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PEX5 Protein Binds Monomeric Catalase Blocking Its
Tetramerization and Releases It upon Binding the N-terminal

Domain of PEX14™®
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Background: PEX5 binds newly synthesized peroxisomal proteins in the cytosol and releases them in the organelle matrix.
Results: PEX5 binds monomeric catalase and releases it in the presence of PEX14.

Conclusion: PEX14 participates in the cargo release step.

Significance: Knowing how PEX5 interacts with cargo proteins and which factors disrupt this interaction are crucial for

understanding this protein sorting pathway.

Newly synthesized peroxisomal matrix proteins are targeted
to the organelle by PEX5. PEX5 has a dual role in this process.
First, it acts as a soluble receptor recognizing these proteins in
the cytosol. Subsequently, at the peroxisomal docking/translo-
cation machinery, PEX5 promotes their translocation across the
organelle membrane. Despite significant advances made in
recent years, several aspects of this pathway remain unclear.
Two important ones regard the formation and disruption of the
PEX5-cargo protein interaction in the cytosol and at the dock-
ing/translocation machinery, respectively. Here, we provide
data on the interaction of PEX5 with catalase, a homotetrameric
enzyme in its native state. We found that PEX5 interacts with
monomeric catalase yielding a stable protein complex; no such
complex was detected with tetrameric catalase. Binding of PEX5
to monomeric catalase potently inhibits its tetramerization, a
property that depends on domains present in both the N- and
C-terminal halves of PEX5. Interestingly, the PEX5-catalase
interaction is disrupted by the N-terminal domain of PEX14, a
component of the docking/translocation machinery. One or two
of the seven PEX14-binding diaromatic motifs present in the
N-terminal half of PEX5 are probably involved in this phenom-
enon. These results suggest the following: 1) catalase domain(s)
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involved in the interaction with PEX5 are no longer accessible
upon tetramerization of the enzyme; 2) the catalase-binding
interface in PEXG5 is not restricted to its C-terminal peroxisomal
targeting sequence type 1-binding domain and also involves
PEX5 N-terminal domain(s); and 3) PEX14 participates in the
cargo protein release step.

Mammalian peroxisomal matrix proteins are synthesized on
cytosolic ribosomes and post-translationally targeted to the
organelle matrix by PEX5, the peroxisomal shuttle receptor
(1-4). The vast majority of these proteins possess the so-called
peroxisomal targeting signal type 1 (PTS1),* a C-terminal
sequence frequently ending with the tripeptide SKL or a deriv-
ative of it (5). This PTS1 interacts directly with the C-terminal
half of PEX5, a domain comprising seven tetratricopeptide
repeats motifs arranged into a ring-like structure (6). A minor
fraction of peroxisomal matrix proteins contains instead a PTS
type 2 (PTS2), a degenerated nonapeptide near their N termini
(7). The PTS2-PEX5 interaction is not direct but rather is medi-
ated by the adaptor protein PEX7 (8).

According to current models (1-4), newly synthesized per-
oxisomal matrix proteins interact with PEX5 while still in the
cytosol. These PEX5-cargo protein complexes then dock at the
peroxisomal docking/translocation machinery (DTM), a mul-
tisubunit protein complex comprising the intrinsic membrane
proteins PEX13, PEX14, and the RING finger peroxins PEX2,
PEX10, and PEX12 (9, 10). By a still ill-defined process, this
interaction ultimately leads to the insertion of PEX5 into the
DTM with the concomitant translocation of the cargo protein
into the peroxisomal matrix (11-13). In at least one case, that of
the PTS2-containing protein thiolase, it is also at this stage that

*The abbreviations used are: PTS1, peroxisomal targeting signal type 1; PTS2,
peroxisomal targeting signal type 2; DTM, docking/translocation machin-
ery; mCat, monomeric catalase; tCat, tetrameric catalase; SEC, size-exclu-
sion chromatography; NDPEX14, N-terminal domain of PEX14; TPR, tet-
ratricopeptide repeat.
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PEX5 releases its cargo into the peroxisomal matrix (11). Inter-
estingly, in vitro import experiments suggest that ATP hydro-
lysis is not needed at any of these steps, suggesting that the
complete transport of a cargo protein from the cytosol into the
peroxisomal matrix is driven by thermodynamically favored
protein-protein interactions at the DTM (14 -16). After these
events, PEX5 is extracted from the DTM back into the cytosol.
This involves monoubiquitination of PEX5 at a conserved cys-
teine residue (17-20) and the ATP-dependent extraction of the
ubiquitin-PEX5 conjugate from the DTM by the mechanoen-
zymes PEX1 and PEX6, two members of the AAA family of
ATPases (14-16). Finally, ubiquitin is removed from PEX5
probably by a combination of enzymatic and nonenzymatic
processes (21, 22).

