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Gpdlp is a cytosolic NAD*-dependent glycerol 3-phosphate
dehydrogenase that also localizes to peroxisomes and plays an
essential role in the cellular response to osmotic stress and a role
in redox balance. Here, we show that Gpdl1p is directed to per-
oxisomes by virtue of an N-terminal type 2 peroxisomal target-
ing signal (PTS2) in a Pex7p-dependent manner. Significantly,
localization of Gpd1p to peroxisomes is dependent on the met-
abolic status of cells and the phosphorylation of aminoacyl res-
idues adjacent to the targeting signal. Exposure of cells to
osmotic stress induces changes in the subcellular distribution of
Gpdlp to the cytosol and nucleus. This behavior is similar to
Pnclp, which is coordinately expressed with Gpd1p, and under
conditions of cell stress changes its subcellular distribution
from peroxisomes to the nucleus where it mediates chromatin
silencing. Although peroxisomes are necessary for the 3-oxida-
tion of fatty acids in yeast, the localization of Gpd1p to peroxi-
somes is not. Rather, shifts in the distribution of Gpd1p to dif-
ferent cellular compartments in response to changing cellular
status suggests a role for Gpd1p in the spatial regulation of redox
potential, a process critical to cell survival, especially under the
complex stress conditions expected to occur in the wild.

Glycerol 3-phosphate dehydrogenase (Gpd1p) is one of two
NAD"-dependent glycerol 3-phosphate dehydrogenases in
yeast (1, 2). It is classically defined as a cytosolic enzyme that
catalyzes the conversion of dihydroxyacetone phosphate
(DHAP)> and NADH to glycerol 3-phosphate (Glycerol
3-phosphate) and NAD™" (2). In unstressed cells, this reaction
prevents the accumulation of DHAP (3), which can otherwise
be transformed into methyl glyoxylate (MG) (3, 4), a toxic com-
pound that interacts with proteins (5-7). This reaction also
allows for the reoxidation of NADH to NAD ™, which can serve
as a buffer for cytosolic redox balance, compensating for cellu-
lar reactions that produce NADH (2). Moreover, glycerol
3-phosphate is a key metabolite for the synthesis of glyceride
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lipids and phospholipids, as well as for the formation of glycerol
(8-12).

Under hyperosmotic stress, Saccharomyces cerevisiae, as well
as other yeasts, accumulates glycerol as a major solute (13, 14).
This increased production of glycerol is caused mainly by an
enhanced activity of Gpd1p, and accordingly, Gpd1p is essen-
tial for growth under osmotic stress (2, 15). In addition, GPD1
expression is altered by a wide variety of stresses, including
heat, cold, and oxidative stress (16 —18), suggesting its regula-
tion is controlled by stress. Genome-wide monitoring of tran-
script changes in yeast under various stress conditions also
showed that GPD1I belongs to a large group of common stress-
response genes (19, 20); however, its regulation is complex and
appears to be controlled by multiple signaling pathways (21).
This likely reflects the multiple metabolic changes that yeast
cells undergo in response to different stresses (19, 22, 23) and
the function of Gpd1p at the interface of many metabolic path-
ways, including glycolysis, glycerolipid and phospholipid bio-
synthesis, and glycerol metabolism (8-12). Together, these
data implicate Gpdlp in the coordination of multiple stress-
responsive metabolic processes.

Gpdlp is generally considered a cytosolic protein, but quan-
titative mass spectrometry of the S. cerevisiae peroxisomal pro-
teome and live cell fluorescence microscopy identified a pool of
Gpd1lp in peroxisomes (24, 25). Peroxisomes play major roles in
oxidative stress in both the generation of, and protection of cells
from, reactive oxygen species (26). This link to cellular stress
has also implicated peroxisomes in aging; however, this rela-
tionship remains unclear. Although numerous studies have
characterized important roles for Gpdlp in osmoregulation
and other central metabolic processes, relatively little attention
has been paid to its cellular localization and, in particular, its
localization to peroxisomes.

