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3 |. Preface

|l. PREFACE

This thesis was divided into independent sections, written as manuscripts. Manuscript 1 presents a
screen to simultaneously scan 20 plant proteomes for uncharacterized Mitochondrial Carrier Family
(MCF) members. Manuscript 2 describes a detailed investigation of an inorganic sulfate transporter
1 (SIT1). Manuscript 3 depicts a detailed biochemical and phenotypic analysis of the peroxisomal
adenine nucleotide carriers 1 and 2 with respect to the connection of transport activity and
intraperoxisomal pH. All manuscripts are presented as submission-ready versions. The Addendum
of this thesis contains a study on the putative presence of peroxisomal ATPases sustaining a proton
gradient across the membrane (VI.1), which was conducted as follow-up study on Manuscript 3.
Secondly, an experiment is presented that examines the morphology of peroxisomes in pnc1/2
mutants (VI.2). An individual outlook section follows every manuscript. Unit VII concludes
Manuscripts 1-3 and VI.1. Unit VIII contains two published reviews. Manuscript 4 deals with the
impact of plant peroxisomes on biotechnological applications and was published as Kessel-Vigelius
et al., 2013, Plant Sci 210, 232-240. A technical review (Manuscript 5), describing Agrobacterium-
mediated Arabidopsis transformation (Bernhardt et al., 2012, J Endocytobiosis Cell Res 22, 19-28)

is presented.
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II.1 SUMMARY

Pathways of plant metabolism are interconnected, which necessitates a broad repertoire of transport
proteins, enabling the flux of energy, metabolic precursors, or end products across compartments
(Lunn, 2007). A large family of metabolite transporters in plants is the mitochondrial carrier family
(MCF) (Picault et al., 2004). MCF carriers are present in various organelles of the plant cell,
including mitochondria, plastids, and peroxisomes (Haferkamp, 2007). They exhibit different
substrate specificities, exchanging adenine nucleotides, amino acids, dicarboxylic acids, cofactors,
phosphate and other metabolites across membranes. In Arabidopsis 58 MCF carriers are known,
but only a quarter of them are characterized (Palmieri et al., 2011).

Mitochondrial carrier family proteins share a common threefold repetitive structure of 96
amino acids and a characteristic sequence motif, called mitochondrial energy signature (Picault et
al., 2004). This repetitive sequence was used to simultaneously screen 20 plant proteomes for
uncharacterized MCF carriers. Identified carriers were grouped into orthologous clusters according
to their biochemical transport functions (Manuscript 1). In this screen we unexpectedly observed that
the PHT3 family of mitochondrial phosphate transporters was split into two orthologous groups,
although previous studies regarded the MCF carriers as one family of homologs (Picault et al.,
2004). One orthologous group comprised PHT3;1 and PHT3;2, whereas the second group
contained PHT3;3 (At2g17270). Since PHT3;3 was separated from the other PHT3 proteins, we
hypothesized that this carriers displays a different function. Grouping exclusively with land plants
and not with any algal, fungal or animal species, we hypothesized that PHT3;3 might have a
function specific for plants.

The biochemical characterization of this carrier revealed a role of PHT3;3 in mitochondrial
sulfate import (Manuscript 2). Hence, the carrier was termed inorganic sulfate transporter 1 (SIT1).
Analyses of sit1 T-DNA mutants revealed impairments in plant growth and development. Hence, an
involvement of SIT1 in plant energy metabolism was hypothesized. We proposed that SIT1 and
mitochondrial dicarboxylate carriers (DIC) might act in concert, shuttling dicarboxylic acids in
exchange for sulfate. When SIT1 is absent, DIC carriers might import dicarboxylic acids and export
phosphate instead of sulfate. Increased phosphate export could in turn cause decreased levels of
mitochondrial ATP synthesis. Such an energy deprivation might lead to growth defects throughout
all developmental stages as observed in sit1 plants. However, the putative interplay of SIT1 and DIC
carriers needs to be investigated in the future.

Regulation of cellular pH and establishment of proton gradients across membranes is crucial
for plant metabolism and solute transport (Gjetting et al., 2012). We assessed the peroxisomal pH in
different tissues, expressing a pH-sensitive green fluorescent protein in Arabidopsis peroxisomes.
Measurements of the pH in these organelles revealed an acidic pH in etiolated shoot peroxisomes,

whereas the matrix of root peroxisomes was alkaline (Manuscript 3). The results implied a functional
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differentiation of peroxisomes in roots and in etiolated hypocotyl cells (Hayashi and Nishimura,
2003). In Arabidopsis, peroxisomes of hypocotyls are mainly involved in fatty acid B-oxidation. To
elucidate if the cause for a peroxisomal acidification is linked to peroxisomal metabolism in this
tissue, we examined the pH of hypocotyl peroxisomes in an Arabidopsis mutant deficient ATP
import. Peroxisomal ATP supply is essential for fatty acid degradation and is mediated by the
peroxisomal adenine nucleotide carriers 1 and 2 (PNC1, PNC2) (Linka et al., 2008). We
hypothesized that either ATP import into peroxisomes is proton-compensated acidifying the
peroxisomal lumen, or that B-oxidation and glyoxylate cycle influence the peroxisomal pH, as these
metabolic processes release acids. Experiments demonstrated that the peroxisomal pH is not
affected by B-oxidation and glyoxylate cycle, as lumenal pH of hypocotyl peroxisomes was not
altered in mutants lacking PNC1 and PNC2. Additional studies were conducted to elucidate if
peroxisomal proton pumps exist, which might control peroxisomal pH homeostasis and cause an
acidification of the peroxisomal lumen (Addendum, VI11.1). Preliminary experiments revealed that in
the presence of the specific P-type ATPase inhibitor ortho-vanadate (Drése and Altendorf, 1997),
the acidic peroxisomal pH of hypocotyls almost reached wild-type level (pH 7.2). Further
experiments are necessary to clearly determine if P-type ATPases regulate the pH of peroxisomes.
This thesis contributed to expand the knowledge of mitochondrial carrier family proteins in
peroxisomes and mitochondria of plants, (i) developing a method to simultaneously identify MCF
carriers in multiple plant proteomes, (ii) characterizing the mitochondrial sulfate transporter SIT1, (iii)
analyzing the impact of the MCF members PNC1 and PNC2 involved in B-oxidation on peroxisomal

pH, and (iv) elucidating the putative role of ATPases in peroxisomal pH maintenance.
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1.2 ZUSAMMENFASSUNG

Die Stoffwechselwege des pflanzlichen Metabolismus sind eng miteinander verbunden und uber
verschiedene Zellkompartimente verteilt. Dies erfordert ein groRes Repertoire an
Transportproteinen, die Uber Kompartimentgrenzen den Fluss von Energie, metabolischen
Vorstufen, oder Endprodukten ermdglichen (Lunn, 2007). Eine bedeutende Familie pflanzlicher
Transportproteine ist die MCF (mitochondrial carrier family) (Picault et al., 2004). Transporter dieser
Klasse kommen in verschiedenen Pflanzenorganellen, wie Mitochondrien, Plastiden und
Peroxisomen vor und verfigen Uber ein breites Substratspektrum. Sie transportieren
Adeninnukleotide, Aminosauren, Dikarbonsauren, Phosphat oder andere Metabolite Uber
Membranen. Das Genom von Arabidopsis thaliana kodiert 58 MCF Proteine, von denen aktuell
lediglich ein Viertel charakterisiert ist (Palmieri et al., 2011).

Alle MCF-Transporter weisen eine dreifach repetitive Struktur, sowie ein charakteristisches
Sequenzmotiv auf, welches als mitochondriale Energiesignatur bezeichnet wird (Picault et al.,
2004). Diese repetitive Struktur wurde nachfolgend verwendet, um MCF-Mitglieder in 20
verschiedenen Pflanzenproteomen zu identifizieren. Die gefundenen Proteine wurden anhand ihrer
biochemischen Transportfunktion in Orthologengruppen unterteilt (Manuskript 1). Anders als aus
vorhergehenden Analysen zu erwarten war (Picault et al., 2004), divergierte die Familie
mitochondrialer Phosphattransporter in zwei Orthologengruppen. Eine dieser Gruppen umfasste
PHT3;1 und PHTS3;2, die andere Gruppe enthielt PHT3;3. Es wurde postuliert, dass dieses Protein
eine andere Transportfunktion aufweist, da es eine separate Gruppe bildete. Zudem wurde gezeigt,
dass die Orthologengruppe mit PHT3;3 nur Sequenzen enthielt, die Landpflanzen zuzuordnen
waren. Algen-, Pilz-, oder tierische Sequenzen wurden hingegen nicht gefunden. Daraufhin wurde
angenommen, dass PHT3;3 eine pflanzenspezifische Funktion erflllt.

Biochemische Untersuchungen von PHT3;3 zeigten, dass dieses Protein den Import von
Sulfat in Mitochondrien bewerkstelligt (Manuskript 2). Folglich wurde PHT3;3 in SIT1 (inorganic
sulfate transporter 1) umbenannt. Des Weiteren wurde die physiologische Rolle von SIT1 anhand
von Arabidopsis Knockout-Pflanzen untersucht. Da diese Pflanzen stark in ihrer Entwicklung und
ihrem Wachstum beeintrachtigt waren, wurde vermutet dass SIT1 und die mitochondrialen
Dikarbonsauretransporter (DIC) mdglicherweise gekoppelt agieren, um Dikarbonsduren im
Austausch gegen Sulfat ins Mitochondrium zu importieren. Pflanzen, die SIT1 nicht exprimieren,
tauschen mdglicherweise mitochondriales Phosphat gegen Dikarbonsduren aus. Dies kénnte in
Konsequenz zu einer geringeren ATP-Synthese in Mitochondrien fiihren, da weniger Phosphat zur
Verfigung steht um Energie zu generieren. Solch eine Energieverarmung koénnte die
Wachstumsphanotypen bedingen, die in sit7 Mutanten beobachtet wurden. Das madgliche

Zusammenspiel von SIT1 und DIC wird zukinftig detaillierter untersucht werden.
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Der Aufbau von Protonengradienten an Membranen und die Regulation des zelluldren pH ist
von entscheidender Bedeutung fur den pflanzlichen Stoffwechsel und Metabolittransport (Gjetting et
al., 2012). In dieser Arbeit wurde der peroxisomale pH anhand eines pH-sensitiven grin
fluoreszierenden Proteins untersucht, welches in Peroxisomen unterschiedlicher
Arabidopsisgewebe exprimiert wurde. Messungen zeigten, dass der pH in etioliertem
Sprossgewebe sauer ist, wahrend hingegen der pH in Wurzelperoxisomen alkalisch ist (Manuskript
3). Dieses Ergebnis impliziert eine funktionale Differenzierung von Wurzelperoxisomen und
Sprossperoxisomen. Letztere bewerkstelligen hauptsachlich den Abbau von Fettsauren mittels -
Oxidation und Glyoxylatzyklus (Hayashi and Nishimura, 2003). Um festzustellen, ob der saure pH in
fettabbauenden Peroxisomen unmittelbar durch den Metabolismus bedingt wird, haben wir diesen in
Hypokotylperoxisomen einer Arabidopsismutante untersucht, die ein defektes peroxisomales ATP-
Importsystem aufweist. Die peroxisomale Zufuhr von ATP ist essentiell fir den Abbau von
Fettsauren und erfolgt mittels der peroxisomalen Adeninnukleotidtransporter 1 und 2 (PNC1, PNC2)
(Linka et al., 2008). Wir nahmen an, dass der Import von ATP entweder protonenkompensiert ist,
was zur Ansduerung des peroxisomalen Lumens fuhren kénnte, oder dass B-Oxidation und der
Glyoxylatzyklus selbst zu einer Erniedrigung des pH in Peroxisomen fluhren, da diese
Stoffwechselwege Sauren freisetzen. Untersuchungen zeigten, dass p-Oxidation und
Glyoxylatzyklus nicht fur die pH Ansduerung in Peroxisomen verantwortlich sind, da der
peroxisomale pH in Arabidopsismutanten, die PNC1 und PNC2 nicht exprimieren, unverandert
sauer war. Aufgrund dieser Ergebnisse wurde eine Folgestudie durchgefihrt (Addendum VI11.1).
Diese zeigte, dass unter Gabe des spezifischen P-Typ ATPase Inhibitors ortho-Vanadat (Drése and
Altendorf, 1997) der pH in Hypokotylperoxisomen auf Wildtyplevel (pH 7.2) anstieg, was impliziert
dass Peroxisomen uber P-Typ ATPasen verfligen kénnten. Ob diese ATPasen den peroxisomalen
pH regulieren, wird in zuklinftigen Experimenten untersucht werden.

Zusammenfassend hat diese Doktorarbeit dazu beigetragen das Wissen Uber die MCF
Familie in pflanzlichen Mitochondrien und Peroxisomen zu vertiefen, indem (i) eine Methode
entwickelt wurde effizient MCF Proteine in multiplen Pflanzenproteomen zu identifizieren. Zudem
wurde (ii) der mitochondrialen Sulfattransporter SIT1 charakterisiert, (iii) der Einfluss der MCF
Transportproteine PNC1 und PNC2 auf den peroxisomalen pH, sowie (iv) die Rolle von ATPasen in

der Regulation des peroxisomalen pHs untersucht.
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lll. INTRODUCTION

Plant cells are highly compartmentalized

Plant cells evolved a complex metabolic network, which to some extend is unique. In comparison to
fungi or animals, plants possess additional highly diversified cell compartments, such as plastids,
vacuoles and cell walls. Metabolism is partitioned at a subcellular level, which allows a metabolic
and biochemical speciation of the cell. Every such compartment houses a unique set of proteins
enabling specific functions. Compartmentation allows metabolic pathways competing for same
substrates to be operated and regulated at the same time in a single cell (Tegeder and Weber,
2006; Lunn, 2007).

Mitochondria and peroxisomes are important compartments in plants

Mitochondria are organelles 0.1-0.5 ym in diameter, which are surrounded by two membranes. They
play a central role in cellular energy metabolism, synthesizing ATP from ADP by oxidative
phosphorylation (Mackenzie and Mclintosh, 1999; Logan, 2006). The mitochondrial tricarboxylic acid
cycle provides reducing power for the respiratory electron chain, generating a proton motive force
across the inner mitochondrial membrane. This proton gradient is coupled to ATP synthesis. In
addition, mitochondria are involved in various other metabolic pathways, such as the biosynthesis of
vitamin cofactors, nucleotides, amino acids, iron-sulfur clusters or lipids. Mitochondria also
participate in carbon and nitrogen storage mobilization during germination (Logan, 2006).

Peroxisomes are small ubiquitous organelles about 1 um in diameter and are surrounded by
a single membrane (Hayashi and Nishimura, 2003). Compared to those of other organisms,
peroxisomes of plants have highly specified functions. They play a central role in numerous
metabolic and signaling pathways, including [(-oxidation, senescence-associated processes,
photorespiration, auxin and jasmonic acid biosynthesis, pathogen defense, biosynthesis of biotin
and isoprenoids, as well as the metabolism of urate, polyamines, sulfite, or branched amino acids
(Hu et al., 2012). Because peroxisomes host one or more reactions of several biosynthetic
pathways, they have been attributed ‘organelles at the crossroads’ (Erdmann et al., 1997).

The metabolism of mitochondria and peroxisomes is highly diverse. To entirely understand
how these organelles are integrated in plant metabolism, it is crucial to know how mitochondrial and
peroxisomal pathways linked to other cell compartments and how this interplay is controlled (Lunn,
2007).

Plant cell compartmentation necessitates metabolite exchange

Multicompartmented pathways are connected by transport proteins, which facilitate a specific flux of
solutes across a bilayer membrane, constituting a diffusion barrier for most solutes (Linka and
Weber, 2010). Transporters regulate substrate partitioning, thus they sustain the complexity of

metabolism (Tegeder and Weber, 2006). Membrane transport occurs in different modes. Channels
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are selective pores and catalyze passive diffusion across the membrane. Pumps mediate a primary
active transport, as they generate a gradient, such as a proton gradient. Primary active transport is
energy consuming and thus is directly coupled to a source of energy, for example ATP hydrolysis
(Schumacher, 2006). The free energy of the proton-electrochemical potential drives the
transmembrane movement of a diverse range of solutes along this gradient (secondary active
transport) (Forrest et al., 2011). Many carrier proteins are able to transport solutes against its
concentration gradient and electrochemical potential. In the case of secondary active transport,
solute exchange is coupled to protons or co-substrate ions (Barkla and Pantoja, 1996). During
transport, carriers undergo a conformational change, exposing their substrate binding sites to the
cytosol or to the matrix during catalysis (Jardetzky, 1966; Forrest et al., 2011). The substrate enters
the carrier from the cytosolic side and is bound in the central cavity. Upon matrix conformation the
carrier releases its substrate to the matrix side and the catalytic cycle continues (Palmieri et al.,
2011). In comparison to channel-forming proteins, vectorial transport via carriers is many orders of
magnitude slower, but therefore allows for tighter control. Important driving forces for transport

across membranes are pH gradients (Rottensteiner and Theodoulou, 2006).

Subcellular pH in plants

The cellular pH is important to coordinate solute transport and biochemical reactions. An optimum of
enzymatic functions depends on the maintenance of constant pH in particular cell compartments.
Proton concentrations influence ionization of acidic or basic amino acid residues, and thereby affect
protein solubility, structure and activity. That is, proton ion concentration influences transport activity
(Orij et al., 2009; Gjetting et al., 2012). Proton pumps, such as H*-Pyrophosphatases (PPases),
vacuolar-type H*-ATPases (V-ATPases) or plasma membrane-type ATPases (P-ATPases) establish
proton gradients at cell compartments (Schumacher, 2006). Families of ATPases are distinguished
by their transport mechanisms, structures and sensitivity toward specific inhibitors. Unlike their
names might suggest, V-ATPases and P-ATPases are not only found at the plasma membrane or
vacuole, but are present in the entire endomembrane system, mitochondria and chloroplasts (Drose
and Altendorf, 1997; Baxter et al., 2003; Heazlewood et al., 2004; Schumacher, 2006). Among the
three types of proton-pumps known in plants, V-ATPases are most complex (Gaxiola et al., 2007).
They are multi-subunit enzymes, consisting of eight subunits involved in ATP hydrolysis and six
membrane-bound subunits required for proton translocation. In Arabidopsis, 27 genes encode for V-
ATPases (Sze et al.,, 2002). P-ATPases are the major ion pumps in plants and fungi. The
Arabidopsis genome encodes 46 P-ATPases (Baxter et al., 2003). They differ from V-ATPases, as
they form a phosphorylated intermediate during catalysis (Axelsen and Palmgren, 2001). Whereas
in V-ATPases multiple subunits form the holoenzyme, the functional unit of P-ATPases is
monomeric (Sondergaard et al., 2004). All three types of ATPases are active transporters that utilize

ATP as energy source to mediate the transport of protons. The established membrane potential
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then energizes the transport of solutes against their electrochemical or concentration gradients
(Krebs et al., 2010).

Determination of the intracellular pH in Arabidopsis

As knowledge of subcellular pH was limited, different methods have been developed to determine
the intracellular pH of Arabidopsis in vivo. First studies applied nuclear magnetic resonance
spectroscopy (31P-NMR) to estimate the pH of apoplast and cytosol in higher plants. The resonance
frequency of the nucleus of inorganic phosphate (Pi) in ¥pPis strongly dependent on intracellular pH
(Guern et al., 1991). Hence, non-invasive pH determination is feasible (Roberts et al., 1980; Nicolay
et al., 1987). However, this technique faces major limitations, such as inaccurate pH measurements
at acidic and alkaline pH, sensitivity to ionic compositions, and the large amount of material needed
for this non-invasive technique impact experiments (Guern et al., 1991). Another method applied to
determine local pH values in cells is loading compartments with pH-sensitive indicator dyes, such as
BCECF (2',7'-bis-2-carboxyethyl)-5-(and-6)-carboxyfluorescein) (Scott and Allen, 1999) or Oregon
green (Fasano et al., 2001). Excitation at two different wavelengths yields fluorescence ratios, which
are with the help of a calibration curve converted to pH values (Guern et al., 1991). As cell
compartments are often inaccessible to chemical dyes or loading of the dye causes stress
symptoms (Swanson et al.,, 2011), genetically encoded biosensors, such as pH-sensitive green
fluorescent protein (GFP) probes were developed. Native forms of GFP are rather pH-insensitive, as
their protein structures prevent the chromophores from an interaction with protons. However,
various pH-sensitive sensors were engineered, which led to significant improvements in spatial or
temporal resolution of pH measurements when compared to NMR-based studies (Choi et al., 2012).
Using these probes, the proton ion concentrations of apoplast, cytosol and few organelles have
been monitored in the model plant Arabidopsis (Miesenbock et al., 1998; Moseyko and Feldman,
2001; Gao et al., 2004; Shen et al., 2013).

The Mitochondrial Carrier Family

This thesis is focused on the Mitochondrial Carrier Family (MCF) in plants. The MCF is an important
transporter class (TC 2.A.29), connecting parallel and interdependent pathways across
compartments. Sequencing of plant genomes led to the discovery of various MCF members. These
carriers are not only found in viridiplantae, but are highly conserved in a wide range of eukaryotic
species. Their name might suggest that MCF members are exclusively located to mitochondria,
however several carriers have been found in other organelles, e.g plastids, peroxisomes,
endoplasmatic reticulum, and the plasma membrane (Bedhomme et al., 2005; Bouvier et al., 2006;
Thuswaldner et al., 2007; Leroch et al., 2008; Linka et al., 2008; Rieder and Neuhaus, 2011;
Bernhardt et al., 2012).
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Substrate spectrum and transport modes of MCF proteins

First biochemical studies of mitochondrial carriers (MC) were conducted in animals, not in plants
(Haferkamp, 2007). The MCF exhibits a broad spectrum of transport substrates that are variable in
size and structure and are mostly negatively charged. MCFs facilitate a secondary active exchange
of protons, nucleotides, carboxylic acids, keto acids, amino acids, and phosphate (Forrest et al.,
2011; Palmieri et al., 2011). Most of the carriers are strict antiporters exchanging solutes in a 1:1
stoichiometry. However, few carriers mediate uniport or symport (Kunji, 2004; Bamber et al., 2007).
Some carriers, such as ADP/ATP carriers are electrogenic, as their transport results in a net charge
transfer (Gropp et al., 1999). Other carriers, for example the rat ornithine/citrulline carrier, facilitate

an electroneutral exchange of substrates (Indiveri et al., 1997).

Structural features of MCF carriers

Despite their high diversity in transport substrates, MC proteins share common structural features,
characteristic of this carrier class, but different from any other known transporter family. All carriers
are nuclear-encoded and are about 30-40 kDa in size (Saraste and Walker, 1982; Aquila et al.,
1985). Solving a high-resolution atomic structure of a MCF representative to 2.2 A (Pebay-Peyroula
et al., 2003) revealed a threefold repetitive structure of about 100 amino acids. Each of the three
repeats comprises two a-helical transmembrane spans, which are connected by hydrophilic loops
(Fig. 1). A conserved sequence motif called mitochondrial energy signature (Pfam-A domain
PF00153) is detectable in odd numbered transmembrane spans and loops (Fig. 1). Apart from this
motif, the sequences of MCF carriers are poorly conserved. MCF-mediated transport of metabolites
is facilitated by salt bridge networks, which constitute the cytosolic and matrix gates and close the
central cavity of the protein (Palmieri et al., 2011). MCFs can act as homodimers, or can form helical
bundles, which form functional entity within membranes (Bamber et al., 2007; Kunji and Crichton,
2010).

On the evolution of mitochondrial carrier family proteins

The evolution of MCF carriers is not fully understood. It is believed that present-day MCF carriers
arose from one ancestral sequence, which was further differentiated during evolution (Arco and
Satrustegui, 2005). A basic module, encoding a two-transmembrane spanning protein might have
existed that underwent two duplications and was then fused to one protein- the ancestor sequence
of all MCFs (Haferkamp and Schmitz-Esser, 2012).
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Fig. 1: Structural prediction of a classical Arabidopsis MCF transporter At2g17270.

PHT3;3 protein structure was predicted using the consensus sequence of Aramemnon v7.0 (Schwacke et al., 2003).
Protein structure was graphically presented with TMRPres2D (Spyropoulos et al., 2004). Transmembrane helices (spiral
structures) and transmembrane domain connecting loops (grey lines) are indicated.

Three scenarios, how MCF carriers were established, are possible: (i) MCFs have been

introduced by the proteobacterial symbiont, (ii) by the archaebacterial host, or alternatively were (iii)

newly invented (Palmieri et al., 2011; Haferkamp and Schmitz-Esser, 2012). Today the common

understanding is that MCF carriers evolved when the mitochondrial organelle was established. It is

proposed that the prototype MCF carrier was involved in mitochondrial energy transfer, as e.g. AAC

carriers are. MCFs might have functionally differentiated before the separation of the three

eukaryotic kingdoms. Given that, a minimal set of MCFs with different localization, transport

properties and substrate specificities, which was the basis for present-day MCFs in eukaryotes,

might have already existed in early protists (Haferkamp and Schmitz-Esser, 2012).

Green plants exhibit a high number of MCF carriers. Intra-genome comparisons revealed

that the family of mitochondrial carriers was expanded by whole genome duplications and

segmental duplications. Some MCF paralogs escaped large-scale gene losses, which often follow

polyploidization events (Paterson et al., 2006). Nucleotide carriers are preferentially retained in

angiosperms, indicating their transport function is of high importance for angiosperm evolution

(Palmieri et al., 2011). This affirms the importance of MCF members, contributing to plant

complexity and diversification (Palmieri et al., 2011).

Isolation and characterization of mitochondrial carrier family proteins
In early studies, six proteins were discovered in rat liver mitochondria that were purified and

subjected to sequencing. These early studies revealed that the six proteins belonged to the same
family, which was named MCF (Indiveri et al., 1992; Palmieri et al., 2011). In the following years,

many carriers were identified, which shared the characteristic sequence features of this family. In

candidate gene approaches, putative transport functions were predicted from genetic information,

phylogenetic clustering and metabolic considerations (Picault et al., 2004; Haferkamp, 2007;
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Haferkamp and Schmitz-Esser, 2012). In recent years, structural information on MCF carriers
simplified the prediction of transport substrates. When aligning the threefold repeats of MCFs,
symmetry-related amino acid triplets were discovered, located at the protein cavity. It was
demonstrated that these conserved triplets relate to substrate specificity (Robinson et al., 2008;
Palmieri et al., 2011).

The majority of mitochondrial carrier members are not characterized

Although the existence of a many MCF members and their putative substrates has been predicted in
eukaryotic model organisms by bioinformatics, only a minor portion of MCs are biochemically
characterized. In Homo sapiens a third of the MCs are described and about 50% of carriers are
investigated in Saccharomyces cerevisiae. In Arabidopsis thaliana only a quarter of MCFs are
functionally characterized (Palmieri et al., 2011; Haferkamp and Schmitz-Esser, 2012). In gene-to-
function approaches, candidates were expressed in heterologous systems, reconstituted in lipid
vesicles and subjected to in vitro transport assays testing various substrates (Picault et al., 2004).
An alternative approach widely used is the complementation of auxotrophic phenotypes of yeast
mutants (Catoni et al., 2003).

The mitochondrial ADP/ATP carrier- a prototype MCF

In eukaryotic mitochondria, energy in the form of ATP is generated and is sequestered to the cytosol
from where it is distributed to other cellular compartments. The export of ATP in exchange for ADP
is facilitated by the mitochondrial ADP/ATP carrier (AAC), which is a MCF member. A high
membrane potential at the inner mitochondrial membrane controls the adenylate transport
(Klingenberg, 2008). First attempts to unravel why mitochondria contain high levels of adenylates
were performed with isolated mitochondria. At the same time silicon layer filtration established that
the inner membrane of mitochondria constitutes a diffusion barrier. A separation of the *H,0O space
and the 'C-sucrose impermeable matrix space was demonstrated (Pfaff et al., 1965). Analyses
revealed the existence of AAC, facilitating the export of ATP produced in across the inner
mitochondrial membrane. First detailed characterizations of AAC were performed on protein isolated
from rat liver mitochondria and bovine heart (Pfaff et al., 1969; Powell et al., 1989; Klingenberg,
2008). Based on sequence homology to the bovine AAC, yeast homologs were identified (Onishi et
al., 1967; O'Malley et al., 1982), which were used as a platform to conveniently study structure-
function relationships (Klingenberg, 2008). In Arabidopsis, three AAC isoforms (AAC1, AAC2,
AAC3) are present. They were detected based on sequence homologies to mammalian and yeast
AACs (Loytynoja and Milinkovitch, 2001; Haferkamp et al., 2002; Millar and Heazlewood, 2003).
Studies revealed that AAC1 expression is high in all tissues, whereas AAC2 expression is only
moderate. AAC3 is solely expressed in actively growing tissues. It is assumed that AAC1, due to its
high abundance, acts in concert with the mitochondrial phosphate carrier PHT3;1 to regenerate ATP
in Arabidopsis (Haferkamp, 2007). PHT3;1 (At5g14040) and its close homologs PHT3;2
(At3g48850) and PHT3;3 (At2g17270) appear to fuel mitochondrial with phosphate. It is assumed
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that PHT proteins import phosphate either in a Pi/H" symport, a Pi/OH"antiport mechanism, or as Pi
homo-exchange (Liu et al., 2011). However, Arabidopsis PHT3 carriers are not characterized

biochemically.

Adenine nucleotide carriers of the plant peroxisomal membrane

ATP, which is generated inside mitochondria, is exported to the cytosol by the mitochondrial
ADP/ATP carrier (AAC). From there, ATP it is distributed to other cellular compartments, such as
peroxisomes (Linka and Weber, 2010). Peroxisomes are surrounded by a single bilayer membrane
and harbor several ATP-dependent reactions (Hu et al., 2012). As these organelles do not contain
ATP generating mechanisms, the existence of ATP importing carriers in the peroxisomal membrane
is essential. In a candidate gene approach three putative peroxisomal adenine nucleotide carriers of
Arabidopsis peroxisomes were identified (At2g39970, At3g905290, At5g27520). These carriers
belong to the MCF and share high sequence similarity with the Saccharomyces cerevisiae
peroxisomal ATP carrier ANT1. Whereas At3g905290 and At5g27520 import ATP into peroxisomes
(Linka et al., 2008), the third candidate At2g39970 imports NAD and CoA (Agrimi et al., 2012;
Bernhardt et al., 2012). According to their functions, the carriers were termed peroxisomal adenine
nucleotide carriers 1 and 2 (PNC1, PNC2) and peroxisomal NAD/CoA carrier (PXN). It was
demonstrated biochemically that PNC proteins function as ATP transporters. They complement a
yeast mutant deficient in the peroxisomal ATP transporter ANT1. Recombinant PNC proteins that
were reconstituted into liposomes mediate a strict counter-exchange of ATP against ADP or AMP
(Linka et al., 2008). The characterization of transgenic Arabidopsis RNA interference lines, which
simultaneously suppress PNC1 and PNC2, revealed that these carriers are essential for seedling
establishment during the pre-photoautotrophic growth phase. Mutant seedlings arrest early in
establishment, which is caused by impaired peroxisomal ATP supply, leading to compromised

lipolysis and [3-oxidation (Linka et al., 2008).
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IV. AIM OF THIS PHD THESIS

Intracellular membrane transport of solutes is important to understand how cellular metabolism is
connected within the plant cell. The passage of metabolites across cellular boundaries is facilitated
by specific transport proteins. Thus, they contribute to sustaining a functional metabolic network
(Linka and Weber, 2010). The central focus of this thesis was to expand the knowledge of the
mitochondrial carrier family (MCF) in plants. The objective was to characterize MCF members that
have not yet been characterized in respect to their transport function, transport mode and in planta
role.

In Arabidopsis, 58 MCF carriers are known, but only a quarter of them are biochemically
investigated to date. MCF proteins in other plant species are largely unexplored (Palmieri et al.,
2011). One goal of this thesis was to analyze the distribution of MCF carriers within the plant
kingdom. For this, an unbiased large-scale screen was performed, searching multiple plant
proteomes for additional uncharacterized MCF proteins (Manuscript 1). Isolated carriers were
clustered in orthologous groups and their putative transport functions were assigned. This work
explored the role of a MCF protein involved in sulfate transport. Hence, the MCF candidate was
called SIT1 for inorganic sulfate transporter (Manuscript 2). As the MCF screen revealed a new
plant-specific function for SIT1, the transport properties of recombinant protein were assessed by in
vitro uptake studies. The physiological role of SIT1 in plants was investigated, examining growth
phenotypes of homozygous T-DNA lines. The thesis further investigated the peroxisomal pH of
different Arabidopsis tissues, as pH is an important factor to understand transport modes of solute
carriers, such as MCF members (Manuscript 3). Stable transgenic Arabidopsis lines were
established, expressing a pH-sensitive green fluorescent protein that was targeted to peroxisomes.
Further, the impact of metabolism on peroxisomal pH was assessed.

In summary, this thesis addressed the following aspects: (i) large-scale identification of MCF
proteins plants and distribution of functional classes of MCF orthologs within the plant kingdom, (ii)
biochemical and physiological characterization of the MCF carrier SIT1 representing a sulfate
transporter, (iii) investigation of the peroxisomal pH, tissue-specificity and impact of peroxisomal

metabolism on pH.



22 V. Aim of this PhD thesis

References

Linka, N., and Weber, A.P.M. (2010). Intracellular metabolite transporters in plants. Mol Plant 3,
21-53.

Palmieri, F., Pierri, C.L., De Grassi, A., Nunes-Nesi, A., and Fernie, A.R. (2011). Evolution,
structure and function of mitochondrial carriers: a review with new insights. Plant J 66, 161-
181.

Picault, N., Hodges, M., Palmieri, L., and Palmieri, F. (2004). The growing family of mitochondrial
carriers in Arabidopsis. Trends Plant Sci 9, 138-146.



23 V.1 Manuscript 1

V. MANUSCRIPTS

Manuscript 1

Expanding the catalogue of mitochondrial carrier family proteins in plants

Sarah K. Kessel-Vigelius", Anna R. Kersting?, Christian Esser?, Martin J. Lercher?, llka Haferkamp?®,
Andreas P.M. Weber', and Nicole Linka'@

'Plant Biochemistry, Heinrich-Heine University Diisseldorf, 40225 Diisseldorf, Germany;
“Bioinformatics, Heinrich-Heine University Diisseldorf, 40225 Diisseldorf, Germany;

*Plant Physiology, Technical University of Kaiserslautern, 67663 Kaiserslautern, Germany

*First author

@Corresponding author



24 V.1 Manuscript 1

Abstract

Solute transport is essential to connect intracellular metabolic networks across compartments, which
are often surrounded by at least one bilayer membrane. As organellar borders constitute a diffusion
barrier for metabolites, specific transport proteins are required to mediate flux of substrates. One
class of transport proteins is the mitochondrial carrier family (MCF). In plants, members of this family
are found in mitochondria, plastids, vacuoles, ER, Golgi and plasma membranes of almost all
eukaryotes.

We performed a profile-based identification of MCF proteins in multiple genomes to expand
the repertoire of these carriers in plants and to understand the evolution of this family. Our analysis
substantiated that mitochondrial carrier family members were highly conserved in eukaryotes,
whereas they did not occur in bacteria. An analysis of orthologous MCF proteins revealed, that
congruent with previous phylogenetic approaches, MCFs formed distinct functional groups. In our
analysis we found that within plants, Arabidopsis mitochondrial carrier family orthologs have
specified and putatively evolved new plant-specific functions. Furthermore, we discovered that some
functional MCF groups were apparently missing in rhodophytes and glaucophytes. For example,

peroxisomal carrier proteins were only found in the green lineage.

Introduction

Mitochondria are plant organelles, involved in numerous multicompartmented metabolic pathways,
such as photorespiration, nitrogen, or C1 metabolism (Mackenzie and Mcintosh, 1999). These
organelles are surrounded by two semi-permeable membranes, which constitute a diffusion barrier
for most metabolites. This necessitates the presence of solute transport proteins facilitating
exchange of intermediates for mitochondrial metabolism (Linka and Weber, 2010). A prominent
class of transporters connecting mitochondrial metabolism with other compartments is the
mitochondrial carrier family (MCF) (TC 2.A.29). MCF proteins are nuclear-encoded small carriers of
30-40 kDa, which are highly conserved in eukaryotes (Picault et al., 2004).

Although few MCF members have been biochemically characterized so far, it is already
evident that they are highly diverse in their transport functions. They facilitate exchange of various
substrates, such as nucleotides, carboxylic acids, keto acids, amino acids, and phosphate (Palmieri
et al., 2011). Although most MCF proteins are strict antiporters, some carriers mediate uniport or
symport (Kunji, 2004; Bamber et al., 2007). Their name might suggest that MCF members are
exclusively located to mitochondria, however several carriers have been found in other organelles,
e.g plastids, peroxisomes, ER, and the plasma membrane (Bedhomme et al., 2005; Bouvier et al.,
2006; Thuswaldner et al., 2007; Leroch et al., 2008; Linka et al., 2008; Rieder and Neuhaus, 2011;
Bernhardt et al.,, 2012b). For a long time, it was assumed that MCFs exclusively act as homo-
dimers. Today, this view is challenged, because MCF carrier proteins can form helical bundle

monomers that represent the functional entity within membranes in yeast.
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Structural analyses of the first MCF carriers characterized, revealed common structural
features (Saraste and Walker, 1982; Aquila et al., 1985), which are characteristic of this carrier class
and distinct from any other known transporter family (Palmieri et al., 2011). MCFs share a threefold
repetitive basic structure of about 100 amino acids. Each repeat comprises two a-helical
transmembrane domains, connected by hydrophilic loops. Odd numbered transmembrane spans
and loops contain a conserved sequence motif called mitochondrial energy signature (PF00153)
(Palmieri et al., 2011). Apart from this motif, the conservation of MCF carriers on sequence level is
comparably low.

The exact evolution of MCF carriers is still unknown. However, it is plausible that present-day
MCF carriers arose from one universal basic module (Arco and Satrustegui, 2005). A pre-existing
two-spanner gene fragment was tandem ftriplicated, fused and differentiated. Presumably, MCF
carriers developed less than two billion years ago during the establishment of the mitochondrial
organelle. MCFs may have been introduced by either the proteobacterial symbiont, or the
archaebacterial host; alternatively they may have been newly invented (Palmieri et al., 2011;
Haferkamp and Schmitz-Esser, 2012). Because mitochondrial generation of ATP is essential for life,
the first MCF protein might have been involved in exporting ATP from the mitochondrial matrix. A
second assumption is that the first MCF carrier exhibited a broad substrate spectrum and that
speciation occurred later during eukaryote evolution. An alternative theory hypothesized that early
protists already exhibited a basic set of MCF carriers with different transport properties, substrate
specificities, and localization (Haferkamp and Schmitz-Esser, 2012).

The goal of this study was to gain insights into the evolution of the mitochondrial carrier
family within the plant kingdom. For this, we first of all compiled a comprehensive catalogue of MCF
carrier proteins in diverse plant and algal species. We combined Markov clustering of orthologs and
paralogs with profile-specific identification tools to gain clusters of orthologous MCF carriers. We
then performed an explorative analysis of Arabidopsis MCF homologs to generate a candidate gene
list for biochemical analyses of transport functions.

A comprehensive view on MCF carriers and their evolution will contribute to understand the
exceptional importance of transport proteins involved in the interplay of cellular metabolism across

compartments.

Experimental procedures

Proteomes used in this study

To identify putative MCF carriers and to perform functional classifications, proteomes of the
kingdoms plantae, fungi and animals were selected. Proteomes were first filtered for splice variants.
Multiple splice variants were excluded, except the longest protein sequences. The following
proteomes were used: Arabidopsis lyrata v1.0 (Hu et al.,, 2011), Arabidopsis thaliana v10
(Swarbreck et al., 2008), Brassica rapa v1.2 (Wang et al., 2011), Capsella rubella v1.0 (Slotte et al.,
2013), Carica papaya v1.0 (Ming et al., 2008), Citrus clementina v1.0 (Talon and Gmitter, 2008),
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Citrus sinensis v1.0 (Talon and Gmitter, 2008), Cucumis sativus v1.0 (Huang et al., 2009),
Eucalyptus grandis v1.1 (Myburg et al., 2011), Glycine max v1.1 (Schmutz et al., 2010), Lotus
japonicus v1.0 (Sato et al., 2008), Manihot esculenta v1.0, Populus trichocarpa v3.0 (Tuskan et al.,
2006), Ricinus communis v1.0 (Chan et al., 2010), Solanum tuberosum v3.4 (Xu et al., 2011), Vitis
vinifera v1.0 (Jaillon et al., 2007), Brachypodium distachyon v1.0 (Vogel et al., 2010), Oryza sativa
L. spp. japonica v6.1 (Goff et al., 2002), Sorghum bicolor v1.4 (Paterson et al., 2009), Zea mays
v2.0 (Hake and Walbot, 1980), Physcomitrella patens v1.6 (Rensing et al., 2008), Selaginella
moellendorffii v1.0 (Banks et al., 2011), Chlamydomonas reinhardtii v5.3.1 (Merchant et al., 2007),
Micromonas pusilla CCMP1545 v3.0 (Worden et al., 2009), Ostreococcus lucimarinus v2.0 (Palenik
et al., 2007), Volvox carteri v2.0 (Prochnik et al., 2010), Cyanidioschyzon merolae v1.0 (Nozaki et
al., 2007), Cyanophora paradoxa (Price et al., 2012), Hansenula polymorpha (Pichia angusta) v2.0
(Ramezani - Rad et al., 2003), Saccharomyces cerevisiae v1.0 (Giaever et al., 2002), Ustilago
maydis (Kamper et al., 2006), Mus musculus v72.0 (Gregory et al., 2002), and Homo sapiens v72.0
(Venter et al., 2001). All plant genomes were downloaded from the Phytozome v9.1 database
(http://www.phytozome.net) (Goodstein et al., 2012) with exception of the Lotus japonicus proteome,
which was retrieved from the PLAZA database (http://bioinformatics.psb.ugent.be/plaza/) (Proost et
al., 2009) and Musa acuminata proteome downloaded from Ensembl Plants v19
(http://plants.ensembl.org/) (D’Hont et al., 2012). Cyanidioschyzon merolae protein sequences were
obtained from the Cyanidioschyzon Merolae Genome Project (http://merolae.biol.s.u-tokyo.ac.jp).
Cyanophora paradoxa sequences were retrieved from the Cyanophora paradoxa Genome
consortium (http://cyanophora.rutgers.edu/cyanophora/symposium.php). The Ustilago maydis and
Saccharomyces  cerevisiae  proteome were downloaded from  EnsemblFungi v19
(http://fungi.ensembl.org). The Hansenula polymorpha proteome was obtained from the JGI
Genome Portal (http://genome.jgi.doe.gov/).

