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Summary

3 Summary

Manganese (Mn) is an essential nutrient for proper plant growth and development. It is
involved in many cellular processes as antioxidation, photosynthesis and glycosylation where
it can act as a cofactor or an enzyme activator. One prominent role of Mn is being a cofactor
of the oxygen evolving center (OEC) of photosystem Il (PSll) in the chloroplast, catalyzing the
water splitting reaction. Besides its role for optimal photosynthesis performance, Mn is also
required in other compartments. Therefore, Mn needs to be translocated and distributed
properly within the cell to maintain Mn-dependent metabolic processes in the respecting
compartments. Mn deficiency leads to severe plant growth defects including interveinal
chlorosis, and excess Mn leads to the accumulation of toxic Mn oxidation products also
resulting in growth defects. Consequently, to prevent intracellular toxic levels or deficiencies,
plants evolved regulated Mn uptake, distribution and storage mechanisms.

There are several protein families involved in the process of Mn transport, for example the
NRAMP, CAX, CCX, MTP and ECA protein families. They regulate the uptake via the root
system, and the intracellular distribution among the Golgi apparatus, ER compartment,
vacuole and cytosol.

A newly characterized protein family, called UPF0016, is supposed to be involved in
intracellular Mn transport as well, with members in nearly all species of life. The Homo sapiens
(human) homolog TMEM165 is important for proper Mn supply of the Golgi apparatus as
patients with a defect in this protein show disrupted N-glycosylation causing a severe
psychomotor disease called Congenital Disorders of Glycosylation defects Type Il (CDGII). In
Saccharomyces cerevisiae (yeast) the homolog GDT1 is also reported to regulate Mn
homeostasis in the Golgi apparatus. Some bacterial members, Vibrio cholerae MneA and
Synechocystis MNX are important for cytosol detoxification by exporting Mn either out of the
cell into the periplasmatic space or into the thylakoid lumen.

In Arabidopsis thaliana, the UPF0016 family comprises five members. Two proteins harbor a
chloroplast target peptide (cTP), one a TP for the secretory pathway and two proteins lack a
TP. PAM71, the thylakoid membrane localized Mn transporter of the UPFO016 family is
important for Mn supply to the thylakoid lumen to ensure proper OEC formation. Its closest
homolog, CMT1, we found to be localized in the inner envelope of chloroplasts, importing Mn
into the chloroplast stroma. Loss of CMT1 leads to disturbed chloroplast development,
reduced amounts of photosynthesis complexes as well as reduced Mn incorporation into the
OEC. The reduced growth phenotype and yellowish leaves of cmt1 mutant plants are a result
of this defect which manifests itself also in a reduced amount of chlorophyll and carotenoid
pigments.

The remaining three Arabidopsis thaliana members of the UPF0016 family we found to be
localized in the ER membrane (PML4 and PML5), and the Golgi membrane (PML3), where they
are also supposed to play a role in Mn homeostasis. In two independent studies, PML3
localization to the Golgi membrane was confirmed and it was shown to be required for
N-glycosylation.
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Summary

Employing cross-species complementation assays we discovered HSTMEM165, SynMNX and
AtCMT1 to be able to functionally replace PAM71 in the thylakoid membrane, supporting that
Mn transport activity is an ancient trait of the UPFO016 protein family. Phylogenetic analysis
revealed that cyanobacterial UPFO016 members are closer related to eukaryotic members
than to other prokaryotic ones.

We hypothesized that two individual events introduced UPFO016 genes into the green lineage.
First, a horizontal gene transfer (HGT), generated a gene copy, which is manifested in all
eukaryotes, and resulted in plants in ER and Golgi-membrane localized proteins. Second, the
cyanobacterial endosymbiotic gene transfer (EGT) gave rise to the two gene copies of PAM71
and CMT1 and the encoded proteins localize to the thylakoid and envelope membrane of
chloroplasts, respectively.

Each protein family has its own evolutionary history, we were able to contribute to a better
understanding of the function and evolution of the UPF0016 protein family and we were also
able to show that the manganese transport function of individual members has been
conserved over millions of years.
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Zusammenfassung

4 Zusammenfassung

Mangan (Mn) ist ein essenzieller Nahrstoff, der flir ein gesundes Pflanzenwachstum und die
Pflanzenentwicklung benétigt wird. Mn ist an vielen zellularen Prozessen, wie der
Antioxidation, Photosynthese und Glykosylierung beteiligt und kann als Cofaktor oder
Enzymaktivator wirken. Mn spielt eine sehr wichtige Rolle als Cofaktor des
Sauerstoff-entwickelnden-Zentrums (OEC) im Photosystem Il (PSIl) in den Chloroplasten,
welcher die Wasserspaltungsreaktion katalysiert. Neben seiner Rolle flir eine optimale
Photosynthese Leistung wird Mn auch in anderen pflanzlichen Zellkompartimenten benétigt.
Daher muss Mn transloziert und verteilt werden, um Mn-abhangige Stoffwechselprozesse in
den entsprechenden Kompartimenten aufrechtzuerhalten. Mn-Mangel fihrt zu schweren
Pflanzenschadigungen, einschlieRlich intervendser Chlorosen und ein Uberschuss resultiert in
einer  Anhdufung toxischer = Mn-Oxidationsprodukten,  welche schlielich  zu
Wachstumsstérungen fuhren. Folglich entwickelten Pflanzen in ihrer Evolution eine regulierte
Mn-Aufnahme, -Verteilung und -Speicherung, um intrazelluldre Toxizitat und Mangel zu
verhindern.

Es gibt verschiedene Proteinfamilien, die in diesen Prozessen des Mn-Transports beteiligt sind,
zum Beispiel die NRAMP, CAX, CCX, MTP und ECA Proteinfamilien. Sie regulieren die
Aufnahme Uber das Wurzelsystem, und die intrazelluldre Verteilung zwischen dem
Golgiapparat, dem ER, der Vakuole und dem Zytosol.

Auch die neu charakterisierte Proteinfamilie, UPFO016 ist am intrazellularen Mn-Transport
beteiligt und Proteine dieser Familie sind in fast allen Organismen enthalten. Das menschliche
Homolog TMEM165 ist wichtig fiir die Mn-Versorgung des Golgiapparates, da Patienten mit
einem Gendefekt eine gestorte N-Glykosylierung haben, die eine schwere psychomotorische
Krankheit verursachen kann, die als kongenitale Stérungen von Glykosylierungsdefekten Typ Il
(CDGII) bezeichnet wird. Das homologe Protein aus Saccharomyces cerevisiae (Hefe), GDT1,
reguliert ebenfalls die Aufnahme von Mn in den Golgiapparat. Einige Mitglieder aus Bakterien,
z.B. das Vibrio cholerae Protein MneA und das Synechocystis Protein MNX, sind fir die Mn
Entgiftung des Zytosols wichtig, indem sie Mn entweder aus der Zelle in den periplasmatischen
Raum oder das Thylakoidlumen exportieren.

In Arabidopsis thaliana umfasst die UPFO016 Familie flinf Mitglieder, wobei zwei Proteine ein
Chloroplasten-Zielpeptid (cTP) besitzen, ein Protein enthélt ein TP fiir den Golgiapparat und
zwei Proteine besitzen keine Zielpeptide. PAM71 ist ein in der Thylakoidmembran lokalisierter
Mn-Transporter der UPFO016 Familie, der wichtig fiir die Mn-Versorgung des Thylakoidlumens
ist. Dadurch wird die Wasserspaltung, die mit der Sauerstoff Entwicklung einhergeht,
sichergestellt. Das am nachsten verwandte Protein von PAM71 ist CMT1, welches in der
inneren Hillmembran von Chloroplasten lokalisiert ist und Mn in das Chloroplastenstroma
importiert. Der Verlust von CMT1 fihrt zu einer gestorten Chloroplasten Entwicklung, einer
reduzierten Anzahl an Photosyntheseproteinkomplexen sowie reduziertem Mn-Gehalt im
Photosystem Il. Das reduzierte Wachstum und die gelblichen Blatter in der cmt1 Mutante sind
eine Folge dessen, die sich auch in einer reduzierten Chlorophyll- oder Carotinoidmenge
manifestiert.
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Zusammenfassung

Die restlichen drei pflanzlichen Proteine der UPF0016 Familie sind in der ER Membran (PML4
und PMLS5), und in der Golgi Membran (PML3) lokalisiert. Es wird angenommen, dass sie dort
ebenfalls eine wichtige Rolle bei der Mn-Homdoostase spielen. In zwei unabhangigen Studien
wurde bestatigt, dass PML3 in der Golgi Membran lokalisiert ist, sowie eine Rolle bei der
N-Glykosylierung spielt.

Mit Hilfe von speziesiibergreifenden Komplementationsassays haben wir festgestellt, dass
HsTMEM165, SynMNX und AtCMT1 in der Lage sind, PAM71 in der Thylakoidmembran
funktionell zu ersetzen. Dadurch wird die Annahme unterstiitzt, dass die
Mn-Transportaktivitdat das urspriingliche Merkmal dieser Proteinfamilie ist. Unsere
phylogenetischen Analysen ergaben, dass cyanobakterielle UPFO016 Proteine ndher mit
eukaryotischen Proteinen verwandt sind als mit anderen prokaryotischen Proteinen.

Wir stellten die Hypothese auf, dass zwei unabhéangige Ereignisse die UPF0016-Gene in
Pflanzen bzw. photosynthetische Eukaryonten eingefiihrt haben. Es wird vermutet, dass ein
horizontaler Gentransfer (HGT) die Genkopie(n), die in allen Eukaryonten und somit auch in
photosynthetischen Eukaryonten enthalten sind, erzeugt hat. Daraus resultierten in Pflanzen,
die Golgi Membran und ER lokalisierten Proteine. In einem zweiten Schritt flhrte der
endosymbiontische Gentransfer (EGT), nachdem ein Cyanobakterium von einer
eukaryotischen Wirtzelle aufgenommen wurde, zu den beiden Genkopien von PAM71 und
CMT1. Die entsprechenden Proteine erhielten im Laufe der Evolution eine chloroplastidare
Zielsequenz, sodass sie in die Thylakoid- bzw. Hiillmembran des Chloroplasts geleitet werden
koénnen.

Jede Proteinfamilie hat ihre eigene evolutionadre Geschichte, wir konnten dazu beitragen, dass
die Funktion und Evolution der UPFO016 Proteinfamilie besser verstanden wird und konnten
zudem zeigen, dass die Mn-Transportfunktion einzelner Mitglieder Uber Jahrmillionen
konserviert geblieben ist.
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Aim of the thesis

5 Aim of the thesis

The UPF0016 protein family harbors members in nearly every species of life, however not
much was known about the function and evolution of this family in Arabidopsis thaliana. The
predicted protein topology of all eukaryotic members is described by two clusters of three
transmembrane (TM) domains. The two clusters are oppositely orientated in the membrane
and linked via an acidic loop. The proteins contain two highly conserved motifs in TM1 and
TM4 which are supposed to play an important role in cation binding. Human and yeast
homologs are characterized as important Mn transporters in the Golgi membrane and
bacterial homologs reside in the plasma membrane and/or thylakoid membrane of
photosynthetic species. In Arabidopsis thaliana, there are five members present, including
two proteins with a chloroplast target peptide (cTP), one protein with a Golgi apparatus
targeting peptide TP and two proteins without a TP. The best characterized protein is the
thylakoid membrane localized Mn transporter PAM71, importing Mn into the thylakoid lumen
(Schneider et al., 2016).

This thesis is aimed to investigate the closest homolog of PAM71, which is named CMT1. The
localization of CMT1 and its ability to function as a Mn transporter were analyzed.
Additionally, an examination of the respective knock-out phenotype in Arabidopsis thaliana
and its underlying defects was conducted to gain more information about the function of
UPF0016 members in chloroplast Mn homeostasis.

Besides that, the subcellular localization of the three remaining proteins, named PML3, PML4
and PML5, the expression of the respective genes and knock-out mutant plants were
investigated.

To gain further insights into the UPFO016 protein family evolution and the conservation of the
mode of Mn transport cross-species complementation assays were performed. The
similarities in the protein topology suggested a conserved mode of Mn transport. The aim was
to functionally complement the Arabidopsis thaliana mutant pam71 with the human,
Synechocystis and Arabidopsis thaliana homologs HsTMEM165, SynMNX and AtCMT1,
respectively.

Taken together further examination of UPFO016 protein members manifested their influence
on Mn homeostasis.
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Introduction

6 Introduction
6.1 Plant Nutrition

Plants are sessile organisms that have to cope with and adapt to different environmental
conditions. Generating crop plants capable of withstanding challenging environmental
changes like droughts, floods, intensifying temperature ranges, as well as varying nutrient
availability is of big interest due to an increasing human population. Research on
understanding the underlying cellular processes, like metal uptake, distributions and
protection mechanisms to nutrient excess or limitation are from utmost importance to face
the impact of climate changes on plants.

For proper plant growth, development and reproduction essential micro - and macronutrients
are required (Barker et al., 2007). The classification into micro - and macronutrient is done
according to their concentration in plants. Micronutrients are found to be below
<100 mg/kg dw (milligram per kilogram dry weight) while macronutrients are above that value
(Barker & Pilbeam, 2015). Classified macronutrients are for example nitrogen (N), phosphor
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulphur (S), which are taken up from
the soil (Eppstein, 1972). Hydrogen (H), oxygen (O) and carbon (C) are nonmineral elements -
also classified as macronutrients but are obtained from water and carbon dioxide. Manganese
(Mn), iron (Fe), sodium (Na), copper (Cu) are examples for micronutrients which are all
acquired from the soil (Eppstein, 1972). Macronutrients are mostly used to build cellular
components like nucleic acids or proteins and are therefore required in higher amounts while
some micronutrients like Mn are often found to be cofactors for enzymes.

6.2 Manganese and its role in cellular processes

Mn is a transition metal with a wide range of different oxidation states from +2 to +7. In
biological systems Mn?*, Mn3* and Mn** are predominantly present in redox cycles, with Mn**
being the least stable one (Marschner & Marschner, 2012). The most usable form for plants is
the divalent cation Mn?* (Marschner & Marschner, 2012). The different oxidation states of Mn
are influenced by the pH value of the soil. In acidic soils, Mn?* is preferentially present while
in more neutral or high pH and partial O; pressure (pO2) soil the oxidation states +3 and +4 as
well as insoluble forms like manganese dioxide (MnQ;) are found (Broadley et al., 2012; Lynch
& Clair, 2004; Marschner & Marschner, 2012; Rengel, 2000). Those forms are not accessible
for plants. Excess of other minerals like Fe, Mg, Ca and P can lead to Mn deficiency as they
compete and interfere with Mn uptake (Lynch & Clair, 2004; Marschner & Marschner, 2012)
by blocking transport proteins that transport not only Mn. Microorganisms can affect Mn
availability for plants as well as they can either reduce or oxidize the occurring Mn states into
more soluble ones (Geszvain et al., 2012; Lovley et al., 2011).
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Introduction

6.2.1 Role of Manganese in cellular processes

Mn is an essential micronutrient and therefore the regulated uptake, distribution and storage
is crucial for proper plant development, growth and biomass production (Marschner, 1995).
Mn deficiency or excess can cause severe toxicity related alterations. Symptoms of Mn
deficiency in plants can be interveinal chlorosis in younger leaves and prolonged deficiency
leads to necrosis of older leaves (Schmidt et al., 2016). Inhibited growth caused by Mn
deficiency and the consequential reduced net photosynthesis rate and chlorophyll content,
results in decreased biomass. Mn is involved in several cellular processes like antioxidation,
protein glycosylation and photosynthesis either as a catalytic activator integral in clusters or
as a cofactor of enzymes. In plants, around 300 proteins have been identified being activated
by Mn?* or are having a Mn binding site (The UniProt Knowledgebase,
http://www.uniprot.org, accessed 30 May 2021), such as the oxalate oxidase and the
Mn-dependent superoxide dismutase. The most important function of Mn is driving the water
splitting reaction during photosynthesis. Mn?* as a cofactor is also required for multiple steps
during carbohydrate, lipid and lignin biosynthesis in plants (Engelsma, 1972; Kollner et al.,
2008; Marschner & Marschner, 2012), but also during purine and urea catabolism (Cao et al.,
2010; Werner et al., 2008), DNA repair (Szurmak et al., 2008; Takahashi et al., 2007) and
phospholipid biosynthesis (Collin et al., 1999; Nowicki et al., 2005).

6.2.1.1 (N)-linked glycosylation

N-Glycosylation of proteins is an essential co- and post-translational modification of
membrane and secretory pathway localized proteins (Strasser, 2016). It has been shown that
the activity of several enzymes involved in this process are dependent on Mn?*. Protein
modifications are important for proteome homeostasis as protein folding, stability and
protein-protein interactions are regulated by them (Hebert et al., 2014). N-Glycosylation
processing starts in the ER with the transfer of a preassembled oligosaccharide precursor of a
lipid carrier to the asparagine residue of the sequence aspartate-X-serine/threonine
(Asn-X-Thr/Ser where X can be any amino acid except Pro) of a polypeptide (Strasser, 2016).
After that, the N-glycan is processed by a-glucosidases and/or a-mannosidases
(AtMNS1-AtMNS5) which cleave off glucose or mannose residues, respectively (Liebminger et
al., 2009; Strasser, 2014). The ER localized AtMNS4 and AtMNS5 are involved in the
degradation of misfolded proteins while the remaining three are localized in the Golgi
apparatus and are important for further processing the properly folded secretory
glycoproteins (Hittner et al., 2014; Liebminger et al., 2009). All AtMNS enzymes require
divalent cations like Mn?* for activation (Liebminger et al., 2009). N-glycans themselves affect
the activity of enzymes, for example the endoglucanase RSW2, which plays an important role
in cellulose biosynthesis (Lane et al., 2001; Liu et al., 2018). Additionally, the activity of the
two types of glycosyltransferases (xyloglucan glucosyltransferase and arabinosyltransferase),
which are involved in proper cell wall polysaccharides biosynthesis, are activated/ stimulated
by Mn?* (Nunan & Scheller, 2003; Romero & Herscovics, 1989; White et al., 1993). Besides its
activating role for glycosyltransferases and N-glycan processing in the ER and Golgi apparatus,
Mn plays an important role in the antioxidation process in mitochondria.
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Introduction

6.2.1.2 ROS antioxidation

Reactive oxygen species (ROS) can cause severe damage to DNA/RNA and can lead to protein
oxidation (Mittler, 2017). Therefore, antioxidation mechanisms focusing to reduce and
prevent ROS induced damage are present in nearly all compartments of a cell. The
Mn-dependent superoxide dismutase (MnSOD) is a prominent enzyme with Mn as integral
part and it is mainly localized in mitochondria (Bowler et al., 1994; Corpas et al., 2017). It
catalyzes the detoxification of dangerous ROS which occur as a by-product of plant
metabolism. The MnSOD transmutes two superoxide anions (O2) into oxygen (Oz) and
hydrogen peroxide (H202) (Schmidt et al., 2016). Mn?* is bound to SOD and oxidized into
Mn3*-SOD which is the resting state of the enzyme (Irving & Williams, 1948; Schmidt & Husted,
2019). By transferring one electron from the superoxide radical onto Mn3*-SOD it is reduced
back to Mn?*-SOD and generates 0. Mn?*-SOD is supposed to be oxidized back to Mn3*-SOD
by another superoxide anion which is then processed to hydroperoxyl anion (HOO") and
protonation finally forms H,0; (Borgstahl et al., 1992; Zhu & Richards, 2017).

In plants, Mn deficiency causes reduced MnSOD activity, which leads to increased levels of
ROS and tissue necrosis (Socha & Guerinot, 2014). In Chlamydomonas it was shown that the
activity of MnSOD was reduced before that of the oxygen evolving complex (OEC) to ensure
enough Mn for the water splitting reaction. This underlines the importance of Mn for proper
photosynthesis performance (Allen et al., 2007).

6.2.1.3 Manganese in chloroplasts

Mn plays a crucial role in photosynthesis - more precisely in the light driven reaction. The wide
range of oxidation states of Mn makes it optimal for sequential redox reactions during
photochemistry.

The light dependent reaction during photosynthesis takes place in the thylakoid
membrane/lumen where all the participating complexes, photosystem | (PSl), photosystem II
(PSII), cytochrome besf (Cytbef), and the single protein plastocyanin (PC) are localized. The
linear electron transfer through all these complexes relies on the three transition metals Fe,
Cu and Mn (Merchant, 2007; Schmidt et al., 2020). The PSII contains a luminal orientated
Mn2CaOs cluster that is called OEC. The light induced oxidation of H,0 into O3 in the OEC of
PSII extracts four electrons and protons from water molecules (Schmidt & Husted, 2019). The
reaction catalyzed by the Mn4CaOs cluster therefore passes five S; (redox) states from 0-4
(Schmidt & Husted, 2019) to accumulate four electrons to build 0. The Kok cycle describes
the different oxidation steps of the four Mn ions in the OEC and the preferred redox states
(Mn3* and Mn**) (Kok et al., 1970), which is depictured in Figure 1. Four light flashes are
needed to oxidize Mn ions inside the OEC and to release electrons from H,O which are
reducing the tyrosin-161 (Y;) residue of D1 - a PSIlI core protein - which then reduces P680*
and starts the linear electron flow.
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Figure 1 Schematic illustration of the Kok-Joliot-Cycle. The Mn4CaOs cluster passes five different transition states after each
illumination. Electrons are released in each step by oxidation of one Mn element of the cluster. Transition from state S4 to So
reduces three Mn ions back to Mn3*. Modified from (Kern et al., 2018).

During the OEC cluster assembly, the Mn?* are stepwise attached and become the catalytically
active form Mna (3*3*, 4*) through photooxidation (Burnap, 2004; Dasgupta et al., 2008).
Accordingly, Mn deficiency in plants has detrimental effects on PSIl activity (Schmidt et al.,
2016) and downstream reactions. Besides the catalytic activity of Mn in the OEC, a binuclear
Mn?* center is indirectly regulating energy distribution between PSIl and PSI as it is involved
in the recognition of two proteins (TAP38 and phosphorylated Lhcb1) during state transition
(Pribil et al., 2010; Wei et al., 2015).

Besides its prominent role in photosynthesis, Mn?* is required in the chloroplast stroma for
the activation of enzymes in the histidine biosynthesis (Ingle, 2011; Rawson et al., 2018) and
the shikimate pathway (Entus et al., 2002). Therefore, Mn is especially important for
chloroplast-located metabolic pathways.

6.3 Manganese transporters in plants

Mn can be found in most organs and compartments in plant cells and needs to pass several
membranes to reach its final destinations. Hence, Mn?* specific transport proteins are needed
because Mn concentration is low compared to other divalent cations. As of yet, only a handful
of Mn?*-specific transporters have been identified in plants (Socha & Guerinot, 2014), as most
of the transporters have a broad specificity to other divalent cations as well, e.g. Fe?*, Zn?* and
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Ca®*. In Arabidopsis thaliana around 7% (1800 out of 25000) of all proteins count as transport
proteins (Lanquar et al., 2010; Schwacke et al., 2003).

