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Abstract
We investigated whether yeast cells contain a heterogeneous population of
peroxisomes using fluorescence microscopy and fluorescent proteins with different
maturation times. Our analysis revealed that peroxisomes containing matrix proteins
of different age exist within one cell. Induction experiments showed that the
organelles with a relatively old matrix protein content had a lower capacity of
matrix protein import as compared to the organelles with the relatively new matrix
protein content.
We show that the organelles with a high capacity of matrix protein import
have relatively enhanced levels of Pex14, a peroxisomal membrane protein that is
involved in matrix protein import. Induction experiments revealed that Pex14 is also
preferentially targeted to these organelles. Pex3, a peroxisomal membrane protein
that is not involved in matrix protein import, is equally sorted to all peroxisomes
in the cell.
Finally, we demonstrate that during yeast budding the peroxisomes with a
relatively old matrix protein content are retained in the mother cells, while daughter
cells inherited preferentially organelles with a relatively new matrix protein content.
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Introduction
Eukaryotic cells contain membrane bound compartments called organelles that
carry out specific functions. Among them peroxisomes are single membrane bound
organelles that are present in almost all eukaryotic cells. These physiologically
important organelles harbor a large variety of metabolic functions, depending
on organism, developmental stage and tissue. Common peroxisome functions
are the β-oxidation of fatty acids and hydrogen peroxide metabolism [1,2]. Along
with mitochondria, peroxisomes also contribute to reactive oxygen species
(ROS) homeostasis and have been suggested to play an important role in cellular
ageing [3–5].
Two modes of peroxisome proliferation have been proposed, namely
multiplication by fission of pre-existing organelles or de novo formation from the
endoplasmic reticulum. Although controversy remains that to what extent each
of these two mechanisms contributes to the total cellular peroxisome population
in different organisms, data obtained in the yeast species Hansenula polymorpha
(Nagotu et al., 2008) and Saccharomyces cerevisiae (Motley and Hettema, 2007),
indicated that in these organisms peroxisome fission is the major pathway.
According to the so called growth and fission model of peroxisome proliferation
[6] a pre-existing peroxisome grows in size by incorporation of newly synthesized
membrane and matrix constituents until they reach their mature size. Subsequently,
this organelle divides, a process that involves three consecutive steps, namely
elongation, constriction and the actual membrane scission step [6,7].
It has been suggested that peroxisomes divide asymmetrically [8], resulting in
larger, mature mother organelles in conjunction with smaller daughter peroxisomes.
The smaller organelles would subsequently be the major targets for incorporation of
newly synthesized peroxisomal components and hence represent nascent organelles
[9]. The implication of the above growth and fission model is that it leads to a
heterogeneous population of peroxisomes within one cell with respect to the ‘age’
of their constituents.
Here we studied the heterogeneity of peroxisomes in S. cerevisiae using
fluorescence microscopy approaches. Our data indicate that within one cell
peroxisomes differ with respect to the age of their matrix protein content. In addition,
we show that Pex14, a protein of the peroxisomal importomer, is predominantly
sorted and localized to nascent organelles, whereas Pex3, a protein involved in
membrane biogenesis, is present on all peroxisomes.
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Results and discussion
Yeast cells contain a heterogeneous population of peroxisomes
To determine the relative age of the peroxisomal matrix content, we used a fusion
protein consisting of DsRed1 and superfolder GFP (sfGFP) with a peroxisomal
targeting signal (-SKL) at its C-terminus (Fig. 1A) (Khmelinskii et al., 2012). The
gene encoding this fusion protein was placed under control of the constitutive
THD3 promoter. DsRed1 has a very long maturation time (half-life of approximately
11 hours (Campbell et al., 2002)), whereas sfGFP maturation takes only a few minutes
[10]. Upon import of this fusion protein into peroxisomes all organelles will show
green fluorescence, whereas only the ones with a relatively old matrix protein
content will be red fluorescent as well.
The fluorescence intensity ratio of DsRed1/sfGFP can serve as a measure of the
age of the peroxisomal matrix protein content. If peroxisomes divide symmetrically
resulting in daughter organelles that have a similar capacity to import matrix proteins,
all organelles within one cell are expected to show a similar ratio of green and red
fluorescence (Fig. 1B). However, if the organelles divide asymmetrically and the
resulting smaller daughter organelle has a higher capacity of matrix protein import,
a heterogeneous population will be formed, with a large variety in DsRed1/sfGFP
intensity ratio’s (Fig. 1B).
As shown in Fig. 1 C fluorescence microscopy analysis revealed multiple green
fluorescent spots per cell in conjunction with only a subset of organelles that showed
bright red fluorescence as well (Fig. 1C). Quantification of the fluorescence intensity
ratios of individual peroxisomes revealed a large heterogeneity ranging from 0.07 to
almost 2 (Fig. 1D). As expected an increase in DsRed1/sfGFP fluorescence intensity
ratio on individual peroxisomes correlates with a higher DsRed1 fluorescence
intensity (Fig. 1E). Herewith we establish that the peroxisomal population in yeast
is heterogeneous in with respect to the age of the matrix content.