Despite all the advances made in recent years, there are still
many aspects of this protein import pathway that remain
unclear. A particularly important one regards the quaternary
structure of the PEX5-cargo protein complex formed in the
cytosol. In principle, a protein complex comprising a single
PEX5 molecule and a cargo protein should be sufficient to
ensure the correct targeting of that protein to the peroxisomal
matrix. This is probably the case for all peroxisomal monomeric
proteins (e.g. the sterol carrier protein 2 (23)), for some oligo-
meric enzymes in which the peroxisomal targeting signals
become hidden upon oligomerization (24 —27), and for natural
or artificial heterodimers in which only one of the subunits
contains peroxisomal targeting information (28 —30). The situ-
ation for many other peroxisomal oligomeric proteins, how-
ever, is not that clear. Indeed, the observation that peroxisomes
have the capacity to import some already oligomerized pro-
teins, at least under conditions of high protein expression (28,
31-34), together with the fact that several peroxisomal oligo-
meric proteins may expose multiple PTS1 sequences at their
surface, could suggest that these cargo proteins are transported
to the organelle by more than one PEX5 molecule. Such a sce-
nario was in fact the central premise of one hypothetical model
proposed a few years ago aimed at describing the process of
protein translocation across the peroxisomal membrane (35).

In an effort to understand how these proteins are sorted to
the peroxisome, we started to characterize the interaction of
their monomeric and oligomeric versions with PEX5. Here, we
describe the results obtained with catalase, one of the most
abundant peroxisomal matrix proteins and probably one of the
most frequent clients of the DTM (36 —38). Catalase is a heme-
containing homo-tetrameric protein in its native state (four
subunits of 60 kDa), with each subunit possessing a noncanoni-
cal PTSI1 at its C terminus (KANL) (39 -43). We selected cata-
lase for this initial study because there are data suggesting that
both its monomeric and tetrameric versions are substrates for
the peroxisomal protein import machinery (27, 44 —49). How-
ever, whether the peroxisomal import machinery, PEX5 in par-
ticular, displays any preference for monomeric or tetrameric
catalase was unknown.

Here, we show that mammalian PEX5 binds monomeric cat-
alase (hereafter referred to as mCat) in a much stronger manner
than it binds tetrameric catalase (tCat). Actually, we were
unable to detect stable PEX5-tCat complexes. Importantly,
PEX5 binding to mCat blocks its tetramerization with an IC,,
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in the nanomolar range. The interaction of PEX5 with mCat
was found to involve the PTS1-binding C-terminal half of PEX5
as well as a domain(s) present in its N-terminal half. Finally, we
provide data suggesting that the PEX5-mCat interaction is dis-
rupted by the N-terminal domain of PEX14, a central compo-
nent of the DTM. The implications of these findings on the
mechanism of protein translocation across the peroxisomal
membrane are discussed.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—The recombinant large isoform of
human PEX5 (50, 51), hereafter referred to as PEX5 for simplic-
ity, a protein comprising the first 324 amino acid residues of
PEX5 (AC1PEX5), a protein containing amino acid residues
315-639 of PEX5 (TPRs), PEX5 containing the missense muta-
tion N526K (PEX5N526K), a protein comprising the first 80
amino acid residues of human PEX14 (NDPEX14), and full-
length PEX19 (PEX19) were obtained as described previously
(18, 52-55). The following truncated versions of human PEX5
were also produced: PEX5AN110 (amino acid residues 111—
639 of PEX5), PEX5AN147 (amino acid residues 148 —639 of
PEX5), PEX5AN196 (amino acid residues 197—639 of PEX5),
PEX5AN267 (amino acid residues 268 -639 of PEX5), and
PEX5AN290 (amino acid residues 291-639 of PEX5). The
c¢DNAs encoding these proteins were obtained by PCR using
the primers listed in supplemental Table 1 and the pQE30-
PEXS5 construct as template. The amplified DNA fragments
were then digested with Ndel and Sall and cloned into the
Ndel/Sall digested pET-28c vector (Novagene). The
QuikChange® site-directed mutagenesis kit (Stratagene) was
used to replace tryptophan and phenylalanine/tyrosine resi-
dues in diaromatic motifs of PEX5 by alanines (see primers in
supplemental Table 1). The three proteins obtained in this
way are as follows: PEX5AN267-M7 and PEX5-M7, proteins
with a mutated 7th diaromatic motif, and PEX5-M6,7, a protein
possessing both the 6th and 7th diaromatic mutated. All plas-
mids were sequence-verified.

The cDNA encoding mouse PEX5 was amplified from a com-
mercially available clone (clone MMM1013-7510385, Open
Biosystems) using the primers listed in supplemental Table 1,
digested with Ndel and Sall, and cloned into the Ndel/Sall
digested pET-28c vector. Purification of all PEX5 proteins was
done as described previously (54).

Synthesis of Radiolabeled Proteins—The c¢cDNA encoding
full-length human catalase (clone IMAGE ID 5551309, Open
Biosystems) was amplified by PCR using the primers listed in
supplemental Table 1. This DNA was digested with Xbal and
Kpnl and cloned into the Xbal/Kpnl-digested pGEM-4 vector
(Promega), originating pGEM-4-Cat. This plasmid was used as
template to produce two other plasmids, one encoding a cata-
lase lacking its four last C-terminal amino acid residues
(CatAKANL) and the other encoding a catalase in which these
four residues were replaced by ED (CatED). These plasmids
were obtained using the QuikChange® site-directed mutagen-
esis kit (Stratagene) and the primer pairs described in supple-
mental Table 1. **S-Labeled proteins were synthesized using
the TNT® T7 QuickCoupled transcription/translation kit (Pro-
mega) in the presence of [**S] methionine (specific activity
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>1000 Ci/mmol; PerkinElmer Life Sciences) following the
standard conditions of the manufacturer. Unless otherwise
indicated, protein synthesis was allowed to proceed for 55 min
and was then blocked with 0.5 mm of cycloheximide (final con-
centration). Chase incubations were done at 30 °C for the spec-
ified periods of time. Chase reactions performed in the pres-
ence of recombinant proteins typically contained 6 ul of the
translation mixture in a final volume of 10 ul.