Mn uptake starts with the absorption of Mn?* over the root surface. Afterwards, the high
affinity Mn?* NRAMP1 transporter, which is located in the plasma membrane of cortex cells
and the epidermis of the roots (Cailliatte et al., 2010; Castaings et al., 2016), imports Mn?* into
the cytosol. NRAMP1 additionally regulates Fe uptake (Curie et al., 2000). Furthermore Mn
uptake is also mediated by IRT1, a transporter with a broad affinity for other divalent cations,
like Fe (Castaings et al., 2016). Then, Mn needs to be transported to the different plant organs
through the vascular system - specifically the xylem. The mechanism of Mn loading into the
xylem is not described yet for Arabidopsis thaliana (Alejandro et al., 2020), but members of
the YSL protein family are hypothesized to be involved (Waters et al., 2006).

Through the xylem, Mn can be transported to all tissues inside the plant and is then distributed
adequately to the cellular compartments. To prevent cytosolic toxification, Mn?* can be stored
in the vacuole (Lanquar et al., 2010). Vacuole loading with Mn?* in the cells of the epidermis
or cortex of roots and the mesophyll cells of the areal part is for example performed by MTP8
(Chu et al., 2017; Eroglu et al., 2017) and members of the CAX family (CAX2, CAX4 and CAX5)
(Edmond et al., 2009; Koren’kov et al., 2007; Pittman et al., 2004). NRAMP3 (Thomine et al.,
2003) and NRAMP4 (Lanquar et al., 2005) are involved in the release of Mn from the vacuole
into the cytosol in photosynthetic tissue and their expression is only affected by changing Fe?*
levels (Lanquar et al., 2010). Their importance in Mn homeostasis is suggested, as the growth
of the double mutant nramp3nramp4 is inhibited under Mn deficiency due to reduced
photosynthesis performance, a consequence of Mn shortage in the OEC (Lanquar et al., 2010).

Another family member, the NRAMP?2, is described as a trans-Golgi network (TGN)-localized
transporter, allocating Mn intracellularly (Alejandro et al., 2017; Gao et al., 2018).
Transportation of Mn into endomembrane compartments is facilitated for example by ECA1
into the ER compartment and ECA3 (Huda et al., 2013) into the Golgi apparatus. MTP11 is a
putatively double localized transporter in the Golgi membrane and the prevacuolar
compartment membrane (PVC) and is therefore suspected to avoid Mn accumulation by
loading it into the vacuole via PVCs or secretion into the apoplast via vesicles (Delhaize et al.,
2007; Peiter et al., 2007).

How Mn is imported into mitochondria and chloroplast stroma was not known at the
beginning of this thesis. The first chloroplast localized Mn transporter, the thylakoid
membrane protein PAM71, was described in 2016 (Schneider et al., 2016) and belongs to the
Uncharacterized Protein Family 0016 (UPF0016), which is described in detail in the next
paragraphs.
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6.4 Uncharacterized Protein Families

Proteins that share a common evolutionary origin may have related functions and are grouped
into protein families according to similarities in their sequence and/or structure. Since
genome sequencing was developed, the number of protein families increased rapidly. The
similarity in the protein structure and/or sequence can help identifying new protein functions
of the family it belongs to. However, there are some protein families where the function of
their members was not yet described. Those families are called Uncharacterized Protein
Families (UPFs).

6.4.1 Protein topology of Uncharacterized Protein Family 0016 (UPFO016) members

The Protein Family 0016 (UPF0016, Pfam PF01169, TCDB number: 2.A.106) was described in
2014 with members found in nearly all species of life (eukaryotes, prokaryotes and archaea)
with only two exceptions, the prokaryotic phyla Lactobacillales and Bacillales (Demaegd et al.,
2014). The UPF0016 belongs to the LysE superfamily of transport proteins that include heavy
metal ion transporter (Tsu & Saier Jr, 2015). Different bioinformatic phylogenetic analysis of
the UPF0016 revealed twelve subgroups from eukaryotic (VII-XIl) and prokaryotic (I-VI)
organisms, which are depicted in Figure 2 (Demaegd et al., 2014). Several approaches of
alignment tools displayed a slight variation in the layout of the subgroups to each other while
two major groups remained (see Figure 2). The members of cyanobacteria subgroup VI seems
to be more closely related to eukaryotic proteins than to other prokaryotic proteins (Demaegd
et al., 2014).
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Figure 2: Simplified schematic illustration if the UPF0016 Phylogenetic tree modified from (Demaegd et al., 2014).
Representative members from several prokaryotes and eukaryotes were chosen, which resulted in twelve subgroups of two
major groups - one including prokaryotes and archaea (lower part) and the other one including eukaryotes and the group of
cyanobacteria with two-cluster protein topology (6 TM domains) (Subgroup VI, upper part). The groups I, Il and Il include
only single-cluster proteins (3 TM domains). This indicates two-cluster proteins of cyanobacteria are closer related to
eukaryotes than to other prokaryotes.

The overall structure of functional UPFO016 proteins consists of six transmembrane (TM)
domains, which are composed of two antiparallel orientated clusters of 3 TM domains. A
singleton gene can encode for such a cluster of 3 TM domains which then composes a
homodimer (resulting in 6 TMs). Gene pairs, being adjacent on the chromosome, encoding
two 3 TM domain clusters compose a heterodimeric protein consisting of 6 TM domains.
Another option is the formation of a fusion gene (from two genes), which is directly coding for
a 6 TM domain protein. Bacterial members of the UPFO016 are common in nearly all phyla
and they are mostly encoded by singleton genes or a fusion gene (Demaegd et al., 2014). Gene
pairs, finally assembling into a heterodimeric protein have only been found to be present in
cyanobacteria subgroup Il and Il in Figure 2 (Demaegd et al., 2014). Eukaryotic members
(subgroups VII-XII) as well as the members of cyanobacteria subgroup VI are encoded by a
fusion gene (Demaegd et al., 2014) linked with a highly acidic loop (Hoecker et al., 2017).

Analyzing the orientation of the proteins in the membrane can be performed by measuring
the amount of positive (arginine or lysine) and negative (aspartic acid or glutamic acid)
charged residues in the odd and even (orientated the same as the N-terminus) hydrophilic
loops. According to the positive inside rule by Heijne (von Heijne, 2006), cytosolic orientation
occurs if the amount of arginine and lysine is smaller on one side than on the other,
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consequently the cytosolic side being more acidic and therefore negatively charged. If the
numbers are equivalent, there is no preferred orientation leading to dual topology. This can
lead to homodimer formation. Applying this rule to the UPFO016 members, singleton-encoded
proteins are equally likely to be inserted in both directions into the membrane forming
homodimers, while fusion proteins have a highly acidic central loop which faces the cytosol
(Demaegd et al., 2014). In gene pairs, the one closer to the 5’ end encodes a highly acidic
N-terminus, while the other one features a longer acidic C-terminus - both are facing the
cytosol and are supposed to associate to the central loop composing the heterodimer
(Demaegd et al., 2014).

P XI acidic loop

- - - - e
C Stroma/Lumen

I ExGD(K/R)(T/S) G Putative TM TP Transit Peptide

Figure 3 Predicted protein topology of eukaryotic members of the UPFO016. The protein consists of two homologous clusters
of 3 TM domains with a highly conserved amino acid pattern in TM1 and TM4, which are supposed to build the pore of the
transporter. A) depicts the topology consistent of 6 TM domains and shorter N-terminus, facing the stroma side of the
membrane, like the C-terminus. B) shows a prolonged N-terminus version with a putative 7" TM domain. This flips the
N-terminus to the opposite of the membrane compared to the C-terminus. B is supposed to be the topology of some
eukaryotic members of UPFO016, namely PAM71 and CMT1 (Hoecker et al., 2017). Modified from (Thines et al., 2020)

Taken together, in eukaryotes, the conserved protein topology consists of two clusters of 3 TM
domains. These clusters are integrated in an antiparallel manner and linked by a central acidic
loop which is facing the cytosol (Figure 3A), while the N- and C-termini are facing the lumen
(Demaegd et al., 2014). This common structure could indicate an important role in protein
folding, stability, localization and/or activity of the proteins. The highest similarity can be
found in the highly conserved Glu-x-Gly-Asp-(Lys/Arg)-(Thr/Ser) ((ExGD(K/R)(T/S)) consensus
motif which is present in TM1 and TM4 (Figure 3). X can be any hydrophobic residue (Demaegd
et al., 2014). This motif contains two negatively charged (aspartic acid and glutamic acid), one
positively charged (arginine or lysine) and an hydroxyl containing (serine or threonine) residue
which provides a fitting environment for cations (Waight et al., 2013) and it is supposed to
build the pore of the transport proteins.
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A further layer of diversity of UPFO016 proteins is found in plants, as they possess at least four
members, while other non-photosynthetic eukaryotic organisms mostly have single ones - if
different splicing variants are not considered (Demaegd et al., 2014; Hoecker et al., 2017).

There is one subgroup (VII) in plants that has an elongated N-terminus with an additional
putative TM domain (Figure 3B), leading to a new orientation of the N-terminus in these
proteins (Demaegd et al., 2014). The N-terminal region of all proteins is found to show the
highest diversity (Demaegd et al., 2014; Hoecker et al., 2017) indicating that the transport
function of the proteins does not depend on the N-terminus but it could play an important
role in their localization (Hoecker et al., 2017) and/or regulation. These variations can be
observed in several other protein families as well, e.g. the Arabidopsis thaliana members of
the cation exchanger family (CaCA) contain an N-terminal autoinhibitory tail which is missing
in the yeast ortholog (Pittman, 2011). According to the consensus motifs and the similarities
in the topology to the cation/Ca?* exchangers superfamily, the members of the UPF0016 are
supposed to be involved in divalent cation transporting (Cai & Lytton, 2004). The number of
6 TM domains, and the antiparallel orientation of the two clusters which is linked by a highly
acidic loop are common features in divalent cation transporters (Vinothkumar & Henderson,
2010).

6.4.2 Prokaryotic members of UPFO016
6.4.2.1 The Vibrio cholerae Mn?* exporter A (MneA)

As single-cell organisms, bacteria, especially as pathogens, must be able to cope with
environmental changes and stresses. Mammalian cells invaded by these bacteria try to hold
back essential metals to disturb the pathogens maintenance and therefore destroying their
pathogenicity (Hood & Skaar, 2012; Lisher & Giedroc, 2013). Intracellular Mn levels in Vibrio
cholerae are mostly regulated via import and export proteins (Fisher et al., 2016).

The Vibrio cholerae homolog of UPF0016, the Mn?* exporter A (MneA) is such a Mn level
regulating exporter (Fisher et al., 2016). The AmneA mutant displays a Mn?* sensitive
phenotype when grown on media containing high levels of Mn?* (Fisher et al., 2016). The
reduced Mn?* export in this mutant leads to high intracellular Mn?* levels and supports the
role of MneA in conferring Mn resistance (Fisher et al., 2016). That function is supported by
heterologous expression of MneA in the E. coli AmntP mutant. MntP is a non-homolog Mn?*
exporter preventing Mn?* accumulation in the cytosol (Waters et al., 2011). Vibrio cholerae
MneA is able to functionally complement the AmntP Mn sensitive phenotype by decreasing
intracellular Mn?* levels (Fisher et al., 2016; Zeinert et al., 2018), therefore corroborating its
Mn export function. Loss of MneA leads to high cytosolic Mn?* levels that influence
antioxidation mechanisms. The AmneA mutant has increased resistance to oxidative stress
induced by H,0,, which is supposed to result from the high availability of Mn?* for
Mn-dependent MnSOD (Fisher et al., 2016). In silico analysis revealed the eukaryotic-like
topology of MneA (Demaegd et al., 2014; Zeinert et al., 2018), with the difference of lacking a
signal peptide (Petersen et al., 2011).
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6.4.2.2 The Synechocystis sp. PCC6803 Manganese Exporter (MNX/ SynPAM71)

The cyanobacteria model organism Synechocystis sp. PCC6803 (from now on mentioned as
Synechocystis) also harbors an ortholog of MneA, named MNX (manganese exporter) or
SynPAM71. The characterized protein is localized in the plasma membrane and thylakoid
membrane (Brandenburg et al., 2017; Gandini et al., 2017). Mutants lacking MNX are Mn?*
sensitive and display a Mn specific phenotype (Brandenburg et al., 2017; Gandini et al., 2017).
Mn?* specific transport is highlighted, as MNX is able to suppress the Mn?* sensitivity of the
yeast mutant Apmr1 (Brandenburg et al., 2017). The yellowish-green phenotype of Amnx is
caused by reduced chlorophyll @ amounts (only up to 60%) and photosynthesis complexes -
mostly PSI (Gandini et al., 2017). The disturbed photochemistry of PSll is supposed to be solely
caused by toxic accumulation of Mn?* in the thylakoid lumen, where it is concentrated around
PSIl complexes and the membrane itself (Brandenburg et al., 2017; Gandini et al., 2017). MNX
is assumed to transport Mn?* from the cytosol into the thylakoid lumen for proper Mn?* supply
during the repair of PSIl and into the periplasmatic space to prevent toxic accumulation in the
cytosol (Brandenburg et al., 2017; Gandini et al., 2017). The first role is important under high
light stress, correlating with the fact that Amnx growth is reduced as a result of impaired
photoprotection/repair mechanism (Brandenburg et al., 2017; Gandini et al., 2017). Also, the
MNX’s predicted topology is similar to that described for other UPF0016 proteins (Gandini et
al., 2017), and, similar to MneA, lacking a signal peptide. Taken together, the severe Mn?*
sensitive phenotype of the Amnx mutant strains and the Mn?* transport function of the
protein supports a role of MNX in Mn?* homeostasis in cyanobacteria.

6.4.3 Eukaryotic members of UPF0016
6.4.3.1 The Homo sapiens Transmembrane Protein 165 (TMEM165)

The interest in members of the UPF0016 family arose in 2012. Mutations in the human gene
encoding the Transmembrane Protein 165 (TMEM165) protein were shown to result in
glycosylation defects in the Golgi compartment, leading to a disease called congenital
disorders of glycosylation type Il (CDG-IlI) (Foulquier et al.,, 2012). Defects in protein
glycosylation (N-glycosylation, O-glycosylation, and both) (Foulquier, 2009; Jaeken et al., 2009;
Jaeken & Matthijs, 2007; Schachter & Freeze, 2009) can lead to severe psychomotor
retardations and growth disorders. Proper protein glycosylation depends on intact pH and ion
homeostasis, cellular Mn?* levels, as well as proper Golgi trafficking (Foulquier et al., 2012;
Foulquier et al., 2007; Foulquier et al., 2006; Kornak et al., 2008; Potelle et al., 2017; Reynders
et al., 2011; Reynders et al., 2009; Wu et al., 2004).

TMEM165 is mainly localized in the trans-Golgi membrane system (Foulquier et al., 2012;
Rosnoblet et al., 2013). The topology of TMEM165 is like the predicted one of UPFO016
proteins - two clusters of 3 TM domains with an antiparallel orientation, linked by an acidic
loop facing the cytosol, apart from that TMEM165 possesses an extended N-terminus with an
additional putative TM domain (Potelle et al., 2017) or a secretory pathway signal peptide
sequence (Hoecker et al., 2017).
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TMEM165 is not directly affecting N-glycosylation but plays an important role in Golgi
morphology and glycosylation maintenance (Foulquier et al., 2012) as TMEM165 depletion
caused glycosylation defects can be rescued by adding Mn?* (Potelle et al., 2016). Only the
import of Mn?* into the Golgi lumen allows Mn?*-dependent glycosyltransferases to function
properly. Since TMEM165 is able to complement the yeast Agdtl Mn?* sensitivity, its role in
Mn?* homeostasis is solidified (Stribny et al., 2020). Nevertheless, it cannot be ruled out that
TMEM165 has an additional transport activity for Ca?* (Demaegd et al., 2013; Reinhardt et al.,
2014). Hela cells expressing TMEM165 show decreased membrane currents in the presence
of a Ca?* chelating agent (EGTA), hence supporting a possible role of TMEM165 in Ca?*
transport. In lactating mammary tissue the expression of TMEM165 increases and as the
secretion of Golgi luminal stored Ca?* into milk is linked to that expression, TMEM165 may
contribute as Ca%* transporter (Reinhardt et al., 2014).

The highly conserved ELGDK (Glu-Leu-Gly-Asp-Lys) motif in TM1, which is facing the cytosol,
is supposed to be Mn?* sensitive and possibly plays a role in the functionality and regulation
of TMEM165, as high Mn?* levels lead to a degradation of TMEM165 in the lysosomes (Potelle
et al., 2017). The degradation of TMEM165 as a response to high Mn?* levels can act as
detoxification mechanisms to avoid overloading of Mn?* into the Golgi lumen (Potelle et al.,
2017).

As TMEM165 is supposed to play an important role in Mn?* homeostasis and maybe in Ca?*
homeostasis it is hypothesized that TMEM165 can either act as Mn?* importer with an antiport
of Ca?* (Potelle et al., 2017) or it is co-transporting Mn?* or Ca%* in an antiport mechanism with
protons. Consequently, TMEM165 would be additionally responsible for pH homeostasis in
the Golgi compartment (Dulary et al.,, 2017; Lebredonchel et al., 2019). If TMEM165 is
supposed to antiport Ca?* and Mn?*, it could eventually change the direction of transport
under high cytosolic Mn?* concentrations (Potelle et al., 2017).

6.4.3.2 The Saccharomyces cerevisiae GCR Dependent Translation Factor 1 (GDT1)

The Saccharomyces cerevisiae GCR1 Dependent Translation Factor 1 (GDT1) is the yeast
member of the UPFO016 family and like the human ortholog localizes in the cis and medial
Golgi membrane (Demaegd et al., 2013). Beside their localizations the human TMEM165 and
yeast GDT1 share the predicted topology of UPFO016 proteins with an additional putative TM
domain at the N-terminus, or alternatively a signal peptide for Golgi membrane targeting
(Demaegd et al., 2013; Hoecker et al., 2017; Potelle et al., 2016). The similarities strengthen
the hypothesis of GDT1 being able to transport Ca2*/Mn? as well. Therefore, to investigate its
functionality, the Agdt1 yeast mutant was compared to the yeast mutant lacking PMR1, which
is a well described Golgi membrane localized Ca?*/Mn?* P-type ATPase.

The glycosylation defects of Apmrl are completely due to Mn?* deficiency in the Golgi
compartment (Durr et al., 1998). This indicates an important role of PMR1 in Mn?* supply for
proper protein glycosylation in the Golgi (Durr et al., 1998). Beside its role in Mn homeostasis
its role for Ca®* import is proven as expressing other Ca?* transporters rescues the Apmrl
mutant growth defect under Ca?* deficiency (Durr et al., 1998).

26



Introduction

GDT1 also plays a role in coping with Ca?* stress, as the Agdt1 mutant displays slight growth
deficiencies under high Ca?* concentrations [750 mM] compared to WT strains yet growth of
Apmrl is more affected than the one of Agdtl (Demaegd et al., 2013). The growth of
Agdt1Apmr1 decreases drastically under higher Ca?* concentrations [400 mM] as well as under
Ca?* limitation, while the growth of Agdt1 resembles the WT strain and Apmr1 is only slightly
impaired in this condition (Colinet et al., 2016; Demaegd et al., 2013; Rudolph et al., 1989).

The imbalances of Ca?* and mainly Mn?* levels in the Golgi lumen of Agdtl1 affect protein
glycosylation under high Ca?* levels (Dulary et al., 2018; Potelle et al., 2016). This effect can
be rescued by adding Mn?*to the growth media (Potelle et al., 2017; Potelle et al., 2016) which
explains the observation that glycosylation defects under high Ca?* levels are the result of Ca%*
competing with Mn?*, eventually leading to Mn?* deficiency inside the Golgi lumen (Potelle et
al., 2016). GDT1 is essentially regulating cellular Mn?* pools, as it is important for resistance
to high Mn?* concentrations (Thines et al., 2018). Regulating Mn?* homeostasis, GDT1 directly
impacts the activity of Mn?*-dependent enzymes (Thines et al., 2018).

Similar to TMEM165 in the human body, the yeast GDT1 is hypothesized to either antiport
Mn?*/ Ca?* while Mn?* is imported into the Golgi and Ca?* is exported (Dulary et al., 2018;
Lebredonchel et al., 2019; Thines et al., 2020) or to import Mn?* and Ca?* in antiport with H*
(Colinet et al., 2016; Thines et al., 2020). The antiport of Mn?*/ Ca?* would prevent cytosolic
accumulation of Mn and provides Mn?* as cofactor for glycosyltransferases and contributes to
Ca%* homeostasis. On the other hand, an antiport of Mn2*-Ca?*/H* would also prevent Ca%
accumulation in the cytosol and would regulate the proton load of the Golgi compartment
(Thines et al., 2020).

As a truncated version of human TMEM165 is able to rescue the Agdtl Mn-sensitive
phenotype, it was concluded that GDT1 and TMEM165 are evolutionary conserved Mn?*
transporters of the Golgi compartment (Stribny et al., 2020).

6.4.3.3 The Chlamydomonas reinhardtii Conserved in Green Lineage and Diatom 1 (CGLD1)

CGLD1 is the Chlamydomonas homolog belonging to the UPFO016 proteins. To date, two cgld1
mutants in different wildtype backgrounds of Chlamydomonas have been described
(Schneider et al., 2016; Xing et al., 2017). In both mutant strains, reduced photoautotrophic
growth and photosystem Il performance can be observed. Reduced quantum maximum yield
of PSII (Fv/Fwm) values of cgld1 mutants can be restored by supplementing Mn?* (Schneider et
al., 2016; Xing et al., 2017). This suggests CGLD1 to be involved in Mn?* homeostasis of
Chlamydomonas with a proposed conserved function in Mn?* transport (Schneider et al.,
2016). In contrast to the Vibrio cholerae MneA mutant, the cg/ld1 mutant is more sensitive to
oxidation stress induced by H.O; (Xing et al., 2017).
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6.4.3.4 Arabidopsis thaliana Photosynthesis Affected Mutant 71 (PAM71)

Various numbers of homologs of UPFO016 members are present in plants (Demaegd et al.,
2014). In Arabidopsis thaliana there are five proteins belonging to this protein family
(Demaegd et al., 2014; Hoecker et al., 2017; Schneider et al., 2016). The first protein which
was described and characterized was called PAM71, which stands for Photosynthesis Affected
Mutant AFFECTED MUTANT71 and later it was also named CCHA1 for Chloroplast Ca?*/H*
Antiporter 1 and BICAT1 for Bivalent Cation Transporter 1 (Frank et al., 2019; Schneider et al.,
2016; Wang et al., 2016).

