






main of the LexA repressor, while the other expresses a fusion
with the transcriptional-transactivation domain of a viral pro-
tein, VP16. S. cerevisiae L40 cells containing either combina-
tion of the PpPEX1 and PpPEX6 expression plasmids were
able to grow on medium lacking histidine (Fig. 2) and ex-
pressed a second marker, b-galactosidase, in qualitative assays
for this enzyme (data not shown). Other combinations of the
PpPEX1, PpPEX3, PpPEX5, and PpPEX6 plasmids and the
parental plasmids alone were unable to produce either histi-
dine prototrophy or b-galactosidase above background levels.
These data show that PpPex1p and PpPex6p interact with each
other but not with themselves or with PpPex3p (Fig. 2) or
PpPex5p (data not shown).

The interaction between PpPex1p and PpPex6p is ATP de-
pendent. Antibodies against PpPex1p and PpPex6p were used
to immunoprecipitate the proteins from total extracts of meth-
anol-grown P. pastoris WT cells. Under standard conditions,
where no ATP was present in the immunoprecipitation buffer
(which contains 4 mM MgCl2 to allow ATP binding if ATP is
added), only PpPex1p was precipitated when anti-PpPex1p an-
tibody was used, and only PpPex6p was precipitated when
anti-PpPex6p antibody was used (Fig. 3, lanes 1 and 4). These
results show that each antibody is specific for the appropriate
native target Pex protein. Strikingly, when 0.5 mM ATP was
included in the immunoprecipitation (Fig. 3, lanes 2 and 5),
either antibody coimmunoprecipitated both proteins, indicat-
ing that ATP binding and/or hydrolysis is essential for the
formation of the complex containing PpPex1p and PpPex6p.
Depletion of ATP in the extracts, through the addition of
apyrase, resulted in no coimmunoprecipitation of PpPex1p and
PpPex6p (Fig. 3, lanes 3 and 6), in keeping with the role of
ATP in complex formation. It should be noted that the ATP-
dependent complexes that were immunoprecipitated with ei-
ther anti-PpPex1p or anti-PpPex6p antibody contained roughly
equal amounts of PpPex1p and PpPex6p, suggesting that these
proteins are present in a 1:1 ratio in the complexes.

PpPex1p and PpPex6p are present in a heterodimeric pro-
tein complex. To further determine the molecular require-
ments for the PpPex1p-PpPex6p interaction and the size of the
protein complexes, we generated total organelle-free extracts
of methanol-grown WT cells in the absence or presence of
either Mg21, ATP, or both and determined the migration of
PpPex1p and PpPex6p after continuous sucrose velocity gradi-
ent centrifugation. Triton X-100 and 100 mM KCl were in-
cluded in the lysates to ensure that Pex1p and Pex6p were not
associated with subcellular structures. In the presence of ATP
(Fig. 4A and B) or Mg21 alone (data not shown), both

PpPex1p and PpPex6p migrated as proteins (or complexes) of
approximately 150 kDa, similar to the migration of the endog-
enous 150-kDa standard dihydroxyacetone synthase (Fig. 4A
and B). Bacterially expressed His6-tagged PpPex6p (deduced
mass, 129 kDa) migrated similarly (data not shown), suggesting
that PpPex1p and PpPex6p do not interact when either ATP or
Mg21 is absent. In contrast, PpPex1p and PpPex6p from ly-
sates of wild-type yeast cells prepared in the presence of ATP
and Mg21 migrated as protein complexes with an estimated
mass of between 320 and 400 kDa (Fig. 4C and D). ATP
hydrolysis was not required to stabilize these complexes, be-
cause in the presence of Mg21 and ATPgS, a nonhydrolyzable
analog of ATP, the high-molecular-weight complex was ob-
served (Fig. 4E and F). The amount of the complex was di-
minished in this particular experiment relative to that seen in
the presence of ATP and Mg21, but this was not the case in
other experiments. Complex formation required both PpPex1p
and PpPex6p because in the presence of Mg21 and ATP,
PpPex1p from a PpDpex6 lysate (data not shown) and PpPex6p
from a PpDpex1 lysate migrated as monomers (Fig. 4G). These
data demonstrate that PpPex1p and PpPex6p interact physi-
cally and that this interaction requires both proteins, ATP and
Mg21, but not ATP hydrolysis.