Native PAGE—Proteins were incubated in 10 ul of 50 mm
Tris-HCL, pH 8.0, 2 mm DTT for 5 min at room temperature.
After addition of 1 ul of 0.17% (w/v) bromphenol blue, 50%
(w/v) sucrose, the samples were loaded into Tris nondenatur-
ating discontinuous 8% polyacrylamide gels (56). The gels were
run at 250 V at 4 °C for 1 h (unless indicated otherwise), blotted
onto nitrocellulose membranes, stained with Ponceau S, and
exposed to an x-ray film.

Size-exclusion Chromatography—>°S-Labeled proteins (50
wl of in vitro transcription/translation reactions) or mixtures
containing recombinant proteins and >*S-labeled proteins were
diluted to 250 pul with 50 mm Tris-HCI, pH 7.5, 150 mMm NaCl, 1
mMm EDTA-NaOH, 1 mm DTT and injected into a Superose 12
10/300 GL column (GE Healthcare; loop volume 200 ul) run-
ning with the same buffer at 0.5 ml/min. The column was cali-
brated with the following globular proteins: ferritin (440 kDa),
bovine serum albumin (66 kDa), and soybean trypsin inhibitor
(21.5 kDa). Fractions of 500 ul were collected and subjected to
trichloroacetic acid precipitation, and one-third of each sample
was analyzed by SDS-PAGE. The gels were blotted onto nitro-
cellulose membranes, stained with Ponceau S, and exposed to
an x-ray film. Soluble mouse liver peroxisomal matrix proteins
were obtained by sonicating purified peroxisomes (prepared as
in Ref. 57) in 50 mm Tris-HCI, pH 7.5, 150 mMm NaCl, 1 mm
EDTA-NaOH, 1 mMDTT, and 1:500 (v/v) mammalian protease
inhibitor mixture (Sigma) and centrifuging for 30 min at
100,000 X g. Two hundred micrograms of soluble proteins,
supplemented or not with 300 g of recombinant mouse PEXS5,
were injected into the size-exclusion column, as above. Ali-
quots of 25 ul from each fraction were analyzed by SDS-PAGE/
Western blotting with antibodies directed to catalase (catalog
number RDI-CATALASEabr; Research Diagnostics, Inc) and
L-bifunctional protein (58).

Miscellaneous—The concentration of PEX5 in rat liver cyto-
sol (0.75 um) was calculated from the following data: total
amount of PEX5 in liver, 4 ng/ug of total peroxisomal protein;
percentage of PEX5 in cytosol, 85% (59); peroxisomes, 2.5%
(w/w) of total liver protein; protein content of liver, 260 mg/g
(60); 1 g of liver corresponds to 0.94 ml of which 44.4% is cytosol
(61).

The weighted average molecular mass of monomeric rat liver
peroxisomal proteins was estimated from the densitometric
analysis of a Coomassie-stained SDS gel loaded with a highly
pure peroxisomal preparation (57). Peak areas were divided by
the corresponding apparent molecular masses and expressed as
percentage of total moles. The weighted average of these values
is 49 kDa. For newly synthesized peroxisomal proteins, this
value may be slightly underestimated because protein matura-
tion processes that occur in the matrix of the organelle (e.g. the
cleavage of the 75-kDa acyl-CoA oxidase into the 53- and
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22-kDa subunits (62)) were not taken into account. Mole per-
centage for catalase (13 mol %) was calculated considering the
mass percentage of the protein in rat liver peroxisomes, 15%
(63), the weighted average molecular mass of rat liver peroxi-
somal proteins (49 kDa), the theoretical molecular mass of cat-
alase (60 kDa), and the mass percentage of matrix proteins in
total rat liver peroxisomes, 92% (57).

The amount of total peroxisomal matrix proteins in nano-
moles/g of rat liver was calculated from the above referred data.
A value of 122 nmol/g of liver was obtained. Because “all the
major protein components of the peroxisome have the same
rate of turnover” (half-life of 1.3-1.5 days (37, 38)), one can
estimate the rate of total peroxisomal matrix protein synthesis
(k) as 30 pmol/min/g of liver. The rate of synthesis for a partic-
ular protein is k times its mole fraction in the peroxisomal
matrix. For catalase (0.13 mol fraction), this corresponds to 3.9
pmol/min/g of liver, a value similar to the one reported previ-
ously (3.87 pmol/min/g of liver (63)). The steady-state concen-
tration of newly synthesized peroxisomal matrix proteins in the
cytosol ([P].,,) can be estimated by the following expression:
[P]eye = k X 1.443 X t5, where [P] . is in pmol/g of liver; k is the
rate of total peroxisomal matrix protein synthesis in pmol/
min/g of liver, and ¢y is the cytosolic half-life of the protein in
min (47). According to Lazarow and co-workers (46, 64), sev-
eral peroxisomal proteins display cytosolic half-lives of about 7
min (see Fig. 5 in Ref. 64). Two outliers were noted by those
authors as follows: one was catalase, a protein presenting a cyto-
solic half-life of 14 min; the other was urate oxidase, a protein
that after 4 min of chase was already completely found in per-
oxisomes, an observation suggesting that its cytosolic half-life is
2 min or less. We assume that all peroxisomal matrix proteins
presentasimilar kinetic behavior, i.e. that on average their cyto-
solic half-lives are 7—8 min. The total concentration of newly
synthesized peroxisomal proteins in the cytosol is thus 0.73—
0.83 uMm, with mCat contributing with 0.19 um.