The predicted protein topology of PAM71 (Figure 3B) depicts the conserved 6 TM domains
with the highly conserved consensus motif in TM1 and TM4 as well as a prolonged N-terminal
region with an additional TM domain and a chloroplast target peptide (cTP) sequence (Frank
et al., 2019; Schneider et al., 2016; Wang et al., 2016). Accordingly, the PAM71 protein is
localized in the chloroplast, more precisely, in the thylakoid membrane (Schneider et al.,
2016).

PAM71 knock out mutants are characterized as pale green and small growing plants with
drastically reduced PSII performance (Frank et al., 2019; Schneider et al., 2016; Wang et al.,
2016). Reduced chlorophyll contents and reduced PSII protein levels explain the pale green
phenotype as well as the reduced electron transport of PSIlI (Schneider et al., 2016; Wang et
al., 2016). The ability of PAM71 to rescue the yeast Apmrl Mn?*-sensitive phenotype
demonstrated PAM71 to transport Mn?* (Schneider et al., 2016). Two other studies mentioned
the impact of PAM71 on cellular Ca?* levels and accordingly a Ca®* transport function (Frank
et al., 2019; Wang et al., 2016). Schneider et al. (2016) hypothesized mainly a Mn?* transport
function of PAM71 from the chloroplast stroma into the thylakoid lumen, since only Mn?*
supplementation, but not Ca®*, to the growth media was able to rescue the pam71
photosynthetic phenotype back to WT levels. The reduced protein levels of PSIl core proteins
and the OEC complex are most probably a consequence of the lack of Mn?* in the thylakoid
lumen (Schneider et al., 2016). Additionally, decreased levels of Mn incorporated into PSII
complexes are found in the pam71 mutant (Schneider et al., 2016). In the absence of PAM71,
low affinity systems (LAS) are supposed to transport small amounts of Mn into the thylakoid
lumen, resulting in a few proper assembled PSII super complexes (Figure 4) which keep pam71
alive (Schneider et al., 2016). All these findings strengthen the hypothesis of PAM71 being a
thylakoid localized Mn?* transporter, rather than a Ca?* transporter (Schneider et al., 2016).

The closest homolog of PAM71 is PAM71-HL/CMT1 (encoded by At4g31590), which harbors a
different chloroplast target peptide (cTP) (Hoecker et al., 2017; Schneider et al., 2016), is
supposed to be localized in the chloroplast envelope membrane according to proteomic
studies (Ferro et al., 2010; Ferro et al., 2003; Simm et al., 2013). The remaining three homologs
in Arabidopsis thaliana are encoded by the genes At5g36290 (GDT1-like 3), At1g22520
(GDT1-like 4) and At1g68650 (GDT1-like 5) (Hoecker et al., 2017). The encoded proteins share
the topology with PAM71, with differences in the N-terminal regions, e.g. lacking an
N-terminal region (GDT1-like 4 and GDT1-like 5) or containing a shorter N-terminal region,
putatively coding for a signal peptide directing the protein to the secretory pathway
(GDT1-like 3) (Hoecker et al., 2017). The genes At1g22520 and At1g68650 are supposed to
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have evolved through a segmental chromosome duplication event in a progenitor of
Arabidopsis thaliana and are in contrast to PAM71 and CMT1 not strictly conserved as a
homologous pair in other plant species (Hoecker et al., 2017).

Mn2+

Mn2*
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Mn2*

Mn2+

an+\!' E‘ PSII

N\
m TR
LA
PsbP
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Figure 4 Schematic model for PAM71 in WT and pam71 mutant. In WT plants, PAM71 transports Mn2* from the stroma into
the thylakoid lumen where it is integrated into the OEC. In pam71 mutants, low affinity systems are supposed to import small
amounts of Mn2* (depicted as smaller written Mn?*) into the thylakoid lumen and only a few proper PSIl super complexes
(PSII SC) including the OEC are build. Mn deficiency restricts the assembly of PSII SC and results in rapid disassembly. LAS (Low
Affinity System) is expected to transport small amounts of Mn2* into the thylakoid lumen, especially when PAM71 is missing.
Modified from (Hoecker et al., 2017; Schmidt et al., 2020; Zhang et al., 2018)
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ABSTRACT

The transition metal manganese (Mn) is indispensable for photoautotrophic growth since photosystem Il
(PSIl) employs an inorganic Mn,CaOs cluster for water splitting. Here, we show that the Arabidopsis
membrane protein CHLOROPLAST MANGANESE TRANSPORTER1 (CMT1) is involved in chloroplast Mn
homeostasis. CMT1 is the closest homolog of the previously characterized thylakoid Mn transporter
PHOTOSYNTHESIS-AFFECTED MUTANT71 (PAM71). In contrast to PAM71, CMT1 resides at the chloro-
plast envelope and is ubiquitously expressed. Nonetheless, like PAM71, the expression of CMT1 can
also alleviate the Mn-sensitive phenotype of yeast mutant Apmr1. The cmt1 mutant is severely suppressed
in growth, chloroplast ultrastructure, and PSII activity owing to a decrease in the amounts of pigments and
thylakoid membrane proteins. The importance of CMT1 for chloroplast Mn homeostasis is demonstrated by
the significant reduction in chloroplast Mn concentrations in cmt1-1, which exhibited reduced Mn binding
in PSIl complexes. Moreover, CMT1 expression is downregulated in Mn-surplus conditions. The
pam71 cmt1-1double mutant resembles the cmt7-1 single mutant rather than pam77 in most respects.
Taken together, our results suggest that CMT1 mediates Mn?* uptake into the chloroplast stroma, and
that CMT1 and PAM71 function sequentially in Mn delivery to PSIlI across the chloroplast envelope and
the thylakoid membrane.

Key words: manganese, transporter, envelope, chloroplast, photosynthesis, Arabidopsis
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INTRODUCTION 1998). MnSOD has been reported to play an important role in

plant growth (Morgan et al., 2008), especially during embryo sac
The transition metal manganese (Mn) is atrace elementrequiredfor  geyelopment and fertilization (Martin et al., 2013).

growth of all known living organisms. In plants, Mn is integral to
physiological functions including photosynthesis, redox processes A further essential function of Mn relates to photosynthetic elec-
(e.g., as a catalytic metal ion in oxalate oxidase of barley, Hordeum tron transport, which takes place in thylakoid membranes found

vulgare) (Whittaker et al., 2007), and scavenging of reactive i cyanobacteria and in chloroplasts of plants and algae.
oxygen species (ROS). With respect to the latter function, plant

mitochondria possess a highly conserved Mn superoxide
dismutase (MnSOD) catalyzing the dismutation of two superoxide Published by the Molecular Plant Shanghai Editorial Office in association with
radicals to H>O, and oxygen (Fridovich, 1995; Kliebenstein et al., Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and IPPE, SIBS, CAS.
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Thylakoid membranes harbor the four major protein complexes
photosystem | (PSI), photosystem Il (PSll), Cytochrome-bg/f
complex (Cytbef), and ATP synthase, which make use of light
energy to drive electron transport from water (at the donor side
of PSIl) to NADP* (at the acceptor side of PSI) and to generate
an electrochemical proton gradient that is utilized for ATP synthe-
sis. PSIl comprises the oxygen-evolving complex (OEC), an inor-
ganic Mn,CaOs cluster, which is ligated to the PSII core proteins
D1 and CP43 (Ferreira et al., 2004; Kawakami et al., 2011; Umena
et al., 2011). In higher plants, a set of three extrinsic non-ligating
proteins (PsbO, PsbP, and PsbQ) protect and stabilize the
Mn,CaOs cluster (Suorsa and Aro, 2007). Using T-DNA
insertional mutagenesis in Arabidopsis, it was shown that at least
one of these extrinsic proteins, the PsbP1 isoform, is essential
for photoautotrophic growth (Allahverdiyeva et al., 2013).

The fundamental role of Mn in photosynthesis and as a co-factor
for MNnSOD was underlined by a study analyzing Mn deficiency in
Chlamydomonas reinhardtii (Allen et al., 2007). Interestingly,
MnSOD activity decreased before that of PSII, suggesting the
intracellular regulation of Mn supply in Chlamydomonas to
preferentially support PSII function in chloroplasts over MNnSOD
function (Allen et al., 2007). Mn-deficient plants typically show
retarded growth and decreased biomass. Most frequently Mn
deficiency results from oxidation of plant-available Mn?* to
unavailable forms, caused by alkaline soil conditions. In
contrast, soil acidity increases the Mn?* concentration to levels
that might induce Mn toxicity. Interestingly, excess Mn causes
minimal changes in PSII photochemical efficiency and targets
mostly PSI in Arabidopsis (Millaleo et al., 2013).

Arabidopsis relies on a high-affinity Mn uptake system under con-
ditions of low Mn availability, which is represented by the divalent
metal transporter NATURAL RESISTANCE ASSOCIATED
MACROPHAGE PROTEIN1 (NRAMP1) (Cailliatte et al., 2010).
The corresponding gene is expressed in roots, and consistent
with its function, NRAMP1 localizes to the plasma membrane. It
has been shown that a naturally occurring accession containing
a histidine to tyrosine substitution in NRAMP1 is severely
compromised in photosynthetic performance at chilling
temperatures due to Mn deficiency (Ihnatowicz et al., 2014).
Two homologous transporters, NRAMP3 and NRAMP4, play an
important role in the vacuolar export of Mn in mesophyll cells of
rosette leaves (Lanquar et al., 2010). The impaired Mn release
from mesophyll vacuoles in nramp3 nramp4 double-mutant
plants was associated with reduced plant growth and a less func-
tional PSIl under Mn deficiency, yet the mitochondrial MnSOD
activity was maintained. The authors suggested Mn transit
through the vacuole prior to import into chloroplasts (Lanquar
et al., 2010). Besides taking part in Mn homeostasis, the
NRAMP1, NRAMP3, and NRAMP4 proteins are also involved in
Fe homeostasis (Curie et al., 2000; Lanquar et al., 2005).
Recently, a critical function for NRAMP2 in intracellular Mn
distribution was demonstrated. NRAMP2 resides in the
membrane of the trans-Golgi network and affects the cyto-
plasmic Mn pool, from which Mn is recruited to the organelles
where it functions in fighting oxidative stress and in photosyn-
thesis (Alejandro et al., 2017; Gao et al., 2018). Mn?* loading
into the vacuole is mediated by members of the CATION
EXCHANGER (CAX) family, CAX2, CAX4, and CAX5, which
are constitutively expressed at low levels in all tissues of
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Arabidopsis (Hirschi et al., 2000; Cheng et al., 2002; Edmond
et al., 2009). Arabidopsis cax2 mutants accumulate significantly
less vacuolar Mn than wild-type (WT) plants (Pittman et al.,
2004) but do not display an obvious phenotype, presumably
due to functional redundancy. Several other transporters have
been implicated in Mn transport across the plasma membrane,
into or out of the vacuole, and into the endoplasmic reticulum/
Golgi apparatus, and most of them have the ability to transport
other cations as well (Socha and Guerinot, 2014).

Despite its essential role in mitochondria and chloroplasts, little is
known about how Mn is taken up into and further handled in these
organelles. Recently the transporter PHOTOSYNTHESIS-
AFFECTED MUTANT71 (PAM71) was shown to be required for
efficient uptake of Mn?* into the thylakoid lumen of Arabidopsis
chloroplasts (Schneider et al., 2016). In pam71 mutant plants
the OEC of PSIl was specifically affected and thus PSII
photochemical efficiency significantly dropped, resulting in
reduced growth and biomass production. The requirement
of PAM71/putative CHLOROPLAST LOCALIZED CAZ*/H*
ANTIPORTER1 (CCHAT1) for PSII function was also observed by
Wang et al. (2016). Consistent with its function, the PAM71
protein localizes to the thylakoid membrane of Arabidopsis
(Schneider et al., 2016). PAM71 belongs to the ubiquitous
UPF0016 family, and shares homology with GCR1 DEPENDENT
TRANSLATION FACTOR1 (GDT1) in yeast (Saccharomyces
cerevisiae) and TRANSMEMBRANE PROTEIN165 (TMEM165) in
human (Homo sapiens) (Demaegd et al., 2014; Hoecker et al.,
2017). Furthermore, one homologous protein, designated Mn
EXPORTER (MNX) (Brandenburg et al., 2017) or SynPAM71
(Gandini et al.,, 2017), exists in the cyanobacterium
Synechocystis sp. PCC 6803 and is encoded by the gene
sll0615. The Amnx and ASynPAM71 strains display increased
sensitivity toward externally supplied Mn and Mn toxicity
symptoms caused by increased intracellular Mn accumulation
(Brandenburg et al., 2017; Gandini et al., 2017). Thus, it was
hypothesized that MNX/SynPAM71 is involved in the export of
Mn from the cytoplasm into the Iluminal and periplasmic
compartments. Accordingly, this protein was localized to the
thylakoid membrane (Brandenburg et al., 2017; Gandini et al.,
2017) and the plasma membrane (Gandini et al., 2017).

In most eukaryotes and bacteria, only single members of the
UPF0016 family are present. In Arabidopsis, this protein family
comprises five members, including PAM71 and its closest homo-
log PAM71HL (Schneider et al., 2016; Hoecker et al., 2017). In
the course of this study we found that PAM71HL also
contributes to Mn homeostasis, and therefore we renamed
this protein CHLOROPLAST MANGANESE TRANSPORTER1
(CMT1). In an independent study, the importance of CMT1 for
chloroplast Mn homeostasis was also demonstrated (Zhang
et al., 2018). In this report, we describe analysis of the
Arabidopsis cmt1 single-mutant and pam71 cmtl double-
mutant lines. Both lines were strongly impaired in chloroplast
Mn homeostasis. The double mutant pam771 cmt1 resembled
the cmt1 single mutant rather than the pam717 single mutant, indi-
cating that these proteins have different and non-overlapping
functions and that the CMT1 protein operates upstream of
PAM71. This observation is in line with the proposed function of
CMT1 as a plastid Mn importer, transporting Mn* from the
cytosol into the chloroplast stroma.
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Figure 1. Characterization of CMT1.

AT4G13590 (= CMT1) expression suppresses the MnCl, sensitivity of the
P-type Ca®*/Mn**-ATPase (Apmr1) yeast mutant. Untransformed yeast
cells and yeast cells transformed with the empty vector pDR195
(+pDR195) or with a vector expressing CMT1 (+CMT1) were dropped on
different media. Undiluted yeast cells (10°% correspond to an ODgg = 3.0.
Photographs were taken after 4 days at 30°C. D.F., dilution factor.

RESULTS

CMT1 Facilitates Mn Transport

The protein AT4G13590 belongs to the UPF0016 family, which
contains five members in Arabidopsis (Hoecker et al., 2017)
(Supplemental Table 1). It is the closest homolog of the
thylakoid Mn transporter PAM71 (AT1G64150) with 49%
identity and 64% similarity at the amino acid sequence level.
Accordingly, we tested the ability of AT4G13590 to facilitate Mn
transport. To this end, AT4G135990 was cloned into the yeast
expression vector pDR195 and introduced into the yeast
(S. cerevisiae) strain Apmr1. This strain is defective in pumping
Mn?* and Ca®* into the Golgi and is hence sensitive to high
concentrations of Mn in the growth medium (Durr et al., 1998).
Transformation of Apmri1 with the empty vector control
conferred uracil auxotrophy but could not attenuate the
negative effect of high Mn concentrations on the growth of the
strain (Figure 1). In contrast, when Apmr1 was transformed with
the plasmid for AT4G13590 expression, growth of the resulting
strain was unaffected by elevated Mn concentrations (Figure 1).
We propose that chloroplast-localized (see below) AT4G13590
functions as a Mn transporter, and we thus named this
protein  CHLOROPLAST MANGANESE TRANSPORTER1 or
CMT1 (Supplemental Table 1).

CMT1 Localizes to the Chloroplast Envelope and is
Ubiquitously Expressed

The protein sequence of CMT1 possesses an N-terminal chloro-
plast transit peptide. In contrast to PAM71, which was detected in
the thylakoid membrane (Schneider et al., 2016), CMT1 was
found to be enriched in the chloroplast envelope fraction of
Arabidopsis (Ferro et al., 2003, 2010) and absent in the
thylakoid membrane fraction (Ferro et al., 2010). CMT1 was
also identified in Pisum sativum (pea) chloroplast envelope
membranes in other proteome analyses (Brautigam et al., 2008;
Brautigam and Weber, 2009; Simm et al., 2013). To verify
its subcellular localization, CMT1 was fused N-terminally to
YFP and transiently expressed in tobacco leaves. Confocal
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microscopy of isolated protoplasts demonstrated that the
CMT1:YFP signal surrounded the chloroplasts, whereas
the chlorophyll fluorescence was equally distributed within
the chloroplasts (Figure 2A). In accordance with the proteomic
data mentioned above, this result indicates that CMT1 resides
in the chloroplast envelope, most likely in the inner envelope
membrane. In fractions derived from pea chloroplasts, the two
envelope membranes can be separated into inner and outer
envelopes, and indeed CMT1 was assigned to the inner
envelope membrane in pea (Simm et al., 2013).

To determine the tissue-specific expression pattern of CMT1, we
fused the promoter of CMT1 to the reporter gene g-glucuronidase
(GUS). We found GUS staining in cotyledons (Figure 2B), true
leaves, and roots of seedlings (Figure 2B) and in mature plants
(Supplemental Figure 1). Thus, CMT1 is ubiquitously expressed
within the plant.

Knockout Alleles of CMT1 Affect Plant Growth and
Development

To study the physiological role of CMT1, we analyzed mutant
lines carrying T-DNA insertions in AT4G13590. In total, three in-
dependent alleles, named cmti-1 to cmt1-3 (Supplemental
Figure 2A), were isolated. The three mutants showed similar
phenotypes, including strongly reduced growth rates,
drastically reduced leaf size, pale-green leaf coloration, and late
flowering (Figure 3A, 3B, and 3C and Supplemental Figure 2B).
The defective phenotype of cmt1-1 could be complemented by
introducing a cDNA copy of CMT7 under the control of the
UBIQUITIN10 promoter. The resulting line was named cmt1-
1pus10:cmr1 (Figure 3A).

The distinct leaf phenotype of the mutant prompted us to
investigate leaf cross-sections via transmission electron micro-
scopy. In WT and the complemented line the palisade and
spongy layers were clearly distinguishable (Figure 3D). In
cmt1-1 it was impossible to distinguish between the palisade
and spongy parenchyma. Nevertheless, it was possible to
identify chloroplasts with an ordered thylakoid structure
composed of grana stacks and stroma lamellae (Figure 3D). In
contrast to WT and cmti-1pygi0.cmvri, Where nearly all
chloroplasts contained starch granules, almost all chloroplasts
of cmt1-1 examined were missing these granules. In addition,
cmt1-1 contained abnormal chloroplasts (Figure 3E). Indeed,
only 20% of analyzed chloroplasts resembled WT chloroplasts
(Figure 3F). Furthermore, the phenotype of abnormal
chloroplasts in cmt71-1 was not homogeneous. We found some
cmt1-1 chloroplasts where the lamellae were totally or
partially relaxed and some chloroplasts with hyperstacked
grana membranes (Figure 3E). Interestingly, the chloroplast
ultrastructure in pam71 was nearly unaffected (Schneider et al.,
2016). Thus, we conclude that the function of CMT1 is linked to
chloroplast development and that individual chloroplasts
respond in an autonomous manner.

The cmt1-1 Mutant Displays Defects in PSIl and PSI
Performance

To examine whether the lack of CMT1 affects photosynthesis, we
monitored chlorophyll a fluorescence and P;qg redox kinetics in
WT, cmti1-1, and cmt1-1pygi0.cmri- PSII functionality (Fv/Fy)
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Figure 2. Subcellular Localization of CMT1 and CMT1 Promoter
Analysis.

(A) Envelope localization of the CMT1:YFP fusion protein. Nicotiana
benthamiana leaves were infiltrated with an appropriate Agrobacterium
strain, protoplasts were isolated after 48 h, and localization of the fusion
protein was analyzed by confocal microscopy. YFP fluorescence was
excited at 488 nm and emission recorded at 505-550 nm. Chlorophyll
autofluorescence (Chl) was excited at 488 nm and emission was recorded
at 650 nm. Signals were merged (ms), and a bright-field (BF) image was
taken to show protoplast intactness.

(B) Tissue-specific gene expression analysis of CMT7 in seedlings using a
promoter:GUS reporter. Transgenic plants carrying pCMT1:GUS were
assayed for CMT1 promoter activity by staining for GUS at the indicated
days after germination (DAG). Plants were grown under a 12-h/12-h light/
dark cycle at 22°C/18°C at 90 umol photons m~2 s~'. As a negative
control, WT seedlings were used. Scale bars, 5 mm.

and effective quantum yield (®,) were significantly reduced in the
cmt1-1 mutant (Table 1 and Supplemental Figure 3A). However,
the overall chlorophyll a fluorescence profile was similar in all
three genotypes (Supplemental Figure 3A). In addition, Pzqo
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redox kinetic studies revealed that the AA/AAax value was
significantly increased in cmti-1, indicating that electron flow
toward PSI was reduced (Table 1, Supplemental Figure 3B),
which might be a direct consequence of the reduced @,.

To investigate the photosynthetic performance in response to
different light intensities, we recorded light curves. Electron
transport rates of PSI (ETRI) and PSIlI (ETRIIl) were strongly
reduced in cmt1-1, with ETRIl being more affected (Figure 4A
and 4B). In agreement with the increased AA/AA .« values, the
cmt1-1 mutant already showed higher non-photochemical PSI
quantum vyield of donor side limitation, Y(ND), under low light in-
tensities (Supplemental Figure 4A), supporting the assumption
that PSII activity is reduced and does not provide sufficient
electrons for re-reduction of P;qq. ETRII of cmt7-1 decreased at
light intensities higher than the growth light intensity of 90 umol
photons m™2 s™' (Figure 4B), indicating the pronounced
susceptibility of PSII to high light in cmt7-1. This sensitivity to
high light was not related to impaired heat dissipation of excess
light energy, since under low light intensities cmt7-1 plants
showed an even higher yield of regulated non-photochemical
quenching, Y(NPQ), than WT plants (Figure 4C and 4D).
However, this regulatory mechanism was not sufficient in
cmt1-1, as the photosynthetic phenotype was accompanied by
high quantum vyield of non-regulated energy dissipation, Y(NO)
(Supplemental Figure 4B). Importantly, in all measurements the
complemented line behaved like the WT. These results together
indicate that the loss of CMT1 results in severely reduced
photosynthetic activity and markedly enhanced susceptibility to
high light.