Peroxisomes vary in their capacity to import newly synthesized
matrix proteins
To test whether the population of peroxisomes is also heterogeneous with respect
to their capacity to import newly synthesized matrix proteins, we introduced a
plasmid encoding GFP-SKL under control of a doxycycline regulatable promoter
in cells constitutively synthesizing DsRed1-SKL, to mark organelles that contain a
relatively old matrix content.
At different time points after induction of GFP-SKL expression cells were analyzed
by fluorescence microscopy. A few hours after the start of the induction, total GFP
fluorescence intensities in the cells were very variable (no fluorescence to very high
levels) (Fig. S1). In cells with the highest GFP levels, GFP fluorescence was present
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Figure 1. Heterogeneity of peroxisomes. (A) Schematic representation of the peroxisomal
tandem fluorescent protein containing slow maturing DsRed1 and fast maturing sfGFP.
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Figure 2. Distribution and sorting of Pex14 and Pex3. (A) Fluorescence microscopy image of
cell producing
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control
of a doxycycline-inducible
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DsRed1-SKL
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in all peroxisomes indicating that all peroxisomes are capable to import GFP-SKL.
However, in cells that showed relatively low total GFP fluorescence (Fig. 2A), we
observed that the peroxisomes with the highest DsRed1 intensity showed low
GFP fluorescence, whereas the brightest green spots usually contained relatively
low red fluorescence (Fig 2A). These data suggests that the organelles with higher
DsRed1 fluorescence are capable to import matrix proteins, but are less efficient
in importing newly synthesized matrix proteins, relative to those that have low or
no DsRed1 fluorescence. This result is in line with the hypothesis that cells contain
younger, nascent organelles in conjunction with older, mature ones (in line with the
model of asymmetric fission in Fig. 1B). Moreover, it confirms earlier observations
in the yeast Hansenula polymorpha [9].