Peroxisomal matrix proteins are imported into the organelle
by one of two pathways (27, 28). Most matrix proteins harbor a
C-terminal peroxisomal targeting signal type 1 (PTS1) having
the consensus (S/A/C)(K/R/H)(L/M). This signal is recognized
by Pex5p, which through interactions with membrane protein
receptors mediates import into the peroxisome (29, 30). A sec-
ond type of peroxisomal targeting signal, PTS2, is recognized by
Pex7p (28, 30) and is usually located near the N terminus of
proteins (31). The consensus sequence of PTS2 is defined as
(R/K)(L/V/T)X(Q/H)(L/A/T). Only two S. cerevisiae peroxiso-
mal proteins, Potlp (3-ketoacyl-CoA thiolase) and Pcdlp (per-
oxisomal nudix pyrophosphatase), are known to be dependent
on PTS2 (32, 33).
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We have investigated the localization of Gpdlp to peroxi-
somes. We demonstrate that Gpdlp localization to peroxi-
somes requires an N-terminal PTS2 and Pex7p. We also found
that Gpdlp dynamically changes its subcellular distribution
among the cytosol, peroxisome, and nucleus depending on the
type of cellular stress, becoming primarily peroxisomal upon
exposure to the fatty acid, oleic acid, and nucleus upon expo-
sure to osmotic stress. Similar dynamics were investigated for
Pnclp, a peroxisomal protein also implicated in cellular stress
and aging (34). Perturbations of normal distribution dynamics
for Gpdlp suggest the controlled subcellular distribution of
Gpdlp among these compartments is important for cells to
respond appropriately to different environmental stresses.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—The yeast strains used in this
study were derived from the parental strain BY4742 and corre-
sponding deletion strain library (ResGen) or the GFP clone
library (Invitrogen), unless otherwise indicated. For subtelo-
meric silencing assays, strains were derived from strain Y77249
(35). Yeast deletions were made by targeted PCR disruption.
Genomically integrated GFP, red fluorescent protein, mCherry,
and protein A fusions and pPOTI-RFP were made as described
previously (24). pGPDI-GFP was constructed by ligating a PCR
product of GPDI (encompassing nucleotides —519 to +1771,
where +1 is the A of the start codon) in-frame and upstream of
the coding sequence for GFP into pRS315 (CEN and LEU2).
PANGPD1-GFP lacking the 17 N-terminal amino acid residues
after the start codon was generated by overlap extension PCR
with pGPD1-GFP as a template, using internal primers to delete
base pairs 4 —54 from the start codon in pRS315. pGPD1-GFP-
SKL was constructed by PCR-directed mutagenesis to yield
GPDI-GFP containing a 3'-extension encoding a tripeptide
PTS1 (Ser-Lys-Leu) using pGPDI-GFP as a template in
pRS315. pGPD1-GFP-NLS was constructed by PCR-directed
mutagenesis to yield GPDI-GFP containing a 3'-extension
encoding an SV40 nuclear localization sequence (PKKKRKYV)
using pGPD1-GFP as a template in pRS316. pANGPDI1-GFP-
NLS was constructed by PCR-directed mutagenesis to yield
ANGPDI1-GFP containing a 3’-extension encoding an SV40
nuclear localization sequence (PKKKRKYV) using pANGPDI-
GFP as a template in pRS315. pGPDI(Ser to Ala)-GFP and
pGPDI(Ser to Asp)-GFP were made by site-directed mutagen-
esis of pGPD1-GFP to convert amino acid residues 24 and 27 of
Gpdl1p to alanine or aspartic acid, respectively.

Culture Conditions—The following media were used for cell
culture: YPD (1% yeast extract, 2% peptone, 2% glucose) and
SCIM (0.7% yeast nitrogen base, 0.5% yeast extract, 0.5% pep-
tone, 0.5% Tween 40, 0.79 g of complete synthetic medium/
liter, 0.5% (NH,),, and 0.15% oleic acid). When marker selec-
tion was required for each strain, defined synthetic medium
(SM) supplemented with the necessary amino acids or nucleo-
tides was also used; glucose at 2% or oleic acid (0.15%) plus
Tween 40 (0.5%) was added as a carbon source. Agar was added to
2% in solid media. Cell densities of liquid cultures were determined
from absorbance measurements at 600 nm using a BioPhotometer
(Eppendorf). For growth assays, precultures (5 ml) were grown
overnight at 30 °C on a rotator, inoculated to A4, 0.1- 0.2 in fresh
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medium, grown to mid-exponential growth phase (44, 0.8—-1),
and diluted 10-fold into glucose, oleic acid, or 1 M NaCl stress
media. The growth of cells was recorded every 15 min using a
Bioscreen (Oy Growth Curves AB Ltd.).

Fluorescence Microscopy—Confocal images were collected
on an inverted microscope (model DM IRBE, Leica) witha TCS
SP2 confocal system equipped with an HCX PL APO X100/
1.40 oil objective (Leica). Wide field images were obtained
using a DeltaVision imaging system (Applied Precision)
equipped with an Olympus IX-71 wide field microscope with a
250-watt xenon LED transillumination light source. All images
were of cells harvested at the exponential phase of growth.

Subcellular Fractionation—Subcellular fractionation was
performed as described previously (24, 36). Briefly, yeast cells
were grown to mid-exponential growth phase (44,, ~1) in SM-
Leu. Cells were harvested, washed, and converted to sphero-
plasts with 1 mg of Zymolase 100T/g of cells for 1 h at 30 °C.
Spheroplasts were lysed by homogenization in MES buffer
(0.65 M sorbitol, 5 mm MES, pH 5.5) containing 1 mm KCl, 1 mm
EDTA, 0.2 mMm phenylmethylsulfonyl fluoride, 0.4 ug of pepsta-
tin A/ml, 1X SIGMAFAST™ protease inhibitor (Sigma). Cell
debris and nuclei were pelleted from the homogenate by cen-
trifugation for 10 min at 2,000 X g to generate a postnuclear
supernatant, which was subjected to 20,000 X g, . for 30 min
to yield a supernatant (20KgS) and a pellet (20KgP).

Western Blotting—For Western blotting, protein A was
detected using affinity-purified rabbit IgG (Cappel), GFP using
mouse anti-GFP, C-terminal SKL using an anti-SKL polyclonal
antibody (37), and Gsplp using rabbit polyclonal antibodies
directed against Gsplp (38). Antibody binding was visualized
using secondary antibodies coupled to horseradish peroxidase
(Amersham Biosciences) and ECL detection reagents (Pierce).

Analysis of Expression Profiles—The expression profiles for
genes encoding peroxisomal proteins were log,-transformed
and analyzed using Cluster and Treeview software (39). Genes
were clustered hierarchically using default parameters and
average linkage clustering. A Pearson correlation was used as
the similarity metric. Genes in the entire yeast genome with the
expression profiles most similar to that of GPD1 were identified
using Pearson correlation.

