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ABSTRACT
Eukaryotic cells have evolved organelles that allow the
compartmentalization and regulation of metabolic processes.
Knowledge of molecular mechanisms that allow temporal and spatial
organization of enzymes within organelles is therefore crucial for
understanding eukaryotic metabolism. Here, we show that the yeast
malate dehydrogenase 2 (Mdh2) is dually localized to the cytosol and
to peroxisomes and is targeted to peroxisomes via association with
Mdh3 and a Pex5-dependent piggybacking mechanism. This dual
localization of Mdh2 contributes to our understanding of the glyoxylate
cycle and provides a new perspective on compartmentalization of
cellular metabolism, which is critical for the perception of metabolic
disorders and aging.
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INTRODUCTION
Eukaryotic cells have evolved organelles that allow the
compartmentalization and regulation of multiple parallel metabolic
processes requiring unique conditions. One obvious way to control
metabolic fluxes is by sequestering enzymes into different
compartments, where they would encounter different substrates or
co-factors. Indeed, alterations of optimal enzymatic regulation can lead
to disease (Metallo and Vander Heiden, 2013). Hence, to understand
metabolic disorders, and to enable potential treatments, it is not
sufficient to define isolated enzyme functions, but rather it is crucial to
investigate the compartmentalization of metabolic pathways and
elucidate how enzymes are segregated correctly into organelles.
A central compartment involved in a variety of metabolic

pathways in cells is the peroxisome. Indeed, defects in peroxisome
functions lead to various metabolic diseases with different
severities, such as Zellweger syndrome, Refsum disease, X-linked

adrenoleukodystrophy (X-ALD) and primary hyperoxaluria type 1
(Waterham et al., 2016). Although human peroxisomes contain over
50 different enzyme activities (Waterham et al., 2016; Yifrach et al.,
2018), our knowledge of the molecular mechanisms that accomplish
and regulate the temporal localization of these enzymes and their
effect on peroxisome metabolism is still scarce.

In Saccharomyces cerevisiae (referred to hereafter as yeast),
malate dehydrogenase 2 (Mdh2) is an essential enzyme both for
the glyoxylate cycle and for NAD+ recycling during β-oxidation of
fatty acids (Kunze et al., 2006). Interestingly, both pathways have
peroxisomal as well as cytosolic components. However, the
cellular localization of Mdh2 is not clear; some reports suggest that
Mdh2 is solely localized to the cytosol (Kal et al., 1999; Kunze
et al., 2006; McAlister-Henn et al., 1995), whereas other anecdotal
observations suggest that Mdh2 is also localized to peroxisomes,
but without a clear mechanism of how it could achieve
peroxisomal localization (McCammon et al., 1990; Tower et al.,
2011). Moreover, the functional consequences of Mdh2 being
localized to either the cytosol or peroxisomes, or to both
compartments, are not known.

Here, we show that Mdh2 is not only cytosolic but is also
localized to peroxisomes. We found that targeting of Mdh2 to
peroxisomes requires the formation of a heterocomplex with Mdh3,
enabling targeting by a piggybackmechanism via the Pex5 targeting
factor. We suggest that the peroxisomal fraction of Mdh2 reduces
the need for repeated shuttling of substrates back and forth across the
membrane to feed the glyoxylate cycle when the fatty acid oleate is
used as the carbon source, while maintaining the flexibility to use
Mdh2 in the cytosol during the utilization of ethanol, therefore
making it more efficient. More globally, our results demonstrate
how targeting by a piggyback mechanism to peroxisomes provides
flexibility in enzyme localization.

RESULTS
A subpopulation of Mdh2 is localized to peroxisomes
To characterize the cellular localization of Mdh2, we tagged the
protein at its N terminus with GFP, while not manipulating the native
promoter of the gene (Huh et al., 2003; Weill et al., 2018; Yofe et al.,
2016), and assayed localization in the presence of either glucose or
oleate as a sole carbon source. GFP-tagged Mdh2 was localized to
the cytosol but also clearly had a fraction that colocalized with
peroxisomes in both glucose- and oleate-grown cells (Fig. 1A).
Peroxisomal localization was irrespective of the terminus tagged by
GFP, because a C-terminally taggedMdh2 showed a similar punctate
localization pattern (Fig. 1B) that disappeared in the absence of the
peroxisome biogenesis factor Pex19, indicative for a redistribution of
Mdh2–GFP to a cytosolic-only localization when no peroxisomes are
formed (Götte et al., 1998) (Fig. 1B). To verify the microscopic
observations, we fractionated yeast cells expressing Mdh2–GFP,
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which was found in the cytosolic fraction and in a smaller amount in
the organelle pellet (Fig. 1C). Mdh2 co-migrated with peroxisomes
after isopycnic density centrifugation (Fig. 1D). Hence, a portion of
Mdh2 is localized to peroxisomes.

Peroxisomal Mdh2 is localized to the peroxisome matrix
Colocalization of Mdh2 with peroxisomes by microscopy or
fractionation experiments cannot differentiate between a
peripheral (facing the cytosol) association of Mdh2 or its import
into the organelle matrix. To characterize the sub-peroxisomal
localization of Mdh2, we applied chemical extractions and protease
protection assays to the organellar fraction from strains in which
Mdh2 was C-terminally tagged with GFP (Mdh2–GFP).
Biochemical analysis revealed a clear protease-protected fraction
that became protease-sensitive in the presence of Triton (Fig. 2A),
suggesting that the peroxisomal fraction of Mdh2 is not peripheral.
Upon chemical extraction of the organellar pellet, Mdh2–GFP was
efficiently released from the organelle to the soluble fraction when
treated with Na2CO3, but not when treated with low salt buffer
(hypotonic shock) or high salt buffer (500 mM KCl) (Fig. 2B).
These results demonstrate that Mdh2–GFP is localized to the
peroxisomal matrix and that it might associate with the inner side of
the peroxisomal membrane.