Pex14 protein levels are reduced on mature peroxisomes
Next we asked whether Pex14, a PMP of the importomer, was equally distributed
over the heterogeneous population of organelles. To that end, we introduced a
fusion gene encoding Pex14-GFP under control of its endogenous promoter in cells
that produced DsRed1-SKL. Fluorescence microscopy indicated that Pex14 was
enriched on peroxisomes with relatively low DsRed1 intensities, whereas organelles
displaying a relatively high DsRed1 signals showed very low Pex14-GFP fluorescence
(Fig 2B). A similar finding was previously reported in aged mammalian cells [11],
which suggests selective localization of Pex14 may be conserved across species.
Next we examined why Pex14 is enriched on organelles with relatively low
DsRed1 fluorescence signal. To study this we placed a Pex14-sfGFP fusion protein
under control of a doxycycline regulatable promoter in a strain constitutively
producing DsRed1-SKL. Fluorescence microscopy revealed that the first Pex14-sfGFP
fluorescence appeared at only a subset of peroxisomes (Fig. 2C), which showed
relatively low or no DsRed1 fluorescence, whereas peroxisomes with relatively high
DsRed1 fluorescence did not incorporate newly synthesized Pex14.
To test whether this behavior is a common feature of PMP’s, we also analyzed
the localization (Fig. 2D) and sorting (Fig. 2E) of Pex3 to peroxisomes in DsRed1-SKL
producing cells. These experiments revealed that Pex3, produced under control
of its own promoter was equally localized to all peroxisomes. Also shortly upon
induction of Pex3 produced under control of a doxycycline inducible protein, Pex3sfGFP localized to all peroxisomes in the cell irrespective of the intensity of DsRed1
fluorescence (Fig 2E). This finding is in line with previous reports which revealed
that newly synthesized Pex3 sorts to all pre-existing organelles in S. cerevisiae [7,12].
Summarizing, our results suggest that newly synthesized Pex14 is preferentially
targeted towards organelles enriched in newly synthesized matrix marker protein,
i.e. the nascent peroxisomes, explaining their higher capacity of importing
matrix proteins. Notably, Pex3 behaves differently and sorts to all pre-existing
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organelles, including the organelles with relatively old matrix content, the presumed
mature organelles.

Mature peroxisomes are retained by the mother cell, whereas
nascent ones segregate to the bud
Next we investigated the fate of nascent and mature organelles during yeast budding.
For this purpose, we used a strain constitutively producing DsRed1-sfGFP-SKL
(see Fig. 1A). Fluorescence microscopy revealed that peroxisomes with high red
fluorescence were generally localized in the mother cells, whereas organelles that
showed only green fluorescence were more abundant in the buds (Fig. 3A). This was
confirmed by quantitative analysis of fluorescence intensities of individual peroxisomes
in budding cells, which revealed that peroxisomes in mother cells showed a significantly
higher DsRed1 to sfGFP ratio relatively to those present in developing buds (Fig. 3B).
Furthermore, the fluorescence intensity ratio of total cellular DsRed1 to sfGFP was also
higher in the mother cells relative to the buds confirming that organelles with older
peroxisomal matrix proteins are preferentially retained in the mother cells (Fig. 3C).
S. cerevisiae mother cells typically produce approximately 25 buds before they
die. Using a recently developed microfluidics device [13], we checked whether the
observed asymmetry in peroxisome inheritance was maintained during multiple
consecutive budding events of an individual mother cell. As shown in Fig. 3D, during
21 consecutive budding events peroxisomes with relatively high DsRed1 fluorescence
were always retained by the mother cell, whereas the daughter cells inherited
peroxisomes with relatively low DsRed1 fluorescence (Fig. 3D). This suggests that
inheritance of nascent peroxisomes to yeast buds is carefully controlled during the
entire replicative lifespan of yeast mother cells.
Inp1 is a PMP that plays a role in peroxisome retention, whereas Inp2 is required
to transport peroxisomes to the yeast bud via actin filaments. Localisation of both
proteins in cells of DsRed1-SKL producing strains revealed that Inp1 was mainly
present on peroxisomes with relatively high DsRed1 intensities in mother cells
(Fig. 3E), whereas Inp2 was enriched in daughter cells on peroxisomes with low
DsRed1 fluorescence (Fig. 3F). Inp1 was generally present on organelles in the
mother cell, whereas Inp2 was mainly observed on the organelles present in the
bud. These results suggest that during yeast budding Inp1 and Inp2 selectively
associate with mature and nascent organelles, respectively.

