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Abstract
Saccharomyces cerevisiae glycerol phosphate dehydrogenase 1 (Gpd1) and
nicotinamidase (Pnc1) are two stress related enzymes that are assumed to function
in the cytosol or nucleus, respectively. Both enzymes are however predominantly
localized to peroxisomes at normal growth conditions but were reported to relocalize
to the cytosol and nucleus upon exposure of cells to stress. Peroxisomal import of
both proteins depends on the peroxisomal targeting signal 2 (PTS2) receptor Pex7.
However, only Gpd1 contains a PTS2, whereas Pnc1 lacks a PTS consensus sequence.
Here we show that Pnc1 physically interacts with Gpd1, which is responsible
for piggy-back import of Pnc1 into peroxisomes. Quantitative fluorescence
microscopy analyses revealed that the levels of both proteins strongly increased
in both peroxisomes and in the cytosol upon exposure of cells to various stress
conditions. We also observed enhanced cytosolic levels of the PTS2 protein
thiolase, when produced under control of the GPD1 promoter. This suggests that
the stress conditions may cause a reduction in the efficiency of peroxisomal matrix
protein import.
Finally, we showed that in a constructed strain in which Pnc1 is confined to
peroxisomes (by the artificial addition of a PTS1) the replicative lifespan of yeast is
not affected. This suggests that Pnc1 can perform its function in replicative ageing
inside peroxisomes.
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Introduction
Saccharomyces cerevisiae Gpd1 (Glycerol-3-phosphate dehydrogenase 1) and Pnc1
(nicotinamidase) are stress-related proteins that are induced upon exposure of cells
to various stress conditions [1–4].
Gpd1 is an NADH dependent enzyme that converts dihydroxyacetone phosphate
(DHAP) into glycerol-3-phosphate, which subsequently can be converted into
glycerol [5]. At osmotic stress conditions Gpd1 activity increases, which leads to
enhanced cellular glycerol levels and osmotic stress resistance [6]. At non-stressed
conditions, Gpd1 contributes to reducing cellular DHAP levels, which prevents the
spontaneous conversion of DHAP into methylglyoxal, a highly toxic compound that
damages proteins and contributes to ageing [7,8]. Finally, Gpd1 can play a role in
controlling the redox balance by reoxidation of NADH to NAD+.
Pnc1 functions in the NAD+ salvage pathway and catalyses deamination of
nicotinamide to nicotinic acid [9]. Overexpression of Pnc1 has been reported to
positively affect the replicative lifespan of yeast [1]. It has been suggested that this
is the result of Pnc1-mediated nicotinamide depletion in the nucleus, which activates
the histone deacetylase Sir2 resulting in silencing of pro-ageing genes [1,10].
Although the above functions of Gpd1 and Pnc1 are expected to take place in
the cytosol or nucleus, respectively, both enzymes are predominantly localized to
peroxisomes at normal growth conditions in conjunction with a minor portion to the
cytosol and nucleus [1,11]. When Gpd1 levels are enhanced under osmotic stress
conditions, a much higher portion of this enzyme is cytosolic and in the nucleus
[11]. A similar response has been observed for Pnc1 [11], although another report
indicated that Pnc1 remains mainly peroxisomal at stress conditions [1].
The peroxisomal localization of Gpd1 depends on its N-terminal peroxisomal
targeting signal 2 (PTS2) and the PTS2-receptor Pex7 [11]. It has been suggested
that import of Gpd1 into peroxisomes is stimulated by the phosphorylation of two
serine residues adjacent to the PTS2 sequence. The enhanced cytosolic Gpd1
levels at stress conditions were proposed to be due to decreased phosphorylation
of these residues [11,12]. Perturbation of the subcellular localization of Gpd1 by
interfering with organellar sorting signals did not affect the sensitivity of the cells
to osmotic stress or their capacity to grow on oleic acid. This suggests that a
dynamic distribution of Gpd1 over different cell compartments is not important for
its function. However, the perturbations in localization caused reduced growth of
cells under conditions of combined stress (oleic acid growth in the presence of high
salt) [11]. The reasons for this growth defect remains to be elucidated.
Sequence analysis did not reveal any predicted peroxisomal targeting signals
in Pnc1. However, sorting of Pnc1 requires the PTS2 import machinery, because
the protein mislocalizes to the cytosol in Δpex7 cells [1]. Expression of GPD1 and
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PNC1 is induced to the same extent at various stress conditions (Pearson correlation
coefficient of 0.85) [11]. Moreover, computational analysis revealed that both proteins
may form a complex [13]. If so, Pnc1 may import into peroxisomes in complex with
Gpd1 (so called piggy-back import).
Here we show that Pnc1 and Gpd1 indeed physically interact in vivo and that
this allows piggy-back import of Pnc1 with Gpd1. We furthermore quantitatively
analyzed the levels of cytosolic and peroxisomal Gpd1-GFP and Pnc1-GFP fusion
proteins at different stress conditions using fluorescence microscopy. These studies
revealed that upon exposure of the cells to osmotic stress both the peroxisomal
and cytosolic levels of these proteins increased. Although we cannot exclude that
Gpd1 import is regulated by protein phosphorylation, our data indicate that the
appearance of cytosolic Gpd1 could also be related to inefficient peroxisomal matrix
protein import in stressed cells.

