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Peroxisomes are dynamic organelles that divide continuously
in growing cell cultures and expand extensively in lipid-rich
medium. Peroxisome population control is achieved in part by
Pex11p-dependent regulation of peroxisome size and number.
Although the production of Pex11p in yeast is tightly linked to
peroxisome biogenesis by transcriptional regulation of the
PEX11 gene, it remains unclear if and how Pex11p activity could
be modulated by rapid signaling. We report the reversible phos-
phorylation of Saccharomyces cerevisiae Pex11p in response to
nutritional cues and delineate a mechanism for phosphoryla-
tion-dependent activation of Pex11p through the analysis of
phosphomimicking mutants. Peroxisomal phenotypes in the
PEX11-A and PEX1I1-D strains expressing constitutively de-
phosphorylated and phosphorylated forms of Pex11p resemble
those of PEX11 gene knock-out and overexpression mutants,
although PEX11 transcript and Pex11 protein levels remain
unchanged. We demonstrate functional inequality and differ-
ences in subcellular localization of the Pex11p forms. Pex11Dp
promotes peroxisome fragmentation when reexpressed in cells
containing induced peroxisomes. Pex11p translocates between
endoplasmic reticulum and peroxisomes in a phosphorylation-
dependent manner, whereas Pex11Ap and Pex11Dp are im-
paired in trafficking and constitutively associated with mature
and proliferating peroxisomes, respectively. Overexpression of
cyclin-dependent kinase Pho85p results in hyperphosphoryla-
tion of Pex11p and peroxisome proliferation. This study pro-
vides the first evidence for control of peroxisome dynamics by
phosphorylation-dependent regulation of a peroxin.

Peroxisomes are a group of organelles characterized by high
metabolic plasticity that act in a variety of important biochem-
ical processes, notably the metabolism of lipids and the detox-
ification of reactive oxygen species. Although functional per-
oxisomes are essential for human survival, the conditional
viability of yeast peroxisome biogenesis mutants has enabled
the molecular identification of the core biogenic components of
this organelle (1). Peroxisome biogenesis can be viewed as a
complex developmental program that is initiated by the fatty
acid-induced expression of many genes coding for peroxisomal
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proteins (2), followed by the stepwise assembly of the organelle.
This highly regulated process can be divided into early and
late events that are distinguished by the formation of pre-
peroxisomal Pex3p-containing vesicles from the endoplasmic
reticulum (ER)? (3, 4) and the entry of peroxisomal enzymes
from the cytosol to form metabolically active peroxisomes.
Different receptor-mediated import pathways for matrix (5)
and membrane (6) proteins as well as a succession of distinct
precursor populations (7) contribute to the orderly assembly
of peroxisomes.

Peroxisome population control is accomplished by balancing
peroxisome formation, division, and turnover and peroxisome
partitioning to daughter cells (8). The Pex11 family of peroxi-
somal membrane proteins (PMPs) regulates peroxisome size
and number in both higher and lower eukaryotes (for reviews,
see Refs. 9 and 10). Pex11B-dependent peroxisome prolifera-
tion in mammals has been reported to be a multistep process
involving the tubulation of peroxisomes, followed by constric-
tion and scission of the elongated organelles into small, spher-
ical units (11). Although Pex11 proteins are relatively abundant,
their biochemical function remains obscure. Peroxisome divi-
sion requires dynamin-related GTPases, because in their
absence, peroxisomes are enlarged and sometimes have a
“beads on a string” appearance (12). These observations sup-
port the view of an indirect rather than a direct role for Pex11p
in the division process (e.g. by recruiting the fission machinery
to peroxisomes or by promoting a modification of membrane
curvature through its lipid binding activity) (13).

Peroxisomes divide constitutively in a growing cell culture
but at the same time are able to proliferate extensively in
response to the addition of lipids. The expression of the PEX11
gene is tightly coupled to fatty acid-induced peroxisome prolif-
eration with a range of promoter activation of more than 1000-
fold between the repressed and induced states (14). Pex11p is
below detection limits in cells growing exponentially in perox-
isome-repressing medium and starts to accumulate slowly over
several h when cells are transferred to growth in fatty acids.
Deregulation of PEX11 gene expression causes changes in cel-
lular peroxisome abundance. Loss of Pex11p in yeast is linked to
a reduction in the number of peroxisomes, together with an
increase in the size and clustering of peroxisomes, whereas
overexpression of the PEX11 gene is associated with the hyper-
proliferation of peroxisomes (15, 16). In addition, Pex11p has
been identified as an in vitro target of the nutrient- and cell

2 The abbreviations used are: ER, endoplasmic reticulum; GFP, green fluores-
cent protein; mRFP, monomeric red fluorescent protein; MES, 4-morpho-
lineethanesulfonic acid; PMP, peroxisomal membrane protein.
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TABLE 1
S. cerevisiae strains used in this study

Strain Genotype Derivation
BY4742 MATa, his3A1, leu2A0, lys2A0, ura3A0 Ref. 43
pexlIA MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:KanMX4 Ref. 43
pho85A MATa, his3A1, leu2A0, lys2A0, ura3A0, pho85:KanMX4 Ref. 43
Y262 MATa, ura3-52, his4-539, rpbI-1 Ref. 23
PEX11-A MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:PEX11 SI65A, S167A This study
PEX11-D MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:PEX11 S165D, S167D This study
POTI-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, potl::POT1-GFP (HISS) This study
pex1IA/POT1-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:KanMX4, potl::POTI-GFP (HISS) This study
PEX11-A/POT1-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:PEX11 S165A, S167A, potl::POT1-GFP (HISS) This study
PEX11-D/POTI-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11::PEX11 S165D, S167D, potl::POT1-GFP (HIS5) This study
POTI1-GFP/RTNI-mRFP MATa, his3A1, leulO, lys2A0, ura3A0, potl::POTI-GFP (natR), rtnl::RTN1-mRFP (URA3) This study
PEX11-A/POTI-GFP/RTNI-mRFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:PEX11 S165A, S167A, potl::POTI-GFP (natR), This study

rtnl:RTNI-mREP (URA3)
PEX11-D/POT1-GFP/RTNI-mRFP ~ MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11::PEX11 S165D, S167D, pot1::POTI-GFP (natR), This study
rtnl:RTNI1-mRFP (URA3)

GALIPEX11/POTI1-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11:GALIPEX11 (KanMX4), potl:POT1-GFP (HISS) This study
GALIPEX11-D/POTI-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, pex11-d::GALIPEX11-D (KanMX4), pot1::POT1-GFP (HISS) This study

cycle-dependent yeast kinases, Rim15p and Pho85p (17),
whereas Pex11$ has been shown to be phosphorylated in a
human cell line (18). We therefore sought to determine
whether modification by phosphorylation could provide an
additional mechanism for regulation of Pex11p in yeast.