Interfering in normal peroxisome partitioning during yeast budding
affects the replicative lifespan
In order to test the physiological relevance of the careful partitioning of mature and
nascent organelles over mother and daughter cells, we finally analyzed whether
interfering in this process would affect the replicative lifespan of the mother cells.
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Figure 3. Peroxisome inheritance. (A) Peroxisomes marked with the fusion protein
DsRed1-sfGFP-SKL in budding S. cerevisiae cells (Scale bar = 5 μm). (B) The box plot
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CLSM. (E) Fluorescence microscopy image showing the distribution of Inp1-GFP on peroxisomes marked with
DsRed1-SKL (Scale bar = 5 μm). (F) Fluorescence microscopy images showing the distribution of Inp2-GFP on
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First, our studies revealed that intact peroxisomes are important for yeast
replicative lifespan, because pex3 cells, which lack functional peroxisomes, show a
reduced replicative lifespan relative to wild-type controls (Fig. 4A; mean replicative
lifespan of pex3 cells is 20.4 relative to 25.7 for the wild-type control).
Next we analysed inp1 and inp2 mutant strains. In cells lacking INP1, all
peroxisomes are transported to the developing buds leaving mother cells devoid
of peroxisomes (Fig. S2). Deletion of INP2 results in the retention of all organelles
in the mother cell and the formation of buds without peroxisomes (Fig. S2). As
shown in Fig. 4B, the replicative lifespan of inp1 cells is reduced relative to the
wild-type control, whereas that of inp2 cells is enhanced. Obviously the loss of all
peroxisomes in inp1 mother cells decreases the lifespan of these cells, however,
our data suggest that the retention of all organelles in the mother cells positively
affects its replicative lifespan.

Figure 4. PEX3 and INP1 deletion reduces yeast replicative lifespan. Replicative lifespan
of wild-type (A), pex3 (A), inp1 (B) and inp2 (B) cells. Replicative lifespan was measured
using a microfluidics device. Mean RLS for wild-type 25.7, for pex3 20.4, for inp1 22.1 and
Figure
4. 28.9.
PEX3Number
and INP1
reduces
lifespan.
lifespan
of wild-type (A),
for inp2
of deletion
cells counted
(n)yeast
= 144replicative
for wild-type,
166 Replicative
for pex3, 192
for inp1
and (A),
145 inp1
for inp2.
pex3
(B) and inp2 (B) cells. Replicative lifespan was measured using a microfluidics device. Mean

RLS for wild-type 25.7, for pex3 20.4, for inp1 22.1 and for inp2 28.9. Number of cells counted (n) = 144 for
wild-type, 166 for pex3, 192 for inp1 and 145 for inp2.
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Conclusions
Here we show that S. cerevisiae cells contain a heterogeneous population of
peroxisomes with respect to matrix and membrane protein sorting as well as
organelle inheritance.
The observed heterogeneity is in line with a model that peroxisomes divide
asymmetrically in conjunction with selective matrix protein import in the smaller
organelle.
Previously, it was shown that H. polymorpha [9] and mammalian cells [11] contain
a heterogeneous population of peroxisomes with respect to matrix protein content
and capacity to import matrix protein. We here show that in S. cerevisiae the reduced
import capacity of mature organelles is most likely caused by the reduced presence
of the peroxisomal translocon. This is achieved by the preferential sorting of Pex14
to nascent organelles. In addition, Pex14 may be removed from mature organelles,
e.g. by the ubiquitin proteasome system. Indeed ubiquitinated peptides of Pex14
have been detected in large-scale proteomics analyses [14–16]. This process may
serve as a control mechanism to regulate peroxisomal matrix protein import. Hence
by reducing import in mature peroxisomes and enhancing the efficiency of protein
import of nascent organelles, mixing of newly synthesized proteins with the older,
possibly damaged content of mature organelles is prevented.
Interestingly, we found that Pex14 is preferentially sorted to the newer organelles.
This observation is of physiological significance because higher levels of Pex14 will
stimulate import of matrix proteins in nascent organelles. However, this selective
sorting does not apply for Pex3, which was sorted to both mature and nascent
peroxisomes. The differences in sorting patterns of PMPs suggest that multiple
PMP targeting pathways exist.
Our data show that there is a clear difference in distribution of nascent and
mature peroxisomes over mother and daughter cells. This heterogeneity is achieved
by the selective distribution of the peroxisome inheritance proteins, Inp1 and Inp2
[17,18], on these peroxisomes. We observed that Inp1 levels are higher on older
peroxisomes and these are mainly present in the mother cells. An enhanced level
of Inp1 on older peroxisomes will enable effective retention of these organelles
in the mother cells by not allowing their transfer to the daughter cell. In contrast,
the presence of Inp2 on the nascent organelles will preferentially transfer these
peroxisomes to the bud. This asymmetry may prevent transfer of damaged, mature
organelle to newly formed buds. The mechanisms which Inp1 and Inp2 associate to
the nascent and mature organelles remains elusive.
It has been suggested that in S. cerevisiae peroxisomes are not important when
cells are grown on glucose. Although these organelles seem dispensable on glucose
(as pex mutants still are capable to grown on glucose), our data shows that pex3
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cells, which do not contain functional peroxisomes, have a shorter replicative life
span relative to wild type controls. Similarly, the cells of an INP1 deficient strain,
which are unable to retain peroxisomes in the mother cells, also showed a reduced
replicative lifespan. This finding underscores there is a physiological function of
peroxisomes during growth of cells on glucose. The finding that retention of all
peroxisomes in mother cells of the inp2 strain has a positive effect on yeast RLS
further supports this conclusion. The positive effects of INP2 deletion on the RLS
may be due to the presence of more nascent organelles in the mother or just a
higher cellular abundance of peroxisomes.