Materials and methods
2.1. Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Table 1. Yeast cells were
grown at 30°C on mineral medium (MM; van Dijken et al., 1976) containing 0.25%
ammonium sulfate and 2% glucose. MM was supplemented with the required amino
acids or uracil to a final concentration of 20 μg/ml (histidine and methionine) or
30 μg/ml (leucine, lysine, and uracil). YPD medium (1% yeast extract, 1% peptone,
1% glucose) supplemented with 2% agar was used for growth on plates. Escherichia
coli DH5α was used for cloning purposes and was cultured at 37°C on LB medium
supplemented with the appropriate antibiotics.

2.2. Construction of yeast strains
Plasmids and primers used in this study are listed in Table 2 and Table 3 respectively.
2.2.1. Construction of Δpnc1 and Δgpd1 strains
GPD1 was deleted in a strain producing Pnc1-GFP obtained from GFP fusion
collection [15], by replacing the ORF with the KanMX4 gene from pUG6 [16] using
primers GPD1F and GPD1R. Pnc1-GFP producing cells were transformed with the
PCR product, colonies were selected on YPD plates containing 200 μg ml−1 G418, and
positive clones were checked by colony PCR. Correct integration was confirmed by
Southern blotting. PNC1 deletion in Gpd1-GFP producing cells obtained from GFP
fusion collection [15], was obtained by replacement of the ORF with the KanMX4
gene from pUG6 using primers PNC1F and PNC1R. Cells were transformed with the
PCR product and transformants were selected on YPD plates containing 200 μg ml−1
G418, positive clones were checked by colony PCR and southern blot.
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Table 1. Yeast strains used in this study
Strains

Description

Reference

WT

BY4742 MATα his3A1 leu2A0 lys2A0 ura3A0

Euroscarf

Gpd1-GFP

BY4741 MATa leu2∆0 met15∆0 ura3∆0 producing Gpd1GFP under control of endogenous promoter

[15]

Pnc1-GFP

BY4741 MATa leu2∆0 met15∆0 ura3∆0 producing Pnc1-GFP [15]
under control of endogenous promoter

Gpd1-GFP.
DsRed-SKL

Gpd1-GFP containing plasmid encoding DsRed-SKL
(pSL33/natR)

This study

Pnc1-GFP. DsRed-SKL Pnc1-GFP containing plasmid encoding DsRed-SKL
(pSL33/natR)

This study

Δgpd1.Pnc1-GFP

BY4741 MATa leu2Δ0 ura3Δ0. GPD1::KanMX4 producing
Pnc1-GFP under control of endogenous promoter

This study

Δpnc1.Gpd1-GFP

BY4741 MATa leu2Δ0 ura3Δ0. PNC1::KanMX4 producing
Gpd1-GFP under control of endogenous promoter

This study

Δgpd1.Pnc1-GFP.
DsRed-SKL

Δgpd1.Pnc1-GFP containing plasmid encoding DsRed-SKL
(pSL33/natR)

This study

Δpnc1.Gpd1-GFP.
DsRed-SKL

Δpnc1.Gpd1-GFP containing plasmid encoding DsRed-SKL This study
(pSL33/natR)

Δpnc1

PNC1::KanMX4 BY4742, MATα his3A1 leu2A0 lys2A0
ura3A0

Euroscarf

Δgpd1

GPD1::KanMX4 BY4742, MATα his3A1 leu2A0 lys2A0
ura3A0

Euroscarf

NΔGpd1-mCherry.
GFP-SKL

BY4742, GPD1::KanMX4 pAG25-N_del_Gpd1 mCherry
introduced at the C-terminus of NΔGpd1 natR zeoR
pPTDH3 -GFP-SKL

This study

Pnc1-GFP.
NΔGpd1-mCherry

Δgpd1.Pnc1-GFP containing pAG25-N_del_Gpd1 mCherry This study
introduced at the C-terminus of NΔGpd1 natR zeoR

Pnc1-SKL

BY4742, PNC1::KanMX4 pPNC1-SKL natR

This study

NΔGpd1-mCherry.
Pnc1-SKL. GFP-SKL

BY4742, pAG25-N_del_Gpd1/natR zeoR HghMX4
pPTDH3 -GFP-SKL

This study

L-40

MATa leu2 his3 trp1ade2 GAL4 gal80 LYS2::(lexAop)4-HIS3
URA3::(lexAop)s-lacZ

Takara
Bio Inc.