Here we show that Pex11p is phosphorylated at Ser'® and/or
Ser'®” in yeast. The analysis of mutant forms of Pex11p locked
into states of constitutive dephosphorylation or phosphoryla-
tion demonstrates that phospho-Pex11p is active in promoting
peroxisome proliferation. Wild-type Pex11p translocates be-
tween ER and peroxisomes in response to changes in its
phosphorylation state, which can be either nutrient-induced or
elicited by overexpression of Pho85p kinase. The dephosphor-
ylated and phosphorylated mutant forms of Pex11p, on the
other hand, are permanently associated with either mature per-
oxisomes or hyperproliferating peroxisomes at an ER-peroxi-
some interface. Our work provides evidence for regulation of
organelle dynamics by phosphorylation-controlled protein
trafficking and furthermore demonstrates that Pex11p-
dependent peroxisome population control is accomplished by
the combined effect of PEX11 gene regulation and posttransla-
tional modification of Pex11p activity.

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture, and Genetic Manipulation—Saccha-
romyces cerevisiae strains used in this study are listed in Table 1.
Unless stated otherwise, all strains were cultured at 30 °C.
Media used were as follows: YPD, 1% yeast extract, 2% peptone,
2% glucose; YPBO, 0.3% yeast extract, 0.5% peptone, 0.5%
potassium phosphate buffer, pH 6.0, 0.2% Tween 40, 1% oleic
acid; SCIM, 0.5% yeast extract, 0.5% peptone, 0.67% yeast nitro-
gen base without amino acids, 0.5% Tween 40, 0.3% glucose,
0.3% oleic acid, 1 X Complete Supplement Mixture (Bio 101,
Inc., Vista, CA); CSM — ura, 0.67% yeast nitrogen base without
amino acids, 2% glucose, 1 X Complete Supplement Mixture —
ura; SCIM — ura, 0.67% yeast nitrogen base without amino
acids, 0.5% Tween 40, 0.3% glucose, 0.3% oleic acid, 1 X Com-
plete Supplement Mixture — ura. To construct strains express-
ing the peroxisomal reporter Potlp-GFP, sequence coding for
Aequoria victoria GFP was inserted chromosomally in frame at
the 3'-end of the POTI gene encoding Potlp (peroxisomal
3-ketoacyl-CoA thiolase). For construction of strains express-
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ing the cortical ER reporter Rtn1p-mRFP, sequence coding for
monomeric red fluorescent protein (mRFP) from Discosoma
sp. was inserted chromosomally in frame at the 3’-end of the
RTNI1 gene. To construct strains for galactose-inducible PEX11
gene expression, the GALI promoter was introduced immedi-
ately upstream of the PEX11 ORF by PCR-based integrative
transformation of yeast cells. The delitto perfetto strategy (19)
was used to modify the PEX11 genomic locus without introduc-
tion of ex situ sequence. Site-directed mutagenesis of the region
coding for the Pex11p phosphorylation motif was done by PCR-
based amplification of cassettes comprising the PEX11 ORF
using the oligonucleotides 5'-CAAGGCAAAAGCACAAGC-
CCAAGGCGATG (A mutations) and 5'-GTCAAGGCAAA-
AGACCAAGACCAAGGCGATG (D mutations) and subse-
quent replacement of a CORE element inserted in the PEX11
locus with the mutagenic cassettes (19). Genomic integrations
were confirmed by PCR, whereas delitto perfetto-based modifi-
cations of genomic regions were also verified by sequencing the
entire PEX11 ORF and 500 bp in both the 5’- and 3’-flanking
regions.

Confocal Fluorescence Microscopy and Immunofluorescence
Microscopy—Live cell confocal microscopy was performed
essentially as described (20). To visualize Pot1p-GFP fluores-
cence, images were acquired as z-stacks at 125-nm intervals
using a modified LSM510 META confocal microscope
equipped with a Plan-Apochromat X63/1.4 numerical aperture
oil differential interference contrast objective (Carl Zeiss) with
the microscope pinhole adjusted to 1 Airy unit. A piezoelectric
actuator was used to drive continuous objective movement,
allowing for the rapid collection of z-stacks. GFP was excited
with a 488-nm laser, and its emission was collected using a
505-nm long pass filter. Acquired three-dimensional data sets
of the GFP fluorescence channel were deconvolved using algo-
rithms provided by Huygens Professional Software (Scientific
Volume Imaging). Images were processed to remove noise and
reassign blur through an iterative classic maximum likelihood
estimation algorithm and a theoretical point spread function.
The transmission image was treated differently. Blue color was
applied to the transmission image using Imaris software (ver-
sion 6.1, Bitplane). The level of the transmission image was
modified, and the image was processed until only the circum-
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ference of the cell was visible. Interference from internal struc-
tures captured in the transmission images was removed in Pho-
toshop (Adobe). Imaris was used to display the deconvolved
three-dimensional data set of the GFP channel with the pro-
cessed transmission image before final figure assembly in Pho-
toshop. Peroxisome numbers per cell were manually counted in
at least 150 randomly captured cells per strain and time point
using the spot counting tool of the Imaris imaging software.