Further proteomes included were: Ectocarpus siliculosus, which was retrieved from the
UniProtKB database release 2013_08 (http://www.uniprot.org/) (Schneider et al., 2009),
Neorickettsia risticii, Fluoribacter dumoffii, Legionella longbeachae, Legionella drancourtii, and
Legionella pneumophila proteomes and other bacterial proteomes, which were accessed via the
NCBI Non-Redundant Database and RefSeq database (Pruitt et al., 2007). Cyanobacterial
proteomes of Nostoc sp. PCC 7107 and Anabaena sp. PCC 7108 (Shih et al.,, 2013) were
downloaded from JGI Genome Portal (http://genome.jgi.doe.gov/) (Grigoriev et al., 2012). The
cyanobacterial proteomes of Synechocystis sp. PCC 6803, Synechococcus sp. WH 8102,
Synechococcus elongatus PCC 6301, Prochlorococcus marinus str. MIT 9312, Cyanothece sp.
ATCC 51142, Nostoc punctiforme ATCC 29133, Chlorobium tepidum TLS, Trichodesmium
erythraeum IMS101, and Arthrospira platensis NIES-39 were obtained from the Cyanobase server

(http://genome.microbedb.jp/CyanoBase) (Nakao et al., 2010).
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Annotation of putative MCF carriers based on the Pfam-A model PF00153

For identification, we used the MCF-carrier specific Pfam-A signature motif PF00153 that was
retrieved from Pfam (v27) at http://pfam.sanger.ac.uk (Finn et al., 2010). PFO0153 was used as
query to scan the protein database containing all eukaryotic proteomes with the hmmsearch tool of
HMMERS3.0 (http://hmmer.janelia.org/) (Eddy, 2011; Finn et al., 2011). Model specific score
thresholding was applied. Specific bit score thresholds for PF00153 were obtained from Pfam (v27),
which are more accurate than thresholding based only on statistical significance (Finn et al., 2011).
Putative prokaryotic MCF carriers were identified with the online version of hmmsearch scanning
NCBI NR and RefSeq databases for PF00153 and applying the taxonomy view (Pruitt et al., 2007).

Prediction of functional clusters with OrthoMCL

Clusters of orthologous and paralogous genes were calculated using the program OrthoMCL
(http://www.orthomcl.org/) (Li et al., 2003). First, a Blastp all-vs-all comparison of the entire
proteomes of 23 selected species was conducted (land plants, mosses, algae, fungi and mammals).
Putative orthologs were identified by reciprocal best blast hits. Paralogs were classified as
sequences of the same proteome that reciprocally had a higher similarity to each other than either
was to any sequence of a different proteome (Li et al., 2003). Weighting was performed to calculate
a similarity matrix to which Markov Clustering was applied (Enright et al., 2002). Clusters, containing
sequences of at least two species, were saved in an output file of orthologs and recent paralogs.
The output file was scanned for groups comprising at least one of the 58 Arabidopsis MCF carriers.
The groups with Arabidopsis MCF proteins were selected and reverse-checked for the PF00153
motif characteristic of MCF carriers, as we expected that all proteins in the Arabidopsis MCF groups
are also MCF carriers. The program HMMER was used to identify the PF00153 motif in MCF carrier
groups established with OrthoMCL. Based on previous functional annotations of Arabidopsis MCF
carriers (Palmieri et al., 2011; Haferkamp and Schmitz-Esser, 2012), we sorted the OrthoMCL MCF
cluster according to their putative functions. We analyzed number and distribution of MCF carriers

with the focus on plant species.

Results

Motif-based identification of MCF carriers in comparison to a reference dataset

Initial studies investigated the presence and evolution of MCF carriers in Arabidopsis thaliana
(Picault et al., 2004; Haferkamp, 2007; Haferkamp and Schmitz-Esser, 2012), or within dicots,
monocots and algae (Palmieri et al., 2011). Previous studies explored the relationship of MCF
carriers by blasting a specific representative (pairwise method), extracting blast hits, assigning
transmembrane domains and building phylogenetic trees (Picault et al., 2004; Haferkamp, 2007;
Palmieri et al., 2011). In our analysis, we applied an alternative motif-based approach, solely
identifying MCF carriers by a 96 amino acids long sequence motif (PX[D/E]JXX[K/R]-(20-30
residues)-[D/E]JGXXXX[W/Y/F][K/R]G) called mitochondrial energy transfer signature. This signature
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was expressed as profile Hidden-Markov Model (HMM) PF00153, which was retrieved from the
Pfam database (Finn et al., 2010). We applied HMMs, because residues in a functional sequence
are subject to different selection pressures. Some positions are more conserved than others. Less
conserved regions tolerate more insertions or deletion (Eddy, 1998). In contrast to standard multiple
sequence alignments and pairwise methods, such as Blast, HMM models contain position-specific
scoring information (Eddy, 1998). This study for the first time employed the application HMMER3.0
(Finn et al., 2011). As HMMER3.0 allowed the application of own target sequence databases, we
filtered proteomes for splice variants first. We did so to improve the quality of our analysis, because
in unfiltered genomes the probability exists that due to splice variants the same MCF carrier is
recognized multiple times. Using this approach, we searched for putative MCF carriers within 29
publicly available plant proteomes, including 19 genomes of representatives from brown algae, fungi
and mammals. In total we found 1366 MCF carriers. Protein sequences are listed in the supporting
material.

We compared the number of MCF carriers identified with our method to an established set of
MCF carriers (Picault et al., 2004; Haferkamp, 2007; Palmieri et al., 2011; Haferkamp and Schmitz-
Esser, 2012) (Tab. 1). We examined a larger number of plant proteomes, Homo sapiens, and
Saccharomyces cerevisiae and could show that the number of MCF carriers identified with our
approach was in agreement with the reference dataset (Tab. 1). Slightly higher numbers of MCF
carriers than in the reference set were found in C. papaya, R. communis, B. distachyon, C.
reinhardtii, O. lucimarinus, and H. sapiens. Our analysis revealed a significantly higher number of
MCFs in S. bicolor and P. patens. In case of G. max, O. sativa and Z. mays proteomes, the

reference dataset contained a higher number of MCF carriers.



29 V.1 Manuscript 1

Tab. 1: Comparison of MCF carriers identified with HMMER3.0 with previously identified MCF proteins of a
reference dataset.

Comparison of HMMER-identified MCF carriers with a reference dataset was obtained from Palmieri et al., 2011.
Proteomes were screened for putative MCF carriers using the Pfam-A motif PF00153. Purple: 30-40 MCF carriers; blue:
40-50 MCEF carriers; green: 50-70 MCF carriers; orange: >70 MCF carriers. The total number of genes was either retrieved
from the database where the proteome was downloaded or from the original publications.

Species name Classification MCFs MCFs Genes
HMMER Reference

Arabidopsis lyrata Magnoliophyta 66 66 32,670

Arabidopsis thaliana Eudicots 58 58 33,602

Carica papaya 59 57 27,332

Cucumis sativus 61 61 32,528

Glycine max 94 125 54,174

Populus trichocarpa 91 91 41,377

Ricinus communis 66 65 31,221

Vitis vinifera 61 61 26,664

Brachypodium distachyon Magnoliophyta 56 55 31,029

Oryza sativa Monocots 61 64 57,939

Sorghum bicolor 67 60 34,686

Zea mays 51 73 39,597

Physcomitrella patens Embryophyta 98 93 38,354
Bryophyta

Selaginella moellendorfii Tracheophyta 60 60 34,914
Lycophyta

Chlamydomonas reinhardltii Chlorophyta 43 37 14,560

Ostreococcus lucimarinus 40 38 7,805

Saccharomyces cerevisiae Fungi 35 35 6,692

Ascomycetes

Homo sapiens Animals 58 53 20,774

Mammals

Distribution of MCF members within bacteria and brown algae

To get insights into the evolution of MCF carriers, we first screened bacterial proteomes from the
NCBI Non-Redundant and RefSeq databases for the existence of MCF carriers with HMMERS3.0
(Pruitt et al., 2007; Finn et al., 2011). We identified almost no MCF carriers in bacteria, except of few
pathogenic Neorickettsia and Legionella species that were also found in a previous study (Dolezal et
al., 2012) (Tab. S1). Cyanobacteria are basal to all plants, as photosynthetic eukaryotes descended
from a single prokaryotic ancestor that acquired a photosynthetic cyanobacterium as endosymbiont
(Bowman et al., 2007). We found that MCF proteins are absent in cyanobacteria. This indicated that
MCFs developed later during eukaryotic evolution (Kunji, 2004) (Tab. S1). We then examined the
phaeophycean alga Ectocarpus siliculosus. Brown algae are multicellular photosynthetic organisms
that are only distantly related to green plants (Cock et al., 2010). We found Ectocarpus encoding for
60 MCF proteins (Tab. S1). In conclusion, our approach affirmed the idea that most bacteria do not
contain MCF proteins, whereas MCFs are important and characteristic proteins of eukaryotes,

including brown algae.

Distribution of MCF members within the plant kingdom
We continued to apply our approach to further plant and algal proteomes, which were not

investigated previously and thus, expanded the list of MCF carriers (Tab. 2). Upon endosymbiosis



30 V.1 Manuscript 1

five main eukaryotic lineages evolved, one of which is the plant lineage. The plant lineage is divided
into glaucophyta (freshwater algae), rhodophyta (red algae) and viridiplantae, including the group of
chlorophyta (green algae) (Bowman et al., 2007) (Fig. 1).

Tab. 2: Identification of previously unknown MCF carriers in plants.

Proteomes were screened for putative MCF carriers using the Pfam-A motif PF00153. Purple: 30-40 MCF carriers; blue:

40-50 MCF carriers; green: 50-70 MCF carriers; orange: >70 MCF carriers. The total number of genes was either retrieved
from the database where the proteome was downloaded or from the original publications.

Species name Classification MCFs Genes
Cyanophora paradoxa Glaucophyta 52 27,921
Cyanidioschyzon merolae Rhodophyta 31 5,331
Micromonas pusilla Chlorophyta 43 10,660
Volvox carteri 41 14,971
Musa acuminata Magnoliophyta 114 36,519
Monocots
Brassica rapa Magnoliophyta 95 41,018
Capsella rubella Eudicots 61 26,521
Citrus clementina 63 33,929
Citrus sinensis 61 25,376
Eucalyptus grandis 76 36,376
Lotus japonicus 71 69,647
Manihot esculenta 83 47,000
Solanum tuberosum 59 51,472

In our analysis we identified MCF carriers within these major plant groups (Tab. 2, Fig. 1).
The mitochondrial energy signature was present in 52 proteins of the glaucophyte C. paradoxa and
in 31 proteins of the red alga C. merolae. The proteome of the unicellular green alga M. pusilla
contained 43 MCF proteins. The multicellular green alga V. carteri encoded 41 MCFs. A major
evolutionary step in plant history was the colonization of terrestrial landscapes. About 300 Myr years
ago, gymnosperms and angiosperms (magnoliophyta) diverged. Within magnoliophyta, eudicots and
monocots originated. We found that the monocot species M. acuminata exhibited 114 MCFs in its
genome (Tab. 2). In eudicots, between 59 and 95 MCF carriers were identified. Our analysis
revealed that with exception of the glaucophyte C. paradoxa, which has a large quantity of carriers,
the number of MCFs increased along the branch leading to embryophytes. We experienced that B.
rapa contained a high number or MCF carriers. The same was observed for previously identified
MCFs in G. max, P. trichocarpa and P. patens.

Our results demonstrated that that the application of HMMs was valid to identify MCF
carriers, because when compared to the reference dataset we robustly identified MCF carriers in our
study. The distribution of the MCF within plants revealed that MCFs are conserved in greater

presence, underlining the importance of this carrier class.
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Fig. 1: Schematic phylogenetic tree of MCF carriers in primary photosynthetic eukaryotes.

Putative MCF carriers were identified from proteomes of primary photosynthetic eukaryotes by the Pfam-A motif PF00153.
Species used for this analysis are schematically represented as unrooted phylogenetic tree, the number of MCF carriers is
indicated at the leaves of the tree behind taxa names. Orange stars: whole genome duplication; blue stars: whole genome
triplication. Information on genome duplications was taken from Van der Peer et al, 2009 and
http://chibba.agtec.uga.edu/duplication/; Phylogenetic tree is a modified version of the phylogenetic tree of species at
http://www.phytozome.net and http://bioinformatics.psb.ugent.be/plaza/. Branch lengths do not represent evolutionary time
or nucleotide substitutions; position of stars is not meant to date polyploidization events.

MCEF carriers constitute functional groups
We used a subset of 20 complete plant, fungal and animal proteomes and assigned putative
functions to MCF carriers. We clustered proteins in orthologous and paralogous groups with
OrthoMCL (Li et al., 2003). Groups of orthologs and paralogs were screened for the MCF motif
PF00153 with HMMERS3.0. Orthologous MCFs were classified in functional groups based on
previously characterized MCF members (Haferkamp, 2007; Palmieri et al., 2011; Haferkamp and
Schmitz-Esser, 2012).

We first extracted ortholog groups containing at least one of the 58 Arabidopsis MCF carriers
(Tab. 3).



V.1 Manuscript 1

32

1es.

ther spec

iana in o

thal

is
OrthoMCL was used to identify orthologous genes in 20 proteomes. Groups of ortholog and paralog genes were computed

| MCF subgroups from Arabidops

Ioha

f functi

ion o

t

: Identifica

Tab. 3

luded. Based on a

separation of Arabidopsis MCFs into functional clusters (Haferkamp and Schmitz-Esser, 2012), OrthoMCL groups were

sorted correspondingly. Putative function and distribution of carriers are indicated below. Carriers, which were found in one

OrthoMCL group, are listed together. Genes were annotated with TAIR10 and Aramemnon database.

ier, were incl

with Markov clustering. All groups, which contained at least one Arabidopsis MCF carr

iosperms * Mosses Or_o-ou:ﬁmiw:on. Tm_m:n; Fungi
A Ath Bdi Bra Gma Lja Osa Rco Shi Vvi Ppa Smo Cre Mpu Cme Cyp Hpo Sce Uma Hsa Mmu Sum
i3 i and Dii
ADP/ATP AT3G08580.1, AT5G13490.1, AT4G28390.1 Putative mitochondrial adenylate translocator (AAC1, AAC2, AAC3) 3 1 3 7 2 2 3 1 1 6 4 1 1 3 1 1 1 41
AT5G56450.1 Plasmamembrane-located adenine nucleotide transporter (PM-ANT1) 1 1 1 1 1 1 1 1 1 2 1 1 1 2 2 18
AT5G17400.1 ER-located adenine nucleotide transporter (ER-ANT1) 1 1 2 2 1 1 2 1 1 12
AT4G32400.1 Adenylate nucleotide uniporter (AtBT1/pANT1) 1 2 2 4 2 2 1 2 3 2 1 22
AT3G20240.1 MCF, adenine nucleotide carrier-like 1 3 1 2 1 2 1 3 1 1 16
AT5G64970.1 MCF, adenine nucleotide carri 1 1 1 1 1 1 2 1 3 1 1 1 15
AT1G78180.1 MCF, adenine nucleotide carrier-like 1 1 2
AT2G37890.1, AT3G53940.1, AT3G55640.1 MCFs, adenine nucleotide carrier-like 3 2 4 4 2 1 1 2 1 1 1 22
AT4G01100.2 Adenine nucleotide transporter 1 (ADNT1) 1 1 2 6 2 1 2 1 2 2 1 1 1 2 1 1 27
AT3G05290.1, AT5G27520.1 Peroxisomal adenine nucleotide carriers (AtPNC1, AtPNC2) 2 1 3 3 1 1 2 1 1 3 2 1 1 2 24
ATP-Mg/-Pi AT5G61810.1, AT5G51050.1, AT5G07320.1 Putative mitochondrial ATP importers (AtAPC1, AtAPC2, AtAPC3) 3 1 4 7 1 2 1 2 2 2 1 1 1 1 1 2 2 34
AT1G74240.1 Putative ATP-Mg/Pi carriers 1 1 1 1 1 1 1 1 1 1 1 1 1 13
PAP/CoA AT5G01500.1, AT3G51870.1 Phosphoadenosine phosphosulfate carrier (AtPAPST1/TAAC, AtPAPST2) 2 1 2 2 1 1 1 1 1 2 1 1 2 18
AT1G14560.1 Putative mitochondrial MtcC-type coenzyme A transporter (AtCoAc1) 1 2 1 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 21
AT4G26180.1, AT5G15640.1 Putative mitochondrial MtcC-type coenzyme A transporter (AtCoAc2), MCF | 2 2 3 5 2 2 2 2 1 1 1 1 1 1 1 27
Folate AT5G66380.1 Mitochondrial folate transporter (AtFOLT1) 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 22
NAD AT2G47490.1, AT1G25380.1 Putative NAD+ carrier proteins (AtNDT1, AtNDT2) 2 1 3 4 2 2 2 2 2 2 1 1 1 2 1 28
AT2G39970.1 Putative peroxisomal NAD+ carrier (AtPXN) 1 1 1 2 1 1 1 1 1 4 1 1 1 1 1 1 20
Thiamine pyrophosphate AT5G48970.1, AT3G21390.1 MCFs (homologous to ScTPC1) 2 1 2 4 2 1 1 1 1 1 1 1 1 1 1 1 1 1 24
2. Di-/Tricarboxylates, Keto acids
Dicarboxylic acids AT2G22500.1, AT4G24570.1 icarboxylate carriers (AtDIC1, AtDIC2) 2 2 3 4 3 1 4 1 1 5 2 1 1 1 2 2 1 36
AT5G09470.1 Mitochondrial dicarboxylate carrier (AtDIC3/AtPUMP6) 1 1 2
Di-/Tricarboxylic acids AT5G19760.1 Mitochondrial dicarboxylate/tricarboxylate carrier (AtDTC) 1 1 2 2 2 1 2 4 2 1 1 1 1 1 1 23
Succinate/fumarate AT5G01340.1 Mitochondrial succir (AtSFC1) 1 1 1 2 1 1 1 1 2 2 1 0 0 1 1 0 16
3. Amino acids
Basic amino acids AT2G33820.1 Mitochondrial argi ine translocator (AtBAC1) 1 1 1 2 1 1 1 1 1 1 1 1 13
AT1G79900.1 Mitochondrial arginine-ornithine translocator (AtBAC2) 1 1 1 4 1 1 1 1 1 2 1 1 1 1 2 2 22
Carnitine? AT5G46800.1 Mitochondrial Carnitine Acyl Carrier-Like Protein (AtBOU) 1 2 3 4 3 1 1 1 1 2 1 3 1 2 2 3 2 2 2 37
S-Adenosylmethionine AT4G39460.1, AT1G34065.1 S-adenosylmethionine transporters (AtSAMC1, AtSAMC2) 2 2 2 2 1 2 2 4 2 2 1 1 1 3 2 1 1 1 2 1 35
AT2G35800.1 Putative calcium-dependent S-adenosyl methionine carrier (AtSAMTL) 1 2 2 2 2 2 2 13
4. P
Phosphate AT5G14040, AT3G48850 Mitochondrial phosphate transporters (AtPHT3;1, AtPHT3;2) 2 2 3 2 1 3 2 3 2 6 3 1 1 1 1 2 2 1 1 1 40
AT2G17270 Putative Mitochondrial phosphate transporter (AtPHT3;3) 1 1 1 2 1 1 1 1 2 1 12
5. Other
Uncoupling proteins AT3G54110.1 Mitochondrial uncoupling protein (AtUCP1) 1 1 3 2 2 1 1 1 2 2 1 1 1 1 2 2 24
AT5G58970.1 Mitochondrial uncoupling protein (AtUCP2) 1 1 1 3
AT1G14140.1 Mitochondrial uncoupling protein (AtUCP4) 1 1 1 2 1 1 1 1 1 1 1 1 1 1 15
Mitoferrin/iron AT1G07030.1, AT2G30160.1 MCFs (highly similar to HsMitoferrin 1, 2 and ScMRS3, 4) 2 1 3 2 1 1 2 1 1 1 4 1 1 1 1 1 2 1 2 2 31
AT5G42130.1 Mitoferrin-like carrier (AtMFL1) 1 1 1 1 1 1 1 1 1 1 1 1 12
AT4G27940.1, AT2G46320.1 Mitochondrial carrier protein (AtMTM1), MCF 2 1 3 4 1 1 2 1 2 2 1 1 1 1 1 1 1 1 2 2 31
6. L
AT2G26360.1 Putative mitochondrial carrier protein 1 1 2
AT1G72820.1 Putative mitochondrial carrier protein 1 2 2 5 1 2 2 2 1 2 1 21
AT4G15010.1 Putative mitochondrial carrier protein 1 1 1 2 1 1 1 1 1 1 1
AT4G03115.1 Putative mitochondrial carrier protein 1 1 1 1 1 1 1 1 2 1 1
AT5G26200.1 Putative mitochondrial carrier protein 1 1 1 3
AT4G11440.1 Putative mitochondrial carrier protein 1 1 1 2 1 1 1 3 2 1 14
58 49 78 106 36 50 53 47 47 74 47 25 27 17 1 17 22 17 27 25
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The identified groups solely contained MCF carriers. Groups of homologs were regarded as
functional units. The analysis demonstrated that both methods for MCF identification, established
phylogenetic approaches or the OrthoMCL/HMMER approach, led to independent clades of MCFs,
which contained only carriers with related functional properties (Picault et al., 2004; Haferkamp,
2007; Palmieri et al., 2011; Haferkamp and Schmitz-Esser, 2012). Based on previous functional
annotations, we sorted OrthoMCL groups containing MCFs according to their putative function. We
divided them into six functional classes, i.e protein clusters transporting nucleotides/dinucleotides,
di-/tricarboxylates/keto acids, amino acids/carnitine, phosphate, or other substrates, and a class of
proteins with unknown function (Tab. 3).

The carriers we included in our Arabidopsis-centric analysis were widely congruent with
previous phylogenetic trees of Haferkamp and Palmieri. MCF members of most of functional classes
were highly conserved within eukaryotes. However, the distribution of some MCF homolog groups
within green, red and glaucophyte lineages was unexpected. We observed groups of orthologs that
were restricted (i) to the green lineage, (ii) to angiosperms, or (iii) to land plants.

None of the peroxisomal MCF carriers was conserved in rhodophytes or glaucophytes.
Moreover, also the peroxisomal NAD transporter (PXN, At2g39970) and adenine nucleotide carriers
(PNC1, At3g05290; PNC2, At5g27520) were missing in these algal groups but existed in
chlorophytes and viridiplantae. The same distribution was observed for mitochondrial adenylate
translocators (AACs, At3g08580, At5g13490, At4g28390), orthologs of the dicarboxylate carrier
DIC3 (At5g09470), and for proteins homologous to the succinate/fumarate carrier (At5g01340).
Within the group of amino acid transporters, the mitochondrial arginine/ornithine translocators BAC1
and BAC2 (At2g33820, At1g79900) were green lineage-specific. Orthologs of the ER-located
adenine nucleotide transporters (ER-ANT1, At5g17400) were restricted to angiosperms. The S-
adenosyl methionine-like carrier SAMTL (At2g35800) was only present in land plants. Furthermore,
the putative phosphate carrier PHT3;3 (At2g17270) was also restricted to land plants, whereas its
close orthologs PHT3;1 and PHT3;2 (At5g14040, At3g48850) were universally conserved.

Discussion

In this study we scanned multiple plant proteomes in parallel for MCF carriers. A cluster analysis of
MCF orthologs provided information about distributions of functional classes within the plant
kingdom. First, we established a position-based approach involving Hidden-Markov models.
Previous studies demonstrated that profile-based methods, involving information from a number of
sequences, provide better results than pairwise methods (Maurer-Stroh et al., 2003; Sanchez-Pulido
et al., 2003; Wistrand and Sonnhammer, 2005). Quantity and distribution of MCF carriers previously
identified matched and hence supported our analysis (Tab. 1). In some cases, less MCF carriers
were identified than in the reference dataset. We assumed that due to a filtering step we applied on
proteomes, splice variants were removed and thereby the number of MCFs was reduced, as splice

variants of the same carrier might have been recognized several times before. That the number of
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MCEFs slightly varied between analyses, might also be caused by different releases and qualities of
proteomes (Shangguan et al., 2013). We demonstrated that our approach was valid to identify new
MCF carriers in previously not investigated plants and algae. Before analyzing MCF carriers in the
plant kingdom, we analyzed bacterial proteomes to gain a better view on general MCF evolution. So
far, there is no evidence that MCF carriers developed in prokaryotes (Tab. S1). We found putative
MCFs, which were moderately conserved in Neorickettsia and Legionella. Although it is widely
accepted that the few sequences identified in prokaryotes are pseudogenes, acquired by horizontal
gene transfer (Nakamura et al., 2004; Stael et al., 2011), the function of a MCF protein from the
pathogen L. pneumophila was studied (Dolezal et al., 2012). The L. pneumophila MCF LncP is a
mitochondrial ATP transporter that is homolog to yeast AAC. LncP is secreted during infection, is
then incorporated into the host mitochondrial membrane. There, it serves to manipulate
mitochondrial ATP transport, assisting the survival of the bacteria inside their host (Dolezal et al.,
2012). This example challenged the notion that MCFs exclusively occur in eukaryotes.

We identified new MCFs in plants (Tab. 2) and found that MCFs are highly conserved in all
plant lineages. Species, such as B. rapa, G. max, or P. trichocarpa encoded a high number of
MCFs. These species underwent recent whole genome duplications (WGDs) (Cavalier-Smith, 2004;
Keeling et al., 2005) (Fig. 1). WGDs are important driving forces for the evolution of organisms, as
with the onset of polyploidization massive genome rearrangements occured. Genome duplications
facilitate major leaps in evolution leading to diversification and speciation of organisms. However,
gene loss or retention can differ dramatically between species depending on the selective forces
(Adams and Wendel, 2005). In life history whole genome duplications occurred at least four times in
plants (Van de Peer et al., 2009). Very recent genome duplications, or even triplications (3-5 myr
years ago) occurred in G. max, B. rapa, P. trichocarpa and M. acuminata (Adams and Wendel,
2005; D’Hont et al., 2012). In P. patens a WGD happened after the angiosperm-moss split (65 myr
years ago) (Rensing et al., 2007; Van de Peer et al.,, 2009). Vertebrates have undergone two
ancient WGDs, in fungi there is evidence for one WGD. Fungal genomes in our analysis contained
fewer MCFs than plants; the quantity of MCFs in animals was in the same range as in plants (Tab.
1, Tab. S1).

We combined OrthoMCL with profile HMM identification of MCFs as an alternative to a
phylogenetic approach. We decided to use OrthoMCL, since computational costs of multiple
sequence alignments and construction of phylogenetic trees, plus difficult interpretations of
alignments and trees, exclude a phylogenetic approach for whole-genome comparisons in
eukaryotes, or at least make it very difficult (Li et al., 2003). A functional Arabidopsis-centric
classification revealed that with a higher developmental level in plants, higher speciation occurred
and hence more MCF proteins and isoforms can be found (Tab. 3). Evolution, speciation and
increasing number of MCF proteins probably correlate with the need of particularly land plants to

metabolically adapt to constantly changing environmental conditions.
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Adaptations specific to higher plants might be reflected within the PHT3 family of Arabidopsis
that comprises the three mitochondrial carriers PHT3;1, PHT3;2 and PHT3;3, presumably facilitating
the import of phosphate into mitochondria to fuel ATP synthesis (Poirier and Bucher, 2002).
Heterologous complementation of a yeast mutant deficient in mitochondrial phosphate import
revealed a phosphate transport capacity for PHT3;1 and PHT3;2, whereas this function could not be
verified for PHT3;3 (Hamel et al., 2004). We observed that although in previous phylogenetic studies
involving Arabidopsis MCF proteins, PHT3 proteins cluster together as one family of mitochondrial
phosphate carriers (Picault et al., 2004), PHT3;3 constituted an orthologous group separate from
PHT3;1 and PHT3;2. Whereas PHT3;1 and PHT3;2 proteins occurred in all kingdoms, the PHT3;3
orthologs appeared to be land plant specific. This might indicate a novel plant-specific role for this
carrier, which needs to be investigated, assessing localization and biochemical function of PHT3;3
in comparison to PHT3;1 and PHT3;2.

It became evident that none of the peroxisomal MCF carriers of higher plants characterized to
date existed in rhodophytes and glaucophytes. Neither orthologs of the peroxisomal NAD/CoA
transporter PXN (Agrimi et al., 2012; Bernhardt et al., 2012b), nor of the adenine nucleotide
transporters PNC1 and PNC2 (Arai et al., 2008; Linka et al., 2008) were detected. In land plants,
PNC1, PNC2 and PXN are involved in fatty acid oxidation in peroxisomes (Arai et al., 2008; Linka et
al., 2008; Bernhardt et al., 2012a). The role of peroxisomes in algae is generally less studied
compared to land plants, and consequently the knowledge of degradation of fatty acids is also
limited. Studies suggest that B-oxidation does not exclusively occur in peroxisomes of algae and
that in some species enzymes of B-oxidation are exclusively located to mitochondria (Winkler et al.,
1988). It is assumed that in the red alga C. merolae, which was included in our analysis, p-oxidation
is a mitochondrial process. This might explain why PNC and PXN homologs are not required and
hence were not identified in this specific alga (Gross, 1989). A determination of distinct transport
features of PXN and PNC in green plants is required in the future.

The presence of a mitochondrial ATP exporter, such as the mitochondrial ATP/ADP carrier
AAC is essential for all eukaryotic organisms with functional mitochondria (Haferkamp and Schmitz-
Esser, 2012). However, our analysis revealed that AAC homologs were absent in rhodophytes and
glaucophytes (Tab. 2). We assume that AAC-like proteins that are present in rhodophytes and
glaucophytes, could mediate the export ATP from mitochondria. Besides AAC-like proteins,
rhodophytes encode two ADNT1 homologs. These carriers might transport ATP in exchange with
AMP or ADP. It was shown previously that the Arabidopsis carrier ADNT1 exports mitochondrial
ATP, imports cytosolic AMP, but has also a low affinity for ADP (Palmieri et al., 2008). In contrast,
glaucophytes contain two putative nucleotide carriers (PM-ANT1, FOLT1 homologs), which could be
involved in mitochondrial energy passage. In conclusion, rhodophytes and glaucophytes might
contain additional ATP carrier proteins that are different to AAC. These additional carriers might be

good candidates for exporting ATP from algal mitochondria.
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We observed a lower number of MCFs in algae then in higher plants (Tab. 2). This fact and
the observation that homologs of essential transporters are absent in algae might indicate that MCF
carriers of algae have a broad specificity, or are located to membranes of multiple organelles.
During evolution plants gained a higher level of anatomical and metabolic complexity (Bowman et
al., 2007; Lunn, 2007), which might have necessitated the existence of a larger repertoire of MCFs
with distinct transport functions, differential expression and a high level of regulation. Future
investigations of MCF carriers from chlorophytes to land plants will address the following aspects: (i)
identification of the minimal set of MCF carriers, (ii) newly invented MCF carriers in plant evolution,
and (iii) losses of MCF carrier groups in plant evolution.

We demonstrated that a profile-based identification of MCF carriers in multiple eukaryotic
genomes is feasible. We confirmed that the MCF signature as it exists today is not contained in
bacteria, undermining previous studies proposing that MCFs might have evolved later during
evolution. Our analysis corroborated the view that MCFs are highly conserved within the plant
kingdom, but that distinct functional groups might have evolved to new species-specific functions, as
we demonstrated for groups of functional orthologous in plants. The distribution of MCF members
within plant species and a characterization of plant-specific MCFs will aid to understand how plant
mitochondria specified during evolution and will unravel how these organelles are interconnected

within the metabolic network of the cell.
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Supplemental material

Protein sequences can be found on a data medium attached to this thesis.

Tab. S1: Identification of previously unknown MCF carriers in a brown alga, fungi, animals and bacteria.
Proteomes were screened for putative MCF carriers using the Pfam-A motif PF00153. Purple: 30-40 MCF carriers; blue:
40-50 MCF carriers; green: 50-70 MCF carriers; orange: >70 MCF carriers. The total number of genes was either retrieved
from the database where the proteome was downloaded or from the original publications.

Species name Classification MCFs Genes

Ectocarpus siliculosus Phaeophyta 60 16,256

Hansenula polymorpha Fungi 31 5,116

Ascomycetes
Ustilago maydis Fungi 37 6,690
Basidiomycetes
Mus musculus Animals 53 23,139
Mammals

Nostoc sp. Cyanobacteria 0 7,432

Anabaena sp. 0 5,437

Synechocystis sp. 0 3,317

Synechococcus sp. 0 2,579

Prochlorococcus marinus 0 2,007

Cyanothece sp. 0 4,817

Chlorobium tepidum 0 2,310
Neorickettsia risticii a-Proteobacteria 1 --
Legionella drancourtii y-Proteobacteria 1 --
Legionella longbeachae 3 --
Legionella pneumophila 5 --
Fluoribacter dumoffii 3 --
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Outlook

Investigation of PHT3;3 in Arabidopsis

The identification of Arabidopsis MCF orthologs revealed that PHT3;3 clustered separately from
PHT3;1 and PHT3;2. PHT3;3 was only present in embryophytes, whereas the other PHT3 proteins
were universally conserved.

We aim to study the role of PHT3;3 in Arabidopsis, performing biochemical studies to unravel
the substrate of PHT3;3 and analyzing mutant plants lacking PHT3;3 to study the impact in planta.
We will express recombinant PHT3;1 and PHT3;3 proteins in yeast, isolate yeast membranes and
reconstitute them into artificial lipid vesicles. First, we will assess whether the carriers are able to
mediate a phosphate homoexchange, as yeast complementation studies suggested that PHT3
carriers are phosphate transporters (Hamel et al., 2004). If so, we expect recombinant PHT3;1 and
PHT3;3 protein to mediate phosphate uptake. But as PHT3;3 seems to fulfill a different function and
is land plant specific, we expect the carrier not to be a major phosphate transporter. Thus, we will
test if PHT3;3 transport another substrate required in mitochondria, of which the transporters is
unknown.

Arabidopsis mutants devoid of PHT3;3 will elucidate the impact of this carrier in plants. If the
carrier has a unique function, we assume to observe growth phenotypes in Arabidopsis. If no
phenotypes become obvious, the plants will be subjected to metabolite profiling assessing metabolic
phenotypes. Promoter-GUS constructs will be created, observing tissue-specific promoter activity in

plants.

Detailed characterization of the roles of PNC1 and PNC2 in Arabidopsis

We observed that peroxisomal MCF members, such as PNC1 and PNC2 are not present in red
algae and glaucophytes. So far, PNC carriers were solely investigated in adenine nucleotide
transport (Linka et al., 2008). We plan to perform a detailed biochemical characterization to explore
the full substrate spectrum of PNC carriers. This might provide insights why PNC carriers are only
found in green algae and plants. We plan to establish a double knockout line for PNC1 and PNC2 to
further explore in planta functions of both carriers besides supplying ATP for fatty acid degradation.
In this respect, transport modes will be studied. The yeast homolog of PNC1 and PNC2 exhibits a
proton-coupled electroneutral import of ATP into peroxisomes (Lasorsa et al., 2004). Thus, it is likely
that Arabidopsis PNCs also co-transport protons. We propose that under conditions where PNCs
are strongly required, such as the degradation of fatty acids for seedling establishment (Linka et al.,
2008), increased proton import could result in an acidification of the peroxisomal lumen. This, we will
analyze determining the peroxisomal pH in wildtype and the double mutant line using a pH-sensitive
green fluorescent protein biosensor (Moseyko and Feldman, 2001; Gao et al., 2004; Schulte et al.,

2006; Shen et al., 2013). The peroxisomal pH in different plant tissues has not been studied before.
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The role of AAC in rhodophytes and glaucophytes

Our analysis revealed the absence of direct AAC homologs in rhodophytes and glaucophytes.
However, it is believed that in all eukaryotic organisms, which contain fully functional mitochondria,
the existence of a mitochondrial ATP exporter is essential. It is proposed that the primary MCF
transporter was an AAC transporter involved in mitochondrial energy passage (Haferkamp and
Schmitz-Esser, 2012), thus we hypothesize that also red algae and glaucophytes are depending on
mitochondrial ATP transport presumably facilitated by AACs. Nevertheless, certain AAC-like
proteins are present, which could take over the function of AACs. Rhodophytes for example encode
two ADNT1 proteins, which might export ATP against AMP. It was shown previously that the
Arabidopsis ADNT1, which mediates the export of mitochondrial ATP against cytosolic AMP,
exhibits also a low affinity for ADP (Palmieri et al., 2008). In contrast, glaucophytes contain only two
putative nucleotide carriers (PM-ANT1, FOLT1 homologs). It might be interesting to analyze if these
two proteins are dual-targeted.

We are interested in unraveling ATP transport in red algae and glaucophytes, isolating
membranes of the glaucophyte Cyanophora paradoxa and the rhodophyte Cyanidioschyzon
merolae. We will measure ATP exchange over these membranes in (i) untreated samples and (ii) in
samples treated with the specific AAC inhibitor bongrekic acid (BKA) (Fiore et al., 1998). Analyses
will reveal whether ATP exchange occurs and if this exchange is mediated by AACs, hence can be
inhibited by BKA treatment. If ATP exchange is detectable and is not inhibited by BKA, we will try to
identify the nature of the putative non-AAC ATP transporter. Finally, we intend to biochemically
characterize the putative nucleotide carrier identified in our screen reconstituting recombinant

proteins and performing in vitro uptake studies.
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Abstract

Plant metabolism is interconnected across several compartments, which are surrounded by at least
one lipid bilayer membrane. These organellar borders, such as the mitochondrial inner membrane,
constitute a diffusion barrier for metabolites. Thus, specific solute carrier proteins are essential to
regulate metabolite fluxes over membranes. Despite their significance for plant metabolism, the
knowledge of carrier proteins is far from complete.

A family of three mitochondrial phosphate transport proteins (PHT3) in Arabidopsis was
found to fuel mitochondrial ATP synthesis with inorganic phosphate. Our studies revealed that one
PHT3 member shared less sequence identity with the Arabidopsis PHT3 proteins, as well as with
known mitochondrial phosphate carriers from other species. This carrier exclusively clustered with
land plant species, whereas the branch with other PHT3 proteins comprised fungi, algae and
embryophytes, indicating a new plant-specific transport function in Arabidopsis, which differs from
the other PHT3 carriers.

In vitro uptake assay with recombinant protein revealed that this unique transporter prefers
inorganic sulfate as substrate instead of phosphate. Based on our biochemical data we named this
carrier protein SIT1 for inorganic sulfate transporter. Plants lacking SI/T7 transcript showed
decelerated plant growth, delayed germination and abnormal seed development, which might
indicate an essential role of SIT1in these processes. Here we discuss a putative link between SIT1-

mediated sulfate transport and the replenishment of the TCA cycle with dicarboxylic acids.

Introduction

Mitochondria are ubiquitous organelles of the plant cell involved in numerous complex biochemical
processes, such as cellular energy supply via tricarboxylic acid cycle and oxidative phosphorylation.
The tricarboxylic acid cycle provides reducing equivalents, which are fed into the electron transport
chain to drive the synthesis of ATP from ADP and inorganic phosphate (Pi) (Fernie et al., 2004;
Bowsher et al., 2007). Besides respiration, these organelles play an essential role in nitrogen and
sulfur assimilation, photorespiration, crassulacean acid metabolism, C, photosynthesis and C;
metabolism (Mackenzie and Mcintosh, 1999; Fernie et al., 2004; Palmieri et al., 2011).

These metabolic activities require balanced fluxes of metabolites between mitochondria and
other compartments, since numerous mitochondrial pathways are multi-compartmented. A tight
intra-organeller connection exists between mitochondria, plastids, peroxisomes and the cytosol
(Mackenzie and Mcintosh, 1999; Scott et al., 2007). To supply mitochondrial metabolism with
intermediates, transport proteins are required to mediate the flux of solutes across both
mitochondrial membranes. The outer mitochondrial membrane contains voltage-dependent anion
channels, allowing the free diffusion of solutes up to 4-5 kDa, whereas the inner membrane
constitutes a selective barrier, containing a diverse set of specific carrier proteins (Linka and Weber,
2010).
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A large quantity of inner mitochondrial membrane proteins, such as the ADP/ATP carrier, the
adenine nucleotide carrier, or the dicarboxylate carrier belong to a class of transporters called
mitochondrial carrier family (MCF) (Haferkamp, 2007; Palmieri et al., 2008a; Palmieri et al., 2008b).
Features of this transporter class are a molecular mass of 30-40 kDa, six transmembrane spans, the
tripartite structure of homologous domains and a characteristic amino acid sequence motif
(Haferkamp and Schmitz-Esser, 2012). The majority of MCF carriers localizes to mitochondria, but
transporters of this class are also found in membranes of other compartments (Bedhomme et al.,
2005; Bouvier et al., 2006; Thuswaldner et al., 2007; Kirchberger et al., 2008; Leroch et al., 2008;
Linka et al., 2008; Bernhardt et al.,, 2012a). In Arabidopsis, only a quarter of MCF proteins are
functionally characterized to date (Palmieri et al., 2011). However, the numerous metabolic
functions of mitochondria require the presence of additional, yet uncharacterized solute transporters.

One essential transport step at the mitochondrial membrane is Pi import to fuel ATP
synthesis. MCF transporters facilitate the uptake of Pi into the mitochondrial matrix. In
Saccharomyces cerevisiae two MCF members Pic2p (YER053c) and Mir1p (YJRO77c) enable the
Pi supply of mitochondria. It was shown that the absence of both carriers disrupts mitochondrial Pi
import and consequently leads to drastic phenotypes. A yeast double mutant deficient in Mir1p and
Pic2p (AmirApic) is not able to grow on non-fermentable carbon sources, because it does not
generate ATP via respiration, as Pi availability in the mitochondrial matrix is drastically limited (Zara
et al., 1996; Hamel et al., 2004). This indicates that Pic2p and Mir1p are functionally redundant.
Expression analyses revealed Pic2p as minor isoform. It is less abundant than Mir1p under standard
conditions, but is highly expressed at high temperatures (Hamel et al., 2004). A recent study
identified Pic2p as copper transporter (Vest et al.,, 2013). Nevertheless, both genes need to be
deleted to fully abolish mitochondrial phosphate import.

