfate was added to the pooled frac-
tions to a ¢nal concentration of 1.6 M for loading
onto a 15 ml Macro-prep methyl-HIC column, which
had been equilibrated with 50 mM Tris^Cl (pH 8.5),
250 mM NaCl, and 1.6 M ammonium sulfate. Frac-
tions were collected from a step gradient from high
to low salt. Each step consisted of 25 ml of 1.6 M,
1.2 M, 0.8 M, 0.4 M, and 0 ammonium sulfate. Each
fraction was tested by peptide assay for protease ac-
tivity. Active fractions were pooled and concentrated
using a Microcon concentrator (Millipore Corp.,
Bedford, MA) for use in gel ¢ltration analysis. Gel
¢ltration was done using Ultrogel AcA34 resin (IBF
Biotechnics, France). Gel ¢ltration was performed in
50 mM Tris^Cl (pH 8.5) bu¡er containing 250 mM
NaCl. Fractions were collected and analyzed as be-
fore.
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2.7. pH release assay

Peroxisomes were harvested from a sucrose gra-
dient as described [21]. Eight separate microfuge
tubes, each containing 200 Wl of the peroxisomal
fraction, were centrifuged at 20 000Ug for 20 min
at 4³C. The supernatant was aspirated o¡, and the
pellets resuspended in 100 Wl of one of eight di¡erent
pH bu¡ers: 5.5, 6.0, 6.5 (each in 50 mM MES), 6.8,
7.4, 8.0, 8.5 and 9.2 (each in 50 mM Tris^Cl). The
tubes were spun as before and the supernatant re-
moved to a separate tube. The pellet was resus-
pended in 100 Wl of the corresponding bu¡er. The
supernatant and pellet fractions were assayed for cat-
alase [23], alcohol oxidase [24], and protease activity
(peptide assay).

2.8. Reagents and other methods

Growth in methanol, conversion to spheroplasts,
and in vivo labeling of C. boidinii cells was per-
formed as described [12]. Culturing of cells in D-ala-
nine, oleate, and glucose has been described previ-
ously [25]. Protein concentrations were determined
using a commercial protein assay reagent (Bio-Rad)
Protease inhibitor cocktail (`Complete Cocktail') was
purchased from Boehringer (Mannheim, Germany)
and is generally e¡ective against serine-, cysteine-,
and metallo-proteases. The cocktail was prepared
as a 50U stock solution and used at a ¢nal concen-
tration of 25U unless otherwise noted. SDS^PAGE
[20] was performed with 9% gels and a separating gel
at pH 9.2. Chymotrypsin and individual protease in-
hibitors were purchased from Sigma (St. Louis, MO),
except for AEBSF (Calbiochem-Novabiochem
Corp., San Diego, CA), and aprotinin and pepstatin
A (Boehringer). Phenyl Sepharose, purchased from
Amersham Pharmacia Biotech (Piscataway, NJ).

3. Results

Alcohol oxidase (AO) is imported into peroxi-
somes as monomers, where it assembles into mature
octamers [12]. In vitro synthesized AO was analyzed
by sucrose velocity sedimentation and found to be
monomeric (data not shown). The AO generated
was unable to spontaneously assemble, even with

the components contained in the reticulocyte lysate.
This suggested that factors necessary for assembly
were likely to be in the matrix where oligomerization
occurs in vivo. To try to mimic assembly in vitro,
monomeric AO was incubated with matrix from pu-
ri¢ed peroxisomes from C. boidinii at 30³C. We
found that AO was degraded in the reaction; signi¢-
cant degradation was apparent after 1 min, and very
little was left after 30 min (Fig. 1A). A commercial

Fig. 1. (A) 35S-Labeled in vitro translated alcohol oxidase was
incubated with puri¢ed peroxisomal matrix (0.5 mg/ml ¢nal
concentration) or bu¡er at 30³C for times indicated. Sample
bu¡er was added and the samples were boiled immediately,
then subjected to SDS^PAGE and £uorography. (B) 35S-La-
beled in vitro generated alcohol oxidase was incubated for times
indicated with matrix (0.5 mg/ml ¢nal concentration) or matrix
which had been boiled for 5 min.
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protease inhibitor cocktail, consisting of pepstatin A,
aprotinin, leupeptin, and AEBSF, had only a mod-
erate e¡ect on proteolysis of AO, even at 30 times
the recommended concentration (data not shown).
However, degradation did not occur after boiling
the matrix (Fig. 1B).