To image the intracellular distribution of Pex11p relative to
ER and peroxisome markers by immunofluorescence micros-
copy, cells were fixed by the addition of 0.1 volume of 37%
formaldehyde to the medium and then spheroblasted. Pex11p
was labeled with affinity-purified anti-Pex11p antibodies and Cy5-
conjugated secondary antibodies (Jackson ImmunoResearch).
Images were acquired as z-stacks at 300-nm intervals on a
Zeiss Imager.Z1 epifluorescence microscope using a Plan-
Apochromat X100/1.4 numerical aperture oil differential
interference contrast objective and 470/40, 546/12, and 640/30
band pass filters for excitation and 525/50, 575-640, and
690/50 band pass filters for emission of the GFP, red fluorescent
protein, and Cy5 fluorescence channels, respectively. Three-
dimensional data sets of the fluorescence channels were decon-
volved as described above and displayed as maximum intensity
projections using Imaris software prior to final image assembly
in Photoshop.

Transmission Electron Microscopy—Fixation and processing
of cells for transmission electron microscopy were carried out
as described (21). Morphometric analysis was performed using
algorithms developed by Weibel and Bolender (22).

Analysis of Transcript and Protein Abundance—Total RNA
was extracted from yeast cells by hot acidic phenol. Contami-
nating chromosomal DNA was removed by treatment with
DNase I. 20 ug of RNA was separated in 1.25% agarose gels
containing 6% formaldehyde. RNA was blotted onto nylon
membranes in 20X SSC and cross-linked to the membrane by
transillumination. Blots were hybridized under stringent con-
ditions in Rapid Hyb buffer (Amersham Biosciences) with
gene-specific probes that were **P-labeled using the Prime-It IT
random primer labeling kit (Stratagene). Blots were washed in
50% formamide and subjected to autoradiography.

For the transcriptional shut-off assay, S. cerevisiae strain
Y262 carrying a temperature-sensitive RNA polymerase II gene
(23) was cultured for 15 h in SCIM at 25 °C to induce expression
of the PEX11 gene. The culture was divided equally and resus-
pended in either YPBO or YPD medium. After 30 min of recov-
ery at 25 °C, each culture was abruptly shifted to 39 °C by the
addition of an equal volume of medium prewarmed to 50 °C.
Equal aliquots of culture were removed at regular intervals after
the temperature shift, and cells were rapidly harvested and fro-
zen in liquid nitrogen. RNA extraction and Northern blotting
were performed as described above. Transcripts were quanti-
fied using a Storm 840 PhosphorImager, and a nonlinear least
squares model was applied to determine the half-life of the
mRNA.

Whole cell lysates were prepared as described (24) and ana-
lyzed by SDS-PAGE and immunoblotting using horseradish
peroxidase-conjugated secondary antibodies and the ECL
detection system (Amersham Biosciences). Pex11p-specific

6672 JOURNAL OF BIOLOGICAL CHEMISTRY

antisera were raised in guinea pig (anti-Pex11p Q8) and rabbit
(anti-Pex11p P85) against the peptide GDEHEDHKKVLGK,
comprising aminoacyl residues 169 —181 of Pex11p, and affini-
ty-purified on immobilized peptide. Anti-Pex11p antiserum
Q23 was raised in rabbit against an N-terminal fragment of
Pex11p comprising amino acids 1-133 and affinity-purified on
recombinant protein. Affinity-purified antibodies were used at
a concentration of 0.25 ug/ml for immunoblotting and at a
10-fold higher concentration for immunofluorescence micros-
copy. All antibodies were characterized for their ability to bind
native and denatured Pex11p. Antibodies Q8 and P85 recog-
nize both native and denatured Pex11p, whereas antibody Q23
recognizes only denatured Pexllp. Only antibody Q8 was
found to immunoprecipitate Pex11p from enriched peroxiso-
mal fractions. Potlp-, Pex3p-, and actin-specific antibodies
have been described (4, 24, 25).

The stability of Pex11p was determined in cycloheximide
chase assays as described (26). To block protein synthesis, cell
cultures were treated with cycloheximide at a final concentra-
tion of 50 wg/ml and sampled periodically for immunoblot
analysis. Immunoblots were quantified using a GS-800 densi-
tometer and Quantity One version 4.3.1 software (Bio-Rad).

Metabolic Labeling and Subcellular Fractionation—Peroxi-
somes were isolated from cells after in vivo labeling with
[*?P]orthophosphate essentially as described (27). Specifically,
5 Agoo units of cells growing exponentially in YPD were seeded
into 100 ml of SCIM and grown for 15 h. Cells were either
metabolically labeled during growth in SCIM with 10 uCi/ml
H,**PO, and directly harvested, or cells were first grown in
nonradioactive SCIM, pelleted, and resuspended in the same
volume of YPD for 2 h and metabolically labeled during that
time. Cells were harvested, washed with water, and sphero-
blasted with 2 mg of zymolyase 100T/g of cells for 45 min at
30 °C. Spheroblasts were disrupted by homogenization in
buffer H (0.6 M sorbitol, 2.5 mm MES, pH 5.5, 1 mm KCI, 1 mm
EDTA, 1X complete protease inhibitors (Roche Applied Sci-
ence), 1 X phosphatase inhibitor mixture (AG Scientific)). Cell
debris and nuclei were pelleted from the homogenate by five
successive centrifugations at 1,000 X g for 6 min each to gener-
ate a postnuclear supernatant, which was subsequently sub-
jected to centrifugation at 20,000 X g for 35 min to yield super-
natant and pellet fractions. The pellet fraction was resuspended
in buffer H containing 11% Nycodenz and 1X complete prote-
ase inhibitors and overlaid onto a discontinuous gradient con-
sisting of 17, 25, 35, and 50% Nycodenz in buffer H containing
complete protease inhibitors. Organelles were separated by
centrifugation at 100,000 X g for 65 min in a Beckman NVT65.2
rotor. 275-ul fractions were collected from the bottom of the
gradient.

For metabolic labeling of cells harboring either a control
plasmid or a PHOS85 gene overexpression plasmid (pBY011 (28)
and pBY011-PHOS8S5, respectively), 10 A, units of cells grow-
ing exponentially in CSM — ura were seeded into 100 ml of
SCIM — ura and grown for 15 h in the presence of 10 uCi of
H,;**PO,/ml. Peroxisomes were isolated as described above.

