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Several yeast and mammalian peroxisomal membrane proteins
(PMPs) are delivered to peroxisomes via the endoplasmic reticulum
(ER). Fluorescence microscopy showed a focused assembly of PMPs
in a specialized domain of the ER, referred to as the preperox-
isomal ER. It is proposed that preperoxisomal vesicles containing
PMPs bud from this domain to either fuse with preexisting
peroxisomes or to mature into functional peroxisomes by uptake
of peroxisomal membrane and matrix proteins. However, such
vesicular entities are not identified nor are the biochemical
requirements for the budding process known. We developed an
in vitro cell-free ER-budding assay using Pichia pastoris and fol-
lowed two endogenous PMPs, Pex11p and Pex3p during their ER
exit. Both the PMPs were copackaged in the ER-budded vesicles
that float on a Nycodenz gradient. PMP budding from the ER was
dependent on ATP, temperature, cytosol, and Pex19p and gener-
ated preperoxisomal vesicles with an incomplete complement of
PMPs. Surprisingly, Pex11p budding was independent of Pex3p;
however, the budded vesicles were devoid of most of the PMPs
otherwise present in the wild-type vesicles and might represent
peroxisomal remnants. Our findings provide a biochemical plat-
form to uncover the mechanism of PMP budding from the ER.

biogenesis | endoplasmic reticulum-to-peroxisome trafficking

Peroxisomes are ubiquitous organelles present in almost all
eukaryotic cell types and house oxidative enzymes involved in
lipid metabolic pathways. Although great advances have been
made in the biogenesis of peroxisomal matrix proteins, the origin
of PMPs has been the subject of much debate. Earlier it had
been suggested that peroxisomes grow in size by the sequential
uptake of membrane and matrix proteins and then divide to
produce new peroxisomes (1, 2). In yeast, at the time of cell
division, some peroxisomes are transferred to the growing bud,
whereas others are retained in the mother cell (3). These
observations led to the growth and division model wherein pre-
existing peroxisomes and their division maintain the peroxisome
number (4, 5). However, in certain pex mutants where peroxi-
some biogenesis is completely blocked, new peroxisomes appear
upon reintroduction of the missing genes (5-12). A similar ob-
servation was made in yeast cells lacking peroxisomes as a result
of an inheritance defect (5, 13). To account for these results,
which are incompatible with the growth and division model, a de
novo pathway for peroxisome biogenesis was postulated.
Several studies suggest that peroxisomes could be derived de
novo from the endoplasmic reticulum (ER). This assumption was
based on the following observations: (i) the presence of certain
phospholipids in the peroxisomal membrane, which are exclu-
sively synthesized on the ER (14) and (ii) electron microscopy
data indicating close proximity between peroxisomes and the
ER lamellae (15, 16). Further evidence came from pulse-chase
experiments demonstrating that Yarrowia lipolytica PMPs, such
as Pex2p and Pex16p, undergo core N-glycosylation in the ER
before appearing on peroxisomes (17). Similarly, in mammalian
cells, Pex13p was localized in subdomains of the ER (16). More
recent in vivo studies in yeast demonstrated more than 16 fluo-
rescently labeled PMPs, including Pex3p, trafficking to perox-
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isomes via the ER (6, 9, 12, 18). These data suggest that PMPs
and peroxisomes can indeed be derived de novo from the ER.

The involvement of the ER in the secretory pathway is well
characterized. Secretory proteins are processed in the ER lumen,
packaged into a vesicular compartment, and transported to the
Golgi apparatus (requiring the COPI and COPII families of
proteins) for further processing and targeting to membranes of
the secretory compartments, or for eventual secretion. A similar
pathway could be hypothesized for the transport of PMPs from
the ER to peroxisomes; however, the proteins necessary for as-
sembly of COPI and COPII vesicles were unnecessary for per-
oxisome biogenesis (19, 20), suggesting the requirement of distinct
components for ER-to-peroxisome trafficking. Previously, im-
mature preperoxisomal vesicles, containing partially overlapping
sets of peroxins and distinct from the mature peroxisomes, were
defined in Y. lipolytica (21). Pex19p might be one of these com-
ponents required for ER-to-peroxisome protein trafficking be-
cause in vivo studies suggest its essential role in the exit of PMPs
from the ER (6, 18).