Pot1-GFP. DsRed-SKL Pot1-GFP under GPD1 promoter, PGPD1 -Pot1-GFP, pSL33
natR zeoR

This study

2.2.2 Strains producing NΔGpd1 and NΔGpd1-mCherry
To construct a strain coding for an N-terminal truncated form of Gpd1, plasmid
pAG25-N_del_Gpd1 was cloned and transformed into Δgpd1 strain obtained from
Euroscarf. To this end, the GPD1 coding region +52 from the start codon (without
PTS2 sequence) and the GPD1 promoter region -540 from the start codon were
amplified from S. cerevisiae genomic DNA using the primer pairs GPD1.OL-1/
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GPD1.OL-1.1 and GPD1.OL-2/GPD1.OL-2.1 respectively. The two PCR products of
1457 bps and 472 bps were joined together by overlap PCR and the combined
fragment was further amplified using primer pair GPD1.OL-1.1/GPD1.OL-2.1, which
resulted into a fragment of 1984 bps. This fragment was digested with HindIII/
BamHI and cloned in plasmid pAG25 [17] resulting in plasmid pAG25-N_del_Gpd1.
This plasmid was sequenced to exclude the presence of errors. The plasmid was
linearized with SbfI and transformed to S. cerevisiae Δgpd1 cells. Transformants
were selected on YPD plates containing 100 μg ml−1 nourseothricin (WERNER
BioAgents). Correct integration in the genomic DNA was checked by colony PCR
and Southern blotting.
To introduce mCherry at the C-terminus of NΔGPD1, the mCherry-zeocin
fragment was amplified from pHIPZ4-mCherry fusinator plasmid using primer pair
GPD1.MC_F/GPD1.MC_R2. The PCR product was used to transform S. cerevisise
competent cells and plated on YPD plates containing 200 μg ml−1 zeocin (Invitrogen).
Positive clones were checked by colony PCR.
2.2.3. Construction of a strain producing Pnc1-SKL
To construct pPNC1-SKL, PNC1 genomic DNA starting from -418 of the start codon
was amplified using primers PNC1.SKL_F and PNC1.SKL_R. The PCR product was
digested with NotI/XhoI and cloned in pSL33 resulting in pPNC1-SKL, which was
sequenced to check for errors. An EcoRV linearized fragment of pPNC1-SKL was
used to transform S. cerevisae Δpnc1 strain obtained from Euroscarf and clones were
selected on YPD plates containing nourseothricin. Positive clones were checked by
colony PCR and southern blotting.
2.2.4. Construction of a strain producing NΔGpd1-mCherry and Pnc1-SKL
To obtain a plasmid containing the zeocin resistance gene and a gene encoding
Pnc1-SKL, PNC1 genomic DNA starting from -700 was amplified using primers
P.SKL.F_BamHI and P.SKL.R_HindIII. The PCR product was digested with BamHI/
HindIII and cloned into pSL34 resulting into pPNC1-SKL-1. To introduce the PTS1
sequence, the region encoding the C-terminus of PNC1 gene along with the -SKL
(PTS1) coding region and the zeocin resistance gene were amplified from pPNC1SKL-1 using primers PNC1.7 and PNC1.GFP.SKL-2.2. The PCR product was used to
transform NΔGPD1 cells and clones were selected on YPD/zeocin plates. mCherry
was introduced at the C-terminus of NΔGpd1 in the resulting strain as follows:
the mCherry-hph (Hygromycin R) fragment was amplified from pARM001 (see
below) using primer pair GPD.MC_F/ GPD1.MC_Rev. The PCR product was used
to transform NΔGPD1.PNC1-SKL competent cells and transformants were selected
on YPD plates with 200 µg ml−1 hygromycin B. Positive clones were checked by
colony PCR.
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Table 2. Plasmids used in this study
Plasmids

Description

Reference

pUG6

loxP-KanMX4-loxP

[16]

pSL33

Gene encoding DsRed-SKL under control of MET25
promoter, natR

This study

pAG25

natR , ampR, integrative

[17]

pAG25-N_del_
Gpd1

pAG25 containing NΔGPD1 under control of GPD1
promoter, natR ampR

This study

pHIPZ4-mcherry

pRSA01, pHIPZ4-mCherry fusionator, zeoR ampR

This study

pPNC1-SKL

Gene encoding Pnc1-SKL under control of PNC1 promoter,
natR ampR

This study

pPNC1-SKL-1

Pnc1-SKL under control of PNC1 promoter, zeoR ampR

This study

pBTM116-C

Yeast two-hybrid vector containing LexA binding domain,
ampR, TRP1

Takara Bio
Inc.

pVP16-C

Yeast two-hybrid vector containing LexA activation domain,
ampR, LEU2

Takara Bio
Inc.

pBTM116-PNC1

pBTM116-C containing PNC1 coding region

This study

pVP16-PNC1

pVP16 containing PNC1 coding region

This study

pBTM116- GPD1

pBTM116-C containing GPD1 coding region

This study

pVP16-GPD1

pVP16 containing GPD1 coding region

This study

pBTM116-PEX3

pBTM116-C containing H. polymorpha PEX3 coding region

[18]

pVP16-PEX3

pVP16-C containing H. polymorpha PEX3 coding region

[18]

pBTM116-PEX19

pBTM116-C containing H. polymorpha PEX19 coding region

[18]

pVP16-PEX19

pVP16-C containing H. polymorpha PEX19 coding region

[18]

pPTDH3-GFP-SKL

GFP-SKL under control of TDH3 promoter, LEU2 ampR

This study

pPGPD1 -Pot1-GFP.