To examine the speci¢city of the protease activity
against other proteins, we began by comparing in
vitro substrates. Two nonperoxisomal substrates, or-
nithine decarboxylase (ODC) and Q-glutamylcysteine
synthetase (GCS) as well as AO, were synthesized in
vitro and subjected to the matrix protease at various
concentrations. AO was much more sensitive to pro-
teolysis than either ODC or GCS (Fig. 2A, left). At
0.625 mg/ml matrix protein, for example, ODC and
GCS were not a¡ected, while only 30% of AO re-
mained (determined by densitometry). A cocktail of

protease inhibitors (at ten times the recommended
concentration) had only a slight e¡ect on activity
(Fig. 2A, right). Control experiments demonstrated
that trypsin degraded all in vitro products equally,
and that the inhibitor cocktail almost completely
blocked the trypsin degradation (data not shown).
Thus, the preferential degradation of AO by the ma-
trix protease re£ects more than the general unfolded
state of the in vitro products.

To further analyze the substrate speci¢city of the
protease we incubated a radiolabeled yeast lysate
with puri¢ed matrix. Immediately following a 5-min
pulse and cell disruption, a 30-min incubation with
matrix resulted in loss of most of the radiolabeled
AO, while there was little discernible degradation
of other proteins in the lysate (Fig. 2B). However,
AO was resistant to proteolysis after a 30 min in vivo

Fig. 2. Substrate sensitivity to protease. (A) The indicated proteins were translated in vitro and subjected to dilutions of concentrated
puri¢ed matrix (0, 5, 2.5, 1.25, and 0.625 mg/ml ¢nal concentrations, respectively) both in the presence and absence of `Complete
(protease inhibitor) Cocktail'. ODC, ornithine decarboxylase; GCS, Q-glutamylcysteine synthase. (B) Spheroplasts were labeled with
[35S]methionine for 5 min then chased with cold methionine for 0 or 30 min as indicated. Cells (100 Wl from each chase time point)
were centrifuged at 5000Ug. The pelleted cells were lysed in 200 Wl 50 mM Tris^Cl (pH 8.5), 5 mM EDTA, and protease inhibitor
cocktail. Concentrated matrix (125 Wg/ml ¢nal concentration) or bu¡er was then incubated with 5 Wl of lysate from each chase time in
a total volume of 20 Wl at 30³C for either 0 or 30 min. Sample bu¡er was added, and samples were boiled immediately and subjected
to SDS^PAGE.
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chase, presumably re£ecting its folding and conver-
sion to octamer [24]. In summary, monomeric AO,
synthesized in vitro and in vivo is very sensitive to
the protease compared with other observed proteins.

Matrix was subjected to sucrose velocity sedimen-
tation to determine the approximate size of the na-
tive activity. Fractions were then assayed against in
vitro synthesized AO as substrate. The activity mi-
grated as a single peak corresponding to a molecular
mass (assuming a globular shape) of V80^90 kDa
(Fig. 3A). We found that we could recover enzyme
activity from nonreducing SDS gels. When matrix
was incubated with Laemmli sample bu¡er (without
reducing agent) at 25³C before electrophoresis, some
activity could be recovered from a gel slice corre-
sponding to 72^135 kDa (note activity against AO
in the second lane of the upper panel of Fig. 3B),
consistent with its native size on sucrose gradients.
Interestingly, heating the matrix in nonreducing sam-
ple bu¡er at 50³C resulted in recovery of activity in a
gel slice corresponding to V20^23 kDa (Fig. 3B).
The reason for the apparent increase in activity is
unknown. These results suggest that the protease is
an V80^90 kDa oligomer with the active subunit
corresponding to about 20 kDa.