RESULTS

The rabbit reticulocyte lysate-based in vitro transcription/
translation system has been one of the most powerful tools for
the characterization of the molecular mechanisms underlying
protein sorting pathways. We reasoned that this system might
also be of use to study the first step of the catalase peroxisomal
import pathway, namely when and how catalase interacts with
cytosolic PEX5.

Fig. 1A shows a native-PAGE analysis of a standard in vitro
transcription/translation reaction programmed with a plasmid
encoding human catalase (lane 1). Three populations of >°S-
labeled catalase are clearly seen in these gels. Notably, when
catalase is synthesized in the presence of 1 um human PEX5, the
two slower migrating bands are no longer detected (Fig. 14,
lane 2). Apparently, some event(s) occurring in this system are
blocked by PEX5.

To understand the nature of the three catalase populations
detected in these experiments and thus the inhibitory effect of
PEX5, we first performed a pulse-chase analysis. In the experi-
ment shown in Fig. 1B, catalase was synthesized for 55 min;
cycloheximide was added to stop further synthesis, and the
reaction was then chased for 4 h. The autoradiograph reveals
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FIGURE 1.3°S-Labeled catalase tetramerizes in vitro. A, human catalase was
synthesized in vitro in a rabbit reticulocyte lysate for 90 min at 30 °C in the
absence or presence of 1 um human PEXS5, as indicated, and analyzed by
native-PAGE/autoradiography. B, >*S-labeled catalase was synthesized for 55
min. After adding cycloheximide, an aliquot was removed and frozen in liquid
N, (lane 55’). The remainder of the reaction was then incubated at 30 °C, and
aliquots were removed and frozen at the indicated time points. The samples
were subjected to native-PAGE/autoradiography. The protein bands labeled
with mCat and tCat correspond to the monomeric and tetrameric forms of
catalase; the band labeled with an asterisk probably represents dimeric cata-
lase (see text for details). C, catalase and a mutant version of it possessing two
acidicamino acid residues at the C terminus (CatED) were synthesized in vitro
for 55 min and supplemented with cycloheximide (lanes 1 and 2, respec-
tively). Aliquots of each reaction were then combined and incubated for 4 h at
30 °C(lane 4) orincubated individually under the same conditions (/anes 3 and
5for catalase and CatED, respectively), and subjected to native PAGE/autora-
diography. Note that this gel was run for 2.5 h to improve separation of
tetramers. Longer electrophoretic runs also result in more diffuse bands. The
dots in lane 4 indicate the three expected heterotetramers. mCatED and
tCatED indicate the monomeric and tetrameric forms of CatED, respectively.

mCat » !
mCatED > & ?

that the faster migrating species (mCat; see below) is the main
product after 55 min of synthesis. Its amount decreases during
the chase period, with the concomitant increase of the slower
migrating population (tCat). The protein band migrating
between mCat and tCat (asterisk in Fig. 1B) remains fairly con-
stant during the time course of these experiments. Its gel migra-
tion and kinetic behavior suggest that this population might be
an oligomerization intermediate (probably a dimer), although
further data are necessary to confirm this hypothesis.
Sedimentation analysis (data not shown) and size-exclusion
chromatography (SEC; see below) of catalase before or after a
4-h chase incubation revealed that the faster migrating protein
band corresponds to species displaying the hydrodynamic
properties of a 60-kDa globular protein, whereas the protein in
the slower migrating band behaves as a 200 -250-kDa protein.
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Thus, the faster migrating band represents monomeric cata-
lase, whereas the slower migrating band could be either the
tetrameric enzyme or a protein complex containing catalase
and some protein(s) from the in vitro protein synthesis system
(e.g. a chaperone). To discriminate between these two possibil-
ities, we adapted the strategy originally developed by Scandalios
(65) to show that catalase is a tetrameric enzyme. For this pur-
pose, we produced an acidic mutant version of catalase
(CatED), which migrates faster than the normal enzyme in
these gels, and we asked whether this protein is able to form
heterotetramers with normal catalase upon a chase incubation
of 4 h. If this is the case, then three heterotetramers containing
1,2, or 3 molecules of the normal protein should be detected by
native-PAGE; all these heterotetramers should migrate in these
gels between the homotetramers of the parental molecules. If
the slower migrating band corresponds to a complex contain-
ing catalase and some other protein(s), then the band pattern of
the protein mixture should just correspond to the sum of the
patterns obtained with each of the two catalase versions indi-
vidually. The results presented in Fig. 1C indicate that the first
possibility is the correct one.