Pot1-GFP under control of GPD1 promoter, zeoR ampR

This study

pARM001

pHIPH4 containing H. polymopha PEX14 fused with mCherry This study
hygromycine BR, ampR

pSL34

GFP-SKL under control of MET25 promoter zeoR ampR

[19]

pHIPN-PEX14mCherry

Plasmid containing C-terminal part of H. polymorpha PEX14
fused to mCherry; natR ; ampR

[20]

pHIPZ-mGFP
fusinator

pHIPZ plasmid containing mGFP and AMO terminator; zeoR ; [18]
ampR

pBSII KS+

ampR, pUG6 origin of replication

Stratagene

pSL32

pBSII KS+ containing DsRed-SKL

This study

pHIPX7-GFP-SKL

Plasmid containing GFP–SKL; kanR, Sc-Leu2

[21]

pHIPN-PEX14mCherry

Plasmid containing C-terminal part of H. polymorpha PEX14
fused to mCherry; natR ; ampR

[20]

pHIPH4

Plasmid containing Klebsiella pneumoniae Hygromycin BR AmpR [22]

pCDNA3.1mCherry Plasmid containing mCherry, ampR

[23]

pANL31

[24]

pHIPZ-eGFP fusionator, ampR

pUG34-DsRed-SKL DsRed-SKL under control of MET25 promoter, CEN, HIS3

[25]
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2.2.5. Construction of a strain producing Pot1-GFP under control of the
GPD1 promoter
The GPD1 promoter starting from -700 bps of the start codon and the POT1 open
reading frame were amplified from S. cerevisiae genomic DNA using primer pairs
P-GPD1.PciI/GPD1.OL-Rev and POT1.OL-Fw/POT1-BglII that resulted in PCR products
of 731 bps and 1284 bps, respectively. Both DNA fragments were joined together by
overlap PCR and combined fragment was further amplified using primer pair P-GPD1.
PciI/POT1-BglII, which resulted in a DNA fragment of 1973 bps. The combined
fragment was digested by restriction enzymes NciI/BglII and cloned into the pHIPZmGFP fusinator plasmid [18], which resulted in pPGPD1 -Pot1-GFP. The plasmid was
linearized by SbfI and transformed into S. cerevisiae strain producing DsRed1-SKL.
Transformants were selected on YPD/zeocin plates and checked by colony PCR.

Table 3. Primers used in this study
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Primers

Sequence

GPD1F

TATATTGTACACCCCCCCCCTCCACAAACACAAATATTGATAATATAAAGC
AGCTGAAGCTTCGTACGC

GPD1R

CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT
GCATAGGCCACTAGTGGATCTG

PNC1F

TTTTACGATTATCTATATCTTTGTTAGAAAGAATAAAATACAGTACAAAAC
AGCTGAAGCTTCGTACGC

PNC1R

CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGCTC
GCATAGGCCACTAGTGGATCTG