In plants, Pi import into mitochondria is presumably facilitated by members of the PHT3
family (Poirier and Bucher, 2002), which in other reports is termed AT (Hamel et al., 2004), MPT
(Zhu et al., 2012) or PiC family (Linka and Weber, 2010). The Arabidopsis PHT3 family comprises
three genes: PHT3;1 (At5g14040), PHT3;2 (At3g48850) and PHT3;3 (At2g17270) (Poirier and
Bucher, 2002; Picault et al., 2004). It is assumed that PHT proteins, like their mammalian
counterparts (Stappen and Kramer, 1994; Wohlrab and Briggs, 1994), import phosphate either in a
Pi/H* symport, a Pi/OH" antiport mechanism, or as Pi homo-exchange (Liu et al., 2011). However,
little is known about their in vivo roles (Chen et al., 2008).

Yeast complementation studies revealed a Pi transport capacity for PHT3;1 and PHT3;2,
whereas this function could not be verified for PHT3;3 (Hamel et al., 2004). When expressed in the
AmirApic yeast mutant, PHT3;1 and PHT3;2, but not PHT3;3 restored phosphate transport activities
(Hamel et al., 2004). This implies that (1) PHT3;3 displays a different transport function, (2) PHT3;3
is not functionally expressed in yeast, or (3) PHT3;3 is not targeted to yeast mitochondria. The

reason for an unsuccessful complementation with PHT3;3 was not further investigated by Hamel
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and colleagues. However, it needs to be solved to understand the role of PHT3;3 in Arabidopsis.
Several indications imply a unique function for PHT3;3 different to the other PHT3 proteins. The
predicted transmembrane topology of PHT3;3 varies from PHT3;1 and PHT3;2 (Zhu et al., 2012).
Furthermore, PHT3;3 exhibits a distinct gene expression pattern in Arabidopsis that differs from that
of PHT3;1 and PHTS3;2 (Zhu et al., 2012). Due to its biochemical function characterized in this study,
we named PHT3;3 hereafter inorganic sulfate transporter 1 (SIT1).

Our study provides evidences that SIT1 does not represent a major phosphate transporter,
but instead fulfills a novel plant-specific function in mitochondria. Phylogenetic analyses revealed
that SIT1 exhibits basic features of a mitochondrial phosphate transporter, but shows lowest identity
with mitochondrial phosphate transporters from other species, such as yeast or mammals. We found
that SIT1 specifically groups with land plant species, whereas the PHT3;1 and PHT3;2 containing
clade of the phylogenetic tree comprises fungal, algal and higher plant species. In vitro uptake
experiments with recombinant SIT1 protein demonstrated a higher preference for sulfate than for
phosphate. Studies with an Arabidopsis mutant deficient in SIT1 showed phenotypic abnormalities,
including impaired germination, late flowering, or misshaped embryos, indicating a putative role in
plant development. We hypothesize that SIT1 acts as a sulfate importer that might metabolically
interacts with other MCF carriers such as mitochondrial DIC transporters specific for dicarboxylic

acid/sulfate exchange.

Experimental procedures

Materials

Chemicals and reagents were purchased from Sigma-Aldrich (http://www.sigmaaldrich.com),
Promega (http://www.promega.com) and Bio-Rad (http://www.bio-rad.com/). Enzymes and
molecular reagents for recombinant DNA techniques were obtained from New England Biolabs
(http://www.neb.com), Thermo Fisher Scientific (http://www.thermoscientificbio.com/fermentas/), and
Qiagen (http://www.giagen.com). Plant growth media and plant agar were purchased from Duchefa
BV.

Cloning procedures

In silico DNA sequences for cloning were downloaded from the Aramemnon webserver
(http://aramemnon.uni-koeln.de) and Saccharomyces Genome Database
(http://www.yeastgenome.org/). Cloning was performed according to standard molecular techniques
(Sambrook et al.,, 1989). Sequences were verified by DNA sequencing (GATC
Biotech, http://www.gatc-biotech.com). Primers were synthesized by Sigma-Aldrich. The sequences

of all primers generated for this study are listed in the supplementary data table S1.

Plant material and growth conditions
Wildtype Arabidopsis thaliana (ecotype Columbia) was obtained from the European Arabidopsis
Stock Centre (NASC) at the University of Nottingham (http://arabidopsis.info). The sit7-1T-DNA line
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(GK432A12) was obtained from Gabi-Kat consortium at the University of Bielefeld (http://www.gabi-
kat.de).The homozygous sit71-2T-DNA line (SAIL591_HO09) was provided by Dr. llka Haferkamp,
University of Kaiserslautern.

Seeds were surface-sterilized, stratified for 2 d at 4°C and then germinated on half-strength
MS plates, solidified with 0.8% (w/v) plant agar. For further analyses plants were transferred to soil
after 14 d on agar plates and incubated under long-day conditions with 16 h light/ 8 h dark cycles at
22°C/18°C, 100 pmol m? s™ and about 70% humidity unless stated otherwise. Arabidopsis wild-type
plants were stably transformed using a modified floral dip protocol (Zhang et al., 2006; Bernhardt et

al., 2012b). Transgenic plants were selected on appropriate antibiotics MS plates.

Isolation of T-DNA insertion line GK432A12

The T-DNA line sit1-1 was screened with PCR-based methods to identify homozygous lines for sit1-
1. A gene-specific primer combination SV179/SV180 and a gene/T-DNA junction primer
combination SV180/P52 were used.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

To analyze transcript levels in the sit7-1 mutant, RNA was isolated from rosette leaf material
according to the protocol published by (Chomczynski and Sacchi, 1987). cDNA synthesis was
performed using the SuperScript Il Reverse Transcriptase (Promega). SIT1 was amplified using the
primers SV80 and SV82. The ACT7 gene was amplified as cDNA quality control with P67 and P68.

Phenotypic observations of mutants
Wildtype and mutant were germinated on half-strength MS agar plates and transferred to soil. After

six weeks plants were photographed.

Early seedling development assay

Wildtype and sit1 seeds were surface sterilized and germinated on half-strength MS agar plates.
After 6 d seedlings (N = 250) were counted and developmental phenotypes were documented
according to the four given stages. I: Radicle not emerged; Il: Radicle emerged; lll: Cotyledons
expanded, IV: Cotyledons fully expanded/true green leaves. Stages | and Il were classified as

germination, stages Il and IV as early plant establishment.

Root growth analysis
Root growth of sit7 was analyzed, growing seedlings vertically on 0.5 x MS agar plates under long
day conditions. After 12 days root lengths were measured and analyzed with Macbiophotonics

ImageJ (www.macbiophotonics.ca/imagej).

Seed analysis and chloral hydrate clearing
To analyze seed morphology, siliques were split longitudinally along their natural dehiscence under
a dissecting microscope. The valves were separated to examine the seeds. Chloral hydrate clearing

was performed to make seed embryos visible, without removing the seed coat. Siliques or seeds
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were incubated in a chloral hydrate/glycerol/water solution (8:1:2, w/v/v) over night at room
temperature. The chloral hydrate solution was replaced with 70% (v/v) ethanol for microscopy.
Embryos were observed with phase-contrast microscopy (Eclipse Ti, Nikon) or a dissecting
microscope (SMZ1500, Nikon).

Flowering time analysis

To measure growth retardation of the sit7 mutant in comparison to wildtype, the onset of flowering
was monitored in sit1 and wildtype. Flowering time was determined under long days for 25 plants
per line. Rosette and cauline leaves were counted on plants, which had bolted and had an

inflorescence of 6-10 cm.

GUS assay

A promoter::B-glucuronidase (GUS) assay was performed to examine SIT1 promoter activity in
Arabidopsis. A construct (pSV158) was generated fusing a 1121-kb SIT1 promoter to the GUS gene
(Jefferson et al., 1987) in the vector pMDC163 (Curtis and Grossniklaus, 2003). The promoter was
amplified with Gateway primers SV87/SV88 by standard proof-reading PCR. The PCR fragment
was subcloned in pDONOR207 and finally introduced into pMDC163 by Gateway cloning. Tissue
samples or seedlings (10 d-old) were collected and stained with GUS solution (0.1 M NaH,PO, (pH
7.0), 10 mM Na-EDTA, 0.5 mM Kj[Fe(CN)g], 0.5 mM K4[Fe(CN)s] x 3H,0, 0.1% Triton X-100, 1 mM
X-Gluc). Tissues were incubated in GUS staining solution three times for 5 min under vacuum and
stored at 37°C until the staining became visible. The GUS stain was fixed for 10 min at 65°C in
fixation solution (50% (v/v) ethanol, 5% (v/v) glacial acetic acid, 3.7% (v/v) formaldehyde).
Chlorophyll was removed with 80% (v/v) ethanol solution for 10-30 min at 65°C. GUS-stained
tissues were observed under a dissecting microscope (Stemi2000C with AxioCam ICc3 camera and
a cold light source KLI500, Carl Zeiss).

Transient expression of SIT1 YFP-fusions in N. benthamiana

A EYFP-fusion construct was generated and expressed in tobacco to visualize the subcellular
localization of SIT1. The coding sequence of SIT1 was amplified with SV80 and SV81 and
subcloned into pDONOR207. For expression SIT1 was recombined into pGW-YFP (pSV126) or
YFP-pGW (pSV129) (Reumann et al., 2009). Tobacco leaves were co-infiltrated with the expression
construct and a peroxisomal marker CFP-PTS1. After 3 days expression was examined with a

confocal microscope (LSM 510 Meta, Carl Zeiss).

Protein biochemistry

Protein analysis via SDS-PAGE and immunoblot analysis was performed according to standard
protocols (Hause et al., 2003). For immunodetection, either an a-polyhistidine HPR-conjugated
mouse IgG1 antibody (MACS molecular, http://www.miltenyibiotec.com), or a monoclonal a-

pentahistidine mouse antibody (Qiagen)/ alkaline phosphatase-conjugated anti-mouse IgG
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(Promega) was used. Protein concentrations were determined in a bichinonic acid assay (Thermo

Fisher Scientific, http://www.thermofisher.com).

Recombinant protein expression in yeast

SIT1 and the two PHT3 proteins from Arabidopsis were recombinantly expressed in yeast. The
corresponding coding sequences were amplified by standard PCR methods using the following att-
primers: SV28/SV29 (PHT3;1), SV77/SV78 (PHT3;2), SV80/SV81 (SIT1). Via Gateway cloning
entry clones in pPDONOR 207 were generated. For C-terminal His-tag fusion of the target proteins,
the three entry clones were recombined into pYES-DEST52 (Invitrogen). The resulting expression
vectors for PHT3;1 (pSV17b), PHT3;2 (pSV107) and SIT1 (pSV108) were transformed into the
yeast strain FGY217 (genotype: MATa ura3-52 lys2A201 pep4A (Kota et al., 2007). Yeast cells
were transformed according to standard protocols for lithium acetate/PEG transformation (Gietz and
Schiestl, 2007).

The protocol for recombinant protein expression was adapted from (Drew et al., 2008). A
single yeast colony was inoculated in 150 mL yeast nitrogen base (YNB) with 2% glucose (w/v), but
without uracil (YNB -ura; 0.67% (w/v) YNB, 0.1% (w/v) adenine, arginine, cysteine, leucine, lysine,
threonine, tryptophan, 0.05% (w/v) aspartic acid, histidine, serine, isoleucine, phenylalanine,
methioine, proline, tyrosine, valine). The cells were grown over night in an orbital shaker at 30°C
and 280 rpm. The overnight culture was diluted to an ODggo of 0.12 in 500 mL YNB —ura supplied
with 0.1% (w/v) glucose. At an ODgy of 0.6 protein expression was induced by adding 2% (w/v)
galactose. Yeast cells were harvested by centrifugation (10 min at 4,000 xg) after 22 h of incubation
at 30°C and 280 rpm. Until further processing, the cells were stored at -80°C after decanting the

supernatant and snap-freezing the pellet.

Isolation of yeast membranes

Yeast pellets were re-suspended in CR buffer (50 mM Tris-HCI (pH 7.6), 1 mM EDTA, 0.6 M
sorbitol) supplied with cOmplete ULTRA protease inhibitor (Roche, http://www.roche.de). Yeast cells
(1g cells/ 3 mL CRB) were broken in a heavy-duty cell disruptor (Constant Systems Ltd.,
http://www.constantsystems.com) at incremental pressures of 25, 30, 32 and 35 kpsi for four passes
at 4°C. Unbroken cells and cell debris were removed by centrifugation at 10,000 xg for 10 min. The
supernatant was ftransferred in ultra-clear polyallomer tubes. Membranes were enriched by
ultracentrifugation at 100,000 xg for 45 min at 4°C. The yeast pellets were re-suspended in MR
buffer (20 mM Tris-HCI (pH 7.6), 1 mM CaCl; and 0.6 M sucrose) and stored at -80°C.

Generation of the AmirApic double yeast mutants by mating

The two single knockout yeast lines Amir (accession: Y06897; phenotype: BY4742; Mat a; his3D1;
leu2DO0; lys2D0; ura3D0; YERO053c::kanMX4) and Apic (accession: Y10188; phenotype: BY4741;
Mat a; his3D1; leu2D0; lys2D0; ura3DO0; YJRO77c::kanMX4) were ordered at Euroscarf
(http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html).
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The double mutant AmirApic was generated by mating mirA and picA (Treco and Winston,
2001). Sporulation was induced in liquid sporulation medium (1% (w/v) potassium acetate, 0.05%
(w/v) zinc acetate). Spores released from ascii by zymolase treatment (1 mg/mL) were dispersed by
sonication (75% output power, 30 s, two cycles). Spores were plated on YNB —methionine —lysine +
0.2 mg/mL G418 (Sigma-Aldrich) (Treco and Winston, 2001) and randomly selected for the growth
phenotype on glycerol reported in (Hamel et al., 2004). All stages of yeast mutant generations were
investigated by light microscopy (Eclipse Ti, Nikon). Double mutants were isolated. To analyze yeast
chromosomal DNA, cell walls were digested with lyticase (60 U/mL in 0.5 M NaPi. pH 7.0) for 30 min
at 30°C and DNA was released after boiling the digested cells for 10 min. Cell debris were removed

by centrifugation. Gene deletions were confirmed by PCR analysis.

Complementation assay and localization studies in AmirApic

To complement the AmirApic mutant, protein constructs without affinity tag were generated. The
coding sequences of the Arabidopsis PHT3 proteins, SIT1 and the yeast phosphate carrier MIR1
were amplified by standard PCR, fusing Gateway attachments to both sites of the genes (PHT3;1,
SV28/SV30; PHT3;2, SV77/SV79; SIT1, SV80/82; MIR1, SV156/SV170). Amplicons were
recombined into pDONOR207 and subsequently introduced into the expression vector pRS426-
GPD-ccdB (Addgene) via Gateway cloning. The expression clones pSV135 (PHT3;1), pSV138
(PHT3;2), pSV141 (SIT1), and pSV185 (MIR1) were transformed into AmirApic (Gietz and Schiestl,
2007). Yeast cells were grown for 3 days on YNB —uracil supplemented with 2% (v/v) ethanol and
G418 (0.2 mg/mL) as selective agent.

A C-terminal EYFP-fusion was used to localize SIT1 and Mir1p as mitochondrial control in
yeast. Corresponding gateway constructs, pSV142 and pSV148, were generated and transformed
into AmirApic. Yeast cells were grown at 30°C in liquid culture over night (YNB- ura +G418). Cells
were harvested by centrifugation for 5 min at 3,000 rpm. Cells were washed with wash buffer (25
mM Hepes-KOH (pH 7.3), 10 mM MgCl,) before they were stained with 50 yM MitoTracker Red
CMXRos (Invitrogen) for 10 min at room temperature. To remove residual Mito Tracker dye cells
were washed with wash buffer twice. Yeast cells were immobilized on poly-L-Lysine (Sigma) coated
microscope slides for confocal microscopy. Analysis of yeast cells was performed with a confocal
laser scanning microscope LSM 510 Meta (Carl Zeiss). The x63/1.4 Qil DIC objective was chosen,
pixel time was set to 1.27 ys and the pinhole was set to 100 ym. MitoTracker Red-labeled
mitochondria were excited at 561 nm, fluorescence emission was detected with a 575-nm to 615-nm
band pass filter. SIT1 and Mir1p proteins fused to EYFP were excited at 488 nm, emission was

recorded with a 505-nm to 550-nm band-pass filter.

Reconstitution and transport activity assays in liposomes

Yeast membranes were reconstituted into L-a-phosphatidylcholine/cardiolipin liposomes (95:5) by
freeze-thaw-sonication procedure for in vitro uptake studies (Kasahara and Hinkle, 1976; Palmieri et
al., 1995).
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Proteoliposomes were either preloaded with 30 mM H,PO,, 30 mM K,SO,, or produced
without pre-loading (negative control). Counter-exchange substrate, which was not incorporated into
proteoliposomes during reconstitution, was removed with gel filtration on Sephadex G-25M columns
(GE Healthcare, http://www.gehealthcare.com).

Transport assays were started by adding 0.3 mM [**P]-phosphoric acid or 0.3 mM [*S]-
sulphuric acid (Hartmann Analytic, http://www.hartmann-analytic.de/). The uptake reaction was
terminated passing proteoliposomes over Dowex AG1-X8 anion-exchange columns, binding the
non-incorporated radiolabelled phosphate or sulfate by chromatography. The incorporated
radiolabeled compounds were analyzed by liquid scintillation counting. Data fitting was performed
with GraphPad Prism 5.0 software (GraphPad, http://www.graphpad.com).

To test the activity of SIT1, a sulfate efflux experiment was designed. Homo-exchange of 30
mM sulfate;,/ 0.3 mM sulfate,,; was followed over time. After 32 min 200 mM K,SO, was added
externally to induce possible efflux of radiolabelled sulfate out of the proteoliposomes. Competitive
inhibition assays were set up as sulfate homo-exchange transport assay (30 mM K,;SO4i,/0.3 mM

K2SO4 out). After 5 min 1.5 mM competition substrate was added.

Phylogenetic analysis of putative PHT3 carriers

Proteomic information for tree analysis was retrieved from Ensembl Genome Database
(http://www.ensembl.org) whenever possible (Needleman and Wunsch, 1970). Following
archaeplastida species were included: Arabidopsis thaliana, Brachypodium distachyon, Brassica
rapa, Glycine max, Lotus japonicus, Ricinus communis, Vitis vinifera, Oryza sativa japonica,
Sorghum bicolor, Physcomitrella patens, Selaginella moellendorffii, Chlamydomonas reinhardtii,
Cyanidioschyzon merolae, Cyanophora paradoxa, Micromonas pusilla CCMP 1545. Following
fungal species were included: Saccharomyces cerevisiae, Hansenula polymorpha, Ustilago maydis.
As animal species we integrated Mus musculus and Homo sapiens. The Lotus japonicus proteome
was downloaded from the PLAZA database (http://bioinformatics.psb.ugent.be/plaza/) (Arimura et
al., 2008). Cyanidioschyzon merolae protein sequences were obtained from the Cyanidioschyzon
merolae Genome Project (http://merolae.biol.s.u-tokyo.ac.jp) (Fernie et al., 2004). The U. maydis
proteome was downloaded from the MIPS FTP server
(ftp://ftpmips.gsf.de/ustilago/Umaydis_valid/Umaydis_valid_orf_prot_121009) (Bowsher and Tobin,
2001). If proteomes contained splice variants, they were filtered for the longest splice variant, which
was kept.

Orthologous protein sequences were grouped with the OrthoMCL algorithm to group
species-specific gene families (Scott et al.,, 2007). A phylogenetic tree was constructed from
sequences of clusters containing putative PHT3 members with RAXML (Nakamori et al., 2002).
Nonparametric bootstrapping with 100 replicates was performed. The phylogenetic tree was

visualized with Fig Tree (http://tree.bio.ed.ac.uk/software/figtree/). A global sequence alignment was
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performed on the basis of the Needleman-Wunsch algorithm. The alignment matrix obtained was
plotted in R.

Domain mapping and architecture of PHT3 carriers

To gain deeper structural insights, PHT3 carriers were screened for Pfam-A domains with the
hmmscan mode of HMMERS3.0. The carrier sequences were used as query against the Pfam-A
database (Eddy, 2011). A database was created with HMMER, compressing and indexing the
flatfiles for scanning. For Pfam-A domains the model-defined gathering threshold was used (Ekman
et al.,, 2007; Finn et al.,, 2011). Pfam-A per-domain outputs were combined and searched for
overlapping domains. The longest domain was kept and the shorter was neglected (Kersting et al.,
2012). Visualization of domain occurrence and arrangements was performed with DoMosaics
(http://domosaics.net/) (Moore and Bornberg-Bauer, 2012; Moore et al., 2013). Likely false positive

fragmentary domain assignments with an E-value >10° were removed.

Results

Phylogenetic analyses reveal a unique position for Arabidopsis SIT1

In phylogenetic analyses of the mitochondrial carrier family from Arabidopsis, SIT1 encoded by
At2g17270 forms a subcluster with the two phosphate carriers PHT3;1 (At5g14040) and PHT3;2
(At3g48850) (Picault et al., 2004). To unravel the relationship of Arabidopsis SIT1 to PHT3 proteins
in more detail, we screened for putative homologs in various primary photosynthetic plants, fungi
and animals. We calculated an unrooted phylogenetic tree, which revealed the existence of 55
carriers in the proteomes of 21 eukaryotic organisms (Tab. S1). All proteomes contained at least
one to a maximum of eight homologous proteins.

A phylogenetic analysis of the putative PHT3 proteins revealed two major clades, one
covering PHT3;1 and PHT3;2 proteins (clade A), and a second composed of SIT1 and its homologs
(clade B) (Fig. 1). Clade A was constituted of subclades comprising algal and fungal sequences
(clade C). The PHT3;1/PHT3;2 clade branched off from the fungal subclade and was closely related
to human and mouse sequences, which split off from the fungal clade separately. The SIT1 branch
was exclusively formed by embryophytic proteins, i.e. mosses and higher plant species, whereas no

algal, mammalian or fungal sequences were included.
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Fig. 1: Phylogenetic tree of PHT3;1, PHT3;2 and SIT1 proteins in archaeplastida, fungi and animals.

Numbers above branches indicate RAXML calculated bootstraps. Only bootstrap values = 60% are shown. Branch lengths
are proportional to the number of substitutions per site (see scale bar). The names of the Arabidopsis proteins used for the
query are indicated in green. Saccharomyces cerevisiae orthologs are indicated in blue. If more than one gene/species is
depicted in the tree, the genes are numbered from top to bottom. Triangles indicate collapsed clades. PHT3;3 is also
referred to as SIT1 in this paper.

To investigate the global sequence identity of all carriers isolated from the phylogenetic tree,
we performed a global sequence alignment based on the Needleman-Wunsch algorithm
(Needleman and Wunsch, 1970). In global alignments sequences are aligned across their entire
length including gap positions, whereas local alignments only align certain regions of arbitrary
length, without any penalty for gaps (Chenna et al., 2003). To visualize the obtained results, a graph
was generated depicting the percentages of sequence identity of amino acids plotted against each
other in a color-coded scale from 0% (white) to 100% (red). White lines were used to separate
clusters (Fig. 2).

The plot reflected the results gained from the phylogenetic tree. The global alignment plot
contained two large clusters and two small sequence clusters, which match the clades of the
phylogenetic tree (Fig. 1). It became evident that PHT3;1 and PHT3;2 share a higher level of global
identity (70%) with each other, than with SIT1 (40-50%). Moreover, SIT1 shared higher identity with
sequences of cluster B (55-99%) than with the largest cluster A, containing PHT3;1 and PHT3;2 (40-
90%). Finally, SIT1 was less identical to mammalian and fungal sequences than PHT3;1 and
PHT3;2.
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Fig. 2: Plot of global sequence alignments of PHT3;1, PHT3;2 and SIT1 proteins in archaeplastida, fungi and
animals.

Global sequence alignment analysis was performed using the Needleman-Wunsch alignment algorithm. The color scale
indicates the level of global sequence identity (white, 0% to red, 100%) from low to high. White lines in plot are cluster
separators. The three Arabidopsis proteins are indicated above, as well as the orthologs from human (Hsa), mouse (Mmu)
and yeast (MIR1 and PIC2). The clades of the phylogenetic tree (Fig. 1) are marked on the right.

As phylogeny revealed a unique position for SIT1, we examined if protein domains differed
between SIT1 and the other PHT3 proteins. Domains are regions in proteins, which are considered
the units of function, structure and evolution (Moore et al., 2008; Kersting et al., 2012). Proteins are
known to evolve to new functions or specificities by domain fusion, recombination, loss, exchange,
or differentiation of existing domains (Bjorklund et al., 2005). In plants, roughly 50% of proteins are
covered by domain annotations (Kersting et al.,, 2012). We screened PHT3 carriers for Pfam-A
domains with the hmmscan mode of HMMERS3.0 (Finn et al., 2010; Eddy, 2011; Finn et al., 2011).
PHT3 carrier sequences contain three repeats of the mitochondrial carrier family-specific domain
PF00153, which consists mainly of the specific sequence motif PX[D/E]JXX[K/R]-(20-30 residues)-
[D/E]JGXXXX[WI/Y/F][K/R]G (Palmieri et al., 2011). Whereas positions of PFO00153 domains were
largely identical in PHT3;1 and PHT3;2, domain positioning differed in SIT1. This difference was
caused by the lack of the longer N-terminal stretch preceding the first transmembrane domain,
which was present in PHT3;1 and PHT3;2, but absent in SIT1 (Fig. S1). This N-terminal sequence

extension contained the mitochondrial target signal. In sum, we did not identify any additional Pfam-
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A domains in SIT1, all proteins exhibit three repeats of the MCF carrier sequence motif PF00153.
The phylogenetic analysis suggested that SIT1 proteins represent a subfamily distinct from
the group of PHT3;1 and PHT3;2 proteins that was newly established in land plants. Thus, we
assumed that in the course land plant evolution speciation of SIT1 might have occurred. However,
on protein level we did not observe significant differences in domain occurrence or architecture that

might explain considerable speciation of SIT1.

SIT1 does not complement a mutant deficient in mitochondrial phosphate transport,
although it localized to yeast mitochondria

First we addressed the question, whether SIT1 was functionally redundant to PHT3;1 and PHT3;2,
or whether SIT1 had a unique transport function (Takabatake et al., 1999; Hamel et al., 2004). We
expressed the Arabidopsis proteins in a yeast mutant deficient in the mitochondrial Pi carriers Pic2p
(YERO053c) and Mir1p (YJRO77c). Although the lack of Mir1p was sufficient to abolish Pi import into
mitochondria, we generated a double mutant (AmirApic) (Hamel et al., 2004; Vest et al., 2013). We
mated a mir1-null and pic2-null strain and performed a random spore selection to identify a double
mutant. The deletion of PIC2 and MIR1 was confirmed by PCR analysis, amplifying full-length gene
products. No PCR product was detectable for PIC2 and MIR1, confirming a complete gene-knockout
in the AmirApic mutant. Moreover, the kanMX insertion cassettes, abolishing PIC2 and MIR1 gene
expression, were detected (Fig. S2). As described in Hamel et al., 2004 the yeast double mutant
was not able to grow on non-fermentable carbon sources (Fig. 3A).

We performed a heterologous complementation assay expressing the Arabidopsis proteins
in the yeast double mutant under the control of a constitutive promoter. We analyzed the growth of
the corresponding AmirApic mutant on plates with ethanol as sole carbon source. It was previously
shown that the lack of both PIC2 and MIR1 led to growth defects on non-fermentable carbon
sources, such as glycerol or ethanol (Zara et al., 1996; Hamel et al., 2004). Only if the Pi import
function of the mutant is restored, ATP can be generated via oxidative phosphorylation. After a
diauxic shift of AmirApic expressing the Arabidopsis proteins to ethanol-containing medium, the
transformants were grown for 3 d at 30°C. Our complementation assay revealed, that PHT3;1 and
PHT3;2 complemented AmirApic, whereas SIT1 only partially rescued the double mutant
phenotype. As expected, untransformed AmirApic, as well as the empty vector control did not grow
on ethanol plates. The expression of MIR1 in the AmirApic background fully restored growth (Fig.
3A).

A prerequisite for functional complementation is that the heterologous SIT1 is targeted to
mitochondria in the AmirApic mutant. To verify this we performed localization experiments via
fluorescence microscopy (Fig. 3B). An EYFP-tagged SIT1 was expressed in AmirApic cells, which
were stained with the mitochondria-specific dye MitoTracker Red. The presence of both EYFP
fusion proteins was verified by immunodetection (Fig. S2). Confocal microscopy revealed that SIT1-

EYFP co-localized with mitochondria in yeast (Fig. 3B, middle column). The pattern and distribution
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of fluorescence signal matched the fluorescence pattern of Mir1p-EYFP (Fig. 3B, left column). As
negative control, yeast mitochondria were stained with MitoTracker in the absence of EYFP-fused

protein (Fig. 3B, right column).

Control

Mito Tracker

PHT3;2 pRS426-GPD

EYFP-fusion

AmirApic Merge

ScMIR1

Brightfield

Fig. 3: SIT1, which is targeted to mitochondria in yeast, does not rescue the AmirApic phenotype.

A: Complementation of the yeast mutant AmirApic lacking mitochondrial phosphate transport. Mutants were
complemented with the Arabidopsis PHT3;1, PHT3;2 and SIT1 proteins. As positive control the mutant phenotype was
reverted expressing the endogenous yeast phosphate carrier MIR1 constitutively. As negative control the empty vector
pRS426-GPD was expressed. The assay was performed on selective medium with ethanol as carbon source. B: Confocal
images from AmirApic cells expressing the Arabidopsis SIT1 protein (second column), and the endogenous yeast protein
Mir1p. For co-localization yeast cells were stained with MitoTracker Red (A). Proteins were tagged with EYFP at the C-
terminus (B). Merged (C) and bright field images (D) are shown. Yeast cells only stained with the mitochondrial dye (A)
were used as control (last column). Bar =5 pm.

We concluded that PHT3;3 is not a major mitochondrial Pi transporter, as it did not
complement AmirApic to the same level as PHT3;1 and PHT3;2. Although SIT1 was targeted to

yeast mitochondria, we cannot rule out that the protein was inactive or only poorly active in yeast.

SIT1 exhibits low phosphate import capacity

To investigate a possible Pi transport function of SIT1, we performed in vitro uptake assays with
recombinant SIT1 protein in comparison to the mitochondrial phosphate carrier PHT3;1, we
expressed the corresponding proteins with a C-terminal histidine affinity tag in the S. cerevisiae
FGY217 strain (Kota et al., 2007). As demonstrated in Figure 4A, the synthesis of PHT3;1-His and
SIT1-His was validated by immunoblot analysis with an anti-His antibody. Immunoblot detection
revealed a single protein band at the sizes of 44 kDa, and 39kDa for PHT3;1-His and SIT1-His,
respectively. Yeast membranes containing either recombinant PHT3;1-His or SIT1-His were
reconstituted into liposomes by freeze-thaw-sonication procedure (Kasahara and Hinkle, 1976;
Palmieri et al., 1995). We used membranes from wildtype yeast cells as controls, which did not
heterologously express any of these proteins. This enabled us to estimate the background activity of

yeast endogenous phosphate carriers. Uptake of 0.3 mM radiolabelled [*P]-phosphoric acid in
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liposomes pre-loaded with 30 mM unlabeled phosphate was determined (Fig. 4B-C). Liposomes
consisted of a mixture of L-a-phosphatidylcholine and cardiolipin. Because PHT3;1 mediated
transport is cardiolipin-dependent (Fig. S4), we prepared liposomes with cardiolipin. Cardiolipin
interacts with MCF transporters and thus is required for transport in reconstituted lipid vesicles
(Kolbe et al., 1981; Kadenbach et al., 1982; Klingenberg, 2009).
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Fig. 4: SIT1 mediates a marginal uptake of phosphate in vitro.

A: Coomassie-stained SDS-PAGE gel (lane 1 and 3) and immunoblot analysis (lane 2 und 4) of PHT3;1-His (44 kDa) and
SIT1-His (39 kDa) verifies expression in yeast. Proteins were detected with an anti-His antibody; M, protein marker. B-D:
For time-dependent in vitro phosphate uptakes yeast membranes were isolated and reconstituted into liposomes pre-
loaded 30 mM internal phosphate. The uptake of radiolabelled 0.25 mM [32P]-phosphate was determined as technical
replicates; B: PHT3;1-His, C: SIT1-His, D: Empty vector control, pYES2.

We observed a significant Pi import into liposomes when Pi was present as counter-
exchange substrate (Fig. 4B-D). The homoexchange of Pi mediated by PHT3;1 proteoliposomes
followed a first order kinetics and reached a maximum uptake rate of 0.4 nmol mg protein™ (Fig. 4B).
SIT1 did also exchange low levels of Pi across the liposomal membrane. Its maximum uptake
capacity was around 3-fold lower compared to PHT3;1 (0.13nmol mg protein™, Fig. 4C). In sum,
SIT1-mediated a phosphate exchange that only marginally exceeded background activity (0.05 nmol
mg protein™, Fig. 4D).

Our results confirmed that we were able to functionally express SIT1 protein in yeast. We
hypothesized that the rate of Pi uptake by SIT1 was not sufficient to complement the yeast mutant

phenotype. Hence, we assumed that Pi was not the favored substrate of SIT1.
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SIT1 accepts sulfate as substrate

We tested whether SIT1 was able to transport sulfate, because this compound is similar to
phosphate in molecular structure and its two negative charges. We reconstituted yeast membranes
expressing SIT1 and measured the uptake of 0.3 mM radiolabelled [**S]-sulfate into liposomes pre-
loaded with 30 mM unlabeled sulfate (Fig. 5).

Our in vitro studies revealed that SIT1-His mediated a sulfate/sulfate exchange with a
maximum uptake rate at 32 min of 0.7 nmol mg protein” (Fig. 5A). Compared to the uptake of
phosphate, SIT1 exchanged sulfate with higher preference (Fig. 4C). Recombinant PHT3;1 was also
tested for sulfate transport (Fig. 5B). We observed that sulfate was taken up, but to far lesser extent
(0.3 nmol mg protein™). The maximum uptakes rates of PHT3;1 did not differ between sulfate and
phosphate (Fig. 4B, 5B), demonstrating that this carrier did not highly discriminate between the two
substrates. In the absence of overexpressed proteins only marginal background activities, caused

by endogenous carriers could be measured (0.04 nmol mg protein™) (Fig. 5C).
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Fig. 5: SIT1 mediates an active time-dependent sulfate homoexchange in vitro.

For time-dependent sulfate uptakes yeast membranes were |solated and reconstituted into liposomes pre-loaded with
internal 30 mM sulfate. The time-courses of radiolabelled 0.3 mM [ S] sulfate were measured as technical replicates; A:
SIT1-His, B: PHT3;1-His, C: Empty vector control.

D: Sulfate efflux studies; yeast membranes over-expressing recombinant SIT1-His proteln were isolated and reconstituted
into liposomes pre-loaded internal sulfate (30 mM). The time-course of radiolabelled [ S] sulfate (0.3 mM) uptake was
determined. After 32 min 300 mM additional sulfate was added externally to promote the efflux of [ S] sulfate from
liposomes.
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As additional proof, we confirmed that sulfate was in fact imported into liposomes via SIT1
(Fig. 5D). We performed efflux experiments measuring the export of radioactive-labeled sulfate from
liposomes against unlabeled external sulfate (Palmieri et al., 1995). After 32 min uptake of labeled
sulfate, we offered a 10-fold higher external concentration of unlabeled sulfate. This caused
significant efflux of intra liposomal sulfate out of SIT1 liposomes. The internal sulfate concentration
of SIT1 proteoliposomes decreased from 0.94 nmol mg protein™ to 0.63 nmol mg protein™ after 64
min. The fact that high amounts of external non-labeled sulfate stimulated efflux of internal
radioactivity indicated that SIT1 acts in a counter exchange mode.

To identify possible further substrates of SIT1, we performed competition experiments using
mitochondrial metabolites, including sulfate, adenosine-5-phosphosulfate, sulfide, sulfite,
phosphate, thiaminepyrophosphate, adenosine 3', 5'-diphosphate, adenosine 3'-phosphate 5'-
phosphosulfate, adenosine diphosphate, guanosinediphosphate, malate; glutamate, arginine,
cysteine, orotate, and acetate. We determined sulfate uptake into SIT1 liposomes preloaded with 30
mM sulfate in the presence of a 5-fold excess of externally competing substrates. Sulfate/sulfate
exchange rates in the absence of any competitor were set to 100% and competition reactions were

calculated relative to it (Fig. 6).
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Fig. 6: SIT1-mediated sulfate homo-exchange cannot be competed by any of the counter-exchange substrates
tested.

The influence on putatively competing substrates on sulfate homoexchange was determined. Liposomes were preloaded
with 30 mM unlabeled sulfate and reconstituted with recombinant SIT1-His protein. Uptake experiments were initiated with
0.3 mM [SSS]-squate. After 5 min 1.5 mM of various substrates was offered externally and the influence on sulfate
homoexchange, reflected by radiolabelled sulfate incorporated, was determined. Ade-PS: Adenosine-5-phosphosulfate;
8032': Sulfite; s% Sulfide; Pi: Phosphate; TPP: Thiaminepyrophosphate; PAP: Adenosine 3’5" -diphosphate; PAPS:
Adenosine 3' -phosphate 5' -phosphosulfate; ADP: Adenosine diphosphate; GDP: Guanosine diphosphate; Mal: Malate;
Glu: Glutamate; Arg: Arginine; Cys: Cysteine; Ac: Acetate. The data represent arithmetic means + SEs of three technical
replicates of two independent experiments; **p = 0.002.

We demonstrated that none of the substrates tested did significantly reduce the

sulfate/sulfate exchange activity of SIT1. Only excess amounts of sulfate inhibited the uptake of
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labeled substrate. Notably, the addition of Pi did not significantly compete for an uptake of labeled
sulfate (Fig. 6).

In sum, we could demonstrate that SIT1 preferentially exchanged sulfate. Thus, we assumed
that SIT1 is a sulfate transporter, whereas PHT3;1 mediated phosphate transport. Competition
experiments did not reveal another counter-exchange substrate for SIT1 besides sulfate. Efflux

studies elucidated that SIT1-mediated sulfate exchange was active transport.

SIT1 is localized to mitochondria in plants

The subcellular localization of a protein is important information to understand its in vivo role. SIT1 is
predicted to be located in mitochondria or peroxisomes based on the subcellular localization
predictions in the Aramemnon (http://aramemnon.botanik.uni-koeln.de) and SUBA database
(http://suba.plantenergy.uwa.edu.au/) (Schwacke et al., 2003; Heazlewood et al., 2007). A clear
mitochondrial localization prediction was not found, because SIT1 in contrast to PHT3;1 and PNT3;2
lacked an N-terminal sequence extension containing the mitochondrial targeting information.

To experimentally investigate the targeting of SIT1, we conducted co-localization studies
using fluorescence microscopy to analyze the SIT1 targeting. The coding sequence of SIT1 was
fused to an N- and C-terminal EYFP and was transiently expressed in tobacco (Fig. 7). A
peroxisomal marker protein, CFP tagged with the peroxisomal targeting signal 1 (PTS1), was co-
expressed. The resulting fluorescence signals of both, SIT1-EYFP and EYFP- SIT1, did not merge
those of CFP-PTS1, implying that SIT1 was not targeted to peroxisomes (Fig. 7C). The peroxisomal
marker and the SIT1 fusion constructs exhibited a punctate pattern, which correlated to the
distribution and size of peroxisomes and mitochondria in the cell. The diameter of the signal
emerging from the peroxisomal control was significantly larger than the signal of SIT1 fusions, which
related well to the size difference of peroxisomes (1-2 ym) and mitochondria (0.5-1 ym) (Arimura et
al., 2008; Mitsuya et al., 2010). Thus, we propose that SIT1 is located to mitochondria in plants, as it

has been shown for yeast (Fig. 3B).
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Fig. 7: SIT1 is localized to mitochondria in plants.

Confocal images from leaf epidermal cells of tobacco plants transiently co-expressing the peroxisomal organelle marker
CFP-PTS1 and the EYFP-tagged SIT1 proteins. SIT1 was either tagged with EYFP at the C-terminus (SIT1-EYFP, first
column), or tagged at its N-terminus (EYFP- SIT1, middle column). (A), CFP fluorescence, (B) EYFP fluorescence, (C)
Merged images and (D) bright field images. Tobacco plants expressing only the peroxisomal marker were used as control
(third column). Bar = 20 ym.

SIT1 is ubiquitously expressed, but higher transcript levels are found in flowers and apex

tissues.

To get insights into the physiological role of SIT1, we examined the publicly available expression
database Arabidopsis eFP browser (Winter et al., 2007). We observed that SIT1 was ubiquitously
expressed, but higher mRNA levels were found in flower tissues, especially carpels, shoot apex,

and seeds, and in apex tissues (Fig. 8A).
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Fig. 8: SIT1 is ubiquitously expressed, but stronger in apex and flower tissues.

A: Detailed tissue-specific expression of SIT1. Tissue-specific SIT1 expression data was taken from the eFP browser.
Expression is given as mean fluorescence units (AU) £+ SD. B: GUS staining of the SIT1 promoter activity in flower buds
(A), flowers (B), leaves (C), siliques (D, E), and seeds (E). Tissues were taken from six week-old plants. Bar = relative
arbitrary units.

Promotor-GUS studies were performed to unravel tissue-specific SIT1 abundances. We
analyzed transgenic Arabidopsis plants expressing the SIT1 promoter fused to the GUS gene.
Tissue of six week-old seedlings was stained and promoter activity was analyzed in flowers, leaves,
siliques and seeds (Fig. 8B). Flower buds and pedicels of different developmental stages were
strongly stained (Fig. 8B, A). Intense staining was also detected in sepals, petals and carpels,
whereas lesser staining was found in carpels and stamens (Fig. 8B, B). Almost no staining was
observed, in leaves, except for major veins, minor veins and hydathodes (Fig. 8B, C). In siliques,
only valves and funiculi were strongly stained (Fig. 8B, D). No pronounced promoter activity was
detected in ovules (Fig. 8B, E). In other organs of the plant, GUS staining was hardly or not
detectable. In sum, SIT1 was apparently expressed throughout various plant tissues. GUS staining
was only observed in tissues, where the carrier was highly expressed, which agreed widely with
microarray data. Due to low promoter activities, GUS staining could not be detected in other

Arabidopsis tissues.