Immunoprecipitation of Pex11p—Peak peroxisome fractions
obtained by discontinuous density gradient centrifugation were
used for immunoprecipitation of Pex11p. Organelles present in
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these fractions were diluted 5-fold in buffer H, pelleted by cen-
trifugation at 245,000 X g in a TLA120.2 rotor at 4 °C for 45
min, and resuspended in 100 ul of denaturing extraction buffer
(50 mm Tris-HCI, pH 7.4, 1% SDS, 1 X complete protease inhib-
itors). After boiling for 10 min, the protein extracts were diluted
by the addition of 900 ul of 50 mm Tris-HCI, pH 7.4, 2% bovine
serum albumin, and incubated on ice for 10 min. Pex11p was
recovered by immunoprecipitation for 2 h on ice using 2 ug of
an IgG fraction of antibody Q8 and adsorbed onto fixed Staph-
ylococcus aureus cells (Calbiochem). Immunoprecipitates were
washed four times in 50 mm Tris-HCl, pH 7.4, separated by
SDS-PAGE, and analyzed by either autoradiography or immu-
noblotting with antibodies P85 and Q23.

RESULTS

Pex11p Is a Phosphoprotein—Computational analysis pre-
dicted a high probability of phosphorylation of Pex11p at Ser'®®
and Ser'®” (Fig. 1A). Phosphomimicking mutants of Pex11p
were constructed by genomic replacement of sequences in the
PEX11 gene encoding both serines with triplets coding for ala-
nine or aspartic acid using the delitto perfetto transformation
strategy, which enables the modification of yeast genomic
regions without leaving traceable ex situ changes (19). The
strains obtained were designated PEX11-A and PEX11-D. To
determine whether Pex11p is phosphorylated in live cells at
the predicted residues, we measured its incorporation of
[**P]orthophosphate under different environmental condi-
tions. Peroxisome formation and Pex11p synthesis were initi-
ated by culturing cells for 15 h in oleate-containing medium
(SCIM) that enables both cell growth and peroxisome prolifer-
ation. Subcellular fractions enriched for peroxisomes were iso-
lated from cultures that had been labeled metabolically in vivo
with [*?P]-orthophosphate either during growth in SCIM or
after transfer for 2 h to rich medium (YPD) (Fig. 1B), and the
presence of Pex11p in the peroxisomal fractions was confirmed
by immunoblotting (Fig. 1C). Pex11p was recovered from these
fractions by immunoprecipitation. The **P-labeled form of
Pex11p could be detected in autoradiograms of immunopre-
cipitates from wild-type cells but not from pex1IA or PEX11-D
cells (Fig. 1D). Total Pex11p in the immunoprecipitates was
present at similar concentrations in samples from wild-type
and PEX11-D cells and absent in samples from pexIIA cells
(Fig. 1E). Quantitative comparison between phosphorylated
(Fig. 1D) and total (Fig. 1E) Pex11p revealed a more than 3-fold
increase in phosphorylated Pexllp in YPD- versus SCIM-
grown cells (Fig. 1F). These data led us to conclude that Pex11p
is phosphorylated in wild-type yeast cells at Ser'®® and/or Ser*®”
and that its phosphorylation state is dependent on nutritional
cues.

Pex11p Phosphomimicking Mutants Resemble PEX11 Gene
Overexpression and Knock-out Phenotypes—We examined the
implications of artificially locking Pex11p in a state of constitu-
tive phosphorylation or constitutive dephosphorylation on the
process of peroxisome formation. To this end, we initiated per-
oxisome biogenesis by growing wild-type and PEX11 mutant
cells harboring the peroxisomal marker Pot1p-GFP in peroxi-
some-repressing, glucose-containing YPD medium and then
resuspending them in peroxisome-inducing, oleate-containing
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FIGURE 1.In vivo phosphorylation of Pex11p. A, phosphorylation of Pex11p
atSer'® and Ser'®’ (red) was predicted by the NetPhos 2.0 server (available on
the World Wide Web). The binding regions for anti-Pex11p antibodies Q23,
Q8, and P85 are shown in dark gray. See “Experimental Procedures” for anti-
body details. B, 5 g of total peroxisomal fractions obtained by discontinuous
density gradient centrifugation from wild-type (WT), pex11A, and PEX11-D
cells were separated by SDS-PAGE and subjected to autoradiography. Before
fractionation, cells were grown either for 15 h in oleate-containing SCIM con-
taining 10 uCi of H;PO,/ml (o) or for 15 h in SCIM and then in glucose-con-
taining YPD containing 10 pCi H;PO,/ml for 2 h (glc). C, total peroxisome
fractions as shown in B were probed for the presence of Pex11p by immuno-
blotting with antibodies Q8, P85, and Q23. D, >*P-labeled Pex11p was immu-
noprecipitated from the peroxisome fractions in B with antibody Q8, sepa-
rated by SDS-PAGE, and detected by autoradiography. Numbers on the left in
B and D represent the migrations of molecular mass markers in kDa. E, the
immunoprecipitates in D were probed for total Pex11p by immunoblotting
with antibodies P85 and Q23. F, densitometric analysis of bands presented in
D and E was used to determine the ratios of phosphorylated Pex11p to total
Pex11p. Phosphorylation of Pex11p in YPD-grown cells is plotted relative to
the phosphorylation of Pex11p in SCIM-grown cells, which was normalized to
100%. The symbols present the means of three independent experiments.
Bars, S.E. aa, amino acids.

YPBO medium. Peroxisome formation was observed by confo-
cal fluorescence microscopy over a period of 20 h. Peroxisomes
became visible within 2 h after transfer, and peroxisome mor-
phologies in the wild-type and PEXI11 mutant cells became
divergent with continued incubation in YPBO. Distinct perox-
isomal phenotypes were apparent in wild-type and mutant cells
by 6 — 8 h (Fig. 2). Peroxisomes appeared enlarged and clustered
in the pex11A and PEX11-A mutants, whereas they were small,
elongated, and hyperproliferated in the PEX11-D mutant. Per-
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FIGURE 2. Time course of peroxisome formation in wild-type and Pex11p phosphomimicking mutant
cells. Wild-type and isogenic PEXT1 mutant cells expressing genomically encoded Pot1p-GFP as a fluorescent
peroxisome reporter were cultured to late exponential phase in glucose-containing YPD medium, collected by
centrifugation, and resuspended in the same volume of oleate-containing YPBO medium. Peroxisome forma-
tion was visualized by confocal fluorescence microscopy over a period of 20 h. GFP fluorescence images were
acquired as z-stacks and deconvolved and are presented as maximum intensity projections. Bar, 5 um.