GPD1.OL-1

CACAAATATTGATAATATAAAGATGGGTAGAAAGAGAAGTTCCTC

GPD1.OL-1.1

CATGGATCCGACAGCCTCTGAATGAGT

GPD1.OL-2

GAGGAACTTCTCTTTCTACCCATCTTTATATTATCAATATTTGTG

GPD1.OL-2.1

CACAAGCTTCTCGGTAGATCAGGTCAGTA

GPD1.MC_F

CAATGAAGAACCTGCCGGACATGATTGAAGAATTAGATCTACATGAAGA
TGTGAGCAAGGGCGAGGAGG

GPD1.MC_R2

CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT
AACGACGGCCAGTGAATTGT

PNC1.SKL_F

GCATGCGGCCGCCCTACGATCCTCCTTATATGAA

PNC1.SKL_R

GGATCTCGAGCTAGAGTTTTGAGTGCAGTGGTTTGTATAGTTTATCCACG
ACATTGATGT

P.SKL.F_BamHI

TTATATGGATCCGCGAGGCTGCAGTCACC

P.SKL.R_HindIII

CGGCGCAAGCTTCTAGAGTTTTGAGTGCAGTGGTTTGTATAGTTTATCCA
CGACATTGATGT

PNC1.7

CCTTCCACGACATCTGGAAC

PNC1.GFP.
SKL-2.2

CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGCTC
GTTGGCCGATTCATTAAT

Peroxisomal Gpd1 and Pnc1 THREE

Table 3. Primers used in this study
Primers

Sequence

GPD1.MC_Rev

CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT
CCATGATTACGCCAAGCTC

PNC1.BamHI.F

CGCGGATCCATGAAGACTTTAATTGTTGTTGATAT

PNC1.EcoRI.R

CCGGAATTCTTATTTATCCACGACATTGATGT

GPD1.BamHI.F

CGCGGATCCATGTCTGCTGCTGCTGATAGA

GPD1.EcoRI.F

CCGGAATTCCTAATCTTCATGTAGATCTAATTCTTC

TDH3_NotI.F

GCATCAGCGGCCGCCACGCTTTTTCAGTTCGAGT

TDH3_BamHI.R

GCGCGCGGATCCTTTGTTTGTTTATGTGTGTTTAT

PRARM001 FWD

ATAGCGGCCGCTTGCAGGAAGTCGACGAAAT

PRARM002 REV

CGGAAGCTTTTACTTGTACAGCTCGTCCA

NAT1.1

GGCTCTAGACGTTAGAACGCGGCTACAAT

NAT1.2

TCTCCGCGGGCTCGTTTTCGACACTGGAT

DsRed-1

CACGGTACCTAACGCCAGGGTTTTC

DsRed-2

CGCTCTAGACGCGCAATTAACCCTC

P-GPD1.PciI

GCACTACATGTTCCTCCACAAAGGCCTCTC

GPD1.OL-Rev

CTTTGTAGTCTTTGAGACATCTTTATATTATCAATATTTGTG

POT1.OL-Fw

CACAAATATTGATAATATAAAG ATGTCTCAAAGACTACAAAG

POT1-BglII

GAGCGAGATCTTTCTTTAATAAAGATGGCGG

RSA10fw

GAAGATCTATGGTGAGCAAGGGCGAGGAG

RSA11rev

GCGTGTCGACTTACTTGTACAGCTCGTCCATGCC

2.2.6. Construction of other plasmids
Construction of pSL33
To construct a plasmid producing DsRed-SKL under control of the MET25 promoter,
the PMET25 -DsRed-SKL-tcyc1 fragment was amplified from pUG34-DsRed-SKL [25]
using primer pair DsRed-1/DsRed-2. The obtained PCR product was digested
with KpnI/XbaI and cloned into pBSII KS+ resulting in pSL32. The nourseothricin
resistance gene was amplified from pAG25 using primer pair Nat1.1/Nat1.2 and after
digestion with SacII/KpnI the fragment was cloned into pSL32 that resulted in pSL33.
Construction of pP TDH3-GFP-SKL
The promoter of the TDH3 gene was amplified from S. cerevsiae genomic DNA by
using primer pair TDH3_Not.F/TDH3_BamHI.R. A fragment of 716 bps was obtained
that was digested with NotI/BamHI and cloned into pHIPX7-GFP-SKL [21] resulting in
pPTDH3 -GFP-SKL. To mark peroxisomes with GFP-SKL, the plasmid was linearized with
BseYI and used to transform S. cerevsiae strains, and transformants were selected
on YND plates without leucine. Correct integration was checked by colony PCR.

69

THREE Peroxisomal Gpd1 and Pnc1

Construction of pARM001
The PEX14-mCherry region of pHIPN-PEX14-mCherry [20] was amplified using
primer pair PRARM001 FWD /PRARM002 REV. The PCR product was digested with
NotI/HindIII and clone into pHIPH4 [22] that resulted into pARM001.
Construction of pHIPZ4-mCherry fusinator
For the construction of plasmid pHIPZ4-mCherry fusinator, a PCR fragment of 700 bp
was obtained by primer pair RSA10fw/RSA11rev on pCDNA3.1mCherry [23]. The
resulting BglII–SalI fragment was inserted between the BglII and SalI of pANL31 [24].

2.3. Yeast two-hybrid assay
The LexA system was used for screening interactions between S. cerevisiae proteins
using derivatives of the reporter strain S. cerevisiae L-40 (Takara Bio Inc.). Using
S. cerevisiae genomic DNA as template, the entire coding sequences of PNC1
and GPD1 were amplified with primer combinations PNC1.BamHI.F/PNC1.EcoRI.R
and GPD1.BamHI.F/GPD1.EcoRI.R, respectively. The PCR fragments were digested
with BamHI/EcoRI and separately cloned into the vectors pBTM116-C and pVP16C, which yielded plasmids pBTM116-PNC1, pVP16-PNC1, pBTM116- GPD1 and
pVP16-GPD1. S. cerevisiae L-40 was co-transformed with the indicated pVP16- and
pBTM116-derived fusion constructs and transformants were selected on synthetic
medium lacking leucine and tryptophan. HIS3 reporter gene activation was detected
by analysing growth on medium lacking histidine, leucine and 3-aminotriazole. From
each co-transformation four independent transformants were tested. Empty vectors
were used to check for reporter self-activation. The well-established Hansenula
polymorpha Pex3– H. polymorpha Pex19 interaction was used as a positive control.

2.4. Western blotting
Proteins of total cell extracts of [26] trichloroacetic acid treated cells were separated
by SDS-PAGE followed by western blotting . Equal amounts of protein were loaded
per lane. Blots were probed with mouse monoclonal antiserum against GFP (Santa
Cruz Biotechnology, sc-9996) and rabbit polyclonal antiserum against glucose-6phosphate dehydrogenase (G6PD), which was used as a loading control. Secondary
antibodies conjugated to horseradish peroxidase were used for detection. Blots
were scanned using a densitometer (Biorad).