Germination and early seedling establishment are arrested in sit1-1.

To investigate the function of SIT1 in plants, we established a T-DNA insertion line GK432A12 (sit1-
7). In this mutant plant the T-DNA was inserted in the 5-UTR, 176 bases upstream of the start
methionine of SIT1 coding sequence (Fig. S5, A). This T-DNA integration led to an absence of
transcript in homozygous sit7-1 plants. No SIT1 transcript was detected by RT-PCR analysis (Fig.
S5, B). We obtained a second T-DNA insertion line SAIL591_HO09 (sit1-2) of the same ecotype for
phenotypic studies (Dr. Ilka Haferkamp, University of Kaiserslautern). The T-DNA in sit1-2 was

inserted at about the same position as in sit71-1.
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To find out if a loss of SIT1 affects early stages of plant development, we examined
germination efficiency and seedling establishment in both sit7 mutant lines. Seeds were placed on
MS agar plates and after six days seedling development was classified according to the given
stages: (1) Radicle not emerged, (Il) radicle emerged, (lll) cotyledons expanded, (IV) cotyledons fully
expanded and green. We observed a strong deceleration in early seedling growth for sit7-1, which

was less pronounced in sit1-2 (Fig. 9).

sit1-1 Col 1%
O|- Radicle not emerged
O11- Radicle emerged
O111- Cotyledons expanded
48% ®|V- Cotyledons fully
expanded/true leaves
sit1-2 Col 2%

Fig. 9: Development is retarded in sit7 mutant plants.

A: Germination and early seedling establishment assay. Wildtype and mutant seedlings were grown for 6 d on half-
strength MS medium. Development of the seedlings was observed and divided into for different stages I-IV; Germination:
I- radicle not emerged, ll- radicle emerged; Early seedling development: lll- cotyledons expanded, IV- cotyledons fully
expanded/true green leaves. sit-1: N=250 seedlings/line, 2 technical replicates; sit-2: N=500.

Whereas 85% of wildtype seedlings exhibited fully developed cotyledons and first true leaves within
six days, the sit71-1 mutant did not reach this stage of development. The majority of mutant plants
had an emerged radicle (48%) or cotyledons, which were not fully developed at this stage (47%). In
20% of the mutants the radicle did not even become visible. In contrast, all wildtype seeds
germinated, 1% of seedlings had an emerged radicle and 14% exhibited cotyledons, which were not
green. In case of sit1-2, 68% of seedlings had fully developed cotyledons, between 6% and 16% of
seedlings arrested in stages | to Ill. The sit7-2 wildtype developed comparably to the wildtype of
sit1-1 (Fig. 9).

We analyzed whether the impaired germination was associated to defects in seed filling or
seed development. To evaluate embryonic defects in sit1-1, siliques were opened and ovules were
cleared with chloral hydrate. Clearing allowed an observation of embryos, without removing

integuments or seed coats (Fig. 10A, 3-5). Besides spontaneous abortions, which can be observed
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in wildtype, sit1-1mutants exhibited a significantly higher number of defective seeds per silique (Fig.
10B). The frequency of misshaped embryos was 18 times higher in the mutant when compared to
wildtype. Embryos were arrested in different stages, e.g. globular or heart stage (Fig. 10A, 3, 10A,
5). However, most embryos were fully developed (Fig. 10A, 4). Taken together, a higher number of

embryos in sit7-1 were undeveloped, implying that SIT1 might be essential for seed development.
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Fig. 10: Seeds are defective in sit7-1 mutant plants.

Analysis of seeds in sit1. Siliques of the sit7-1 mutant were opened and examined with light microscopy. To visualize
embryos in seeds, the seeds were cleared with chloral hydrate (lower row). Bar = 50 uM (left). C: The number of abnormal
seeds/siliques was counted in the six-week old sit7-1 mutants (filled bar) and wildtype (open bar) (right). N = 50; *p = 0.04.

Arabidopsis plants lacking SIT1 are retarded in growth

For further phenotypic analyses we grew wildtype, sit7-1 and sit7-2 plants under long-day
conditions. Compared to wildtype, both T-DNA insertion lines showed retardations in growth (Fig.
11A, 11C). The growth phenotype slightly varied between plants. Some plants almost grew wildtype-
like, whereas others were stunted in growth. In addition, root growth was shorter but less consistent
in sit1-1. On average the primary root length of twelve days-old seedlings was shorter in sit7-1, but
the mutant had more lateral roots than wildtype (Fig. S6). Although SIT1 was significantly expressed
in flowers, floral organs were not obviously altered in mutant plants. However, we observed a
delayed onset of flowering. The number of leaves on plants, which started to bolt, was significantly
higher for both sit7 mutant lines than for wildtype. Quantification of leaves is an established measure
for flowering time and thus a marker of development, since a correlation between the number of
days until flowering and the number of leaves exists (Koornneef et al., 1991). The wildtype exhibited
about 25 leaves, whereas on average sit7-1 had 32 and sit7-2 had 35 leaves when starting to flower
(Fig. 11B, D). Our phenotypic analyses of the sit7 mutants revealed retardation in plant growth and

a prolonged transition to flowering.
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Fig. 11: Phenotypic analysis of adult sit7 mutant lines.

A: Phenotypic growth of sit7-1 mutants (left). Wildtype and mutant were grown for six weeks under a long day conditions
(16h-light/8-h dark), bar = 1 cm; B: To analyze flowering time cauline and rosette leaves were counted (right). N = 24; ***p
= 0.0008; C: Phenotypic growth of sit7 -2 mutants. Wildtype and sit7-2 mutant were grown for eight weeks under a long
day conditions (16h-light/8-h dark), scale bar = 1 cm; D: To analyze flowering time cauline and rosette leaves were
counted (right). N = 24; ***p = 0.0001.
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Discussion

In this study, we demonstrated that SIT1 represents a mitochondrial sulfate transporter, which is
specific for embryophytes. Former studies annotated this protein as phosphate transporter, because
its protein sequence clustered together with the mitochondrial phosphate carriers PHT3;1 and
PHT3;2 (Picault et al., 2004). In our phylogenetic analyses we included 21 proteomes from plant,
animal and fungal kingdoms to cover various species with different features. This sequence-based
analysis revealed a clear separation of SIT1 from other PHT3s in different clusters (Fig. 1 and 2).
SIT1 branched off from the clade of mitochondrial phosphate carriers and formed an autonomous
subgroup exclusively established by homologs from embryophytes. The annotation of protein
domains and architecture did not indicate pronounced functional differences between SIT1 and
PHT3;1, or PHT3;2 (Fig. S1). However, on single amino acid level, PHT3 sequence comparisons
revealed that key residues responsible for phosphate transport activity in mammalian and yeast Pi
carriers were not conserved in SIT1, but in PHT3;1 and PHT3;2 (Dolce et al., 1994; Phelps et al.,
1996; Zhu et al., 2012). The SIT1 protein displayed amino acid transitions of cysteine to valine at
position 44 and of glutamic acid to glutamine at position 126 instead (Dolce et al., 1994; Phelps et
al., 1996). Additionally, analyses of the 3D-structure of SIT1 revealed a more distinct loop region
preceding the fifth transmembrane domain (Zhu et al., 2012). Directed mutagenesis of SIT1
residues will determine if these structural changes are responsible for the functional diversity of SIT1
compared to PHT3;1 and PHT3;2.

Specific transport capacities of SIT1 became evident when we complemented a yeast
mutant deficient in mitochondrial Pi uptake (Fig. 3A). In contrast to PHT3;1 and PHT3;2, SIT1 was
not able to fully restore the yeast growth phenotype, although it was targeted to mitochondria (Fig.
3B). Since we observed low phosphate transport activity for SIT1 in vitro (Fig. 4C), we anticipated
that it only transported basal levels of phosphate into yeast mitochondria, leading to partial
complementation. Consequently we investigated, whether SIT1 preferred another transport
substrate to phosphate. Uptake experiments with recombinant proteins revealed that SIT1
specifically catalyzed an active sulfate exchange, indicating that SIT1 prefers sulfate instead of
phosphate as transport substrate. In comparison, PHT3;1 did not discriminate between sulfate and
phosphate (Fig. 5). Based on our efflux experiments we excluded an artificial sulfate transport of
SIT1, because the SIT1-mediated sulfate import was reversible (Fig. 5). Competitive inhibition
experiments, however, did not reveal another putative in vivo substrate for SIT1, as only sulfate
competed for the substrate-binding site in SIT1 (Fig. 6). We hypothesize that SIT1 mediates sulfate
import in a proton-coupled manner or as exchange against hydroxyl ions (Fig. 12A). This transport
mode is proposed for the mitochondrial phosphate transporters PHT3;1 and PHT3;2, although they
catalyze a Pi/Pi exchange in vitro (Pratt et al., 1991; Stappen and Kramer, 1994; Liu et al., 2011),
and is also demonstrated for the tonoplast sulfate transporter SULTR4 (Kataoka et al., 2004). We

assume that due to a coupling to protons or hydroxyl ions, which was not tested with our
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experimental setup, it might be possible that no other exchange substrate was identified. Whether
SIT1 mediates such a transport mode will be tested biochemically (Takabatake et al., 1999;
Nakamori et al., 2002).

Subcellular localization studies demonstrated that SIT1 was targeted to mitochondria (Fig.
7). Surprisingly, fusing an EYFP-tag to the amino terminus of SIT1 did not disrupt mitochondrial
targeting, although it is known that the mitochondrial targeting peptide resides in the N-terminal
parts of proteins (Heazlewood et al., 2004). Fusing fluorescent tags to the amino terminus of
mitochondrial proteins can disturb mitochondrial import and can lead to an accumulation of proteins
in the cytosol. As localization studies indicated, that the N-terminal EYFP tag fused to SIT1 only
partially masked targeting information and the protein was still located to mitochondria, we
hypothesized that SIT1 presumably exhibits internal signals, directing the protein to the
mitochondrial membrane, as demonstrated for the mitochondrial ADP/ATP carriers from plants
(Dyall et al., 2004). Since SIT1 is located to mitochondria and transports sulfate, the role of a sulfate
import system of plant mitochondria needs to be investigated. Previous studies demonstrated that
DIC carriers import dicarboxylic acids, i.e. oxaloacetate and malate into mitochondria (Palmieri et
al., 2008a). These dicarboxylic acids can replenish the TCA cycle and prevent impairments of this
essential pathway (Palmieri et al., 2008a). Kinetic studies with recombinant DIC proteins from
Arabidopsis revealed that the preferred counter-exchange substrate for dicarboxylic acids is sulfate,
but also phosphate can serve as counterexchange substrate (Palmieri et al., 2008a). Such an
exchange-mode necessitates the presence of sulfate in the mitochondrial matrix. Thus, we assume
that SIT1 plays a role in preloading the mitochondria with sulfate for the replenishment of the TCA
cycle with dicarboxylic acids (Fig. 12A). A loss of SIT1 in Arabidopsis led to mutants with impaired
growth and development. We hypothesize that mitochondrial sulfate is not available in the absence
of SIT1. Under these circumstances, we hypothesize that DIC carriers import dicarboxylic acids
against phosphate (Fig. 12B).

An increased export of Pi might deplete mitochondria with Pi and in consequence negatively
affect mitochondrial ATP synthesis. Such a proposed energy deprivation would lead to growth
defects throughout all developmental stages as observed for the sit7 mutant. Mutants devoid of
SIT1 are impaired in germination and post-germinative growth (Fig. 9). The growth defect persisted
in adult plants (Fig. 11). Additionally, we observed a late-flowering phenotype in mutants, which
might be associated to elevated contents of soluble sugars and decreased starch accumulation in
these plant lines (Dr. llka Haferkamp, personal communication). High soluble sugar levels in sink
organs, such as flowers, siliques and seeds indicate that plants cannot efficiently use these
carbohydrates for storage reserve accumulation, as biosynthesis of starch and fatty acids depend
on the provision of ATP (Vigeolas et al., 2004). Hence, low ATP levels lead to less storage reserve

accumulation, which might affect seed filling and leads to defective sit1 seeds.
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Fig. 12: SIT1 provides sulfate as counter-exchange substrate for DIC, which imports dicarboxylic acids to
replenish the TCA cycle.

WT: SIT imports sulfate (8042) as symport with protons (H) to provide a counter—exchange for DIC, which imports
dicarboxylic acids (Dic) to replenish the tricarboxylic acid cycle (TCA). The phosphate (PO4 ’) imported by PHT3;1 and
PHT3;2 fuels ATP synthesis, which in concert the mitochondrial electron transport chain (ETC) generates a proton
gradient across the membrane.

sit1: When SIT1 is absent, DIC imports Dic against PO4%. The competition of PO,* between DIC ATP synthesis leads to
diminished ATP levels. The plants suffer from energy deprivation.

However, to which extent a loss of SIT1 leads to defects in embryo maturation or seed filling
remains to be tested. The mutants will be subjected to detailed analyses measuring lipid- and starch
contents of developing seeds (Kang and Rawsthorne, 1994; Li et al., 2006).

In line with our mutant phenotype, SIT1 was highly expressed in torpedo-staged embryos
(Willmann et al., 2011). Embryos follow a pattern of cell divisions, which are grouped into different
stages: pre-globular, globular, transition, heart, torpedo, bent green cotyledons and mature embryo.
In the torpedo phase, embryos turn green and accumulate storage products, pattering and tissue
development is completed at this stage. As SIT7 expression is absent in torpedo-staged embryos,
we assume that this defect impacts storage product levels, influencing embryonic maturation,

dormancy and germination (Willmann et al., 2011). Although the cytosolic energy pool is depleted in
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sit1 mutants, plants are viable and fertile. We assume in greening seeds low levels of
photosynthesis and Rubisco activity, uncoupled from the Calvin Cycle, provide energy for storage
product synthesis. Rubisco, together with enzymes of the Oxidative Pentose Phosphate Pathway,
very efficiently converts carbohydrates to acetyl-CoA via pentose phosphate (Schwender et al.,
2004). This bypass might explain a comparably mild effect of a depleted cytosolic energy pool on
sit1 mutants.

The fact that SIT1 expression seems to be less significant for earlier embryonic stages could
explain why sit1 seedlings do not show any organ defects, because until the heart stage patterning
and setting of tissue types and axes of the embryo is completed (Jenik et al., 2007; Willmann et al.,
2011). Examinations of mRNA expression patterns of SIT1 and GUS staining analyses revealed the
highest expression in flowers and meristems, tissues that give rise to growth, development and
reproduction. However, no visible defects were observed in flowers. In other tissues SIT1 promoter
activity was not detectable, because only tissues with high activity could be stained. In tissues
without staining S/T7 expression was low.

We assume that due to its unique biochemical function and involvement in land plant-specific
pathways, SIT1 has a unique function in higher plants. Embryophytes have a highly compartmented
complex metabolic network (Lunn, 2007), which differs from algae, fungi and animals. Higher plants
have a highly developed energy metabolism, which is dominated by photosynthesis. There, energy
metabolism tightly cooperates between the chloroplast and the rest of the cell (Paul and Foyer,
2001). However, the exact reason of specificity needs to be investigated in the future.

Our study elucidated that the SIT1 is a mitochondrial carrier, which is functionally diverse
from its closest relatives PHT3;1 and PHT3;2. It prefers sulfate instead of phosphate as a transport
substrate. We propose that intra-mitochondrial sulfate, which is provided by SIT1, might act as an
important counter-exchange substrate for the import of dicarboxylic acids, mediated by DIC
transporters. Physiological studies of sit1 mutants imply an impact of the carrier on plant energy

metabolism.
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Supplemental Material

Supplemental Figures

1 188 375
| | |
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Fig. S1: Domain architecture of Arabidopsis PHT3 carriers.

Pfam-A domains of all Arabidopsis MCF carriers were annotated. The arrangements of the only domain found (PF00153)
in PHT3 carriers are depicted. Arabidopsis identifiers belonging to the specific domain arrangement are indicated. Amino
acid positions are indicated above domain architectures. Domain positions PF00153 (aa): 22-103, 111-196, 213-288
(At2g17270, SIT1); 67-151, 163-250; 264-341 (At3g48850, PHT3;2); 81-163, 174-261, 276-353 (At5g14040, PHT3;1).
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Fig. S2: MIR1 and PIC2 are absent in the generated AmirApic yeast mutant.

A PCR analysis was performed to verify that full-length gene products of MIR7 and PIC2 are absent in AmirApic. Three
different mutants and the respective wildtype BY4742 were analyzed. To detect the gene products for MIR1 and PIC2
primers SV55/SV56 (3047 bp) and SV57/SV60 (1866 bp) were used. The gene/kanMX cassette junction primers for Amir
and Apic were SV55/P78 (531 bp) and SV57/P78 (486 bp). DNA was stained with ethidium bromide.

A 1 2 3 M kpDa||B 1 2 M kDa
.
- 50 - 50
- 35 - 35
- 25 - 25
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Fig. S3: SIT1-EYFP and Mir1p-EYFP are expressed in the AmirApic mutant.

A: Coomassie-stained SDS-PAGE to detect SIT1-EYFP (lane 1), Mir1p-EYFP (lane 2) and the empty vector control
426GPD-ccdB-EYFP (lane 3). M, marker. B: Immunoblot analysis detects SIT1-EYFP (lane 1), Mir1p-EYFP (lane 2), and
empty vector control (lane 3). For detection an anti-GFP antibody was used. Expected protein sizes for SIT1-EYFP 62 kDa
and Mir1p-EYFP 63 kDa. M, marker.
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Fig. S4: PHT3;1 is stimulated by the addition of cardiolipin to the liposomal lipid mixture.

PHT3;1 protein was expressed in the S. cerevisiae FGY217 strain. Yeast membranes were isolated and reconstituted into
liposomes pre-loaded with 30 mM phosphate, which either contained 5% (w/v) of cardiolipin (filled circles) or no cardiolipin
(open circles). The incorporation of radiolabelled 0.25 mM [32P]-phosphate into proteoliposomes was determined over
time.
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Fig. S5: Characterization of T-DNA insertion line GK432A12 (sit1-1).

A: Schematic drawing of positioning of T-DNA (GK_432A12) in the sit7-1 mutant. The filled boxes represent the six exons
of the SIT1 gene, the lines mark the intron regions; the 5-UTR is marked in red. Start (ATG) and stop (TGA) of the gene
are indicated. B: Wildtype and sit7-1 were grown for six-weeks. In RT-PCR cDNA was transcribed from total leaf RNA. For
PCR analysis of transcript abundance cDNA specific primers flanking the SIT1 coding sequence were used and primers
amplifying the ACT7 cDNA. The expected product size for SIT1 is 994 bp, the product size of ACT7 is 740 bp. PCR
products were stained with ethidium bromide.
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Fig. S6: Primary root growth is arrested in sit7-1.
A: Primary root length of wildtype (open bar) and mutant (filed bar). N = 50 seedlings/line; ***p = 0.001. B: Wildtype (a)
and the mutant seedlings (b, ¢) were grown for 12 d on half-strength MS medium. Bar = 1 cm.
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Supplemental sequences

Tab. S1: Protein sequences of Fig. 1 in FASTA format

>Cyanidioschyzon_merolae_CMT361CT
MLVRFSQLVTWSQTPMVTALQQRKDNGGSNCGVDQVLRAAPSTLPTVWGALGGRPATLVA
CSADENPTFGTYLKFALAGAICCSVTHSAVVPVDVVKTRLQLSDKYHGMTHAARTIVKEE
GALALLTGLSPTAVGYFLQGWFKFGLYEYFKRLYSSLAGPEAAEKGRFGIWLAAGGTAEF
FADLALCPLEATRIRLVSQPTFASSLPEAFGKLISNEGLRGLYAGLFPILLKQIPYTMAK
FAVFEAASEFIYRTLERMGKPKADMRDSTKLLISLNSGIFAGICAAVVSQPADTVLSVIN
KSRVTGSIAEATFRIIRELGPRGLFRGLGARAIMVGSLTAGQFFIYDGLKQLLGVAPVHK
KEVAPLVGSAAQPASVAARAQQSQ

>Homo_sapiens. ENSG00000075415
MFSSVAHLARANPFNTPHLQLVHDGLGDLRSSSPGPTGQPRRPRNLAAAAVEEQYSCDYG
SGRFFILCGLGGIISCGTTHTALVPLDLVKCRMQVDPQKYKGIFNGFSVTLKEDGVRGLA
KGWAPTFLGYSMQGLCKFGFYEVFKVLYSNMLGEENTYLWRTSLYLAASASAEFFADIAL
APMEAAKVRIQTQPGYANTLRDAAPKMYKEEGLKAFYKGVAPLWMRQIPYTMMKFACFER
TVEALYKFVVPKPRSECSKPEQLVVTFVAGYIAGVFCAIVSHPADSVVSVLNKEKGSSAS
LVLKRLGFKGVWKGLFARIIMIGTLTALQWFIYDSVKVYFRLPRPPPPEMPESLKKKLGL
TQ*

>Oryza_sativa_01_LOC_0s04g37600.1
MAVVSESSRKALLPSFLYAAPAASSSPSFAAAAAVGVRGVPAPSLAGPAVWARSPREPAG
KIEMYSPAFYAACTAGGIASCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGFGVLLKEQG
ARGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAAKYKTLIYLAGSASAEVI
ADIALCPMEAVKVRVQTQPGFARGLSDGLPKFVKAEGYAGLYKGIVPLWGRQIPYTMMKF
ASFETVVEMIYKYAIPAPKSECSKPLQLGVSFAGGYIAGVFCAIVSHPADNLVSFLNNAK
GATVGDAVNKLGMWGLFTRGLPLRIVMIGTLTGAQWGLYDAFKVMVGLPTTGGVAPTPAK

>Oryza_sativa_02_LOC_0s02g52860.1
MALSDRSRESLLPSFLYTSSAARSFATGATRFPSPVSPASPAPGAVGGGAPISIQAPREK
IEMYSPAFYAACTAGGIASCGLTHMAVTPLDLVKCNMQIDPAKYKSITSGFGVLLKEQGP
RGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAQKYKTLIYLAGSASAEVIA
DVALCPFEAVKVRVQTQPGFARGLSDGLPKFVRSEGALGLYKGIVPLWGRQIPYTMMKFA
SFETIVEMIYKHAVPVPKSECSKSFQLGISFAGGYIAGVFCAIVSHPADNLVSFLNNAKG
ATVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGVTPAPGAA
EKALQASA*

>Oryza_sativa_04_LOC_0s09g38100.1
MPEMGARGGEAGAARVANGGGGGGTGGMRLFSPEYYALCTGGGMLAAGATHLAITPLDVL
KVNMQVNPMKYNSIFSGLNILVKEEGASSLWRGWAGKFFGYGFQGGCKFGLYEYFKKKYS
DVLVDRNKSTIYFISSASAQIIADVALCPFESVKVRVQTQPMFAKGLIDGFPRVYATEGL
SGFYKGLLPLWGRNLPFSMLMFSTFEHTVDILYRNVIQKKKEDCSTMQQLGATCLAGYIS
GAVGTVVSNPADNIVSSLYNKKAKNIIDAVKSIGFRGLFTRSLPVRITLVGPVITMQWFF
YDTIKILTGLPTSGGLPRELEEV*

>Oryza_sativa_03_LOC_0s06g10810.1
MALSDRSRESLLPSFLYSTAGARPYTAGGGGAAFRLPAAAAPGGVGGGAPIEIQAPREKI
EMYSPAFYAACTAGGIASCGLTHMAVTPLDLVKCNMQIDPAKYKSITSGFGILAKEQGVR
GFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAQKYKTLIYLAGSASAEVIAD
VALCPFEAVKVRVQTQPGFARGLGDGLPKFIKSEGALGLYKGIVPLWGRQIPYTMMKFAS
FETIVEQIYKHAVPVPKSECSKSFQLGISFAGGYIAGVFCAIVSHPADNLVSFLNNAKGA
TVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGVTPAPSTSD
AGLKAVSA*

>Selaginella_moellendorffii_02_118858
MLRPGGERKNAPPVSADGQRGGFFIPAASEPGKIPLYSAEFYAACTAGGILSCGLTHTFV
TPLDIVKCNMQIDPKKYKSIGTGFSIIKQEQGPKGLFKGWGPTLIGYSAQGACKFGLYEF
FKKFYADMVGEEVAHDYKTFVYLAGSASAEFFADIALCPFEAIKVRVQTKPGFANGLRDG
FSKFVAQEGYGGLYKGLAPLWGRQIPYTMMKFACFEGTVEALYKYVVPVPKEKCSKLTQL
EVSFAAGYIAGIFCAVVSHPADNLVSFLNSTKGGTVGDAIKKMGLVGLMTRGLPLRIVMV
GTLTGAQWGIYDAFKVFVGL*
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>Selaginella_moellendorffii_03_166544
MALEDCRRSSALPSFLYKSKGFKAPAPAPAINGGGGGALQSSRFLIPSPDESKKIAMYSP
EFYAACTVGGILSCGLTHTAVTPLDMVKCNMQIDPAKYRSIGSGFGVLYKEAGPKGLFKG
WVPTLFGYSAQGAFKFGLYEFFKKYYSDLAGEENAYKYKTFIYLAGSASAEFFADIALCP
MEAVKVRVQTKPGFANGLLDGLPKITRAEGVPGLYRGLVPLWGRQIPYTMMKFACFEATV
EALYKYVIPKPKDECSKVEQLGVSFGGGYIAGIFCAIVSHPADNLVSFLNNTKDATIGQA
VKSMGPVALFTRGLPLRIVMIGTLTGAQWGIYDAFKVFVGLPTSGGVSKAPEQLTTPLPL
PSA*

>Selaginella_moellendorffii_04_445447
MDAIQWGPEEIALFSSKYYAACFAGGLLSAGTTHFLVTPFDNLKVNMQVHPAKYSGGILS
GFGVLWKERGPTGLWRGWGGKLYGYGAQGACKFSLYEFFKHRYCDAAGPENSATYRTPIY
FAASACAQMIADVVLCPFESIKVRLQAQPGFAKGLIDGFPKVYSAERLPGLYRGLLPLWS
RNIPFAMLMFTSFEHSVDLIYRNVVKKPRSECSTTTTLLVTCGAAYISGITGTVVSNPAD
NVISSLYNKGGTVVQAIKRIGLVGLFTRSLPLRIALVGPVVTMQWFIYDSVKVSIGLPTS
GGTYVEEESSAS*

>Selaginella_moellendorffii_01_270420
MALEDSRSSTLPSFLYKSKGFKAPAPAIPINGQSSSRFLIPSPDETRKIAMYSPEFYAAC
TVGGALCCGLTHMAMTPLDVVKCNMQIDPAKYKSTASGFGTLYREAGPKGLFKGWVPTLL
GYSAQGAFKYGLYEFFKKYYSDLAGAENAYKYKTFIYLAGSFSSEFFADIALCPMEAVKV
RVQTKPGFANGLLDGLPKITRAEGVAGLYRGLVPLWGRQIPYTMMKFTCFEATVEALYKN
VVPKPKDECSKVEQLGVSFAGGYIAGIFCALVSHPADNLVSFLNNTKDATVGQAVKSMGL
VALVTRGLPLRIVMIGTLTGAQWVIYDAFKVFVGLPTTGGVSKAPEELTTPLPLPTA*
>Arabidopsis_thaliana_PHT3;3_SIT1_AT2G17270.1
MTRVKSKLDEELSSPWFYTVCTMGGMLSAGTTHLAITPLDVLKVNMQVNPVKYNSIPSGF
STLLREHGHSYLWRGWSGKLLGYGVQGGCRFGLYEYFKTLYSDVLPNHNRTSIYFLSSAS
AQIFADMALCPFEAIKVRVQTQPMFAKGLLDGFPRVYRSEGLAGFHRGLFPLWCRNLPFS
MVMFSTFEQSVEFIYQKIIQKRKQDCSKAQQLGVTCLAGYTAGAVGTIISNPADVVLSSL
YNNKAKNVLQAVRNIGFVGLFTRSLPVRITIVGPVITLQWFFYDAIKVLSGFPTSGGVKK
PVDAAKLSV

>Arabidopsis_thaliana_PHT3;1_AT5G14040.1
MESPKNSLIPSFLYSSSSSPRSFLLDQVLNSNSNAAFEKSPSPAPRSSPTSMISRKNFLI
ASPTEPGKGIEMYSPAFYAACTFGGILSCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGF
GILLKEQGVKGFFRGWVPTLLGYSAQGACKFGFYEYFKKTYSDLAGPEYTAKYKTLIYLA
GSASAEIIADIALCPFEAVKVRVQTQPGFARGMSDGFPKFIKSEGYGGLYKGLAPLWGRQ
IPYTMMKFASFETIVEMIYKYAIPNPKSECSKGLQLGVSFAGGYVAGVFCAIVSHPADNL
VSFLNNAKGATVGDAVKKIGMVGLFTRGLPLRIVMIGTLTGAQWGLYDAFKVFVGLPTTG
GVAPAPAIAATEAKA

>Arabidopsis_thaliana_PHT3;2_AT3G48850.1
MSDSSRSLIPSFLYSSDHRLFQATTMSTHLKSQPLISPTNSSVSSNGTSFAIATPNEKVE
MYSPAYFAACTVAGMLSCGITHTAITPLDVIKCNMQIDPLKYKNITSAFKTTIKEQGLKG
FTRGWSPTLLGYSAQGAFKYGLYEYAKKYYSDIVGPEYAAKYKTLIYLAGSASAEIVADV
ALCPMEAVKVRVQTQPGFARGLSDGLPKIIKSEGFRGLHKGLVPLWGRQIPYTMMKFATF
ENTVELIYKKVMPTPKEECSKPVQLGVSFAGGYIAGIFCAIISHPADNLVSFLNNSKGAT
VADAVKRLGLWGMLTRGLPLRIFMIGTLTGAQWVIYDAVKVLAGLPTTGGASPATALAPS
VSA

>Cyanophora_paradoxa_Cypa6539
MTTLFANALHLRSLQPALAAPSLDKKVSPIYIPSVVEPAKRALIPSAIELYTPKYYYNCA
IGGALACGLTHTAIVPLDLVNPKEYASIGDGFKKVVAAEGAAGLAGGWLPTLIGYSLQGT
CKFGFYELFKKLYADAVGEENAHAYRTYLYLAASASAEVIADAALCPMEAVKVRMQTKPG
FPLALGPAMSLIMKEEGLNGFYKGLAPLWMRQIPYTMVKFASFEKTVEFIYNFLGGNRAD
YSKVQQLGITFAAGYWADYVVSQLNKNPGSSVGGILSEAGLSGVWRGLGARIIMIGTLTG
LQWFIYDYFKVMVGLPTTGAAPAKK*

>Lotus_japonicus_LJ4G031270
MAPSLVPGFLYSSKTLSQLDSSINTNHGLPPLSTTSSIGSHSSSPSPQGRSPMIPSPKEG
IPLFSPAYYAACSAGGVFSCGLTHMAVTPLDLVKCNMQIDPLKYKSITSGFGVLLKEQGA
KGFFRGWVPTLFGYSAQGACKFGFYEFFKKYYSDLAGPENAAKYKTFIYLAGSASAEVIA
DVALCPMEAVKVRVQTQPGFARGLSDGLPKFVKADGVAGLYKGLVPLWGRQIPYTMMKFA
SFETIVEMIYKQVIPTPKEQCSKNKQLGVSFAAGYIAGVLCAIVSHPADNLVSFLNNAKG
ATVGDAVKKIGVVGLFTRGLPLRIVMIGTLTGAQWGLYDSFKVFVGLPTTGGSAPAPVK
>Physcomitrella_patens_02_Pp1s308_15V6.1
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MEPAMDTTGRRSLFPDYLYTSRAVFQPQNSCVAATNNTGVFAQHSSRPGTSSPYLLPKLL
PIRTAGPPSPASPTITIPSGDESNRIQMYSMEYFLACGLGGLLCCGLTHTAVTPIDVVKC
NMQIAPKKYTGVLGGFQLVVREEGVRGLWRGWAPTFVGYCIQGAGKYGFYEYFKKQYSDA
VGTENATRYKTAVFLGASFSAEFLADLGLCPFEAVKVRVQTQPGFARGLSDGLPKLIASD
GFAGLYKGLVPLWGRQIPYTMMKFATFESTVEALYTHLVPVPKSECSKQTQLGVSFTAGY
IAGIACAIISHPADNLVSFLNNAKGATVSQAVQEMGVTALLTRGLPLRIFMIGTLTGAQW
GIYDSFKVFVGFPTSGSSGDNDTEARVEH*

>Physcomitrella_patens_01_Pp1s233_41V6.1
MTASENQGLLPDYLYRSRGALSALVGIAGVSTSSPCGSRRRSTLGLAQVHDDVFRQFRSG
TCFDERVGSTGRSTGRDGLGKFMIPGISETRQIPLHTGEFYAYCAFGGVLSCGITHTGVT
PLDIVKCNMQIDPGKYEFIGSGFKLIMADQGLKGLYKGWGPTLIGYSLQGACKFGLYEYF
KHMYAEMAGEPFATDHKSLVFLAGSASAEFVADIALCPFEAIKVRVQTQPGYAKGLTDGM
SKFLATEGFTGLYAGIVPLWGRQIPYTMMKFTSFEATVDALYAHVVPVPKKECSKGYQLG
VSFAAGYIAGVLCAVVSHPADNLVSYLNCKKGASIRQAISDIGMFNLFTRGLPLRIFMIG
TLTGAQWGLYDSFKVYVGL*

>Physcomitrella_patens_03_Pp1s2_600V6.1
MIFAEKRTPTVPAFLYSIEARRTGISALPSLFQTLTTEASSNVAPAYTSSSLFKQVASAA
KTSTGVASSVMVPSPSEPGKIVMFSGEYYRACAVGGMMCCGLTHMGVTPIDVVKCNMAQIA
PEKYKSISSGFSLLVKEQGAVGLVRGWVPTLMGYSVQGACKYGFYEYFKKTYSDMAGAED
AKRFKTLIYLGASASAEVIADVGLCPFEAVKVRVQTNPGFAKGIMDGMPKLIASDGVGGL
FKGLVPLWCRQIPYTMMKFATFESTVEAIYKYAVPVPKSEVSSGTQLGISFTAGYIAGVA
CAVISHPADNLVSFLNKSKEATVSGAVKQMGVKALFTRGLPLRIIMIGTLTGAQWGIYDS
FKVFVGLPTTGGVVEEPRKLA*

>Pp1s2_605V6.1
MAADPKTRTLVAARSLELIATHEFLGEMPNPPPPLPLQNPTSSIIALFHSILTTQLSLCS
DCSFRASTSPNAQCFHPRQELRCLITLFYWFRVAESCLVDLVCKRERSELILQLPAVMAF
AEKCTPMVPAFLYSTVARRTGISALPSLFQTMTTEASSNVAPAYTSSSLFKQVASAAKTS
TGVASSVMVPSPSEPGKIVMFSGEYYRACAVGGMMCCGLTHMGVTPIDVVKCNMQIAPEK
YKSISSGFSLLVKEQGAVGLVRGWVPTLMGYSVQGACKYGFYEYFKKTYSDMAGAEDAKR
FKTLIYLGASASAEVIADVGLCPFEAVKVRVQTNPGFAKGIMDGMPKLIASDGVGGLFKG
LVPLWCRQIPYTMMKFATFESTVEAIYKYAVPVPKSEVSSGTQLGISFTAGYIAGVACAV
ISHPADNLVSFLNKSKEATVSGAVKQMGVKALFTRGLPLRIIMIGTLTGAQWGIYDSFKV
FVGLPTTGGVVEEPRKLA*

>Physcomitrella_patens_07_Pp1s134_72V6.1
MVGQASLFVGSNRVEREPEVTWDAQIRANKLELFTSKYYAACAVGGMISAGSVHLLITPL
DMLKVNMQANPLKYRSIMSGFGIVYREQGIGGIWKGWSSKLFGYGAQGACKFGLYEYFKK
FYADLAGPEFTKENKTAIFAAGSLSAQVIADVALNPFESVKVKVQTGYAKGLVDGFPRLY
RAEGLAGLYRGLPLLWGRNIPFSVLMFSTFEHSVDFLYKNVLQRPKNDCSRIQQLGITCM
AGYMSGVTGTIISNPADILITTVNKNRKLSMVQAAKRIGVTGLFTRSLPLRIMIVGPMAT
AQWLCYDTLKVLVGLPTSGGIEQFVEVD*

>Physcomitrella_patens_08_Pp1s5_438V6.1
MEQTWVPQMPTTKLELFSNKYYAACALSGMISTGSVHLLVTPFDMLKVNMQANPRKYKSI
VKSFGIIYSEQGLKGIWKGWGSKLCGYSAQGAFKFGLYEYFKKFYSDVAGTDYIRLNKTS
IYVASSLSAQIIADTALCPFESIKVRVQTGYAKGLTDGLPKVYRAEGLTGLYKGLVSLWG
RNLPFAVLMFSTFEHSVDFLYGNIIHKPKNECSMGVQLGVTCMAGYMSGVAGTIISNPAD
NMITAINKRKGLSYVQAAKSIGLVGLFTRSLPLRVMLVGPLVTAQWFCYDSMKVLVGLPT
SGGVEHLISDQDGL*

>Physcomitrella_patens_06_Pp1s61_90V6.1
MVFAEKRTSMVPEFLYSTKTARSGISAPKSLFQALTAEASSNAAPAYTASSLFKQVAGAA
RTPAGVASPFMVPSASERKIVMFSGEYYRACAVGGMLCCGLTHMGVTPIDVVKCNMQIAP
EKYKSISGGFSLIVKEHGVVGLFRGWVPTLLGYSVQGACKYGFYEYFKKTYSDMAGPENA
KKYKTVIYLAGSASAEVIADVGLCAFEAVKVRVQTNPGFAKGLSDGMPKLIASDGVKGLF
KGLVPLWGRQIPYTMMKFATFESTVEAIYKYAVPVPKSEVSSSSQLGISFTAGYIAGVAC
AIISHPADNLVSFLNKSKDATVKQAIDQMGLKALFTRGLPLRIMIGTLTGAQWGIYDSF
KVFVGLPTTGGVVEEPKKE*

>Physcomitrella_patens_05_Pp1s61_113V6.1
MVFAEKRTSMVPEFLYSTKTARSGISASKSLFQALTAEASSHAAPAYTASSLFKQVAGAA
RTPAGVASPLMVPSASERKIVMFSGEYYRACAVGGMLCCGLTHMGVTPIDVVKCNMQIAP
EKYKSISGGFSLIVKEHGVVGLFRGWVPTLLGYSVQGACKYGFYEYFKKTYSDMAGPENA
KKYKTVIYLAGSASAEVIADVGLCAFEAVKVRVQTNPGFAKGLSDGMPKLIASDGVKGLF
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KGLVPLWGRQIPYTMMKFATFESTVEAIYKYAVPVPKSEVSSSSQLGISFTAGYIAGVAC
AIISHPADNLVSFLNKSKDATVKQAIDQMGLKALFTRGLPLRIMIGTLTGAQWGIYDSF
KVFVGLPTTGGVVEEPKK*

>Brachypodium_distachyon_03_Bradi4g37420.1
MGSRGGGGTSGAEAPRRSGRGGAGGMRLFSPEYYALCAGGGMLAAGTTHLAITPLDVLKV
NMQVNPMKYNTIFSGLSVLVKEEGVSSLWRGWGGKLFGYGAQGGCKFGLYEYFKKQYSDV
LVDSNRSTIFFLSSASAQIIADVALCPFESVKVRVQTQPMFAKGLVDGFPRVYAAEGLSG
FYRGLLPLWGRNLPFSMLMFSTFEHTVGFLYQKVIQKKKEDCSTAQQLGATCLAGYISGA
VGTVVSNPADNIVSSLYNKKAKNIIHAVKSIGLRGLFTRSLPIRITLVGPVVTMQWFFYD
SIKILTGLPPSGGLPRELEEANT*

>Brachypodium_distachyon_01_Bradi5g11740.1
MAVSESSRNALLPSFLYAVPAAATSPFSSAAGVAGSGLVVPSSAAVATRPAVWARAPSEP
SGKIEMYSPAFYAACTAGGIASCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGFGVLLKE
QGARGFFRGWVPTLIGYSGQGACKFGFYEFFKKYYSDIAGPEYAAKYKTLIYLAGSASAE
VIADIALCPMEAVKVRVQTQPGFARGLSDGLPKFVKAEGYAGLYKGIVPLWGRQIPYTMM
KFASFETIVEMIYKYAIPAPKSECSKSLQLGVSFAGGYVAGVFCAIVSHPADNLVSFLNN
AQGGTVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGAAPPP
AAAGEQLKA*

>Brachypodium_distachyon_02_Bradi3g57890.1
MALSDLSRESLLPSFLYTSTAARSFAGASRFPSSSSPQAPSFGGGSAGGRKPFSLQAPNE
KIEMYSPAFYAACTAGGIASCGLTHMAVTPLDLVKCNMQIDPAKYKSISSGFGVLLKEQG
ARGFFRGWVPTLLGYSAQGACKFGFYEFFKKTYSDMAGPENALKYKTLIYLAGSASAEVI
ADIALCPFEAVKVRVQTQPGFARGLSDGLPKFIKAEGAGGLYKGIVPLWGRQIPYTMMKF
ASFETIVELIYKHAVPVPKSECSKPFQLGISFAGGYIAGVFCAIVSHPADNLVSFLNNAK
GATMGDAVKKIGVLGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGVAPAPPV
EAAPVA*

>Chlamydomonas_reinhardtii_Cre03.g172300.t1.2
MAPQTSPMVSAALATMQPKQEQQPAVPALSSALNTGILGKMVAASATEVAPRKIELYSSE
YYWTCALGGVASCGLTHMGVTPLDVVKCNIQTNPAKYKGISTGFRVLVAEQGAAGLFKGW
VPTLLGYSAQGACKFGLYEYFKKTYADMAGEEVAKKYQSAIFLAGSASAEFFADIALCPF
EAVKVKVQTVPGFAKGLSDGLPKFVAQEGWGGLFKGIKPLWGRQIPYTMMKFGAFENTVQ
AlYKYAMPKPKSECSKGEQLGVSFAAGYIAGVFCAVVSHPADNLVSKLNAQKGATVGDIV
KEMGWYALFTRGLGLRIMIGTLTGLQWGIYDAFKVSMGLPTTGSVEEKKK*
>28592.m000281
MVTLEQPLRIKEDCHYKAAAGYYGICAVSGMLSAGTTHLAMTPLDVLKVNMQVNPVKYSS
IYSCFTAILREQGPSAFWRGWAGKLIGYGVQGGCRFGFYEYFKSLYSDVLDNSNRNLVFF
MSSASAEIFANLGLCPFEAIKVRVQAQPHFAKGLLDGFPRLYASEGFLGFYRGLVPLLAR
SLPFSIVMFSTFEHSADFLYRTVIQRRKEDCSKSQQLGVTCLAGYAAGSVGSFVSNPADN
IVSCLYNRKADSLLLAIKKIGFSNLLTRSLPIRIMLVGPAVTLQWLFYDTIKVFSGLPAS
GEVRTEVETDRAN