oxisomes were also examined by transmission electron micros-
copy. Peroxisomes were typically found as single entities in the
cortical regions of wild-type and PEXI1I-D cells, whereas
pexIIA and PEX11-A cells frequently contained clustered
peroxisomes (Fig. 3). Morphometric analysis confirmed an
increase in peroxisome size and clustering in the pexIIA
mutant, as well as a decrease in peroxisome size concomitant
with an increase in peroxisome numbers in the PEX1I-D
mutant (Table 2). Although peroxisomes in the PEX1I-A
mutant were not significantly different in size from peroxi-
somes in the wild-type strain, the extensive clustering observed
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in the PEX11-A mutant may con-
tribute to the appearance of fewer
and enlarged peroxisomes in light
microscopy (Fig. 2 and Table 2).

In summary, the observed hypo-
and hyperproliferation of peroxi-
somes in PEX11-A and PEXI11-D
cells are strongly reminiscent of
the phenotypes previously described
for PEX11 gene deletion and overex-
pression strains, respectively (15, 16).

PEX11 Transcript and Pex11 Pro-
tein Levels Are Unaltered in the
Phosphomimicking Mutants—Rela-
tive transcript and protein abun-
dance of various peroxisomal mark-
ers with time of oleate incubation
was determined to ascertain
whether the phenotypes observed in
the phosphomimicking mutants
were due to changes in PEX11 gene
expression and/or Pexll protein
levels. PEX11 and POT1 genes share
a similar promoter structure and are
strongly inducible by fatty acids (14,
29), whereas PEX3 expression is
only weakly responsive to the pres-
ence of fatty acids (27) and can
therefore be used for normalization
of data. When cells were transferred
from glucose-containing YPD me-
dium to oleate-containing YPBO
medium, robust up-regulation of
PEX11 transcript over time was
observed (Fig. 4A). PEXII tran-
script abundance was similar in
wild-type and mutant strains.

Immunoblot analyses using dif-
20 ferent Pex11p-specific antibodies
revealed differences in their ability
to recognize the constitutively de-
phosphorylated and constitutively
phosphorylated forms of Pexllp
(Fig. 4B). Using antibody Q8, we
observed decreased levels of
Pex11Ap and increased levels of
Pex11Dp. Although Pex11p became
detectable in wild-type cells at 2 h of oleate incubation and
continued to accumulate over time, Pex11Ap was greatly
reduced in overall amount and only became detectable at 8 h of
incubation in oleate medium. In contrast, Pex11Dp was already
detectable in glucose-grown cells (0 h) and accumulated mas-
sively with time after transfer to oleate medium (Fig. 4B). Con-
versely, immunoblotting with antibody P85 showed that
Pex11p accumulated with similar kinetics and abundance in the
wild-type and phosphomimicking strains after transfer to
oleate medium (Fig. 4B). Similar results were obtained when
probing with antibody Q23 or with an anti-GFP antibody to
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FIGURE 3. Peroxisome ultrastructure in wild-type and Pex11p phospho-
mimicking mutant cells. The same strains as in Fig. 2 were grown for 16 h in
oleate-containing SCIM and processed for electron microscopy. WT, wild
type. P, individual peroxisomes. Bar, 0.5 um.

TABLE 2
Morphometric analysis of peroxisomes

Values were determined from three independent experiments in which over 200
micrographs per strain were analyzed.

Strai Average peroxisome Numerical density Clustered
train . a . b
area = S.E of peroxisomes' peroxisomes
wi’ peroxisomes/wm’ % of total

Wild type 0.035 £ 0.0011 1.14 8.75
pexIlIA 0.079 = 0.0032° 0.65 20.85
PEX11-A 0.039 * 0.0013 1.21 18.52
PEX11-D 0.017 = 0.00076° 4.46 7.86

“ Density is shown in number of peroxisomes/um? of cell volume (22).

b A peroxisome was designated as “clustered” if it was less than its own diameter
apart from a neighboring peroxisome.

¢ Significantly different from the measurement of the wild-type strain as determined
by a non-parametric Kruskal-Wallis test (p < 0.0001), followed by Dunn’s multi-
ple comparison test (p < 0.05).

detect genomically encoded Pex11p-GEP fusion proteins (data
not shown). Thus, antibody Q8 cannot faithfully detect overall
cellular Pex11p, perhaps because the epitope to which it was
raised is near the sites of Pex11p phosphorylation (Fig. 14), and
dynamic changes at these sites resulting from phosphorylation
and dephosphorylation could affect recognition of Pex11 pro-
tein by antibody Q8.

Phosphomimetic Pex11Dp Actively Promotes Peroxisome
Proliferation—To elucidate whether the phosphorylated and
dephosphorylated forms of Pex11p are intrinsically different in
their activities, we measured the effect of their reintroduction
into cells with preformed peroxisomes. We inserted the induc-
ible GALI promoter upstream of the PEX11, PEX11-A, and
PEX11-D genes to dissociate their expression from induction
by oleate and then initiated their expression by the addition of
galactose. Peroxisome formation was begun by culturing these
strains containing the peroxisomal reporter Pot1p-GFP for 15 h
in oleate-containing SCIM. At the time of galactose addition,
Pex11 proteins were not detectable (Fig. 54), and the typical
pex1IA phenotype of a few enlarged and clustered peroxisomes
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FIGURE 4. PEX11 transcript and Pex11 protein levels in phosphomimick-
ing mutants. A, Northern blots of total RNA prepared from wild-type (WT)
and PEX11 mutant strains. Cells were grown to late exponential phase in glu-
cose-containing YPD medium and then resuspended in the same volume of
oleate-containing YPBO medium. Samples were withdrawn at 0, 2, 4,and 8 h
of incubation in YPBO. Blots were hybridized with probes specific for the
PEX11, POT1, and PEX3 genes. B, immunoblots of whole cell lysates prepared
from the same cultures as in A probed with the Pex11p-specific antibodies Q8
and P85 as well as with Pot1p- and Pex3p-specific antibodies. One of four
independent experiments with similar results is presented.