2.5. Fluorescence microscopy
All fluorescence images were acquired using a 100x 1.30 NA Plan-Neofluar objective
(Carl Zeiss). Wide-field microscopy images were captured by an inverted microscope
(Observer Z1; Carl Zeiss) using AxioVision software (Carl Zeiss) and a digital camera
(CoolSNAP HQ2; Photometrics). GFP signal was visualized with a 470/40-nm band
pass excitation filter, a 495-nm dichromatic mirror, and a 525/50-nm band pass
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emission filter. To visualize DsRed fluorescence, a 546⁄12-nm bandpass excitation
filter, a 560-nm dichromatic mirror, and a 575–640-nm bandpass emission filter was
used. mCherry fluorescence was visualized with a 587/25-nm band pass excitation
filter,
a 605-nm dichromatic mirror, and a 647/70-nm band-pass emission filter.
3. Results
To analyze acquired fluorescence images ImageJ software (US National Institutes
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Results
(Fig. 2D).

3.1. Pnc1 is targeted to peroxisomes by piggy-back import with Gpd1
Yeast two-hybrid analysis revealed that Gpd1 and Pnc1 physically interact (Fig. 1).

Figure
1. In vivo interaction of Gpd1 and Pnc1. Full length Gpd1 and Pnc1 were tested
Figure 1. In vivo interaction of Gpd1 and Pnc1. Full length Gpd1 and Pnc1 were tested for interaction using a
for interaction using a yeast two-hybrid assay. Genes were fused to the LEXA binding
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71
80

THREE Peroxisomal Gpd1 and Pnc1

Figure 2. The peroxisomal localization of Pnc1 depends on Gpd1. Fluorescence microscopy

Figure 2.images
The peroxisomal
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showing the localization of Gpd1-GFP (A) and Pnc1-GFP (B) in S. cerevisiae wild-type

cells producing
DsRed-SKL
red peroxisomal
matrix marker.
Localization
of Pnc1-GFP
in
the localization
of Gpd1-GFP
(A) and as
Pnc1-GFP
(B) in S. cerevisiae
wild-type
cells producing
DsRed-SKL
as
Δgpd1 cells (C) or Gpd1-GFP in Δpnc1 cells (D) both producing DsRed-SKL as peroxisomal
marker. (E) Δgpd1 cells producing Pnc1-GFP and NΔGpd1-mCherry. The bar represents 5 μm.

red peroxisomal matrix marker. Localization of Pnc1-GFP in Δgpd1 cells (C) or Gpd1-GFP in Δpnc1 cells (D)
both producing DsRed-SKL as peroxisomal marker. (E) Δgpd1 cells producing Pnc1-GFP and NΔGpd1mCherry. The bar represents 5 μm.
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In order to study whether Pnc1 is sorted to peroxisomes via piggy-back import
with Gpd1, we first tested whether the peroxisomal localization of Pnc1 depends
on Gpd1. As shown in Fig. 2AB, in wild-type cells Gpd1-GFP and Pnc1-GFP are
predominantly co-localizing with the peroxisomal marker protein DsRed-SKL,
in conjunction with low fluorescence in the cytosol. However, the peroxisomal
localization of Pnc1-GFP is fully abolished in Δgpd1 cells (Fig. 2C). Conversely, in
Δpnc1 cells the peroxisomal localization of Gpd1-GFP was unaffected (Fig. 2D).
Next, we tested the effect of the removal of the PTS2 from the N-terminus
of Gpd1 (NΔGpd1-mCherry) on Gpd1-GFP and Pnc1-GFP localization. As shown
in Fig. 2E this N-terminal truncation abolished the peroxisomal localization of
both proteins.
We also investigated whether we could restore import of NΔGpd1-mCherry into
peroxisomes by the addition of a C-terminal PTS1 to Pnc1 (Pnc1-SKL). In control
cells all NΔGpd1-mCherry was cytosolic (Fig. 3A; compare Fig. 2E). However, upon
co-production of Pnc1-SKL a portion of the NΔGpd1-mCherry protein became
peroxisomal (Fig. 3B). The import of only a minor portion of NΔGpd1-mCherry is
most likely related to the fact that Gpd1 is present in large excess relative to Pnc1
(see below).

Figure 3. Import of Gpd1 lacking a PTS2 can be restored by co-production with Pnc1
containing a PTS1 signal. Localization of NΔGpd1-mCherry in wild-type cells (A) or in cells
producing Pnc1-SKL (B). Peroxisomes are marked with GFP-SKL. The scale bar represents
Figure53.μm.
Import of Gpd1 lacking a PTS2 can be restored by co-production with Pnc1 containing a PTS1

signal. Localization of NΔGpd1-mCherry in wild-type cells (A) or in cells producing Pnc1-SKL (B).
Peroxisomes are marked with GFP-SKL. The scale bar represents 5 μm.