To unravel the mechanism by which PMPs exit from the ER
and to elucidate the biochemical requirements for the budding
process, we dissected the early events of PMP biogenesis from
the ER. We followed the trafficking of two endogenous PMPs,
an HA-tagged Pex11p and a GFP-tagged Pex3p, as markers for
vesicular carriers emerging from the ER using a cell-free in vitro
ER-budding assay. We identified a vesicular carrier for the
trafficking of these PMPs emerging from the ER and the bio-
chemical requirements for the budding of these carriers. We
show that both these PMPs are incorporated selectively into
preperoxisomal vesicles in an ATP-, temperature-, cytosol-, and
Pex19p-dependent manner.

Results

Pex11p and Pex3p Are Mislocalized in Apex19 Cells. Several PMPs
transit via the ER en route to peroxisomes (9). To understand
ER-to-peroxisome trafficking of endogenous PMPs, Pex11p and
Pex3p were used as markers because their transit via the ER was
previously established (9, 22). CFP-tagged Pexllp and GFP-
tagged Pex3p were expressed and colocalized with mCherry—
Sec61p in WT and Apex19 cells. For cells just shifted to oleate
medium, at 0 h, Pex11p-CFP and Pex3p—GFP were localized in a
single dot per cell, partially colocalized with mCherry-Sec61p in
punctate structures at the cell cortex, perhaps representing a
subdomain of the ER in the WT cells. When cells were trans-
ferred to oleate medium for 16 h, Pex11p—CFP and Pex3p—-GFP
were localized to typical punctate clusters representing mature
peroxisomes, well segregated from the mCherry-Sec61p (Fig. 1
A and B). In contrast, in Apex19 cells, Pex11p—CFP and Pex3p-
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Fig. 1. Pex11p localization in WT and Apex19 cells. Fluorescence microscopy
analysis of oleate-grown WT and Apex19 cells coexpressing the relevant
proteins from Pgap—PEX11-CFP or Ppexs—PEX3—-GFP and Psgcg;—mCherry—
SEC61. Cells were grown on YPD and switched during exponential phase to
oleate medium for 0 or 16 h. mCherry-Sec61p (ER marker) localizes to
punctate structures at the peripheral and nuclear ER. (A) In WT cells, Pex11p-
CFP or Pex3p-GFP was partially localized with the Sec61p-labeled ER (0 h)
and subsequently were found on the mature peroxisome cluster (16 h in
oleate medium). (B) However, in Apex19 cells Pex11p-CFP or Pex3p—GFP was
mislocalized near the cell periphery partially associated with mCherry—
Sec61p in the peripheral ER. No nonlinear adjustments or changes to gamma
settings were made in the images.

GFP were mislocalized to punctate structures close to the
mCherry-Sec61p-labeled peripheral ER, even after shifting the
cells to oleate medium for 16 h (Fig. 1 4 and B). Interestingly,
when Pex19p was reintroduced in these cells, Pex11p-CFP was
relocalized to the newly formed peroxisomes within 3 h (Fig.
S1A). These observations suggest that Pex11p and Pex3p might
transit the ER en route to the peroxisomes and that in the ab-
sence of Pex19p, both Pex11p and Pex3p are mislocalized par-
tially with Sec61p near the cell periphery.