>Ricinus communis_01_30131.m006856
MGFSDSSKQSLIPSFLYSSSSSSKTLTLSKLLHSNQQSPSPSLMRKSSGNFVIPAPSEPG
KIEMYSPAFYAACTAGGILSCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGFGILLKEQG
VRGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEHAAKYKTLIYLAGSASAEVI
ADVALCPFEAVKVRVQTQPGFARGLSDGLPKFVKSEGALGLYKGIVPLWGRQIPYTMMKF
ASFETIVEMIYKHAIPTPKDQCSKSLQLGVSFAGGYVAGVFCAIVSHPADNLVSFLNNAK
GATVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVFVGLPTTGGVAPAAPA
AELAKA

>Ricinus communis_02_30147.m014426
MAISAKSSQSLIPDFLYSSNFDLDASPDAKYGLYRSSFVSKSLPSNVGGGAVSRNFVIPA
PKEKIEMYSPAFYAACTAGGTFSCGLTHMAVTPLDLVKCNMQINPAKYKSISSGFGILLK
EQGIKGFFRGWVPTLLGYSAQGACKYGFYEFFKKYYSDIAGPEYAAKYKTLIYLAGSASA
EIIADVVLCPMEAVKVRVQTQPGFARGLADGMPKFIRSEGYAGLYKGLVPLWGRQIPYTM
MKFASFETIVEQIYKHAIPTPKDQCSNSLQLGVSFAGGYIAGVFCAIVSHPADNLVSFLN
NAKGATAGDAIKQLGLWGLFTRGLPLRIVMIGTLTGTQWGIYDAFKVFVGLPTSGGAPPP
AAAKA

>Ustilago_maydis_UMO05105
MATFTERFTKGTYPIHSVAEAIKPGPQGVDLYSRFFLAGALCCSLTHGAVTPIDVVKTRI
QLEPTVYNKGMIGGFRQVIAKEGAGALLTGLGPTVLGYFLQGGFKFGGYELFKKILVSQM
DNDTAVKNRMAIYLGASAIAEFFADIALCPLEATRIRLVSQPTFANGLAPAFLKIAREEG
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LGGFYAGFGPILFKQIPYNMAKFATMEVVLEKAIQAYGKPKSELSGGEATFLNLGSGLIA
GFAAATISQPADTLLSKINKQKALPGETITGRITKMAGELGVRGLFGGLTTRLVMVGSIT
AGQFGIYGELKKALGATNTVEISKA*

>Brassica_rapa_01_Bra023446
MESSKNSLIPSFLYSSSSSPRSVLLDQVINSNSNAAFQSPNLEKNSPSPSPKTMASRKNF
LIASPTEPGKGIEMYSRDFYAACTVGGILSCGLTHMAVTPLDLVKCNMQIDPAKYKSISS
GFGILLKEQGVRGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDLAGPEFAAKYKTLIY
LAGSASAEVIADVALCPFEAVKVRIQTQPGFARGMSDGFPKFVKSEGYGGLYKGLAPLWG
RQIPYTMMKFASFETIVEMIYKYAIPNPKHECSKGLQLGVSFAGGYVAGVFCAIVSHPAD
NLVSFLNNAKGATVGDAVKKIGMVGLFTRGLPLRIVMIGTLTGAQWGLYDAFKVFVGLPT
TGGVTPAPAAKA*

>Brassica_rapa_02_Bra008784
METPKTSSLIPSFLYSSSPRSILEKSPSPAARSSPATMVSRKSFLIASPTEPGKGIEMYS
PAFYAACTFGGVLSCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGFGILLKEQGVKGFFR
GWVPTLLGYSAQGACKFGFYEFFKKYYSDLAGPEFAAKYKTLIYLAGSASAEVIADVALC
PFEAVKVRVQTQPGFARGMSDGFPKFVKSEGYGGLYKGLAPLWGRQIPYTMMKFASFETI
VEMIYKYAIPNPKHECSKGLQLGVSFAGGYVAGVFCAIVSHPADNLVSFLNNAKGATVGD
AVKKIGMVGLFTRGLPLRIVMIGTLTGAQWGLYDAFKVFVGLPTTGGVTPAPVIAAAEA*
>Brassica_rapa_04_Bra019570
MSDSSRSLIPSFLYSSDHRLFQLHEPAMNMTQRKAQPSRSLKTSSVSSNGPSFAIPAPNE
KVELYSPAYFAACTVGGMLSCGVTHTAVTPLDVLKCNMQVKLLNQNCLVLLLAELILRIN
IFEPYSKAMYVIDPSKYKNITSAFKTTIKEQGLKGFTRGWSPTLIGYSAQGAFKYGLYEY
AKKYYSDIVGPENAAKYKTLIYLAGSASAEIVADVALCPMEAVKVRVQTQPGFARGLSDG
LPKIIRSEGVRGLFKGLVPLWGRQIPYTMMKFATFENTVELIYKKVIPTPKEECSEPVQL
GVSFAGGYIAGIFCAVISHPADNLVSFLNNSKGATVSDAVKRLGLLGMFTRGLPLRIFMI
GTLTGAQWVIYDAVKVLAGLPTTGGASPATALAPAVSA*

>Brassica_rapa_03_Bra009654
MTSVKRKLDDELSSPWFYTVCTMGGMLSAGTTHLAITPLDVLKVNMQVNPVKYNSIPSGF
STLLREHGHSYLWRGWSGKLLGYGVQGGCRFGLYEYFKTLYSNVLPNNNRTSLYFLSSAS
AQIFADMALCPFEAIKVRVQTQPLFAKGLLDGFPRVYRNEGLAGFHRGLFPLWCRNLPFS
MVMFSTFEQSVEFIYKNIIQKRKQDCSKSQQLGVTCLAGYTAGAVGTIISNPADVVVSSL
YNNKAKNVLQAVRNIGLVGLFTRSLPVRITIVGPVITLQWFFYDAIKVLSGFPTSGGVEK
PVDATKLAV*

>Glycine_max_05_Glyma11g09300.1
MVMEGRICEELTPRYYALCAIGGMLSAGTTHLAITPFDVLKVNMQVHPIKYYSISSCFTT
LLREQGPSVLWKGWTGKFFGYGAQGGCRFGLYEYFKEVYSNVLVDQNRSFVFFLSSASAE
VFANVALCPFEAVKVRVQAQTCFAKGLYDGFPKLYASEGTRGFYRGLIPLLGRNIPFSMV
MFSTFEHSVDFLYRNVVKRKKEDCSIGQQLGVTCLAGYAAGSVGSFISNPADNIVSSLYN
RKADSLALAIRNIGLANLFTRSLPIRMLLVGPSITLQWFFYDTIKILGGMSTSGGVRTDM
RGNGAG*

>Glycine_max_02_Glyma08g01190.1
MAPSDQSRHSLVPGFLYSSKTLSHLNNNTNHELPPSSSPQGGTNTKSPMILSPKEGIRMF
SPAYYAACSAGGIFSCGLTHMAVTPLDLVKCNMQIDPVKYKNITSGFGVLLKEQGAKGFF
KGWVPTLLGYSAQGACKFGFYEFFKKYYSDLAGPENAIKYKTIIYLAGSASAEVIADVAL
CPMEAVKVRVQTQPGFARGLSDGLPKFIKADGVSGLYKGLVPLWGRQIPYTMMKFASFET
IVEKIYKYAIPTPKEQCSKTMQLGVSFAAGYIAGVLCAIVSHPADNLVSFLNNAKGATIG
DAVNKIGVVGLFTRGLPLRIVMIGTLTGAQWGLYDSFKVFVGLPTTGGSTPAPVK*
>Glycine_max_01_Glyma05g38480.1
MAPSDQSHHSLVPGFLYSSKTLSHLNNNTNHGLPPSSSIASSSLPQGRTKSPMILSPKEG
IRMFSPAYYAACSAGGIFSCGLTHMAVTPLDLVKCNMQIDPVKYKNITSGFGVLLKEQGA
KGFFKGWVPTLLGYSAQGACKFGFYEFFKKYYSDLAGPENAIKYKTIIYLAGSASAEVIA
DVALCPMEAVKVRVQTQPGFARGLSDGLPKFIKADGVSGLYKGLVPLWGRQIPYTMMKFA
SFETIVEKIYKYAIPTPKEQCSKTKQLGVSFAAGYIAGVLCAIVSHPADNLVSFLNNAKG
ATVGDAVKKIGVVGLFTRGLPLRIVMIGTLTGAQWGLYDSFKVFVGLPTTGGSAPAPVR*
>Glycine_max_06_Glyma01g36120.1
MVMEGRICEELKPRYYALCAIGGMLSAGTTHLAITPFDVLKVNMQVHPIKYYSISSCFTS
LLREQGPSVLWKGWTGKFFGYGAQGGCRFGLYEYFKEVYSNVLVDQNRSFVFFLSSASAE
VFANVALCPFEAVKVRVQAQPCFAKGLYDGFPKLYASEGTRGFYRGLIPLLGRNIPFSMV
MFSTFEHSVDFLYRNVVKRKKEDCSIGQQLGVTCLAGYAAGSVGSFISNPADNIVSSLYN
RKADSLALAIRNIGLANLFTRSLPIRMLLVGPSITLQWFFYDTIKILGGMPTSGEVRTDV
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RGDGAG*

>Glycine_max_03_Glyma19g27380.2
MALPDSSSRRNSLIPSFIYSSSSKTLPLHHMLNTASAAAAAAPSPPPANLDAGSRGLMIP
SPSESRKIELYSPAFYAACTAGGILSCGLTHMTVTPLDLVKCNMQIDPAKYKSISSGFGV
LLKEQGFRGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYASKYKTLIYLAGS
ASAEVIADIALCPFEAVKVRVQTQPGFARGLSDGLPKFVRSEGTLGLYKGLVPLWGRQIP
YTMMKFASFETIVELIYKHAIPTPKNECTKSLQLGVSFAGGYVAGVLCAIVSHPADNLVS
FLNNAKGATVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVFVGLPTTGGP
APAAAPAPGSELAKA*

>Glycine_max_04_Glyma16g26240.1
MAPVDSDTLGRHSLIPSYLYSSPSPQKKKMEASSFAIHSPRENRNIEMFSPSFYAACTVG
GSLSCGPTHTGITPLDVVKCNIQIDPVKYKNTSTGFGVMFEEQGLRGFFRGWGPTLVGYS
AQGAFKYGFYEFFKKYYSDIAGPEYATKYKTLIYLAGSASAELIAGVALCPFEAVKVRVQ
TQPGFARGLADGLPKLVRTEGVSGLYKGIVPLWGRQVPYTMMKFASYENIVEMIYKHAIP
KPKYECSNSLQLGVSIVSGYMAGILCATVSHPADNLVSFLNNSKGATVGDAVKKLGLWGL
FTRGLPLRILMVGTLTGAQWGIYDSFKVFVGLPTTGGVAPAAVLAPASAA*
>Micromonas_pusilla_MicpuC2.estExt Genewise1.C_170191
MAASGKAEYGLDYFLKGALAGGICCSITHGALTPVDVVKTRMQLEPTKYTGMISGFNKVI
AEEGAGALLTGLGPTAFGYFVQGWFKFGGVEYFKIQAAQSMTEQQTWDNRNSIYLGASAA
AEFIADIFLCPLEATRIRLVSNPTYADSMLGCMAKMVKEEGVIGAFYSGFGPILAKQVPY
TMAKFAVQGATAEKIYDSLGKTPKEMSSGENISVSLASGVVAGVTAAIISHPADTLLSKI
NKAGAGGSGGMFSRLANIAAETGLVKLCTQGLAARCVMIGTLTAGQFGIFDIVMNAVGAS
KFHFHDPSKGDH*

>Sorghum_bicolor_04_Sb02g032310.1
MGDAEAASRVGRRGAAAAAGMRVFSPEYYALCAGGGMLAAGATHLAITPLDVLKVNMQVN

PMKYNSIFSGLNVLVKEEGPSSLWRGWGGKFVGYGVQGGCRFGLYEYFKKRYSDMLVDSN

KSTIYFLSSASAQIIADVALCPFESVKVRVQTQPMFAKGLVDGFPRVYATEGLSGFYRGL
LPLWGRNLPFSMLMFSAFEHTVDFLYQKVIQKKKEDCSTIQQLGATCVAGYISGAVGTVV
SNPADNIVSSLYNKKAENIIHAVKSIGFRNLFTRSLPIRIALVGPVISMQWFFYDTIKIL
TGLPPSGGLPRELEEVNI*

>Sorghum_bicolor_02_Sb04g034260.1
MALSDRSRESLLPSFLYSSSARSFAATGAAAARLPVSAPAPAAAGAGGRVPFSIQAPSEK
IEMYSPAFYAACTAGGIASCGLTHMAVTPLDLVKCNMQIDPAKYKSISSGFGVLLKEQGA
RGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAQKYKTLIYLAGSASAEVIA
DVALCPFEAVKVRVQTQPGFARGLSDGLPKFVRSEGALGLYKGIVPLWGRQIPYTMMKFA
SFETIVELIYKHAVPVPKSECSKTTQLGISFAGGYIAGVFCAIVSHPADNLVSFLNNAKG
ATVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGPAPAAVAA
PAAEAESKASA*

>Sorghum_bicolor_01_Sb06g018210.1
MAVSESSRNALLPSFLYAAPAAASPFAAAASVGGRTVAAPSAAAAARPAIWARAPSEPGR
RIEMYSPAFYAACTAGGVASCGLTHMTVTPLDLVKCNMQIDPAKYKSITSGFGVLLKEQG
PKGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAAKYKTLIYLAGSASAELI
ADIALCPMEAVKVRVQTQPGFARGLSDGLPKFVKAEGYSGLYKGIVPLWGRQIPYTMMKF
ASFETVVEMIYKYAIPAPKNECSKNLQLGVSFAGGYIAGVFCAIVSHPADNLVSFLNNAK
GATVGDAVKKIGLVGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGAAPTPAA
TKA*

>Sorghum_bicolor_03_Sb10g007010.1
MALSDRSRESLLPSFLYSPAATRSFAGASRFPASPAAAAASAPSVAGGGALPFTIQAPNE
KIEMYSPAFYAACTAGGIASCGLTHMAVTPLDLVKCNMQIDPAKYKSISSGFGILAKEQG
VRGFFRGWVPTLLGYSAQGACKFGFYEFFKKYYSDIAGPEYAQKYKTLIYLAGSASAEVI
ADVALCPFEAVKVRVQTQPGFARGLSDGLPKFIKSEGALGLYKGIVPLWGRQIPYTMMKF
ASFETIVELIYKHAVPVPKSECSKPFQLGISFAGGYIAGVFCAIVSHPADNLVSFLNNAK
GATVGDAVKKLGLWGLFTRGLPLRIVMIGTLTGAQWGIYDAFKVMVGLPTTGGVTPAPAP
ATEEAALKASA*

>Hansenula_polymorpha_01_fgenesh1_kg.7_# 18_# isotig00782
MASTYQTPNYTVSDYAKFALAGAIGCGVTHGSMTPIDVVKTRIQLEPTVYNTGMIGSFKK
VVANEGAGALLTGLGPTVLGYSLQGAFKFGGYELFKKTFIDSLGYQTAVQYKDAIYIGSA
AIAEFFADIALCPLEATRIRLVSQPTFANGLIGGFARILREEGVGSFYNGFTPILFKQIP
YNIAKFLTYERASQAIYSFVTTPKDQLSSTAVTGINLGAGVIAGCMAAVVSQPADTLLSK
VNKTKKAPGQSTVGLLAQLARELGVRGSFTGLSTRLVMVGTLTSLQFALYGSIKGALGCP
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PAVELGAGGH*

>Hansenula_polymorpha_02_estExt_fgenesh1_pg2.C_70310
MSSDKIELYSSKYYIACATGGFLACAPTHSGVLPLDLVKCRLQVKPGLYKGNLDGIKSII
KTEGLRKVFTGIGPTFIGYGLQGSGKYGFYEVFKKKYSDFFGVSNAYVYMLASASAEFLA
DIALCPFESMKVKIQTTLPPNPVVGLYSNLYSGLVPLWFRQIPYTCVKFTSFEKIVELIY
ASFLTKPKEQYSKIQQTGVSFAGGYVAGIFCALVSHPADVMVSLINNESGKGESMLSAVG
RIYKRIGFSGLWNGLGARIVMIGTLTGFQWLIYDSFKVSVGLPTTGH*

>Mus musculus_ ENSMUSG00000061904
MFSSVAHLARANPFNAPHLQLVHDGLSGPRSPPAPPRRSRHLAAAAVEEQYSCEYGSGRF
FLLCGLGGIISCGTTHTALVPLDLIKCRMQVDPQKYKGIFNGFSITLKEDGVRGLAKGWA
PTLIGYSMQGLCKFGFYEVFKALYSNILGEENTYLWRTSLYLASSASAEFFADIALAPME
AAKVRIQTQPGYANTLREAVPKMYKEEGLNAFYKGVAPLWMRQIPYTMMKFACFERTVEA
LYKFVVPKPRSECTKAEQLVVTFVAGYIAGVFCAIVSHPADSVVSVLNKEKGSTASQVLQ
RLGFRGVWKGLFARIIMIGTLTALQWFIYDSVKVYFRLPRPPPPEMPESLKKKLGLTE*
>Saccharomyces_cerevisiae_MIR1_YJR077C
MSVSAAPAIPQYSVSDYMKFALAGAIGCGSTHSSMVPIDVVKTRIQLEPTVYNKGMVGSF
KQIIAGEGAGALLTGFGPTLLGYSIQGAFKFGGYEVFKKFFIDNLGYDTASRYKNSVYMG
SAAMAEFLADIALCPLEATRIRLVSQPQFANGLVGGFSRILKEEGIGSFYSGFTPILFKQ
IPYNIAKFLVFERASEFYYGFAGPKEKLSSTSTTLLNLLSGLTAGLAAAIVSQPADTLLS
KVNKTKKAPGQSTVGLLAQLAKQLGFFGSFAGLPTRLVMVGTLTSLQFGIYGSLKSTLGC
PPTIEIGGGGH*

>Saccharomyces_cerevisiae_PIC2_YER053C
MESNKQPRKIQLYTKEFYATCTLGGIIACGPTHSSITPLDLVKCRLQVNPKLYTSNLQGF
RKIIANEGWKKVYTGFGATFVGYSLQGAGKYGGYEYFKHLYSSWLSPGVTVYLMASATAE
FLADIMLCPFEAIKVKQQTTMPPFCNNVVDGWKKMYAESGGMKAFYKGIVPLWCRQIPYT
MCKFTSFEKIVQKIYSVLPKKKEEMNALQQISVSFVGGYLAGILCAAVSHPADVMVSKIN
SERKANESMSVASKRIYQKIGFTGLWNGLMVRIVMIGTLTSFQWLIYDSFKAYVGLPTTG

>Vitis_vinifera_02_GSVIVT01008630001
MAVTPLDLVKCNMQIDPTKYKSISSGFGVLLKEQGVKGFFRGWVPTLLGYSAQGACKYGF
YEFFKKYYSDIAGPEYATKYKILIYLAGSASAEIIADVALCPMEAVKVRVQTQPGFARGL
SDGLPKFVKSEGALGLYKGLVPLWGRQIPYTMMKFASFETIVEMLYKYAIPTPKEQCSKS
LQLGVSFAGGYVAGILCAIVSHPADNLVSFLNNAKGATVGDAVKNLGLWGLFTRGLPLRI
VMIGTLTGAQWGIYDTFKVFVGLPTTGGVTPAPAATVPAKV*
>Vitis_vinifera_04_GSVIVT01022311001
MRGVEERRECGELTPGPGYFWVCTIGGMLSAGTTHVAITPLDVLKVNMQVYPIKYNTISS
CFITLLREQGPSAFWRGWATKFFGYGVQGGFRFGLYEYFKKLYSDVLVDHNRSFIFFASS
ASAEVLANVALCPFEAVKVRVQAQPHFAKGLLDGFPKLYASEGLYGFYRGLVPLWGRNLP
FSMIMFSTFEHSVDFLYRNVIHRRKEDCSRVQQLGVTCLAGCAAGSVASLITNPADNIVA
SLYNRKADSLLLAVKKIGLMNLFTRSLPIRIILVGPVVTLQWLVYDTIKVLSGLPTSGEV
LTDKEVNKKV*

>Vitis_vinifera_03_GSVIVT01023867001
MMRVEGRAYQELSPSYYGICTVGGMLSAGTIHLAITPLDVLKVNMQVNPIKYNSITSGLN
TLWKEQGPSALWRGWSGKLFGYGVQGGCKFGLYEYFKRIYSDVLVDQNRSVIFFVSSASA
QVFADVALCPFEAVKVRVQTQPHFAKGLADGFPKLYATEGLSGFYKGLFPLWGRNLPFSM
TMFSTFEHSIDFIYDNIIQKKKEDCSVAQQLGVTCLAGYAAGAFGTLISNPADNIVSSLY
NKNAENVLQAAKNIGFANLFTRSLPLRITFVGPVVTLQWFFYDTIKVLSGFPTSGGPVRH
IEEADRSA*

>Vitis_vinifera_01_GSVIVT01033005001
MAVTPLDLVKCNMQIDPAKYKSISSGFGVLLKEQGVRGFFRGWVPTLLGYSAQGACKFGF
YEFFKKYYSDIAGPEYAAKYKTLIYLAGSASAEVIADVALCPMEAVKVRVQTQPGFARGL
SDGFPKFVKSEGALGLYKGIVPLWGRQIPYTMMKFASFETIVEMLYKYAIPTPKDQCSKT
LQLGVSFAGGYVAGVFCAIVSHPADNLVSFLNNAKGATVGDAVKNLGLWGLFTRGLPLRI
VMIGTLTGAQWGLYDAFKVFVGLPTTGGIAPAPPAPTTSELAKA*
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Tab. S2: Primers used in this study

Primer Sequence (5’-3’)
SV28 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGAATCTCCGAA
SV29 GGGGACCACTTTGTACAAGAAAGCTGGGTCGGCTTTGGCTTCAGTAGCTG
SV30 GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGGCTTTGGCTTCAGTAGCT
SV55 CTTTCCTCTAGTCTTTTGTCGAATG
SV56 AATATGTTACTGCGATGAAATGGAT
SV57 TTTGATATAAATACAGCGGGACCTA
SV60 ATGAAAATAACTTTGGTCAAACAGC
SV77 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGTCTGACTCAAGCAGATCG
SV78 GGGGACCACTTTGTACAAGAAAGCTGGGTCTGCACTTACAGATGGAGCAAG
SV79 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATGCACTTACAGATGGAGCAAG
SV80 | GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGACAAGAGTCAAGAGTAAACTAGAC
SV81 GGGGACCACTTTGTACAAGAAAGCTGGGTCCACTGATAATTTAGCTGCATCCA
Sv82 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACACTGATAATTTAGCTGCATCC
Sva7 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTTGTGTGCTGTTTGATTATGTT
SVv8s8 GGGGACCACTTTGTACAAGAAAGCTGGGTGAATGATCGATCCTCATTGACTG
SV156 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCTGTGTCTGCTGCTCCT
SV170 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATGACCACCACCACCAA
SV179 TCATTGGAGAGAAGATGGTGG
SV180 TTATAGCCAAATGGGTTGTTCC
P52 CCCATTTGGACGTGAATGTAGACAC
P67 TTCAATGTCCCTGCCATGTA
P68 TGAACAATCGATGGACCTGA
P78 CTGCAGCGAGGAGCCGTAAT
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Outlook

Biochemical studies to assess SIT1 substrate specificity
To confirm the transport capacity of SIT1 for sulfate, kinetic constants have to be measured to
determine the specificity of the carrier for sulfate. It is of interest to determine the transport mode of

SIT1, i.e. to test if the carrier facilitates uniport or symport with protons.

Site-directed mutagenesis of SIT1 and its impact on substrate specificity

Comparisons of protein sequences revealed that key residues responsible for PHT3-mediated
phosphate transport activity in mammals and yeast are not conserved in Arabidopsis SIT1, but in
PHT3;1 and PHT3;2 (Dolce et al., 1994; Phelps et al., 1996; Zhu et al., 2012). We proposed that
these amino acid changes cause the functional diversity of SIT1. We applied site-directed
mutagenesis of the SIT1 sequence, converting the key residues back to the situation in PHT3;1 and
PHT3;2. Three constructs were generated: (i) Valine was transformed to cysteine at position 44, (ii)
glutamine was converted to glutamic acid at position 126, (iii) a combination of (i) and (ii).
Heterologous complementation of AmirApic will be repeated involving the initial constructs used and
the mutated forms of SIT1. It will be examined, whether mutated SIT1 leads to full complementation
of the yeast mutant, as it was observed for PHT3;1 and PHT3;2 (Hamel et al., 2004).
Complementation will indicate if one amino acid change in SIT1 is responsible to shift the substrate

specificity from phosphate to sulfate.

On the physiological role of SIT1 in Arabidopsis

We aim to extend the physiological studies with sit7 mutants to understand the role of this putative
sulfate carrier in plant mitochondria. Preliminary phenotypic assays detected growth defects in sit?
Arabidopsis mutants. These experiments will be repeated to exclude possible artifacts caused by
growth conditions or inconsistent ages of seed stocks. The observations we made on growth arrests
in seedlings and adult plants in both lines will be verified in a larger scale. A sit1 line over-
expressing SIT1 under the control of a ubiquitin promoter was generated. Plants will be analyzed, if
growth arrests can be complemented. We expect that an overexpression of SIT1 in the sit?
background will rescue growth defects, which were observed in loss of function lines.

We proposed that SIT1 and dicarboxylate carriers (DIC) act in concert to mediate a constant
replenishment of tricarboxylic acid cycle (TCA) intermediates, which helps to maintain constant rates
of respiration. The TCA cycle produces reducing equivalents to generate energy through the
respiratory chain. Plants devoid of SIT1 might suffer of lower cellular energy levels, as DIC carriers
would then use phosphate supplied by PHT3;1 and PHT3;2 as counter-exchange substrate for the
import of dicarboxylic acids. In consequence, less phosphate would be available for ATP synthesis.
To examine our hypothesis, we will measure intracellular ATP levels in whole-cell extracts and in

isolated mitochondria.
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Investigation of seed defects
Seed development is a complex process comprising three phases: embryogenesis, seed filling, and
maturation. Seed filling is marked by massive synthesis of storage reserves, such as proteins,
starch, and oils, which are then deposited (Hajduch et al., 2010). An abortion of SIT1 led to seed
defects in sit7-1. Analyses of seed and embryo morphologies will be repeated with the second T-
DNA line sit1-2. A determination of fatty acid composition and oil content in mutant lines and
wildtype will be conducted to uncover putative impacts of a SIT1 loss on seed embryogenesis or
filling. We propose that sit1 mutants suffer of lower ATP levels, which might affect storage reserve
deposition. It is also possible that lower energy contents affect embryogenesis, leading to seeds
with an aberrant morphology.

In the same context starch levels of Arabidopsis mutant and wildtype seeds will be
determined. Starch is an indicator for seed filling, as seeds of in oilseed-storing plants, which exhibit

low oil levels, starch synthesis is also reduced (Focks and Benning, 1998; Vigeolas et al., 2004).

Studies on physiology and expression to examine a putative interplay of SIT1 and DIC

carriers

The proposed interplay of SIT1 and DIC will be tested by phenotypic investigations of sit7 mutants
and of dic mutants. We will generate a set of mutants, i.e a dic1/dic2 Arabidopsis mutant and a
dic1/dic2/sit1 triple mutant. These mutants will be compared to sit7 mutants in various experiments.
Germination, growth behavior and metabolite profiles will be investigated. Mass-spectrometry will
provide information on energy status and metabolites. In preliminary experiments sit7-2 mutants
exhibited high levels of soluble sugars. We will repeat these analyses, involving the second sit7 line,
the dic double mutant and triple mutant. A comparative analysis determining TCA cycle and
resulting respiration activity is planned. With a Clark electrode oxygen levels in a suspension
containing isolated Arabidopsis mitochondria of wildtype and all mutants will be measured. Oxidative
phosphorylation, which comprises TCA cycle and respiratory chain, requires oxygen to produce
ATP. When the TCA cycle is slowed down due to a lack of intermediates, we assume that the
respiration rate will decrease. A profile of TCA cycle intermediates could be determined by mass
spectrometry. To shed light on a putative connection between SIT1 and DIC, we will compare SIT1

and DIC transcripts in the mutants and wildtype by qRT-PCR.
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Abstract

Regulation of pH and establishment of proton gradients across membranes is crucial for plant
metabolism, solute transport, growth and development. In this study, we chose a non-invasive
method to analyse the tissue-specific pH of plant peroxisomes, using a pH-sensitive fluorescent
protein sensor. A modified version of pH-sensitive green fluorescent protein was expressed in the
cytosol and peroxisomes of stable transgenic Arabidopsis lines. With confocal laser scanning
microscopy we determined the cytosolic and peroxisomal pH in roots and non-green shoots,
measuring the ratio of fluorescence intensity at two different excitation wavelengths. Our analyses
revealed a proton gradient at the peroxisomal membrane, which varied for different plant tissues.
We observed an acidic pH in peroxisomes of etiolated shoot tissue, whereas the matrix of root
peroxisomes was alkaline. These findings point to a functional differentiation of peroxisomes in root
and in etiolated hypocotyl cells. Since Arabidopsis is a seed oil storing-plant, peroxisomes of
hypocotyls are mainly involved in fatty acid degradation via B-oxidation during storage oil
mobilization. To elucidate the cause for the peroxisomal acidification, we examined the pH of
hypocotyl peroxisomes in an Arabidopsis mutant deficient in (-oxidation due to impaired ATP
import. We hypothesized that either ATP import into peroxisomes is proton-compensated and thus
the peroxisomal lumen is acidified, or that B-oxidation and glyoxylate cycle, as they release acids,
influence the peroxisomal pH. Our analyses revealed that B-oxidation did not directly affect the
luminal pH of peroxisomes. Although (-oxidation and glyoxylate cycle was compromised in the

Arabidopsis mutant, the peroxisomal pH remained unchanged.

Introduction

Plant peroxisomes play a pivotal role in numerous metabolic processes, including lipid mobilization
via B-oxidation and glyoxylate cycle, photorespiration, phytohormone biosynthesis, pathogen
defense, and amino acid catabolism. They contain a prospective repertoire of enzymes, which
depends on the tissue-specific function (Hu et al., 2012). In cotyledons or hypocotyls of pre-
photoautotrophic seedlings and senescing tissues, peroxisomes mainly convert lipids to
carbohydrates via B-oxidation and glyoxylate cycle to drive seedling growth (Pracharoenwattana
and Smith, 2008). In leaves, the primary role of peroxisomes is photorespiration. In this pathway
glycolate is converted to glycine and serine to glycerate (Reumann and Weber, 2006). Both fatty
acid degradation and photorespiration are examples of a spatial and temporal coordination of
metabolism in various cellular compartments, as enzymatic reactions are distributed over
peroxisomes and other cell compartment, such as mitochondria, plastids and cytosol (Graham,
2008; Hu et al., 2012). This necessitates the transport of intermediates and cofactors across the
peroxisomal membrane, which is facilitated by specified carrier proteins. To date, only few
metabolite transport proteins have been characterized in plant peroxisomes (Linka and Esser,
2012).
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The pH of a particular cell compartment is important for optimal enzymatic functions and
solute transport. The proton (H") concentration determines ionization of acidic or basic amino acid
residues and influences protein solubility and structure and thus regulates protein functionality (Orij
et al., 2009; Gjetting et al., 2012). In addition, a proton ion gradient across the membrane is an
important driving force of proton-coupled metabolite transport (Rottensteiner and Theodoulou,
2006). A pH gradient is also required for metabolite trapping in organelles, such as vacuoles where
protonation determines the flux of solutes (Martinoia et al., 2007).

In this study we investigated the peroxisomal pH in different plant tissues to gain a more
comprehensive picture about transport processes and metabolism of plant peroxisomes. In the past,
the in vivo peroxisomal pH was studied in diverse eukaryotic organisms with different methods and
sensors. Pioneering studies took advantage of nuclear magnetic resonance (NMR) spectroscopy to
estimate the pH of apoplast and cytosol in higher plants (Roberts et al., 1980; Nicolay et al., 1987).
The pH of these compartments was examined by loading pH-sensitive indicator dyes, such as
BCECF (2',7'-bis-2-carboxyethyl)-5-(and-6)-carboxyfluorescein) (Scott and Allen, 1999) or Oregon
green (Fasano et al., 2001). Because organelles are often difficult to load or are inaccessible to
chemical dyes, genetically encoded biosensors, such as pH-sensitive GFP variants, were developed
to study the intraorganellar pH. Using this novel tool, the proton concentrations of apoplast, cytosol
and organelles were monitored in the model plant Arabidopsis thaliana (Miesenbock et al., 1998;
Moseyko and Feldman, 2001; Gao et al., 2004; Shen et al., 2013).

The pH of the peroxisomal matrix is still a matter of debate in mammals and yeast. In
animals and yeasts both an acidic pH, (Lasorsa et al., 2004; Nicolay et al., 1987; van der Klei et al.,
2006), as well as an alkaline pH (Dansen et al., 2000; van Roermund et al., 2004) were reported.
Another study concluded that the pH of human fibroblasts and chinese hamster ovary cells adapts
to the cytosolic pH and thus is near neutral (Jankowski et al., 2001). In plants, the pH of the
peroxisomal matrix and the existence of a proton gradient across the peroxisomal membrane have
been only transiently determined in Arabidopsis leaf protoplasts (Shen et al., 2013).

However, how peroxisomal pH is maintained or how a proton gradient across the peroxisomal
membrane is generated remains to be solved. Proton-dependent metabolite transport processes
could influence the H* concentration inside the peroxisomal lumen, as it was postulated for yeast
peroxisomes (Lasorsa et al., 2004; van Roermund et al., 2004). The peroxisomal ATP carrier from
Saccharomyces cerevisiae Ant1p co-transports protons into the peroxisomal lumen to compensate
the electrogenic exchange of ATP*) and AMP#) (Lasorsa et al., 2004). The peroxisomal import of
ATP is required for activation of fatty acids prior to enter p-oxidation. The co-transport of protons
with each molecule of ATP mediated by Ant1p causes an acidification of the organellar lumen,
especially under conditions when a high turnover of fatty acids occurs. This implies that peroxisomal

metabolism could have an impact on lumenal pH.
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In this study, we established stable transgenic Arabidopsis lines expressing a cytoplasmic or
peroxisomal-targeted pH-sensitive green fluorescent protein called pHGFP under the control of the
constitutive Arabidopsis promoter UBIQUITIN10 (Norris et al., 1993; Grefen et al., 2010). The
reporter protein has an adjusted codon usage and optimized solubility in Arabidopsis to minimize
non-specific effects caused by sensor concentration, distribution or illumination (Schulte et al.,
2006). Confocal laser scanning microscopy (CLSM) was used to investigate cytoplasmic and
peroxisomal pH in root cells as well as in hypocotyl cells of etiolated seedlings. Thus, our
experiments complement the study of Shen et al., 2013, which analyzed the peroxisomal pH in
leaves ftransiently. In contrast to an alkaline pH of root peroxisomes, we observed that the
peroxisomal matrix of hypocotyl cells was acidic. To address why peroxisomal lumen is acidified in a
tissue that is involved storage-oil mobilization, we tested if ATP import into peroxisomes is proton-
compensated, leading to an acidic matrix, as it is described for yeast peroxisomes (Lasorsa et al.,
2004). Alternatively, we analysed the role of B-oxidation and glyoxylate cycle, as these processes
release acids, which in turn could cause an acidification of the peroxisomal pH.

Our study contributes to gain a broader view on the peroxisomal pH of plants, which
significantly influences enzyme activities and solute transport processes and thus controls

peroxisomal metabolism.

Experimental procedures

Materials

Chemicals and reagents were obtained from Sigma-Aldrich (http://www.sigmaaldrich.com),
Promega (http://www.promega.com) and Bio-Rad (http://www.bio-rad.com/). Enzymes and
molecular reagents for recombinant DNA techniques were purchased from New England Biolabs
(http://www.neb.com), Thermo Fisher Scientific (http://www.thermoscientificbio.com/fermentas/), and
Qiagen (http://www.giagen.com). Plant growth media and plant agar were obtained from Duchefa

BV and Caisson Laboratories Inc.

Cloning procedures
Cloning was performed according to standard molecular techniques (Sambrook et al., 1989).
Sequences were verified by DNA sequencing (GATC Biotech, http://www.gatc-biotech.com).

To generate stable transgenic plants expressing a cytoplasmic pHGFP sensor, the plant
binary vector pUTKan-pHGFP was constructed. A 661 bp fragment from the UBQ70 promoter
(Norris et al., 1993) was amplified by standard PCR methods using the primer combination UBQ10-
Kpnl-Fwd (5-AAGGTACCCGACGAGTCAGTAATAAACGGCG-3’) and UBQ10-Kpnl-Rev (5'-
GATGGTACCCGCACTCGAGCTGTTAATCAG-3’). To obtain pUTKan the UBQ10 fragment was
subcloned into pJET1.2 (Thermo Fisher Scientific) followed by excision and insertion into the vector
backbone of pTKan (Krebs et al., 2012) via the introduced Kpnl sites. pUTKan was digested with
Pstl and a 741 bp fragment, encoding pHGFP, was obtained by cutting pHGFP-SP (Moseyko and
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Feldman, 2001) with BamH| and Sacl. The overhanging 5- and 3’-termini of the respective
fragments were blunted and finally ligated to obtain pUTKan-pHGFP.

A peroxisomal pHGFP variant was generated fusing the tripeptide SKL at the C terminus of
the sensor (Reumann, 2004). pHGFP was amplified from the cytoplasmic pUTKan-pHGFP clone
using the forward primer pHGFP-BamHI-Fwd (5'-
CACACGGATCCACCATGAGTAAAGGAGAAGAACTTTTCAC-3) and the reverse primer pHGFP-
SKL-Sall-Rev (5- CACACGTCGACTCAGAGTTTGGATTTGTATAGTTCATCCAT-3’). The PCR
product was subcloned into pGEM-T Easy (Promega). The excised product was then introduced into
the pUTKan binary vector via BamH| and Sall, resulting in pHGFP-SKL. All final constructs were
sequenced before transformed into Arabidopsis.

For protein expression and in vitro uptake assays, AtPNC1 (At3g05290) and AtPNC2
(At5g27520) sequences were downloaded from the Aramemnon database (http://aramemnon.uni-
koeln.de). The sequences without stop codon were amplified from Arabidopsis cDNA (AtPNCH1,
AtPNC2) and fused to a C-terminal HA tag (YPYDVPDYAYPYDVPDYA) by standard PCR
reactions. The HA-tagged products were subcloned into pJET1.2 (Thermo Fisher Scientific). For
cloning into pET16b the following forward primer T7-Fwd (5’- TAATACGACTCACTATAGGG-3’) was
used for all three constructs. For PNC1 the reverse primer PNC1-HA-BamHI-Rev (5'-
CACACGGATCCTTAAGCGTAATCCGGAACATCGTATGGGTAAGGACTTCTTAACTTACCCTTTG
TG-3') was used, for PNC2 the reverse primer PNC2-HA-BamHI-Rev  (5-
CACACGGATCCTTAAGCGTAATCCGGAACATCGTATGGGTATGGACTTTTCAATCTAGCCTTTG-
3’) was chosen. After excision from pJET, the PCR products were ligated into pET16b.

Plant material and growth conditions

Wildtype Arabidopsis thaliana (ecotype Columbia), pnc1 (SAIL_303H02) and pnc2 (SALK_014579)
were obtained from the European Arabidopsis Stock Centre (NASC) at the University of Nottingham
(http://arabidopsis.info). Homozygous lines were established in Linka et al., 2008. The pex14 T-DNA
line (SALK_007441) was originally obtained from ABRC at Ohio State University. The pnc1/2 double
mutant was generated crossing pnc1 and pnc2 T-DNA lines (Kopriva, 2006). Seeds were surface-
sterilized and stratified for 2 d at 4°C.

Arabidopsis wildtype plants were stably transformed with pHGFP and pHGFP-SKL using a
modified floral dip protocol (Bernhardt et al., 2012; Zhang et al., 2006). For both pH sensor
constructs, transgenic plants were selected on 50 ug ul” kanamycin. For pH measurements,
homozygous lines exhibiting similar expression levels and constant expression pattern of pHGFP
were chosen.

For pH analysis seedlings were grown on 0.5x MS in the presence of 1% (w/v) sucrose (pH
5.8), solidified with 0.45% (w/v) phyto agar for 5 d at 22°C, 70% humidity under constant illumination

(100 umol m? s, plates were covered with one layer of mesh). For other physiological studies the
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seedlings were grown for 5 d in short day conditions (16 h light/ 8 h dark cycles, 100 pmol m? s1,
22°C/18°C, 70% humidity).
Etiolated seedlings were grown in darkness for 5 d at 22°C covering the plates with

aluminum foil. A 12 h light pulse was given to induce germination.

Analysis of sucrose-dependent seedling establishment

Seedling establishment of pnc1, pnc2 and pnc1/2 was analyzed growing etiolated seedlings
vertically on 0.5x MS agar plates with or without 1% (w/v) external sucrose. After 5 days hypocotyl
length was measured and analyzed with Macbiophotonics ImagedJ

(www.macbiophotonics.ca/imagej).

Staining of oil droplets

The lipophilic dye Nile Red (Invitrogen, http://www.invitrogen.com/) was used to stain lipid bodies in
pnc mutants and wildtype hypocotyls as described in (Linka et al., 2008). After 5 d of growth staining
was performed for 5 minutes. Images were taken at a LSM510 Meta confocal laser scanning
microscope (Zeiss, http://www.zeiss.de/) at 488 nm excitation and 530-600 nm emission. Image

processing was performed with the LSM Image Browser 4.2 software (Zeiss) and MBF ImageJ.