We next asked whether PEX5 can bind mCat and tCat.
Because of the fact that the PEX5-catalase interaction is not
preserved upon native-PAGE (see below), we used SEC, a tech-
nique in which proteins can be separated in a more physiolog-
ical buffer. Translation reactions containing mCat (55 min of
synthesis) and a mixture of mCat and tCat (55 min of synthesis
plus 4 h of chase) were first subjected to SEC to purify mCat and
tCat, respectively. Each of these proteins was then incubated
with PEX5 or buffer alone and subjected to a second SEC. The
results obtained with mCat are presented in Fig. 24. In the
absence of PEX5, the radiolabeled protein present in fraction 24
of the first SEC (Fig. 24, panel 1) still elutes as a monomeric
protein in the second SEC (panel 2), indicating that no
tetramerization of mCat occurs during this procedure. In con-
trast, in the presence of PEX5, the elution volume of mCat is
reduced, and the radiolabeled protein elutes now together with
recombinant PEX5 (Fig. 24, panels 3 and 4). Thus, PEX5 inter-
acts with mCat. A different result was obtained for tCat. As
shown in Fig. 2B, the elution profiles of tCat in the presence or
absence of PEX5 are almost identical (Fig. 2B, panels 2 and 3)
suggesting that these two proteins may interact only weakly.
(Note that a major fraction of tCat co-elutes with PEX5 (Fig. 2B,
compare panels 2 and 4) implying that, contrary to the situation
with mCat, the two proteins are kept under near-equilibrium
conditions during chromatography. This should facilitate the
detection of PEX5-tCat complexes.) We also did not find evi-
dence for the existence of a PEX5-tCat protein complex when
mouse liver peroxisomal matrix proteins preincubated with
either recombinant mouse PEX5 or buffer alone were subjected
to SEC. Indeed, the elution volume of mouse catalase remains
basically the same regardless of the presence of PEX5 (Fig. 2C,
panels 1 and 2). This behavior contrasts to the one displayed by
the L-bifunctional protein, a monomeric 78-kDa protein in its
native state (58), which elutes much earlier in the presence of
PEX5 (Fig. 2C, panels 4) than in its absence (panel 3). We still
tried to detect a PEX5-tCat interaction by subjecting *°S-la-
beled tCat or mouse liver native catalase to ultracentrifugation
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FIGURE 2. PEX5 binds monomeric catalase. A, **S-labeled catalase was syn-
thesized in vitro for 55 min and subjected to SEC. Radiolabeled mCat eluting in
fraction 24 of this chromatography (panel 1, boxed lane) was then subjected to
a second SEC either alone (panel 2) or after receiving 1 um recombinant PEX5
(panels 3 and 4). Fractions were collected and subjected to SDS-PAGE/West-
ern blotting. Autoradiographs (panels 1-3) and the Ponceau S-stained mem-
brane showing PEX5 (panel 4) are presented. No recombinant PEX5 or >°S-
labeled catalase were detected in the void volume of this column (fractions 14
and 15; not shown). The asterisk marks bovine serum albumin added to chro-
matography fractions before precipitation to control protein recoveries.
B, *S-labeled catalase, synthesized in vitro for 55 min and incubated for 4 h at
30 °C in the presence of cycloheximide, was subjected to SEC. Radiolabeled
tCateluting in fraction 20 (panel 1, boxed lane) was then subjected to a second
SEC either alone (panel 2) or after receiving 1 um recombinant PEX5 (panels 3
and 4). Fractions were processed as described above. Autoradiographs (pan-
els 1-3) and the Ponceau S-stained membrane (panel 4) are presented.
G, soluble proteins from mouse liver peroxisomes were incubated either with
recombinant PEX5 or buffer alone and subjected to SEC. Fractions were
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through a solution containing 1 um PEX5. Again, no evidence
for a PEX5-tCat protein complex was obtained.® Thus, if tCat
interacts with PEX5, the K, value of the interaction is larger
than 1 um. We note that interactions between PEX5 and
recombinant catalase have been described before, but no quan-
titative binding data were reported (45, 66). Regardless of these
uncertainties, it is clear from our results that PEX5 binds stron-
ger to mCat than to tCat. Considering that tCat, unlike mCat,
contains four PTS1 sequences, a property that should increase
the stability of a putative complex with PEX5 because of an
avidity effect, this is an unexpected finding. Apparently, some
domain of the catalase polypeptide chain involved in the inter-
action with PEX5 is no longer accessible when the protein
tetramerizes.

The results presented above indicate that PEX5 binds mCat
blocking its tetramerization. We explored this phenomenon to
further characterize the PEX5-catalase interaction. In the
experiments described below, in vitro synthesized catalase was
chased for 4 h in the presence of several recombinant proteins
and analyzed by native-PAGE. As shown in Fig. 34, PEX5, at 1
uM in the chase incubation, completely blocked catalase
tetramerization, as expected. The inhibitory effect of PEX5 is
quite strong displaying an IC,, of about 100 nm (Fig. 3B). No
such effect was observed with PEX5(N526K), a mutant PEX5
molecule possessing a single missense mutation in the PTS1-
binding domain that abolishes its activity (Fig. 34) (67, 68). A
similar result was obtained when a mutant version of catalase
lacking the PTS1 (CatAKANL) was used in this assay; tetramer-
ization of this species was no longer sensitive to the inhibitory
action of PEX5 (Fig. 3C, compare lane 3 with 6). Thus, inhibi-
tion of catalase tetramerization by PEX5 requires the interac-
tion of catalase PTS1 sequence with the C-terminal PTS1-bind-
ing domain of PEX5. Interestingly, however, this domain of
PEXS5 alone (referred to as TPRs) does not display this capacity
when tested in this assay at a 1 um concentration (Fig. 3D, lane
5), and the same is true for a recombinant protein comprising
the N-terminal half of PEX5 (AC1PEXS5; Fig. 3D, lane 4). Like-
wise, a mixture of these two domains of PEX5, both at 1 um,
does not interfere with catalase tetramerization (Fig. 3D, lane
6), suggesting that these two domains of PEX5 have to reside in
the same molecule (i.e. they have to be in a cis configuration) to
inhibit catalase tetramerization at this concentration.