Pex11p and Pex3p Traffic from the ER to a Vesicular Carrier. We
modified the classical cell-free in vitro ER-budding assay to
identify the vesicular carriers delivering PMPs to the perox-
isomes. The assay was originally developed to identify the com-
ponents of the secretory pathway involved in ER to Golgi
trafficking (23, 24). Pex11p served as a marker for peroxisome-
specific vesicular traffic emanating from the ER. For all of the
biochemical assays, Pex11p was expressed as a HA-tagged fusion
protein (Pex11p—2HA) and, in certain experiments, was coex-
pressed with Sec6lp that was tagged genomically with 3HA
(Sec61p-3HA). The in vitro ER-budding assay has three major
components: a donor membrane compartment, soluble budding
factors, and an ATP-regenerating system. The donor compart-
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ment was provided by permeabilized yeast cells (PYCs), pre-
pared from the cells that were induced for peroxisome biogenesis.
The S1 fraction (crude cytosol), which is added exogenously to
the PYCs, supplies soluble factors necessary for budding in the
presence of an ATP-regenerating system. Apyrase was added
in place of an ATP-regenerating system as a control. The reac-
tions were incubated at 20 °C for 90 min. The donor PYCs were
separated from the released vesicles by a brief centrifugation
step, the supernatant was removed and spun at 200,000 X g, and
the pellet fraction was analyzed by SDS/PAGE and immuno-
blotting for the presence of Pex11p—-2HA. We detected Pex11p—
2HA in the 200,000 x g pellet in the reaction when WT cytosol
was used with an ATP-regenerating system. However, in the
control with apyrase, the Pex11p-2HA signal was dramatically
decreased (Fig. 24). In other controls, where cytosol was
substituted by TBPS buffer, or when the reaction was incubated
at 4 °C, the signal was abolished.

Vesicle budding from the ER is expected to be selective, ex-
cluding ER-resident proteins from the vesicles. Therefore, if the
Pex11p-2HA-containing budded vesicles are real transport
vesicles, then the yeast ER membrane protein, Sec61p, should be
retained in donor cells during vesicle formation. We observed
that Sec61p resided in the pelleted donor PYC and no detectable
amounts were released during the assay (Fig. 24).

When the S1 fraction was further subfractionated into a high-
speed supernatant (HSS) and pellet (HSP), the ER budding of
Pex11p-2HA vesicles was reduced about twofold with each
fraction alone, but could be restored when HSS and HSP were
added together (Fig. 2B), indicating that the components from
both fractions are required for optimal budding of Pexl11p-
2HA vesicles.

Previous studies have demonstrated the contribution of the
ER to peroxisome biogenesis by investigating the trafficking of
Pex3p in yeast (6, 12) and mammalian cells (25). We performed
similar ER-budding experiments with a GFP-tagged Pex3p,
coexpressed with Pex11p-2HA and Sec61p-3HA. Pex3p-GFP
was detected with Pex11p—2HA, but not Sec61p-3HA, in the
supernatant fraction (Fig. 34). The budding was inhibited with
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Fig. 2. Cell-free in vitro assay for Pex11p-2HA budding from the ER. (A)
PYCs prepared from WT PPY12 cells expressing Pex11p-2HA and Sec61p-
3HA were incubated with the WT S1 fraction for 90 min at 20 °C (lanes 3, 4,
and 6) or 4 °C (lane 5) in the presence of an ATP-regenerating system (lanes
3, 5, and 6) or apyrase (lane 4). At the end of the budding reaction, samples
were centrifuged at 13,000 rpm for 1 min to separate supernatants from the
PYC pellet (lane 7), which still had the majority of the Pex11p-2HA and
Sec61p-3HA. The reaction supernatant (RS) was centrifuged again at
200,000 x g and the pellet (RS 200 KgP) was resuspended in TBPS and ana-
lyzed here. PYCs in lane 1 represents nearly 3% load of the starting PYCs.
(B) Soluble cytoplasmic (HSS) and the high-speed pelletable (HSP) mem-
brane fractions obtained after further fractionating S1 were compared in-
dependently and together for their potential to support budding of Pex11p-
2HA from the ER.
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apyrase and abolished when cytosol was replaced with TBPS.
These observations indicate that our system recapitulates selec-
tive Pex11p and Pex3p budding from the ER, while excluding an
ER-localized protein.

Preperoxisomal Vesicle Budding Is Independent of Division of Pre-
existing Peroxisomes. To exclude the possibility that the preper-
oxisomal vesicles bud from the preexisting peroxisomes, we
performed the budding assay with a ApexI1 mutant in which
peroxisome division is blocked. As observed using fluorescence
microscopy, peroxisomes labeled with Pex3p—GFP in ApexI!
cells grew bigger in size compared with the WT cells with time,
but as expected, exhibited a severe block in division (Fig. 3B).
However, the budding assay showed normal budding of Pex3p-
GFP vesicles, suggesting that preexisting peroxisomes are not the
source of these vesicles (Fig. 3C).