2,4-DB Assay

To study the sensitivity to 2,4-D and 2,4-DB, seedlings were grown either in short days or in
darkness on 0.5x MS agar plates with or without (i) 0.8 yM 2,4-DB, (ii) 0.23 pyM 2,4-D, or (iii) 17 mM
ethanol (control). Stocks 2,4-D and 2,4-DB were prepared in 100% (v/v) ethanol.

Confocal laser scanning microscopy for pH studies and imaging processing

The pH in cytosol and peroxisomes was examined using a LSM 510 Meta ConfoCor3 Laser
Scanning Microscope (Zeiss) or a Leica TCS SP5Il Laser Scanning Confocal Microscope (Leica).
The Zeiss microscope was equipped with a C-Apochromat 63x/1.2 W Korr UV-VIS-IR objective
(correction 0.17). On the Leica microscope a HCX PL APO x 63 water immersion objective was
used.

The ratiometric GFP was sequentially excited at 405 nm and 488 nm. The emitted light was
detected at 500 nm to 520 nm. In addition a bright field image was taken. The detection pinhole size
was set to 3.59 Airy units in all experiments. To determine the maximum dynamic range of the pH
sensor, gain and offset settings were adjusted to the brightest signal at pH 6.0 and 9.0. Images with
more than 40% saturated fluorescence areas were omitted from analysis. Images were taken with
the AxioVision 4.8 (Zeiss) or LAS AF Lite (Leica) software. Images were processed with Mac
Biophotonics ImagedJ software (http://www.macbiophotonics.ca/downloads.htm). After background
subtraction by thresholding, integrated pixel densities were determined. The pixel intensity ratios
were calculated in Microsoft Excel 2010 (http://office.microsoft.com/de-de/excel/) dividing the values

of the 405-nm images by the values of the 488-nm images. The peroxisomal or cytosolic pH was
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calculated using the Origin 8.5 software (http://www.originlab.de/) and plotted in GraphPad Prism
5.04 (http://www.graphpad.com/prism/).

In situ calibration and intracellular pH measurements
To determine the pH of peroxisomes and cytosol, in situ calibration of pHGFP and pHGFP-SKL was
performed. The calibration buffers were composed of 50 mM ammonium acetate, and either (i) 50
mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.0), or (ii) 50 mM HEPES (pH 7.0 to 9.0). The
pH of the buffers was adjusted with 1 M 1,3 bis(tris(hydroxymethyl)methylamino)propane (BTP). 5-d
old seedlings were incubated in calibration buffers for 30 minutes at room temperature. Imaging for
calibration was performed in the presence of the calibration buffers. The means of all 405/488 nm
fluorescence intensity ratios (Ra4os488) per pH step were calculated and plotted against the pH value
of the buffer. The calibration curves obtained were fitted in GraphPad Prism 5.04 with a Boltzmann
fit, which generates a sigmoidal curve. Calibrations were repeated at least three times with = 15
seedlings per pH step.

For pH measurements seedlings were kept in 0.5x MS liquid medium supplemented with
1% (w/v) sucrose (pH 5.8). At least 15 images were taken and each experiment was repeated three

times.

Protein expression in an E.coli-based cell-free system

As template for protein expression plasmid DNA was used, which was isolated with a PureYield™
Plasmid Miniprep System kit (Promega). Proteins were expressed recombinantly using the
PURExpress® In Vitro Protein Synthesis Kit (New England Biolabs). The standard protocol was
modified by adding 1% (w/v) L-a-phosphatidylcholine liposomes and 0.04% (w/v) Brij-35 to the

protein synthesis reaction (Nozawa et al., 2007).

Protein biochemistry

Protein analysis via SDS-PAGE and immunoblot analysis was performed according to standard
protocols (Sambrook et al., 1989). For immunodetection, a monoclonal a-HA/Peroxidase (HPR)-
conjugated rat IgG1 antibody was used (Roche, http://www.roche.de). Protein concentrations were

determined in a bichinonic acid assay (Thermo Fisher Scientific).

Protein reconstitution and liposome transport assays

For uptake studies proteins were reconstituted into L-a-phosphatidylcholine liposomes, which were
either preloaded with 30 mM ATP or without pre-loading (negative control) by freeze-thaw procedure
(Kasahara and Hinkle, 1976). Transport assays were started by adding 200 uM radiolabelled [a-
¥PIATP (Hartmann Analytic, http://www.hartmann-analytic.de/). Assays were terminated by passing
proteoliposomes over Dowex AG1-X8 anion-exchange columns, binding the non-incorporated ATP.
The incorporated radiolabeled ATP was analyzed by liquid scintillation counting. Data fitting was

performed in GraphPad Prism 5.0 software (GraphPad, http://www.graphpad.com).
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Results

Expression of a pH-sensitive GFP in Arabidopsis peroxisomes

We determined the lumenal pH of peroxisomes (pHye) in Arabidopsis, stably expressing a
ratiometric pH-sensitive GFP sensor in this cell compartment (Moseyko and Feldman, 2001). The
ectopic expression of the sensor was driven by the Arabidopsis UBIQUITIN10 (UBQ10) promoter
(Norris et al., 1993). This promoter confers a medium strength but uniform gene expression
throughout all developmental stages and in all plant tissues (Geldner et al., 2009; Grefen et al.,
2010; Krebs et al., 2012). To target the pH-sensitive GFP to peroxisomes, a Type 1 Peroxisomal
Targeting Signal (PTS1) consisting of three amino acids (serine (S)-lysine (K)-leucine (L)), was
fused at the C-terminus of the fluorescent protein (Gould et al., 1989). The fusion protein is referred
to as pHGFP-SKL. Such a SKL-fusion is common method in plants used to directly target
heterologous proteins, such as fluorescence sensors, to peroxisomes (Mano et al., 2002).
Additionally, we established a pH sensor without any targeting signal (pHGFP), which was
expressed in the cytosol of Arabidopsis. We determined the cytosolic pH to validate the method we
applied to determine the in vivo pH of peroxisomes. Thus, the cytosolic pH served as reference for
the peroxisomal pH we determined, because the cytosolic pH of stably transformed Arabidopsis
lines was measured earlier (Moseyko and Feldman, 2001). Both pHGFP and pHGFP-SKL were
transformed to Arabidopsis. Plants homozygous for the sensor constructs were selected on
kanamycin. We obtained four independent peroxisomal lines (pHGFP-SKL1-4) and three
independent cytosolic lines (pPHGFP1-3).

As standard growth conditions for our assays we cultivated sterile-grown seedlings for five
days on half-strength MS agar plates supplied with sucrose. At this stage, cotyledons were fully
expanded and the seedlings were photosynthetically active. In this study two different tissue types,
roots and etiolated shoots were examined. Roots were grown exposed to light to maximize root
biomass. Establishment of the photosynthetic apparatus of the plant is promoted in light.
Photosynthesis-derived sucrose is transported from cotyledons to sink organs, such as roots, which
leads to rapid root elongation (Nagel et al., 2006). To gain hypocotyl material, the seedlings were
grown in complete darkness, which induces hypocotyl elongation. In the absence of light, root
growth is repressed and skotomorphogenesis is stimulated (Gendreau et al., 1997).

To confirm the ectopic expression of the cytosolic and peroxisomal pHGFP reporter,
transgenic Arabidopsis lines were subjected to confocal microscopy. The fluorescence pattern of
pHGFP and pHGFP-SKL was analyzed in peroxisomes and cytosol of both tissues (Fig. 1). The pH-
sensitive GFP was sequentially excited at 405 nm and 488 nm. Fluorescence emission was
detected at 500 to 520 nm. The peroxisomal pH sensor pHGFP-SKL showed a punctate pattern,
characteristic of the shape and size of peroxisomes (Mano et al., 2002), whereas pHGFP was
localized diffusely to the edges and boundaries of the cells, which is characteristic of a cytoplasmic

localization (Moseyko and Feldman, 2001) (Fig. 1).
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405 nm 488 nm Brightfield

Roots

Hypocotyl

Fig. 1: Ectopic expression of pHGFP and pHGFP-SKL in Arabidopsis.
The fluorescence of root and hypocotyl cells expressing pHGFP-SKL (A-C, G-1) and pHGFP (D-F, J-L)was recorded by
confocal microscopy. The pH sensitive GFP was excited with 405 nm (A, D, G, J) and 488 nm (B, E, H, K). A bright field
image (C, F, I, L) was taken to verify the intactness of the imaged shoot tissue. Bars = 20 ym.

Our results showed that pHGFP and pHGFP-SKL were targeted to the expected cell
compartments. The fluorescence signal was uniform and of satisfying intensity for ratiometric pH

imaging.

In situ calibration to calculate the intracellular pH of cytosol and peroxisomes
For accurate pH measurements, in situ calibration was performed with the peroxisomal pHGFP-SKL
and the cytosolic control pHGFP in roots and etiolated hypocotyls (Overly et al., 1995). For root pH
measurements, Arabidopsis seedlings were grown in light, whereas for hypocotyl pH measurements
seedlings were grown in complete darkness. These conditions were chosen to yield a maximum of
plant material for the respective experiments.

The pH-sensitive GFP was excited at 405 nm and 488 nm; emission was detected at 500 to
520 nm for calibration. Pixel densities were measured and noise levels were reduced. Ratio values

(Raos488) of pHGFP and its peroxisomal variant were calculated. Ratios were plotted against the
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calibration buffer pH. Calibration buffers contained ammonium acetate, because weak acids and
bases, such as ammonium acetate, increase plasma membrane permeability and lead to an
equilibration of internal and external pH to those of calibration buffers. Ammonium acetate
uncouples the pH gradient across a membrane (Kell et al., 1981; Moseyko and Feldman, 2001;
Pollard et al., 1979).
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Fig. 2: In situ calibration curves to determine cytosolic and peroxisomal pH in roots and hypocotyl in Arabidopsis
seedlings.

To determine pHper and pHey, calibration curves were recorded in roots (A, C) and shoots (B, D) of Arabidopsis seedlings
treated with ammonium acetate containing pH buffers. Panels A and B depict the calibrations for pHGFP, panels C, D for
pHGFP-SKL. Data points are given as means + SEM. N = 15 per pH step.

In Figure 2 calibration curves for both pH.,: (upper panel) and pHe: (lower panel) in roots (A,
C) and hypocotyls (B, D) are depicted. The sensors responded over the pH range from 6.0 to 9.0
with a reversible Ry4ps488, Which was progressively quenched at low pH. A clear midpoint was
detectable in all graphs, which followed a sigmoidal curve shape (Fig. 2). This is characteristic of
systems with a chemical equilibrium. A second calibration method was used to validate loading of
peroxisomes with pH buffer. The alternative technique using the ionophore nigericin instead of
ammonium acetate led to comparative calibration results (Fig. S2). In following studies calibration

was performed with ammonium acetate. We favored ammonium acetate over nigericin, because it is
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not toxic to the cell and does not lead high levels of background fluorescence (Moseyko and
Feldman, 2001).

The data demonstrated that calibration could be performed for both sensors as expected.
The sensors reacted dynamically over the chosen pH range. Calibration could be successfully

performed to determine the peroxisomal pH in hypocotyls and roots precisely.

Influence of light on cytosolic pH

We analyzed the impact of light on root pH, because light-induced pH changes are a common
mechanism in plants (Guern et al., 1991; Bethmann et al., 1998). As roots are not exposed to light
under natural conditions, we analyzed if the artificial growth conditions chosen to maximize root
biomass impacted root pH. First, the cytosolic pH in root cells of 5-day-old seedlings grown in the

presence of sucrose in continuous light was analyzed (Fig. 3, open bar).
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Fig. 3: Comparison of cytosolic pH in Arabidopsis roots grown under continuous light or in complete darkness.
Cytosolic pH was measured in 5-d old roots grown in continuous light (open bar) or complete darkness (grey bar). The pH
was calculated from one representative line for pHGFP and pHGFP-SKL. Values are given as mean pH values. Error bars
represent SEMs. ns, P = 0.7445.
Measurements of pH were steadily performed in situ, keeping seedlings in liquid MS medium.
Sequential images of thirty seedlings per experiment were taken. The analysis of three independent
pHGFP1-3 lines revealed a mean pHcy: of 7.3 + 0.03 (Tab. S2, Fig. 3). This pH value resembled the
results obtained for the root cytosolic pH in Arabidopsis earlier (Moseyko and Feldman, 2001). To
mimic natural growth conditions, we grew roots for five days in the presence of sucrose under
constant darkness. Root biomass was significantly reduced, compared to light-grown seedlings. We
determined the pHc,: of root cells and as 7.3 + 0.03 (Fig. 3, filled bar). This value did not diverge
from the root pH.y: of plants grown in constant illumination (Fig. 3).

In conclusion, our experiments demonstrated that light did not influence the root cytosolic
pH. In both light-grown and dark-grown roots of 5-d old seedlings the average pHc, was 7.3.
Because light did not alter pH, roots were always grown on MS medium with sucrose under
illumination and hypocotyls in darkness. Since our measurements of the cytosolic root pH were in
line with previous studies, Arabidopsis lines expressing the cytosolic pHGFP reporter were used as

reference for peroxisomal pH measurements.
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Measurements of the peroxisomal pH in different tissues

Since peroxisomes have tissue-specific functions (Pracharoenwattana and Smith, 2008), we
investigated whether the peroxisomal pH was altered in different plant tissues. Therefore, we
measured the peroxisomal pH in roots and hypocotyls of 5-day-old seedlings grown on MS medium
in the presence of sucrose. Root peroxisomes of pHGFP-SKL lines grown in constant light exhibited
an alkaline pH (Fig. 4, Tab. S2).
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Fig. 4: Investigation of the peroxisomal pH in Arabidopsis roots.
Cytosolic pH (light grey) was calculated from three independent control lines expressing pHGFP. Peroxisomal pH (dark
grey) was calculated from four independent lines expressing pHGFP-SKL. For pH analysis plants were grown on %2 MS
supplemented with sucrose for 5 d in continuous light. Values are given as mean pH values. Error bars represent SEMs.
***P < 0.0001.
The average peroxisomal pH of 8.2 + 0.04 was significantly higher than that of the cytosol
(pH = 7.3 £ 0.03). This result was consistent with the alkaline pH determined transiently in leaf
peroxisomes (Shen et al.,, 2013). Interestingly, we detected that hypocotyl cells of pHGFP-SKL
seedlings cultivated in complete darkness exhibited an average peroxisomal pH of 6.3 + 0.03,

whereas the cytosolic pH in hypocotyls was unaltered (pH = 7.3 + 0.03, Tab. S2, Fig. 5).
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Fig. 5: The peroxisomal pH in Arabidopsis hypocotyls is acidic.

Cytosolic pH (light grey) was calculated from three independent control lines expressing pHGFP. Peroxisomal pH (dark
grey) was calculated from four independent lines expressing pHGFP-SKL. For pH analysis plants were grown on 2 MS
supplemented with sucrose for 5 d in constant darkness. Values are given as mean pH values. Error bars represent
SEMs. ***P < 0.0001.
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Our analysis indicated that the peroxisomal pH drastically varied in different plant tissues. In
contrast to peroxisomes from roots and leaves, the peroxisomal matrix was acidic in peroxisomes

involved in storage-oil mobilization.

Sucrose does not alter the peroxisomal pH

Seedlings were grown in the presence of sucrose in continuous darkness to promote
skotomorphogenesis. Sucrose is known to function as an important signaling molecule that
regulates genes involved in photosynthesis, metabolic and developmental processes (Sheen et al.,
1999; Rook et al., 2001).
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Fig. 6: Comparison of pH in Arabidopsis hypocotyls grown in the absence or presence of sucrose.

Cytosolic and peroxisomal pH values were determined in 5-d old seedlings grown in complete darkness in the absence
(white bars), or presence of 1% (w/v) sucrose (grey bars). The pH was calculated from one representative line for pHGFP
(A) and pHGFP-SKL (B). Values are given as mean pH values. Error bars represent SEMs. Cytosolic pH, P = 0.7681, ns;
peroxisomal pH, P = 0.1069, ns

To exclude that an external supply of sucrose affects the pH of peroxisomes, we tested if the
peroxisomal pH of pHGFP-SKL hypocotyls was altered in the absence of sucrose. Without sucrose
5-day-old pHGFP-SKL1 seedlings were less developed when compared to seedlings of the same
age grown on sucrose-containing medium. However, the peroxisomal pH did not differ significantly
between pHGFP-SKL1 plants grown in the presence (grey bars) or absence of sucrose (white bars)
(Fig. 6). The peroxisomal pH was 6.4+0.07 in plants grown without sucrose or 6.3+0.03 in plants
grown on sucrose-containing medium. Cytosolic pH of hypocotyl cells was determined in both
experimental conditions as control. In the absence of sucrose the cytosolic pH was 7.3+0.05, plants
grown on plates with sucrose exhibited a pH of 7.3+0.03 (Fig. 6). Hence, exogenous sucrose had no

effect on peroxisomal pH in etiolated Arabidopsis seedlings.

ATP import into plant peroxisomes is not proton-coupled
Previous work in S. cerevisiae indicated that the peroxisomal ATP transporter Ant1p is involved in
the formation of a proton gradient across the peroxisomal membrane. In vitro uptake studies with

recombinant protein demonstrated that the yeast carrier imports ATP together with protons in
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exchange for AMP. This leads to an acidification of the peroxisomal lumen (Lasorsa et al., 2004).
Hence, we investigated whether the Arabidopsis adenine nucleotide transport proteins 1 and 2
(PNC1 and PNC2, (Linka et al., 2008) catalyze a proton-coupled ATP import in vitro.

We expressed PNC1 and PNC2 fused to an HA-affinity tag using a cell-free E.coli-based
expression system (Fig. 7). Even in cell-free systems the expression of membrane proteins often
leads to the formation of protein aggregates, which are unfavorable as aggregated proteins are
often misfolded (Nozawa et al., 2007). The standard protocol for E. coli cell-free expression was
modified, including a detergent (Brij-35) and liposomes, which enable native protein folding during
translation (Nozawa et al., 2007). To test how these additives influence protein expression and
activity, translation reactions were prepared without additives (Fig. 7, 1), with Brij-35 (Fig. 7, 2), or
with liposomes and Brij-35 (Fig. 7, 3).

The presence of PNC1-HA and PNC2-HA proteins was confirmed by immunoblotting with an
anti-HA antibody. The calculated molecular masses of the HA-tagged proteins were 36.6 kDa for
PNC1 and 36.2 kDa for PNC2. The empty vector pET16b was expressed as negative control. In
contrast to the Coomassie-stained SDS gels (Fig. 7, upper panel) where no distinct protein bands
corresponding to PNC1 and PNC2 were observable, the immunoblot revealed specific signals for
PNC1-HA and PNC2-HA, A, but not for the control pET16b (Fig. 7, lower panel). Protein signals
corresponded to the molecular masses expected for the three carriers. Bands below 35 kDa in
PNC1 samples were most likely caused by protein degradation. On protein expression level, no
differences were observed between the three expression conditions. Protein translation of PNCs

was neither inhibited, nor enhanced by Brij-35 and liposomes.
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Fig. 7: Detection of PNC1-HA and PNC2-HA proteins expressed in vitro.

SDS-PAGE (upper part) and immunoblot detection (lower part) of pET16b (empty vector), PNC1-HA and PNC2-HA
expressed in an E.coli cell-free system. Expression was performed without additives (1), in the presence of Brij-35 (2), and
with Brij-35 and liposomes (3). The expected molecular mass of the carriers is 35 kDa.
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To test the co-translational association of cell-free expressed proteins with liposomes, we
performed floating experiments (Nozawa et al., 2007) (Fig. 8). Cell-free expression batches
containing synthesized PNC2-HA proteins translated in the presence or absence of liposomes were
loaded on a discontinuous sucrose density gradient. Ultracentrifugation was applied to fractionate
cell-free expression components, non-integrated PNC2-HA protein and proteoliposomes. Eight
fractions were collected from top to bottom of the gradient and were assayed for PNC2-HA protein
abundance (Fig. 8).

Due to a higher density of PNC2-HA protein incorporated into liposomes, we expected that
the majority of PNC2-HA protein signal would be detected in lower gradient fractions when
liposomes are present. Without liposomes, we expected PNC2-HA to be present in all gradient
fractions with a tendency towards top fractions. When PNC2-HA was translated in the absence of
liposomes, most protein was found in fractions 1 and 2 with decreasing abundance in lower
fractions. Almost no signal was detected in the bottom fraction (Fig. 8, A). In contrast, most PNC2-
HA protein when translated in the presence of liposomes led to a shift towards lower gradient

fractions. The maximum protein amount was found in fraction 5 (Fig. 8, B).
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Fig. 8: PNC2-HA protein is integrated into liposomes during translation.

PNC2-HA was expressed cell-free in the presence of Brij-35 (0.04%, w/v). Expression was performed in the presence (A)
or absence (B) of liposomes (1%, w/v). Proteins were separated on a discontinuous sucrose gradient. From top to bottom
of the gradient eight fractions (1-8) were isolated. Presence of PNC2-HA protein was verified by immunoblotting using an
anti HA-antibody. The expected molecular mass of PNC2 is 35.2 kDa.
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This experiment indicated that PNC2-HA was successfully integrated into liposomes during
translation, as the protein signal migrated to lower fractions when liposomes were present in the
translation batch.

To analyze if the addition of Brij-35 and liposomes impacts the activity of recombinant PNC2-
HA, proteins were reconstituted in liposomes for in vitro uptake experiments (Kasahara and Hinkle,
1976). Proteoliposomes were pre-loaded with 10 mM ATP and 200 uM radiolabelled [a32-P]ATP was
offered externally. Uptake rates of the ATP homoexchange mediated by PNC2-HA were measured
over time comparing different expression conditions. As negative control PNC2 proteoliposomes
reconstituted without pre-loading were produced. When PNC proteoliposomes did not contain a
counterexchange substrate, an import of radiolabelled ATP was not possible, because PNC carriers
act as strict antiporters (Linka et al., 2008) (Fig. 9). The ATP homoexchange capacity of PNC2-HA
translated in the absence of additives led to inactive protein. Negligible uptake rates were observed
for PNC2-HA and the negative control (Fig. 9, A). PNC2-HA was also not active when expressed in
the presence of Brij-35 only. A marginal internal ATP concentration of 3 nmol ATP mg protein™ was
measured in both the PNC2-HA sample and the negative control after 64 minutes (Fig. 9, B). Only
when both liposomes and Brij-35 were added, PNC2-HA transport activity was stimulated. The
homoexchange of ATP followed a first order kinetics and maximum uptake of 223 nmol ATP mg
protein™ (Fig. 9, C).
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Fig. 9: PNC2-HA exhibited ATP counterexchange activity if expressed in the presence of liposomes and a
detergent.

To test the efficiency of different expression conditions, PNC2-HA was expressed without additives (A), in the presence of
Brij-35 (0.04%, wi/v) (B), or in the presence of Brij-35 and liposomes (1%, w/v) (C). Time-dependent ATP uptake assays
(200 uM) were performed to test the activity of PNC2-HA, reconstituted in liposomes preloaded with 10 mM ATP.

After establishing optimal expression and uptake conditions, all E.coli cell-free translation
processes were performed in the presence of lipid vesicles and Brij-35 as a detergent, ensuring
solubility of the synthesized protein and its direct functional integration into liposomes. Adding
detergents and lipid vesicles stimulated protein activity.

To validate if PNC1 was also functionally expressed, protein was expressed in the presence of
liposomes and Brij-35 and then reconstituted into liposomes pre-loaded with ATP. Time-dependent
uptake experiments with [a*’-P]JATP confirmed the activity of PNC1 (Fig. 10, A) and PNC2 (Fig. 10,
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B). The carriers facilitated an active ATP counter-exchange (Fig. 10, filled symbols). PNC1 reached
a maximum internal concentration of 35 nmol ATP mg protein™, PNC2 accumulated 200 nmol ATP
mg protein™. Only marginal ATP exchange was observed in control samples without pre-loading
(Fig. 10, open symbols).
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Fig. 10: Time-dependent uptake studies of recombinant PNC1 and PNC2 protein reconstituted in liposomes.

PNC1 and PNC2 proteins were expressed in an E.coli-based in vitro system under modified conditions. Recombinant
protein was reconstituted in liposomes pre-loaded with internal 10 mM ATP or no substrate (negative control). The uptake
of radiolabelled ATP (200 uM 32P-ATP) mediated by PNC1 (A) and PNC2 (B) was followed over time.

Since we established the expression of functional proteins, we assessed whether PNC1 and
PNC2 catalyze a proton-compensated ATP import. Therefore, we performed in vitro ATP uptake
experiments into AMP preloaded liposomes in the presence of varying internal and external pH to
promote a proton-coupled driving force at the liposomal membrane. Proteoliposomes were prepared
with (i) an outwards-directed proton gradient (pH 6.0i/pH 7.00y4), (ii) no pH gradient (pH 7.0;,/pH
7.00ut), Or (iii) an inwards-directed gradient (pH 8.0;,/pH 7.004) (Fig. 11, top to bottom).
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Fig. 11: A proton gradient across the liposomal bilayer does not stimulate the time-dependent uptake of ATP
mediated by PNC1 and PNC2.

Recombinant PNC1 (dark grey) and PNC2 (grey) proteins were expressed and reconstituted in liposomes pre-loaded with
10 mM AMP. The initial velocities of the uptake of 200 uM radiolabelled ATP into liposomes with an outwards directed
proton gradient (pH 6.0 inside, pH 7.0 outside), no proton gradient (pH 7.0 inside, pH 7.0 outside, used as reference for
calculation), or an inwards directed proton gradient (pH 8.0 inside, pH 7.0 outside) was followed over time. Data is
presented as initial velocity of the ATP/AMP exchange of three technical replicates, ns = P >0.05.
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Relative initial velocities of time-dependent uptake of 200 uM [32P]-ATP into liposomes in the
presence of 10 mM AMP were calculated relative to the ATP/AMP exchange at equal pH. The
experiment revealed that a proton gradient did not stimulate the uptake of ATP into PNC1 and
PNC2 proteoliposomes significantly (Fig. 11). As a pH gradient did not influence uptake mediated by
the carriers, we concluded that in Arabidopsis hypocotyls the exchange of adenine nucleotides
mediated by PNC1 and PNC2 was not proton-compensated. Thus, PNC carriers seemed not to be

directly responsible for an acidification of the peroxisomal lumen.

The pnc1/2 double mutant is strongly compromised in B-oxidation

To study if a high flux of fatty acids through B-oxidation and glyoxylate cycle leads to an acidification
of the peroxisomal lumen in hypocotyls, we generated an Arabidopsis mutant defective in both PNC
proteins. Previous studies described an ethanol-inducible RNA interference line deficient in PNC1
and PNC2 proteins, which leads to an inhibition of fatty acid breakdown, downstream pathways,
such as the glyoxylate cycle and other [B-oxidation reactions (Linka et al., 2008). It was
demonstrated that ATP import mediated by PNC1 and PNC2 is essential for B-oxidation activity
(Arai et al., 2008; Linka et al., 2008). In this study we established a double mutant (pnc1/2) by
crossing homozygous T-DNA lines for PNC1 (SAIL_303H02, pnc1) and PNC2 (SALK 014579,
pnc2) (Linka et al., 2008). RT-PCR analysis verified the absence of full-length PNC transcripts in
single mutants (Fig. 12). Double mutants were generated and selected for homozygosity on MS

medium supplemented with sucrose, kanamycin and glufosinate.
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Fig. 12: Full-length transcripts are absent in pnc7 and pnc2 mutants.

To determine the expression of PNC1, PNC2 and ACT7 in mutant lines RT-PCR on cDNA was achieved. Two primer
combinations were used. One primer pair was designed to yield a full-length transcript from 5-UTR to 3’-UTR (PNC1:
1023 bp, PNC2: 1050 bp), the other primer combination amplified a product from 5’-UTR up to the T-DNA insertion site to
yield putative truncated transcripts (PNC1: 613 bp, PNC2: 365 bp). As control (C) PCRs were additionally performed with
wild-type genomic DNA (PNC1: 1486 bp, PNC2: 1581 bp). To verify the integrity of cDONAs PCRs were done amplifying the
actin gene ACT7 (cDNA: 734 bp, gDNA: 918 bp).
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In this study we avoided the use of ethanol-inducible RNA interference lines repressing
PNC1 and PNC2, as this system is less convenient to use than stable lines. In inducible approaches
the reproducibility of gene repression may vary. In addition ethanol was shown to cause non-specific
physiological affects and stress symptoms in plants (Roslan et al., 2001).

We expected the mutations in pnc1/2 to cause severe phenotypic effects due to a
constitutive disruption of peroxisomal ATP import. In multiple assays, including (i) sucrose-
dependency, (ii) growth response to 2,4-DB, and (iii) Nile Red staining of oil bodies, the 3-oxidation
capacity of pnc1/2 was tested.

Typical B-oxidation mutants fail to establish in the absence of exogenous sucrose, as they
cannot derive energy from the degradation of storage reserves to fuel seedling growth (Graham,
2008; Quettier and Eastmond, 2009). Thus pnc1, pnc2, pnc1/2 mutants, the respective wildtype and
a positive control, the peroxisomal import mutant in PEROXIN14 (pex74) (Orth et al., 2007) were
grown on MS agar plates in the absence or presence of sucrose. Seedling growth and hypocotyl

lengths of etiolated seedlings were compared (Fig. 13).

Col-0 pnct pnc2

Fig. 13: In the absence of sucrose pnc1/2 seedlings cannot establish.

To assess if pnc1/2 mutants are able to establish in the absence of sucrose, seedling growth was observed (upper box, A
and B) and hypocotyl lengths were monitored (lower box, C) for seedlings grown on medium with (+) or without sucrose (-
). A, B: The single mutants, the double mutant and the wildtype were grown for 5 days in the presence (+Suc) or absence
of sucrose (1%) (-Suc) in short-day conditions. C: To monitor hypocotyl growth pnc1/2, a positive control pex714 and the
wildtype were grown with (+) or without (-) sucrose in constant darkness for five days. Scale bars = 1 cm.

Experiments showed that in the absence of sucrose pnc? and pnc2 seedlings developed

wild-type-like. The pnc1 and pnc2 single mutants and wildtype did not depend on external sugar.
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After five days of growth cotyledons were green and the primary roots were developed in wildtype
and both single lines. On medium without sucrose the double mutant germinated, but failed to
establish. Cotyledons and the primary root did not emerge (Fig. 13, B). An application of exogenous
sucrose alleviated the block in B-oxidation and almost completely rescued the strong retardations of
pnc1/2 plants; seedlings grew as well as the wildtype (Fig. 13, A). Because a strong phenotype was
observed for pnc1/2 seedlings grown in continuous light, we cultivated the seedlings in continuous
darkness to provoke skotomorphogenesis. Germinated on sucrose-less medium, the double mutant
did not develop a primary root. The same observation was made for the positive control, the pex74.
Supplied with sucrose pnc1/2 and pex14 seedlings grew like the wildtype and hypocotyl lengths did
not differ to plants grown with sucrose (Fig. 13, C).

As a second assay to display defects in fatty acid degradation, growth responses to 2,4-DB,
a synthetic auxin analog, were monitored (Estelle and Somerville, 1987). While in wildtype plants
2,4-DB is converted to the herbicide 2,4-D via peroxisomal p-oxidation, mutants in peroxisomal fatty
acid degradation do not efficiently convert 2,4-DB to the toxic 2,4-D. In consequence, root growth
and hypocotyl lengths are reduced in the wildtype, but not in B-oxidation mutants, which
consequently do not display severe growth defects as they are resistant to 2,4-DB (Hayashi et al.,
1998; Zolman et al., 2000). For this assay, pnc1/2 double mutants and wildtype were grown in the
presence of 2,4-DB (Fig. 14, grey bars), 2,4-D (Fig. 14, light grey bars), or ethanol as control (Fig.
14, dark grey bars). Our analysis revealed that in contrast to wildtype pnc1/2 mutants were resistant
to 2,4-DB (Fig. 14). Primary root growth and hypocotyl lengths were not diminished in pnc1/2 in
comparison to control conditions. Wildtype plants exhibited shorter primary roots and hypocotyls
upon 2,4-DB treatment. 2,4-D treatment led to drastically decreased primary root growth and
hypocotyl lengths in both pnc1/2 and wildtype. Here, wildtype plants exhibited a hypocotyl growth
reduction of 50%, hypocotyls of pnc1/2 were reduced 60-70% compared to the negative control
(EtOH) (Fig. 14).
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Fig. 14: Sensitivity of pnc1/2 to 2,4-dichlorophenoxybutyric acid (2,4-DB) is decreased.

The effect of 2,4-DB (0.8 uM) and 2,4-D (0.23 uM) on hypocotyl (left) and root length (right) in five-day old pnc1/2 (C, D)
and the wildtype (A, B) was analyzed. As negative control, plants were grown in the presence of 0.001% EtOH. Graphs
show Means + SEMs (N= 50), n.d. = not detectable. ***P < 0.0001; **P = 0.001-0.01; ns (not significant), P > 0.05. Scale
bars =1 cm.

Mutants compromised in the degradation of fatty acids retain oil bodies in their hypocotyls
(Linka et al., 2008; Dietrich et al., 2009). The vital stain Nile Red was used for the intracellular
detection of lipid droplets in 5-day old seedlings (Greenspan et al., 1985). Plants of the double
mutant pnc1/2, the single lines pnc1, pnc2, and seedlings of the peroxisomal ABC transporter pxa1-

1 (positive control) were stained the lipophilic dye Nile Red (Fig. 15).

Fig. 15: Nile red staining reveals that lipid bodies are retained in pnc1/2 hypocotyls.
5-day old pnc1/2 and Col-0 etiolated seedlings were stained with the lipophilic dye Nile Red. The presence of oil bodies in
the hypocotyl was examined using a laser-scanning microscope. Scale bars = 20 uM.
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In hypocotyls of pnc1, pnc2 and pnc1/2 a significantly larger number of oil bodies were
retained when compared to wildtype. In pxa7-1 a comparably high number of oil bodies existed,
which seemed to be slightly larger than in pnc lines and wildtype (Zolman et al., 2001; Bernhardt et
al., 2012) (Fig. 15).

The experiments indicated that the absence of both peroxisomal ATP importers caused
defects in seedling establishment in the absence of exogenous sucrose. Another evidence that fatty
acid oxidation was strongly defective in pnc1/2 was that 2,4-DB was not metabolized to 2,4-D. The
lipid droplets retained in pnc1/2 seedlings also implied that the rate of lipolysis was diminished due
to a block in B-oxidation. Taken together, we concluded that f-oxidation was severely impaired in

pnc1/2 plants.

The pH in the peroxisome lumen of hypocotyls is not altered when B-oxidation is impaired

To understand if the acidic pHper Observed in etiolated seedlings was a consequence of high levels
of B-oxidation, pHGFP and pHGFP-SKL expressing plants derived from a cross of the peroxisomal
and cytosolic marker lines with pnc1/2 were examined. We examined the peroxisomal pH in
hypocotyls of 30 plants lacking both PNC1 and PNC2 (Fig. 16). The cytosolic pH was determined as
reference. The pH values measured were compared to wildtype pHGFP and pHGFP-SKL lines.
Measurements revealed that in wildtype and pnc1/2 mutants the peroxisomal pH was 6.2. Thus, the
absence of adenine nucleotide carriers and the resulting block in B-oxidation did not alter the acidic
pH in hypocotyl peroxisomes. The cytosolic pH of pnc1/2 was 7.41£0.12, which did not significantly
differ from the pH.,: in wildtype.
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Fig. 16: Peroxisomal pH is not altered in pnc1/2 mutants.

The pH of peroxisomes and cytosol was determined in pnc1/2 mutant hypocotyls. For analysis plants were grown on %
MS supplemented with sucrose for 5 d in complete darkness. Values are given as mean pH values. Error bars represent
SEMSs. P =0.2827, ns.
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We concluded that the loss of PNC1 and PNC2 and thus impaired 3-oxidation and glyoxylate
cycle levels did not directly influence the peroxisomal pH, because the peroxisomal pH of hypocotyls

remained acidic in pnc1/2 mutants.

Discussion

In this study, we demonstrated the expression of a pH-sensitive GFP in peroxisomes of stable
transgenic Arabidopsis lines (Fig. 1). Construction of these transgenic lines enabled us to
investigate the peroxisomal pH in roots and hypocotyls non-invasively and as naturally as possible
(Fig. 2-6, Fig. 16, Tab. S2). Our study for the first time describes the peroxisomal pH of different
Arabidopsis tissues, i.e. roots and hypocotyls. Using confocal laser scanning microscopy, we
discovered the peroxisomal pH in root cells is alkaline with an average pH of 8.2 (Fig. 4). A similar
plant-optimized ratiometric form of a pH-sensitive GFP was established transiently in Arabidopsis
leaves, determining an alkaline lumen in leaf peroxisomes (Shen et al.,, 2013). Surprisingly, we
found that the peroxisomal lumen of hypocotyls was acidic (pH 6.3, Fig. 5). In this study we
addressed the question why the pH in hypocotyl peroxisomes is acidic.

Tissue-specific differences in the pH indicate that the pH is not static. Peroxisomes are
highly dynamic in their metabolism (Hayashi and Nishimura, 2003). Enzymatic contents differ
significantly between subtypes of peroxisomes depending on their distinct metabolic roles
(Pracharoenwattana and Smith, 2008). The peroxisomal pH is a dynamic parameter reflecting
physiological conditions and subsequent metabolic demands of the plant. Thus, the peroxisomal pH
is regulated under varying conditions (Nishimura et al., 1996; Shen et al., 2013). We proposed that
an acidification of peroxisomes in hypocotyls is linked to the degradation of fatty acids. Studies
using a pHluorin-variant to examine the peroxisomal pH of Baker’s yeast grown in medium with fatty
acids as carbon source revealed a lower peroxisomal lumen pH compared to the cytosol (Lasorsa et
al., 2004). An acidic peroxisomal pH in yeast is close to the average pH,e of 6.3, we detected in
hypocotyl cells of Arabidopsis. We hypothesized that the consistency of pHge in yeast and
Arabidopsis might indicate a general mechanism underlying, which is putatively linked to -
oxidation.

It was reported that the yeast peroxisomal adenine nucleotide carrier Ant1p actively acidifies
the peroxisomal matrix and thus generates a proton gradient across the peroxisomal membrane
(Lasorsa et al., 2004). Ant1p catalyzes the import of ATP(*) in exchange with ADP(*) or ADP(?),
resulting in an net transfer of negative charges. In vitro uptake studies using recombinant protein
demonstrated that the yeast carrier compensates the adenine nucleotide exchange with protons,
leading to an electroneutral transport (Lasorsa et al., 2004). Accordingly, we performed in vitro
uptake experiments with recombinant PNC1 and PNC2 proteins reconstituted in liposomes. In
contrast to the previous study in yeast, we showed that a pH gradient did not stimulate the uptake of

adenine nucleotides mediated by PNC1 and PNC2, concluding that these carriers most likely do not
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compensate the electrogenic exchange of adenine nucleotides by importing protons into the
peroxisomal lumen.

To further elucidate the impact of B-oxidation and glyoxylate cycle on peroxisomal pH, we
established a double mutant line devoid of PNC1 and PNC2 (pnc1/2). In various physiological
experiments we have proven that B-oxidation is strongly impaired in pnc1/2. However, when
measuring the peroxisomal pH in pnc1/2, we saw that a lack of PNC1 and PNC2 does not influence
pHper. We concluded that an inhibition of B-oxidation and downstream metabolism affected on the
level of ATP import does not directly influence the pH in peroxisomes.

Thus, we hypothesize that yet unknown mechanisms, such as proton pumps could exist,
which are responsible for pHpe, homeostasis and would cause a strong acidification of the
peroxisomal lumen. So far, proteomic studies of plant peroxisomes did not reveal strong evidences
for the existence of peroxisomal proton pumps (Reumann et al., 2007; Eubel et al., 2008). However,
ATPase subunits have been discovered in peroxisomes of the methylotropic yeast Hansenula
polymorpha (Douma et al., 1987; Nicolay et al., 1987; Douma et al., 1990). There, peroxisomal
proton-translocating ATPases transport protons either into or out of peroxisomes under ATP
consumption. Since enrichment and purification of peroxisomes for proteomics is not trivial,
peroxisomal fractions are often contaminated with high-abundance proteins of other organelles,
such as mitochondria or chloroplasts. Among the proteins detected, were subunits of ATP synthase,
such as the B-subunit of the ATP synthase complex (ATP2a), which is one of the most prominent
mitochondrial enzymes (Reumann et al., 2007). Also other subunits, e.g. ATP1, ATP5, ATP7, or
ATP16 were identified (Eubel et al., 2008). However, most of these proteins were regarded as
contaminations. Nevertheless, it cannot be ruled out that proton pumps, such as ATPases exist in
plant peroxisomes. Mathematical models predict that a small number of pumps is sufficient to acidify
compartments, such as secretory or endocytic vesicles (Grabe and Oster, 2001; Dettmer et al.,
2006). Hence, it is possible that because low abundance proteins are filtered out of the peroxisomal
proteomics data or simply are below detection limit, relevant proton pumping enzymes are simply
overlooked (Bussell et al., 2013).

Besides active proton pumping mechanisms, a pH gradient formation can be built-up in an
energy-independent manner. One physical mechanism proposed is the Donnan equilibrium, which
is predicted to occur at the outer mitochondrial and the lysosomal membrane (Henning, 1975;
Moriyama et al., 1992; Porcelli et al., 2005). If the peroxisomal membrane was permeable to small
ions, including OH and H”, the solutes could balance the charges of matrix proteins, which are
unable to pass the membrane. In case of an overall negative charge inside peroxisomes, protons
are attracted, creating an inward-directed proton gradient that leads to an acidic lumen. If the
peroxisomal pH was dominated mostly by positive charges on matrix proteins, OH™ molecules would

be attracted and a pH gradient could form, resulting in a more alkaline pH inside (Stell and Joslin,
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1986). However, it is highly questionable, whether the Donnan equilibrium alone would suffice to
regulate peroxisomal pH.