The activity of the matrix protease against model
peptides was then tested to examine the site speci¢c-
ity of the activity. Peptides conjugated to 7-amino-4-
methylcoumarin (AMC) were used to allow monitor-
ing of activity by £uorescence upon release of the
chromophore. Fig. 4A shows that the proteolytic ac-
tivity is very low against H-Val-Leu-Lys-AMC. Sig-
ni¢cant activity is present against H-Val-Val-Arg-
AMC. However, the matrix showed robust activity
against suc-Leu-Leu-Val-Tyr-AMC, suggesting a
chymotrypsin-like activity. A comparison with chy-
motrypsin against tyrosine-containing peptides is
shown in Fig. 4B; activity is normalized to the suc-
Leu-Leu-Val-Tyr-AMC peptide. While neither en-
zyme cleaves the short H-Tyr-AMC peptide, chymo-
trypsin is more active against the H-Leu-Val-Tyr-
AMC peptide. However, the activity of the matrix
protease against suc-Leu-Leu-Val-Tyr-AMC peptide
suggests that it is in the chymotrypsin family.

Using the suc-Leu-Leu-Val-Tyr-AMC peptide
cleavage as an indicator of activity, we examined
the e¡ect of a range of inhibitors on the protease.
In order to examine inhibition, we ¢rst determined

the apparent a¤nity of the peptide substrate. Matrix
protease, partially puri¢ed from a sucrose gradient
similar to that illustrated in Fig. 3A, was used to
determine the apparent Km of the enzyme against
suc-Leu-Leu-Val-Tyr-AMC. As shown in Fig. 4C,
the apparent Km is 34 WM. For all the inhibitor

Fig. 3. (A) Protease activity, utilizing in vitro AO as substrate,
of fractions from a 5^20% sucrose gradient (centrifuged in a
Beckman SW60 rotor at 60 000 rpm for 12 h at 4³C). Arrows
indicate position of radiolabeled DHAS monomer (78 kDa)
and dimer (156 kDa) on a gradient centrifuged under identical
conditions. (B) Sucrose gradient peak material was subjected to
denaturation at the temperatures indicated before SDS^PAGE
under nonreducing conditions. The gel lanes were divided into
horizontal slices, which were then incubated to renature the
protease, extracted, and analyzed against in vitro synthesized
AO. Molecular mass ranges of the appropriate slices are indi-
cated.
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studies, a peptide substrate concentration of 30 WM
was used to maximize sensitivity of the assay. An
inhibitor study is shown in Table 1. Several serine
protease inhibitors, PMSF, antipain, chymostatin
and leupeptin were active against the matrix pro-
tease, while AEBSF, benzamidine, and aprotinin
were not. In contrast, the aspartyl protease inhibitor,
pepstatin A, and the metallo-protease inhibitors,
EDTA and o-phenanthroline, did not a¡ect activity.
These data con¢rm that the matrix activity is that of
a serine protease.

To further purify the matrix protease, we subjected
the matrix fraction to column chromatography using
the peptide assay to monitor activity. As an initial
study, the protease was subjected to puri¢cation on

1-ml columns that separated proteins based on anion
exchange (HiQ), cation exchange (HiS), and hydro-
phobic interactions (HIC) or other properties (ce-
ramic hydroxyapatite type II (CHT-II)). Puri¢ed ma-
trix was loaded onto each. Reasonable increases in
speci¢c activity (6^36-fold) were obtained for all col-
umns, with the HiQ column having the best recovery
of activity (55%).