ER Exit of Pex11p-2HA Requires Pex19p but Not Pex3p. Recent in
vivo studies indicate that Pex19p plays a critical role in the ER
exit of PMPs as judged by their ER accumulation in Apex19 cells.
Moreover, the induction of PEX19 restored peroxisomes in
Apex19 cells (6, 18, 26, 27). To directly test the requirement of
Pex19p in the ER exit of Pex11p-2HA and Pex3p—GFP in the in
vitro ER-budding assay, we expressed these proteins in Apex19
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Fig. 3. Division of preexisting peroxisomes is not the primary source of
budded vesicles. (A) ER-budding assay was performed with WT cells coex-
pressing Pex11p-2HA, Sec61p-3HA, and Pex3p-GFP. Lane 1 represents
nearly 3% load of the starting PYCs. (B) Fluorescence microscopy analysis of
oleate-grown WT cells and Apex11 cells expressing Pex3p-GFP. Cells were
grown on YPD and switched during exponential phase to oleate medium. In
WT cells, Pex3p—GFP labeled proliferating peroxisomes forming numerous
punctate structures. The Apex11 cells showed a severe block in peroxisome
division even after growth for 16 h on oleate medium, resulting in bigger
peroxisomes compared with those in WT cells. (C) ER-budding assay per-
formed with WT cells and Apex11 cells expressing Pex3p-GFP. Lane 1 rep-
resents nearly 3% load of the starting PYGs.
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cells. Because peroxisome biogenesis was blocked in these mutants,
we found the expression of Pex11p-2HA was notably low, thus to
obtain comparable signals, we pooled and analyzed the super-
natant of five ER-budding reactions. Interestingly, with Apex19
cells we did not detect either Pex11p—2HA or Pex3p—GFP in the
supernatant of the budding reaction when ApexI9 cytosol was
used (Fig. 44). However, the budding of Pex11p-2HA and
Pex3p—GFP was restored when WT cytosol (S1) was added to
the budding reaction (Fig. 44). Because Pex19p is a pre-
dominantly cytosolic protein (28), it is very likely that the WT
cytosol supplied Pex19p to restore budding. These observations
provide evidence for the role of Pex19p in exit of PMPs from
the ER.

We also addressed the requirement of coat protein complex II
(COPII), an indispensable component for the budding of ER-
derived vesicles en route to the Golgi. In a similar budding assay,
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Fig. 4. Pex19p is required for the budding of peroxisomal vesicles from the
ER. (A) ER-budding assay was performed with Apex79 cells coexpressing
Pex11p-2HA, Sec61p-3HA, and Pex3p-GFP with either Apex19 or WT cytosol.
The expression of Pex11p-2HA was markedly low in Apex79 and Apex3 cells,
so RS fractions of five budding reactions were pooled and analyzed together
to obtain comparable levels of the protein. Neither Pex11p-2HA nor Pex3p-
GFP was detected in the RS 200 KgP when Apex19 cytosol was used. The
budding of Pex11p-2HA was restored with WT cytosol (WT S1) in an ATP-
dependent manner. Likewise, Pex3p—-GFP budding too was restored with the
WT cytosol (WT S1). PYCs in lane 1 represent nearly 3% load of the starting
PYGs. (B) A similar ER-budding assay was performed with Apex3 cells coex-
pressing Pex11p-2HA and Sec61p-3HA with Apex3 or WT cytosol. Pex11p-
2HA was detected in the RS 200-KgP fraction, indicating that Pex3p is not
required for budding of preperoxisomal vesicles. Further addition of WT
cytosol did not increase the budding of Pex11p-2HA vesicles. (C) The ER-
budding assay was performed with Apex1, Apex5, Apex6, Apex7, and Apex14
cells expressing Pex11p-2HA with their respective cytosols. Pex11p-2HA was
detected in the RS 200 KgP in all of the mutants.
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we selectively blocked COPII-mediated budding using a domi-
nant negative mutant form Sarlp(T34N) of the Sarlp GTPase,
which blocks COPII vesicle formation (29). As a control, we
confirmed the phenotype of the Sar1p(T34N) mutant in blocking
maturation of the vacuolar protein, carboxypeptidase Y (CPY),
as well as pexophagy (Fig. S2 A and B). First, the budding of
Pex11p-2HA was unaffected in cells expressing Sarlp(T34N)
(Fig. S2C). Second, when coexpressed with Sarlp(T34N), the
peroxisomal localization of Pex11p—CFP was unaffected (Fig.
S3). Additionally, when Pex19p expression was induced in
Apex19 cells, the relocalization of Pex11p—CFP to the newly
formed peroxisomes remained unaffected when Sarlp(T34N)
was coexpressed (Fig. S1B). These observations suggest distinct
COPII-independent requirements for the budding of Pex11p-
2HA vesicles.