Reduced Transcription and Translation of Chloroplast
Proteins

The results so far suggest that CMT1 has an important function in
photosynthesis and also in chloroplast development. We there-
fore inspected the expression of plastid encoded genes. North-
ern blot analysis was performed with RNA isolated from leaf
tissues of WT, cmt1-1, and cmt1-1pyg10.cpm71- FOr detection, we
used radiolabeled probes corresponding to transcripts coding
for representative subunits of PSI (psaA) and PSII (psbA, psbB,
psbC, and psbD, which code for D1, CP47, CP43, and D2 respec-
tively), and Cytbef (petB, which codes for Cytbeg), and for the
large subunit of Rubisco (rbcL). A probe recognizing the nuclear
encoded transcript for Lhcb2 was also included (Figure 5A).
Transcript levels of psaA, psbA, psbB, psbC, psbD, and rbcL
were reduced to about 50% of WT levels in cmt7-1, whereas
the levels of petB and Lhch2 transcripts were less affected
(Figure 5A). Accordingly, the translation rates of PsaA/B, RbclL,
and D1/D2 in cmt1-1 were less than 50% of WT rates (Figure 5B).

The defects in transcription and translation in cmt7-1 presumably
cause changes in the steady-state level of the various proteins.
Therefore, steady-state protein levels were examined by
immunoblot analysis (Figure 5C). Accumulation of PSII subunits
(D1, CP47, CP43, D2, PsbO, PsbP), PSI subunits (PsaA, PsaD),
and RbcL were reduced to approximately 50% of WT levels
in cmt1-1. Interestingly, steady-state levels of subunits of
the intersystem electron transport chain (Cytbs, Cytf, and
plastocyanin) were reduced to less than 50% of WT levels,
despite the nearly unchanged mRNA levels of petB (Figure 5A).
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Figure 3. Growth Phenotype of cmti-1,
Complementation of cmt1-1, and Ultra-
structural Analysis.
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(A) Plants were grown for 4 weeks under a
12-h/12-h light/dark cycle at 22°C/18°C and at
90 umol photons m~2 s~ and then transferred to

a temperature-controlled greenhouse for flower-

ing and seed production.

(B) Plants at an age of 8 weeks are shown.

(C) Top view of the cmt1-1 plant shown in (B) (left
panel). Flowering of the cmt7-1 mutant at an age
of 10 weeks (right panel).

Only the steady-state level of Lhcb2 was unaffected, and the
amount of the ATP synthase B subunit (AtpB) was only
marginally decreased (Figure 5C). These results suggest that
the reduced steady-state levels of thylakoid proteins in cmt1-1
are partially due to reduced chloroplast transcription and
translation. In this regard, cmt1-1 clearly differs from the pam71
mutant. In pam71 the chloroplast transcription and translation
machinery was unaffected and the reduction in PSIl and
PSI subunit accumulation appeared to occur at the post-
translational level (Schneider et al., 2016).

Decreased Mn Concentrations in cmt1-1 Shoots and
Chloroplasts Result in Reduced Mn Binding in PSII

The impact of CMT1 on Mn homeostasis in leaves and chloro-
plasts was investigated. The analysis of Mn concentrations in
leaf tissue revealed significant reductions in cmt1-1, ~60%
compared with WT (Figure 6A). In addition, the concentrations
of iron (Fe) and other elements relevant to photosynthesis were
analyzed to determine whether the loss of CMT1 had element-
specific or more general effects on metal homeostasis. Interest-
ingly, the Fe concentration was nearly doubled in cmt7-1 leaves
compared with WT leaves (Figure 6A), whereas the Fe
concentration in cmt7-1 chloroplast fractions was decreased to
~56% of that in WT (Figure 6B). The latter result is consistent
with the reduced abundance of PSI subunits in cmti-1
(Figure 5C). Importantly, the Mn concentration in intact
chloroplasts was reduced to ~30% compared with WT,
indicating that CMT1 loss of function specifically affects this
metal (Figure 6B). In leaves of cmt1-1pyg10:cmvr7 the Mn and
Fe concentrations almost reached WT levels, but in
chloroplasts the concentrations of both metals recovered to WT
levels (Figure 6A and 6B). In addition to analyzing Mn and Fe

WT Phenotype [%

(D) Electron micrographs of 2-week-old plants.
Leaf sections (top panel) and individual normal
chloroplasts (bottom panel) of each genotype are
depicted. Epidermis (E), palisade layer (PL),
spongy layer (SL), starch (St), grana thylakoids
(GT), and stroma thylakoids (ST) are indicated.
(E) Ultrastructural alterations in cmt7-1 chloro-
plasts range from strongly to moderately
affected. Loosely appressed (= relaxed) thylakoid
stacks are indicated by the arrowhead (Tg) and
hyperstacking of thylakoids (Ty) is indicated by an
arrow. Scale bars, 1 um.

(F) Quantification of the chloroplast phenotype.
Ten cells of each genotype were analyzed, and
the number (n) of inspected chloroplasts is given.
The percentage of chloroplasts with a nearly WT
phenotype, as shown in (D), is given.
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E cmt1-1
O cmt1-1ous00mm

n=70
100%
100
80
60
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0

contents in chloroplasts, other elements such as Mg, Cu, P,
and Zn were analyzed (Supplemental Figure 5). Only the
concentration of Mg in chloroplasts was significantly reduced in
cmt1-1 (~57% of the WT concentration), consistent with the
observed chlorotic phenotype of the mutant.

Next, Mn and Fe binding in various photosynthetic complexes
were investigated according to the method developed by
Schmidt et al. (2015). Isolated and solubilized thylakoid
membrane complexes were fractionated by blue-native PAGE
or size-exclusion chromatography (SEC). Although several bands
corresponding to the different photosynthetic complexes could
be identified (Figure 6C), only the abundance of the LHCII
trimer complex was similar in all three genotypes. The
abundance of various PSII complexes (PSIl supercomplexes,
PSIl monomer complexes, and PSIl complex without CP43)
and the PSIlI dimer/PSI monomer fractions were markedly
reduced in cmt1-1 compared with WT (Figure 6C), in line with
the lower steady-state levels of thylakoid proteins in the cmt7-1
mutant (Figure 5C). The solubilized thylakoid membrane
complexes were further analyzed by SEC combined with
inductively coupled plasma mass spectrometry (SEC-ICP-MS)
to determine the ion intensities of sulfur (S), Mn, and Fe in
the fractionated photosynthetic complexes. A pronounced
decrease in the ion intensity of S was observed in cmt1-1
compared with WT (Figure 6D and 6E), reflecting the lower
protein abundance in this mutant (Figure 6C). Moreover, the
reduced abundance of PSIl and PSI complexes was further
supported by reduced ion intensity signals for Mn and Fe
(Figure 6D and 6E). The stoichiometric ratios of Mn/S and Fe/S
were analyzed to determine the relative amount of Mn and Fe
incorporation per unit of S (proxy for protein) in PSIl and in PSI,
respectively. Clear differences in PSIl and PSI intactness were
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WT cmti-1 cmt1-1pyg1or.cmT1
Fv/Fm 0.81 +0.01 [ 0.57 +0,06™ [0.78 + 0.01**
o 0.53 +0.03 [ 0.37 +0.07** |0.49 +0.03*
AA/AAmax | 0.13£0.08 | 0.52 + 0.20** | 0.20 + 0.08

Table 1. Spectroscopic Analysis of the WT, Mutant, and
Complementation Line.

Plants were dark-adapted for 30 min and F\/Fy, was determined. Yield of
PSII (®,) was recorded following exposure for 5 min to 125 umol photos
m~2 s~ photosynthetically active radiation. AA/AAm., was calculated
from P,qo absorption changes. Ten different plants were measured and
mean values + SD are presented. Asterisks indicate the statistical signifi-
cance of differences between WT and mutant plants (t-test): “**P < 0.0001,
**P < 0.001, *P < 0.01.

found (Figure 6F). In cmt7-1, much less Mn was loaded into
PSII super- and subcomplexes compared with WT, while Fe
incorporation in PSI monomers was unaltered (Figure 6F).
Taken together, these findings indicate the specifically
reduced incorporation of Mn into PSIl, indicating lower
amounts of functional PSIl complexes in the mutant, whereas
the reduction in Fe signal intensities (Figure 6E) is the result of
overall decreased PSI levels in cmt71-1 and not loss of PSI
functionality.

The pam71 cmt1-1 Double Mutant Resembles cmt1-1

We were very interested in the phenotype of the pam71 cmt1-1
double mutant. Due to the different membrane localization of
the respective proteins—CMT1 in the envelope membrane (this
study) and PAM71 in the thylakoid membrane (Schneider et al.,
2016)—we expected that the two proteins were not redundant
in function. A homozygous double mutant was generated by
crossing, and we verified that pam71 cmti-1 possessed
knockout alleles for both genes (Supplemental Figure 6A and
6B). The phenotypic appearance of pam71 cmt1-1 plants more
closely resembled that of cmt7-1 plants than that of pam71
plants, and hence confirmed our assumption (Figure 7A and
7B). The increase in minimal chlorophyll a fluorescence (Fo) and
concomitant decrease in Fy/Fy in pam71 cmt1-1 (Figure 7C)
indicated profound defects in electron transfer within PSII
comparable with cmt7-1 (Table 1 and Figure 4). Moreover,
transcription and translation of chloroplast genes, steady-state
protein levels (Supplemental Figure 6C-6E), and effects on Mn
and Fe homeostasis (Supplemental Figure 7) in pam71 cmt1-1
and cmt1-1 were similar, and CMT1 defects could be restored
in an independent complemented line cmti-1psss.crmri
(Supplemental Figures 6 and 7). Interestingly, the double
mutant behaved slightly better than cmt7-1. The phenotypes of
cmt1-1, pam71 and the double mutant based on visual
inspection were very consistent with those determined from the
analysis of pigment composition. The contents of chlorophyll
and carotenoids decreased slightly in pam71, strongly in
pam71 cmt1-1, and decreased the most in cmt7-1 compared
with WT (Figure 7D). In addition, we monitored the production
of ROS in all three mutants and WT. In situ staining with
nitroblue tetrazolium (NBT) or diaminobenzidine (DAB) revealed
the accumulation of superoxide anion (O, "), but not H,O, in
cmti1-1, pam71, and the double mutant (Figure 7E), presumably
as a direct consequence of defective photosynthetic electron
transport rates.
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Furthermore, we monitored the steady-state level of mitochon-
drial MnSOD. Levels of this enzyme decreased to ~50% of
WT levels in cmt1-1 and pam71 cmti-1 (Supplemental
Figure 8), perhaps in response to the decreased leaf Mn
concentration in cmt1-1 (Figure 6A) and pam71 cmti-1
(Supplemental Figure 7A). In the pam71 single mutant, the
steady-state level of MNnSOD remained unchanged compared
with WT (Supplemental Figure 8).

CMT1 Expression Is Reduced and F/Fy Value Is
Enhanced in cmt1-1 and pam71 cmt1-1 under
Mn-Excess Conditions

To examine the response of CMT1 and PAM71 to excess Mn at
the transcriptional level, we grew WT plants on medium supple-
mented with different concentrations of MnSQO, (Figure 8A). It
turned out that transcript levels, as evaluated by gRT-PCR, of
PAM71 remained nearly unchanged under all conditions,
whereas the expression of CMT1 was downregulated ~0.4-fold
under Mn excess compared with standard-Mn conditions in
leaves of WT plants (Figure 8A). Reduction in CMT1 promoter
activity was likewise observed for pCMT1:GUS plants grown on
500 uM MnSOQOy4 (Supplemental Figure 9). Finally, we cultivated
cmti1-1 and pam71 cmt1-1 plants under Mn-standard and Mn-
excess conditions. The mutant pam71 was included in this
feeding experiment as a control (Figure 8B). The overall fitness
of all genotypes was diminished in the presence of high (1 mM)
MnSO,. However, the photosynthetic activity of PSIl, monitored
as Fy/Fy value, was unaffected under the different conditions
(Figure 8B and 8C). The expected drop in Fy/Fy in all three
mutants compared with WT was evident under standard-Mn
conditions (Figure 8C). In pam71 the F\/Fy value increased to
that of WT on 500 uM MnSO, and thus confirmed earlier
studies (Schneider et al., 2016). Although the F\/F\, value of
cmt1-1 and pam71 cmti-1 did not reach that of WT, neither on
500 uM nor on 1 mM MnSO,, it was significantly increased
under 1 mM MnSO, compared with 50 uM MnSO, conditions
(Figure 8C). This result confirmed that pam71 cmt1-1 behaves
almost the same as cmt7-1 and not like pam71, and that the
diminished PSII function in cmt1-1 caused by Mn depletion in
chloroplasts (Figure 6B) can be alleviated by increasing the Mn
availability to the plant.

DISCUSSION

Mn is a metal co-factor for the OEC and essential for
oxygenic photosynthesis. Despite its importance, it remains
unknown how Mn is imported into the chloroplast to fulfill its func-
tion. In this study, we found evidence that the protein CMT1 is a
plastid envelope Mn transporter in Arabidopsis, presumably facil-
itating the uptake of Mn2* into the chloroplast stroma.

CMT1 Facilitates Mn Transport

CMT1 belongs, together with its closest homolog PAM71, to the
UPF0016 family of membrane proteins, which is widely distrib-
uted among prokaryotes and eukaryotes (Demaegd et al,
2014), and members of this family in oxygenic photosynthetic
organisms were demonstrated to function in Mn2* transport
(Schneider et al., 2016; Brandenburg et al., 2017; Gandini et al.,
2017). In accordance, we found that expression of CMT7 in
Apmr1 yeast cells suppressed their Mn sensitivity (Figure 1).
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Figure 4. Light-Dependent Photosynthetic
Performance in WT, cmt1-1, and cmt1-
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This finding indicates that CMT1 may also function as a Mn
transporter. We further demonstrated that CMT1 resides in the
envelope membrane of chloroplasts (Figure 2A; Ferro et al,
20083, 2010). Thus, we hypothesized that CMT1 functions as a
Mn2* transporter at the chloroplast envelope. However, the
direction of Mn transport mediated by CMT1, i.e., whether it is
involved in import or export of Mn, required closer inspection.

The cmt1 Mutant Displays a Pleiotropic Mn-Deficiency
Phenotype

To determine whether CMT1 acts as a plastid Mn importer or
exporter, we analyzed Arabidopsis plants defective in CMT1 for
symptoms related to Mn limitation and toxicity, respectively.
The cmt1 mutant plants showed severe growth defects, having
only one-tenth of the rosette diameter of WT plants at the same
developmental stage (Figure 3A and 3B; Supplemental
Figure 2B). In fact, the phenotype of cmt1 already appeared
under standard growth conditions, whereas other Arabidopsis
mutant lines defective in Mn transporters/homeostasis often
display either hypersensitivity to Mn stress (MTP11, Peiter
et al., 2007; ECA1, Wu et al., 2002) or reduced growth under
Mn deficiency (NRAMP3/4, Lanquar et al., 2010), or confer Mn
tolerance (MTP8, Eroglu et al.,, 2017). Interestingly, the
phenotype of cmt1 was slightly less severe in the pam71
background as evidenced by the phenotype of the double
mutant pam71 cmt1-1 (Figure 7, Supplemental Figures 6
and 7), perhaps due to activation of low-affinity transport
systems only in the pam71 background. Despite this, the Mn
content in leaves and—more importantly—in chloroplasts of
cmt1-1 was reduced significantly compared with WT levels
(Figure 6A and 6B). The deficiency of Mn in chloroplasts of
cmt1-1 was very prominent; the Mn concentration in cmt1-1
was only 30% of that in WT. In fact, the growth defects of the
cmt1 mutants resembled those of Arabidopsis plants grown
in Mn-free medium (Rodriguez-Celma et al., 2016). As a

Light intensity [umol photons m? s

negative impact on PSI than PSII activity

(Millaleo et al., 2013). Moreover, the Mn

deficiency in cmt1-1 was found to be
accompanied by an increased Fe concentration in leaves
(Figure 6A), a feature readily observed in earlier studies of
Arabidopsis plants grown under Mn deficiency (Yang et al,,
2008). In contrast, Fe concentrations in cmt7-1 chloroplasts
dropped to about 56% of those in WT (Figure 6B), confirming
the overall decreased PSI levels in cmt1-1. It was previously
found that under Mn deficiency many robustly downregulated
nuclear genes (at the transcript level as well as protein
abundance) were related to photosynthesis, e.g., coding for
subunits of PSIl and PSI (Rodriguez-Celma et al., 2016). This
finding was nicely reflected in this study. Indeed, transcription
and translation of chloroplast genes was downregulated in
cmt1-1 (Figure 5A and 5B). Diminished transcription and
translation of plastid genes eventually resulted in reduced
protein content in cmt1-1 (Figure 5C). Defects in chloroplast
gene transcription (and RNA maturation) as well as protein
translation have a great impact on chloroplast biogenesis and
development (Chi et al., 2008; Pogson and Albrecht, 2011;
Huang et al., 2013; Pyo et al., 2013; Schneider et al., 2014;
Zhang et al., 2016). It was therefore not surprising that there
were several abnormalities in chloroplast ultrastructure in
cmt1-1 plants (Figure 3D-3F). Disorganization of the thylakoid
membrane system with, e.g., fully relaxed grana membranes
(Figure 3E) has been described earlier as an effect of Mn
deficiency in spinach chloroplasts (Mercer et al., 1962). The
cmt1-1 mutant chloroplasts showed varying degrees of
defects, ranging from WT-like to aberrant. This variation might
be caused by variable rates of Mn depletion within single chloro-
plasts. In line with the disrupted chloroplast structure, we
observed high susceptibility of the photosynthetic apparatus in
cmt1-1 mutants, and at light intensities higher than growth light
(i.e., above 90 umol photons m~2 s~ '), cmt1-1 plants were
completely inhibited in PSIlI activity (Figure 4B). The low
functionality of photochemical quenching was counteracted as
the mutant plants already boosted light energy dissipation
under low light intensities in the form of NPQ (Figure 4C and
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Figure 5. Transcription, Translation, and Steady-State Levels

of Chloroplast Proteins.

(A) Transcription of chloroplast encoded proteins. In all lanes 15 pg of total
leaf RNA was loaded, except in the lane WT 1/2, where only 7.5 ng of RNA
was loaded. RNA gel blots were hybridized with radiolabeled probes
specific for the indicated transcripts. As a loading control, blots were
stained with methylene blue, and bands corresponding to 25S and 18S
rRNA are indicated.

(B) Incorporation of [*®S]Met into chloroplast-encoded proteins. Pulse-
labeling was performed for 20 min in the presence of cycloheximide to
inhibit cytosolic translation. In all lanes 100 000 cpm were loaded, except
in the lane WT 1/2, where only 50 000 cpm were loaded. The translated
products RbcL, D1 and D2, and PsaA and PsaB are indicated.

(C) Immunodetection of chloroplast proteins using antibodies raised
against PSI subunits, PSIl subunits, Cytbef subunits, chloroplast ATP
synthase subunit B, plastocyanin (PC), Rubisco large subunit (RbcL), and
Lhcb2. Samples equivalent to 30 pg of protein were loaded in all lanes,
except those marked WT 1/2 where only 15 pg of protein was loaded. As a
loading control, proteins were visualized by Coomassie blue staining, and
bands corresponding to Lhcb1, Lheb2, and Lhcb3 (constituting the LHCII
complex), as well as RbcL are indicated.In (A) to (C), two lanes have been
omitted (complete set shown in Supplemental Figure 6).

4D). However, this protective mechanism was not sufficient
since the cmt1-1 mutant already showed high non-regulated en-
ergy quenching (Supplemental Figure 4B) and accumulated
superoxide anion (O, ") under growth light (Figure 7E). It is very
likely that O, ™ is derived from defective photosynthesis in
cmt1-1 (and in pam71 cmt1-1 and pam71); more precisely,
O, ™ is generated mainly at the acceptor side of PSI via the
Mehler reaction (Dietz et al., 2016 and references therein).
However, the possibility that O, ~ might, in addition, be of
mitochondrial origin caused by reduced MnSOD abundance in
cmt1-1 (and pam71 cmt1-1) (Supplemental Figure 8) cannot be
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excluded. Intracellular Mn trafficking and distribution to various
organelles must be tightly regulated and is mediated by
NRAMP2 (Alejandro et al., 2017; Gao et al., 2018), NRAMPS3,
and NRAMP4 (Lanquar et al., 2010). It has been suggested that
maintaining mitochondrial Mn homeostasis and MnSOD activity
is a higher priority for the plant cell (Alejandro et al., 2017) than
for green algae, which preserves PSIl activity upon Mn
deficiency (Allen et al., 2007).

In summary, we conclude that the retarded growth phenotype of
cmt1-1 results from Mn deficiency in the chloroplast, allowing us
to propose that CMT1 functions as a plastid Mn importer. Due to
Mn deficiency in chloroplasts, transcription, translation, protein
abundance, and Mn loading of thylakoid protein complexes
were strongly affected in cmt7-1 and also in pam71 cmt1-1
(Supplemental Figures 6 and 7), resulting in impaired
chloroplast development and photosynthetic performance, and
increased light sensitivity.

Interplay of CMT1 and PAM71

The CMT1 protein possesses the typical features of UPF0016
proteins, namely six conserved transmembrane domains,
including two highly conserved E-x-G-D-(KR)-(TS) motifs in trans-
membrane domains 1 and 4 and an acidic loop between trans-
membrane domains 3 and 4 (Schneider et al., 2016; Wang
et al., 2016). The closest homolog of CMT1 in plants, PAM71,
and its homolog in Synechocystis, MNX/SynPAM71, were
suggested to function as Mn2*/H* antiporters, since the
direction of Mn?* transport is into an acidic compartment
(Schneider et al., 2016; Brandenburg et al., 2017; Gandini et al.,
2017). The molecular mechanism of Mn?* import via CMT1 into
the chloroplast stroma remains to be elucidated, since a H*
coupled antiport mechanism across the chloroplast envelope
seems less likely (Hohner et al., 2016).