Based on these results, we chose to ¢rst purify the
protease on a preparative HiQ column. The resulting
pro¢le is illustrated in Fig. 5A. Fractions 7^13 were
then pooled and applied to a hydrophobic HIC col-
umn (Fig. 5B). Interestingly, these pro¢les, especially
that from the HIC column, show an inhomogeneity
of protease activity. This may re£ect partial dissoci-

Fig. 4. Substrate preference of matrix protease. (A) Each peptide substrate was subjected to the addition of puri¢ed matrix; the activ-
ity against peptide 1 was set at 100% activity. (B) Peptides 1^3 were also exposed to chymotrypsin under the same conditions. The ac-
tivity for chymotrypsin against peptide 1 was set at 100% activity. The absolute rate of hydrolysis of peptide 1 by chymotrypsin was
2.7 times that of matrix. (C) Determination of the apparent Km of matrix enzyme against suc-Leu-Leu-Val-Tyr-AMC peptide. Sucrose
gradient peak fraction was used. [S] in WM; v, rate in £uorescence units per second.
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ation of subunits during puri¢cation or the presence
of more than one activity. Table 2 summarizes the
results of puri¢cation through these two columns. A
2500-fold puri¢cation of activity was achieved with
27% recovery. Unfortunately, we could make no fur-
ther progress beyond this point due to unacceptable
losses of activity on subsequent columns. This may
re£ect subunit destabilization in the dilute protein
environment of the column or loss of a critical fac-
tor. We could also not yet identity a candidate pro-
tease by inspection of stained gels of peak column
fractions, although protein bands were very light
even by silver strain. The speci¢c activity of the pro-

tease against the suc-Leu-Leu-Val-Tyr-AMC peptide
after chromatography on HiQ and HIC columns was
only 6^8-fold lower than pure chymotrypsin, suggest-
ing that one additional step of puri¢cation would be
su¤cient if the enzyme were more stable (unpub-
lished data).

Our source for the protease was puri¢ed peroxi-
somal matrix. To con¢rm that the activity was ac-
tually in peroxisomes, we compared the migration of
organelles in a sucrose isopycnic gradient to the mi-
gration of protease activity. The starting material
was a 25 000Ug organellar pellet, which is enriched
in peroxisomes and mitochondria, obtained by di¡er-

Fig. 5. Chromatographs of protease puri¢cation steps. (A) Pro¢le of protein and protease activity from the HiQ column 35 mg of ma-
trix was applied. (B) Pro¢le of protein and protease activity from the HIC column. 3.8 Wg of protein pooled from fractions 7^13 of
the HiQ column was applied.
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ential sedimentation of a cell lysate [24]. In this sub-
sequent sucrose gradient, mitochondria migrate to
the middle of the gradient, and peroxisomes to the
bottom (Fig. 6A). As expected, protease activity, as
assayed both against AO monomers and synthetic
peptide substrate, comigrated with peroxisomes
(Fig. 6B,C, respectively). Very little activity was
found elsewhere in the gradient.

To further verify the peroxisomal location of the
protease, we made use of the observation that per-
oxisomes lyse at neutral pH in vitro, while they are
stable at slightly acidic pH [24]. The release of two
matrix proteins, catalase and AO, as a function of
pH, can be easily measured (Fig. 7A,B, respectively).
We compared these data to the release of protease
from intact organelles (Fig. 7C). As expected, recov-

ery of protease in the pellet fraction decreased at
increasing pH. Surprisingly, this activity did not ap-
pear in the supernatant. These data can be explained
by general instability of the protease since a pH pro-
¢le of the matrix protease yielded a peak at pH of
8.0^8.5 (data not shown), similar to most serine pro-
teases. The data suggests other factors exist within
the organelle that regulates protease activity.

Finally, we compared the organelle and protease
pro¢les in sucrose gradients from cells grown in dif-
ferent carbon sources. The matrix protease was de-
rived from cells grown in methanol, which induces
alcohol oxidase and the peroxisomal methanol assim-
ilation pathway. When C. boidinii is grown on glu-
cose, peroxisomes are very small and scarce, while
cells cultured on oleate or D-alanine yield peroxi-