A plausible explanation for this finding is that domains pres-
ent in both halves of PEX5 contribute to the interaction with
mCat. We tested this hypothesis by performing additional
tetramerization assays but this time using 200-fold larger con-
centrations of TPRs and ACIPEX5 in the chase incubations.
PEX19, a protein involved in a different aspect of peroxisomal
biogenesis (reviewed in Ref. 69), was used as a negative control.

> M. O. Freitas and J. E. Azevedo, unpublished results.

subjected to SDS-PAGE/Western blotting using antibodies directed to cata-
lase (PerCat) or L-bifunctional protein. Immunoblots (panels 1-4) and a Pon-
ceau S-stained membrane showing PEX5 (panel 5) are presented. Note that
PEX5, a monomeric 70-kDa protein in solution, displays an abnormal behav-
ior upon SEC because a major fraction of its polypeptide chain is natively
unfolded (52).
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respectively.

These experiments revealed that AC1PEX5 displays a weak but
reproducible (n = 5) inhibitory effect on catalase tetrameriza-
tion (Fig. 3E). A complete inhibition of catalase tetramerization
is observed in the presence of 200 um TPRs (Fig. 3E). Interest-
ingly, there is an increase in the intensity of the band migrating
between mCat and tCat in the sample chased in the presence of
TPRs. This observation could suggest that TPRs does not
inhibit catalase dimerization, although further data will be nec-
essary to corroborate this interpretation. In summary, these
data suggest the PEX5-mCat interaction involves domains
present in both halves of PEX5.

After binding a newly synthesized peroxisomal protein in the
cytosol, PEX5 docks at the DTM and promotes the transloca-
tion of its cargo across the organelle membrane. At the end of
this process, DTM-embedded PEXS5 has to release its cargo into
the organelle matrix. Previous work in yeast suggested that
PEXS, an intraperoxisomal component of the DTM, performs
this task (70). However, mammals and many other organisms
lack a PEX8 ortholog (71), and so the triggering mechanism for
this event remains unknown. If we assume that a similar mech-
anism also operates in mammals, i.e. a DTM component inter-
acts with PEX5 triggering the release of cargo into the organelle
matrix, as the presently available data suggest (see Introduc-
tion), then a good candidate to perform this task is PEX14.
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PEX14 is an intrinsic membrane protein possessing a single
putative transmembrane domain. Its C-terminal two-thirds are
exposed into the cytosol, whereas its N-terminal domain is
either embedded in the peroxisomal membrane or even
exposed into the matrix of the organelle (72, 73). The interac-
tion of PEX5 with the N-terminal domain of PEX14 is well
documented but still poorly understood in mechanistic terms.
Indeed, it is known that this domain of PEX14 (hereafter
referred to as NDPEX14) interacts strongly with seven diaro-
matic motifs located at the N-terminal half of PEX5, some of
which are indispensable for the function of PEX5 (66, 74, 75),
but the reason for this complex mode of binding is unknown.

Thus, we asked whether NDPEX14 affects the PEX5-mCat
interaction. For this purpose, we purified >*S-labeled mCat by
SEC and incubated the radiolabeled protein with 1 um recom-
binant PEX5 to generate the PEX5-mCat protein complex. This
complex was then subjected to SEC either alone or after receiv-
ing 15 um NDPEX14. As shown in Fig. 4, in the presence of
NDPEX14, the elution volume of PEX5 is decreased (compare
panel 3 with 5) indicating that a PEX5-NDPEX14 protein com-
plex was formed. Importantly, under these conditions the vast
majority of mCat elutes now as a monomeric protein (Fig. 4,
compare panel 2 with 4). Thus, binding of NDPEX14 to PEX5
disrupts the PEX5-mCat interaction.
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(panels 3 and 5) are presented. Hb, hemoglobin from the reticulocyte lysate
that co-purified with mCat in the first SEC.