In conclusion, we have shown that a proton gradient exists across the peroxisomal
membrane. Ratiometric fluorescence imaging revealed an acidic luminal pH of peroxisomes
involved in storage oil mobilization. Biochemical studies and pH imaging analyses revealed that the
peroxisomal adenine nucleotide carriers PNC1 and PNC2 are not responsible for an acidification of
the peroxisomal lumen in Arabidopsis hypocotyls. From our in planta studies we concluded that [3-
oxidation and glyoxylate cycle, both processes which release acids, do not directly influence the

peroxisomal pH.
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Supplemental material

Roots

Hypocotyl

Fig. S1: Autofluorescence in Arabidopsis roots and etiolated hypocotyl.
The chlorophyll autofluorescence of Arabidopsis root (A-F) and hypocotyl tissue (G-L) was measured to optimize both
pHGFP (A-C; G-l) and pHGFP-SKL (D-F; J-L) settings for confocal microscopy. The left column shows images taken with

an excitation of 405 nm, the middle column shows pictures taken with an excitation of 488 nm. The right column shows the
respective bright field images. Bars=20 ym. N = 10.
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Fig. S2: In situ calibration curve with nigericin.

To validate calibrations, ammonium acetate was substituted with nigericin. A calibration curve was recorded for root
peroxisomes. Data points are given as means + SEM. N = 15 per pH step.
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Tab. S1: Comparison of root peroxisomal pH using nigericin or ammonium acetate for calibration.

The peroxisomal pH of roots was determined in four independent pHGFP-SKL lines (SKL1-1, SKL1-2, SKL1-3, SKL1-4).
Calibration was performed with nigericin instead of ammonium acetate to equalize peroxisomal pH and pH buffer. The
table compares the two different calibration methods. Data are means + SEM of at least three independent experiments. T
test of the pHGFP-SKL groups, P < 0.05, ns.

Nigericin Ammonium acetate
SKL1-1 8.04 £ 0.07 8.20 + 0.06
SKL1-2 8.23+0.25 8.20+0.10
HGFP-SKL
PHGFP-S SKL1-3  827+0.18 8.10 £ 0.05
SKL1-4 8.15+0.23 8.19 £ 0.06

Tab. S2: Peroxisomal and cytosolic pH in Arabidopsis roots and hypocotyls.

The peroxisomal and cytosolic pH values of roots and shoots were determined in four independent pHGFP-SKL lines
(SKL1-1, SKL1-2, SKL1-3, SKL1-4) and three pHGFP lines (pHGFP1-1, pHGFP1-2, pHGFP1-3), respectively. Data are
the means + SEM of at least three independent experiments. ANOVA test of the pHGFP groups, P < 0.05, ns; ANOVA test
of pHGFP-SKL groups, P < 0.05, ns.

Root pH Hypocotyl pH
SKLA-1 8.2 +0.06 6.3+0.08
SKL1-2 8.2+0.10 6.3+0.08
HGFP-SKL

P SKL1-3 8.1+0.05 6.3 +0.09
SKL1-4 8.2 +0.06 6.4 +0.05

Cyt1-1 73+0.03 73+0.03

pHGFP Cyt1-2 7.4+0.10 744007
Cyt1-3 73+0.03 73+0.03
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Outlook

Impact of B-oxidation on peroxisomal pH

We showed that (-oxidation, at least on the level of ATP import, does not affect peroxisomal pH. To
make a general statement about the involvement of B-oxidation on peroxisomal pH, we crossed the
pH-sensitive GFP sensors into an Arabidopsis line, which lacks the peroxisomal, a core enzyme of
B-oxidation (kat2) (Germain et al., 2001; Footitt et al., 2007). We will investigate the peroxisomal pH

in the kat2 sensor line and compare it to the data previously obtained for pnc1/2.

Proton-pumping enzymes in peroxisomes

Although proteomic studies did not reveal any evidence for peroxisomal ATPases (Reumann et al.,
2007; Eubel et al., 2008), we planned to investigate the existence of proton-pumping enzymes in
peroxisomes. We will perform pH measurements in the presence of the ATPase inhibitors
concanamycin A and ortho-vanadate in Arabidopsis lines expressing pHGFP-SKL (Drése and
Altendorf, 1997). Concanamycin A specifically inhibits vacuolar-type H(+)-ATPases, whereas
vanadate inhibits P-type ATPases (Drdse and Altendorf, 1997; Axelsen and Palmgren, 2001; Huss
and Wieczorek, 2009). We expect the peroxisomal pH to increase in the presence of vanadate or

concanamycin, when ATPases are present and inhibited.

Discovering components of the pH-regulating system in Arabidopsis

The existence of a proton gradient across the peroxisomal membrane was established in our study
and the work of Shen et al.,, 2013. To decipher which factors maintain this gradient, we plan to
establish an ethyl methanesulfonate (EMS) mutagenesis population in Arabidopsis (Kim et al.,
2006), which we screen for changes in peroxisomal pH in a large-scale experiment. As pH
measurements can now be performed with a photometer (Dr. M. Krebs, pers. communication), we
will cultivate Arabidopsis EMS mutants and screen them photometrically in 96-well plates. We will
isolate those lines having an altered peroxisomal pH compared to wildtype. Following, we will map
the locus involved in peroxisomal pH maintenance in the mutant population. In parallel, metabolite
profiles of mutants could be analyzed.

As EMS mutagenesis is laborious, it could be considered to confirm the peroxisomal pH
data, applying a second independent biosensor approach. Recently, a sensor named pHusion was
developed, which is a ratiometric pH sensor and applies tandem fusion of GFP and mRFP (Gjetting
et al., 2012). While GFP fluorescence is pH sensitive, the fluorescence of mRFP is not. Highest
fluorescence of GFP can be observed at pH 7-8, whereas it gradually decreases at lower pH (pH 5-
6). Especially at more acidic pH, as observed in hypocotyl peroxisomes, the tandem sensor it useful,
because fluorescence of GFP and mRFP (internal control) can be compared to determine changes
in intracellular pH. Due to constant mRFP fluorescence, pure quenching artifacts can be estimated.
Secondly, the pKa of pHusion is low (pH 6), thus the sensor is well suited for acidic compartments
(Gjetting et al., 2012).
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VI. ADDENDUM

Additional experiments

The Addendum contains experiments that were not presented previously. First, a study on the
influence of ATPases on peroxisomal pH is presented (VI.1), which was conducted as follow-up
experiment on the study of peroxisomal pH presented in Manuscript 3. As we found out that the
peroxisomal pH is most likely neither depended on the peroxisomal adenine nucleotide carriers
PNC1 and PNC2, nor on B-oxidation activity, we followed the hypothesis that proton-pumping
enzymes, such as ATPases might be involved in peroxisomal pH maintenance. Secondly, an
experiment is presented that examines the morphology of peroxisomes in pnc1/2 (VI1.2). We
compared the shape of peroxisomes in pnc1/2 that of the peroxisomal NAD carrier PXN, which is
known to exhibit peroxisome morphology defects. These abnormalities are presumably caused by

an accumulation of intermediates due to defective fatty acid degradation (Mano et al., 2012).

V1.1 On the impact of V-type and P-type ATPases on peroxisomal pH

Introduction

Compartmentation enables the simultaneous action of biochemical pathways in different reaction
spaces. This necessitates the exchange of substrates by membrane transporters. A differential pH
between compartments is a crucial parameter enabling secondary active transport (Axelsen and
Palmgren, 2001). Compartments are acidified by vacuolar-type H*-ATPases (V-ATPases) or by P-
type ATPases (Schumacher, 2006). P-ATPases are named P-type, as they form a phosphorylated
intermediate (Axelsen and Palmgren, 2001). V-ATPases are specifically inhibited by micromolar
concentrations of concanamycin A, a macrolide antibiotic. P-ATPases are sensitive to ortho-
vanadate, whereas V-ATPases are not (Drése and Altendorf, 1997).

Although we and Shen et al., 2013 demonstrated that a proton ion gradient exists between
cytosol and peroxisomes in Arabidopsis, the components responsible for peroxisomal pH
maintenance remain unknown. Proteomic studies detected several subunits of ATP synthase
(AtMg01190), such as the B subunit of the ATP synthase complex (ATP2a), or ATP1, ATP5, ATP7,
and ATP16. However, these hits were regarded as contaminations (Reumann et al., 2007; Eubel et
al., 2008). As modeling predicts that a very small number of pumps suffice to acidify compartments,
it is likely that ATPases exist in plant peroxisomes (Grabe and Oster, 2001; Dettmer et al., 2006). To
this end, organelle proteomics possibly did not detect peroxisomal ATPases as concentrations were
below detection limit.

We measured the peroxisomal pH in Arabidopsis hypocotyl in the presence of either

concanamycin A, vanadate, or without treatment, to discover if pH changes upon treatment.
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We hypothesized that the peroxisomal pH would approximate to the cytosolic pH when ATPases are

effectively inhibited.

Experimental procedures

Plant material and growth conditions

The establishment of Arabidopsis wildtype plants stably transformed with pHGFP-SKL is described
in Manuscript 3. Etiolated seedlings were grown on 0.5x MS in the presence of 1% (w/v) sucrose
(pH 5.8), solidified with 0.45% (w/v) phyto agar for 5 d at 22°C in constant darkness, covering the

plates with aluminum foil. A 12 h light pulse was given to induce germination.

Confocal laser scanning microscopy

The pH of peroxisomes was examined with a Fluoview 1000 Confocal Laser Scanning Microscope
(Olympus). The microscope was equipped with a 63x/1.2 W Korr UPLSAPO objective. The GFP
sensor was sequentially excited at 405 nm (10%) and 488 nm (20%). The emitted light was detected
at 500 nm to 520 nm. In addition a bright field image was taken. The detection pinhole size was set

to 152 ym in all experiments.

In situ calibration and intracellular pH measurements
Calibration and calculation of pH was performed as presented in Manuscript 3.

ATPase inhibition assay and pH imaging

Etiolated seedlings were grown as described above. Plant material was incubated in liquid 0.5x MS,
1% (w/v) sucrose (pH 5.8) supplemented with (i) 1 uM Concanamycin A dissolved in DMSO (stock 1
mM), (ii) 500 uM Vanadate dissolved in water (stock 5 mM) (Gordon, 1991), or (iii) 0.1% DMSO (v/v,
neg. control) over night. The pH of the inhibitor stocks was adjusted to pH 7. Imaging of the

peroxisomal pH was performed as presented in Manuscript 3.

Results

Vanadate, not Concanamycin A influences the peroxisomal pH

To examine whether peroxisomes contain an ATPase-type proton pump, we performed pH studies
in the presence of specific ATPase inhibitors, which allowed distinguishing between V-type and P-
type ATPases. To accurately determine the peroxisomal pH, we performed an in situ sensor
calibration first (Fig. 1A). The pH-sensitive GFP was sequentially excited at 405 nm and 488 nm.
Fluorescence emission was detected at 500 nm to 520 nm. Ratio values (Ra4os488) Of calculated and
plotted against the calibration buffer pH.

The measurements of the peroxisomal pH revealed that the pH was not altered in the presence of
DMSO as negative control. As reported previously, an acidic peroxisomal pH of 6.1 + 0.01 was
measured in Arabidopsis hypocotyls. When treated with the V-ATPase inhibitor concanamycin A,

the pH of peroxisomes increased slightly to 6.15 + 0.01. In the presence of vanadate, the
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peroxisomal pH increased to almost wild-type level (pH 7.3, Manuscript 3). The peroxisomal pH was

7.22 £ 0.02 in these samples.
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Fig. 1: Determination of the peroxisomal pH in the presence of Concanamycin A and Vanadate.
A: In situ calibration curve were recorded shoots of Arabidopsis seedlings expressing the peroxisomal GFP sensor

pHGFP-SKL. Data points are given as means + SEM. N = 15 per pH step. B: Measurement of the peroxisomal pH in one
pHGFP-SKL Arabidopsis line. For pH analysis plants were grown on %2 MS supplemented with sucrose for 5 d in constant
darkness. Plants were either treated with DMSO (white) as negative control, concanamycin A (grey), or vanadate (dark
grey) over night. Values are given as mean pH values. Error bars represent SEMs. *P = 0.0112, ***P < 0.0001.

Based on our inhibitor studies, we conclude that the peroxisomal pH might be maintained by

P-type ATPase activity in peroxisomal membrane.

Discussion and Outlook

Our experiments revealed an effect of vanadate on the peroxisomal pH, leading to the assumption
that a P-type ATPase regulates peroxisomal pH, as vanadate specifically inhibits these proton
pumps. However, we cannot exclude that the increase in peroxisomal pH we observed is a
secondary effect, because the impact of vanadate on pH is more complex.

For example, vanadate is also known to inhibit serine/threonine kinases in animals (Morioka
et al., 1998). Although some kinases are present in peroxisomes, serine/threonine kinases have not
been discovered in Arabidopsis peroxisomes (Dammann et al., 2003; Fukao et al., 2003; Reumann
et al., 2004; Reumann et al., 2007; Reumann et al., 2009). Furthermore, vanadate is known to
impact extraperoxisomal malate synthesis in Elodea densa (Beffagna et al., 1993). Peroxisomes
contain malate, which is associated with the peroxisomal isoform of malate dehydrogenase and is
involved in the peroxisomal malate/oxaloacetate redox shuttle (Reumann and Weber, 2006). In case
of vanadate-inhibited malate synthesis, the peroxisomal malate levels might be reduced and thus
affect pH inside peroxisomes. To investigate the impact of malate levels on peroxisomal pH, it would
be required to determine the peroxisomal pH in Arabidopsis mutants, lacking malate synthase
(At5g03860) (Cornah et al., 2004). The peroxisomal pH can then be investigated in the absence of

presence of vanadate.
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To identify factors or components involved in peroxisomal pH homeostasis, an ethyl
methanesulfonate (EMS) mutagenesis population of transgenic Arabidopsis expressing a
peroxisome-targeted pH-sensitive GFP can be performed (Kim et al.,, 2006). Large-scale pH
measurements can be perfomed with a 96-well format compatible fluorimeter (Dr. M. Krebs, pers.
communication). Arabidopsis mutants exhibiting an altered peroxisomal pH will be isolated and

affected gene loci will be mapped.
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V1.2 Peroxisomes are elongated in pnc1/2 mutants

Introduction

Defects in single enzymes of fatty acid oxidation can lead to aberrant peroxisome morphologies
(Funato et al., 2006; Mano et al., 2011). It was shown that a mutation in acyl-CoA oxidase (ACX), a
core enzyme of peroxisomal [B-oxidation, causes a reduced number and enlargement of
peroxisomes in human fibroblasts (Funato et al., 2006). A comparable study was conducted in
plants, examining the morphology of peroxisomes in a peroxisomal NAD/CoA carrier loss-of-function
mutant (pxn). There, also a reduced number and enlargement of peroxisomes was observed (Mano
et al., 2011). Abnormal peroxisome morphologies in plants were also observed for other p-oxidation
mutants, namely the kat mutant, which is deficient in 3-ketoacyl-CoA thiolase activities (Germain et
al., 2001; Hayashi et al., 2001; Hayashi et al., 2002) and the mfp2 mutant, lacking the
multifunctional protein (Rylott et al., 2006). It was suggested that accumulating intermediates of -
oxidation influence peroxisome size and abundance (Mano et al.,, 2011). However, a direct
connection of peroxisomal metabolism with morphology and abundance of these organelles was not
shown.

Hence, we examined the morphology of peroxisomes in pnc1/2 mutants (Manuscript 3). The
peroxisomal adenine nucleotide carriers PNC1 and PNC2 are essential for $-oxidation, supplying
ATP for the activation of fatty acids, which is a prerequisite to subsequent degradation (Linka et al.,
2008). Double mutants devoid of PNCs were crossed into a marker line expressing YFP with a C-
terminal SKL tripeptide, which enables fluorescence tagging of peroxisomes (Fan et al., 2005). As
positive control we included the pxn1 mutant (Bernhardt et al., 2012) crossed to the YFP-PTS1

marker line described above.

Experimental procedures

Plant material and growth conditions

To obtain mutants expressing the peroxisomal fluorescence marker, homozygous pnc1/2 and pxn1
mutants were crossed to Arabidopsis lines, which stably express a Type 1 Peroxisomal Targeting
Signal (PTS1), which was C-terminally fused to a yellow fluorescent protein (YFP) (Fan et al., 2005).
The three amino acids serine (S), lysine (K), and leucine (L) direct the YFP to peroxisomes (Gould
et al, 1989). Mutants were selected on kanamycin (pnc2, YFP-PTS1), glufosinate (pnct),
sulfadiazine (pxn1) and according to respective fluorescence intensities.

Seeds were surface-sterilized and stratified for 2 d at 4°C. Seedlings were grown on 0.5x MS
in the presence of 1% (w/v) sucrose (pH 5.8), solidified with 0.45% (w/v) phyto agar for 5 d at 22°C,
70% humidity under constant illumination (100 pmol m?2 s, plates were covered with one layer of
mesh). When seedlings exhibited first true leaves, they were transferred to soil. Plants were
cultivated under long-day conditions (8h-light/16h-dark regime, 100 ymol m?s™, day temperature
22°C, night temperature 20°C).
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Confocal laser scanning microscopy
Adult plants of lines expressing the fluorescent organelle marker were observed in confocal laser

scanning microscopy. YFP was excited with a 514-nm laser line; chlorophyll was excited with 633-
nm lasers. For emission detection a 530-nm to 600-nm band pass was chosen for YFP.

Fluorescence signal for chlorophyll was detected using a 650-nm long pass filter.

Results

Peroxisome morphologies in mature pnc1/2 Arabidopsis plants were examined in confocal laser
scanning microscopy (Fig. 1). We found that compared to pxn mutants, which were examined as
positive control, peroxisomes were not enlarged in pnc1/2 lines. We observed that as expected from
experiments of Mano et al., 2011, pxn plants exhibited peroxisomes three to four times larger than
wildtype. When comparing the shape of pnc1/2 organelles to peroxisomes of the wildtype, we

observed that peroxisomes were frequently elongated in mesophyll cells (Fig. 1).

YFP-PTS1 Chlorophyll Brightfield

o - - T-

Fig. 1: Peroxisomes are slightly elongated in leaves of the pnc1/2 mutant.

Peroxisome morphology was observed in adult pnc1/2 mutants, expressing a stable peroxisomal marker line (YFP-PTS1,
upper panel) and the respective wildtype Col-0 (lower panel). A mutant of the peroxisomal NAD/CoA carrier pxn
expressing YFP-PTS1 was included, as this mutant is known to have aberrant peroxisome morphology. To verify
intactness of plant material chlorophyll autofluorescence (middle) and brightfield images (right) were taken. Scale bars =
10 uM.

Discussion and Outlook

Our experiments revealed that a defect in peroxisomal ATP import does not cause enlarged, but
elongated peroxisomes in Arabidopsis. At first this seems counterintuitive, as one would expect that
fatty acids, which cannot be degraded because they are not activated due to a lack of PNC1 and
PNC2, accumulate and hence would cause an enlargement of peroxisomes, as observed for pxn,
kat and and mfp mutants (Germain et al., 2001; Hayashi et al., 2001; Hayashi et al., 2002; Rylott et

al., 2006; Mano et al., 2011). However, we assume that in pnc mutants peroxisomes are elongated,
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because peroxisome fission is defective. Elongated peroxisomes were observed in Arabidopsis
pdd2 mutants defective in one allele of the Dynamin-Related Protein 3 (DRP3A) (Aung and Hu,
2009). DRP3A is a dynamin-related GTPase shared by the fission machineries of Arabidopsis
peroxisomes and mitochondria (Fujimoto et al., 2009). Already Linka et al., 2008 suggests that
PNC1 and PNC2 might exhibit other functions in peroxisomes in addition to storage oil mobilization.
Hence, we assume that PNC proteins might supply energy for the fission of peroxisomes. Additional
experiments need to be performed to unravel the putative role of PNC1 and PNC2 in the

multiplication of peroxisomes.
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A long-term goal of metabolite transporter research is to understand the metabolic network of plants.
Transporters are ‘gatekeepers’ at the membrane of organelles and thus are switches that regulate
the flux of energy, metabolic precursors, and end products across compartments up to the
organismal level (Lunn, 2007). In this perspective, transport proteins are targets for rational
metabolic engineering (Weber and Brautigam, 2012). The main goals of plant metabolic engineering
are to improve biomass yield, producing high quality valuable goods (Capell and Christou, 2004),
and increasing plant resource-use efficiency to optimize plant growth under conditions of limited
water, fertilizer or land (Weber and Brautigam, 2012).
So far, the importance of modulating transport capacities at cellular membranes has been
underestimated in metabolic engineering (Weber and Brautigam, 2012). This is most likely due to
limited biochemical and structural information on transporters; compared to soluble proteins, the
characterization of membrane proteins is challenging (Xie, 2008).

This thesis extended the inventory of MCF carriers in plants, screening 20 plant proteomes for
MCF carriers (Manuscript 1). MCFs were clustered in orthologous groups, assigning their putative
transport functions. Interestingly, we identified an orthologous MCF group, which against previous
expectations (Picault et al., 2004) was split into two subclasses, (i) PHT3;1/PHT3;2 and (ii) PHT3;3.
Further investigations revealed that these subclasses indeed resembled different transport
functions. In conclusion, we established a new workflow that proved effective at identifying and
characterizing new MCF carriers in plants. Our workflow was advantageous, since computational
costs of multiple sequence alignments and construction of phylogenetic trees exclude a
phylogenetic approach for whole-genome comparisons in eukaryotes, or at least make it very
difficult (Li et al., 2003). The identification of MCF carriers in various plant proteomes generated a
candidate list of MCF carriers that can be characterized in many aspects in the future.

The analysis of the mitochondrial carrier PHT3;3 revealed a new transport function for this
carrier in mitochondrial sulfate import (Manuscript 2). The carrier was named SIT1 according to its
transport function. This thesis describes the first carrier belonging to the MCF that specifically
transports sulfate. Other MCF carriers exist, which in vitro exchange sulfate, but non-specifically.
For example dicarboxylate carriers transport sulfate, but also accept oxaloacetate, succinate,
phosphate, and thiosulfate (Palmieri et al., 2008). Based on this thesis, we postulated that SIT1
might contribute to maintain a functional metabolic network driving the replenishment of the TCA
cycle with dicarboxylic acids. Anapleurosis of the TCA cycle is fundamental to maintain a steady-
state metabolic network (Sweetlove et al., 2010). The TCA cycle does not only serve to generate
ATP, but feeds in a wider metabolic network. It provides carbon skeletons for nitrogen assimilation,
is involved in generating turgor for cell expansion, charge balancing or pH homeostasis (Sweetlove

et al., 2010). In conclusion, this thesis demonstrated that sulfate is imported into plant mitochondria.
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The import of sulfate was not expected from previous data, which elucidated that only sulfide and
cysteine traverse the mitochondrial membrane for the assimilation of sulfur in cysteine biosynthesis
(Hell et al., 2002), or sulfide and cyanide detoxification (Alvarez et al., 2012; Birke et al., 2012).
However, this thesis demonstrated the existence of a sulfate carrier in mitochondria, which is
presumably not involved in any aforementioned process, besides energy metabolism. Future studies
are dedicated to investigate the role of SIT1 in plants.

Intracellular pH regulation is essential to maintain enzymatic pathways and metabolism,
which widely depend on specific pH conditions (Pittman, 2012). Distinct pH conditions are
maintained in various plant cell compartments, such as the cytosol, vacuole, endomembrane
system, plastids, or mitochondria (Pittman, 2012). However, the mechanism of peroxisomal pH
regulation is a long-standing matter of debate (Rottensteiner and Theodoulou, 2006). In this thesis
we showed that the peroxisomal pH changes in respect to different types of peroxisomes
(Manuscript 3). Peroxisomes in leaves are mainly involved in photorespiratory glycolate metabolism,
whereas peroxisomes in etiolated plant tissues serve to degrade fatty acids to form sucrose
(Hayashi and Nishimura, 2003). At present, the functions of peroxisomes in roots are not fully
understood (Kamada-Nobusada et al., 2008). We discovered an acidic pH in peroxisomes in
etiolated hypocotyl, a tissue that is mainly involved in lipid turnover. Root peroxisomes displayed an
alkaline pH. One explanation could be that the specific metabolism of peroxisomes from different
cell types influences peroxisomal pH (Rottensteiner and Theodoulou, 2006). One can hypothesize
that root peroxisomes are metabolically more similar to unspecialized peroxisomes of leaves than to
etiolated tissue peroxisomes (Olsen et al., 1993). This explains why we observed an alkaline pH in
root peroxisomes, which is analogous to observations made in Arabidopsis leaf peroxisomes (Shen
et al., 2013). In the case of peroxisomes involved in storage oil mobilization, we predicted that the
peroxisomal ATP carrier is responsible for the acidification of peroxisomes, co-importing protons into
the matrix, as described for yeast. Our studies, however, did not support this hypothesis. An
impaired ATP import into peroxisomes and thus concomitantly reduced levels of fatty acid
degradation did not affect peroxisomal pH, as shown for the yeast homolog Ant1p previously
(Lasorsa et al., 2004). Concluding, this thesis described the existence of tissue-specific pH
conditions in plant peroxisomes, acidic in fatty acid degrading tissue. Different proton ion
concentrations in peroxisomes versus cytosol were also observed in yeast, but not in human
peroxisomes. In yeast, peroxisomes, which are specifically involved in fatty acid oxidation, exhibit
either an alkaline or acidic pH in peroxisomes (Lasorsa et al., 2004; van Roermund et al., 2004). In
human fibroblasts and Chinese hamster ovary cells, the peroxisomal pH adapts to the cytosolic pH
and thus is near neutral (Jankowski et al., 2001).

The question that arises is, how a pH gradient across the peroxisomal membrane is
generated and maintained. It is plausible to assume that peroxisomes, which connect many

metabolic pathways in plants (Erdmann et al., 1997), possess their own pH regulating system that
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controls transport of solutes, ion trapping and in consequence, metabolism. Hence, we tested
whether ATPase proton pumps are involved in peroxisomal pH homeostasis. As it is possible that
the endoplasmatic reticulum (ER) brings together peroxisomes and ATPases, we assumed that
proton pumps might be involved. ATPases are synthesized at the ER and then leave the organelle
via the secretory pathway (Sze et al.,, 1999). Also peroxisomes derive from the ER (Mullen and
Trelease, 2006). Hence, peroxisomes could acquire ATPases before they bud off the ER. The yeast
Hansenula polymorpha presumably possesses proton-translocation ATPases residing in the
peroxisomal membrane (Douma et al., 1987).

Here, preliminary data showed that vanadate, a specific P-ATPase inhibitor, altered the
peroxisomal pH, indicating that P-ATPase-type proton pumps might contribute to peroxisomal pH
maintenance. Further detailed investigations will reveal if ATPases are present in peroxisomes of

plants.
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1. Introduction

Plants have evolved the ability to produce a wide range of
molecules. Many of these compounds are of biotechnological
importance, as they serve as food, colorants, flavors, fragrances,
traditional medicines, pharmaceuticals, cosmetics, and renewable
fuels [1]. Their chemical synthesis is often difficult and expensive,
thus genetic engineering is an alternative approach to optimize the
production of desired metabolites in plants.

In plants, biochemical pathways are compartmentalized and
individual steps of a particular pathway are distributed over

0168-9452/$ - see front matter © 2013 The Authors. Published by Elsevier Ireland Ltd. All rights reserved.
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different compartments. In this context, peroxisomes, which are
subcellular organelles 1 wm in diameter [2], represent as organelles
at a metabolic crossroads [3,4], because they participate in one
or more steps in many significant metabolic reactions, including
primary carbon metabolism (e.g. beta-oxidation of fatty acids
and photorespiration), secondary metabolism (e.g. production of
glucosinolates), development (e.g. synthesis of plant hormones),
abiotic stress response, and pathogen defense [4].

Thus, peroxisomes are an attractive target for metabolic
engineering, to increase yield and quality of plant products. Manip-
ulation of peroxisomal scavenging systems for reactive oxygen
species (ROS) might enhance plant fitness under environmental
stress conditions [5]. Besides altering peroxisomal functions, novel
pathways can be implemented in peroxisomes, enabling the syn-
thesis of desired metabolites or degradation of toxic molecules. The
following characteristics illustrate why peroxisomes are well suited
for biotechnological purposes:

(i) Peroxisomes are surrounded by a single lipid bilayer mem-
brane [4]. Novel reactions can be compartmentalized within
peroxisomes. A peroxisomal compartmentation is favorable
because end products or intermediates can be toxic for the cell.
As peroxisomes are equipped with efficient ROS-detoxifying
systems [6], ROS-producing reactions can be introduced in per-
oxisomes without deleterious effects.

(ii) Peroxisomes allow an efficient targeting of heterologous pro-
teins, since protein-targeting signals for the peroxisome are
well established. Soluble, nuclear-encoded proteins are tar-
geted to peroxisomes by two different targeting signals, which
direct soluble proteins to peroxisomes. Most proteins use the
Type 1 Peroxisomal Targeting Signal (PTS1) to enter peroxi-
somes, which consists of three amino acids at the carboxyl
terminus (SKL, or a conserved variant) [7,8]. The Type 2 Per-
oxisomal Targeting Signal (PTS2) is a conserved nonapeptide
(9 amino acids), which is attached to the amino terminus of
peroxisomal proteins [9]. Fusion of either signal peptide to
a heterologous protein results in direct targeting to peroxi-
somes. Thus, the enzymatic content of peroxisomes can be
easily modified. In contrast to plastids and mitochondria, the
peroxisomal protein import machinery is able to import fully
folded proteins and stable protein complexes in a receptor-
independent fashion [4]. The import of heterologous protein
complexes into peroxisomes depends on a mechanism called
piggybacking, where a protein without a peroxisomal targeting
signal uses a PTS-carrying protein as shuttle [10,11]. Therefore,
coupling of a shuttle protein to other proteins might enable
the targeting of even larger protein complexes to peroxisomes
without modifying the import receptor machinery.

(iii) Peroxisomes are highly dynamic organelles, which are able
to adjust size and number [12]. They multiply by fission and
proliferation [4]. Latter is induced by various environmental,
developmental and metabolic cues and is controlled by the
PEROXIN11 protein family and several transcription factors
[13,14]. Arapid increase in peroxisome number allows an accu-
mulation of substances produced in peroxisomes [2].

In recent years, major progress has been made in genomics
and proteomics, revealing the diversity of peroxisomal metabolism
[4,15]. However, mechanisms to exploit plant peroxisomes for
optimizing metabolism or modifying metabolic fluxes toward com-
pounds of interest are not well studied. Here, we present recent
pioneering approaches to produce plant peroxisome biofactories.
Moreover, we indicate putative targets and possible strategies
that in the future could be exploited to engineer peroxisomes for
biotechnological purposes.

2. Improving seed oil yield and quality

One of the major goals of agricultural biotechnology is to
increase the content and/or improve the value of oils in oilseed
plants, including sunflower, soybean, palm, oilseed rape, and maize
crops [16]. Oilseed crops are not only important for human nutri-
tion [17], but can also be used for a variety of chemical applications.

Plants are able to produce a wide range of different fatty acids,
whereas the number of fatty acids shared between plant species is
relatively low. All conventional crops contain palmitic acid, stearic
acid, oleic acid, linoleic acid, and linolenic acid. These are termed
“usual” fatty acids. Fatty acids, which in their chemical structures
differ from usual fatty acids, are referred to as “unusual” fatty acids.
Unusual fatty acids, exhibiting hydroxylations or acetylations, are
of major industrial interest, as they provide raw materials for the
generation of biopolymers or fuels [18].

Vegetable oils, for example, serve as a sustainable replace-
ment of petroleum-based chemicals [16]. One appealing method
to produce high-value oils is the genetic engineering of plants
accumulating ricinoleic acid, which serves as precursor for
economically-viable products, such as ink, lubricants, varnishes,
emulsifiers, nylon, or biodiesel [18,19].

The bottleneck for increased oilseed content and the produc-
tion of ‘designer oils’ is the channeling of fatty acids into storage
oil. Inefficient integration arises either by enhanced biosynthesis
of native fatty acids or by the low affinity of acyltransferases to
unusual fatty acids [20,21]. As a consequence, accumulated fatty
acids are degraded via peroxisomal beta-oxidation, which simulta-
neously operates during lipid synthesis (Fig. 1).

Inactivating peroxisomal beta-oxidation enzymes by using spe-
cific promoters only active during seed filling could minimize such
futile cycling. Another strategy is to produce the desired oil in a
specific plant tissue with low beta-oxidation activity (e.g. leaves).
Leaf-specific oil production might be favorable if the accumulation
of industrial-valuable oil in seeds affected germination or seedling
establishment [22].

3. Plant peroxisomes confer stress tolerance

Various abiotic and biotic stress conditions, such as salinity,
heat, cold, drought, and pathogen infection induce oxidative stress
in plants. This results in overproduction of ROS in chloroplasts,
mitochondria, and peroxisomes, with highly oxidative metabolism
[23,24]. Plants are unable to escape exposure to environmental
stresses, thus they have developed a complex antioxidant defense
system to control ROS levels and protect cells from oxidative injury
[6]. Here, we present several strategies to improve stress tolerance
in plants through modified peroxisomal metabolism circumventing
oxidative stress and thereby increasing fitness [25].

3.1. Increasing the peroxisome population

Plant peroxisomes multiply under stress conditions. In plants
the PEROXIN11 family, which consist of five isoforms (a-e), controls
proliferation of peroxisomes. When overexpressed, the number
of peroxisomes increases. Conversely, reducing the expression of
PEX11 genes results in decreased peroxisome abundance [26].
The expression of PEX11b is controlled through a phytochrome
A-dependent pathway, involving the far-red light photoreceptor
phyA and the bZIP transcription factor HY5 homolog [13,27].

Additionally, peroxisomal proliferation is induced by environ-
mental stimuli and various stresses, such as high light intensities,
H,0,, ozone, xenobiotics, cadmium, salt, pathogens, and senes-
cence. However, little is known about the principal molecular
mechanisms [28-33]. Stress-induced peroxisome proliferation
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Fig. 1. Fatty acids synthesis and catabolism take place simultaneously in plant cells. In chloroplasts fatty acids (FAs) are generated from acyl-CoA and pyruvate via the fatty
acid synthesis complex and are then released into the cytosol. FAs are either catabolized via peroxisomal B-oxidation or incorporated into triacylglycerols via the Kennedy
pathway in the ER. CoA, coenzyme A; FAS, fatty acid synthesis complex; ACS, acyl CoA synthetase; ER, endoplasmic reticulum; TAG, triacylglycerol.

may reflect the ability to cope with oxidative damage. Conse-
quently, controlling the peroxisomal population is a promising
strategy to enhance stress tolerance in plants.

Introduction of a peroxisome proliferator-activated receptor
from Xenopus laevis in tobacco plants leads to increased peroxi-
some number in transgenic tobacco plants [34]. Expression of this
regulatory complex increases peroxisome number in transgenic
tobacco plants, as it was previously reported for animal tissues [35].
The activity of peroxisomal enzymes involved in ROS-scavenging
is increased, leading to potentially improved resistance to oxida-
tive stress [36]. The induced peroxisome proliferation disrupts the
plant’s redox state, leading to modified salicylic acid levels and
altered expression patterns of jasmonic acid and ethylene biosyn-
thesis genes. These changes positively affect pathogen resistance
[36].

In an independent approach, an enlarged peroxisome popula-
tion was produced by up-regulation of the Arabidopsis peroxisome
biogenesis gene PEX11, the regulator of peroxisome proliferation
[13]. However, increasing the peroxisome number did not result
in elevated salt tolerance in Arabidopsis seedlings and older plants
[37]. Future studies need to elucidate if manipulating peroxisome
biogenesis can be a strategy to alter stress tolerance. However,
understanding regulation and all possible side-effects is crucial
when increasing the peroxisomal population.

3.2. Improving peroxisomal ROS-scavenging systems

Under non-stress conditions ROS produced by peroxisomal
metabolism are scavenged by the simultaneous action of the per-
oxisomal antioxidant systems catalase, ascorbate peroxidase and
the ascorbate-glutathione cycle [38]. However, under oxidative
stress conditions peroxisomal ROS generation is enhanced and ROS
scavenging is insufficient [38]. The ability to cope with an increased
ROS production is correlated with upregulation of peroxisomal

antioxidant systems in natural stress-tolerant plant species [39,40].
One goal for engineering plants with wide-ranging stress resistance
would be improving the peroxisomal ROS scavenging machinery
(i.e. modulate the gene expression and enzymatic activity).

Catalase as a prominent H,0, scavenger is an important tar-
get. It is highly abundant in plant peroxisomes but has a low
substrate affinity [41]. Modulation of its catalytic activity might
be a starting-point to overcome this drawback, leading to more
efficient ROS detoxification in plant peroxisomes. Because bac-
terial catalases offer higher H,0, affinity, several studies have
ectopically expressed the Escherichia coli catalase in plant species
such as tobacco, tomato, and rice [42-44]. The resulting trans-
genic plants displayed an increased protection against oxidative
stress. The same outcome was achieved by overexpression of
the peroxisomal ascorbate peroxidase (APX), which acts in tan-
dem with catalase to degrade H,0O, [45,46]. Alternatively, an
enhanced ascorbate-glutathione cycle in the peroxisomal matrix
could reduce plant stress [38]. To accomplish this task various
modifications are required simultaneously: (i) enlarging the perox-
isomal glutathione and ascorbate pool by stimulating biosynthesis
and uptake into peroxisomes, (ii) increasing the NADPH levels in
peroxisomes by over-expressing the peroxisomal NAD kinase for
NADPH production [47], and (iii) constitutive peroxisomal target-
ing of glutathione reductase, which carries a weak peroxisomal
targeting signal and is located in the cytosol and peroxisomes
[48]. Previous studies have successfully induced the biosynthesis
of glutathione and ascorbate, resulting in higher glutathione and
ascorbate levels in the cytosol [49,50]. To increase peroxisomal
import of glutathione and ascorbate, specific peroxisomal trans-
port proteins remain to be identified. To date, modifying the redox
state of peroxisomal ascorbate and glutathione pools is feasible
[47,48]. Enhancing glutathione and ascorbate uptake remains to be
achieved in future, since corresponding peroxisomal transporters
have not been identified thus far.
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3.3. Improved pest and pathogen resistance

Plants suffer from infections caused by fungi, bacteria, viruses
and nematodes. Peroxisomes play a substantial role in disease resis-
tance and are targets for genetic improvement to confer pathogen
tolerance in plants [4].

The phytohormone jasmonic acid (JA) is a lipid-derived
signaling molecule that induces plant defense mechanisms [51].
Its production is triggered in response to tissue injury (wounding)
caused by herbivore attack. The last steps of JA biosynthesis occur
in peroxisomes [51]. The JA precursor 12-oxo-phytodienoic acid
(OPDA) is imported into peroxisomes and is subsequently reduced
to OPC8:0 (3-0x0-2-(2'[Z]-pentenyl)-cyclopentan-1-octanoic acid),
In three rounds of peroxisomal beta-oxidation activated OPC8:0
is converted to JA [52]. Overexpression of the transcription factor
WRKY30 in rice resulted in a constitutive expression of plastidic JA
biosynthesis genes. This was associated with increased endogenous
JA accumulation and enhanced tolerance against fungal pathogens
[53]. As JA biosynthetic enzymes locate to companion cells and
sieve elements of the vascular bundle [54], it might be benefi-
cial to not only improve biosynthesis, but extend JA production to
other tissues to prime plants against herbivore attack. This involves
exploiting a natural peroxisomal function.

Plant peroxisomes contribute to extracellular defense mech-
anisms against fungi by preventing colonization. Upon fungal
invasion peroxisomes migrate toward the site of invasion [55].
Under these conditions the myrosinase PEN2, which is bound to
the peroxisomal membrane, hydrolyzes indolic glucosinolates to
antifungal defense compounds protecting plants against fungal
entry [56]. Furthermore, certain benzylglucosinolates play a role in
pathogen defense and are found in developing seeds and germinat-
ing seedlings [57]. These active defense molecules are synthesized
in the cytosol by transferring a benzoyl moiety from benzoyl-CoA
to a hydroxylated aliphatic glucosinolate, though the precursor
benzoyl-CoA is primarily produced from cinnamic acid via peroxi-
somal beta-oxidation [58-60].

Engineering levels of these defense compounds might enhance
plant immunity against pathogens. This can be achieved by tar-
geting either biosynthetic or regulatory genes of glucosinolate
biosynthesis [58,61]. Glucosinolates are naturally found in cru-
cifers, including oilseed rape and Arabidopsis, but their production
could be successfully implemented in non-cruciferous plants, such
as tobacco [62]. However, cruciferous crop seeds with high glucosi-
nolate content are unwanted as primary food source for animals or
humans, because these metabolites have a bitter taste [63]. An agri-
cultural challenge for the future is to eliminate glucosinolates from
edible parts of crops, but retain their synthesis in source tissues for
protection against pathogen attack. Specific expression and sup-
pression of peroxisomal modules involved in benzylglucosinolate
production might be a promising approach to solve this problem.

3.4. Peroxisomal small heat shock proteins for enhanced stress
tolerance

Small heat-shock proteins are induced in response to vari-
ous stresses. They act as molecular chaperones preventing the
aggregation of nascent and stress-accumulated misfolded pro-
teins [64,65]. Two peroxisome-located small heat-shock proteins
called AtAcd31.2 and AtHsp15.7 were identified in Arabidopsis
[66]. AtAcd31.2 is constitutively expressed, whereas AtHsp15.7
expression is strongly induced by heat and oxidative stress [66],
suggesting that peroxisomal small heat-shock proteins play a role
in protecting proteins under both physiological and stress condi-
tions [67]. The overexpression of small heat-shock proteins might
be a useful strategy to produce plants with enhanced tolerance
against different stresses. Previous studies have demonstrated

that substantial tolerance to salt, drought and high light can be
achieved by over-expressing cytosolic or plastidic heat-shock pro-
teins [67-69].

4. Modulating auxin synthesis in peroxisomes

Peroxisomes are involved in biogenesis of the auxin indole-3-
acetic acid. Indole-3-butyric acid is metabolized to the active form
indole-3-acetic acid by removing two side-chain methylene units
in a process similar to fatty acid beta-oxidation [70,71]. It has
been shown that indole-3-butyric acid-derived auxin influences
cell expansion in certain cell types, resulting in elongated root hairs
and enlarged cotyledons [72]. Elongation of root hairs by stimu-
lating auxin production is a promising approach to enlarge root
surface area and thereby enhance water and nutrient uptake [73].
Whether this goal can be accomplished without major drawbacks
on plant development remains to be shown.