Despite this, the question arose as to how CMT1 and PAM71 may
cooperate in Mn homeostasis. To this end we constructed a
pam71 cmt1-1 double-mutant line (Figure 7, Supplemental
Figure 6A). The phenotype of pam71 cmt1-1 plants was similar to
the phenotype of cmt7-1 plants in many respects: for example,
transcription/translation of chloroplast-encoded proteins was
downregulated in cmt1-1 and pam71 cmt1-1 compared with WT
(Supplemental Figure 6C-6E), but was unaltered in pam71-1
(Schneider et al., 2016); cmt1-1 and pam71 cmt1-1 plants had
similar pigment compositions (Figure 7C); and there was only
partial rescue of the photosynthetic phenotype in both mutants
by externally supplied Mn (Figure 8B and 8C). The phenotypic
data for the cmt1 single and pam71 cmt1-1 double mutants
allowed us to conclude that CMT1 is the limiting step in Mn
delivery to the chloroplast, i.e., CMT1 functions upstream of
PAM71. This conclusion is supported by the localization of CMT1
at the chloroplast envelope membrane (Figure 2A, Ferro et al.,
20083, 2010, Brautigam et al., 2008, Brautigam and Weber, 2009,
Simm et al.,, 2013), and we propose that CMT1 and PAM71
function sequentially in Mn2* uptake over the chloroplast
envelope membrane and thylakoid membrane, respectively. We
previously proposed a back-up system for Mn uptake at the thyla-
koid membrane. In contrast, there seems to be only a rudimentary
back-up system for Mn uptake at the envelope membrane based
on the severe phenotype of cmt1 mutants and the—only—low
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Figure 6. Manganese and Iron Homeostasis and Impact on Thylakoid Membrane Complexes in WT, cmt1-1, and cmt1-1pyg10.cm71-
(A) Total element concentrations of Mn and Fe in shoots. Element concentrations were quantified by inductively coupled plasma-optical emission
spectrometry (ICP-OES) and are given on a dry-weight (DW) basis. Mean values (+SE) are based on four to five biological replicates. Asterisks indicate
significant differences between WT and mutant lines (Mann-Whitney test, *P < 0.05).

(B) Total element analysis of Mn and Fe in chloroplast fractions. Element concentrations were quantified by ICP-QQQ-MS and normalized based on
chloroplast numbers. Data represent one experiment (similar results were obtained in four independently grown batches of plants). Mean values (+SE) are
based on four (WT and cmt1-1pyg10.cm77) OF €ight (cmt1-1) technical replicates. Asterisks indicate significant differences between WT and mutant lines
(Mann-Whitney test, **P < 0.01).

(C) Accumulation of thylakoid photosynthetic complexes. Thylakoid membranes (equivalent to 18 ng of protein) were solubilized with 1% (w/v) a-dodecyl
maltoside, and protein complexes were fractionated by blue-native gel electrophoresis (3-12% [w/v] acrylamide). The protein complexes LHCllyimer,
LHCllzssembly, PSII without CP43 (PSII-CP43), PSIl monomer (PSllmono), PSII dimer (PSlly), PSI monomer (PSlmono), PSII-LHCII supercomplexes (PSII-
LHClls per), and PSI-NDH are indicated. Note that two lanes have been omitted (complete set shown in Supplemental Figure 7C).

(D) Size-exclusion profiles recorded for *Mn* together with “3SO* in the different genotypes reported as ion intensities. Solubilization was performed as
in (C). Fifty micrograms of total protein was loaded onto the size-exclusion column for each sample.

(E) Size-exclusion profiles recorded for "?FeO™ together with “3SO* in the different genotypes reported as ion intensities. Solubilization was performed as
in (C). Fifty micrograms of total protein was loaded onto the size-exclusion column for each sample.

(F) Quantification of the Mn/S (upper panel) and the Fe/S (lower panel) stoichiometric ratios are shown for samples analyzed in (D) and (E), respectively.
Individual ®*Mn* fractions and the first eluting “2FeO* fraction were assigned according to Schmidt et al. (2015). In total, five to six independent thylakoid
preparations were analyzed, and data for one representative sample is shown.

degree of rescue of the photosynthetic phenotype upon the supply CMT1 presumably is part of the cellular Mn homeostasis network,
of additional Mn (Figure 8B and 8C). We speculate that this e.g., Mn content in leaves is reduced in cmt7-1 and pam71
rudimentary back-up system might be slightly activated in the cmti-1 (Figure 6A and Supplemental Figure 7A) but not in
pam?71 mutant background. pam71 (Schneider et al.,, 2016), and CMT7expression is
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regulated by Mn-feeding (Figure 8A and Supplemental Figure 9).
Reduced transcription of CMT1 under Mn-excess conditions
might prevent detrimental overaccumulation of Mn2* in the
chloroplast. Moreover, CMT1 might function in Mn homeostasis
in non-green plastids because it is ubiquitously expressed
(Figure 2B and Supplemental Figure 1). To date only a limited
number of metal transporters in chloroplast membranes have
been described (Szabo and Spetea, 2017), and understanding
how they affect cellular and/or organellar metal homeostasis
may aid the development of crop plants with improved nutrient-
use efficiency in the future.

METHODS

Plant Material and Complementation Line Construction

Arabidopsis thaliana cmt1 mutants were identified in the SALK collection
(cmt1-1 SALK_129037 N629037; cmt1-3 SALKseq_61 850 N926448)
(Alonso et al., 2003) and in the Wisconsin DsLox T-DNA collection
(cmt1-2 WiscDsLox434C5 N855634). Seeds were provided by NASC,
the European Arabidopsis Stock Center. Genotyping of all lines
was performed using PCR with appropriate primer combinations
(Supplemental Table 2), and PCR products were sequenced. For all
experiments cmt1-1 was used. This mutant line was crossed with
pam71-1 (Schneider et al., 2016) and in the F, generation a double
mutant was identified and named pam71 cmti-1. WT plants were
accession Columbia-0.

For cloning of pPUB10:CMT1, the full-length CMT1 coding sequence was
PCR-amplified from Arabidopsis cDNA with gene-specific primers
(SK141/SK142; Supplemental Table 2), subcloned into pJET1.2 (Thermo
Fisher Scientific), and the insert verified by sequencing. The CMT1
coding sequence was then cut out by double-digest with BamHI and
Apal and ligated into the binary T-DNA vector pUTKan (Fendrych et al.,
2014) in which expression of CMT1 is under the control of the
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Figure 7. Characterization of the Double
Mutant pam71 cmt1-1 in Comparison with
WT, cmt1-1, and pam71.

(A) Plants were grown for 4 weeks under a 12-h/
o 12-h light/dark cycle at 22°C/18°C and at 90 pmol
photons m~2 s~" and then transferred to a tem-
‘:[f perature-controlled greenhouse for flowering and

>
ot

seed production. Note that the WT and cmt1-1
u plants are identical to the plants shown in
Figure 3A.

(B) Plants at an age of 8 weeks are shown.

(C) Minimal chlorophyll a fluorescence (Fp) and
maximum quantum yield of PSIl (F\/Fy) were
recorded from leaves of 4-week-old plants. The
A color scale at the bottom indicates the signal in-
tensities. Scale bar, 12.5 mm.

(D) Chlorophyll and carotenoid content was
determined from plants grown for 3 weeks on '/»
MS with 1% sucrose. Given are average values
(xSD) of four (cmt1-1) and five (WT,
| pam71 cmti-1, pam71) biological replicates.
Asterisks indicate the statistical significance of
differences between WT and mutant plants
(Mann-Whitney test, **P < 0.01, *P < 0.05). FW,
fresh weight.

(E) NBT (O2 ") and DAB (H»0,) staining of younger
(4th rosette leaf, counted from the top) and older
leaves (8th rosette leaf) from 4-week-old plants.
As a control, leaves were incubated in buffer
without dye. Scale bar, 10 mm.

N
N

o
N
—

oV

UBIQUITIN10 promoter. The cloning of pP35S:CMT1 began with
amplification of full-length CMT7 with PCR primers (Supplemental
Table 2) from Arabidopsis first-strand cDNA. The amplified full-length
CMT1 cDNA was ligated into pENTR-TOPO (Life Technologies) and sub-
sequently recombined into pB2WG7 (Karimi et al., 2002) yielding plasmid
pP35S:CMT1.

The two constructs were stably introduced into cmt7-1 by floral dip trans-
formation (Clough and Bent, 1998). Individual transgenic plants were
selected on the basis of their resistance to kanamycin (50 pg mi~") and
BASTA (100 mg I=' ammonium glufosinate), respectively. One
complemented plant per construct was chosen for further analysis and
named cmt1-1pygi0.cmrr @nd cmt1-1pgss.cmrs.

Plant Growth Conditions

Unless stated otherwise, plants were grown for 4-5 weeks in a growth
chamber equipped with 17-W cool white fluorescent lamps (CLF
Plant Climatics) under a 12-h/12-h day/night cycle at 90 umol
photons m~2 s~'. For individual experiments, the mutant lines (cmt?
and pam71 cmt1-1) were pre-cultivated for 2 weeks to ensure an equal
number of leaves at the time of harvesting. Plants were cultivated on
standard soil substrate A210 (Stender) without further fertilization and
watered with tap water. Arabidopsis plants used for kanamycin and
hygromycin (33.3 pg ml~") selection, microscopy, and pigment
analysis were surface sterilized and grown on half-strength Murashige
and Skoog (", MS) medium including 1% (w/v) sucrose, with or without
antibiotic. '» MS medium contains 50 pM MnSO,, and excess Mn
conditions were generated by supplementing MnSQO, to a final concen-
tration of 500 uM or 1000 uM MnSO,. Sterile Arabidopsis plants were
cultivated at 90 umol photons m~2 s~' under a 16-h/8-h day/night
cycle. Arabidopsis plants used for crosses, transformation, BASTA se-
lection, and seed propagation were grown in a temperature-controlled
greenhouse. Nicotiana benthamiana plants for transient expression
analysis were grown for 4 weeks in a temperature-controlled
greenhouse.
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Figure 8. Expression of CMT1 and PAM71 and Rescue of
Photosynthesis in pam71, cmt1-1, and pam71 cmt1-1 under
Mn-Excess Conditions.

(A) Expression levels of CMT1 and PAM71 in WT plants were determined
by real-time qPCR. Expression levels are relative values based on the
expression level in WT plants grown on standard "/, MS medium (50 pM
MnSQO,). Mean values (+SD) are based on four biological replicates.

(B) Seeds of the indicated genotypes were surface sterilized and grown for
3 weeks on standard '/, MS medium (50 uM MnSO,) and /> MS medium
supplemented with MnSO,4 concentrations as indicated.

(C) Fy/Fy values are given for WT, cmt1-1, pam71 cmt1-1, and pam71
grown as in (B). Error bars represent mean values (+SD) of individual
plants (n = 15). Asterisks indicate the statistical significance of differences
between growth conditions (t-test, ***P < 0.001, **P < 0.01).
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Subcellular Localization of CMT1:YFP Fusion Protein

For subcellular localization studies, the coding sequence (without stop
codon) of CMT1 was PCR-amplified from Arabidopsis cDNA with gene-
specific primers (ME182/ME183; Supplemental Table 2), subcloned into
pJET1.2 (Thermo Fisher Scientific), cut out by double-digest with BamHI
and Sall, and ligated into the pNL3 vector (Linka et al., 2008) to obtain a
C-terminal fusion of CMT1 to YFP, driven by the 35S promoter. The
fusion construct CMT1:YFP in pNL3 was verified by sequencing. The
Agrobacterium tumefaciens strain GV3101 was transformed with
the plasmid and infiltrated into N. benthamiana leaves for transient
expression of CMT1:YFP fusion proteins. After 48 h, protoplasts were
isolated for localization studies with a confocal laser scanning
microscope (Zeiss LSM 510) as described by Breuers et al. (2012).

Heterologous Expression of CMT1 in Yeast

The coding sequence of CMT1 was PCR-amplified from Arabidopsis
cDNA using appropriate primers (Supplemental Table 2). After
restriction digestion with Xhol and BamHI, the PCR fragment was
cloned into yeast expression vector pDR195 (Rentsch et al., 1995),
yielding plasmid pDR195-CMT1, and sequenced. The yeast mutant
Apmr1, which carries a defect in the P-type Ca®*/Mn2*-ATPase (Diirr
et al., 1998), was transformed with pDR195-CMT1 and the empty vector
pDR195 according to Gietz and Schiestl (1991), and individual colonies
were analyzed as described by Schneider et al. (2016).

Promoter Activity Analysis

To test for tissue-specific promoter activity, we PCR-amplified a 1500-bp
fragment upstream of the CMT71 coding sequence (excluding the start
codon) from Arabidopsis genomic DNA with specific primers (ME108/
ME110; Supplemental Table 2). This fragment was subcloned into
pJET1.2 (Thermo Fisher Scientific), cut out by double-digest with Sall
and Pstl, and ligated into the pCAMBIA1381 vector (Cambia, http://
www.cambia.org/daisy/cambia/home.html) upstream of the reporter
gene gusA. The generated plasmid containing the pCMT1:GUS fusion
was introduced into Arabidopsis WT plants as described above.

For the GUS assay, plants were placed in appropriate containers and
immersed in GUS staining solution (50 mM NaH,PQO4 [pH 7.0], 10 mM
EDTA, 5 mM K3Fe(CN)s, 0.1% Triton X-100, 0.1% Tween 20, 1 mM
5-bromo-4-chloro-3-indolyl glucuronide [X-Gluc]). After overnight incuba-
tion at 37°C, the tissue was fixed by incubating in fixation solution (50%
ethanol, 5% glacial acetic acid, 3.7% formaldehyde) for 10 min at 65°C.
The samples were treated with 80% ethanol at 37°C to remove
chlorophyll and stored in 80% ethanol until photographic documentation.

Chlorophyll a Fluorescence and P;oo Absorption
Measurements

Chlorophyll a fluorescence was recorded using the Dual-PAM (Walz)
(Steinberger et al., 2015) or the Imaging-PAM (Walz). Plants were dark-
adapted for 30 min, and single leaves were exposed briefly (10 s) to
measuring light, followed by a saturating light pulse (10 000 pmol
photons m~2 s~', 800 ms). Actinic light was switched on for 5 min
(125 pmol photons m~2 s™), and this was followed by a saturating light
pulse (10 000 pmol photons m~2 s, 800 ms). Parameters were calcu-
lated as follows: maximum quantum vyield of PSIl Fy/Fy = (Fpm — Fo)/Fu';
effective quantum yield of PSIl &, = (F\y — F¢')/Fum'; where Fy and Fy/
represent the maximal fluorescence of dark-adapted or actinic light-
adapted samples, and Fy and Fy' represent the minimal fluorescence of
dark-adapted or actinic light-adapted samples.

P00 absorption measurements were performed using the Dual-PAM, and
AA/AAmax Was determined according to Meurer et al. (1996). Single leaves
were light-adapted for 5 min at 100 pmol photons m~2 s~ followed by
a 25-s dark incubation. To determine maximal absorption of P;g at
830 nm, we exposed leaves to far-red light (720 nm, 260 pmol
photons m™2 s77) for 30 s.
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Light curves were recorded with pre-illuminated plants grown at 90 pmol
photons m~2 s~ using the Dual-PAM/F (Walz). Light intensities were held
for 3 min each and increased stepwise up to 1600 umol photons m—2s~".
The parameters ETR |, ETR I, NPQ, Y(NPQ), Y(NO), and Y(ND) were calcu-
lated by the Dual-PAM 100 software according to the equations by Kramer

et al. (2004).

Leaf Pigment Analysis

Plant material was frozen in liquid N,. After homogenization, pigments
were extracted with acetone and analyzed by reversed-phase high-per-
formance liquid chromatography according to Farber et al. (1997).

Protein Analysis

For isolation of thylakoid proteins, leaf samples (5 g fresh weight) were ho-
mogenized in 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl,, 20 mM tricine
(pH 7.9), 10 mM ascorbate, and 10 mM NaF. The suspension was filtered
through two layers of Miracloth and centrifuged at 6000 g for 10 min at
4°C. The pellet was resuspended in 5 mM tricine (pH 7.9) and 10 mM
NaF, and centrifuged at 11 200 g for 10 min at 4°C. The resulting thylakoid
pellet was resuspended in storage puffer (0.4 M sucrose, 10 mM NaCl,
5 mM MgCl,, 20 mM tricine, 10 mM NaF, and 20% [v/v] glycerol) and pro-
tein concentration was determined using the Pierce BCA Protein Assay
(Thermo Fisher Scientific). For isolation of total proteins, leaf samples
(two to three leaves) were frozen and homogenized in 100 mM tricine
(pH 7.5), 10 mM KCI, 1 mM MgCl,, 1 mM EDTA, 10% (w/v) sucrose,
2% (w/v) Triton X-100, and 1 mM DTT supplemented with protease inhib-
itor cocktail (Roche) and incubated for 10 min at 4°C. The homogenate
was centrifuged at 6000 g for 10 min at 4°C, and the supernatant was sub-
sequently used for determination of the protein concentration. Protein
samples were adjusted to 30 pg in 45 mM Tris-HCI (pH 6.8), 50 mM
DTT, 0.1% (w/v) SDS, 0.1% (v/v) glycerol, and 0.01% (w/v) bromophenol
blue, incubated at 80°C for 5 min, and fractionated on Tris—tricine SDS
gels (12% acrylamide).

Individual proteins of interest were detected using antibodies raised
against D1 (Agrisera 05 084, 1:10 000), PsbO (Agrisera 06 142-33,
1:4000), PsbP (Agrisera 06 142-23, 1:4000), Lhcb2 (Agrisera 01 003,
1:5000), PsaA (Agrisera 06 172, 1:1000), PsaD (Agrisera 04 064, 1:4000),
Cytbg (Agrisera 03 034, 1:10 000), Cytf (Agrisera 08 306, 1:5000), AtpB
(B) (Agrisera 05 085, 1:4000), RbcL (Agrisera 03 037, 1:5000), plastocyanin
(Agrisera 06 141, 1:2000), MnSOD (Agrisera AS 09 524, 1:4000) D2, CP43,
and CP47 in combination with a-rabbit immunoglobulin G horseradish
peroxidase (Sigma-Aldrich A9169, 1:25 000) and the Pierce enhanced
chemiluminescence system (Thermo Fisher Scientific).

The thylakoid membrane complexes were isolated from the thylakoid pel-
let in storage buffer (see above). Samples, equivalent to 18 ug protein,
were solubilized in the presence of 1% (w/v) a-dodecyl-maltoside for
10 min on ice in darkness. Solubilized thylakoid membrane complexes
were complemented by adding Novex BN-PAGE sample buffer (Invitro-
gen) and separated by non-denaturing BN-PAGE (3%-12% acrylamide)
for 3 h 15 min.

For in vivo labeling, four to five leaves were incubated in 1 mCi of [*°S]Met
for 20 min in the presence of 20 ug mi~' cycloheximide at 60 umol
photon m~2 s~ Thylakoid and stroma proteins were prepared and frac-
tionated on denaturing gradient Tris—glycine SDS gels (8-12% acryl-
amide), and radioactive signals were detected using a Typhoon imager
(GE Healthcare).

Transcription Analysis

Total RNA was isolated from leaves of Arabidopsis lines using TRizol
reagent (Invitrogen). Expression of CMT1, PAM71, and Actin2 was
analyzed by 30 cycles of PCR using appropriate primer combinations
(Supplemental Table 2) and first-strand cDNA as the template. The
absence or presence of a PCR product was verified using DNA gel
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electrophoresis. For real-time qRT-PCR), SYBR Green Supermix (Bio-
Rad) was used, and PCR was performed with the iQ5 multicolor real-
time PCR detection system (Bio-Rad) using appropriate primer combina-
tions (Supplemental Table 2). Quantification of relative expression levels
was performed using the comparative C; method (Schmittgen and
Livak, 2008). Expression of various chloroplast-located genes was
determined using RNA gel-blot analysis and standard protocols. Probe
generation was performed using PCR-amplified sequenced products
(for primer combinations see Supplemental Table 2) and [*2P]dCTP
labeling. Hybridization was conducted under stringent conditions at
65°C overnight and radioactive signals were detected using a Typhoon
imager (GE Healthcare).

Determination of Total Element Concentrations in Leaves and
Intact Chloroplasts

The element concentrations in leaves and in intact chloroplast fractions
were determined using inductively coupled plasma-optical emission
spectrometry (ICP-OES) (Agilent 5100 ICP-OES) or triple quadrupole
inductively coupled plasma mass spectrometry (ICP-QQQ-MS) for leaf
and chloroplast digests, respectively. Harvested leaves were freeze-dried
and homogenized, and a representative sample (~40 mg) was digested in
ultra-pure acids (2.5:1 70% HNO3 and 30% H,0,) using a pressurized mi-
crowave digestion system (UltraWAVE) (Hansen et al., 2013).

For isolation of intact chloroplasts, leaf samples (10 g fresh weight) were
homogenized in 0.4 M sorbitol, 20 mM tricine-NaOH (pH 8.4), 10 mM
EDTA, 0.1% (w/v) BSA, 5 mM NaHCOg3;, 1 mM MgCl,, and 1 mM MnCl, us-
ing a blender (Waring laboratory). The extract was filtered through two
layers of Miracloth and concentrated at 1500 g for 5 min. The pellet was
resuspended in 80 mM sorbitol, 4 mM tricine-NaOH (pH 8.4), 0.5 mM
EDTA, and 1 mM MgCl, and layered onto a discontinuous 40% (w/v)/
80% (w/v) Percoll gradient. After centrifugation for 15 min at 7000 g, intact
chloroplasts were recovered from the interphase and washed two times.
The integrity of the chloroplasts was verified by microscopy, and the num-
ber of chloroplasts was estimated by counting with a Neubauer chamber.
An equal number of chloroplasts were pelleted, and the individual chloro-
plast samples were digested using the microwave system described
above. The accuracy and precision of the measurements were estimated
by analyzing certified reference material (apple [Malus domestica) leaf,
NIST 1515, National Institute of Standards and Technology).

SEC-ICP-MS Measurements

Thylakoid membranes were isolated and solubilized as described above
in the Protein Analysis section and fractionated by SEC as described
previously (Schmidt et al., 2015; Schneider et al., 2016). The outlet of
the column was coupled to a triple quadrupole ICP-MS (Agilent 8800
ICP-QQQ-MS) for online detection of metal binding in the size-
fractionated thylakoid complexes. The ICP-QQQ-MS was operated in
MS/MS scan mode with oxygen as the reaction gas, which allowed for ul-
trasensitive and simultaneous detection of all elements of interest
(Schmidt et al., 2015). The integration time was 0.1 s per element.
Quantification of the Mn/S and Fe/S stoichiometric ratios in PSIlI and
PSI complexes, respectively, was performed by external calibration
(Schmidt et al., 2015).

Transmission Electron Microscopy

Leaves of agar-grown Arabidopsis lines used for transmission electron mi-
croscopy were processed as previously described (Breuers et al., 2012)
with the following exceptions. As fixative, 2% glutaraldehyde and 4%
formaldehyde in 100 mM sodium phosphate buffer (pH 7.4) was used.
Osmication was performed in 1% osmium tetroxide and 1.5%
potassium ferricyanide in 100 mM sodium phosphate buffer (pH 7.4) for
70 min at 4°C. En bloc staining of the samples by incubation in 2%
uranyl acetate at 4°C overnight was omitted. Sections were viewed
using a JEM-1400 Plus transmission electron microscope (JEOL)
operated at 80 kV. Micrographs were taken using a 3.296 x 2.472



CMT1 Is Required for Manganese Homeostasis

charge-coupled device camera (Ruby, JEOL) equipped with appropriate
software (JEOL TEM Center software) and manually inspected for the sta-
tus of individual chloroplasts.