Subtelomeric Silencing—The subtelomeric silencing assay
was performed as described previously (40). Briefly, cells were
pre-grown in synthetic media lacking uracil, collected, and
resuspended in water. The cell mixtures were normalized to an
absorbance of 1.0 and then serially diluted in 10-fold incre-
ments. Five ul of each dilution were spotted onto complete SM
medium (CSM) and CSM with 1% 5-fluoroorotic acid. Plates
were incubated at 30 °C for 2 days.

RESULTS

Gpdlp Is Both Peroxisomal and Cytosolic—Gpdlp tagged
with GFP (Gpd1p-GFP) was visualized by fluorescence micros-
copy of cells either metabolizing glucose, a condition in which
peroxisomes are dispensable, or incubated in oleic acid, a con-
dition in which cells require functional peroxisomal fatty acid
B-oxidation for growth (41) and peroxisomes proliferate (42).
In glucose medium, Gpd1p-GFP localized to punctate struc-
tures like the well characterized peroxisomal matrix protein,
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FIGURE 1. Cellular localization of Gpd1p. A, fluorescence micrographs depicting the subcellular localization
of Gpd1p, Pot1p, and Pex3p genomically tagged with GFP in cells grown in glucose medium. B, double-
labeling fluorescence confocal microscopy images of glucose-grown cells synthesizing genomically encoded
Gpd1p-GFP and containing a plasmid coding for peroxisomal thiolase tagged with monomeric red fluorescent
protein (Pot1p-RFP) showing co-localization of the two signals to punctate structures characteristic of peroxi-
somes (Overlay). C, fluorescence confocal microscopy images of doubly labeled cells as in B but incubated in
oleic acid medium for 16 h. D, double-labeling fluorescence micrographs showing co-localization of Gpd1p-
mCherry with Pex13p-GFP in glucose grown cells. E, localization of Gpd1p-GFP, Pot1p-GFP, and Pex3p-GFP in
wild-type cells. The time in oleic acid medium is indicated. Bars, 10 um.

thiolase (Potlp-GFP), or a peroxisomal membrane protein
(Pex3p-GFP) (Fig. 1A). These structures were confirmed to be
peroxisomes by double-labeling fluorescence microscopy with
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Potlp-RFP and Gpd1p-GFP in cells
grown in glucose (Fig. 1B) or oleic
acid (Fig. 1C). Interestingly, in glu-
cose-grown cells, the number of
peroxisomes labeled with Gpdlp-
GFP (~10/cell) appeared to be
greater than the number of peroxi-
somes labeled with either Potlp-
GFP or Pex3p-GFP (~4/cell) (Fig.
1A, supplemental Video S1, and
supplemental Table S1). Previous
studies have reported ~4 peroxi-
somes per glucose-grown cell (43).
This difference in the number of
peroxisomes depending on the type
of GFP-tagged peroxisomal marker
used is likely due to the inefficiency
of labeling of peroxisomes with
lowly expressed reporters; Potlp
expression is repressed in glucose
medium (44), and Pex3p is a lowly
abundant membrane protein (45).
In contrast, Gpdlp is highly abun-
dant in cells grown in glucose, facil-
itating its detection as a GFP-tagged
protein. To further confirm that
punctate structures of Gpd1p-GFP
are peroxisomes, Gpdlp-mCherry
was co-localized with Pex13p-GFP,
an abundant peroxisomal mem-
brane protein in cells grown in glu-
cose (Fig. 1D). We also observed a
diffuse cytosolic fluorescent signal
for Gpdlp-GFP, whereas Potlp-
RFP was observed to be nearly
exclusively peroxisomal, suggesting
a dual localization of Gpd1p to per-
oxisomes and the cytosol.

When cells were shifted to and
incubated in oleic acid medium, the
number of peroxisomes per cell
increased to ~15, and they clus-
tered over time (Fig. 1, C and E), as
observed previously (43). As in cells
grown in glucose, a significant por-
tion of the Gpdlp-GFP signal
remained diffuse in the cytosol in
oleic acid-incubated cells. This
agrees with previously published
reports of both cytosolic and perox-
isomal localizations for Gpdlp (24,
25) and suggests the existence
of a mechanism regulating Gpdlp
localization.

GpdIp Is Targeted to Peroxisomes

by an N-terminal PTS2—Examination of the amino acid
sequence of Gpdlp shows that its N terminus contains a
sequence of amino acids that conforms to the consensus
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FIGURE 2. PTS2-dependent targeting of Gpd1p to peroxisomes. A, se-
guence comparison of the N termini of Pot1p and Gpd1p showing they con-
tain the PTS2 consensus sequence. B, peroxisomal targeting of Gpd1p is
mediated by Pex7p. Wild-type BY4742 cells or the respective pex3A, pex5A,
and pex7A mutants synthesizing genomically encoded Gpd1p-GFP were
incubated in oleic acid medium for 8 h at 30 °C or in glucose medium and
observed by confocal microscopy. The Gpd1p-GFP chimera fails to localize to
peroxisomes in pex3A cells lacking peroxisomes and in pex7A cells lacking the
PTS2 receptor but targets efficiently to peroxisomes in pex5A cells lacking the
PTS1 receptor. Bar, 10 um. C, Gpd1p-GFP import into peroxisomes is medi-
ated by a functional PTS2 at the N terminus of Gpd1p. GFP chimeras of Gpd1p
or Gpd1p lacking its N-terminal 17 amino acids (ANGpd1p-GFP) were local-
ized in WT and gpdTA cells incubated in oleic acid or glucose medium for 8 h
at 30 °C. ANGpd1p-GFP failed to localize to peroxisomes in gpd1A but not in
wild-type cells. Bar, 10 um.