To better understand how NDPEX14 affects the mCat bind-
ing activity of PEX5, we produced several truncated forms of
recombinant PEX5 (see Fig. 5A4), and after evaluating their
monodispersity and capacity to interact with NDPEX14 by
native-PAGE (see supplemental Fig. S1), we tested them in the
in vitro catalase tetramerization assay in the absence or pres-
ence of NDPEX14. The aim of these experiments was to identify
the smallest PEX5 truncated molecule that still retains the
capacity to bind mCat at low concentrations (i.e. 1 um), as
assessed by its capacity to inhibit tetramerization of the
enzyme, and to determine whether the PEX14-binding diaro-
matic motif(s) present in this molecule is(are) involved in the
disruption of the PEX5-mCat interaction. As shown in Fig. 5B
(upper panel), PEX5AN110, PEX5AN147 and PEX5AN196,
proteins lacking the first 110, 147 or 196 amino acid residues of
PEX5, respectively, are as potent as full-length PEX5 in this
assay. As expected from the data presented in Fig. 4, neither
full-length PEX5 nor any of these truncated proteins displays an
inhibitory effect on catalase tetramerization in the presence of
NDPEX14 (Fig. 5B, lower panel). PEX5AN267, a protein con-
taining only the 7th diaromatic motif of PEX5, still inhibits
catalase tetramerization, although in a less potent manner.
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Again, this inhibitory effect is abolished in the presence of
NDPEX14 (Fig. 5B, lower panel). In contrast, PEX5AN290 dis-
plays no inhibitory activity (Fig. 5B, upper panel). Taken
together, these results suggest that the region between amino
acid residues 197 and 290 of PEXS5 is involved in the mCat-
PEX5 interaction and that binding of NDPEX14 to the single
diaromatic motif present in PEX5AN267 is sufficient to disrupt
that interaction.

Unexpectedly, substitution of the tryptophan and tyrosine
residues in the diaromatic motif of PEX5AN267 by alanines,
mutations that affect its PEX14 binding activity (66, 74), results
in a protein, PEX5AN267-M7, that no longer inhibits catalase
tetramerization (Fig. 5C), suggesting that these two aromatic
residues are structurally important. Interestingly, when the
same mutation was introduced in full-length PEXS5, the result-
ing protein, PEX5-M7, was found to be as potent as the normal
protein in inhibiting catalase tetramerization as well as in its
response to NDPEX14 (Fig. 5D). This observation suggests, on
one hand, that other regions of PEX5 compensate for the alter-
ations associated with the mutation at 7th diaromatic motif,
and, on the other hand, that at least one of the remaining six
diaromatic motifs present in PEX5-M7 is involved in the
NDPEX14-induced disruption of the mCat-PEX5 interaction.
Data suggesting that the 6th diaromatic motif of PEX5 plays a
major role in the NDPEX14-induced disruption of the mCat-
PEX5 interaction were obtained when recombinant PEX5-
MS6,7, a PEX5 protein mutated at both the 6th and 7th diaro-
matic motifs, was tested in the catalase tetramerization assay.
As shown in Fig. 5D, PEX5-M6,7 displays an inhibitory activity
in this assay, although in a less potent manner than PEX5. This
finding again suggests that the structure/function of this region
of PEX5 required for the interaction with mCat is not fully
preserved upon mutation of the diaromatic motifs. Impor-
tantly, the inhibitory activity of PEX5-M6,7 is no longer signif-
icantly neutralized by NDPEX14. These results suggest that
binding of NDPEX14 to the 6th diaromatic motif of PEX5 and
probably also to the 7th motif (as inferred from the
PEX5AN267 data) disrupts the mCat-PEX5 interaction.

DISCUSSION

The proposed mechanism for the catalase assembly pathway
consists of three steps as follows: 1) apo-monomers + heme —
holomonomers; 2) holomonomers — holodimers; and 3)
holodimers —homotetramers (reviewed in Ref. 76). The step at
which PEX5 binds and transports catalase to the peroxisome,
however, has remained a controversial issue. In this work, we
used an in vitro system to characterize the PEX5-catalase inter-
action. Our results suggest that in the presence of PEX5 step 3
no longer occurs, but whether the inhibitory effect of PEX5 is
exerted at step 1 and/or 2 remains unknown. Nevertheless, it is
interesting to note that the mCat species is a soluble and mono-
disperse protein suggesting that it already possesses a near-
native conformation.

Unexpectedly, a qualitative assessment of the binding affini-
ties of mCat and tCat for PEX5 revealed that PEX5 has a bias
toward binding the former, suggesting that some domain of the
catalase polypeptide chain is no longer available to interact with
PEX5 when the protein tetramerizes. If we exclude catalase
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PTS1 from this reasoning, as the crystal structures of catalase
might suggest (39, 40, 42), it is reasonable to assume that
another domain of the mCat protein is involved in this phe-
nomenon. Data supporting this possibility were obtained when
we focused our attention on PEX5. Indeed, we found that the
PTS1-binding domain of PEXS5 is required for the mCat-PEX5
interaction, as expected, but evidence for the participation of an
N-terminal domain of PEX5 in this interaction was also
obtained. Each of these two PEX5 domains alone (i.e. in trans)
can bind mCat inhibiting its tetramerization, but this effect is
dramatically increased when these domains reside in the same
molecule. Thus, they most likely bind mCat simultaneously.

The conclusion that the catalase-binding interface in PEX5
encompasses more than its PTS1-binding domain is probably
also valid for other organisms. Indeed, as shown previously,
yeast catalase possesses peroxisomal targeting information in
two different regions of its polypeptide chain, one at the C ter-
minus (the PTS1 sequence) and the other located in its N-ter-
minal third (77), an observation that would be compatible with
the existence of two different catalase-binding domains in yeast
PEXS5. Likewise, the observation that pumpkin catalase inter-
acts with the N-terminal half of PEX5 in the yeast two-hybrid
system (78), together with data on cottonseed catalase showing
that its last four residues (which are conserved in pumpkin cat-
alase) are sufficient to target a reporter protein to the peroxi-
some (79), could suggest that plant PEX5 possesses more than
one catalase-interacting domain.