73

Next, we tested the effect of the removal of the PTS2 from the N-terminus of Gpd1

THREE Peroxisomal Gpd1 and Pnc1

Figure 4. Gpd1 and Pnc1 do not stabilize each other. Overnight glucose cultures (0 hr)
were diluted into fresh glucose medium and grown for 4 or 8 h. Protein levels of Pnc1-GFP
(A) and Gpd1-GFP (B) were analysed in Δgpd1 (A) and Δpnc1 cells (B) using WT cells as
controls. Blots were probed with antibodies against GFP. Glucose-6-phosphate dehydroFigure 4.
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3.3. Gpd1 and Pnc1 are not present at a fixed stoichiometry
required for the stability of each other.

Transcriptional analysis indicated that GPD1 and PNC1 expression is strongly
correlated [11]. In order to analyse whether the protein levels of Gpd1 and Pnc1 are
83
correlated as well, we performed Western blot analysis using GFP fusion proteins and
anti-GFP antibodies. Upon exposure of cells for four hours to 1 M sorbitol, 1 M NaCl
or elevated temperature (370C), the levels of both proteins increased (Fig 5A). Next,

74

Peroxisomal Gpd1 and Pnc1 THREE

Figure 5. Changes in Gpd1 and Pnc1 protein levels and localization upon exposure of
cells to stress. (A) Western blots showing the protein levels of Pnc1-GFP and Gpd1-GFP
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we quantified the levels of both proteins by densitometric scanning of the blots and
calculated the ratios between both proteins. This revealed that the ratio between
Gpd1 and Pnc1 was approximately 7: 1 in unstressed control cells, but increased
considerably in stressed cells (up to ~11: 1 upon exposure to 1 M NaCl) (Fig. 5B).
This result indicates that both proteins most likely do not form a hetero-oligomeric
complex with fixed ratios of both subunits. Notably, at all conditions analysed, Gpd1
was present in large excess relative to Pnc1.

3.4. Gpd1 and Pnc1 are localized to peroxisomes and the cytosol in
cells exposed to stress.
We performed quantitative fluorescence microscopy to analyse the mean cytosolic
and peroxisomal fluorescence intensities of Gpd1-GFP and Pnc1-GFP before and
after exposure of cells to various stress conditions. Because under our experimental
conditions we rarely observed significant accumulation of Gpd1 or Pnc1 in the
nucleus, we did not include this in the analysis.
Our data indicate that at all three stress conditions tested (1M sorbitol, 1M NaCl,
heat) the fluorescence intensities of peroxisomal Pnc1-GFP and Gpd1-GFP increased
relative to the unstressed control (Fig. 5 EF). All three stress conditions also resulted
in an increase in cytosolic Gpd1-GFP, whereas enhanced cytosolic Pnc1-GFP was
only detected upon exposure of cells to 1M NaCl.
The study by Jung et al [11], suggested that the localization of Gpd1 in peroxisomes is
regulated by the phosphorylation of two serine residues adjacent to the PTS2 sequence.
Dephosphorylated Gpd1 was proposed not to be imported, explaining the enhanced
cytosolic Gpd1 upon exposure to stress. To test whether this increased cytosolic protein
levels upon exposure to stress is specific for Gpd1, we performed a control experiment
in which we produced the PTS2 protein Pot1 (thiolase) containing a C-terminal GFP
under control of the GPD1 promoter. Western blot analysis of GFP fusion proteins using
anti-GFP antibodies revealed that similar protein levels were obtained for Pot1-GFP and
Gpd1-GFP upon exposure of the cells to osmotic stress (Fig. 6A).
Using quantitative fluorescence microscopy, we analysed the average cytosolic
and peroxisomal fluorescence intensities of Pot1-GFP and Gpd1-GFP before and
after exposure of cells to different stress conditions. Our data indicate that similar
to Gpd1-GFP the fluorescence intensity of Pot1-GFP also increased in the cytosol
after treatment of cells with 1 M sorbitol or 1 M NaCl (Fig. 6 EF).

3.5. Exclusively peroxisomal localization of Pnc1 does not alter
replicative lifespan
It has been reported that the absence of PNC1 shortens the replicative lifespan (RLS)
of yeast [1,28]. Using a microfluidics device [27] we confirmed that Δpnc1 cells have
a shorter RLS (20.9) relative to wild-type control cells (25.9; Fig 7A).
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Because, Pnc1 is suggested to function in the nucleus as longevity factor [1], we
tested whether forcing sorting of the protein to peroxisomes affects this function.
To this end, we added a PTS1 to the C-terminus of Pnc1. As shown in Fig. 7B, the
RLS of cells producing Pnc1-SKL was similar to that of WT control cells (24.8).