Material and methods
Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Table 1. 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). For growth on agar plates, YPD medium (1% yeast
extract, 1% peptone, 1% glucose) was supplemented with 2% agar. For selection of
zeocin or nourseothricin resistant transformant, YPD plates containing 200 µg/ml
zeocin (Invitrogen) or 100 µg/ml nourseothricin (WERNER BioAgents) were used.
To select transformants based on amino acid prototrophy yeast nitrogen base
without amino acids (YNB; Difco; BD) plates containing 1% glucose and 2 % agar
were used with the appropriate amino acids. For cloning purposes Escherichia coli
DH5α was used, which was cultured at 30°C on LB medium supplemented with the
appropriate antibiotics.

Construction of S. cerevisiae strains
Yeast strains, plasmids and primers used in this study are listed in Tables 1, 2 and
3 respectively.
To construct pSAN02, DsRED1 was amplified from pYM35 [21] using primers
DsRED1-Fw and DsRed1-Rev, and after BamHI/HindIII digestion cloned into pSL34
[20], resulting in plasmid pPMET25 -DsRed1-SKL. Subsequently, DsRed1-SKL was
amplified from pPMET25 -DsRed1-SKL using primers DsRED1-1 and DsRED1-2 and
after HindIII/SalI digestion cloned into pHIPN4 [22] resulting in plasmid pHIPN4DsRed1-SKL. The TDH3 promoter was amplified from S. cerevisiae genomic DNA
using primers TDH3-4 and TDH3-5, and after NotI/HindIII digestion cloned into
pHIPN4-DsRed1-SKL, which resulted in plasmid pPTDH3 -DsRed1-SKL (pSAN02).
pSAN02 was linearized using MfeI and integrated in the THD3 promoter region of
the S. cerevisiae genome.
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Table 1. Yeast strains used in this study
Strains