Table 1
E¡ect of protease inhibitors on matrix enzyme

Inhibitor Final concentration (M) Relative activity (%)a Approximate IC50

PMSF 1U1035 77 50 WM
5U1035 56
1U1034 27

Antipain 5U1039 75 10 nM
1U1038 46
1U1036 1

Chymostatin 3U1037 59 400 nM
5U1037 44
8U1037 34

Leupeptin 2U1035 67 40 WM
4.3U1035 45

AEBSF 2U1033 97 s 2 mM
Benzamidine 1U1034 96 s 100 WM

2U1034 92
Aprotinin 1.5U1036 98 s 1.5 WM
Pepstatin A 1.5U1035 100 s 15 WM
EDTA 5U1033 99 s 5 mM
o-Phenanthroline 1U1033 100 s 1 mM
aCompared to absence of inhibitor, set at 100%.

Table 2
Partial puri¢cation of protease

Column Total activity (v/s) Recovery of activity (%)a Speci¢c activity (v/s mg) Fold puri¢cationb

Matrix 1.6U106 ^ 46 714 ^
HiQ 1.2U106 75 394 38 8.45
HIC 4.4U105 27 116 916 579 2500
aPercentage of activity in matrix.
bMatrix set at 1.

BBAMCR 14827 5-2-02

M.Q. Stewart et al. / Biochimica et Biophysica Acta 1542 (2002) 160^172168



somes of speci¢c densities and functions speci¢c for
assimilating those carbon sources; the methanol
pathway is not activated in cells under these condi-
tions [25]. The pro¢les from organellar sucrose gra-
dients are shown in Fig. 8. Again, the protease in
cells grown on methanol very closely corresponded
to that of catalase. Protease activity was seen on the
gradients onto which organelles from the other car-
bon sources were applied, but there was less corre-
spondence of protease activity with peroxisomes.
Protease activity always appeared in peroxisomal
fractions, but was elsewhere in the gradient as well.
These pro¢les suggest that the expression or local-

ization (or both) of organellar proteases is highly
dependent on growth conditions. We conclude from
our localization data that it is likely that we are
studying a peroxisomal protease but that it may be
speci¢c for methanol-grown cells. The complex pat-
tern of organellar proteases illustrated in Fig. 8 does
not allow us to rule out contamination by an activity
in other organelles.

Fig. 6. Analysis of a discontinuous sucrose gradient used for
peroxisomal puri¢cation. The gradient was fractionated into
eight fractions from top to bottom. An equal percentage of
each fraction was used to analyze activities across the gradient.
(A) Catalase and cytochrome c oxidase activities across the su-
crose fractions (b, catalase activity: F, cytochrome c oxidase
activity). (B) Degradation of in vitro translated AO by sucrose
gradient fractions. (C) Proteolytic activity against 10 WM of the
sucrose gradient fractions.

Fig. 7. pH release analysis of catalase activity (A), alcohol oxi-
dase activity (B), and protease activity (by peptide assay) (C).
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4. Discussion

We describe a serine protease activity found in
puri¢ed peroxisomal fractions in the methylotrophic
yeast, C. boidinii. The protease behaves as an V80^
90 kDa oligomeric protein which can dissociate to
yield a V20 kDa active subunit. We show that
monomeric alcohol oxidase is particularly sensitive
compared to other new synthesized proteins in vitro
and in vivo.

Several peroxisomal protease activities have been
previously described. The IDE protease, while local-
ized to peroxisomes, appears to function as a target-
ing signal protease for the PTS2 signal of thiolase
and perhaps others [15]. Protease activities from
plant peroxisomes, including a few serine proteases,
have also been seen. It is suggested that these pro-

teases catalyze protein turnover within the peroxi-
some during di¡erent stages of plant development
[19]. None of the characteristics of these proteases
or those of other known proteases match the activity
described in our report. The single peak of protease
activity on sucrose gradients suggests only one major
activity. The activity described here appears to be
speci¢c towards AO (Fig. 2B), so we do not believe
it is involved in general protein turnover.