Oleic acid
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sequence for the PTS2, (R/K)(L/V/I)X(Q/H)(L/A) (Fig. 24)
(28, 31). To determine whether the peroxisomal localization of
Gpd1p is dependent on this sequence, we studied the localiza-
tion of Gpd1p-GFP in a pex3A mutant deficient in peroxisome
formation, a pexSA mutant deficient in the import of matrix
proteins targeted by a C-terminal PTS1, and a pex7A mutant
deficient in PTS2-mediated import in both oleic acid and glu-
cose media. The punctate localization of Gpd1p-GFP was lost
in the absence of the PTS2 receptor, Pex7p, but not in the
absence of the PTS1 receptor, Pex5p (Fig. 2B), suggesting that
Gpdlp import is mediated by Pex7p and that its N terminus
contains a bona fide PTS2. Support for the Pex7p-mediated
import of Gpd1p came from the mass spectrometric identifica-
tion of Pex7p in an immunopurification using Gpd1p tagged at
its C terminus with protein A (data not shown). Moreover, dele-
tion of the putative PTS2 of Gpdlp (ANGpdlp-GFP) led to a
loss of the punctate Gpd1p-GFP signal, demonstrating that the
peroxisomal targeting of Gpd1p is dependent on an N-terminal
PTS2. Interestingly, this dependence on PTS2 for the import of
Gpd1p into peroxisomes was observed only when the N-termi-
nal deletion construct of Gpd1lp was expressed in gpdIA cells
(Fig. 2C). In wild-type haploid cells harboring an intact chro-
mosomal copy of the GPDI gene, ANGpd1p-GFP again local-
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ized to punctate structures characteristic of peroxisomes (Fig.
2C), suggesting that ANGpd1p-GFP dimerizes with Gpdl1p to
be imported into peroxisomes by a “piggyback” mechanism
(32). Gpd1p has been reported to form a dimer (46).

Gpdlp Localization to Peroxisomes Is Regulated by Phos-
phorylation—A global phosphoproteomic analysis in yeast (47)
identified a phosphorylated peptide derived from Gpdlp in
which two serines, Ser-24 and Ser-27, adjacent to the PTS2
sequence of Gpd1p were shown to be phosphorylated (Fig. 3A4).
This raised the possibility that Gpd1p import into peroxisomes
could be regulated by phosphorylation. We therefore con-
structed plasmid-encoded site-directed mutants encoding chi-
meras that mimic constitutively phosphorylated (Gpd1p-GFP
(Ser to Asp)) and dephosphorylated (Gpd1p-GFP (Ser to Ala))
forms of Gpd1lp-GFP and introduced them into gpdIA cells.
Gpd1p-GFP (Ser to Ala) failed to concentrate efficiently in per-
oxisomes compared with Gpd1p-GFP or Gpd1lp-GFP (Ser to
Asp) (Fig. 3A). Although small punctate structures were
observed in cells expressing Gpd1p-GFP (Ser to Ala), our data
suggest that the import of Gpd1p into peroxisomes is increased
by phosphorylation adjacent to its PTS2 and that the cell
exploits this post-translational modification to control the
localization of Gpdlp. To confirm and extend the confocal
data, subcellular fractions from cells expressing Gpd1p-GFP,
Gpd1p-GFP (Ser to Ala), or Gpd1p-GFP (Ser to Asp) were pre-
pared by differential centrifugation (24, 36). Consistent with
the microscopy data, Western blot analysis showed that
Gpd1p-GFP (Ser to Ala) is present in reduced amounts in the
20KgP fraction compared with Gpd1p-GFP or Gpd1p-GFP (Ser
to Asp) (Fig. 3B). Taken together, these data provide strong
evidence for a role of phosphorylation of the two serine residues
of Gpd1p in efficient peroxisomal import of Gpd1p.

Gpdlp Is Not Required for Peroxisomal B-Oxidation—Be-
cause we and others have not detected differences between
gpdIA and wild-type strains in large scale screens of growth in
the presence of fatty acid (48, 49), we used more sensitive mea-
sures to determine whether Gpd1p is required for peroxisome
biogenesis or peroxisomal B-oxidation. Liquid growth assays
were done using a Bioscreen to compare the growth rates of
wild-type, pex3A, and gpdIA cells in glucose medium and oleic
acid medium (Fig. 4A4). As expected, the peroxisome assembly
mutant strain pex3A showed dramatically reduced growth in
oleic acid medium (50). In contrast, the gpdIA strain grew
essentially like the wild-type strain BY4742 in oleic acid
medium. All three strains grew comparably in glucose medium.