was apparent (Fig. 5B). Expression of the different PEX11 genes
following galactose addition was monitored by immunoblot-
ting for the wild-type and mutant forms of Pex11p (Fig. 5A).
Pex11Ap was not produced at detectable levels under these
conditions in several independent transformants carrying
GALI promoter insertions or even in a strain carrying an addi-
tional high copy number galactose-inducible plasmid. There-
fore, Pex11Ap was excluded from further analysis. In contrast,
Pex11p and Pex11Dp were expressed at comparable levels, as
determined by immunoblotting with antibody P85 (Fig. 5A).
Peroxisomes started to divide 30 min following galactose addi-
tion, and elongation of peroxisomes was observed in cells of the
PEX11-D strain at this time (Fig. 5B). By 120 min of galactose
addition, dramatic differences in peroxisome morphology and
numbers were apparent in cells of the wild-type and PEX11-D
strains. Cells expressing Pex11p typically contained 25 or fewer
peroxisomes, and only a few elongated peroxisomes per cell
were observed (Fig. 5, B and C). In contrast, cells expressing
Pex11Dp contained peroxisomes that were irregularly shaped
and elongated and, in a significant proportion of cells, between
25 and 100 peroxisomes were present (Fig. 5, B and C). We
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FIGURE 5. Pex11Dp actively promotes peroxisome proliferation. A, comparison of Pex11p and Pex11Dp
production arising from transcription of their respective genes under control of the GALT promoter. Wild-type
(WT) and PEX11-D mutant cells containing an integrated GALT promoter upstream of the PEX11 and PEX11-D
genes and harboring the Pot1p-GFP peroxisomal marker were cultured for 15 h in oleate-containing SCIM to
induce peroxisome formation. Expression of Pex11p and Pex11Dp was then induced by the addition of galac-
tose to a final concentration of 0.5%. Samples were withdrawn at 0, 30, and 120 min after galactose addition.
Immunoblots of total cell lysates were performed with antibodies Q8 and P85 and antibodies to actin, which
served as a loading control. B, peroxisome phenotypes in cells reexpressing Pex11p and Pex11Dp after galac-
tose addition. Fluorescence images of the GFP channel at 0, 30, and 120 min after galactose addition to the
same cells as in A were recorded as z-stacks and deconvolved and are presented as maximum intensity pro-
jections. Bar, 5 um. C, peroxisome numbers per cell in the wild-type and PEX11-D strains at 0, 30, and 120 min
after galactose addition. Peroxisome counts were performed on 50 randomly recorded cells per time pointand
strain. All peroxisome counts from three independent experiments are shown.

120

somes and a concomitant loss of
Pot1p-GFP signal (data not shown).
Our findings show that Pex11Dp
actively promotes peroxisome divi-
sion and suggest that phosphoryla-
tion of Pex11p leads to its activation
in its role in the peroxisome prolif-
eration process.

Pex11p Localization to the Endo-
plasmic Reticulum and Peroxisomes
Is Altered in the Pex1lp Phospho-
mimicking Mutants—To begin to
understand how phosphorylation
might act on Pex11p in the cell, we
examined its intracellular distribu-
tion under conditions leading to
changes in its phosphorylation
state. Pex11 proteins have previ-
ously been reported to be confined
to the peroxisomal membrane (for
reviews, see Refs. 9, 10, and 30).
However, we observed by immuno-
fluorescence microscopy that the
exclusively punctate pattern of a
typical peroxisomal protein could
not always be established for
Pex11p. We assessed the localiza-
tion of Pex11p relative to markers
for cortical ER and peroxisomes
(Fig. 6, WT). Detection with anti-
body Q8 showed Pex11p in patch-
like elements at the cell periphery
of SCIM-grown wild-type cells.
Remarkably, Pex11p and Potlp did
not colocalize extensively but com-
partmentalized to different struc-
tures. A high degree of overlap of
Pex11p with the cortical ER protein
Rtnlp suggested an ER localization
of Pex11lp under these conditions
(Fig. 6A, WT). The affinity of anti-
body Q8 for Pex11Dp (see Fig. 4B)
could lead to a preferential recogni-
tion of the phosphorylated form(s)
of Pex11lp in immunofluorescence
microscopy. Comparison with the
staining pattern obtained with the
Pex1lp concentration-dependent
antibody P85 revealed a broader dis-
tribution of Pex11p and cocompart-
mentalization with both Rtnlp and
Potlp (Fig. 64, WT). Transfer of

observed hyperproliferation of peroxisomes in the PEX11-D
strain even when reducing the concentration of Pex11Dp sig-
nificantly below the concentration of Pex11p through titration
of the amount of galactose added (data not shown). Further-
more, continued galactose-driven expression of Pex11Dp fre-
quently led to a complete fragmentation of existing peroxi-
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cells to glucose-containing YPD medium, previously shown to
increase the phosphorylation of Pex11p (see Fig. 1D), elicited
extensive changes in the intracellular distribution of Pex11p.
Within 2 h after transfer to YPD medium, both the Q8 and P85
antibodies detected the entire Pex11p pool no longer in the
cortical ER but colocalizing with Potlp-positive structures
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FIGURE 6. Nutrient-dependent changes in the compartmentalization of Pex11p. Immunofluorescence
microscopy of Pex11p localization in wild-type (WT) and PEXT1 mutant strains. Cells harboring the markers
Rtn1p-mRFP and Pot1p-GFP for cortical ER and peroxisomes, respectively, were cultured for 15 h in SCIM and
fixed directly (A), or a fraction of them was transferred to YPD medium and incubated for 2 h prior to fixation (B).
Pex11p was detected by anti-Pex11p antibodies Q8 and P85 and Cy5-conjugated secondary antibodies. GFP,
mRFP, and Cy5 fluorescence images were acquired as z-stacks and deconvolved and are presented as maxi-
mum intensity projections. Single channel presentations are in monochrome mode. In the merged images,
Pex11p- and Rtn1p/Pot1p-specific signals are pseudocolored red and green, respectively. No Pex11p-specific
signal was detectable in the pex77A mutant by either Q8 or P85 antibody, and organelle morphologies in all
strains were the same when Pex11p was not immunodecorated (data not shown). Bar, 2 um.