PpPex1p and PpPex6p are associated with membranous
subcellular structures distinct from mature peroxisomes. In
order to gain insights into the roles of PpPex1p and PpPex6p in
peroxisome biogenesis, their subcellular locations were exam-
ined in detail. Differential centrifugation of a PNS prepared
from oleate-grown WT cells showed PpPex1p and PpPex6p to
be predominantly in the 27,000 3 g supernatant fraction;
smaller amounts of PpPex1p and PpPex6p appeared in the
27,000 3 g organellar pellet fraction, which consists primarily
of peroxisomes and mitochondria (Fig. 5), as shown for the
peroxisomal matrix protein thiolase, the peroxisomal mem-
brane protein PpPex3p, and the F1b subunit of mitochondrial
ATPase. The bulk of both PpPex1p and PpPex6p in the
27,000 3 g supernatant fraction was subsequently pelleted at
100,000 3 g, suggesting that these proteins might be associated
with subcellular structures distinct from peroxisomes or might
be part of a large protein complex (Fig. 5).

PpPex1p and PpPex6p present in the 100,000 3 g pellet
fraction are membrane-associated rather than aggregated pro-
teins, since these proteins migrated up in a flotation gradient
(Fig. 6). Peroxisomal matrix proteins (acyl coenzyme A oxidase
and thiolase), which were found only in relatively low amounts
in the 100,000 3 g pellet fraction compared to the 27,000 3 g

FIG. 2. PpPex1p and PpPex6p interact in the yeast two-hybrid system. Full-
length clones coding for PpPex1p, PpPex3p, and PpPex6p were inserted into
derivatives of plasmids pVP16 (transactivation domain) and pBTM116 (DNA-
binding domain) (12). All combinations of pVP16 and pBTM116 plasmids con-
taining the PpPEX genes were used to cotransform S. cerevisiae L40. Individual
transformants were screened for expression of the chromosomal HIS4 marker
gene (1his: media containing histidine [left panel]; 2his/1AT: media lacking
histidine and containing 25 mM 3-aminotriazole [right panel]).

FIG. 3. Coimmunoprecipitation of PpPex1p and PpPex6p is ATP dependent.
Shown are immunoblots (antibodies are indicated) of immunoprecipitates in
which a-PpPex1p or a-PpPex6p was incubated with lysates from P. pastoris WT.
The addition of ATP (0.5 mM) or apyrase (5 U/ml) to the immunoprecipitation
buffer and wash buffer was as indicated.
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pellet fraction, showed similar behavior in these experiments;
PpPex3p, a peroxisomal integral membrane protein, floated
almost completely into the gradient (Fig. 6). Some of PpPex1p
and PpPex6p remained at the bottom of the gradient, perhaps
because they were partially dissociated from the membranous
structures with which they were associated. In control experi-
ments, a soluble protein, bovine serum albumin, placed at the
bottom of such flotation gradients, did not float into the gra-
dient (data not shown). These experiments demonstrate that
PpPex1p and PpPex6p are associated with membranes.