To determine whether the peroxisomal pool of Gpd1p affects
the growth of cells in oleic acid medium, we constructed
pGPDI1-GFP-SKL, which codes for a Gpd1p containing both a
PTS1 and PTS2 and leads to almost exclusive peroxisomal
localization of Gpdlp by both Pex5p- and Pex7p-mediated
import (Fig. 4B), and tested the effect of shifting the localization
of Gpdlp within the cell from peroxisome/cytosol to exclu-
sively peroxisome. Liquid growth assays in glucose medium and
oleic acid medium were done on gpdIA cells transformed with
pGPDI-GFP (peroxisomal/cytosolic), pANGPDI-GFP (exclu-
sively cytosolic), or pGPDI-GEP-SKL (exclusively peroxiso-
mal). Regardless of which Gpdlp-chimera they expressed,
gpdIA cells grew comparably in glucose medium or oleic acid
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FIGURE 3. Efficient peroxisomal import of Gpd1p by phosphorylation of two serine residues of Gpd1p.
A, serines 24 and 27 (underlined and in boldface) of Gpd1p were changed to alanine (Ser to Ala) or aspartic acid (Ser
to Asp), and the subcellular distributions of Gpd 1p-GFP (Ser to Ala) and Gpd1p-GFP (Ser to Asp) were examined
in glucose-grown cells by confocal microscopy. Bar, 10 um. B, distribution of Gpd1p-GFP, Gpd1p-GFP (Ser to
Ala), and Gpd1p-GFP (Ser to Asp) was analyzed by subcellular fractionation. Postnuclear supernatant (PNS),
20KgS fractions enriched for cytosol (loaded at 1 cell equivalent), and 20KgP fractions enriched for peroxisomes
and mitochondria (loaded at 10 cell equivalents) were analyzed by Western blotting using anti-GFP antibodies.
Gsp1p was used as a loading control for postnuclear supernatant and 20KgS. C-terminal SKL was used as a
loading control for the 20KgP, and the molecular weight of the band corresponds to the molecular weight of

Mdh3p.

medium (Fig. 4C), suggesting that a peroxisomal pool of Gpd1p
is not necessary for normal peroxisomal B-oxidation activity
and that Gpdlp does not play a primary role, or plays a redun-
dant role, in peroxisomal B-oxidation in yeast.

Dynamic Changes in Subcellular Distribution of Gpdlp
between the Nucleus and Peroxisomes under Stress Conditions—
Given the previously established role for Gpd1p in response to
osmotic stress, we investigated its localization over time in cells
incubated under conditions of high osmolarity. Interestingly,
Gpd1p-GFP accumulated in the nucleus after exposure of cells
to osmotic stress in medium containing 1 M NaCl (Fig. 54). We
confirmed this nuclear localization of Gpd1p by double fluores-
cence microscopy co-localization of the GFP signal with Htz1p-
RFP, a well characterized nuclear histone variant (Fig. 5B) (51).
This shift of Gpd1p to the nucleus was common to exposure to
a number of different stress conditions, including treatment
with NaCl (0.3 and 0.6 M), 1 M sorbitol, 2.5 mm dithiothreitol, or
37 °C heat shock (data not shown).

The increased cytosolic Gpd1p-GFP signals shortly after 1 m
NaCl was concomitant with a relative decrease in the peroxiso-
mal Gpdlp-GFP signal (Fig. 5A4), which raised a question
whether this phenomenon is due to exit of Gpd1lp-GFP from
peroxisomes or due to increased newly synthesized cytosolic
Gpd1p-GFP, which fails to be efficiently imported into peroxi-
somes. To test this, the experiment was repeated in the pres-
ence of cycloheximide to inhibit new protein synthesis (52). In
this case, there was no apparent shift in the localization of
Gpdlp-GFP (or Gpdlp-GFP-SKL) (Fig. 5C), indicating that,
upon shift to 1 M NaCl, the cytosolic accumulation of Gpdlp
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= P results from newly synthesized pro-
l tein that fails to be imported into
peroxisomes and not export of per-

oxisomal Gpdlp to the cytosol.

To address the potential role of
subcellular localization of Gpdlp
under conditions of osmotic stress,
we asked whether altering the abil-
ity of Gpd1p to shift its localization
between peroxisomes the nucleus
affects the growth rate of cells
exposed to 1 M NaCl. pANGPDI-
GFP-NLS, which encodes Gpdlp
lacking its PTS-2 and contains a
classic nuclear localization signal
(53), was constructed. This con-
struct was localized predominantly
to the nucleus under normal growth
conditions with very little detecta-
ble cytosolic signal (Fig. 5D). Thus,
liquid growth assays were con-
ducted with cells expressing wild-
type Gpdlp-GFP, cytosolic Gpdlp
(ANGpd1p-GFP), peroxisomal Gpdlp
(Gpdlp-GFP-SKL), or nuclear
Gpdlp (ANGpdlp-GFP-NLS). All
strains expressing each of the
different versions of Gpd1lp grew at
rates similar to one another whether
in YPD and/or in medium containing 1 M NaCl, suggesting a
peroxisomal pool of Gpdlp is not necessary for the osmotic
stress response (Fig. 5E). Moreover, these data suggest that
Gpdl1p localization to the peroxisome or the nucleus does not
hinder the osmotic stress response. However, when the distri-
butions of Gpd1p-GFP-SKL and Gpd1p-GFP-NLS were deter-
mined under these conditions, the salt stress led to an increased
cytosolic signal for both chimeras (Fig. 5, C and D). Thus,
despite the presence of the extra peroxisomal targeting signal or
the classic nuclear localization signal, Gpd1lp accumulated in
the cytosol (albeit to lesser extents than WT Gpdlp), and the
cells appear to generate sufficient cytosolic glycerol for
osmoregulation.