5. Implementation of artificial metabolic pathways to gain
novel peroxisomal functions

Besides optimizing peroxisomal metabolism, metabolic engi-
neering can achieve novel peroxisomal functions. The goal is to
introduce artificial pathways into plant peroxisomes for either pro-
ducing novel substances or improving efficiency of peroxisomal
pathways degrading toxic compounds.

5.1. Production of biodegradable polymers in plant peroxisomes

Plant peroxisomes are attractive factories for biodegrad-
able polymers, such as polyhydroxyalkanoates (PHA). Renewable
bioplastics are sustainable and have the potential to replace con-
ventional mineral oil-based plastics [74].

PHAs are a group of polyesters, which are naturally formed
and deposited as inclusion bodies in many bacterial genera. They
are not produced in eukaryotes [75]. PHAs can incorporate more
than one hundred different hydroxyacids, mainly varying in func-
tional groups of side chains and chain length [76]. Thus, physical
properties of PHA range from glues to brittle plastics, depending
on the composition [77]. The biosynthesis pathway of the most
common type of PHAs, the homopolymer poly-3-hydroxybutyrate
(PHB), was discovered first in Ralstonia eutropha, where it serves
as a carbon sink [78,79]. Its synthesis pathway has been success-
fully introduced into different microorganisms, which naturally do
not produce these polymers [80]. To increase substrate availabil-
ity for PHA biosynthesis, overproduction of the starting substrate
acetyl-CoA was induced, which led to an improved PHA production
in these organisms [81].

However, PHA production in microorganisms is not economical
because of expensive bacterial feedstock, such as glucose [82]. To
address economic inefficiency, plants producing high amounts of
PHA were designed. Plants are well suited, as water, light, CO,, and
a few minerals suffice to produce high amounts of biomass. More-
over, plants are unable to degrade PHAs and thus can accumulate
these polymers in high amounts. For successful PHA production in
plants three prerequisites are needed: (i) the bacterial three-gene
pathway consisting of a 3-ketothiolase (phaA), an acetoacetyl-CoA
reductase (phaB) and a PHA synthase (phaC), (ii) a large acetyl-CoA
pool, and (iii) reducing power [83].

PHA production was first achieved in the cytosol of Arabidopsis
and tobacco, because only two additional enzymes had to be
introduced, phaB and phaC, as plants endogenously possess a
cytosolic form of phaA as part of the mevalonate pathway (Fig. 2A).
The production of PHA led to a strong reduction of plant growth,
resulting from depletion of cytoplasmic acetyl-CoA, inhibiting
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Fig. 2. (A) PHB synthesis in Ralstonia eutropha. Bacterial pathway of PHB production in R. eutropha. phaA, 3-ketothiolase; phaB, acetoacetyl-CoA reductase; phaC, PHA synthase.
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isoprenoid and flavonoid biosynthesis [75,84]. To achieve higher
PHA levels, with less deleterious effects, production was targeted
to chloroplasts of numerous plant species. PHA yield was predicted
to increase, as plastids have a high flux of acetyl-CoA, which
is required for fatty acid biosynthesis. In transgenic plant lines
accumulating high amounts of PHA in their chloroplasts, growth
was reduced, plants were chlorotic, and sometimes fertility was
impacted. The reasons for the strong phenotype have not been
clearly determined [85-87].

To minimize plant growth defects, PHA synthesis was targeted
to plant peroxisomes (Fig. 2B) exploiting peroxisomal carbon flux
through beta-oxidation for synthesis [88-91]. A peroxisomal tar-
geting signal was fused to the bacterial phaA, phaB, and phaC genes.
Peroxisomes of PHA-producing plants are significantly enlarged.
This reflects that these organelles have the capability to increase
their size to accommodate large volumes of PHA granules [91].
Studies with the C4-grass sugarcane, a high biomass crop, showed
that peroxisomal PHA biosynthesis significantly contributes to PHA
production levels of commercial interest in crop plants, without
interfering with plant growth [91].

5.2. Peroxisomal bypass pathways to reduce photorespiration

A central function of plant peroxisomes is their contribution
to photorespiration (Fig. 3) [4]. This light-dependent pathway
is linked to photosynthesis by the dual function of plastidic
RubisCO. Low carbon dioxide concentrations favor the oxygen-
ase reaction of RubisCO leading to an accumulation of toxic
2-phosphoglycolate [92]. This compound is efficiently degraded
via the photorespiratory C2 cycle, converting 2-phosphoglycolate
to 3-phosphoglycerate, which re-enters the Calvin-Benson cycle.
CO, and ammonia (NH3) are released. Substantial energy costs
are required for re-assimilation (Fig. 3) [92]. The goal is to opti-
mize plant metabolism and to increase biomass production by
minimizing energy losses in photorespiration. As photorespiration
is required in all photosynthetic organisms, it cannot be elimi-
nated completely, but bypassed [93]. So far, three reactions have
been tested in plants circumventing energy loss from photores-
piration [94]. A reduction of the RubisCO oxygenase reaction was
attempted by increasing CO, levels inside chloroplasts, utilizing

carbon derived from 2-phosphogycolate (Fig. 3, blue pathway)
[95]. Secondly, an alternative plastidic conversion route for 2-
phosphoglycolate has been reported (Fig. 3, red pathway) [96].
Both approaches bypassing the mitochondrial CO; release led to
an increase in biomass production under ambient CO, conditions
[95,96].

To avoid mitochondrial NH; production a short-circuit path-
way of the photorespiratory nitrogen cycle was implemented into
peroxisomes [97]. Glyoxylate carboligase (GCL) and hydroxypyru-
vate isomerase (HYI) from E. coli were introduced into peroxisomes
of transgenic tobacco leaves resulting in a peroxisomal conver-
sion of glyoxylate to hydroxypyruvate (Fig. 3, green pathway).
Unfortunately, this bypass did not show the benefits expected
for biomass production [97]. Instead, leaves of transgenic tobacco
displayed chlorotic lesions under ambient CO, levels. Detailed anal-
yses revealed that the GCL/HYI pathway introduced was not fully
operating, due to silencing of the bacterial hydroxypyruvate isom-
erase gene [97]. Thus, the functionality of this proposed pathway
remains to be demonstrated. The use of RNA-silencing tobacco
mutants might overcome this obstacle [98]. It might enable further
analyses studying peroxisomes as tools to bypass photorespiration
[97].

5.3. Peroxisomal degradation pathways for pollutants

Genetically modified plants can help to reduce environmental
pollution by degradation of long-persisting chemical compounds
in contaminated soil or ground water. The implementation of
catabolic pathways from various bacterial and fungal organisms
into plants allows detoxification of certain organic pollutants [99].

For example, tobacco plants have been developed which
degrade the halogenated aliphatic compound 1,2-dichloroethane,
a carcinogenic chemical of high stability. In these plants, two
enzymes from Xanthobacter autotrophicus were expressed that
catabolize 1,2-dichloroethane to glycolate in combination with
endogenous enzymes [100]. High accumulation of the resulted end
product glycolate is toxic for the plant cell and needs to be directly
metabolized. In particular for the root tissue, it might be to ectopi-
cally introduce the photorespiratory enzyme glycolate oxidase in
root cells for the conversion of glycolate to glyoxylate.
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Sulfur dioxide is a major air pollutant emitted by industrial
processes. SO, adversely affects growth and development of crop
species, causing chlorosis, necrosis and long-term yield reduction
[101-103]. It enters plant tissues as gas, where it is transformed to
sulfite. Excess amounts of sulfite are toxic to the plant cell. Peroxi-
somal catalase activity is sensitive to sulfite, resulting in high H,0,
levels upon sulfite stress [104]. The key enzyme to protect plants
against sulfite toxicity is the peroxisomal sulfite oxidase, catalyzing
the oxidation of sulfite to sulfate. To improve sulfite detoxification,
the peroxisomal sulfite oxidase from maize was overexpressed in
plants [105,106]. Transgenic lines exhibiting elevated sulfite oxi-
dase levels confer enhanced tolerance to excess sulfite, which is
indicated by lower H,0;, and higher catalase levels. Hence, the
overexpression of sulfite oxidase may protect peroxisomal catalase
from inhibition by sulfite [106].

6. Concluding remarks

Besides recent progress in the field of peroxisome engineering,
the emerging potential of plant peroxisomes for green biotech-
nology is described in this review. Strategies are presented which
either (i) manipulate peroxisomal pathways to alter oilseed quan-
tity and quality, or (ii) improve tolerance toward abiotic and biotic
stresses. Further, approaches are shown which involve (iii) imple-
menting new pathways in peroxisomes, such as the production of
biodegradable polymers, (iv) bypassing peroxisomal pathways for
a better energy-cost efficiency, and (v) detoxifying pollutants from
contaminated soil, water and air.

However, several limitations have to be considered when mod-
ifying or introducing pathways to peroxisomes. If fluxes through
endogenous peroxisomal pathways are changed, overall cellular
metabolism and substrate homeostasis could be negatively influ-
enced. For example, changes in peroxisomal contributions to auxin
synthesis or photorespiration were reported to create substantial
reductions in fitness [107,108]. In order to estimate the biotechno-
logical potential of plant peroxisomes, it is necessary to understand
how peroxisomal metabolism is regulated and coordinated.

When implementing novel pathways, the pH optimum inside
peroxisomes needs to be considered, because newly introduced
enzymes with a strict cofactor- and pH-dependency might be
impaired. The pH of plant peroxisomes has not yet been deter-
mined. Reports for other eukaryotic organisms, including yeast and
mammals, indicated contradictory results the peroxisomal matrix
is either acidic or alkaline [109-112]. In addition, cofactors need to

be available in peroxisomes, when implementing certain enzymatic
reactions. Peroxisomes are capable of importing fully folded pro-
teins, which have already bound their cofactor in the cytosol [113].
For ATP, NAD and CoA transporters have been identified import-
ing these cofactors into peroxisomes [114-116]. Further, the level
of peroxide radicals could interfere with enzyme activities, since
peroxisomes exhibit an oxidative metabolism producing ROS.

Successful engineering of plant peroxisomal metabolism
requires insights into the complete protein inventory. To date,
proteome analyses identified more than 100 peroxisomal pro-
teins in plants. However, further enzymes are necessary to fulfill
proposed or described metabolic functions [117]. In this con-
text, a major obstacle is the missing comprehensive knowledge
about metabolite transport proteins, mediating the flux of solutes
across the peroxisomal membrane [118]. Although many peroxiso-
mal transport steps are hypothesized in plants, the corresponding
transporter genes have not yet been assigned. Besides the three
cofactor carriers mentioned earlier, only the carrier importing fatty
acids has been identified so far [114-116,118-120]. With regard to
metabolite transport, biotechnological implementations have to be
considered carefully, because the prospective substrates and prod-
ucts need to be shuttled in and out of peroxisomes.

As very little is know about endogenous export from peroxi-
somes, secretion of substances produced in peroxisomes might
even be a favorable trait for biotechnological production, as it is
known for algae [121]. Such a process protects the cell from poten-
tial toxic effects of compounds created in this organelle. On the
other hand, secretion of products can be favorable to avoid expen-
sive downstream processing after biotechnological production.Ina
process called peroxicretion, subsequent excretion of peroxisomal
products from cells was achieved by fusing the soluble domain of a
Golgi-derived v-SNARE to a peroxisomal membrane protein used as
an anchor. Fusion of peroxisomes with the plasma membrane was
induced and products were released into the extracellular space
[122]. This artificial secretion pathway, coupled to an inducible pro-
moter controlling the time point of product release, might raise the
utility of engineered production in plant peroxisomes for industrial
biotechnology.

A long-term goal of engineering plant peroxisomes is the
construction of synthetic peroxisomes in plants or other eukary-
otic organisms, such as yeast. First steps toward this goal have
been taken recently, when in a human cell line two antioxidant
enzymes, a Cu/Zn-superoxide dismutase and a catalase isoform,
were expressed in polymer vesicles, which have a membrane made
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permeable by insertion of channel proteins. In this artificial peroxi-
some superoxide radicals and H,0, detoxification was functional
[123].
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For more than two decades Agrobacterium-mediated
stable genetic transformation of plant cells is a routine
laboratory method to generate transgenic plants. The
natural capability of Agrobacterium tumefaciens to in-
fect plants is thereby exploited for transferring foreign
genes into plant cells. During stable transformation
engineered DNA fragments are integrated into the
plant genome and can be passed on to the next genera-
tions. The host specificity of Agrobacteria to plant spe-
cies is limited and the genetic mechanisms underlying
host specificity are complex. Besides Arabidopsis thali-
ana, Agrobacterium tumefaciens is also capable of suc-
cessfully transforming a large variety of other plant
species, such as maize or rice.

Using Agrobacteria to transform Arabidopsis is
straightforward, requiring only standard laboratory
equipment. Transformation by floral dip is easy and
can be performed by non-specialists. Due to its small
size, short generation time, high seed production and
easy handling, Arabidopsis, which has emerged as
model organism for plant biology research, is frequent-
ly chosen to generate transgenic plants.

This review focuses on the generation of transgenic
Arabidopsis plants by Agrobacteria using the floral dip
method. Besides a simplified protocol for the Agrobac-
terium-mediated transformation, we here describe
common Agrobacterium strains and suitable binary T-
DNA vectors. Further, we focus on plant selection to
finally isolate homozygous transgenic mutant lines.
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Introduction

An important step in plant science was taken when Marc
van Montagu and Jeff Schell discovered the genetic transfer

Journal of Endocytobiosis and Cell Research VOL 22 | 2012

mechanism between Agrobacteria and plants (Van
Larebeke et al. 1974). Later, this finding enabled research-
ers to perform controlled expression of transgenes in
plants. In early experiments tissue cultures were trans-
formed, though regenerating plant tissue is difficult and
laborious (Lloyd et al. 1986; Valvekens et al. 1988). In
1987, Marks and Feldman established a technique, which
did not require tissue culture. Instead, transgenic plants
were generated by co-cultivation of Arabidopsis seeds with
Agrobacteria (Feldman and Marks 1987). However, the
reproducibility of this method proved difficult and genera-
tion of transgenic lines took several years. Plant transfor-
mation was improved when Pelletier and colleagues suc-
ceeded in transforming Arabidopsis plants by vacuum
infiltration (Bechtold et al. 1993). In the late 1990s proto-
cols were further simplified. Transgenic plants were gained
by dipping inflorescences into Agrobacteria solution
(Clough and Bent 1998). Although other transformation
methods, like particle bombardment, protoplast bombard-
ment or direct gene transfer into protoplasts (Negrutiu et
al. 1987) are available, Agrobacterium-mediated plant
transformation remains the most frequently used method
(Vain 2007).

Genetically altered plants are important experimental
tools to both basic and applied molecular research, allow-
ing the investigation of functions of a gene-of interest (GOI)
in planta by either silencing or mis-expression. Loss-of-
function can be accomplished by creating hairpin RNA
molecules, which evoke the formation of small interfering
RNAs (siRNAs). These molecules were shown to down-
regulate gene functions (Smith et al. 2000; Small 2007).
Today, artificial micro RNAs (amiRNAs) are more common-
ly used to silence genes. This is because amiRNAs, generat-
ed from endogenous precursors, do more specifically hit
target genes than siRNAs (Schwab et al. 2005; Alvarez et al.
2006; Schwab et al. 2006). Ectopic over-expression of genes
is achieved by placing the GOI downstream of a strong
heterologous promoter, like the cauliflower mosaic virus
35S promoter (p35S) or the ubiquitin10 promoter
(pUB10). To determine its subcellular localisation or to
purify the GOI, it can be translationally fused to a fluores-
cent protein or purification tag, either controlled by its
endogenous or a heterologous promoter (Karimi et al.
2007). The activity of a promoter can be analyzed by clon-
ing its sequence upstream of a reporter gene, such as f-
glucuronidase (GUS) (Jefferson et al. 1987). Further appli-
cations of transgenic plants in basic research are for exam-
ple mapping of genes (Clough et al. 2000) or genetic screen-
ing for desired phenotypes (Bent 2000). In applied agro-
nomical and horticultural research, plant genetic engineer-
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ing is used to generate useful plant phenotypes, which are
unachievable by conventional plant breeding (Vain 2007).
In the following chapters we describe different Agrobacte-
ria strains, which can be used for transformation, we show
binary vectors that can be used for different purposes (Ta-
ble 1) and we provide a simplified floral dip protocol (Box).
Furthermore we delineate the selection of transgenic plants
to gain homozygous mutants for phenotypic analyses. In
Figure 2 we sum up all steps from the preparation to the
homozygous mutant plants.

The Method

Agrobacteria strains

Agrobacteria are soil-dwelling plant pathogens that inte-
grate bacterial transfer DNA (T-DNA) into the plant genome
(Chilton et al. 1977). The T-DNA is transferred to plant
cells, transported to the nucleus and expressed when in-
serted in the host’s nuclear genome. The T-DNA encodes for
enzymes that either induce tumor formation or produce
opines. These nitrogen-rich molecules serve as energy
source for the Agrobacteria, but cannot be metabolized by
the plant (McCullen and Binns 2006).

The tumor-inducing plasmid (Ti-plasmid) encodes for
the T-DNA and virulence effector (vir) proteins, which are
important for targeting the plant cell and integrating into
the genome. For plant transformation disarmed Ti-
plasmids are used, which enable transfer function, but do
not induce tumor formation due to the removal of onco-
genes and opine synthases from the wild-type T-DNA
(Bevan et al. 1983; Fraley et al. 1983; Herrera-Estrella et al.
1983).

The commonly used Agrobacteria strains are C58 with
the disarmed Ti-plasmid pTiC58 (Wood et al. 2001) and the
C58-derivatives GV3101:pMP90 and GV3101::pMP90RK
(Koncz and Schell 1986). These strains confer resistance to
rifampicin due to pTiC58. The strain GV3101::pMP90 car-
ries an additional resistance to gentamycin.

T-DNA Binary Vector Systems

The finding that the T-DNA region and the vir genes of a Ti-
plasmid can reside on different replicons led to the devel-
opment of binary vector system (Hoekema et al. 1983; de
Framond et al. 1983). These plasmids facilitated genetic
engineering for many laboratories, because the recombina-
tion of foreign DNA with the Ti-plasmid is not required
anymore and the cloning procedure became less difficult. In
addition, binary vectors yield more DNA than the initial
large T-DNA vectors, due to an increased copy number in
Escherichia coli (Lee and Gelvin 2008).

The T-DNA binary vector system is composed of two
vectors, a T-DNA binary vector and a second disarmed Ti-
plasmid called vir helper plasmid. The binary vector har-
bors the GOI within the T-DNA region. In this region, which
is delimited by left (LB) and right border (RB), the transfer
of T-DNA into the plant genome is induced. The T-DNA
vector also contains a marker for selection and mainte-
nance in both E. coli and Agrobacteria, and a selectable
marker for plants. The vir helper plasmid, such as pTiC58,
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pMK90 or pMK90RK, is harbored in the Agrobacterium
strain. It only carries the virulence effector proteins and a
selection marker.

Over the past years binary vectors have become more
sophisticated and suitable for genetic engineering. Table 1
summarizes many commonly used conventional or Gate-
way® compatible vector series.

The first T-DNA binary vectors were still large in size,
thus plasmid size was progressively reduced and this led to
minimal vectors, such as the pPZP or pGREEN plasmids.
These plasmids have a more reduced ori than for example
vectors of the pBIN series (Bevan 1984; Frisch et al. 1995).
The integration of T-DNA into the plant genome is polar
from RB to LB (Sheng and Citovsky 1996). Early binary T-
DNA vectors, such as the pBIN19 (Bevan 1984; Frisch et al.
1995) harbor the resistance cassette close to the RB result-
ing in false positive transformants only containing the
resistance marker, but not the GOI. The resistance cassette
in pPZP, pGTPV and pGREEN series is located close to the
LB (Table 1). This improvement reduces the number of
false positives, because the insertion of the GOI precedes
the selection marker (extensively reviewed in Hellens et al.
2000a).

In this review we focus on vector series, which often
provide different promoter versions, selectable markers or
fusion tags on the same vector backbone, so that it is possi-
ble to use vectors of the same series for multiple purposes
(Table 1).

Principle of floral dip method

The transformation of Arabidopsis is an essential tool to
study GOI function. This review describes Agrobacterium-
mediated transformation of Arabidopsis using the floral dip
method (Box). It can be performed within a short time
without using special equipment and with high yield of
transformants in every laboratory. Most Arabidopsis eco-
types, such as Col-0, Ws-0, Nd-0 and No-0 can be trans-
formed with this method, whereas Ler-0 appears to be less
efficient (Clough and Bent 1998). Optimal transformation
efficiency is yielded when healthy plants are used having
around 10 cm high bolts and flowers containing several
unopened floral buds. With plants in the ideal status a
transformation efficiency of 2-3% can be achieved
(Martinez-Trujillo 2004).

To perform the floral dip method, Arabidopsis plants
are grown on soil simultaneously to cloning and Agrobacte-
ria transformation procedure. If the cloning procedure
takes longer then expected, first bolts could be cut to keep
plants in the right developmental stage. Secondary bolts
will proliferate. Before dipping, an Agrobacteria over night
culture is resuspended in 5% (w/v) sucrose solution to
remove corresponding selective agents and other potential-
ly harmful growth media components. The surfactant
Silwet L-77 is added to the solution favoring plant trans-
formation by reducing surface tension and promoting
agrobacterial adhesion to the plant tissue. Silwet L-77 can
be substituted by less-expensive surfactants, such as
Tween-20, which is as efficient as Silwet L-77 (Das and
Joshi 2011). Transformation of female gametes is achieved
by dipping Arabidopsis plants into Agrobacteria solution
(Desfeux et al. 2000; Bechthold et al. 2003). Dipped plants
are covered with a plastic dome or a layer of saran wrap for
one day and placed to low light conditions (50 pmol m2 s-1
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Table 1: Overview of restriction-enzyme and Gateway® compatible binary T-DNA vector series

Vector Application category | BSM | PSM Ref
Vector series for restriction-enzyme cloning
pGPTV series Constitutive transgene expression; promoter studies (GUS) Kan HygB, 1
Kan, Gluf,
Ble, Mtx
pGreen/pGreenll Constitutive transgene expression; promoter studies (GUS, GFP, Kan HygB, 2
series LuC) Kan, Gluf,
Sul
pCAMBIA series Constitutive transgene expression; promoter studies (GUS and Kan, HygB, 3
GFP), Clm Kan, Gluf
pPZP series Constitutive transgene expression Spec, Kan, Gent 4
Clm
PpORE series Constitutive transgene expression; promoter studies and report- Kan Kan, Gluf 5
er gene assays (GUS, GFP)
Gateway compatible vector series
pMDC series Constitutive/inducible expression; promoter studies (GUS and Kan, HygB, 6
GFP), promoterless variants; various tags (6x His) Spec* Kan, Bar
pGWB series Inducible expression; promoter studies (GUS, GFP, EYFP, ECFP, Kan, Kan, 7,8
RFP), promoterless variants; various tags (6x His, 4x/10x Myc, Spec* HygB,
FLAG, 3x HA, T7, TAP) Gluf
GATEWAY desti- Constitutive transgene expression; promoter studies (GUS, GFP); Spec* HygB, 9
nation vectors gene silencing (hairpin RNAi) Kan, Gluf
pHELLSGATE Gene silencing (hairpin RNAi) Spec Kan 10,11
pAGRIKOLA Gene silencing (hairpin RNAi) Kan Kan, Gluf 12

* Gateway vector presented carries a chloramphenicol resistance, which can be used to maintain the Gateway cassette;

References (Ref) are: 1: (Becker 1990; Becker et al. 1992) 2: (Hellens et al. 2000b), 3: www.cambia.org, 4: (Hajdukiewicz et al. 1994), 5:
(Coutu et al. 2007), 6: (Curtis and Grossniklaus 2003), 7: (Nakagawa et al. 2007), 8: (Nakamura et al. 2010), 9: (Karimi et al. 2002), 10:
(Wesley etal. 2001), 11: (Helliwell and Waterhouse 2003), 12: (Hilson et al. 2004);

Abbreviations: BSM: Bacterial selection marker, PSM: Plant selection marker, Ble: Bleomycin, Clm: Chloramphenicol, Gent: Gentamycin,
Gluf: Glufosinate ammonium (Basta), HygB: Hygromycin B, Kan: Kanamycin, Mtx: Methotrexate, Spec: Spectinomycin, Sul: Sulfonamides,
CFP: Cyan fluorescent protein, EYFP: Enhanced yellow fluorescent protein, GFP: Green Fluorescent Protein, GUS: B-glucuronidase, LUC:
Luciferase, RFP: Red fluorescent protein, TAP: Tandem affinity purification; Useful weblinks: http://www.pgreen.ac.uk/;
http://www.cambia.org; http://www.psb.ugent.be/gateway/; antibiotics are dissolved in water, except HygB, which is dissolved in
HEPES, ampicillin ( dissolved in 50% ethanol) and chloramphenicol (dissolved in 100% ethanol).

light intensity), and moderate temperature (20°C). This
retains humidity and favors both Agrobacteria and Ara-
bidopsis growth to enhance transformation efficiency. After
ripening, To seeds are harvested for selection (Figure 1).

Screening for transgenic Arabidopsis plants

To seeds are surface sterilized by chlorine gas or ethanol for
selection (Clough and Bent 1998; Chang and Pikaard 2005).
Several thousands of seeds are sufficient to identify positive
transformants. Sterilized seeds are spread on half-strength
MS medium (Murashige and Skoog 1962) including the
according selective agent (Table 1 and 2). Depending on the
selective agent, non-transformed plants are impaired in
growth. In most cases sensitive seedlings are pale and
arrested in development at the cotyledon stage. Milder
selective agents retard growth. Surviving seedlings can be
distinguished in early seedling establishment. There they
show longer roots and true leaves emerge. Wild-type seed-
lings should always be included as negative control to mon-
itor the appearance of non-transformed lines on the partic-
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ular batch of selection media. At least 15 candidate seed-
lings are transferred to soil. Alternatively, the selection
procedure can be accomplished without sterile culture as
described in Davis et al. (2009).

The successful integration of the transgene into plant
genomic DNA is verified by PCR analysis. Genomic DNA is
isolated from a rosette leaf. A fast method for isolation of
genomic DNA is presented in Berendzen et al. (2005). The
preparation according to Edwards et al. (1991) is advisable
for long-term storage of DNA. The choice of appropriate
oligonucleotides for PCR amplification depends on the GOI.
Vector specific primers binding to promoter and terminator
are conceivable, but also a combination of T-DNA border
specific and transgene specific primers. Genomic DNA from
wild-type plants should be used as negative control, while
vector DNA is the corresponding positive control.
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Table 2: Genetic markers and selective agents for plant transformation

Agrobacterium-mediated plant transformation, Bernhardt K et al

Gene, Enzyme, Source PSM Conc Ref
aac3, Aminoglycoside-N-Acetyltransferase, Serratia marcescens Gent 50 pg/mL 1
aadA, Amino-glycoside-3"-adenyltransferase, Shigella sp. Spec 100 pg/mL 2
bar, Phosphinotricin acetyl transferase, Streptomyces hygroskopicus Gluf 7.5 pg/mL 3
dhfr, Dihydrofolate reductase, M. musculus Mtx 100 pg/mL 4
hph, Hygromycin phosphotransferase, E. coli HygB 30 pg/mL 5

nptll, Neomycin Phosphotransferase I, E. coli Tn5 Kan 50 pg/mL 6,7
sull, Dihydropteroate synthase, E. coli pR46 Sul 7.5 pg/mL 8

References (Ref) are: 1: (Hayford et al. 1988) 2: (Svab and Maliga 1993), 3: (De Block et al. 1989), 4: (Kemper et al. 1992), 5: (Waldron et
al. 1985) 6: (Bevan et al. 1983), 7: (Fraley et al. 1983), 8: (Guerineau et al. 1990). Selectable marker genes are extensively reviewed in:

(Sundar and Sakthivel 2008).

Abbreviations: Conc: Concentration of selective agent in the medium; PSM: Plant selection marker; Gent: Gentamycin, Gluf: Glufosinate
ammonium (Basta), HygB: Hygromycin B, Kan: Kanamycin, Mtx: Methotrexate, Spec: Spectinomycin, Sul: Sulfonamides; antibiotics are
dissolved in water, except HygB, which is dissolved in HEPES, ampicillin ( dissolved in 50% ethanol) and chloramphenicol (dissolved in

100% ethanol).

Besides PCR screening using gDNA, protein or mRNA
expression can be directly analyzed by immunoblot or RT-
PCR, respectively. In case of an RNA interference (RNAi)
approach, the down-regulation of the target transcript
should be verified by qRT-PCR (Udvardi et al. 2008).

The progeny of confirmed To plants is further analyzed
(Figure 1). Seeds are again spread on half-strength MS
medium with selective agent, and T1 plants are verified via
PCR. A T1 plant with a single T-DNA insertion is considered
homozygous when all descendants survive the marker
screen. In the case of a heterozygous Ti, plant, the offspring
will segregate 1:2:1. Consequently a quarter of the seed-
lings will show compromised growth during the screen
(Figure 1). In the case of multiple insertions it is possible
that all descendants of the T1 generation survive the marker
screen even though the T-DNA insertion is not homozygous
for the GOI. Physiological experiments can be started with
T2 seeds, produced from homozygous T1 seedlings.

Agrobacterium-mediated plant transformation may
give rise to phenotypes independent of the GOI, such as
embryo-lethality if the T-DNA disrupts essential genes
(homozygous seeds will not germinate). T-DNA insertion is
minimally biased (Alonso and Stepanova 2003), thus as-
sumed to occur largely random (Ostergaard and Yanofsky,
2004). Analysis of more than several independent trans-
genic lines (multiple alleles) is required to preclude off-
target effects.

Multiple T-DNA insertions can be detected by Southern
blotting. The genomic DNA is restricted with a single endo-
nuclease featuring a single restriction site in the T-DNA and
using a T-DNA specific probe next to this site for hybridiza-
tion. Multiple T-DNA insertions are expected to result in
several bands (Southern 1975; Logemann et al. 2006).
Multiple insertions can also be identified by T-DNA map-
ping (Liu et al. 1995) which additionally gives information
about the place of insertion. The biochemical and physio-
logical characterization of transgenic plants can begin as
soon as the genetic analysis (Meinke et al. 1998) has been
successfully finished.
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Parental
plants

* Selection > T, plant
T, seeds * All heterozygous

* Selection - T, plants

* Homo- or heterozygous (1:2:1)
T, seeds

« Selection - T, plants

» Segregation analysis
T, seeds

Figure 1: Selection of transgenic plants

This figure displays the selection process from dipped plants to
homozygous seeds, which can be used in physiological experi-
ments.

Final remarks

The transformation of Arabidopsis is a multi-step process.
The procedure from preparation to selection of homozy-
gous lines is time-consuming, thus proper planning is nec-
essary. Figure 2 sums up the key steps for Arabidopsis
transformation. The successful transformation starts with
the choice of an appropriate vector system (Gateway® or
conventional), promoter and fusion tag. Attention has to be
paid to the selective markers depending on the number of
transgenes, which will be transformed into one plant line.
The selection cassette might be present in a parental mu-

Journal of Endocytobiosis and Cell Research VOL 22 | 2012



152

VIIl.2 Manuscript 5

Agrobacterium-mediated plant transformation, Bernhardt K et al

tant line. If it is intended to cross transgenic individuals,
care should be taken to employ different selection markers.

Following the described scheme, transgenic Arabidop-
sis lines ready to be analyzed can be generated in six to
eight months.

» Gateway®, restriction-enzyme
Cloning

« Endogenous, tissue specific, constitutive, inducible

Fusion

 Multiple genes in T-DNA, multiple rounds of
transformation
Genes | - Different anitbiotic markers in strain and contruct

» Which selective marker is already present?
Plant

lines

« Detection, purification ]

Consider selective markers for crosses or
Future | complementation

work

Figure 2: Key steps of Agrobacterium-mediated plant trans-
formation procedure

In this scheme the main steps from cloning to future experiments
with homozygous plants are explained.
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Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

BOX - Plant transformation method

Cloning

Clone the GOI in an appropriate binary vector (Table 1). Consider features like promoter, fusion tag
and selection cassette (Table 1 and 2). Isolate 1 pg of plasmid DNA of the final construct for transfor-
mation into Agrobacteria (Sambrook 2001).

Plant growth

Sow Arabidopsis seeds on well-watered soil and stratify at 4°C in the dark for two days. Germinate
seeds and grow the seedlings under long day conditions (16 h light/8 h darkness, 100 pmol m-2 s-1
light intensity, 20°C/18°C) for three weeks. Transfer five plants to a fresh pot filled with watered soil.
Grow the plants under long day conditions for three to four weeks until they begin to bolt. Prepare
four pots with five plants per construct (Figure 3A).

Competent Agrobacteria

Produce competent Agrobacteria by inoculating 200 mL LB medium with 2 mL of an agrobacterium
over-night culture. Incubate main culture aerobically at 28°C for 6 h to grow the cells to ODsoo 0.5-0.8.
At this OD the transition to the log-phase begins. Centrifuge the culture at 4,500 g at 4°C for 10 min.
Wash the pellet in 10 mL ice-cold TE-buffer. Resuspend the pellet in 20 mL LB medium. Aliquot 500
uL fractions in microcentrifuge tubes. Shock-freeze in liquid nitrogen and store at -80°C (Hofgen and
Willmitzer 1988).

Agrobacteria transformation using the freeze-thaw method

Transform the construct with the GOI into Agrobacteria.

Thaw one aliquot of competent cells per construct on ice. Add 1 pg plasmid DNA and keep the mixture
on ice for 5 min. Freeze it in liquid nitrogen for 5 min. Heat-shock the mixture for 5 min at 37°C. Add
0.8 mL LB medium and incubate on a rocker at 28°C for 2-4 h. Centrifuge for 2 min at 3,000 g. Discard
the supernatant, resuspend the pellet in 100 pL LB, and spread the Agrobacteria suspension on YEP-
plates with appropriate antibiotics. Incubate the plates at 28°C for two days. Re-streak four single
colonies on a new plate and incubate these plates at 28°C for one to two days (Hofgen and Willmitzer
1988). To verify the presence of the construct perform a colony PCR (Sambrook 2001). Consider that
larger constructs (>20 kb) might require electro-transformation (Mersereau et al. 1990).

Plant status optimal for transformation

Grow plants until bolts reach 10 cm height. The plants should have several unopened floral buds and
a low number of siliques. When the plants get the first bolts, but the cloning is not yet finished, they
can be removed. Cutting first bolts allows proliferation of secondary inflorescences from axillary
buds.

Agrobacteria culture for dipping

Inoculate a 5 mL liquid culture of Agrobacteria in LB medium supplied with antibiotics that select for
both the vir helper plasmid and T-DNA binary vector two days prior to plant transformation. Incubate
it aerobically at 28°C over night.

Inoculate 250 mL of YEP medium with 1 mL of the pre-culture and incubate under the same condi-
tions for 16-24 h (ODsoo = 1.5 - 2). Measure the ODeoo of your Agrobacteria culture.

Sediment the cells at 5,500 g for 10 min at room temperature (note that the pellet is pink). Resuspend
itin 5 % (w/v) sucrose solution to a final ODsoo of 0.8. Add 0.02 % (v/v) Silwet L-77 or 0.07 % (v/v)
Tween-20. Note that high concentrations of surfactant are toxic. For transformation of varying T-DNA
binary vectors with different selection markers, mix equal volumes of the Agrobacteria strains resus-
pended in sucrose solution. Nest a tall 250 mL beaker in a 600 mL beaker to easily dip the plants
overhead. This minimizes the contamination of Agrobacterium solution with soil. Transfer the Agro-
bacteria suspension to the 250 mL beaker.

Preparation of plants

Remove already developed siliques from the plants to minimize the number of non-transformed
seeds in your batch, which increases the ratio of transformed to untransformed seeds. This step
might be time consuming.
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Step 8 Dipping - Plant transformation
Prepare two stripes of aluminum foil to cover the rosette leaves and the soil, leaving a gap for the in-
florescences (Figure 3B). This prevents loss of soil and contamination of leaves with Agrobacteria
suspension. Dip the inflorescences into the Agrobacteria suspension by inverting the plants. Allow
soaking for 1 min (Figure 3B). The same suspension can be used for ten or more pots and for different
plants. To prevent damage of the flower buds, remove excess liquid by draining plants for a few se-
conds. Staking bolts facilitates harvesting of seeds.

Step 9 Plant handling after transformation
Place pots on their sides in a plastic tray lined with humid paper. Cover the trays with a dome or sa-
ran wrap maintaining humidity. Keep the plants in low light (50 pmol m-2 s-1light) for one day (Figure
3C). Put the plants upright and return them to normal growth conditions the next day. Grow the
transformed plants for further 3-4 weeks until the first siliques become brown. Stop watering and let
the siliques ripen.

K
il

Figure 3: Floral dip procedure

(A) Arabidopsis plants with 10 cm high bolts. Flowers contain-
ing several unopened floral buds should be used for optimal
transformation efficiencies. (B) Arabidopsis plants, prepared
for transformation, are dipped in Agrobacteria solution. (C)
After dipping the plants are placed horizontally in a tray with
humid paper and covered with transparent foil to maintain
humidity.

Step 10 Collection of seeds
Harvest dried seeds with a mesh sieve and pool the To seeds of plants transformed with the same con-
struct.
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Step 11

Step 12

Step 13

Step 14

Seed surface sterilization
Seeds can be surface sterilized either by chlorine gas (A), or ethanol (B).

A) Chlorine gas method

Fill one spatula tip of seeds (around 20 pL volume) in one microcentrifuge tube and place it opened
into a desiccator jar under a fume hood. Sterilize four to six seed aliquots per seed pool. Store non-
sterilized seeds of the original seed batch. Storage of sterilized seeds decreases germination efficien-
cy.

Place a beaker containing 100 mL of sodium hypochlorite (13% of active chlorine) next to the seeds
in the desiccator. Add 3 mL of concentrated hydrochloric acid to initiate chlorine gas formation. Im-
mediately close the desiccator to prevent gas emission. Expose the seeds for 2 h, release the gas and
close the tubes quickly to prevent contamination. Open the microcentrifuge tubes under a sterile lam-
inar flow hood and let remaining chlorine gas evaporate for 30 min (Clough and Bent 1998).

B) Ethanol liquid method

Fill up to 50 pl seeds in a microcentrifuge tube (three aliquots per seed batch) and add 500 pL of 70%
ethanol. Shake the seeds continuously for 5-10 min. Remove the liquid and let the seeds dry in the
microcentrifuge tube under the laminar flow hood (~ 30 min-1 h). Sterile seeds can alternatively be
poured on a sterile filter paper for drying (~ 15 min). Sterilization by this method does not allow
longer-term seed storage (modified after Chang and Pikaard 2005).

Selection of primary transformants

Spread the seeds of one seed pool on four to eight half-strength MS plates with the appropriate selec-
tion agents (Table 1 and 2). Stratify the seeds at 4°C in the dark for two days. Grow the seedlings for
up to three weeks under long day conditions (16 h light/8 h darkness, 20°C). Transformed plants are
easily distinguishable from non-transformed seedlings. They are greener, have longer roots, and pro-
duce true leaves. Non-resistant seeds germinate, but appear yellowish. In most cases growth is ar-
rested at the cotyledon stage. Transfer resistant seedlings to new pots filled with watered soil. Grow
plants under long day conditions and harvest T1 seeds.

gDNA isolation using sucrose buffer

To test if resistant plants carry the T-DNA, gDNA from leaves is isolated. Cut one leave disc with a mi-
crocentrifuge tube cap and store it on ice until extraction. Add 200 pL sucrose buffer and grind the
tissue with a blue pipette tip at room temperature until the solution becomes greenish and the tissue
appears macerated. Boil the sample at 100°C for 10 min. Centrifuge for 5 seconds. Place the samples
on ice. Perform a 20 pL PCR reaction with 1 pL of the supernatant, containing the genomic DNA. Store
the samples at 4°C over night or at -20°C for long-term storage (Berendzen et al. 2005)

Segregation analysis

T2 plants are verified by growth on selective medium and PCR. Segregation analysis will reveal
whether the ancestor is a homo-, or heterozygous plant. The offspring of homozygous plants survives
the marker screen to 100% and can be used for physiological experiments. Southern Blotting is only
performed when no independent lines are available.
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Equipment and reagents

Equipment

Pots, VQB 9 x 9 x 8 cm, TEKU, Germany

Aluminum foil, Carl Roth, Germany

Plastic tray and dome or plastic film

Sticks for plant staking

Mesh sieve, 450 pm, Retsch, Germany

Scissors

Jeweler’s forceps (Dumont type 5)

Microcentrifuge tubes, 1.5 mL, Sarstedt, Germany

Pipette tips, Sarstedt, Germany

Erlenmeyer flasks for Agrobacteria cultivation, VWR, Germany
Tall 250 mL beaker and a 600 mL beaker for dipping
Desiccator jar

BioPhotometer, Eppendorf, Germany

Centrifuge J2-21, Rotor JA-10, Beckman, USA

Centrifuge 5424, Eppendorf, Germany

Veriti 96-Well Thermal Cycler, Applied Biosystems, USA
Thermomixer comfort, Eppendorf, Germany

Incubator shakers, Innova 44, New Brunswick scientific, USA
Growth chamber, Model AR-66C and CU-36C, Percival scientific, USA
Fume hood

Sterile laminar flow hood

Reagents
Buffers and solutions:
TE-buffer:
10 mM Tris-HCl, pH 7.5; 0.1 mM EDTA
Sucrose solution:
5% (w/v) sucrose in water
Sucrose buffer for gDNA isolation:
50 mM Tris-HCI, pH 7.5; 300 mM sodium chloride; 300 mM sucrose
Media:
Luria-Bertani medium (LB):
1% (w/v) Tryptone; 0.5% (w/v) Yeast extract; 1% (w/v) Sodium chloride; 1.5% (w/v) Agar for
plates
YEP medium:
1% (w/v) yeast extract; 1% (w/v) peptone; 0.5% (w/v) sodium chloride; 1.5% (w/v) Agar for plates
Half-strength MS medium:
0.44% (w/v) MS salts, including vitamins; 0.05% (w/v) MES, pH 5.7 (KOH); 0.8% (w/v) phytoagar for
plates
Soil:

2/3 Top soil; 1/3 Vermiculite

Other chemicals:

Liquid nitrogen

Silwet L-77 or Tween-20

Sodium hypochlorite (13% of active chlorine)
Concentrated hydrochloric acid (HCI)

Sterile 70% ethanol and 100% ethanol
Selection agents
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