The association of these proteins with peroxisomes and/or
other subcellular structures was analyzed by subjecting a PNS
fraction from oleate-grown WT cells to isopycnic gradient cen-
trifugation (Fig. 7). A clear separation was seen between intact
peroxisomes (thiolase and PpPex3p: fraction 6) and mitochon-
dria (F1b subunit of mitochondrial ATPase: fraction 18). Peak
amounts of PpPex6p were observed in fraction 14, with trailing
to fraction 6. PpPex1p showed a bimodal distribution in these
gradients, with peak amounts in fractions 14 and 6. These data
indicate that PpPex6p and, at least in part, PpPex1p are asso-
ciated with membrane structures distinct from mature peroxi-
somes. Although the distribution of PpPex6p was very repro-
ducible in all experiments, the relative amounts of PpPex1p in
fractions 6 through 16 varied from experiment to experiment.
Also, the peak fraction in the dense part of the gradient (frac-
tion 6) did not always exactly colocalize with the peroxisomal
peak fraction. Therefore, we analyzed the sedimentation be-
havior of these proteins under conditions in which the densities
of peroxisomes and the structures containing PpPex1p and
PpPex6p were more distinct.

We made use of the fact that PpPex1p, PpPex3p, and
PpPex6p are biochemically detectable under peroxisome-re-
pressed conditions (i.e., in glucose-grown cells). Analysis of a
Nycodenz gradient loaded with a PNS of glucose-grown WT
cells showed the peak of PpPex3p in fraction 10. PpPex1p and
PpPex6p were both concentrated in one part of the gradient
only: PpPex1p in fractions 8 to 10 and PpPex6p in fraction 12
(Fig. 8A). Although partly overlapping, all three peroxins
showed distinct sedimentation behaviors in these experiments
and therefore are at least partly present on distinct subcellular
membranous structures.

The bimodal distribution observed for PpPex1p in the Ny-

codenz gradient prepared from oleate-grown cells is consistent
with two alternative possibilities: (i) part of PpPex1p is asso-
ciated with peroxisomes, and the rest is associated with an-
other, unidentified subcellular membranous structure, or (ii)
all of PpPex1p is associated with heterogeneous membrane
structures distinct from peroxisomes. In order to distinguish
between these possibilities and to obtain stronger evidence
that the localizations of PpPex1p and PpPex6p were not per-
oxisomal, we analyzed the locations of these proteins in
PpDpex3 cells, which completely lack peroxisomes and perox-
isomal remnants, as analyzed morphologically and biochemi-
cally (41).

Analysis of a Nycodenz gradient loaded with a PNS of glu-
cose-grown PpDpex3 cells revealed that both PpPex1p and
PpPex6p migrated to densities similar to those in the gradient
for WT cells (compare Fig. 8A and B). This result indicates
that the sedimentation of PpPex1p and PpPex6p is indepen-
dent of the presence of peroxisomes or remnants thereof and
therefore that the structures containing these proteins could

FIG. 4. PpPex1p and PpPex6p are present in a protein complex of approximately 320 to 400 kDa. Shown is a Western blot analysis of equal volumes of fractions
from sucrose gradients loaded with lysates prepared from P. pastoris WT (A to F) or a Pppex1::HIS4 strain (G). ATP (0.5 mM) (A to D and G), 4 mM MgCl2 (C to
G), or the nonhydrolyzable analog of ATP, ATPgS (E and F), was added to the lysis buffer, and the effect on the migration of PpPex1p and PpPex6p was determined.
To assess protein separation within each gradient, the locations of dihydroxyacetone synthase (DHAS, 150-kDa dimer), catalase (242-kDa tetramer), and methanol
oxidase (640-kDa octamer, but not correctly assembled in Pppex1 and Pppex6 cells) were determined by Western blot analysis. The two fractions containing peak levels
of DHAS (open triangle), catalase (closed triangle), and methanol oxidase (bar) are indicated above each panel. Ab, antibody. a-1 and a-6, a-PpPex1p and a-PpPex6p
antibodies, respectively.

FIG. 5. PpPex1p and PpPex6p are enriched in the 100,000 3 g pellet fraction.
A PNS prepared from oleate-grown WT cells was subjected to differential cen-
trifugation. Equal volumes of the PNS, 27,000 3 g pellet (273kg Pel) or super-
natant (273kg Sup), and 100,000 3 g pellet (1003kg Pel) or supernatant
(1003kg Sup) were loaded in each lane and analyzed by Western blot analysis
with antibodies to the indicated proteins.
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not correspond to peroxisomes. The result also suggests that
PpPex1p is not necessarily present on peroxisomes in the gra-
dient for WT cells but rather may be present on membranous
structures with a density similar to that of peroxisomes.