The peroxisomal localization of Mdh2 is Pex5- and
Mdh3-dependent
The localization of Mdh2 to the peroxisome matrix was surprising,
because Mdh2 does not contain a canonical peroxisomal targeting
signal (PTS) (McAlister-Henn et al., 1995). Hence, we envisioned
that Mdh2 has to use a specialized peroxisome targeting machinery.
To systematically explore the targeting machinery of Mdh2, we
robotically crossed (Cohen and Schuldiner, 2011) a strain in which
GFP–MDH2 was expressed under a strong constitutive promoter
(NOP1pr GFP–MDH2; Weill et al., 2018; Yofe et al., 2016) with a
collection of ∼90 freshly made and verified deletion mutants in
peroxisome-related genes (Table S1). The effect of each deletion on
GFP–Mdh2 localization was then examined in haploid cells using a
high-content imaging platform (Fig. 3A). To exclude general effects
of the perturbations on peroxisomes, each strain also contained
mCherry-tagged Pnc1, a nicotinamidase known to be imported
into peroxisomes by piggybacking on glycerol-3-phosphate
dehydrogenase (Gpd1), which carries a type 2 PTS (PTS2)
(Effelsberg et al., 2015; Kumar et al., 2016; Saryi et al., 2017).
We found that GFP–Mdh2 and Pnc1–mCherry colocalized to
punctate structures in the control cells (Fig. 3B, control), whereas
they localized to the cytosol when mature peroxisomes were absent
(Fig. 3B, Δpex3). Although Pnc1 localization was affected by the

Fig. 1. Mdh2 is localized to the cytosol and to peroxisomes. (A) When endogenous GFP–MDH2 is expressed under its native promoter, the GFP–Mdh2
protein is dually localized to the cytosol and to peroxisomes, as seen by colocalization with Pex3–mCherry (in oleate the colocalization is demonstrated by white
arrows). Mdh2 expression levels are higher on oleate medium due to the removal of the glucose-induced repression. Therefore, a longer imaging exposure was
used for glucose-grown cells. Hundreds of cells were imaged in three technical repeats. (B) Mdh2–GFP (expressed under its native promoter) is no longer
localized to puncta in the absence of peroxisomes (Δpex19), proving that the puncta represent peroxisomes. Hundreds of cells were imaged in three technical
repeats. (C) Mdh2–GFP (expressed under its native promoter) is present both in the cytosolic fraction (S) and in the organellar pellet (P) of fractionated cells. T,
total. Fox3 (also known as Pot1, peroxisomal 3-oxoacyl-CoA thiolase, a PTS2 protein), Fox1 (also known as Pox1, acyl-CoA oxidase), Pcs60 (oxalyl-CoA
synthetase, a PTS1 protein) and Pex11 (a peroxisomal membrane protein; arrowhead) were used as peroxisomal markers. Por1 (mitochondrial porin) was used
as a mitochondrial marker, and Pgk1 (phosphoglycerate kinase 1) as a cytosolic marker. n=2. (D) Density gradient of the postnuclear supernatant (PNS) shows
that Mdh2–GFP (expressed under its native promoter) can be found in peroxisomal fractions (marked with a dashed line). Fox3 was used as peroxisomal marker,
Por1 was used as a mitochondrial marker and Pgk1 as a cytosolic marker. n=2.
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absence of the PTS2 targeting machinery, Mdh2 localization was
not affected by this perturbation (Fig. 3B, Δpex7). However, GFP–
Mdh2 was no longer localized to peroxisomes when the type 1 PTS
(PTS1) targeting machinery (Δpex5, or any essential component of
the Pex5 import cycle) was absent (Fig. 3B, Δpex5 and data not
shown). Moreover, Mdh2 was not localized to peroxisomes when
MDH3, encoding the peroxisomal iso-enzyme of Mdh2, was
deleted (Fig. 3B, Δmdh3). No other mutants affected Mdh2
localization. The dependence on Pex5 and Mdh3 was also evident
by organelle sedimentation (Fig. 3C) as well as by subcellular
fractionations (Fig. 3D).
To ensure that the peroxisomal localization of Mdh2, and its

dependence onMdh3 and Pex5, was not a result of the GFP tagging,
we used a specific antibody that recognizes Mdh2 but not the other
Mdh isoforms (Gabay-Maskit et al., 2018). Analysis of subcellular
fractions clearly demonstrated that native and untagged Mdh2 also
co-sediments with peroxisomes (Fig. 3E, control), and that its
peroxisomal localization is dependent on the presence of Mdh3
(Fig. 3E, Δmdh3). The observation that Mdh2, a soluble protein that
does not contain a canonical PTS, is targeted to peroxisomes in a
Pex5- and Mdh3-dependent manner implies that Mdh2 targeting is
enabled by binding to, and piggybacking onto, Mdh3, which
contains a canonical PTS1.

Mdh2 binds Mdh3 and is targeted to peroxisomes by
piggybacking on Mdh3
To test the hypothesis that Mdh2 is transported to peroxisomes by
piggybacking on Mdh3, we further examined whether the
peroxisomal localization of Mdh2 is dependent on Mdh3

expression, and on the ability of Mdh3 to be targeted to
peroxisomes. We found that when GFP–MDH3 was expressed
under an inducible GAL1 promoter (GAL1pr–GFP–MDH3), Mdh2
only appeared in puncta when the cells were grown on galactose and
MDH3 was expressed (Fig. 4A). Moreover, when we tagged Mdh3
with GFP at the N terminus (leaving the PTS1 exposed), this could
confer peroxisomal localization to both Mdh3 and Mdh2 (Fig. 4B,
upper panel). However, when the GFP moiety was fused at the C
terminus of Mdh3, thus obstructing its PTS1, neither Mdh3 nor Mdh2
could localize to peroxisomes (Fig. 4B, lower panel). This indicates
that the PTS1 of Mdh3 is required for targeting of both proteins.