As already mentioned, binding of PEX5 to mCat inhibits its
tetramerization in a potent manner. This previously unknown
capacity of PEX5 evokes the properties of a family of bacterial
chaperones functioning in type III secretion systems. These
chaperones, some of which also contain tetratricopeptide
repeats, bind proteins to be secreted in the cytoplasm prevent-
ing premature or incorrect interactions and participate in the
secretion step itself (Ref. 80 and reviewed in Ref. 81). Although
additional data will be necessary to reinforce the functional
similarities between PEX5 and these chaperones, it is interest-
ing to note that we have recently observed the same phenome-
non when studying another oligomeric peroxisomal protein.®

Regardless of the mechanistic reasons behind the inhibitory
activity of PEX5 on peroxisomal protein oligomerization, it is
evident that such a property may be biologically relevant only if
the amount of cytosolic PEX5 in a cell is sufficient to sequester
mCat and all the other newly synthesized peroxisomal proteins
that are en route to the organelle. The data available for rat liver
suggest that this may well be the case. Indeed, we estimated that
the cytosolic concentration of PEX5 is 0.75 uMm, whereas the
concentration of newly synthesized peroxisomal proteins is
0.73-0.83 uM, with mCat occupying a major fraction of this
pool (0.19 um; see under “Experimental Procedures” for
details). Thus, even if we assume that newly synthesized perox-
isomal proteins become available to bind PEX5 immediately
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FIGURE 6. Role of PEX14 in the release of cargo proteins into the peroxi-
somal matrix. A newly synthesized cargo protein (CP) is recognized by PEX5
in the cytosol. This protein complex then docks at and becomes inserted into
the peroxisomal DTM of which only PEX14 is shown for simplicity. The DTM
component(s) providing the docking site for the PEX5-cargo protein complex
have not been unambiguously identified yet. As discussed elsewhere, two
strong candidates for this role are PEX13 (86) and PEX14 itself (87, 88). Note
that PEX13 may also participate in the cargo-release step (66). The multiple
interactions of PEX5 with the N-terminal domain of the several PEX14 mole-
cules present in the DTM ultimately trigger the release of the cargo into the
peroxisomal matrix.

after their synthesis (i.e. their folding process is not incompat-
ible with PEX5 binding), we still reach the conclusion that there
is a sufficient amount of PEX5 to bind a significant fraction of
mCat.

The results presented here thus corroborate and extend the
pioneering observations of Lazarow and de Duve (46, 47) sug-
gesting that rat liver catalase arrives at the peroxisome still in its
monomeric state. However, they also seem to collide with the
idea that catalase is imported into the organelle only after
tetramerization (49). This is not completely so. Indeed, as dis-
cussed above, the crucial factor determining whether or not
catalase tetramerizes before import may well be the amount of
PEX5 present in the cytosol. If a cell contains a stoichiometric
excess of PEX5 over newly synthesized peroxisomal proteins,

FIGURE 5. PEX5 diaromatic motifs involved in the NDPEX14-induced disruption of the mCat-PEXS5 interaction. A, schematic representation of recom-
binant PEX5 proteins. The diaromatic motifs in the N-terminal half of PEX5 are numbered 7-7. Replacement of tryptophan and phenylalanine/tyrosine
residues by alanines in these motifs is indicated by X. B-D, 3°S-labeled catalase was synthesized in vitro for 55 min (lane 55’) and chased for 4 h in the
absence (lane —) or presence of 1 um of the indicated recombinant PEX5 proteins alone or together with NDPEX14 (30 um). Samples were analyzed by

native-PAGE/autoradiography.
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then it is likely that catalase remains monomeric and is
imported as such; if not, a fraction of it will tetramerize before
import. Although speculative, this possibility would explain
why different results are obtained in different experimental sys-
tems (see Ref. 49 and references therein).

PEX14, a central component of the DTM, was regarded for
many years as a protein involved solely in the docking of the
receptor at the peroxisomal membrane (82). However, several
observations have challenged this concept, and it is now clear
that this protein also participates in the translocation of cargoes
across the peroxisomal membrane (83, 84). The finding that the
N-terminal domain of human PEX14 disrupts the PEX5-mCat
interaction together with data reported earlier for Leishmania
donovani PEX5 showing that its affinity for a PTS1 protein is
decreased in the presence of PEX14 (85) suggest still another
function for this membrane protein, a role in the release of
cargoes from DTM-embedded PEX5 into the peroxisomal
matrix.

Interestingly, from the seven diaromatic motifs present in
human PEX5, only one or two play a major role in the
NDPEX14-induced disruption of the mCat-PEX5 interaction.
This finding together with previous data showing that diaro-
matic motifs 2—4 of PEX5 are required for catalase import in
vivo (66) suggests that the multiple interactions that are prob-
ably established between the N-terminal domain of peroxi-
somal PEX14 and the diaromatic motifs present in PEX5 occur
in a sequential manner and may serve two different purposes.
According to this hypothetical model (see Fig. 6), the first set of
interactions may contribute to the docking/insertion of the
PEX5-cargo protein complex into the DTM; subsequently,
binding of additional PEX14 molecules to the 6th (and probably
7th) diaromatic motif(s) of PEX5 would trigger the release of
the cargo protein into the peroxisomal matrix.
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