In view of data showing that Pex3p is the docking protein
necessary to anchor cytosolic Pex19p on the peroxisome mem-
brane (11), we evaluated the requirement of Pex3p in the bud-
ding of Pex11p—2HA. Interestingly, Apex3 cytosol supported the
budding of Pex11p-2HA vesicles from Apex3 cells (Fig. 4B).
Moreover, the addition of the WT cytosol did not increase the
budding of Pex11p—2HA from Apex3 cells (Fig. 4B). As described
in the next section, Pex11p-2HA vesicles budded from the Apex3
cells were affinity captured with an HA affinity matrix and ana-
lyzed for the presence of various membrane and matrix peroxins.
Supporting the requirement of Pex3p and Pex19p for the re-
cruitment of PMPs to the peroxisomal membrane, the Apex3-
budded vesicles were devoid of most of the membrane peroxins
compared with the vesicles purified from the WT cells (shown
later in Fig. 5B).

We also analyzed other mutants defective in cytosolic and
peroxisomal membrane peroxins for their effect on ER budding
of Pex11p-2HA. All of the analyzed mutants (ApexI, Apex5,
Apex6, Apex7, and Apex14) affecting components of the peroxi-
somal matrix protein import pathways, were proficient in bud-
ding of Pex11p-2HA vesicles (Fig. 4C).

Pex11p-2HA and Pex3p-GFP Are Associated with Membranous
Vesicles. We performed flotation gradient centrifugation to en-
sure the membrane association of Pex11p-2HA and Pex3p—GFP.
The supernatant of the budding reaction was mixed with Nyco-
denz to a final concentration of 35% (wt/vol) and layered at the
bottom of a Nycodenz flotation step gradient with decreasing
densities of Nycodenz layered on top. The membranes were
floated to light density by ultracentrifugation at 50,000 rpm for
2 h at 4 °C. Both Pex11p—2HA and Pex3p—GFP were at the top of
the gradient, colocalized with peroxisomal membrane (Pex17p)
and matrix (Pex8p) markers and well resolved from the cytosolic
marker, GAPDH, present in the bottom fractions (Fig. 54). This
observation, together with the fact that these PMPs are in the
supernatant fraction after pelleting PYCs, indicates that the
PMPs are in membranous vesicles.

Pex3p and Pex11p Are Captured in the Same Vesicles. It has been
shown that nonidentical populations of preperoxisomal vesicles
fuse to form mature peroxisomes (30). Are Pex3p and Pex1lp
packaged in the same budded vesicles or in different vesicles that
fuse after budding? We addressed this question by performing an
affinity capture of Pex11p-2HA in presence or absence of Triton
X-100 with HA affinity matrix and the beads were analyzed after
thorough washing. We detected Pex11p—2HA in the presence as
well as absence of Triton X-100, whereas Pex3p—GFP was coe-
luted only in the absence of Triton X-100 (Fig. 5B, lanes 1 and
2). These results suggest that Pex3p—GFP and Pex11p-2HA are
assembled in the same vesicles. We also observed various other
PMPs in the affinity captured vesicles including Pex1p, Pex6p,
Pex10p, and Pex14p but were unable to detect several other
matrix and membrane proteins including Pex2p, Pex5p, Pex8p,
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Fig. 5. Pex3p and Pex11p budded from PYCs are membrane associated and
are copackaged in the same vesicles. (A) The supernatant (RS) of the in vitro
budding reaction was analyzed using a flotation gradient as described in
Materials and Methods. Fractions (50 pL each) were collected from the top
and analyzed by immunoblotting. Both the peroxins were found associated
with buoyant membranes. (B) The RS fractions of 10 in vitro budding assays
performed with WT and Apex3 PYCs were pooled (900 pL) and spun at
200,000 x g. The pellet was resuspended in TBPS with or without Triton X-100
(1% volivol) and incubated with 80 pL of HA-affinity matrix to capture
Pex11p-2HA-associated membranes. The incubation was for 6 h at 4 °C. The
beads were washed three times, resuspended in 100 pL of TBPS, and analyzed.