In fact, a single PTS1 was enough to confer targeting of both
proteins regardless of which of the two Mdh enzymes carried this
signal. When the PTS1 of Mdh3 was masked by a C-terminal GFP
tag and a strong PTS1 (DeLoache et al., 2016) was genomically
fused to Mdh2 (Mdh2–mCherry–ePTS1), both proteins were
localized to peroxisomes (Fig. 4C) and cells could grow on oleate
with a small phenotypic growth delay (Fig. S1; compare Mdh3–
GFP Mdh2–mCherry–ePTS1, in which Mdh3 piggybacks on
Mdh2, to GFP–Mdh3 Mdh2–mCherry, where Mdh2 piggybacks
on Mdh3 as in the BY4741 control). The above observations
suggest that the proteins form a heterocomplex and hence use a
single PTS1 to target to peroxisomes in a Pex5-dependent manner.
Additionally, the phenotypic growth delay of the Mdh3–GFP
Mdh2–mCherry–ePTS1 strain in both ethanol (EtOH) and oleate
implies that a cytosolic pool of Mdh2 is required for an efficient
glyoxylate cycle during growth on EtOH as a sole carbon source and
for NAD+ recycling during β-oxidation of fatty acids during growth
on oleate as a sole carbon source.

Fig. 2. Mdh2 is localized to the peroxisomematrix. (A) Protease protection assay of the postnuclear supernatant (PNS) reveals a protease-protected fraction of
Mdh2–GFP (expressed under its native promoter). In the presence of Triton X-100, the peroxisomal membrane is permeabilised. Therefore, peroxisomal
matrix proteins, such as Fox3, are degraded by proteinase K. Time is indicated in minutes. n=2. (B) Chemical extraction of the organellar pellet (OP). A significant
proportion of Mdh2–GFP (expressed under its native promoter) remains in the sediment (P, pellet) after low-salt (20 mM TrisHCl, pH 8) treatment of sedimented
organelles, suggesting a possible membrane association. Mdh2–GFP is also not extracted by high-salt treatment (20 mM TrisHCl, pH 8 and 500 mM KCl),
but is completely extracted to the soluble fraction (S) under treatment with Na2CO3 pH 11.5, suggesting that the protein is not an integral membrane protein
but is peripherally associated with themembrane from thematrix side. T, total; C, cytosolic fraction. Por1 was used as amitochondrial marker. Por1 was used as a
mitochondrial and integral membrane protein marker; Mdh3, Fox3, Fox1, Gpd1 and Pcs60 were used as peroxisomal matrix protein markers with a variable
membrane-association propensity; Pex11 was used as a peroxisomal and integral membrane protein marker. n=2.
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It has previously been shown that Mdh enzymes can form dimers
or tetramers (Goward and Nicholls, 1994; Minárik et al., 2002).
Hence, we examined whether heterocomplexes of Mdh2 and Mdh3
can be formed. First, we performed in silico structure modeling and
found that the dimerization interface shows very high sequence
identity between the two yeast Mdh enzymes. This suggests that
Mdh2 or Mdh3 homodimers as well as Mdh2–Mdh3 heterodimers
are likely to form (Fig. 4D). Notably, the C-termini of the proteins

are located away from the dimerization interface, indicating that
heterodimerization leaves the PTS1 of Mdh3 exposed. The dimer–
dimer interface (tetramerization interface) is smaller than the
dimerization interface, yet is highly conserved; therefore,
heterotetramers might also form. The modeling predictions were
supported by an in vivo yeast two-hybrid binding assay that
demonstrated that Mdh2 and Mdh3 can interact with each other
(Fig. 4E).

Fig. 3. See next page for legend.
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To further validate the Pex5-dependent piggybacking mechanism
of targeting, we forced Mdh3 to use the PTS2 pathway to enter
peroxisomes independently of Pex5. To this end, a PTS2 was fused
N-terminally to mCherry–Mdh3 whose PTS1 was abolished
(PTS2–mCherry–Mdh3-ΔSKL). Under these conditions, Mdh3
targeting to peroxisomes was less efficient, and PTS2–Mdh3-ΔSKL
was localized to the cytosol in addition to puncta (Fig. S2A).
Deletion of PEX7 resulted in the disappearance of the puncta,
indicating that the Mdh3 puncta represented peroxisomes and that
the targeting was Pex7-dependent, as expected (data not shown).
Focusing only on Mdh3 puncta, we could clearly see a reduced
capability to efficiently piggyback Mdh2 into peroxisomes (Fig.
S2A,B). This result highlights the contribution of Pex5 to the
piggyback transport of Mdh2 into peroxisomes. Notably, the ability
of Mdh3 to support the targeting of Mdh2 was independent of the
catalytic activity of Mdh3, because an inactive mutant of Mdh3
(Mdh3-H187A) could still enable targeting ofMdh2 to peroxisomes
(Fig. S2A,B). Taken together, our results suggest that Mdh2 and
Mdh3 form a heteromeric complex that enables targeting of Mdh2,
which lacks a PTS, to peroxisomes by piggybacking. This is the first
example of Pex5-dependent piggybacking of a natural, non PTS1-
containing protein in yeast, and it changes our view on the spatial
distribution of Mdh2.

DISCUSSION
In this work we demonstrate that Mdh2, a non-PTS protein,
previously believed to be exclusively localized in the cytosol, is also
localized to peroxisomes. We show that the peroxisomal
localization of Mdh2 is mediated by piggybacking on Mdh3 in a
Pex5-dependent manner. Although it has been demonstrated that
PTS1-based piggybacking is possible in S. cerevisiae (McNew and
Goodman, 1994; Yang et al., 2001), we here show the first example
of a natural, non PTS1-containing protein that is targeted to
peroxisomes by piggybacking on a PTS1 protein in this yeast. Our
observations outline a mechanism of piggyback import to
peroxisomes that is factor specific (Pex5) and is different from the

Pex7-dependent Pnc1–Gpd1 import (Effelsberg et al., 2015; Kumar
et al., 2016; Saryi et al., 2017). Despite their co-import, Mdh3 and
Mdh2 behaved differently in chemical extraction experiments
(Fig. 2B). This raises the possibility that the two Mdh proteins
dissociate following translocation into peroxisomes. Alternatively,
this could reflect an organization of a salt-sensitive heterocomplex
in which Mdh2 is tightly associated with the inner side of the
peroxisomal membrane and Mdh3 faces the matrix.