Figure 7. Sorting of Pnc1 to peroxisomes does not affect the replicative lifespan. The
replicative lifespan of different yeast strains was measured using a microfluidics device.
A constant flow of mineral medium with 2 % glucose was maintained throughout the exFigure 7. Sorting of Pnc1 to peroxisomes does not affect the replicative lifespan. The replicative lifespan of
periment. (A) The RLS of wild-type (25.9, n=80) and Δpnc1 (20.9, n=66) cells. (B) The RLS
different
yeast strains
was measured
usingn=
a microfluidics
device.
A constant
flow of mineral
medium
with 2(C)
%
of
wild-type
and Pnc1-SKL
(24.8,
47) producing
cells.
n= number
of cells
counted.
Localization
of Pnc1-GFP
during
aging
of S.ofcerevsiae.
Fluorescence
images
of
glucose was maintained
throughout
the replicative
experiment. (A)
The RLS
wild-type (25.9,
n=80) and Δpnc1
(20.9,
an=66)
Pnc1-GFP
(arrow) was
captured
in a microfluidics
device.
cells. (B)producing
The RLS of mother
wild-type cell
and Pnc1-SKL
(24.8,
n= 47) producing
cells. n= number
of cellsDivision
counted.
number represents number of buds produced by the mother cell.
(C) Localization of Pnc1-GFP during replicative aging of S. cerevsiae. Fluorescence images of a Pnc1-GFP

producing mother cell (arrow) was captured in a microfluidics device. Division number represents number of
buds produced by the mother cell.
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Finally, we checked the localization of Pnc1-GFP at different stages during
replicative ageing. We monitored fluorescence of the Pnc1-GFP producing strain
using the microfluidics device at different stages of the RLS. At these conditions,
we did not observe any alteration in localization of Pnc1-GFP during replicative
ageing (Fig. 7C).

Discussion
Almost all peroxisomal matrix proteins contain either a PTS1 or PTS2 sorting
sequence. However, proteins lacking a PTS can be imported in complex with a PTS
containing protein by so called piggy-back import. Many examples of piggy-back
import are artificial, as these involve import of a subunit of an oligomeric protein
from which the PTS is removed in complex with subunits that still contain a PTS
[29–31]. However, a few examples of natural piggy-back import have been reported.
These include in mammalian cells the import of the PTS lacking Cu/Zn superoxide
dismutase 1 (SOD1), which depends on the interaction with its PTS-containing
chaperone [32]. In plant import of two PTS lacking subunits of heterotrimeric protein
phosphatase depends on the PTS containing third subunit of this enzyme [33]. Here,
we report piggy-back import of two functionally unrelated proteins, Pnc1 and Gpd1,
to peroxisomes.
Although we observed that Pnc1 and Gpd1 interact in a two-hybrid assay, Pnc1
and Gpd1 most likely do not form a stable complex. First, the absence of one
protein did not affect the stability of the other. Moreover, the cellular ratio of both
proteins is not constant. Also, we were unable to show a physical interaction between
both proteins using pull-down or gel filtration experiments and we were unable
to demonstrate an interaction between both proteins purified from Escherichia
coli (data not shown). These observations imply that complex formation between
Gpd1 and Pnc1 is very transient and possibly only required for sorting of Pnc1
to peroxisomes.
Our data indicate that upon exposure of cells to stress the protein levels of
both Gpd1 and Pnc1 increase. Fluorescence microscopy analyses indicated that the
fluorescence intensities of both Gpd1-GFP and Pnc1-GFP in peroxisomes increased.
The increased peroxisomal Gpd1-GFP signal is in contrast to the observation of
Jung et al, who reported that upon treatment of cells with 1 M NaCl the cytosolic
Gpd1-GFP signal increases, concomitant with a decrease in peroxisomal signal [11].
At all stress conditions tested we observed an increase in the cytosolic
fluorescence intensities of Gpd1-GFP, but not for Pnc1-GFP. This could be due to
the higher Gpd1 protein levels obtained upon exposure of cells to stress relative to
Pnc1 (see Western blots in Fig. 5A). Also the ratio Gpd1-Pnc1 increased upon stress,
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making more molecules of Gpd1 available to Pnc1 for piggy-back import. Our data
suggest that the increase in cytosolic Gpd1-GFP may be due to relatively inefficient
peroxisomal matrix protein import in stressed cells, because also a significant
portion of Pot1-GFP was mislocalized to the cytosol of stressed cells, when produced
under control of the GPD1 promoter.
Finally, we show that an exclusive peroxisomal localization of Pnc1 did not
affect the RLS of yeast cells. It was previously suggested that Pnc1 affects the
RLS by lowering the levels of nicotinamide in the nucleus [1], which activates the
histone deacetylase Sir2 that in turn increases lifespan. Because Sir2 functions in the
nucleus, it was suggested that nuclear localized Pnc1 activates histone deacetylation.
However, our results show that Pnc1 does not relocalize to the nucleus during ageing,
but predominantly remains localized to peroxisomes. Moreover, if a small fraction
of the protein would be localized to the nucleus (but below the limit of detection),
forcing Pnc1 to peroxisomes should have led to a shortening of the RLS. Because
we did not observe a change in the RLS upon the addition of a PTS1 to Pnc1, the
nuclear localization of Pnc1 is most likely not important for its function in ageing.
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