Pex12p, Pex13p, Pex17p, thiolase, and catalase. In contrast, the
Pex11p-2HA vesicles budded from Apex3 cells, further cement-
ing our earlier conclusion that the vesicles could not be of per-
oxisomal origin, but they lacked all peroxins tested, except a
small amount of Pex6p.

Discussion

Several PMPs, tracked using microscopic visualization, transit via
the ER en route to peroxisomes (6, 9, 12, 18). However, a vesic-
ular carrier for the trafficking of these proteins emerging from the
ER has not been identified, nor have the biochemical require-
ments for the budding of such vesicular carriers been defined.
Understanding these early events of peroxisome biogenesis is
critical to clarify the origin and fate of preperoxisomal vesicles
and will provide a deeper understanding of the molecular mech-
anisms involved in peroxisome assembly and maintenance.

We modified the classical cell-free in vitro ER-budding assay to
identify the vesicular carriers delivering PMPs to the peroxisomes.
We tracked Pex11p-2HA as a marker for the vesicular carriers
because it is known to be the most abundant endogenous PMP
(31). Additionally, recent reports in Saccharomyces cerevisiae in-
dicate that Pex11p might be channeled from the ER to perox-
isomes, although concrete evidence is still lacking, because the
translocation of an ER-localized pool of Pex11p to peroxisomes
was not shown conclusively (9, 22). Pex11p-2HA was expressed
from its endogenous promoter to avoid overexpression-associated
artifacts as observed with the newly synthesized Pex15p that
accumulates in the ER when overexpressed (32). Upon incubating
the freshly prepared permeabilized cells with crude cytosol and
an ATP-regenerating system, Pex11p was present in the super-
natant fraction of the budding reaction that typically contains
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ER-derived vesicles. We also found Pex3p—GFP, an essential
PMP well characterized for its peroxisomal trafficking via the ER
(6), incorporated in the budded vesicles, as a further validation of
the assay. Furthermore, Sec61p, an integral ER marker was not
detected in the supernatant, indicating a selective translocation of
peroxins to the budded vesicles. The budding reaction was cytosol,
temperature, and ATP dependent.

We ruled the possibility that the division of preexisting per-
oxisomes might be the primary source of budded vesicles by
carrying out a similar budding assay with a Apex// mutant in-
capable of peroxisome division. The budding of Pex3p—-GFP
vesicles was found to be unaffected, indicating that the division
of preexisting peroxisomes did not contribute to budded vesicles
(Fig. 3C). Furthermore, the budding of Pex11p-2HA vesicles
even in Apex3 cells (Fig. 5B), known to lack peroxisomes, shows
that the source of membranes for the vesicles is likely to be the
ER, rather than peroxisomes.

Our results show that Pex3p—GFP and Pex11p-2HA were
copackaged in the same vesicles, suggesting a common carrier that
traffics these PMPs from the ER to the peroxisomes. Further-
more, the vesicles obtained in our reactions are preperoxisomal
vesicles in that they have not yet acquired their full complement
of peroxisomal membrane and matrix contents (Fig. 5B).