Description

Reference

WT

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0

Euroscarf

WT. DsRed1-SKL

BY4742::PTDH3.DsRed1-SKL/NatR

This study

WT. DsRed1-sfGFP-SKL

BY4742::PTDH3.DsRed1-sfGFP-SKL/Nat

Pex14-GFP.DsRed1-SKL

BY4741::PTDH3.DsRed1-SKL/NatR

Pex3-GFP. DsRed1-SKL

BY4741:: PTDH3.DsRed1-SKL/Nat

DsRed1-SKL. GFP-SKL

BY4742::PTDH3.DsRed1-SKL/NatR pCM189-GFP-SKL URA3 This study

DsRed1-SKL.
Pex14-sfGFP

BY4742::PTDH3.DsRed1-SKL/NatR pCM189-Pex14-sfGFP
URA3

This study

DsRed1-SKL.
Pex3-sfGFP

BY4742::PTDH3. DsRed1-SKL/NatR pCM189-Pex3-sfGFP
URA3

This study

Inp1-GFP. DsRed1-SKL

BY4741 PTDH3.DsRed1-SKL/NatR

This study

Inp2-GFP. DsRed1-SKL

BY4741 PTDH3.DsRed1-SKL/NatR

WT. GFP.SKL

BY4742 pMET25-GFP.SKL/Zeo

inp1.GFP-SKL

BY4742, inp1::KanMX4. pSL34/ZeoR

This study

inp2.GFP-SKL

BY4742, inp2::KanMX4. pSL34/Zeo

This study

pex3

BY4742 pex3::KanMX4

Euroscarf

inp1

BY4742 pex5::KanMX4

Euroscarf

inp2

BY4742 pex6::KanMX4

Euroscarf

R

This study
This study
This study

R

This study
[20]

R

R

For the construction of a plasmid encoding a fusion protein of DsRed1 and sfGFP
containing the PTS1 sequence –SKL at the extreme C-terminus first an mCherrysfGFP fragment was amplified from pMaM17 [23] using primer pair MC.sfGFP-Fw/
MC.sfGFP-Rev. This PCR fragment was digested with AatII/XhoI and cloned in pSL33
resulting in plasmid pPMET25 -mCherry-sfGFP-SKL. From this plasmid an mCherrysfGFP-SKL fragment was amplified using primers pair MC.sfGFP-1/ MC.sfGFP-2
and a HindIII/SalI fragment was cloned into pHIPZ4 [24] resulting in pHIPZ-mCherrysfGFP-SKL. The DsRed1 was amplified from pYM35 using DsRed1.HindIII_F and
DsRED2.OL, and sfGFP-SKL was amplified from pHIPZ-mCherry-sfGFP-SKL using
primers sfGFP.DsRED1.OL and sfGFP_R. Both fragments were joined together by
overlap PCR and HindIII/SalI fragment was cloned in pSAN02 resulting in plasmid
pPTDH3 -DsRed1-sfGFP-SKL (pSAN03). Plasmid pSAN03 was linearized by restriction
enzyme MfeI and integrated into S. cerevisaie genome.
To construct pSL33, 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 [26] using primer
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pair Nat1.1/Nat1.2 and after digestion with SacII/KpnI the fragment was cloned into
pSL32 that resulted in pSL33.

Construction of doxycycline inducible plasmids
All doxycycline inducible plasmids are derivatives of pCM189 [27]. To construct
pCM198-GFP-SKL, a fragment of 1133 bp encoding GFP-SKL and containing the
CYC1 terminator was obtained from pSL34 after digestion with NotI/BamHI, and
this fragment was cloned into pCM189.
To obtain plasmid pCM189-PEX3-sfGFP, the gene encoding sfGFP was amplified
from pMaM17 with primer pair PEX3.OL-1/sfGFP.R_NotI, and PEX3 was amplified
from genomic DNA using primers PEX3.BamHI-F and PEX3.OL-2. Both fragments
were combined together by overlap PCR and after restriction digestion with NotI/
BamHI this fragment was cloned into pCM189. This plasmid was sequenced to
exclude the presence of errors.