What could be the cellular benefit of having such a dual carbon-
source-dependent localization of Mdh2?Mdh2 is part of the glyoxylate
cycle that enables the conversion of acetyl-CoA into succinate. This
cycle is essential during growth in the absence of glucose, when simple
carbon sources must be utilized for anabolic reactions. Upon growth on
oleate, acetyl-CoA is produced in the peroxisomal matrix as a major
product of peroxisomal fatty acid oxidation, whereas upon growth in
EtOH, acetyl-CoA is produced in the cytosol. Originally, it was
hypothesized that the acetyl-CoA produced inside peroxisomes during
growth in fatty acid-containing medium needs to be exported from
peroxisomes. Then, it can be further metabolized in mitochondria or
processed by the cytosolic glyoxylate cycle.

However, the placement of Mdh2 in the peroxisomal matrix
during growth on oleate and in the cytosol upon growth on EtOH
brings the enzymes closest to the source of their most valuable
substrate, and thus optimizes the glyoxylate cycle according to the
cellular needs.

In line with the idea that Mdh2 localization to peroxisomes
supports optimal glyoxylate cycle function when cells consume
oleate, it has been shown that two additional enzymes of the
glyoxylate cycle, malate synthase 1 (Mls1, which converts acetyl-
CoA and glyoxylate into malate) and citrate synthase 2 (Cit2, which
converts acetyl-CoA and oxaloacetate to citrate), are localized in
peroxisomes upon growth on oleate (Kunze et al., 2006). However,
because Mdh2 was previously thought to be only cytosolic, it has
been proposed that under these conditions, there is ‘back and forth’
shuttling of metabolites across the peroxisomal membrane to
interface with the enzymes that remain cytosolic [aconitase 1
(Aco1), isocitrate lyase 1 (Icl1) and Mdh2; Kunze et al., 2006]
(Fig. 5A). Our data suggest that the metabolic wiring is, in fact,
much simpler (Fig. 5B) – the peroxisomal localization of a pool of
Mdh2 could increase the efficiency of the glyoxylate cycle during
growth in fatty acids, because three consecutive reactions of the
glyoxylate cycle could occur inside peroxisomes (catalyzed by
Mls1, Mdh2 and Cit2), thereby eliminating the need to transport
malate out of, and oxaloacetate into, peroxisomes (Fig. 5).
Conversely, when cells grow on EtOH, and acetyl-CoA is
available in the cytosol, it would be beneficial for Mdh2 and the
other enzymes that are part of the glyoxylate cycle to localize to the
cytosol. Indeed, previous observations demonstrate that Mls1 is
localized mostly to the cytosol when cells consume EtOH, and is
only present in peroxisomes when cells consume fats (Kunze et al.,
2006). Along these lines, it has recently been shown that Mls1
targeting can be mediated by Pex9, a factor that targets a specific
subset of PTS1 proteins into peroxisomes when it is induced in
oleate (Effelsberg et al., 2016; Yifrach et al., 2016).

In support of this metabolic logic, our data show that when we
force Mdh2 into peroxisomes using a strong PTS1, the capacity of
yeast to grow on EtOH is dramatically reduced (Fig. S1, compare the
growth on EtOH between Mdh3–GFP Mdh2–mCherry–ePTS1, in
whichmostMdh2 is in peroxisomes, to GFP–Mdh3Mdh2–mCherry,
where all Mdh2 is cytosolic). Hence, dynamic shuttling of Mdh2
between compartments is essential for efficient regulation of the
glyoxylate pathway in different metabolic conditions. Piggybacking

Fig. 3. The peroxisomal localization of Mdh2 is Pex5- and Mdh3-
dependent. (A) Diagram of the high-content screen performed to uncover
Mdh2 targeting requirements. Using an automated mating procedure, we
created a yeast collection where one peroxisomal gene was deleted in each of
the strains, in a background where Mdh2 was N-terminally tagged with GFP
and the gene was expressed under a NOP1 constitutive promoter, and Pnc1
was C-terminally tagged with mCherry (the gene was expressed under its
native promoter) to serve as a peroxisomal marker. Using a high-throughput
fluorescence microscope, we screened this newly created library searching for
strains in which Mdh2 was no longer localized to peroxisomes. (B) GFP–Mdh2
driven by theNOP1 promoter colocalized with Pnc1–mCherry puncta in control
cells, and was localized only to the cytosol in the absence of mature
peroxisomes (Δpex3). GFP–Mdh2 was no longer localized to peroxisomes in
the absence of Pex5 (Δpex5) or Mdh3 (Δmdh3).Hundreds of cells were imaged
in three technical repeats. Pnc1–mCherry was no longer localized to
peroxisomes in the absence of Pex7 while GFP–Mdh2 was still localized to
puncta (Δpex7). (C) GFP–Mdh2 driven by the NOP1 promoter is found both in
the cytosolic fraction (S) and in the organellar pellet (P) in control cells, but
mostly in the cytosolic fraction in the absence of Pex5 and Mdh3. T, total. Por1
was used as a mitochondrial marker and Pgk1 as a cytosolic marker. n=4. (D)
Density gradient of the postnuclear supernatant (PNS) shows that GFP–Mdh2
driven by the NOP1 promoter is found in the cytosolic and peroxisomal
fractions (marked by a dashed line) in control cells, but is dramatically
diminished from the peroxisomal fractions of cells lacking Mdh3 and Pex5.
Fox3 is shown as a peroxisome marker and Por1 is shown as a mitochondrial
marker. n=2. (E) Density gradient of the PNS shows that native Mdh2 is
localized to peroxisomal fractions (dashed box) in the control strain but not in
Δmdh3. n=2.
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ofMdh2 onMdh3 can serve as a dynamic posttranslational regulatory
mechanism to control the peroxisomal pool of Mdh2 under different
metabolic conditions and enable an efficient metabolic flux upon cell
demand (Kabran et al., 2012).
Notably, the activity of Mdh2 is also essential for maintaining