Previous studies in S. cerevisiae showed the requirement of
Pex19p for the exit of PMPs including Pex3p from the ER (6,
18). In our in vitro budding assay, we observed a complete block
in ER budding in the absence of Pex19p. Interestingly, the block
was removed when cytosol containing Pex19p was added to re-
action mixture from ApexI9 cells. These observations provide
evidence for the role of Pex19p in exit of PMPs from the ER, in
agreement with the in vivo studies where PMPs were found to
accumulate in the ER in Apex19 cells. Previously, we have argued
that in Pichia pastoris, Pex19p is required for some step in per-
oxisome biogenesis after PMP insertion into membranes (33).
The demonstration here of the requirement of Pex19p for the
budding of PMPs, inserted into the ER even in the absence of
Pex19p, shows clearly that this function of Pex19p is in facili-
tating the budding of ER-derived preperoxisomal vesicles.

Surprisingly, Apex3 cells retained budding of Pex11p—2HA
vesicles (Fig. 4B). It is an interesting result because Pex3p is be-
lieved to be the docking factor for Pex19p on membranes (11), but
these observations suggest a Pex3p-independent role of Pex19p in
facilitating the budding of PMP vesicles from the ER. Further, it
was found that the vesicles budded from the Apex3 cells lack most
of the PMPs otherwise present on the WT vesicles (Fig. 5B). We
speculate that the Pex11p-2HA vesicles budded from the Apex3
cells might represent the peroxisomal remnants (“ghosts”) as
often observed in the Apex3 mutant (34). One possibility, worth
exploring in the future, is whether the interaction of Pex19p with
proteins other than Pex3p in the ER is sufficient to drive budding
of vesicles in a Pex3p-independent fashion.

In summary, the availability of a cytosol-, temperature-, ATP-,
and Pex19-dependent, but Pex3p-independent system for the
selective budding of multiple PMPs into preperoxisomal vesicles
represents a major advance in the field, making the system ame-
nable to further fractionation and mechanistic studies.

While this manuscript was being assembled, the Schekman
laboratory reported a similar assay, using S. cerevisiae, for the
ATP and Pex19p-dependent budding of a different PMP, Pex15p,
from the ER (35). We are pleased to note that the major results
from the two laboratories are in significant agreement.

Materials and Methods

Yeast Strains and Growth Conditions. Yeast used for the preparation of
permeabilized cells and S1 fractions were grown at 30 °C on a shaker set at
250 rpm, in YPD medium (1% yeast extract, 2% peptone, 2% glucose) to an
OD of 1.2-2.0 and were transferred to oleate medium [0.67% yeast nitrogen
base w/o amino acids, 0.02 g L-histidine/L, 0.02 g L-arginine/L, 0.1% yeast
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extract, 0.2% (vol/vol) oleate, and 0.02% (vol/vol) Tween-40] for 6 h and used
to prepare PYC, S1, or HSS and HSP fractions. Plasmids pJCF515 and pJCF 533
were kind gifts of J. C. Farré in this laboratory. Yeast strains and plasmids
used in this study are listed in Table S1.

Fluorescence Microscopy. Cells were grown on YPD and switched to oleate
medium during exponential phase. Images were captured using a Plan
Apochromat 100x 1.40 NA oil immersion objective on a motorized fluores-
cence microscope (Axioskop 2 MOT plus; Carl Zeiss) coupled to a mono-
chrome digital camera (AxioCam MRm; Carl Zeiss) and processed using
AxioVision software (version 4.5; Carl Zeiss).