Table 2. Plasmids used in this study
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Plasmids

Description

Reference

pSAN02

DsRed1-SKL under control of THD3 promoter, natR

This study

pSAN03

DsRed1-sfGFP-SKL under THD3 promoter, natR

This study

pCM189

Doxycycline inducible plasmid, CEN, URA3

[27]

pCM189-GFP-SKL

GFP-SKL under doxycycline control, CEN, URA3

This study

pCM189-PEX3-sfGFP

Pex3-sfGFP under doxycycline control, CEN, URA3

This study

pCM189-PEX14-sfGFP

Pex14-sfGFP under doxycycline control, CEN, URA3 This study

pYM35

DsRed1, kanMX4

[21]

pPMET25 -DsRed1-SKL

DsRed1-SKL under control of MET25 promoter

This study

pHIPN4

Plasmid containing Nourseothricin resistance gene

[22]

pHIPN4-DsRed1-SKL

pHIPN4 containing DsRed1-SKL

This study

pMaM17

Plasmid containing mCherry-sfGFP

[23]
This study

pSL33

DsRed-SKL under control of MET25 promoter, nat

pSL34

GFP-SKL under control of MET25 promoter zeoR

[20]

pPMET25 -mCherry-sfGFP-SKL

mCherry-sfGFP-SKL under control of MET25
promoter

This study

pHIPZ4

Plasmid containing Zeocin resistance gene

[24]

pHIPZ-mCherry-sfGFP-SKL

pHIPZ4 containing mCherry-sfGFP-SKL

This study

pUG34-DsRed-SKL

DsRed-SKL under control of MET25 promoter, CEN, [25]
HIS3

pBSII KS+

ampR, pUG6 origin of replication

Stratagene

pSL32

pBSII KS+ containing DsRed-SKL

This study

pAG25

nat , amp , integrative plasmid

[26]

R

R

R
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To construct pCM189-PEX14-sfGFP, sfGFP was amplified from pMaM17 with
primer pair PEX14.OL-1/sfGFP.R_NotI, and PEX14 was amplified from genomic DNA
using primers PEX14.BamHI-F and PEX14.OL-2. Both fragments were combined
together by overlap PCR and after restriction digestion with NotI/BamHI this
fragment was cloned into pCM189. This plasmid was sequenced to exclude the
presence of errors.

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 emission
filter. DsRed fluorescence was visualized with a 546⁄12-nm bandpass excitation filter,
a 560-nm dichromatic mirror, and a 575–640-nm bandpass emission filter.
Confocal images were acquired with a confocal microscope (LSM510; Carl Zeiss)
equipped with photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 software
(Carl Zeiss).GFP fluorescence was visualized by excitation with 488-nm argon ion
laser (Lasos), and emission was detected using a 500-550-nm band-pass emission
filter. The DsRed signal was visualized by excitation with a 543-nm helium neon laser
(Lasos) and emission was detected using a 565–615-nm bandpass emission filter.
Image analysis was performed using ImageJ software. For quantification,
fluorescence intensity of sfGFP or DsRed1 on each peroxisome was measured by
ImageJ and corrected for the background intensity. Fluorescence intensity of sfGFP
and DsRed1 on individual peroxisome was normalized to the total intensity of sfGFP
and DsRed1 in the cell before calculating DsRed1/sfGFP ratio.
To study peroxisome inheritance a single cell microfluidic dissection device was
used with a constant supply of mineral medium. Time-lapse images were acquired
using the confocal microscope LSM510. The objective and microfluidic dissection
device was placed at 30oC.

Replicative lifespan analysis
The replicative lifespan of yeast strains were measured using a microfluidics
dissection device [13] at 30°C . Mineral medium supplemented with 2% glucose
and appropriate amino acids (without yeast extract) was supplied with a flow rate of
5-7 µl/min throughout the experiment. Time-lapse bright field images were acquired
every 30 min using a wide field inverted microscope (Observer Z1; Carl Zeiss). The
number of buds produced by each cell was counted and RLS curve was obtained
using Kaplan-Meier analysis.
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Table 3. primers used in this study
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Primers