from wild-type Pex11p (Fig. 6, A and
B). In both SCIM and YPD medium,
Pex11Ap was confined to a few
punctae that closely followed the
distribution of Potlp and did not
overlap with Rtnlp. Pex11Dp was
found in punctate and reticular ele-
ments in close apposition to numer-
ous Potlp-positive and Rtnlp-posi-
tive foci and therefore appeared to
be enriched at a potential ER-perox-
isome interface. Importantly, there
were no differences in detection of
Pex11Ap and Pex11Dp by antibod-
ies Q8 and P85, and no changes in
the intracellular distribution of
Pex11Ap and Pex11Dp were ob-
served after shifting cells from
SCIM to YPD medium (Fig. 6, A and
B). Therefore, the change in intra-
cellular distribution upon the shift
from oleate-containing SCIM to
glucose-containing YPD appears to
be a feature of wild-type Pex1lp
alone. We also noticed that the dif-
ferent compartmentalization of
Pex1lp, Pex11Ap, and Pex11Dp
affected not only peroxisome abun-
dance but also the organization of
the cortical ER. Irrespective of
nutrient condition, cortical ER
was ring-shaped and peripherally
located in cells of the PEXII-A
mutant, whereas it was highly frag-
mented and distributed generally in
cells of the PEX11-D mutant. In
wild-type cells, the cortical ER
structure usually became less frag-
mented and more continuous after
the shift from SCIM to YPD
medium.

The observed differences in the
intracellular localization of wild-
type Pex11p could be due to either
the trafficking of preexisting Pex11p
from the ER to peroxisomes or to
the import by peroxisomes of newly
synthesized Pex11p followed by its
degradation at the ER. To distin-
guish between these possibilities,
we used transcriptional and transla-
tional shut-off assays to examine the
effect of incubating cells in oleate
(YPBO) or glucose (YPD) medium
on the stability of PEX11 transcript

(Fig. 6B, WT). Pex11Ap mimicking constitutively dephosphoryla- and Pex11 protein. We found that PEX11 transcript was rapidly
ted Pex11p and Pex11Dp mimicking constitutively phosphory-  destabilized in YPD, whereas Pex11 protein was stable in both
lated Pex11p differed strongly in their patterns of localization = YPBO and YPD (supplemental Fig. S1). Because Pex11p cannot
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tained significantly reduced levels of
Pex11p as detected by immunoblot-
ting with antibody Q8. We reasoned
that although this antibody is not
phosphorylation-specific, its prefer-
ential recognition of the Pex11D
form of Pexllp could enable the
identification of a kinase deletion
mutant in which the phosphoryla-
tion of Pexllp is compromised.
Only one deletion strain, pho85A,
fulfilled the requirement of oleate-
induced transcriptional up-regula-
tion of the PEXII gene together
with lack of recognition of Pex11p
by antibody Q8 (supplemental Fig.
S2), making Pho85p a prime candi-
date for a kinase acting in a signaling
pathway leading to the phosphory-
lation of Pexllp at Ser'®® and/or
Ser'®” in cells.

We assayed the effects of overex-
pression of the PHOS8S5 gene on
Pex11p phosphorylation, its intra-
cellular distribution, and peroxi-
60 some population control. When
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FIGURE 7. Pho85p acts on the Pex11p-dependent pathway of peroxisome proliferation. A, overexpression of
the PHO85 gene leads to increased Pex11p phosphorylation. Wild-type yeast cells harboring either a control plasmid
ora PHO85 overexpression plasmid were grown for 15 hiin SCIM in the presence of 10 uCi/ml [*2Plorthophosphate,
and peroxisomal fractions were isolated before or 2 h after the addition of galactose to a final concentration of 0.5%
to induce gene expression. Pex11p was immunoprecipitated from the peroxisomal fractions as described in the
legend to Fig. 1. Depicted are phosphorylated (top panel, autoradiogram) and total Pex11p (middle and bottom
panels, immunoblots) present in the immunoprecipitates. Quantification of Pex11p phosphorylation was per-
formed from two independent experiments as described in the legend to Fig. 1. B, localization of Pex11p in cells
overexpressing the PHO85 gene. The intracellular distribution of Pex11p relative to the cortical ER marker Rtn1p and
the peroxisomal marker Pot1p was visualized by immunofluorescence microscopy as described in the legend to Fig.
6 using anti-Pex11p antibody P85 for the detection of Pex11p. Depicted are cells at 0 and 120 min after the galactose
addition. Bar, 2 um. C, the peroxisome population is altered in cells overexpressing PHO85. Peroxisome morpholo-
gies were visualized by confocal fluorescence microscopy, and peroxisome numbers were determined as described
in the legend to Fig. 5 in wild-type (WT) and pex11A cells expressing either control or PHO85 overexpression plas-

mids at 0 and 120 min after the galactose addition. Bar, 5 um.

be newly synthesized and is also not degraded when cells are trans-
ferred from oleate to glucose medium, we conclude that translo-
cation of preexisting Pex11p and not newly made Pex11p accounts
for the changes in Pex11p intracellular distribution.
Overproduction of the Kinase Pho85p Leads to Hyperphos-
phorylation of Pex11p, Its Recruitment to Peroxisomes, and Per-
oxisome Proliferation—In an attempt to identify the kinase
phosphorylating Pex11p in vivo, we queried a library of nones-
sential kinase gene deletion strains (31) for mutants that con-
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tion of Pex11p, we performed meta-
bolic in vivo labeling of wild-type
cells with [**P]orthophosphate in
SCIM, as described for Fig. 1, and
immunoprecipitation of Pexllp
from enriched peroxisomal frac-
tions isolated from cells before or
after galactose induction of a con-
trol plasmid or a PHOS85 overex-
pression plasmid (Fig. 7A). Phos-
phorylation of Pex11p was strongly
increased from its basal level 2 h
after overexpression of Pho85p (Fig.
7A). We compared the intracellular
distribution of Pexllp in cells
before and after Pho85p overexpression. We observed a dual
localization of Pex11p to punctate and reticular structures in
cells prior to overexpression of Pho85p, which is consistent
with the results obtained for localization of Pex11p in SCIM-
grown wild-type cells (Fig. 6A). After overexpression of
Pho85p, the Pex11p signal became concentrated in punctate
structures that overlapped Potlp-positive structures (Fig. 7B).
The addition of galactose by itself did not elicit a relocalization
of Pex11p, because Pex11p distribution remained unchanged in
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cells containing the control plasmid (Fig. 7B). Finally, we inves-
tigated the effect of overexpressing the PHO85 gene on cellular
peroxisome populations. Increased levels of Pho85p led to elon-
gation and proliferation of peroxisomes (Fig. 7C). This effect
was Pexllp-dependent because no changes to peroxisome
morphology and numbers were noted upon overproduction of
Pho85p in a pexIIA strain (Fig. 7C). Collectively, these data
suggest that Pho85p acts in a pathway that leads to phosphor-
ylation-induced activation of Pex11p in peroxisome division.