DISCUSSION

Our results provide genetic and physical evidence for an
interaction between PpPex1p and PpPex6p, two related perox-
ins of the AAA family. Genetic evidence for an interaction
between these proteins is supported by the fact that the over-
expression of PpPex6p suppressed a temperature-sensitive de-
fect in PpPex1p (Fig. 1) and by the yeast two-hybrid experi-
ments (Fig. 2). Physical evidence for an interaction between
these proteins comes from the observation that they coimmu-
noprecipitated with each other in a 1:1 complex only in the
presence of ATP (Fig. 3). In addition, in the presence of both

proteins, ATP, and Mg21, a heterodimeric complex of 320 to
400 kDa was detected in sucrose velocity gradients (Fig. 4).
This interaction does not require ATP hydrolysis because it
was seen even in the presence of ATPgS, a nonhydrolyzable
analog. Like the bacterially expressed monomeric proteins,
uncomplexed PpPex1p and PpPex6p migrated as approxi-
mately 150-kDa proteins in sucrose velocity gradients. Since
the observed size of the complex was somewhat larger than the
sum of the sizes of the interacting peroxins, we cannot rule out
the possibility that some other protein(s) is also part of this
complex.

PpPex1p and PpPex6p are associated with subcellular mem-
branous structures distinct from peroxisomes, and only small
amounts of these proteins may be peroxisome associated. Dur-
ing differential centrifugation, very little PpPex1p or PpPex6p
was found in the 100,000 3 g supernatant corresponding to the
cytosol (Fig. 5). Instead, most of these proteins were associated
with the 27,000 3 g and 100,000 3 g pellets. The presence of
these proteins in the 100,000 3 g pellet distinguishes their
localization from that of other peroxisomal markers, most of
which are associated with the 27,000 3 g pellet. The structures
with which these proteins associate in the 100,000 3 g pellet
contain membranes because they float in a sucrose flotation
gradient (Fig. 6). Additional evidence for the localization of
PpPex1p and PpPex6p to structures distinct from peroxisomes
comes from their migration in isopycnic gradients. Their dis-
tribution not only is distinct from that of peroxisomes (Fig. 7)
but also is independent of peroxisomes (Fig. 8), because in the
PpDpex3 strain, determined to lack peroxisomal remnants by
morphological and biochemical criteria (41), the structures
containing PpPex1p and PpPex6p persist and behave essen-
tially as they do in wild-type cells.

The structures containing PpPex1p and PpPex6p are likely
to be vesicles, based on their enrichment in the 100,000 3 g
pellet fraction, their behavior in flotation gradients, and their

FIG. 6. PpPex1p and PpPex6p are membrane associated. The 100,000 3 g
pellet fraction (obtained from the 27,000 3 g supernatant fraction) prepared
from oleate-grown WT cells was subjected to flotation gradient centrifugation.
The gradient was drained from the top into 13 fractions (1, top; 13, bottom), and
equal volumes of fractions were analyzed by Western blot analysis with antibod-
ies to the indicated proteins. Very low amounts of thiolase, PpPex3p, and acyl
coenzyme A oxidase (Acyl-CoA ox) were present in the 100,000 3 g pellet
fraction (relative to the 27,000 3 g pellet fraction) used for flotation (Fig. 5). The
Western blots analyzed for these proteins had to be overexposed, but clear
signals were obtained due to the high quality of the antibodies. nr., number.

FIG. 7. PpPex1p and PpPex6p are associated with subcellular structures dis-
tinct from peroxisomes. Thiolase, the F1b subunit of mitochondrial ATPase,
PpPex3p, PpPex1p, and PpPex6p in fractions of a linear Nycodenz gradient
loaded with a PNS fraction of oleate-grown WT cells were subjected to immu-
nodetection. The gradient was drained from the bottom into 24 fractions (2,
bottom; 24, top), and equal volumes of every second fraction were analyzed by
Western blot analysis. nr., number.