Expression of Genes Encoding Peroxisomal Proteins under
Various Stress Conditions—Pnclp is a protein that undergoes
similar shifts in localization in response to stress (34). It has
been reported to localize to peroxisomes in a Pex7p-dependent
manner, but it also localizes partially to the cytosol and nucleus
(34). We confirmed this tripartite localization and observed a
change in the localization of Pnc1lp-GFP from peroxisomes to
the cytosol and, to a lesser extent, the nucleoplasm in response
to NaCl or oleic acid treatment (Fig. 6A). Likewise, PNCI and
GPD1 appear to be coordinately regulated. Examination of the
transcriptional profiles of genes encoding peroxisomal proteins
in S. cerevisiae cells exposed to a variety of different stress con-
ditions (20, 36, 54—57) demonstrated that not all genes encod-
ing peroxisomal proteins respond to these environmental cues
in the same manner (Fig. 6B). Several genes encoding peroxiso-
mal proteins were not induced in oleic acid but were induced in
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FIGURE 4. Gpd1p is not required for B-oxidation of fatty acids. A, cell growth assay of gpdTA, pex3A, and WT
cells in media with glucose or oleic acid as the carbon source. Growth was monitored using a liquid growth
assay in a Bioscreen automatic reader and plotted as the average of three independent experiments and three
technical replicates of each. gpdTA cells grew at the same rate as WT cells in oleic acid and glucose. Error bars
indicate standard deviation. B, subcellular localization of ANGpd1p-GFP and Gpd1p-GFP-SKL in SM-Leu media
containing glucose or oleic acid (8 h). C, growth assays as in A, but the strains shown are gpdTA cells trans-

formed with pGPD1-GFP, pANGPD1-GFP, or pGPD1-GFP-SKL.

response to other stress conditions. Among this group of genes,
the expression of GPD1 and PNCI was strongly correlated, and
among all genes in the yeast genome, the expression of PNC1
was the most closely correlated with that of GPDI (Pearson
correlation coefficient of 0.85). This coordinate control was
confirmed by Western blotting (Fig. 6C), which showed
increased levels of Gpd1lp and Pnclp in cells subjected to high
osmolarity (1 m NaCl and 1 m sorbitol), heat shock (37 °C), or
cell wall damage (2.5 mm dithiothreitol) but relatively constant
levels in cells shifted from glucose to oleic acid.

Although its peroxisomal function is unclear, in the nucleus
Pnclp is thought to play a part in the NAD™ salvage pathway,
which converts nicotinamide to nicotinic acid (58, 59). In this
context, Pnclp plays a significant role in Sir2p-mediated DNA
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silencing by reducing levels of nico-
tinamide, an inhibitor of the histone
deacetylase Sir2p (34). The correla-
tion of gene expression (39, 60), the
Pex7p-dependent dynamic localiza-
tion of Gpd1p and Pnclp to peroxi-
somes, the nucleus, and the cytosol
(34), and the links of these two pro-
teins to NAD™ metabolism suggest
the intriguing possibility that they
function together. We therefore
investigated whether Gpd1p plays a
role in chromatin silencing. Our
investigations identified a small but
reproducible (n = 9) defect in sub-
telomeric silencing (35, 40) in
gpdIA cells (Fig. 6D) but failed to
reveal an effect on rDNA silencing,
and we did not observe a correlation
between silencing and Gpd1p local-
ization to either the peroxisome or
nucleus (data not shown).

Gpdlp Distribution Dynamics
Are Important for Responses to
Combined Stress—Gpdlp is local-
ized predominantly in the nucleus
and cytosol under conditions of
osmotic stress. In oleic acid, Gpd1p
is localized predominantly to per-
oxisomes. However, forced localiza-
tion of Gpd1p to either location (by
appending a PTS1 or by deleting its
PTS2) did not compromise cells in
either condition. We therefore
asked whether its dynamics or its
distribution balance is required
under conditions of combined
stress. We first examined the local-
ization of Gpd1lp-GFP in response
to 0.8 M NaCl, oleic acid, or in a
combined oleic acid-NaCl stress
(Fig. 7A). As observed previously,
Gpdlp remained peroxisomal in
oleic acid and became cytosolic/nu-
clear in NaCl. In the combined stress, the localization was inter-
mediate between the two extremes, and although the cytosolic
fraction increased, there remained a significant peroxisomal
signal. Assays for growth under these conditions demonstrated
that this intermediate distribution is important (Fig. 7B). Cells
lacking Gpd1p were unable to grow under the combined stress
condition, whereas wild-type cells tolerated the condition (Fig.
7B). Cells expressing the nuclear/cytosolic version of Gpdlp
(AN-Gpdlp-GFP) or the peroxisomal version of Gpdlp
(Gpd1p-GFP-SKL) showed a significant growth defect under
the combined stress (Fig. 7B). This suggests that the dynamic
distribution of Gpd1p between the cytosolic, nuclear, and per-
oxisomal compartments is important under conditions of com-
bined stress, a situation likely to dominate natural conditions.
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FIGURE 5. Gpd1p localizes to peroxisomes but redistributes to the nucleus under conditions of stress. A, localization of Gpd1p genomically tagged
with GFP was analyzed by confocal microscopy at the different times upon exposure to 1 m NaCl. Bar, 10 um. B, Gpd1p-GFP co-localizes in the nucleus
with Htz1p-RFP as determined by confocal microscopy. Images were obtained after cells were exposed to 1 m NaCl for 4 h. Bar, 10 um. C, peroxisomal
Gpd1p does not exit peroxisomes upon exposure to 1 M NaCl. Cells expressing GFP chimeras of wild-type (pGPD1-GFP) or peroxisomal (pGPD1-GFP-SKL)
Gpd1p were treated with 1T m NaCl for 4 h in the presence (+) or absence (—) of cycloheximide. D, subcellular localization of ANGpd1p-GFP-NLS
and Gpd1p-GFP-NLS in glucose media in the absence or presence of 1 m NaCl. Cytoplasmic signals of both Gpd1p variants are increased by 1 m NaCl.
E, cell growth assay of cells expressing GFP chimeras of wild-type (pGPD1-GFP), cytosolic (P ANGPD1-GFP), peroxisomal (pGPD1-GFP-SKL), or nuclear
(PANGPD1-GFP-NLS) Gpd1p. Cells were grown as in Fig. 4 but in the presence or absence of NaCl. All fusions were expressed from the plasmid pRS315
in gpd1A cells. Empty plasmid served as a control. The curves represent the average of three independent experiments and three technical replicates of
each, and error bars represent standard deviation.