DISCUSSION

Biological systems use regulatory networks, such as kinase/
phosphatase signaling, to rapidly integrate a multitude of indi-
vidual sensory input events into a coordinated biological
response. We are investigating a role for phosphorylation in the
peroxisome biogenic program and have previously reported the
results of a global analysis of signaling pathways regulating fatty
acid-inducible gene expression and peroxisome assembly (31,
32). In that study, yeast strains individually deleted for 249
kinases and phosphatases were evaluated for the production of
a peroxisomal reporter as a transcriptional readout for nutri-
ent-induced changes in gene expression as well as for changes
in peroxisome morphology and metabolic functionality. The
study enabled the delineation of several pathways involved in
early and late events of peroxisome biogenesis and established a
framework for a more focused analysis of how phosphoryla-
tion/dephosphorylation controls the activity of individual per-
oxins to dynamically modulate the peroxisomal compartment.

Here we describe a mechanism for the adjustment of cellular
peroxisome populations by phosphorylation-dependent regu-
lation of Pex11p. An analysis of antagonistic phosphomimick-
ing mutants of Pex11p showed that the phenotypes of cells
expressing these mutant forms of Pex11lp resemble those of
PEX11 gene overexpression and knock-out strains (15, 16),
with hyperproliferated and small peroxisomes present in cells
expressing Pex11Dp and enlarged and clustered peroxisomes
found in cells expressing Pex11Ap, respectively. However, the
phosphomimicking mutant forms of Pex11p exert their effects
on the number and size of peroxisomes in a strictly posttran-
scriptional manner. Our data confirm previous studies showing
that Pex11lp acts on peroxisome numbers and expand our
understanding of the control of peroxisome dynamics by add-
ing another layer of regulation to this process (i.e. the posttrans-
lational modification of Pex11p) in addition to the previously
established regulation of transcription of the PEX11 gene.

How might phosphorylation of Pex11p control cellular per-
oxisome abundance? We envision that within a given cell,
dephosphorylated and phosphorylated forms of Pex11p coexist
in a dynamic flux. The functional differences between these
Pex11p species became evident after locking them in their
phosphorylation state in the phosphomimicking mutants. A
striking property of Pex11Ap and Pex11Dp is their constitutive
association with mature and proliferating peroxisomes, respec-
tively. Wild-type Pex11p, in contrast, translocates between the
ER and peroxisomes in a phosphorylation-dependent manner.
Phosphorylation- and multimerization-controlled anterograde
transport of membrane proteins in the secretory pathway has
been demonstrated (33). Despite the fact that no canonical ER
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targeting signals have been identified in Pex11p, its ability to
multimerize (34) and its modification by phosphorylation as we
report here make Pex11p an optimum candidate for this type of
protein trafficking. Although our findings do not preclude the
conventionally accepted role for Pex1llp in the division of
mature peroxisomes (35), our observations also place Pex11p at
an early step of peroxisome biogenesis at the interface between
ER and peroxisomes. A recent report of the dual localization of
Pex30p and Pex31p, which putatively act late in peroxisome
biogenesis to control peroxisome size and number, to ER and
peroxisomes (36) has challenged the view that these proteins
act exclusively post-ER to control peroxisome dynamics. Our
data suggest that the dynamic association of Pex11p with both
compartments may be a prerequisite for balanced peroxisome
formation. Determination of how the positioning of Pex11p in
the secretory pathway mechanistically controls peroxisome
abundance awaits further experimentation. However, a regula-
tory function for the multicompartmentalization of PMPs is
becoming apparent. The storage of peroxins in the ER and their
translocation to peroxisomes in response to specific signaling
events as shown here for Pex11p can provide the cell with the
ability to modulate the peroxisomal compartment rapidly and
flexibly in response to changing internal and external condi-
tions. Taken together, our findings provide further evidence
that peroxisomal membrane proteins originate at the ER and
that peroxisomes thus represent one of the many branches
of the secretory pathway (37-39).

Involvement of the multifunctional kinase Pho85p in a path-
way leading to increased Pex11p phosphorylation suggests that
distinct signaling events converge on Pex11p. Pho85p binds
multiple cyclins (40) and via activation of Pex11p may thus
provide a previously suggested link (41) between cell cycle pro-
gression and peroxisome division. Another important function
of Pho85p lies in the repression of stress responses. Pho85p is
active and phosphorylates numerous target proteins when
environmental conditions are optimal (42), which may explain
the increased level of Pex11p phosphorylation in rich glucose
medium. We envision that Pho85p-mediated phosphorylation
of Pex11p may also lead to its exit from the ER, its association
with peroxisomes, and its subsequent degradation by pexo-
phagy. Whether Pex11p is additionally targeted by other, Pho85p-
independent signaling pathways remains to be determined.

Our previous study of global kinase function (31) and this cur-
rent study of the phosphorylation-dependent modulation of
Pex11p have begun to define the role that phosphorylation plays in
controlling peroxisome biogenesis. For the first time, we have
shown how phosphorylation can activate a peroxin to regulate
peroxisome dynamics. Our ultimate goal is a comprehensive
understanding of the signaling mechanisms governing the forma-
tion, maintenance, and inheritance of the peroxisome.
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