NAD+ levels required for continuous β-oxidation of fatty acids

(Kunze et al., 2006). It is unclear whether the presence of Mdh2 in
peroxisomes during growth in oleate may also contribute to this
activity. It has previously been shown (Steffan andMcAlister-Henn,
1992) that the Km value of Mdh2 for oxaloacetate is lower than the
Km of Mdh3 (Mdh2=0.07 mM, Mdh3=0.3 mM). Hence, under the
conditions used, the affinity of Mdh2 to oxaloacetate is higher than

Fig. 4. Mdh2 binds Mdh3, enabling targeting to peroxisomes by a piggyback mechanism. (A) Mdh2–mCherry (expressed under its native promoter)
appeared in puncta only whenGAL1pr–GFP–MDH3was induced (galactosewas used as a carbon source), indicating that the peroxisomal localization of Mdh2 is
Mdh3-dependent. Hundreds of cells were imaged in three technical repeats. Dashed circles indicate cell outlines. (B) When Mdh3 was N-terminally tagged with
GFP and the gene was expressed under control of a NOP1 constitutive promoter, both Mdh3 and Mdh2 were localized to puncta. However, when Mdh3 was C-
terminally tagged with GFP (expressed under its native promoter), and hence the PTS1 wasmasked, both proteins were solely localized to the cytosol. Hundreds
of cells were imaged in three technical repeats. (C) When the PTS1 of Mdh3 (expressed under its native promoter) was masked by GFP and an enhanced PTS1
(ePTS1) was added to Mdh2–mCherry (expressed under its native promoter), both proteins were localized to puncta, implying that a single PTS1 is sufficient to
target bothMdh3 andMdh2 to peroxisomes. Hundreds of cells were imaged in three technical repeats. (D) A predicted structure of theMdh2–Mdh3 dimer. Mdh2 is
shown in green and Mdh3 in beige. The yellow segment in Mdh2 is the insert near the interface. The conserved interface residues are shown as ball and stick, in
dark green and brown for the carbon atoms ofMdh2 andMdh3, respectively, and with oxygen and nitrogen atoms shown in red and blue, respectively. A sequence
alignment of the interface residues is shown below the model to indicate the high conservation between human (hMdh) and yeast malate dehydrogenases
(yMdh2, yMdh3). (E) Yeast two-hybrid study analyzing the interaction betweenMdh2, Mdh3 and Pex5. The results show that Mdh3 but not Mdh2 has the capacity
to interact with Pex5 and that Mdh3 and Mdh2 can interact with each other. AD, activating domain; BD, binding domain. n=3.
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that of Mdh3. This implies that, in fact, Mdh2 should be more
efficient in the conversion of oxaloacetate to malate – a process
required for NAD+ replenishing. Thus, Mdh2 that is targeted to
peroxisomes by piggybacking on Mdh3 could enhance the
conversion of oxalacetate to malate, optimizing β-oxidation.
Interestingly, in mammals, where NAD+ recycling is suggested

to be mediated by lactate and pyruvate and not by malate–
oxaloacetate (Baumgart et al., 1996; Wanders et al., 2015), it has
been shown that lactate dehydrogenase B (LDHB) can acquire a
PTS1 sequence by translational read-through. Only when the
PTS1 of LDHB is exposed, and hence LDHB is targeted to
peroxisomes, can LDHA, a heteromeric subunit of the LDH
enzyme, also be localized to peroxisomes (Schueren et al., 2014).
This suggests that the concept of piggybacking of coupled
enzymes that are required for NAD+ recycling in peroxisomes is
evolutionarily conserved and strengthens our hypothesis that this
piggybacking has a functional role. In addition, it has been shown
that human MDH1 can undergo a cell-specific read-through and,
as a result, acquire a PTS1 (Hofhuis et al., 2016). This shows that
malate dehydrogenases can harness different mechanisms to be
targeted to peroxisomes. Taken together, this suggests that
different levels of regulation, including piggybacking, control
the dynamic localization of peroxisomal enzymes under different
metabolic conditions. Such targeting may very well exist for other
peroxisomal enzymes. Understanding spatial localization of
enzymes at the cellular level will enable us not only to better
understand how the basic unit of life, the cell, works under
different metabolic needs, but will create insights into the nature of
certain metabolic disorders.

MATERIALS AND METHODS
Yeast strains and strain construction
All strains in this study are based on the BY4741 laboratory strain
(Brachmann et al., 1998). A complete list of strains can be found in
Table S2. The strain expressing GFP–Mdh2 under its native promoter
(Fig. 1A) was picked from the seamless N-terminal GFP library (Yofe et al.,
2016). The strain PJ69-4Awild type (James et al., 1996) was used for yeast
two-hybrid studies.

Peroxisome deletion library
Knockouts were established by homologous recombination using a
kanamycin selection cassette that was amplified from a pFA6a-KanMX6
plasmid (pMS47 in Table S3). Primers to amplify the selection cassette
from a plasmid with flanking sequences directing it to recombine in place of
the target gene were designed using the Primers-4-Yeast web tool (Yofe and
Schuldiner, 2014; http://wws.weizmann.ac.il/Primers-4-Yeast) using the
‘KO pFA6’ option. All primers included a 40 bp homology sequence
followed by 20 bp of cassette amplification sequence. The homology
sequences were upstream of the protein start codon and downstream of the
stop codon, as described in the Primers-4-Yeast web tool. Primers for
validation of the deletion transformations were also designed with the
Primers-4-Yeast web tool, using the appropriate ‘W.TCHK’ option. Primers
were manufactured by Sigma-Aldrich in 96-well plates.