Subcellular Fractionation. Oleate grown cells were harvested (3,000 rpm, 5
min) at room temperature and resuspended in low glucose medium (YP
medium with 0.1% glucose) and incubated for 30 min at 25 °C (50 mL per 75
ODgqo units). Cells were pelleted again and spheroplasting was performed
using a described procedure (36). The regenerated spheroplasts were used
to prepare permeabilized cells (75 ODggo units) and S1 (1,500 ODggp UNits) or
HSS and HSP (3,000 ODgqo units), and all of the subsequent steps were car-
ried out at 4 °C. To prepare the permeabilized cells, the regenerated
spheroplasts were harvested, resuspended in 5 mL of permeabilization
buffer (0.1 M potassium acetate, 0.2 M sorbitol, 2 mM magnesium chloride,
and 20 mM Hepes, pH 7.2) and centrifuged at 3,000 rpm for 5 min. The
supernatant was carefully removed and the pellet was resuspended in 50 pL
of CB + DTT buffer (250 mM sucrose, 4 mM DTT, 1 mM EGTA, 20 mM Hepes,
pH 7.4) with 1x protease inhibitor mixture [PIC; Sigma; P8215 with NaF (50
mM), leupeptin (12.5 pg/mL), aprotinin (50 pg/mL), PMSF (10 mM)]. To pre-
pare the S1 fraction, the regenerated spheroplasts (1,500 ODggo Units) were
resuspended (with gentle vortexing) in 3.36 mL of 20 mM Hepes, pH 7.2, and
then centrifuged at 1,000 rpm for 10 min. The supernatant was carefully
removed and used to prepare HSS and HSP fractions. The S1 fraction was
centrifuged at 100,000 x g for 1 h, the pellet (HSP) was resuspended in an
equal volume of 20 mM Hepes, pH 7.2, or at 170,000 x g for 4 h and the
supernatant (HSS) was collected and aliquots were frozen at —80 °C. Before
the budding assay, the final concentration of buffer in each fraction was
adjusted to: 115 mM potassium acetate, 2.5 mM magnesium chloride, 0.2 M
sorbitol, 1x PIC, and 35 mM Hepes (pH 7.2). The protein concentration of
each fraction was estimated using Bradford assay (37) with BSA as standard.

In Vitro ER-Budding Assay. Permeabilized cells were washed twice with TBPS
(115 mM potassium acetate, 2.5 mM magnesium acetate, 0.25 M sorbitol, 1x
PIC, and 25 mM Hepes, pH 7.2) and then resuspended in the same buffer (4.5
ODgoo/25 pL per reaction). The budding reaction contained 4.5 ODgoo/25 pL
PYGCs, 1 mg S1 fraction, or 1 mg HSS fraction, or 1 mg HSP fraction and ATP-
regenerating system (1 mM ATP, 0.1 mM GTP, 20 mM creatine phosphate,
0.2 mg/mL creatine phosphate kinase) in a 100-pL total reaction volume. The
reaction mixture was incubated at 20 °C for 90 min and the reaction was
terminated by chilling the samples on ice. To deplete samples of ATP, apy-
rase (Sigma; A6410) was added instead of the ATP-regenerating system.
After the reaction, PYCs were pelleted by spinning the reaction at 13,000
rpm for 1 min. The supernatant (RS) of two reactions was pooled and spun at
200,000 x g for 1 h. The pellet (RS 200 kgP) was resuspended in SDS sample
buffer, heated and analyzed on 12.5% SDS/PAGE, and immunoblotting was
performed with appropriate antibodies.

Affinity Capture of Pex11p-2HA-Associated Membranes. After separating the
PYCs from the supernatant at the end of in vitro budding assay, RS of 10
reactions were pooled (900 pL) and spun at 200,000 x g. The pellet was
resuspended in TBPS with or without Triton X-100 (1% vol/vol) and in-
cubated with 80 uL of EZview Red affinity matrix (Sigma; E6779), which was
washed and equilibrated with the TBPS. The incubation was carried out for
6 h at 4 °C on a rotating shaker. The beads were washed three times and
finally resuspended in 100 pL of TBPS and analyzed on SDS/PAGE and
immunoblotted with rat anti-HA monoclonal antibody (Roche; 11802600) to
ascertain affinity capture of Pex11-2HA-containing vesicles.

Membrane Flotation Assay. The supernatant (RS) of the in vitro budding re-
action, after separating from the PYCs, was mixed with Nycodenz to a final
concentration of 35% (150 pL) and placed at the bottom of a SW50.1 cen-
trifuge tube and was layered with decreasing densities of Nycodenz (100 pL
each of 35, 25, and 10% in TBPS). Tubes were centrifuged for 50,000 rpm for
2 h (Beckman; SW50.1) and 50 pL fractions were collected from the top
followed by SDS/PAGE and immunoblot analysis with respective antibodies.
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