DISCUSSION

Gpdlp is imported into peroxisomes by virtue of a PTS2
signal, and its import is dependent on Pex7p. There are two
other peroxisomal proteins in S. cerevisiae transported by a cis-
acting PTS2, Potlp and Pcdlp. Unlike other PTS2-containing
proteins, a significant portion of the cellular pool of Gpdlp
remains cytosolic. This suggests that the localization of Gpd1p
is regulated to maintain a cytosolic pool of Gpd1p. Indeed, we

FEBRUARY 26, 2010+VOLUME 285+NUMBER 9

show that localization of Gpd1p is controlled by phosphoryla-
tion of two serine residues adjacent to its PTS2. Precisely how
this imparts control over Gpdlp distribution is not yet clear. By
analogy to other protein localization studies (61, 62), it is likely
that PTS2 binding by Pex7p is altered by the phosphorylation of
residues adjacent to the targeting signal. Alternatively, the
mechanism could involve the cleavage of PTS2 to prevent per-
oxisomal import of this processed version. The cleavage of a
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Time in Stress Conditions indicating that at least some of

Gpdlp-GFR 2h 4h Gpdlp in the cytosolic pool is not
Oleic acid proteolytically processed (data not

0h &0.8MNaC shown).
/ Gpdlp changes its subcellular
distribution among the cytosol,
0.8 M NaCl peroxisomes, and nucleus depen-

ding on environmental conditions.
Gpdlp is primarily peroxisomal
upon exposure to oleic acid. It has
been suggested that Gpdlp may be
part of a glycerol 3-phosphate shut-
tle to regenerate NAD™ from
NADH produced by [B-oxidation
(25). This mechanism of NAD"
regeneration could be an alternative
to the malate/oxaloacetate cycle. In
the malate/oxaloacetate cycle, per-
oxisomal Mdh3p converts oxaloac-
etate to malate, consuming NADH
and producing NAD ™. Mdh2p, con-
verts malate back to oxaloacetate,
producing cytosolic NADH (elec-
trons from which are shuttled to the
mitochondrial electron transport
chain by a mitochondrial glycerol

vev

"' GFP

gppp— e WOWw wwww Gsplp

phosphate shuttle) (65). However,
Oleic acid Oleic acid 0.8 M NaCl No stress the presence of Gpdlp is not suffi-
&0.8 M NaCl

cient to overcome the absence of
MDHS3 in cells grown on oleic acid
(65), and cells lacking Gpdlp
showed no growth defects on oleic
acid, even when tested using sensi-
tive, quantitative liquid growth
assays. Thus, peroxisomal Gpdlp
does not appear to play a primary
role in peroxisomal NAD ™ regener-
ation during fatty acid B-oxidation.

It therefore remains unclear why Gpd1p localizes to per-
oxisomes. It could reflect a mechanism to control activity of
Gpd1p by simply sequestering the enzyme in peroxisomes.
However, together with Gpd1p, two additional peroxisomal
proteins, Pnclp and Npylp, implicate the organelle as play-

FIGURE 7. Balance of subcellular distribution of Gpd1p is required for efficient growth in the combined oleic
acid and 0.8 m NaCl stress. A, localization of Gpd1p-GFP chimera in cells exposed to the combined stress of NaCl
and oleic acid. Wild-type cells expressing Gpd1p-GFP were incubated in oleic acid, 0.8 v NaCl, or oleic acid and 0.8 m
NaCl. Fluorescence images were captured at the times indicated using confocal microscopy. Bar, 10 um. B, cell
growth on plates containing oleic acid, 0.8 m NaCl, or oleic acid plus 0.8 m NaCl. Strains were grown to exponential
growth phase in minimal medium, and the culture was serially diluted and applied to plates containing no stress,
oleic acid, 0.8 m NaCl, or oleic acid plus 0.8 m NaCl. The plates were photographed following 2 days of incubation for
control (no stress), 3 days incubation for oleic acid or 0.8 m NaCl, and 5 days incubation for both oleic acid and 0.8 m
NaCl at 30 °C. Whole cell lysates of the strains subjected to each of the different growth conditions for 16 h were
analyzed by Western blotting with the indicated antibodies. Gsp1p serves as a loading control.