Plasmids and primers
All plasmids used in this study can be found in Table S3. All primers used in
this study can be found in Table S4.

pFA6a-mCherry-ePTS1-HIS3MX6
Generation of pFA6a-mCherry-ePTS1 was performed by whole plasmid
amplification followed by ligation of the linear PCR product. Plasmid

Fig. 5. Mdh2 localization to peroxisomes can contribute to the efficiency of the glyoxylate cycle. (A) A graphical model of the previous hypothesis on Mdh2
localization. Formerly, Mdh2 was proposed to be exclusively localized to the cytosol, where it plays a role in the glyoxylate cycle. (B) We suggest a new
working model that takes into account our new findings that Mdh2 is also targeted to peroxisomes by piggybacking on Mdh3. The peroxisomal localization of a
pool of Mdh2 increases the efficiency of the glyoxylate cycle during growth in fatty acids, because three consecutive reactions of the glyoxylate cycle can
occur inside peroxisomes (catalyzed by Mls1, Mdh2 and Cit2), thereby eliminating the need to transport malate out of peroxisomes and oxaloacetate into
peroxisomes during the glyoxylate cycle. OA, oxaloacetate.
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pMS623 pFA6a-mCherry-ΔSKL was used as a template for amplification
with the following primers: mCherry_SKL_F (5′-TCCAAATTGTAAGCG-
AATTTCTTATGATTTATG-3′) and mCherry_SKL_R (5′-TCTTCTACCT-
CTTCCCAATGAACCCTTGTACAGCTCGTCCATGCC-3′). This plasmid
was used to prepare the Mdh2–mCherry–ePTS1 strain. The sequence of the
ePTS1 signal (GSLGRGRRSKL) was adopted from DeLoache et al. (2016).

Yeast two-hybrid plasmids
For the preparation of pLDC31, the MDH2 gene was amplified from yeast
genomic DNA using the primers RE5675 and RE5676 (Table S4). The PCR
product and the vector pPC86 were digested with SalI and NotI
endonucleases and ligated. The plasmid pLDC32 was prepared by
isolating the MDH2 segment from pLDC31 SalI/NotI digested, and
ligating it into SalI/NotI digested pPC97. The plasmids pPC86-Mdh3 and
pPC97-Mdh3 were provided by Anirban Chakraborty (Department of
System Biochemistry, Ruhr-University Bochum, Germany).

Antibodies
For immunodetection, the previously described antibodies were used: anti-
GFP–GST (1:10,000; Birschmann et al., 2003), anti-Mdh3 (1:10,000; Steffan
and McAlister-Henn, 1992), anti-Fox1 (1:10,000; Schäfer et al., 2004), anti-
Fox3 (1:10,000; Erdmann and Kunau, 1994), anti-Gpd1 (1:10,000;
Effelsberg et al., 2015), anti-Pcs60 (1:10,000; Blobel and Erdmann, 1996),
anti-Pex11 (1:10,000; Erdmann and Blobel, 1995), anti-Pgk1 (1:7000;
ThermoFisher Scientific Cat. # 459250.) and anti-Por1 (1:10,000; Kerssen
et al., 2006). The Mdh2 antibody was produced by GeneScript, USA, using a
specific Mdh2 peptide as an immunogen (MPHSVTPSIEQDSLC), and was
previously verified by us for specificity and activity (1:2500; Gabay-Maskit
et al., 2018). The immunodecorated membranes were incubated with IRDye
800CW goat anti-rabbit IgG or IRDye 800CW goat anti-mouse IgG (LI-COR
Bioscience) as secondary antibodies, and detected with an Odyssey Infrared
imaging system (LI-COR Bioscience).

Yeast library preparation
We created a yeast collection of haploid strains containing NOP1pr-GFP–
Mdh2, a peroxisomal marker (Pnc1–mCherry) and a deletion in one
peroxisomal gene (Fig. 3A). The query strain was constructed on the basis of
an automated mating compatible strain (for further information see
Table S2). Using an automated mating method (Cohen and Schuldiner,
2011; Yan Tong and Boone, 2005) the GFP–Mdh2, Pnc1–mCherry query
strain was crossed with the peroxisome deletion library. To perform the
manipulations in high-density format we used a RoToR benchtop colony
arrayer (Singer Instruments). In brief, mating was performed on rich
medium plates [Agar, YPD (Formedium)], and selection for diploid cells
was performed on SD −URA −HIS plates (Agar, 2% glucose, 0.67% YNB,
amino acid mixture) containing Geneticin (200 μg/ml) and/or
Nourseothricin (200 μg/ml). Sporulation was induced by transferring cells
to nitrogen starvation medium plates [Agar, amino acid mix -uracil
-tryptophan, 0.05 mM uracil, 0.05 mM tryptophan, potassium acetate
(10g/ml)] for 7 d. Haploid cells containing the desired mutations were
selected by transferring cell to SD −URA −HIS plates plates containing
Geneticin (same concentration as above), alongside the toxic amino acid
derivatives canavanine (50 mg/l) and thialysine (50 mg/l) (Sigma-Aldrich)
to select against remaining diploids, and lacking leucine to select for spores
with an α mating type.

Automated high-throughput fluorescence microscopy
The yeast collections were visualized using an automated microscopy setup,
as described previously (Breker et al., 2013). In brief, cells were transferred
from agar plates into 384-well polystyrene plates (Greiner) for growth in
liquid medium using the RoToR arrayer robot (Singer Instruments). Liquid
cultures were grown in a LiCONiC incubator, overnight at 30°C in SD
−URA −HIS medium. A JANUS liquid handler (PerkinElmer) connected
to the incubator was used to dilute the strains to an OD600 of∼0.2 into plates
containing SD medium (6.7 g/l yeast nitrogen base and 2% glucose)
supplemented with complete amino acids. Plates were incubated at 30°C for
4 h. The cultures in the plates were then transferred by the liquid handler into
glass-bottom 384-well microscope plates (Matrical Bioscience) coated with

concanavalin A (Sigma-Aldrich). After 20 min, cells were washed three
times with SD-riboflavin complete medium to remove non-adherent cells
and to obtain a cell monolayer. The plates were then transferred to the ScanR
automated inverted fluorescence microscope system (Olympus) using a
robotic swap arm (Hamilton). Images of cells in the 384-well plates were
recorded in the same liquid as the washing step at 24°C using a 60× air lens
(NA 0.9) and with an ORCA-ER charge-coupled device camera
(Hamamatsu). Images were acquired in two channels: GFP (excitation
filter 490/20 nm, emission filter 535/50 nm) and mCherry (excitation filter
572/35 nm, emission filter 632/60 nm). All images were taken at a single
focal plane.