FIG. 8. PpPex1p and PpPex6p are present on different subcellular structures
independent of the presence or absence of peroxisomes. A PNS fraction was
prepared from glucose-grown P. pastoris WT cells (A) or PpDpex3 cells (B) and
loaded onto a linear Nycodenz gradient. Equal volumes of every second fraction
of the gradient drained from the bottom (fraction 1) were analyzed for the
presence of the indicated proteins by Western blot analysis. nr., number.
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migration in Nycodenz gradients. Consistent with the lack of
transmembrane segments in PpPex1p and PpPex6p, the asso-
ciation of these proteins with membranes appears to be pe-
ripheral, because we observed that these proteins are easily
removed by salt washes (data not shown). This is the first
report of the localization of peroxins to subcellular structures
other than peroxisomes themselves and clearly implicates non-
peroxisomal structures, which we believe to be vesicles, in
peroxisome biogenesis.

Previous studies have shown that mutations in the most
conserved ATP-binding domain of ScPex1p (homolog of
PpPex1p) (8, 14) and mammalian Pex6p (homolog of
PpPex6p) (35, 42) abolish the ability of these proteins to func-
tion in biogenesis. This result suggests that the ATP-dependent
interaction between PpPex1p and PpPex6p may be impaired in
these mutants. The PpPex1p-PpPex6p interaction and the lo-
cation of these peroxins on membranous structures of different
densities also suggest that each protein has a distinct function
and explain why the expression of either protein cannot sub-
stitute for the absence of the other (data not shown), despite
the fact that the proteins are structurally similar (each is ap-
proximately 130 kDa, and they have 29% sequence identity
and 49% sequence similarity) (11).

Different subcellular locations have been reported for Pex6p
in different organisms. Rat Pex6p was reported to be solely
peroxisome associated (35), human Pex6p was found to be
mainly cytosolic (42), and P. pastoris Pex6p is, as described
here, primarily associated with vesicular structures distinct
from peroxisomes. The reason for this discrepancy may relate
to variations in the methods used for cell fractionation and
protein detection. Tsukamoto et al. (35) noted that the levels
of Pex6p were so low in rat liver that they were unable to detect
the protein in various subcellular fractions, except for those
highly enriched in peroxisomes. They did not describe the
distribution of the protein in the 100,000 3 g pellet fraction.
Our data showing the enrichment of PpPex6p in the 100,000 3
g pellet fraction suggest that the corresponding rat liver frac-
tion might have contained rat Pex6p. Yahraus et al. (42) ex-
pressed myc epitope-tagged Pex6p from the strong cytomega-
lovirus promoter in human cells and found it to be
predominantly cytoplasmic by indirect immunofluorescence.
This result might have been observed if the level of this protein
was substantially higher than that seen endogenously or if the
location of the protein was altered by the epitope tag.

Our studies highlight two important questions that remain
the goal of our future work. What is the subcellular origin of
the membrane vesicles containing Pex1p and Pex6p? What
role do these vesicles play in the biogenesis of peroxisomes?
Purification and characterization of the vesicles will reveal
whether they are derived from the endoplasmic reticulum, as
proposed recently based on a reexamination of available data
(30), or from some other source. With respect to the second
question, our earlier data show that P. pastoris mutants lacking
PpPex1p and PpPex6p accumulate peroxisomal remnants that
import some matrix and membrane proteins, but these rem-
nants are smaller and fewer in number than peroxisomes in
wild-type yeast cells under similar conditions (11, 29). Simi-
larly, human patients lacking Pex6p contain peroxisome ghosts
capable of importing peroxisomal membrane proteins, as well
as reduced levels of PTS1 and PTS2 proteins (27, 42). These
results suggest that the defect in cells lacking Pex1p or Pex6p
may be in the growth of the peroxisomal compartment and not
directly in import per se. Because Pex5p, the PTS1 receptor, is
unstable in some human cell lines lacking Pex6p, it has been
suggested that Pex6p may be involved in the assembly of the
peroxisomal matrix protein import machinery (42). Although