Staining of Reactive Oxygen Species

Leaves of Arabidopsis lines were stained for ROS according to Ramel
et al. (2009). For staining of H,O,, leaves were vacuum infiltrated for
10 min in 4 ml 3,3'-diaminobenzidine (DAB) staining solution (1 mg mi~"
DAB, 0.01 M NayHPQ4, 0.05% [v/v] Tween 20 [pH 3.8]) and incubated in
darkness for 4 h at room temperature. For staining of superoxide anion
(O27), leaves were vacuum infiltrated for 10 min in 4 ml of nitroblue
tetrazolium (NBT) staining solution (0.5 mg mi~' NBT, 10 mM K,HPOQ,,
10 mM NagN) and incubated in darkness for 1 h at room temperature.
Stained leaves were then bleached in acetic acid/glycerol/ethanol
(1/1/3) (v/v/v) solution at 95°C for 5 min, and photographs were taken.
H>0, was visualized as a brown color due to DAB polymerization. Oy~
was visualized as blue color produced by NBT precipitation.
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Abstract: Chloroplast manganese transporter 1 (CMT1) and photosynthesis-affected mutant 71
(PAM71) are two membrane proteins that function sequentially to mediate the passage of manganese
across the chloroplast envelope and the thylakoid membrane. CMT1 and PAM71 belong to a small
five-member protein family in Arabidopsis thaliana. The other three, photosynthesis-affected mutant 71
like 3 (PML3), PML4 and PML5 are not predicted to reside in chloroplast membranes. In this study,
the subcellular localization of PML3:GFP, PML4:GFP and PML5:GFP was determined using transient
and stable expression assays. PML3:GFP localizes to the Golgi apparatus, whereas PML4:GFP
and PML5:GFP are found in the endoplasmic reticulum. We also examined patterns of PML3,
PML4 and PML5 promoter activity. Although the precise expression pattern of each promoter was
unique, all three genes were expressed in the leaf vasculature and in roots. Greenhouse grown
single mutants pmi3, pml4, pml5 and the pml4/pml5 double mutant did not exhibit growth defects,
however an inspection of the root growth revealed a difference between pml3 and the other genotypes,
including wild-type, in 500 uM manganese growth conditions. Strikingly, overexpression of PML3
resulted in a stunted growth phenotype. Putative functions of PML3, PML4 and PML5 are discussed
in light of what is known about PAM71 and CMT1.

Keywords: manganese transporter; UPF0016 protein family; PAM71; CMT1; Arabidopsis

1. Introduction

Plants, like all other living organisms, require manganese (Mn) as an activator of enzymes or as
an integral component of protein complexes. The translocation of Mn from the soil into the aerial parts
of plants requires the concerted action of a number of Mn transporters, which mediate uptake of Mn
into root cells and facilitate subsequent Mn translocation from root to shoot [1,2]. At the cellular level,
stably bound Mn is found in various locations, including the photosystem II (PSII) in chloroplasts,
oxalate oxidase in cell walls, and Mn superoxide dismutase in mitochondria. Mn is also present in
the Golgi apparatus (e.g., glycosyltransferases are activated by Mn?*), in the endoplasmic reticulum
and in the vacuole. Indeed, the vacuole serves as an intracellular sink when Mn is in excess and as
a source when the Mn supply is limited [3]. The most prominent role of Mn is its involvement in
the oxygen-evolving complex of PSII, which splits water into oxygen, protons and electrons. The
electrons released from water in PSII are eventually transferred to NADP™ via the cytochrome bg/f
complex, plastocyanin, photosystem I and ferredoxin. Detailed analysis over the past several years
has elucidated the structural basis for water oxidation and oxygen evolution in PSII by the catalytic
MnyCaOs cluster [4-7].
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To reach its destination in the oxygen-evolving complex of PSII in the thylakoid lumen, Mn must
cross all three chloroplast membranes (the outer and inner envelopes and the thylakoid membrane).
The outer envelope membrane is non-selectively permeable to most ions, while the inner envelope
and the thylakoid membrane possess specific transport proteins. At the inner envelope membrane,
chloroplast manganese transporter 1 (CMT1) represents the first candidate for the long-sought Mn
import protein [8,9]. CMT1 transports Mn from the cytosol into the chloroplast stroma. The Arabidopsis
mutant cmt1 exhibits severe growth retardation, disruption of chloroplast ultrastructure and reduction
of PSII activity, in association with a significant drop in the level of Mn in this organelle [8]. The
protein responsible for the transport of Mn from the chloroplast stroma into the thylakoid lumen
is photosynthesis-affected mutant 71 (PAM71) [10]. PAM71 resides in the thylakoid membrane and
in pam71 mutants PSII function is specifically impaired at the oxygen-evolving complex. The Mn
transport function of CMT1 and PAMY71 is conserved among homologous proteins from oxygenic
photosynthetic organisms, e.g., cyanobacteria and green algae [10-12].

The presence of manganese in the Golgi apparatus, in the endoplasmic reticulum and in the
vacuole means that transporter proteins of the endomembrane system and the tonoplast are important
for the distribution of Mn in the cell [2]. Mn that is sequestered into the vacuole by members of the
cation exchanger and calcium cation exchanger protein families is remobilized upon Mn deficiency
by natural resistance-associated macrophage protein 3 (NRAMP3) and NRAMP4 in Arabidopsis
mesophyll cells [2,13]. Another vacuolar Mn transporter, metal tolerance protein 8 (MTP8), participates
in Mn homeostasis during seed development and germination in Arabidopsis plants [14,15]. A second
member of the MTP family, MTP11, is found in Golgi-like and/or in pre-vacuolar compartments [16,17].
The MTP11 gene is most highly expressed in leaf hydathodes and root tips and the protein could be
involved in the exocytosis of excess Mn in these secretory tissues [16]. Two P-type ATPases, ER-type
calcium ATPase 1 (ECA1) and ECA3 (which are localized to the endoplasmic reticulum and the Golgi
membrane, respectively) are expressed in all major organs, and are involved in Mn pumping into
these organelles [18-20]. Remobilization of Mn from the trans-Golgi compartment is mediated by
NRAMP2 [21,22] which helps to build up/maintain the cytosolic Mn pool.

In addition to PAM71 and CMT1, the Arabidopsis genome encodes three other members of the
uncharacterized protein family 0016 (UPF0016) [23], which we refer here as PML for PAM71-like
proteins: PML3 (encoded by At5¢36290), PML4 (encoded by At1¢25520) and PML5 (encoded by
At1g68650). According to the Transporter Classification Database (TCDB) [24] this protein family
(classification number 2.A.106 in the TCDB) belongs to the LysE superfamily, this superfamily contains
no other Mn transporters from plants. The three proteins PML3, PML4, and PML5 are predicted as
substrates of the secretory pathway [10,23]. In the present study, we determined their subcellular
localization and isolated insertion alleles. Moreover, we analyzed the spatial and temporal expression
patterns by monitoring their activity of promoter fusions.

2. Results

2.1. PML3, PML4 and PML5 Are Predicted Substrates of the Secretory Pathway

The UPF0016 family of membrane proteins comprises five members in Arabidopsis, and a
sequence alignment is shown in Figure 1. PAM71 and CMT1 each contain a chloroplast-targeting
signal (cTP) [8,10,23], whereas PML3 contains an N-terminal extension, which is predicted to be a
secretory signal peptide (SP) [23] (Figure 1) and is notably lacking in PML4 and PMLS5 (Figure 1). The
five proteins each possess six conserved transmembrane domains and share two highly conserved
E-x-G-D-(KR)-(TS) motifs in transmembrane domain TM1 and TM4. In all five proteins, the central
loop between transmembrane domain TM3 and TM4 is enriched in negatively charged acidic residues
(Figure 1). Based on this sequence analysis, we concluded that PML3, PML4 and PML5 belong to the
conserved group of Mn/Ca transporters, which are evolutionary conserved [23,25].
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Figure 1. Protein sequence alignment of chloroplast manganese transporter 1 (CMT1), photosynthesis-

S
S

affected mutant 71 (PAM71) and related proteins in Arabidopsis. Annotations were made as described
previously [10]. Black and grey boxes indicate identical residues and conservative exchanges.
Six putative transmembrane domains are indicated from TM1 to TM6, with the putative additional TM
domain of CMT1 and PAM71 indicated by a dashed line. The conserved motifs E-x-G-D-(KR)-(TS) are
highlighted by red lines, and the central loops are indicated by a dotted line. The putative chloroplast
transit peptides are indicated by green letters and the putative secretory pathway transit peptide is
indicated by magenta letters.

2.2. PML3 Localizes to the Golgi, and PML4 and PML5 Are Found in the Endoplasmic Reticulum

In order to determine the subcellular localization of PML3, PML4 and PMLS5, the open reading
frames of the respective cDNAs were amplified and subsequently cloned upstream of the GFP reporter
gene and downstream of the 355 promotor. The resulting constructs were then transiently expressed in
Nicotiana benthamiana leaves (Figure 2 and Figure S1). In none of these cases was the GFP signal found
to overlap with chlorophyll autofluorescence (Figure 2). Thus, a chloroplast localization for PML3,
PML4 and PMLS5 can be excluded, as already suggested by the in silico analysis (Figure 1). The pattern
of PML3:GEFP fluorescence displayed predominantly dot-like signals resembling those of the fluorescent
Golgi marker GmMANT1:mCherry [26]. Indeed, when simultaneously expressed, fluorescence signals
from both proteins PML3:GFP and GmMAN1:mCherry overlapped, thus indicating that PML3:GFP is
targeted to the Golgi apparatus (Figure 2A, Figure S1A). We also determined the subcellular localization
of PML4:GFP and PML5:GFP. The GFP fluorescence of both protein fusions was distributed in a
pattern resembling that of the ER marker AtWAK2:mCherry [26] and coincided exactly with the red
fluorescence of this marker (Figure 2B,C, Figure 51B), indicating that both proteins are targeted to the
endoplasmic reticulum. We verified that the GFP fluorescence of PML5:GFP did not overlap with
the red fluorescence of GmMAN:mCherry, effectively excluding the possibility of a dual localization
(Figure S1C).

To further confirm these findings, we generated stably transformed Arabidopsis lines expressing
PML3:GFP, PML4:GFP and PML5:GFP under the control of the 35S promoter and named these
individual lines Pr0355::PML3:GFP #1, Pro355::PML4:GFP #1 and Pro355::PML5:GFP #1, respectively
(Figure S2). Microsomal fractions from leaves of the three lines were subjected to centrifugation on
sucrose-density gradients (Figure 2D-F). Fractions 6 to 22 were subjected to immunoblot analysis
employing three antibodies, including the GFP antibody. Antibodies against sterol methyltransferase 1
(SMT1), an integral membrane protein specific to the endoplasmic reticulum [27], and ADP-ribosylation
factor 1 (ARF1), a protein that is found in both the Golgi and the trans-Golgi network [28], were used
to detect endogenous proteins of the respective compartment (Figure 2D,F). PML3:GFP was found
in the same fractions as the ARF1 signal (Figure 2D), while the GFP fusions expressed in the lines



Plants 2020, 9, 239 40f 14

Pro355::PML4:GFP and Pro35S::PML5:GFP were both found to comigrate with the SMT1 protein
(Figure 2E,F). These observations confirm the localization of PML3 to the Golgi apparatus and the
assignments of PML4 and PMLS5 to the endoplasmic reticulum.

(A) PML3:GFP Golgi-mCher Chlorophyll (D)

kDa Pro35S::PML3:GFP
55-| s | GFP

35| ——— | smT
o — e

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

(B) __PML4:GFP___ER-mCherry __ Chiorophyll _ (E)

kDa Pro35S::PML4:GFP

55| — | GFP
35'\ At ‘SMT1
15 e |ARF1

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
(C)__PML5.GFP__ER-mCherry __ Chiorophyll _ (F)

kDa Pro35S::PML5:GFP

551 - g GFp
35| ——— | smT1
15 —_— |ARF1

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 2. Fluorescence analysis of Nicotiana benthamiana protoplasts and immunoblot analysis of stable
transformed Arabidopsis lines. (A) N. benthamiana leaves were infiltrated with pPro35S::PML3:GFP and
pG-rk (=Golgi-mCherry); a second focus layer and corresponding overlay and bright field photographs
are shown in Figure S1. (B) N. benthamiana leaves were infiltrated with pPro35S::PML4:GFP and pER-rk
(=ER-mCherry); a second protoplast with overlay and bright field photographs is shown in Figure
S1. (C) N. benthamiana leaves were infiltrated with pPro35S::PML5:GFP and pER-rk (=ER-mCherry).
(A—C) GFP fluorescence of the indicated fusion protein is depicted in green, mCherry fluorescence and
chlorophyll autofluorescence are depicted in magenta. Scale bar = 10 pm. (D-F) Separation of isolated
microsomes of the indicated stable transformed Arabidopsis line by sucrose density centrifugation
(20% to 50%). Top-down aliquots of fractions as indicated, were separated by SDS-PAGE and analyzed
by immunodetection using anti-GFP, anti-sterol methyltransferase 1 (SMT1) and anti-ADP-ribosylation
factor 1 (ARF1) antibodies. The individual lines used for this experiment were Pro355::PML3:GFP #1,
Pro355::PML4:GFP #1 and Pro35S::PML5:GFP #1, as indicated in Figure S2.

2.3. Transgenic Arabidopsis Lines Expressing PML3:GFP Show a Stunted Growth Phenotype

The stably transformed Arabidopsis lines Pro35S::PML4:GFP #1 and Pro35S5::PML5:GFP #1
possessed a wild-type-like phenotype (Figure 3A), however Pro355:PML3:GFP #1 showed an interesting
leaf phenotype. The rosette of Pro355::PML3:GFP #1 was much smaller than a wild-type rosette of the
same developmental stage (Figure 3B), and individual leaves exhibited a prominent constraint and
bent morphology (Figure 3C,D). A rather simple explanation for this growth phenotype could be that
the transgene caused a mutation by its random insertion into the genome of Arabidopsis. To exclude
this possibility, we searched for independent transgenic Pro355::PML3:GFP lines that exhibited GFP
expression. To this end, we isolated three further lines, named Pr0355::PML3:GFP #2, #3, and #4 (Figure
S2). All lines were grown at the same time and visually inspected for their leaf phenotype. It turned
out that they were smaller than wild-type of the same age; thus, it is likely that expression of PML3:GFP
evokes the stunted growth phenotype. Moreover, two lines, Pro355::PML3:GFP #2 and #3, displayed
a similar curvature of individual leaves in agreement with observations made in Pro35S::PML3:GFP
#1 (Figure 3). It should be noted that not all leaves are equally affected and therefore it is maybe not
surprising that Pro355::PML3:GFP #4 did not show curvature of individual leaves (Figure 3).
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Pro35S::PML3:GFP

%
4 ‘?\

Figure 3. Photographs of stably transformed Arabidopsis lines. (A) Pro35S::PML4:GFP and
Pro35S::PML5:GFP plants in comparison to a wild-type plant are shown. (B) WT and transgenic
lines Pro355::PML3:GFP #1, #2, #3, #4 were grown for 3 weeks under a 12 h/12 h light-dark cycle and 2
weeks in the greenhouse. (C) Magnified images of plants shown in (B), Scale bar = 1 cm. (D) Magnified
images of individual leaves taken from the plants shown in (B) and (C), Scale bar = 2 mm.

2.4. Expression Patterns of PML3, PML4 and PML5 in Arabidopsis Tissues

From the results so far, we concluded that PML4 and PMLS5 localize to the same compartment
and thus might have redundant functions in the cell. The expression pattern revealed that PML4 and
PML5, as well as PML3, are expressed in photosynthetic and in non-photosynthetic tissues (Figure 4A
and Figure S3). To define the expression patterns more specifically, promoter-driven reporter gene
constructs were assembled by fusing a 1.3-kb fragment upstream of the PML3 coding sequence and
1.2-kb segments of the upstream regions of PML4 and PMLS5, respectively, to the uidA reporter gene.
The constructs were designed to exclude the ATG of the endogenous genes; more precisely, the PML3
fragment comprises —1021 bp to +315 bp from the transcription initiation site, the PML4 fragment
comprises —971 bp to +237 bp from the transcription initiation site, and the PML5 fragment comprises
—1116 bp to +94 bp from the transcription initiation site (sequences of the fragments are shown in Table
S1). Transgenic lines harboring the individual constructs were generated and named ProPML3::GUS,
ProPML4::GUS and ProPML5::GUS. We found p-Glucuronidase (GUS) activity in rosette leaves and
in roots of the transgenic line ProPML3::GUS, PML3 promoter-driven GUS expression was strong in
lateral roots, throughout the leaf and particularly in the vasculature and in anthers (Figure 4B). Both
ProPML4::GUS and ProPML5::GUS lines showed similar yet distinct GUS activity patterns. In both lines,
GUS activity was found in roots and leaves; however, PML4-driven GUS expression was found mainly
in minor veins, and PML5-driven GUS expression was predominantly detected in the main veins of
adult leaves (Figure 4C,D). The ProPML4::GUS line expressed GUS particularly in root hairs, while in
line ProPML5::GUS, the GUS activity was found in the root stele (Figure 4C,D). Moreover, the patterns
of PML4 and PML5 promoter expression differed from each other in flower tissues (Figure 4C,D).
Only weak GUS activity in the receptacle tissue of ProPML5::GUS was detected, whereas petals of
ProPML4::GUS displayed strong GUS activity. Taken together, this analysis shows that PML4 and
PML5 are expressed in distinct tissues of roots, leaves and flowers, which suggests that they might
have partially redundant functions in plants.
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Figure 4. Analysis of PML3, PML4, and PML5 expression. (A) Expression levels were derived from the
developmental map of the Arabidopsis Browser Database [29]. (For promotor analysis, various tissues
of Arabidopsis line ProPML3::GUS (B), ProPML4::GUS (C), and ProPML5::GUS (D) were incubated in
staining solution and analyzed for a blue precipitate of chloro-bromoindigo indicating 3-Glucuronidase
(GUS) activity. Please note that the leaf photograph in (D) is composed of two single photographs.
Scale bar = 1 mm.

2.5. Root Elongation in pml3 Is Distinct from Other Genotypes in 500 pM MnSOy

We isolated the insertion alleles pmi3, pml4 and pml5 (Figure S4), and named the mutant lines
accordingly. From our observations so far, we also aimed to generate a double mutant pmi4/pmli5 to test
whether PML4 and PMLS5 have a redundant function. Single and double mutant plants grown in the
greenhouse did not display differences compared to wild-type plants (Figure S4). Thus, we examined
the mutants at an earlier stage, with a focus on roots, because PML3, PML4 and PML5 expression is
higher in roots than in rosette leaves (Figure S3). Seeds of wild-type, pmi3, pml4, pml5, and pml4/pml5
were sterilized and grown for ten days to inspect for a rosette-leaf phenotype and for root phenotype.
The five genotypes were grown on medium containing 5 tM MnSQy, 50 uM MnSOy, and 500 pM
MnSO;, (Figure 5A).

As a read-out for a rosette-leaf phenotype, we determined chlorophyll content. The chlorophyll
content of the five genotypes is subjected to little fluctuation when plants were grown in 5 uM and
50 uM MnSQy, indicating that Arabidopsis can grow well within a certain range of Mn. The overall
chlorophyll content went down when plants were subjected to 500 uM MnSQOy4 and a comparison
between the five genotypes revealed that they behave similarly (Figure 5B, Table S2). As a read-out for
a root phenotype, we determined the length of the primary root and observed that this parameter is
also subjected to little fluctuation when plants were grown in 5 uM and 50 uM MnSO; (Figure 5A,C).
The overall root length increased when plants were subjected to 500 uM MnSQO; (Figure 5C); in another
study, this tendency was observed when Arabidopsis plants were treated with 1250 uM MnSQO, [30].
Interestingly, a comparison of the root length revealed that roots of pml3 grown in 500 uM MnSO,4 were
significantly more elongated than roots of wild-type, pml4, pml5 and pml4/pml5 (Figure 5C, Table S3)
in 500 pM MnSOy and in any other condition. To investigate whether this effect can be inverted,
plants were grown on medium with the MnSO4 concentration set to 50 nM (Figure S5). Plant growth
was not drastically impaired, indicating that internal Mn stores possibly support plant growth to a
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certain degree. The overall root length decreased slightly in this condition (Table S3), in agreement
with a trend described by Gruber et al. [31]. However, we could not detect any difference between the
genotypes regarding root length and chlorophyll content (Figure S5). Taken together, we concluded
that the 500 uM MnSQOy treatment caused an intracellular excess of Mn which influences root elongation
and that PML3 is involved in this process. Consistent with other results, this finding indicates that the

functionality of PML3 is distinct from that of PML4 and PML5.

(A) WT mi3 mi4 mi5 mi4/pmi5

. 5 UM MnSO.
.... o
.... o

(B)

Chlorophyll (ug mg” FW)

G

Root length (cm)

Figure 5. Analysis of wild-type, pmi3, pml4, pml5 and pml4/pml5 grown under different Mn regimes
(A) Photographs were taken from representative samples. Plants were grown in the indicated Mn
condition, in a vertical position under a 16 h/8 h light-dark cycle at 100 pmol photons m~=2 s~! for
10 days. Scale bar = 1 cm (B) Five to six plants per genotype and condition were combined for one
chlorophyll extraction and at least five extractions were prepared. Data are depicted as boxplots
representing the range of values, the exclusive median and the mean, indicated as x (n > 5). FW = fresh
weight. (C) The length of the primary root of all plants are depicted as boxplots representing the range
of values, the exclusive median and mean, indicated as x (1 > 35 per genotype and condition). Outliers
are indicated as dots. (B,C): different letters indicate statistical significance according to ANOVA
(p < 0.05, Tukey’s honestly significant difference (HSD) test). Mean values and standard deviations are
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given in Tables S2 and S3. Poorly germinated seeds were excluded from the analysis.
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3. Discussion

The genome of Arabidopsis contains three sequences that code for proteins with high similarity
to PAM71 and CMT1, two previously characterized Mn transporters localized in distinct chloroplast
membranes [8-10]. Like PAM71 and CMT], the three predicted protein sequences contain the two
highly conserved E-x-G-D-(KR)-(TS) motifs, with two negatively charged acidic residues in TM1 and
TM4, which provide a suitable environment for the passage of Mn?* ions and maybe other cations
through membranes. The greatest diversity within this protein family is found in their N-terminal
regions (Figure 1), which were proposed to be responsible for targeting the respective protein to the
correct membrane [23]. In the present study, we were able to localize PML3, PML4 and PMLS5 in the
endomembrane system of Arabidopsis.