Manual microscopy
For manual microscopy, yeast strains were grown as described above for the
high-throughput microscopy, except that after the overnight growth, strains
were diluted to SD medium or S-Oleate (6.7 g/l yeast nitrogen base. 0.2%
oleic acid and 0.1% Tween-80), all with complete amino acids. Strains were
then incubated at 30°C for 4 h (SD) or 20 h (S-Oleate medium). Images of
cells in the 384-well plates were recorded in the same growth medium or in
double-distilled water for S-Oleate-growing cells. Imaging was performed
using the VisiScope Confocal Cell Explorer system, composed of a Zeiss
Yokogawa spinning disk scanning unit (CSU-W1) coupled with an inverted
Olympus microscope (IX83; 60× oil objective; excitation wavelength of
488 nm for GFP and 501 nm for mCherry). Images were taken using a
connected PCO-Edge sCMOS camera controlled by VisView software. All
images were taken at a single focal plane.

Cellular fractionation
For cell fractionation experiments, yeast cells were first cultured on YNBG
medium [1 g/l yeast extract, 1.7 g/l yeast nitrogen base without amino
acids (YNB), 5 g/l ammonium sulfate and 3 g/l glucose, pH 6] for
8 h. Peroxisome proliferation was induced by addition of 5× Oleate-YNB
medium [1 g/l yeast extract, 1.7 g/l yeast nitrogen base without amino acids
(YNB), 5 g/l ammonium sulfate, 0.5% (v/v) Oleic acid and 0.25% (v/v)
Tween-40, pH 6.0]. The culture was further incubated for 15 h. The cells
were harvested and processed for postnuclear supernatant preparation
(PNS), performed as described previously (Cramer et al., 2015). The PNS
(10–15 mg of protein) was loaded on top of a 2–36% (w/v) OptiPrep/
iodixanol linear gradient, containing 18% (w/v) sucrose in 35-ml ultracrimp
tubes (Thermo Scientific). The tubes were centrifuged in the vertical rotor
TV-860 (19,500 rpm, 36,000 g; 1 h 45 min, 4°C) (Cramer et al., 2015).
Finally, the gradient was separated into thirty fractions. Equivalent volumes
were treated with trichloroacetic acid (TCA), separated by SDS-PAGE and
analyzed by immunodetection.

For the complete sedimentation of cellular organelles, including
peroxisomes, 500 µl of PNS, with a protein concentration of 2 mg/ml,
was loaded onto a 500 µl cushion of 5% (w/v) sucrose in lysis buffer (5 mM
MES, 0.5 mM EDTA, 1 mM KCl and 0.6 M sorbitol, pH 6.0) and
centrifuged (20,000 g, 40 min, 4°C; MLA-130 rotor). The organellar pellet
was resuspended in lysis buffer. Equivalent fraction volumes were treated
with TCA, separated by SDS-PAGE and analyzed by immunodetection.

Subperoxisomal protein localization studies
The subperoxisomal distribution of Mdh2 and other proteins was assessed
using chemical protein extraction from sedimented organelles. Briefly, the
crude organellar pellet was prepared by centrifugation of the PNS. Two
cushions were applied in the tube: the first one consisted of 1 ml of 60%
(w/v) sucrose in lysis buffer, and the second of 1 ml of 5% (w/v) sucrose in
lysis buffer. Next, 8 ml of PNS (2 mg/ml protein concentration) was loaded
onto the cushions and centrifuged (21,600 rpm, 80,000 g; 44 min, 4°C) in a
SW41 rotor (Beckman Coulter). The supernatant was removed, and the pellet
was resuspended in 8 ml of cold lysis buffer. Subsequently, 500 µl of the
suspension was applied onto a cushion of 7% (w/v) sucrose in lysis buffer
(three samples per strain were prepared). The organelles were sedimented by
centrifuging at 40,000 g for 21 min at 4°C in an MLA-130 rotor (Beckman
Coulter). The supernatant was removed, and the pellet resuspended in equal
volumes of different buffers: (1) Tris pH 8.0 (low salt buffer; 10 mM Tris-
HCl, pH 8.0); (2) Tris-KCl pH 8.0 (high-salt buffer; 10 mM Tris-HCl and
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500 mM KCl, pH 8.0); and (3) carbonate pH 11.5 (100 mM Na2CO3/
NaHCO3, pH 11.5). The suspensions were incubated for 1 h at 4°C on a
rotating wheel. Afterwards, the membranes were sedimented through a
cushion of 7% (w/v) sucrose in the corresponding buffer at 200,000 g,
40 min, 4°C in an MLA-130 rotor (Beckman Coulter). The supernatant was
transferred to a new tube, and the same treatment was repeated with the
sediment obtained. Both supernatants were mixed. The pellet was
resuspended in 500 µl of lysis buffer. All samples were precipitated with
TCA, and equivalent volumes were analyzed by immunodetection.

For the protease protection experiments, PNSs were prepared in lysis
buffer with an incomplete inhibitor mixture (only NaF, Bestatin and
Pepstatin). First, 30 µl of 20% (v/v) Triton X-100 was added to 3 ml of PNS
(protein concentration 1 mg/ml). A sample of 450 µl was taken (T0). Then,
50 µl of 1 mg/ml Proteinase K in lysis buffer was added to each mixture.
Subsequently, a sample was taken after 5, 10, 15, 30 and 60 min of
incubation on ice, and the proteolysis was stopped by adding 10 µl of 0.2 M
PMSF. The proteins were precipitated by TCA treatment, separated by SDS-
PAGE and analyzed by immunodetection.