this idea cannot be completely ruled out at present, it is diffi-
cult to reconcile a direct role of Pex1p and Pex6p in the sta-
bility of Pex5p and therefore in import, in view of the following
facts. (i) Some amount of matrix protein import is still ob-
served in yeast mutants with deletions of the PEX1 and PEX6
genes. (ii) The majority of Pex1p and Pex6p does not colocalize
(in the absence of ATP) to identical subcellular structures or to
the cytosolic and peroxisomal locations reported for Pex5p.
(iii) An impairment in biogenesis may indirectly affect the
assembly of the import machinery. (iv) Our yeast two-hybrid
analysis revealed no interactions between either PpPex1p and
PpPex5p or PpPex6p and PpPex5p. (v) Our published work has
shown that in a PpDpex1 strain, the induction and steady-state
levels of PpPex5p are comparable to those seen for wild-type
cells, whether the cells are grown on methanol or oleate (11).
Our data, which localize most of PpPex1p and PpPex6p not to
the cytosol or peroxisomes but to distinct membranous struc-
tures, coupled with the Mg21- and ATP-dependent association
of these proteins and the requirement of the ATP-binding
domains on these proteins for peroxisome biogenesis, suggest
that the interaction between Pex1p and Pex6p could serve to
juxtapose the vesicles, perhaps facilitating the assembly of
components required for membrane fusion or protein import
into peroxisomes. Successive rounds of fusion would generate
larger vesicles, which could then assemble the import machin-
ery on the membrane, import matrix and membrane proteins,
and mature into larger peroxisomes. Alternatively, the larger
vesicles could fuse with preexisting peroxisomes to allow their
growth. This model, involving a role for vesicles in peroxisome
biogenesis, provides a mechanism for lipid and/or membrane
(protein and lipid) addition to peroxisome membranes during
biogenesis and explains the observation that mutant cells which
apparently lack all peroxisomal remnants (4, 41) can generate
peroxisomes after reintroduction of the complementing gene.
The recovery of peroxisomes in such complemented mutants
would be difficult to explain with the currently favored model
for peroxisome biogenesis, in which the organelles are believed
to arise exclusively by budding and fission of preexisting or-
ganelles.

Although this proposed role of vesicle fusion in peroxisome
biogenesis remains to be tested, it appears reasonable because
PpPex1p and PpPex6p have high homology to proteins thought
to facilitate membrane fusion events (NSF and its yeast ho-
molog, Sec18p [10, 28], as well as p97 and its yeast homolog,
Cdc48p [17, 24]). These NSF-like ATPases of the AAA family
act as chaperones by activating SNARE proteins, which then
participate in membrane fusion events, including Golgi reas-
sembly (1, 24), endoplasmic reticulum fusion (17), intracellular
protein trafficking (5), and neuronal secretion (21).

Recently, an ATP-dependent interaction was described for
another pair of proteins belonging to the AAA family (3).
These mitochondrial proteins, Yta10p and Yta12p of S.
cerevisiae, are proteases whose activity is regulated by an ATP-
dependent interaction and by ATP hydrolysis, with the pro-
tease being active in the complexed but not in the uncom-
plexed state. Independent of the proteolytic function, they also
have a chaperonelike activity required for the assembly of
membrane-associated mitochondrial ATP synthase. PpPex1p
and PpPex6p are required for peroxisome biogenesis, have no
known protease domains, and are therefore unlikely to be
involved in protein degradation. However, their activity as
molecular chaperones that facilitate peroxisome assembly or in
promoting vesicle fusion directly or indirectly is likely to be
regulated by their ATP-dependent association and by ATP
hydrolysis, analogous to the way in which Yta10p and Yta12p
functioning is modulated.
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