Sequence

DsRED1-Fw

CAATGGATCCCTGGTGCTGGTGCTGGAGCA

DsRED1-Rev

GTTAAGCTTCTAGAGTTTTGACAGGAACAGGTGGTGGCGGC

DsRED1-1

CTAAAGCTTATGGTGCGCTCCTCCAAGAAC

DsRED1-2

CATGTCGACCTAGAGTTTTGACAGGAACA

TDH3-4

GATGCGGCCGCCACGCTTTTTCAGTTCGAGT

TDH3-5

CATAAGCTTTTTGTTTGTTTATGTGTGTTTAT

MC.sfGFP-Fw

CAAGACGTCTTCGTACGCTGCAGGTCGAC

MC.sfGFP-Rev

GTTCTCGAGCTAGAGTTTTGAGGATCCCTTATAAAGCTCGT

MC.sfGFP-1

CATGTCGACCGAGCTAGAGTTTTGAGGAT

MC.sfGFP-2

GATAAGCTTATGGTGAGCAAGGGCGAGGA

DsRed1.HindIII_F

CGCGCGAAGCTTATGGTGCGCTCCTCCAAG

DsRED2.OL

GCACCTGCTCCGTCGAGCAGGAACAGGTGGTGGCG

sfGFP.DsRED1.OL

CGCCACCACCTGTTCCTGCTCGACGGAGCAGGTGC

sfGFP_R

ATCGATCCTCTAGAGTCGAC

PEX3.OL-1

GCTCGTTTTCCTTCAAGCCTATGTCCAAGGGTGAAGAG

sfGFP.R_NotI

CCGATGCGGCCGCCTCAACTTCCCTTATAAAGCTCGTCCA

PEX3.BamHI-F

GCCTCGGATCCATGGCCCCAAATCAAAGATC

PEX3.OL-2

CTCTTCACCCTTGGACATAGGCTTGAAGGAAAACGAGC

PEX14.OL-1

GTCGAAGACTCCATCCCA ATGTCCAAGGGTGAAGAG

PEX14.BamHI-F

GCGCTAGGATCCATGAGTGACGTGGTCAGTAA

PEX14.OL-2

CTCTTCACCCTTGGACATTGGGATGGAGTCTTCGAC

DsRed-1

CACGGTACCTAACGCCAGGGTTTTC

DsRed-2

CGCTCTAGACGCGCAATTAACCCTC

Nat1.1

GGCTCTAGACGTTAGAACGCGGCTACAAT

Nat1.2

TCTCCGCGGGCTCGTTTTCGACACTGGAT
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Supplemental figures

Figure S1. Targeting of newly synthesized matrix and membrane proteins. (A) Cells
Figure S1. GFP-SKL
Targetingunder
of newly
synthesized
matrix and membrane
proteins.
(A) Cells
containing
control
of a doxycycline-inducible
promoter
and DsRed1SKL
under
controlunder
of acontrol
constitutive
promoter. (B)promoter
Cell containing
PEX14-sfGFP
under
containing
GFP-SKL
of a doxycycline-inducible
and DsRed1-SKL
under control
of a
control of a doxycycline-inducible promoter and DsRed1-SKL under control of a constituconstitutive promoter. (B) Cell containing PEX14-sfGFP under control of a doxycycline-inducible promoter and
tive promoter. (C) Cell containing PEX3-sfGFP under control of a doxycycline-inducible
DsRed1-SKLand
under
control of a under
constitutive
promoter.
Cell containing
PEX3-sfGFP
under
control
of a
promoter
DsRed1-SKL
control
of a (C)
constitutive
promoter.
(Scale
bar=
5 μm).
doxycycline-inducible promoter and DsRed1-SKL under control of a constitutive promoter. (Scale bar= 5 μm).
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Figure S2. Representative fluorescence microscopy images showing peroxisome inheritance in inp1Figure
and inp2
cells.
Peroxisomes are
marked withmicroscopy
GFP-SKL. Scale
bar represents
S2.
Representative
fluorescence
images
showing peroxisome
5 μm.

inheritan

in inp1 and inp2 cells. Peroxisomes are marked with GFP-SKL. Scale bar represents 5 μm.
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