The PMLS3 protein sequence contains an N-terminal region predicted to serve as signal peptide
for the secretory pathway (Figure 1), and indeed PML3 could be localized to the Golgi apparatus
(Figure 2, Figure S1), most likely in the Golgi membrane. PML3, together with its homologs, belongs to
the UPF0016 family of membrane proteins, and the yeast and human members of this family were
found to be located in the Golgi membrane as well [32]. Recent findings support a role for the human
member transmembrane protein 165 (TMEM165) in Ca?*/Mn2* import into the Golgi. Indeed, Mn?* is
known to be an essential cofactor for many Golgi-localized glycosyltransferases [33] and glycosylation
abnormalities have been described in humans with mutations in TMEM165, which result in a rare genetic
condition called Congenital Disorder(s) of Glycosylation [34]. Plant glycosyltransferases with functions
in glycoprotein biosynthesis are also present in the Golgi [35,36]. In addition, glycosyltransferases in
plants are involved in the biosynthesis of non-cellulosic polysaccharides of the cell wall [35], and some
of them have been shown to depend on Mn?* [37]. It is perhaps not surprising that the pml3 insertion
line does not show a drastic altered phenotype compared to wild-type (Figure 5, Figure S4), as at least
one other protein, the P-type ATPase ECA3, is known to be located in the Golgi membrane and possibly
plays a role in the transport of Mn into this organelle [19]. ECA3 is expressed in all major organs, and
particularly in the vasculature of primary and lateral roots, as well as in leaves and flowers [19,20].
Its expression thus overlaps with PML3 expression, which was found in all major organs, especially
in the vasculature of leaves and in roots (Figure 4). The growth of the eca3 mutant is impaired when
grown in Mn deficiency [19,20], whereas in pmi3, only a subtle root phenotype appeared (Figure 5).
It appears that primary root elongation in pmi3 plants is induced more in 500 uM MnSO, conditions
(Figure 5). Because the root length of pml3 plants was not changed in comparison to wild-type in
lower MnSO; concentrations, we assume that PML3 is involved in specific processes during Mn excess,
perhaps loading Mn into the Golgi. It is believed that Mn stored in the Golgi can be remobilized by
NRAMP?2 in Mn deficient conditions [21,22]. In addition, an interesting phenotype was observed when
PML3:GFP was overexpressed. A stunted growth phenotype occurred in PML3:GFP over-expressor
lines (Figure 3), with some leaves being out of shape. The underlying molecular mechanism evoking
this phenotype is unknown, however one speculation is that massive Mn content in the Golgi apparatus
of the over-expressor lines might alter glycosylation reactions, which eventually affects leaf shape and
plant growth. Although highly speculative, this hypothesis certainly deserves deeper investigation in
the future.

The subcellular localization of PML4 and PML5 was also determined and, unlike PML3,
both proteins were found to reside in the endoplasmic reticulum (Figure 2, Figure S1). The importance
of the endoplasmic reticulum in N-glycosylation of glycoproteins and in the biosynthesis of glycans for
the cell wall matrix is well known [38,39]. Furthermore, the peptidyl serine O-x-galactosyltransferase
(SGT1), which is involved in O-glycosylation, localizes to the endoplasmic reticulum, and was shown
to require Mn?* as a cofactor [40]. Mn transport into the endoplasmic reticulum is mediated by
ECAL1, and the ecal mutant showed increased sensitivity towards high Mn; in fact, it failed to elongate
the root hairs under these conditions, presumably through impairment in growth tip processes [18].
We propose that PML4 and PML5 might act to fine tune Mn allocation into the endoplasmic reticulum
of specific cell types, e.g., those of the root hair (PML4) or root stele (PML5) (Figure 4), as they are
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dispensable for primary metabolism. The interplay of various Mn transporters within single cells
as well as on different tissue levels is complicated by the fact that some of them also transport other
cations like calcium, or indirectly act on calcium homeostasis. Thus, the challenge of future work
will be to elucidate the precise substrate specificity of PML3, PML4 and PML5 and perhaps other Mn
transporters by employing heterologous expression and reconstitution assays. Furthermore, it will be
interesting to learn more about the sophisticated network of Mn transporters, perhaps through the
generation of triple or even higher order mutant lines.

4. Materials and Methods

4.1. Plasmid Construction and Plant Material

For subcellular localization studies, the sequences encoding PML4 and PML5 were amplified
using specific primer combinations (Table S4) and single-stranded Arabidopsis cDNAs. The amplified
cDNAs were ligated into pPENTR-TOPO (Life Technologies, Carlsbad, CA, USA), and recombined
into pB7FWG2 [41], yielding the plasmids pPro355::PML4:GFP and pPro355::PML5:GFP. The plasmid
pPro355:PML3:GFP was constructed from appropriate primers (Table 54), the backbone of pB7FWG2
and a template cDNA using the Gibson Assembly Cloning Kit (catalog number E5510S, New England
Biolabs, Ipswich, MA, USA) in accordance with the manufacturer’s instructions.

For study promoter activities, fragments located upstream of the PML3, PML4 and PML5
coding regions (Table S3) were amplified from Arabidopsis genomic DNA using specific primer
combinations (Table S4) and ligated into pENTR-TOPO. The entry clones were subsequently recombined
into pKGWEFS7 [41] upstream of the uidA reporter gene, yielding the plasmids pProPML3::GUS,
pProPML4::GUS and pProPML5::GUS. Thus, the constructs were designed to use the ATG of the uidA
reporter gene.

All plasmids were transformed into Agrobacterium tumefaciens strain GV3101. Agrobacterium
strains harboring pPro35S::PML3:GFP, pPro355:PML4:GFP or pPro355:PML5:GFP were either
infiltrated into N. benthamiana leaves or used for stable transformation of Arabidopsis by the
floral dip method. Individual transgenic Arabidopsis plants were selected on the basis of their
resistance to ammonium glufosinate (100 mg L~1). Agrobacterium strains harboring pProPML3::GUS,
pProPML4::GUS or pProPML5::GUS were also used for stable transformation of Arabidopsis. In this
case, individual transgenic Arabidopsis plants were selected on the basis of their resistance to kanamycin
(50 ng mL™1).

Arabidopsis mutant lines were obtained from the European Arabidopsis Stock Centre (NASC) and
named pml3 (N402563=GK-027F07), pml4 (N664220=SALK_143524) and pml5 (N438509=GK-402B01),
respectively. Genotyping of all lines was performed using PCR with appropriate primer combinations
(Table S3). Expression of PML3, PML4 and PML5 in the different genotypes was analyzed by RT-PCR
using an appropriate primer combination (Table 54), first strand cDNA and 30 PCR cycles.

Arabidopsis wild-type plants (accession Columbia-0) were used for stable transformation by the
floral dip method [42] and as controls. Unless stated otherwise, Arabidopsis lines and N. benthamiana
were cultivated in a temperature-controlled greenhouse with additional lighting up to 16 h to reach at
least 140 pmol photons m~2 s~1. Surface-sterilized Arabidopsis seeds were germinated on half-strength
Murashige and Skoog medium (% MS) including 1% (w/v) sucrose, with or without antibiotic, and grown
for two weeks before individual plants were transferred to the greenhouse. For growth on media
with different Mn concentrations, the macro and micro elements of % MS were mixed according to
the Murashige and Skoog medium composition (Duchefa M0222), with the exception of MnSQOy:
0.00845 mg L=, 0.845 mg L1, 8.45 mg L~! or 84.5 mg L~! of MnSO, x H,O were added in 1 L of
medium to give a final concentration of 50 nM, 5 M, 50 uM or 500 pM MnSQy, respectively. Plant
agar (Duchefa P1001) was used for solidification.
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4.2. Protoplast Isolation and Fluorescence Microscopy

Agrobacterium-mediated infiltration of N. benthamiana was performed as described [43].
Protoplasts were isolated from leaf tissue 48 h after infiltration [43] and fluorescent signals were
detected using an Axio-Imager fluorescence microscope (Carl Zeiss, Oberkochen, Germany). Two
plasmids expressing marker proteins for either the Golgi (pG-rk expressing GmMAN1:mCherry) or
the endoplasmic reticulum (pER-rk expressing AtWAK2:mCherry) were chosen for co-infiltration,
because their specificity is well established [26,44]. The GFP fluorescence was excited at 470 + 40 nm
and the emission recorded at 525 + 50 nm. Chlorophyll autofluorescence was excited at 450-490 nm,
and emission was recorded at >515 nm. The mCherry fluorescence of the marker proteins was excited
at 560 + 40 nm and the emission recorded at 630 + 75 nm. The fluorescence signals obtained in the
different channels were overlaid using Image]J (version 1.51;j).

4.3. Microsomal Preparation and Western Blot Analysis

For the isolation of microsomal fractions, transgenic Arabidopsis lines were grown for 4-5 weeks
in a growth chamber under a 12 h/12 h light-dark cycle at 100 pmol photons m~2 s~! and 22 °C/18 °C.
Leaf homogenization and microsomal fraction enrichment by differential centrifugation was performed
as previously described [45]. Isolated microsomal fractions were layered on top of a continuous 20-50%
(w/v) sucrose density gradient and centrifuged for 16 h at 4 °C and 100,000x g. After centrifugation,
500 uL fractions were collected form the top of the tube and analyzed by SDS-PAGE and Western
blotting [45]. Individual proteins were detected using antisera raised against GFP (Life Technologies
A6455, 1:2000 dilution), SMT1 (Agrisera AS07 266, Vannas, Sweden; 1:500 dilution) and ARF1 (Agrisera
AS08 325, 1:1000 dilution) in combination with anti-rabbit IgG horseradish peroxidase (HRP) (Sigma
Aldrich, St. Louis, MO, USA 1:25,000 dilution) and the Pierce Enhanced Chemiluminescence System
(Thermo Fisher Scientific, Waltham, MA, USA).

4.4. Promotor Activity Analysis and Light Microscopy

To monitor tissue-specific promoter activity, transgenic Arabidopsis lines were assayed for
B-glucuronidase (GUS) activity. After overnight incubation in staining solution (100 mM NaH;PO4
pH 7.0, 10 mM ethylenediaminetetraacetic acid (EDTA), 0.1% (v/v) Triton X-100, and 0.5 mg mL™*
5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc)) at 37 °C, tissues were cleared in 70% (v/v) ethanol and
analyzed with a stereoscope (SteREO Lumar.V12, Carl Zeiss) equipped with an AxioCam color camera.

4.5. Real-time PCR Analysis

Total RNA was isolated from the root and shoot systems of Arabidopsis wild-type plants using
TRIzol reagent (InVitrogen). For real time qRT-PCR, SYBR Green Supermix (Bio-Rad) was used, and PCR
was performed with the iQ5 multi-color real-time PCR detection system (Bio-Rad). Quantification of
relative expression levels was performed using the comparative cycle threshold (Ct) method [46].

4.6. Sequence Analysis and Statistical Analysis

Alignments were generated using Clustal Omega [47]. Putative secretory pathway signal peptides
(SP) were predicted with TargetP [48] and transmembrane helix predictions were obtained from the
Aramemnon database [49,50] with manual adjustments. Arabidopsis sequence data were obtained
from the National Center for Biotechnology Information [51] under the following accession numbers:
NP_564825.1 (PAM71, Atlg64150); NP_193095.2 (CMT1, At4g13590); NP_568535.1 (PML3, At5g36290);
NP_173923.1 (PML4, At1g25520); NP_177032.1 (PMLS5, At1g68650).

Boxplots were generated in Excel 2016 and a one-way ANOVA with post-hoc Tukey HSD test was
performed [52].



Plants 2020, 9, 239 11 0f 14

5. Conclusions

The main goal of the present study was to determine the subcellular localization(s) of the three
PAM?71 homologs: PML3, PML4 and PMLS5. The localization of PML3 to the Golgi, and of PML4
and PMLS5 to the endoplasmic reticulum, is clearly different from the chloroplast localizations of
PAM71 and CMT1 in a leaf cell. Logically, PAM71 and CMT1 must both be present in chloroplast
membranes at the same time. In contrast, the functions of the other three proteins do not necessarily
have to be coordinated within individual cells. In agreement with their subcellular localization in the
endomembrane system, expression of PML3, PML4 and PML5 is not restricted to photosynthetic cells,
e.g., they are also expressed in non-photosynthetic cells of roots or flowers. The three proteins do
not seem to be essential for plant growth and development, however a subtle root growth phenotype
was observed in the pml3 mutant. Overall, root length increased in plants exposed to 500 uM Mn,
and this phenomenon is boosted in pmi3. Taken together, the cellular function of PML3 is distinct from
that of PML4 and PML5 and is also evident from the leaf phenotype of the PML3 over-expressor line.
We suspect that PML3 at the Golgi membrane plays a role in balancing excess manganese.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/239/s1,
Figure S1: Fluorescence analysis of PML3:GFP, PML4:GFP and PML5:GFP in N. benthamiana protoplasts upon leaf
infiltration. Figure S2: Selection of stable transformed Arabidopsis lines Pr0355::PML3:GFP, Pr0355::PML4:GFP
and Pro355::PML5:GFP. Figure S3: Analysis of PML3, PML4, and PML5 expression. Figure S4: Arabidopsis T-DNA
mutant analysis. Figure S5: Analysis of the five genotypes grown under an external supply of 50 nM MnSO4.
Table S1: Fragments used for promotor analysis. Table S2: Mean values + standard deviation of chlorophyll
contents of the five genotypes grown under different Mn regimes. Table S3: Mean values + standard deviation of
root length of the five genotypes grown under different Mn regimes. Table S4: Primers used in this study.
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Gene Replacement in Arabidopsis
Reveals Manganese Transport as an
Ancient Feature of Human, Plant and
Cyanobacterial UPF0016 Proteins

Natalie Hoecker', Yvonne Hennecke’, Simon Schrott’!, Giada Marino'2,
Sidsel Birkelund Schmidt?, Dario Leister’ and Anja Schneider™

" Molekularbiologie der Pflanzen (Botanik), Fakultét fir Biologie, Ludwig-Maximilians-Universitdt Mdnchen, Martinsried,
Germany, 2 Massenspektrometrie von Biomolektlen an der LMU (MSBiolLMU), Fakultét fir Biologie,
Ludwig-Maximilians-Universitét Minchen, Martinsried, Germany, ° Department of Plant and Environmental Sciences, Faculty
of Science, University of Copenhagen, Frederiksberg, Denmark

The protein family 0016 (UPFOO16) is conserved through evolution, and the few
members characterized share a function in Mn* transport. So far, little is known
about the history of these proteins in Eukaryotes. In Arabidopsis thaliana five such
proteins, comprising four different subcellular localizations including chloroplasts, have
been described, whereas non-photosynthetic Eukaryotes have only one. We used
a phylogenetic approach to classify the eukaryotic proteins into two subgroups and
performed gene-replacement studies to investigate UPFO016 genes of various origins.
Replaceability can be scored readily in the Arabidopsis UPFO016 transporter mutant
pam?71, which exhibits a functional deficiency in photosystem Il. The N-terminal region of
the Arabidopsis PAM71 was used to direct selected proteins to chloroplast membranes.
Transgenic pam71 lines overexpressing the closest plant homolog (CMTT7), human
TMEM165 or cyanobacterial MNX successfully restored photosystem |l efficiency,
manganese binding to photosystem Il complexes and consequently plant growth rate
and biomass production. Thus AtCMT1, HsTMEM165, and SynMNX can operate in the
thylakoid membrane and substitute for PAM71 in a non-native environment, indicating
that the manganese transport function of UPFO016 proteins is an ancient feature of
the family. We propose that the two chloroplast-localized UPFO016 proteins, CMT1 and
PAM71, in plants originated from the cyanobacterial endosymbiont that gave rise to
the organelle.

Keywords: PAM71, manganese transporter, Arabidopsis, UPF0016 evolution, endosymbiosis, gene replacement,
Synechocystis

INTRODUCTION

Cross-species replacement of genes in model organisms is a powerful tool with which to investigate
whether the corresponding proteins retain their ancestral functions over a billion years of evolution.
There are several examples in which human genes have been shown to supply the functions of
their orthologous counterparts in plants (Jha et al., 2018; Huber et al., 2020), and plant genes can

Frontiers in Plant Science | www.frontiersin.org 1

June 2021 | Volume 12 | Article 697848


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.697848
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.697848
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.697848&domain=pdf&date_stamp=2021-06-14
https://www.frontiersin.org/articles/10.3389/fpls.2021.697848/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hoecker et al.

Cross-Species Manganese Transporter Gene Replacement

frequently be replaced by the cyanobacterial ortholog or vice
versa (Savidge et al., 2002; Sattler et al., 2003; Lv et al., 2009;
Armbruster et al., 2013; Proctor et al., 2018; Yoon et al., 2019).
These examples of pairwise replacements can be expanded
further with multiple replacement assays to gain insight into the
history and evolution of gene families. Gene duplication and
subsequent divergence is a major driver of evolution, and each
gene/protein family has its own evolutionary history.

The uncharacterized protein family 0016 (UPF0016), also
referred to as the Gerl-dependent translation factorl (GDT1)
family (Thines et al., 2020), is a highly conserved membrane
transporter family with members in many lineages of the tree
of life (Demaegd et al., 2014). One prominent member, which
is responsible for the alternative family name just mentioned,
is the Golgi-localized Gdtlp, originally identified as a Ca?*/H™
antiporter in Saccharomyces cerevisiae (Demaegd et al., 2013;
Colinet et al., 2016). A second, the human transmembrane
protein 165 (TMEMI165), attracted much interest when its
involvement in the rare condition known as congenital disorders
of glycosylation (CDG) was demonstrated in 2012 (Foulquier
etal., 2012; Rosnoblet et al., 2013; Zeevaert et al., 2013; Bammens
et al, 2015; Potelle et al., 2016; Schulte Althoff et al., 2016;
Krzewinski-Recchi et al., 2017; Morelle et al., 2017). Several
studies have hypothesized that TMEM165 is a Golgi-localized
Mn?* and/or Ca’?™ transporter (Demaegd et al., 2013; Potelle
etal., 2016; Stribny et al., 2020).

In the model plant Arabidopsis thaliana, the chloroplast
manganese transporterl (CMT1) and photosynthesis-affected
mutant71 (PAM71) proteins were found to transport Mn?*
across the chloroplast envelope and the thylakoid membrane,
respectively (Schneider et al., 2016; Eisenhut et al., 2018; Zhang
et al., 2018). Two additional members of the family are located
in the endoplasmic reticulum (ER) compartment (Hoecker et al.,
2020) and a third, pam71-like3 (PML3), found in the Golgi
membrane, facilitates Mn?* import under conditions of Mn
deficiency (Yang et al.,, 2021).

It has been shown that, in bacteria, members of UPF0016 are
located in the plasma membrane, where their main function is the
export of excess Mn>t to prevent Mn toxicity. One prominent
example is the manganese exporter A (MneA), a UPF0016
protein found in Vibrio cholerae (Fisher et al., 2016; Zeinert et al.,
2018). Cyanobacteria, such as Synechocystis, possess additional
internal membranes, at which photosynthesis takes place. Here,
the manganese exporter (MNX) protein presumably needs to be
targeted to both the thylakoid and the plasma membrane in order
to perform its physiological function and prevent accumulation
of toxic levels of Mn?* in the cytosol (Brandenburg et al., 2017;
Gandini et al., 2017; Eisenhut, 2019).

Eukaryotic proteins of the UPF0016 family share a conserved
overall structure, comprising two regions consisting of three
transmembrane (TM) domains each, which are connected by
an acidic loop, and contain a highly conserved Glu-x-Gly-
Asp-(Arg/Lys)-(Ser/Thr) motif in TM1 and TM4, respectively
(Demaegd et al, 2014; Hoecker et al., 2017; Thines et al,
2020). This type—with six TM domains—is also found in
many prokaryotes, while some others harbor one or two genes
coding for a version that consists of only three TM domains,

which are assumed to form homo- or heterodimers (Demaegd
et al., 2014). Besides the high degree of conservation, eukaryotic
representatives of the UPF0016 family exhibit additional features,
among them high sequence diversity within their N-terminal
segments (Hoecker et al., 2017). While the ER-localized proteins
lack an N-terminal extension, ScGdtlp, HsTMEM165 and
AtPML3 all have an N-terminal signal peptide that directs them
to the Golgi membrane (Foulquier et al., 2012; Demaegd et al,,
2013; Hoecker et al., 2020; Yang et al., 2021). The chloroplast-
targeting peptide (cTP) sequences of Arabidopsis PAM71 and
CMT1 direct these proteins to the thylakoid and inner-envelope
membranes, respectively (Schneider et al., 2016; Eisenhut et al.,
2018; Zhang et al., 2018).

In this study, we set out to define the ancestor(s) of
eukaryotic members of the UPF0016 family and determine
whether individual members have retained the ancestral function.
We performed a phylogenetic analysis to identify appropriate
candidates. We selected MNX of Synechocystis (Brandenburg
et al, 2017; Gandini et al., 2017), human TMEM165 and
Arabidopsis CMT1 (Eisenhut et al., 2018; Zhang et al., 2018)
and directed the proteins to the thylakoid membrane of
the Arabidopsis pam71 knock-out line. Appropriate control
constructs were generated and transgenic pam71 plants were
analyzed for complementation of growth deficiencies as a
measure of the degree to which these transporters have retained
the ancestral mode of action.

MATERIALS AND METHODS
Phylogenetic Analysis

Protein sequences were retrieved by protein Blast searches at
NCBI' using Arabidopsis thaliana PAM71 or Vibrio cholera
MneA as query sequences. Target organisms either represent
ten eukaryotic model species or were manually selected from
a list of 393 prokaryotes (Hanikenne and Baurain, 2013).
Evolutionary analyses were conducted in MEGA X (Kumar
et al., 2018) using the maximum-likelihood method and the
Le_Gascuel_2008 model (Le and Gascuel, 2008). Initial tree(s)
were obtained automatically by first applying Neighbor-Join and
BioN] algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with the
superior log likelihood value. A discrete Gamma distribution was
used to model evolutionary rate differences among sites (+G).
Estimates of evolutionary divergence between sequences were
obtained by using a pairwise distance calculation that assumes
uniform rates among sites. All positions with less than 95% site
coverage were eliminated; i.e., fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position
(partial deletion option).

Generation of Arabidopsis Lines

The mutants pam71 or cmtl were stably transformed by the
floral-dip method (Clough and Bent, 1998) using Silwet L-77
(Lehle Seeds, Round Rock, TX, United States) as the detergent.