Although some serine protease inhibitors block the
enzyme, others do not. We noticed that the most
active inhibitors contain a benzene ring in their struc-
ture, suggesting that this motif may be important in
substrate recognition. In fact, a preliminary attempt
to purify the enzyme with phenyl-Sepharose sug-
gested that active protease could not be released
from the column under standard conditions (data

Fig. 8. Catalase (Wmol H2O2 destroyed/min) and protease (against suc-Leu-Leu-Val-Tyr-AMC) activities were determined from frac-
tions across discontinuous sucrose gradients of organelles from methanol (A), glucose (B), D-alanine (C), and oleate (D) grown C. boi-
dinii.
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not shown). The surprising result that PMSF but not
AEBSF inhibited the protease further argues that the
phenyl group (present in PMSF but not in AEBSF)
is important for enzyme binding. Our protease is
most active against the £uorogenic peptide, suc-
Leu-Leu-Val-Tyr-AMC, additional evidence of struc-
tural speci¢city.

The protease retains activity after SDS^PAGE.
Upon heating to 50³C in SDS before electrophoresis,
however, it migrates as a V20 kDa protein, indicat-
ing that the native enzyme must be a larger oligomer.
Dissociation occurs in the absence of reducing
agents, indicating that the subunits are not connected
by disul¢de bonds. The V20 kDa form is more ac-
tive against AO than the V80 kDa species (Fig. 3B).
This may re£ect the ease at which the smaller form is
extracted from the gel slice after electrophoresis or a
preferential stability against SDS. More interestingly,
the small form may be associated with a regulatory
subunit that modulates its activity.

Partial puri¢cation of the protease also suggested
that the protease is oligomeric. Both columns con-
tained multiple peaks of activity (Fig. 5), which may
be due to the disassociation of the oligomer. We were
unable to con¢rm the sizes of the peaks by subse-
quent gel ¢ltration, so it is unclear if the activity is
made up of homogeneous activities or if multiple
proteases are involved. Analysis of active fractions
by silver stain did not provide any protease candi-
dates although we were hampered by low amounts of
protein.

The apparent speci¢city of the protease toward a
peroxisomal protein suggests that the activity itself is
associated with peroxisomes. Indeed, the protease
colocalizes with catalase across a sucrose gradient
from methanol-grown cells (Figs. 6 and 8A). Elec-
tron micrographs of the peroxisomal fraction have
shown the fraction to be pure [24], so it is unlikely
that the activity is from a contaminating organelle.
Examination of K-mannosidase in C. boidini, nor-
mally a membrane-bound vacuolar marker in other
yeast [26], revealed the mannosidase activity to be
soluble and not associated with a vacuolar mem-
brane (data not shown). The lack of suitable organ-
ellar makers led us to examine the protease activity
in organelles from cells grown in other carbon sour-
ces where peroxisomes £oat to di¡erent sucrose den-
sities. While the lack of colocalization of the protease

with catalase in glucose and D-alanine suggests that
the activity is not associated with peroxisomes, it
may also indicate that di¡erent proteases are induced
under these conditions, both peroxisomal and non-
peroxisomal, and that the peroxisomal protease de-
scribed in this report is only needed under conditions
when large amounts of AO is expressed, as in meth-
anol-grown cells. Further experiments to characterize
the organellar proteases from cells grown on di¡erent
carbon or nitrogen sources should yield information
on whether di¡erent enzymes are induced under
these conditions.

The peroxisome may require a mechanism to dis-
pose of any protein that is improperly folded. This
may be the role of the protease described here. The
matrix of peroxisomes from methylotrophic yeasts is
composed almost exclusively (by mass) of two pro-
teins: AO and dihydroxyacetone synthase (DHAS);
each comprises nearly 50% of matrix protein. DHAS
converts to a dimer, its ¢nal oligomeric state, very
quickly after synthesis in the cytosol [12,21] and is
imported as a dimer. AO, on the other hand, remains
in the cytosol for several minutes prior to its import.
It may normally fold in the cytosol over this time.
The unfolded AO may be a major threat to the or-
ganelle if it causes aggregation or instability of other
proteins. Such a threat could be contained by the
matrix protease. Whether the protease ful¢lls this
mission is the subject of present research.
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