signal sequence is a common mechanism by which cells regu-
late the localization of proteins, and in several organisms per-
oxisomal thiolase is proteolytically cleaved in the peroxisome to
remove its PTS2 (63, 64). In support of this idea, proteolytic
cleavage of the N terminus of Gpd1p, which removes the PTS2
signal sequence, has been reported previously (1). However,

using SDS-PAGE, we could not detect a change in the mobility
of Gpd1p under conditions where its distribution shifts (i.e. no
stress versus osmotic stress; data not shown). In addition, mass
spectrometric analyses of Gpd1p affinity purified from cytoso-
lic fractions identified seven unique peptides derived from
Gpdlp, one of which corresponded to its native N terminus,

ing an important role in NAD™ metabolism. Npylp hydro-
lyzes the pyrophosphate linkage in NADH to produce nico-
tinamide mononucleotide and AMP (66). Gpd1p may play a
role in regulating substrates levels for Npylp, and as part of
the NAD salvage pathway, Pnclp provides a source of nico-
tinic acid through its nicotinamidase activity. It remains to

FIGURE 6. Similarities in expression and distribution of Pnc1p and Gpd1p. A, localization of Pnc1p-GFP chimera in glucose, 1 m NaCl (4 h), or oleic acid (4 h)
as determined by confocal microscopy. Bar, 10 um. B, hierarchical clustering of the transcriptional expression profiles of genes known to function in peroxi-
some biology over a broad range of stress conditions. GPDT and PNC1 were among the most closely co-expressed genes within this dataset and within the
whole yeast genome (correlation coefficient 0.85). C, co-synthesis of Gpd1p and Pnc1p across various stress conditions. Whole cell lysates of yeast strains
subjected to various stress conditions were analyzed by Western blotting. Gsp1p was used as a loading control. D, strains lacking PNCT or GPD1 failed to
efficiently silence subtelomeric URA3. Wild-type, pnc1A, and gpd1A strains containing a subtelomeric URA3 gene were assayed for URA3 gene expression by
spotting 10-fold dilutions onto CSM- and 5-fluoroorotic acid (5-FOA)-containing plates. The graph represents the silencing efficiency as the number of viable
mutant colonies on 5-fluoroorotic acid normalized to wild type across nine independent experiments. Error bars represent the standard deviation.

FEBRUARY 26, 2010-VOLUME 285-NUMBER 9 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 6747



Gpd1p Movement between Peroxisomes and Cytosol

be determined why these activities are localized to peroxi-
somes and how these functions are metabolically linked.

Under NaCl stress, Gpd1p becomes primarily cytosolic and
nuclear. Itis under this condition that cytosolic Gpd1p has been
established to play an important role in cell survival. Yeast cells
respond to osmotic stress by increasing cellular glycerol levels
(13, 14), and Gpd1p catalyzes DHAP into glycerol 3-phosphate,
a precursor of glycerol. It is less clear why Gpdlp accumulates
in the nucleus under these conditions. One trivial possibility is
that Gpd1p harbors a cryptic nuclear localization sequence, and
the nuclear pool is relatively inconsequential to the cell. How-
ever, subcellular distribution of Gpdlp is intriguing given the
example of Pnclp (34). Although Pnclp displays prominent
peroxisomal localization, it regulates Sir2p-mediated chroma-
tin silencing and life span extension under caloric restriction
and stress conditions (34). Sir2p is exclusively nuclear (67), and
it uses NAD ™ as a substrate for its histone deactylase activity
thereby inducing gene silencing (68, 69). During this reaction,
nicotinamide is produced, which in turn it inhibits Sir2p func-
tion (34, 59). On the other hand, Pnclp-mediated conversion of
nicotinamide to nicotinic acid (58) relieves the inhibition of
Sir2p, leading to increased histone deacetylation and increased
silencing (34, 59).

As in the case of Pnclp, shifts in the distribution of Gpd1p to
the nucleus upon exposure to NaCl stress could lead to
increased Sir2p activity, in this case by increasing the local
NAD™ concentration. In our hands, subtelomeric silencing was
modestly impaired in the absence of Gpdlp; however, overex-
pression of GPD1 did not lead to increased subtelomeric silenc-
ing (data not shown). Nevertheless, the increased longevity
observed for cells exposed to osmotic stress depends on a coin-
cident increase in GPDI transcription (56).

Another possible role for increased Gpdlp in the nucleus is
the protection from nuclear damage that results from the toxic
molecule MG, which is derived from DHAP (4, 5, 7). The pres-
ence of Gpdlp may reduce the DHAP pool and thereby limit
the production of MG. In fact, it has been shown that the level of
MG is induced in cells upon exposure to osmotic stress and
oxidative stress (70), and enzymes such as Gre3p and Glolp
involved in detoxification of MG (70) also localize to both the
cytosol and nucleus (71).

The results we present here suggest that the dynamic distri-
bution of Gpdlp among different cellular locations provides a
mechanism for cells to respond to cellular stress. Indeed, when
Gpdlp localization was altered, cell growth was dramatically
compromised when cells were challenged with both oleic acid
and osmotic stress. In this case, the cell is faced with the need to
increase glycerol concentration through increased glycolysis
but also must metabolize the oleic acid, which can be toxic
otherwise (48). Both processes produce and consume NADH
and are controlled in part by the NAD"/NADH ratio. It is
unclear why altering Gpd1p localization compromises the cell
growth under these conditions, but it is likely due to a need to
maintain redox balance, in the context of spatially distributed
and compartmentalized enzymes carrying out the multitude of
metabolic reactions needed to appropriately respond to the
combined stress. Ultimately, to understand this complexity, we
will need to fully inventory the enzyme complement of peroxi-
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somes and other organelles, but equally importantly, we will
need to characterize and understand their dynamics in the face
of different metabolic challenges.
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