Yeast two-hybrid analysis
The S. cerevisiae strain PJ69-4A was employed for the yeast two-hybrid
experiments. Two plasmids derived from pPC86 (GAL4pr-activation
domain, AD) and pPC97 (GAL4p-binding domain, BD) (Chevray and
Nathans, 1992) were co-transformed into the cells, in different combinations
(James et al., 1996). The clones containing both plasmids were selected
on 2% Glu-YNB –Leu −Trp agar plates [0.1 % (w/v) yeast extract, 0.17 %
(w/v) YNB (yeast nitrogen base without amino acids), 0.5 % (w/v) (NH4)2SO4,
amino acid mix for selection, 2% (w/v) glucose, 2% (w/v) agar, pH 6.0].

Three clones from each combination were transferred onto a 2% Glu-
YNB –Leu −Trp agar plate. The plate was incubated for 2 d and then
replicated by stamping with sterile cloth, on plates containing 2% Glu-YNB
–Leu −Trp, or 2% Glu-YNB –Leu −Trp –His +5 mM 3-amino-1,2,4-
triazole (3-AT). The plates were incubated for 3–6 d. Longer incubation
time was required in order to detect very weak interactions.

Molecular modeling
Model structures of yeast Mdh2 andMdh3 were constructed by comparative
modeling, using the program Modeller (Šali and Blundell, 1993) as
implemented in UCSF-Chimera (Pettersen et al., 2004). The modeling
templates for Mdh2 and Mdh3 were human Mdh type 2 (MDH2), porcine
mitochondrial MDH2 and glyoxysomal Mdh2 from Citrullus lanatus
[Protein Data Bank (PDB) IDs 2DFD, 1MLD and 1SMK, respectively]. The
sequence identity to the three templates was 46–47% for yeast Mdh2 and
47–48% for yeast Mdh3. Two of the templates, 2DFD and 1MLD, are
homotetramers and the third is a homodimer, but the large dimerization
interface is conserved and very similar in the three templates and in other
Mdh structures.

A model of the (Mdh2–Mdh3)2 heterotetramer was constructed by
superposing two Mdh2–Mdh3 dimers onto the tetrameric structure 2DFD.
This starting structure was placed in a box of water, the system was
neutralized and energy minimized, followed with a molecular dynamics
simulation using Gromacs (Van Der Spoel et al., 2005), first 0.5 ns solvent
equilibration and then 5 ns simulation of the whole system. In the last step,
the Cα atoms of the helical segments were restrained to their starting
positions, whereas segments with inserts or deletions compared to the
modeling templates, and all the loops, were free to move. UCSF-chimera
was used for visualization of the docking results and preparation of Fig. 4D.

Growth assays
For the growth assays on different carbon sources (Fig. S1), strains were
grown overnight at 30°C in synthetic medium (6.7 g/l yeast nitrogen base)
with 0.1% glucose (low glucose SD), supplemented with complete amino
acids. The cells were then diluted and incubated at 30°C for 6 h in low
glucose SD to reach an OD600 of∼0.6. Cells were then washed with double-
distilled water, and OD600 was confirmed after the wash. Cells were then
diluted to an OD600=0.1, followed by three additional tenfold serial
dilutions. Then, 2.5 µl of each dilution was placed on SD, SEtOH (6.7 g/l

yeast nitrogen base and 2% ethanol) and SOleate (6.7 g/l yeast nitrogen
base, 0.2% oleic acid and 0.1% Tween-80) plates, all with complete amino
acids. The plates were incubated for 2 d (SD), 11–15 d (SEtOH) or 6–8 d
(SOleate) at 30°C, and then imaged using a Nikon Coolpix P510 camera.

Mdh3 targeting through the PTS2 pathway
A cassette containing the promoter/terminator pair MET25pr-ADHt was
inserted between the restriction sites XhoI/BamHI in the vector pRS415 to
generate pLDC33. Afterwards, the gene coding for mCherry was amplified
using the primers RE5685 and RE5686 (Table S4). Alternatively, mCherry
was amplified in two PCR steps, first with the primers RE5687 and RE5686,
and then the product was amplified with primers RE5688 and RE5686, to
incorporate the PTS2 signal from Fox3 (ScFox31–15) at the N-terminus of
Cherry (PTS2–mCherry). Both mCherry and PTS2–mCherry were inserted
into pLDC33 between the SalI/BglII restriction sites, leading to pLDC34
and pLDC35, respectively.

In the final step, full-length Mdh3 (MDH3) or a truncated version without
the PTS1 signal (MDH3ΔSKL) were amplified from genomic DNAwith the
primer pairs RE5689/RE5690 and RE5689/RE5691, respectively. The
MDH3 PCR product was inserted into pLDC34, between the MluI/BglII
restriction sites, generating the plasmid pLDC36. The MDH3ΔSKL PCR
product was inserted in the same manner into pLDC35, resulting in
pLDC39. Additionally, the mutation H187A was introduced into MDH3
gene (in pLDC36) via site-directed mutagenesis using the primers RE6125
and RE6126, obtaining pLDC53. The yeast genomic DNA was isolated
from wild-type cells using Harju’s method (Harju et al., 2004).

Image analysis for quantifying Mdh2–GFP colocalization with
mCherry–Mdh3 constructs
To quantify colocalization, Δmdh3; Mdh2–GFP strains expressing mCherry–
Mdh3, PTS2–mCherry–Mdh3-ΔSKL or mCherry–Mdh3-H187A were
grown in synthetic medium without methionine and were imaged using
spinning-disk microscopy. For each experiment, 100 mCherry–dh3 puncta
were manually scored for colocalization with Mdh2–GFP. n=2 biological
repeats, 200 puncta per strain.
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Schäfer, A., Kerssen, D., Veenhuis, M., Kunau, W.-H. and Schliebs, W. (2004).
Functional similarity between the peroxisomal PTS2 receptor binding protein
Pex18p and the N-terminal half of the PTS1 receptor Pex5p. Mol. Cell. Biol. 24,
8895-8906. doi:10.1128/MCB.24.20.8895-8906.2004

Schueren, F., Lingner, T., George, R., Hofhuis, J., Dickel, C., Gärtner, J. and
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