Thttps://blast.ncbi.nlm.nih.gov/Blast.cgi
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Both mutations are in the Colombia-0 background. The first
step employed primer pairs 1/2 or 16/17 (see Supplementary
Table 1), and first-strand ¢cDNA of Arabidopsis for cloning
of the cTP sequences into the pENTR vector (Thermo-Fisher
Scientific/Invitrogen, Waltham, MA, United States), yielding
PENTR-cTP pan71) and pENTR-cTP(cuyr1). The Phusion High-
Fidelity DNA polymerase (New England Biolabs, Frankfurt,
Germany) was used for this and all subsequent steps, and
all further primer sequences are listed in Supplementary
Table 1. The plasmids pENTRcTPpam71) and pENTR-PAM71
were used as templates for the amplification of two PCR
products using primers 1/2 and primers 3/4, respectively.
The two PCR products were then digested with Xhol (New
England Biolabs), ligated with T4 DNA ligase (New England
Biolabs), and a second PCR was performed using primers
1/4. The resulting PCR product was cloned into pENTR,
yielding the plasmid pENTR-cTPpan71):PAM71core. The
plasmid pENTR-cTP(pap71):CMT1core was assembled in an
analogous manner, using primers 1/2 with pENTRcTPpam71)
and primers 6/7 with pENTR-CMT1 as templates for the
first PCR, and primers 1/7 for the second PCR. The plasmid
PENTR-cTP(papr71): TMEM165 was assembled in the same
way, using primers 1/2 with pENTRcTPpapr71) and primers
8/9 with pDNR-LIP-TMEMI165 (transOMIC technologies,
Huntsville, AL, United States) as templates for the first
PCR and primers 1/9 for the second PCR. Plasmid pENTR-
PAM71,r, was created using primers 5/4 and pENTR-PAM71
as a template. Plasmids pENTR-cTPcyr1):CMTlcore and
PENTR-cTPcyr1):PAM71 were constructed accordingly. All
plasmids were sequenced and recombined into the destination
vector pB2GW?7 (Karimi et al, 2002) using the LR Clonase
Gateway system (Thermo-Fisher Scientific/Invitrogen). Plasmid
pB2GW7p35S:cTP oxrended(pamz1):MNX  was assembled using
three PCR products and the Gibson assembly cloning kit (New
England Biolabs). The three PCR products were obtained with
primer pairs 10/11, 12/13, and 14/15, and pENTR-PAM71,
Synechocystis sp. PCC6803 genomic DNA (Gandini et al., 2017)
and pB2GW?7, respectively, as templates. The final construct was
then sequenced. All plasmids harboring the pPB2GW?7 backbone
were transformed into Agrobacterium and plated on media
containing Rif/Gent/Spec. Individual colonies were selected,
verified and used to transform Arabidopsis. Transgenic T; plants
were selected by spraying seedlings twice with BASTA at a final
concentration of 100 mg L™! glufosinate-ammonium. T, plants
were assayed for segregation by genotyping, and appropriate
homozygous T3 seed stocks were generated.

Growth Conditions

Arabidopsis seeds were stratified for 3 days at 4°C to synchronize
germination, and plants were grown for 4-5 weeks in growth
chambers on a 12-12 h light-dark cycle at 18-22°C and 100 pmol
photons m~2 s~ ! during the light period. The Arabidopsis plants
used for transformation and seed production, and Nicotiana
benthamiana plants were grown in a temperature-controlled
greenhouse with additional lighting for up to 16 h to reach a

fluence of at least 140 wmol photons m~2 s~ 1.

Plant growth was analyzed on the basis of leaf area, which
was determined from photographs taken at different times
after germination and quantified using the ImageJ software
(Schneider et al., 2012).

Transient Expression

The plasmids pENTR-cTP(pap71) and pENTR-cTP(cpr1) were
recombined into the destination vector pB7FWG2 (Karimi
et al, 2002), resulting in pB7FWG2p35S:cTP(pap71):GFP
and  pB7FWG2p35S:cTP(cpr1):GFP,  respectively,  which
were then transformed into Agrobacterium. Agrobacterium-
mediated infiltration of 4-week-old N. benthamiana leaves and
protoplast isolation were performed as described (Schweiger and
Schwenkert, 2014). In brief, 48 h after infiltration, protoplasts
were released from leaf tissue by incubation in the dark for 4 h,
with mild shaking at 40 rpm, in an enzyme solution (osmolarity:
550 mOsm) containing 1% (w/v) cellulase (Duchefa Biochemie,
Haarlem, Netherlands) and 0.3% (w/v) macerozyme (Duchefa
Biochemie). The protoplasts were then filtered through a 100 pm
gauze filter and washed with W5 buffer [150 mM NaCl, 125 mM
CaCly, 5 mM KCl, 2 mM MES (pH 5.7), 550-580 mOsm],
then centrifuged at 100 g for 1 min and resuspended in W5
buffer. The fluorescence signals were recorded with a confocal
laser-scanning microscope (Leica microsystems TCS SP5, Leica
Microsystems, Wetzlar, Germany) with a 63x objective. The
argon laser was set to 30%, GFP fluorescence was excited at
488 nm and the emission was recorded with a PMT detector
at 515 nm. Chlorophyll autofluorescence was detected at 650-
705 nm with a second PMT detector. The gain settings for
both PMT detectors were chosen within the interval 760-900
to reduce background noise. Z-stacking images were generated
with a maximum of 0.5 pm distance between each layer.

Chlorophyll a Fluorescence

Measurements

The photosynthetic performance of PSII was quantified by
measuring chlorophyll a fluorescence using a Dual PAM
fluorometer (Walz, Effeltrich, Germany). Plants were dark-
adapted for 30 min and single leaves were exposed to probe
light (3-4 pmol photons m~2 s~ 1) for 30 s to measure minimal
chlorophyll a fluorescence (Fp). A light pulse of 10,000 pmol
photons m~2s~! was then applied for 800 ms to determine
the maximum chlorophyll a fluorescence (Fm). Quantitative
information was obtained by calculating the maximum quantum
yield of PSII as Fv/Fm = (Fm-Fy)/Fm (Maxwell and Johnson,
2000). In vivo chlorophyll a fluorescence was captured as a
photograph by the Imaging PAM fluorometer (Walz, Effeltrich,
Germany). Plants were dark-adapted for 30 min and whole
plants exposed to blue probe light (3-4 jLmol photons m~2 s~ 1)
for 30 s, followed by a light pulse of 2,800 pwmol photons
m~2 s~ ! for 800 ms.

Real-Time PCR Analysis

Total RNA was isolated from Arabidopsis leaves using the
Monarch Total RNA Miniprep Kit including the on-column
DNase digest, and cDNA was synthesized according to the
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instructions supplied with the iScript ¢cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, United States). For quantitative
real-time (qRT) PCR, SYBR Green Supermix (Bio-Rad) was
used and PCR was performed with the CFX light cycler (Bio-
Rad). Selected regions of the c¢TPpam71) sequence (primers
30/31) or the PAM7I(qr) sequence (primers 32/33) were
used to record expression of the target gene and the reference
gene Actin (primers 28/29). Relative transcript levels were
quantified according to the comparative cycle threshold
(Cr) method (Schmittgen and Livak, 2008): ACr = Cr
(GeneTmnsgenicLine) - CT (ACtinTmnsgenicLine) or ACT = CT
(Genecy—g) — Cr (Actingy—g); AACT (TransgenicLine) = ACt
(GeneTmnsgenicLine) — ACr (Genegy—g) and 27 AACT
calculated. Expression in Col-0 is: AACr (Col-0) = ACr
(Genecy—g) — ACT (Genecy_g) =0and 20 = 1.

Blue-Native PAGE and SEC-ICP-MS
Analysis

For the isolation of thylakoid membrane-protein complexes,
leaf samples (5 g fresh weight) were homogenized in 0.4 M
sucrose, 10 mM NaCl, 5 mM MgCl,, 20 mM Tricine (pH 7.9),
10 mM ascorbate and 10 mM NaF, then filtered through two
layers of Miracloth (GE Healthcare, Chicago, IL, United States)
and centrifuged at 5,000 g for 10 min at 4°C. The pellet was
dissolved in 5 mM Tricine (pH 7.9) and 10 mM NaF, and
centrifuged at 10,000 g for 10 min at 4°C. The resulting thylakoid
membranes were dissolved in storage buffer [0.4 M sucrose,
10 mM NaCl, 5 mM MgCl,, 20 mM Tricine (pH 7.9), 20%
(v/v) glycerol, 10 mM NaF] and the protein concentration was
determined using the Pierce BCA Protein Assay (Thermo-Fisher
Scientific/Invitrogen, Waltham, MA, United States). Samples
were stored at —80°C. For Blue-Native PAGE analysis, samples
equivalent to 18 pg protein were solubilized in the presence of
1% (w/v) B-dodecyl-maltoside (Sigma-Aldrich, St. Louis, MO,
United States) for 10 min on ice in the dark. Native-PAGE
sample buffer was then added and protein complexes were
separated by non-denaturing Bis-Tris gel electrophoresis (3-
12% acrylamide gradient, Thermo-Fisher Scientific/Invitrogen)
for 3.5 h. For SEC-ICP-MS analysis, samples equivalent to 50 jLg
protein were solubilized in the presence of 1% (w/v) a-dodecyl-
maltoside (Biomol, Hamburg, Germany) for 10 min on ice in
the dark. Solubilized protein complexes were filtered through
a 0.45-um nylon membrane and applied to a size-exclusion
column (BioBasic SEC1000, a silica-based high-pressure steel
column; Thermo-Fisher Scientific/Invitrogen) using an inert
HPLC system. Protein elution was performed with 25 mM Bis-
Tris (pH 7.0) and 0.03% (w/v) a-dodecyl-maltoside as the mobile
phase at a flow rate of 1 mL min~—!. The outlet of the column
was coupled to a triple quadrupole ICP-MS (Agilent 8300 ICP-
QQQ-MS, Agilent, Santa Clara, CA, United States) for online
detection of Mn binding in the size-fractionated PSII complexes.
The ICP-QQQ-MS was operated in MS/MS scan mode with
oxygen as the reaction gas, which allowed for simultaneous
detection of manganese as the parent ion (*®*Mn™) and sulfur
as the oxide product ion (*SO%). The external calibration
for quantification of the stoichiometric ratios of Mn to S in

photosynthetic complexes was carried out using flow-injection
analysis (Schmidt et al., 2015).

Proteome Analysis

For the isolation of chloroplasts, leaf samples (12 g fresh weight)
were homogenized in a mixture of 0.4 M sorbitol, 20 mM
Tricine-NaOH (pH 8.4), 10 mM EDTA, 0.1% (w/v) BSA, 5 mM
NaHCO3, 1 mM MgCl, and 1 mM MnCl,. The extract was
filtered through two layers of Miracloth (GE Healthcare) and
concentrated by centrifugation for 5 min at 1,500 g. The pellet
was resuspended in 80 mM sorbitol, 4 mM Tricine-NaOH (pH
8.4), 0.5 mM EDTA, 1 mM MgCl, and then layered onto
a discontinuous 40% (w/v)/80% (w/v) Percoll gradient (GE
Healthcare). Intact chloroplasts were isolated from the interphase
after centrifugation for 15 min at 7,000 g. To separate envelope
and thylakoid membranes, the chloroplasts were lysed in 10 mM
HEPES-KOH (pH 7.6) and 5 mM MgCl, by incubation on ice
for 10 min, then layered onto a discontinuous sucrose gradient
consisting of 1.2 M, 1.0 M, and 0.46 M sucrose, and centrifuged
at 58,000 g for 2 h. The stroma in the top fraction was discarded,
the envelopes were collected from the middle fraction, and the
thylakoids were recovered as a pellet. The envelope fraction was
further concentrated by centrifugation at 135,200 g for 1 h at
4°C. Both fractions were stored in TMK buffer [10 mM Tris-HCI
pH 6.8, 10 mM MgCl,, 20 mM KCl including protease inhibitor
cocktail (Roche, Basel, Switzerland)] at —80°C.

Thylakoid and envelope fractions were resuspended in 200-
ul aliquots of guanidine-HCI, and incubated at 60°C for 30 min.
Samples were then disrupted by applying two 10-s bursts of
sonication using a Branson Sonifier B-12 (Branson Ultrasonics,
Brookfield, CT, United States). After removing cell debris by
centrifugation at 10,000 g for 15 min, samples were loaded
onto a Microcon-30 kDa filter. On-column reduction, alkylation
and tryptic digestion were performed as previously described
(Janowski et al., 2018). After elution, the peptide mixtures were
acidified to pH < 3 using formic acid, desalted with home-made
C18 stage tips (Rappsilber et al., 2003), vacuum dried to near
dryness and stored at —80°C until further use.

LC-MS/MS was performed on an Ultimate 3000 RSLCnano
HPLC system (Thermo-Fisher Scientific/Invitrogen), coupled
online to an Impact IT Ultra-High Resolution Qg-Time-Of-Flight
(Bruker Daltonics, Billerica, MA, United States). The nano-LC
system (Thermo-Fisher Scientific/Invitrogen) was operated in a
two-column setup with an Acclaim Pepmap nano-trap column
(C18, 100 A, 100 pm x 2 cm) and an Acclaim Pepmap
RSLC analytical column (C18, 100 A, 75 pm x 50 cm). The
columns were kept at 50°C throughout the run. The peptide
mixtures were separated at a constant flow rate of 250 nl/min,
using a linear gradient 3-30% solvent B (0.1% formic acid in
acetonitrile) over 60 min, followed by a linear increase from 30
to 45% solvent B within 15 min. Full MS scans in the mass range
200-2,000 m/z were acquired at a rate of 3 Hz, and the 18 most
intense peaks were selected for MS2 analysis using an intensity-
dependent spectrum acquisition rate of between 4 and 16 Hz. To
minimize repeated sequencing, the dynamic exclusion duration
was set to 30 s.
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The raw MS files were processed using the MaxQuant
software (Cox and Mann, 2008). Peak lists were searched
against the Arabidopsis reference proteome (Uniprot, version
April 2019) using the built-in Andromeda search engine (Cox
et al., 2011). The database was modified to include the
sequences of the chimeric constructs. The search parameters
were set as follows: Cysteine carbamidomethylation as fixed
modification, methionine oxidation and acetylation of protein
N-termini as variable modifications. The specific protease was
set to trypsin (Thermo-Fisher Scientific/Invitrogen), allowing
a maximum of two missed cleavage sites. The false-discovery
rate at the protein and PSM level was set to 1%. The match-
between-runs option was disabled, whereas the intensity-based-
absolute-quantification (iBAQ) (Schwanhausser et al., 2011)
option was enabled. Downstream data analysis was performed
using Microsoft Excel. Potential contaminants, reverse hits and
proteins identified only by site modification were removed. The
protein group iBAQ values were then normalized to the sum
of all iBAQ values within one sample, generating relative iBAQ
(riBAQ) values. To compare the thylakoid and envelope fractions
of single chloroplast preparations, the abundances of a given
protein group were expressed as relative percentages of the
total riBAQ values. Data were analyzed from three independent
biological replicates.

Data and Code Availability

The mass spectrometry proteomics data have been
deposited ~ with ~ the  ProteomeXchange  consortium
http://proteomecentral.proteomexchange.org via the PRIDE
partner repository (Vizcaino et al., 2016) under the accession
number PXD022763.

RESULTS

Phylogenetic Analysis of UPF0016

Proteins

The family was first described in 2014 (Demaegd et al., 2014)
and members have now been identified in more than 2,800
species across all three domains of life (Supplementary Figure 1).
We were particularly interested in examining the ancestry of
plant UPF0016 proteins, which are encoded by small gene
families (Hoecker et al., 2017). In order to embed plant UPF0016
proteins in a broader context, proteins of prokaryotic and
eukaryotic origins were retrieved and subjected to a phylogenetic
analysis. A dataset of 33 proteins was selected from 33
prokaryotic organisms, which were chosen from a taxonomically
representative set of phyla (Hanikenne and Baurain, 2013), taking
into account phyla that appear to encompass many species
that code for UPF0016 proteins (Supplementary Figure 1).
This set was supplemented by 24 eukaryotic proteins obtained
from 10 species, representing both photosynthetic and non-
photosynthetic model organisms. Clear phylogenies could not
be identified within prokaryotic phyla, except for those proteins
of a-Proteobacteria that displayed a bootstrap value of 100%,
indicating that these could be monophyletic (Figure 1).
Intriguingly, cyanobacterial proteins were found to be closely

related to eukaryotic proteins (as indicated by a single branch
supported by a bootstrap value of 100%) and were clearly
separated from all other prokaryotic phyla. Closer inspection of
the members of Viridiplantae confirmed the previous findings
(Hoecker et al., 2017) that chloroplast-localized members and
Golgi/ER-localized members form separate subgroups (Figure 1).
The latter subgroup comprises members found in all Eukaryotes,
including Metazoa and Fungi, and was named subgroup one.
The chloroplast-localized proteins were named subgroup two.
These proteins presumably arose separately, because they form
a single defined monophyletic group. Next, we extracted the
well characterized proteins of Arabidopsis, Synechocystis and
human, and estimated the evolutionary divergence between
these seven sequences by pairwise comparisons. In terms of
their amino-acid sequences, PAM71 and AtPML4 are most
dissimilar, while AtPML4 and AtPML5 display the highest
similarity (Figure 2). HSTMEM165 shows less resemblance to
SynMNX, AtPAM71, and AtCMTI1 than to the three AtPML
proteins, or in other words SynMNX, AtPAM71, and AtCMT1
form a cluster. Taken together, these observations allow us to
conclude that the gene(s) encoding the chloroplast-localized
proteins PAM71 and CMT1 are derived from the cyanobacterial
endosymbiosis that gave rise to chloroplasts. Because the gene(s)
encoding Golgi/ER-localized proteins have close counterparts in
non-photosynthetic Eukaryotes, this clade must have arisen prior
to the cyanobacterial endosymbiosis.

The Arabidopsis Mutant pam71 as a
Platform for UPF0016

Gene-Replacement Studies

To test the hypothesis that UPF0016 proteins share an ancient
functionality, we chose the pam71 Arabidopsis mutant for a
gene-replacement study. We selected AtCMT1 and HSTMEM165
as representative members of each subgroup and SynMNX as
the cyanobacterial representative. The nucleus-encoded PAM71
protein is equipped with a chloroplast-targeting signal peptide
at the N-terminus, which is predicted to be cleaved at amino
acid position 74 (Schneider et al., 2016; Hoecker et al., 2017)
during uptake into the organelle from the cytoplasm. To
verify that the c¢TP is sufficient to direct proteins of interest
into this plant organelle, we cloned the first 255 bp of the
PAM71 ORF upstream of the GFP sequence and transiently
expressed the fusion protein in Nicotiana benthamiana leaves
(Figure 3A). Indeed, the GFP fluorescence signal was found
to coincide precisely with the red autofluorescence emitted by
chlorophyll a molecules in isolated protoplasts. Next, a series
of chimeric constructs was generated (Figure 3B), including
a positive control containing the native PAM71 sequence and
a negative control containing a truncated version of PAM7I
lacking the first 255 bp at the 5" end. Furthermore, we linked
the PAM71 cTP sequence to the full-length TMEM1I165 sequence
and replaced the original cTP sequence of CMTI. An extended
cTP sequence was used to generate the MNX construct, in order
to increase the size of the protein (Supplementary Figure 2),
as the naturally occurring MNX/SynPAM71 is smaller than
any of the other three proteins (Thines et al., 2020). The
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FIGURE 1 | Evolutionary analysis of UPFO016 members using the maximum-likelihood method. Protein sequences were retrieved by protein BLAST search using
AtPAM71 as query sequence, except for those from Alphaproteobacterium bacterium, Vibrio cholera, Escherichia coli, Neisseria shayeganii, and Treponema ruminis,
which were identified using MneA of Vibrio cholera as query sequence. The tree with the highest log likelihood is shown. The percentage (>50%) of trees in which
the taxa grouped together is also shown (bootstrap values based on 500 replicates). The tree is drawn to scale with branch lengths measured in numbers of
substitutions per site. The tree is rooted on Arabidopsis thaliana TerC. The TerC and UPF0016 families form part of the LysE transporter superfamily
(http://pfam.xfam.org/clan/CL0292). NCBI accession numbers are indicated and proteins mentioned throughout the text are highlighted.

five constructs were introduced into Agrobacterium cells and  Figures 3C,D) (Schneider et al., 2016; Wang et al., 2016). Several
successfully transformed into the pam?71 background. The pam71  independent transgenic lines per construct were selected based
mutant is characterized by a reduced growth rate and a lower on their resistance to glufosinate, assayed for the presence
maximum quantum yield of photosystem II (PSII) (Fv/Fm, of the transgene in the homozygous pam7I background and
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AtCMT1 100 683 665 6,79 6,76 6,81
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AtPML3 127 116 115 6,95 6,78 6,80
HsTMEM165 130 123 115 107 6,75 6,78
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FIGURE 2 | Pairwise comparison of UPFO016 members of Arabidopsis, Synechocystis and human. The numbers of amino-acid differences between the indicated
sequences are shown. Standard-error (SE) estimates are shown above the diagonal and were obtained by a bootstrap procedure (1,000 replicates). The consensus
tree in which the associated proteins clustered together is indicated on the left.

characterized with respect to their Fv/Fm values. Transgenic lines
were named as follows: cP refers to ¢TPpap71 and pos and neg
indicate presence or absence of cTPpapry; respectively, followed
by the protein name. Fv/Fm was significantly reduced in the
twelve cPy,,,PAM71 lines relative to the twenty-five cPposPAM71
control lines (Figure 3D), indicating that the presence of a cTP
is required for functional complementation. Interestingly, the
Fv/Fm values of the thirty-four selected cP:CMTI lines were
comparable to those of the positive control lines (Figure 3D).
However, it is worth noting that the endogenous proteins
PAM71 and CMT1 have non-redundant functions in chloroplasts
(Eisenhut et al.,, 2018; Zhang et al., 2018; Frank et al., 2019;
Schmidt et al., 2020). Moreover, it was found that the thirty-four
cP:TMEM]165 lines and the thirty-four selected cP:MNX lines
have significantly increased Fv/Fm values in comparison to the
negative control lines and ¢cP:TMEMI165 lines are significantly
improved in comparison to pam71 (Figure 3D). Both groups
(cP:TMEM165 lines and c¢P:MNX lines) showed a wide range of
Fv/Fm values, for instance from 0.4 to 0.8 in the ¢cP:MNX lines,
maybe due to very different levels of expression of the respective
non-plant transgene across the populations. Taken together, these
results suggested that the approach is feasible, and we proceeded
to analyze individual lines in more detail.

In Transgenic Lines Both the Quantum
Yield of Photosystem Il and Growth Rate
Are Enhanced

To select suitable lines for detailed investigations, two criteria
were applied: T1 plants should exhibit an increased Fv/Fm
value and harbor a single-locus transgene insertion, because this
is less likely to cause (post)-transcriptional gene silencing in
subsequent generations. We selected two lines that met these
criteria from each group (Supplementary Figure 3). Single-locus
insertion events were identified based on a segregation analysis

of T2 plants, assuming a 3:1 mode of dominant inheritance
of the transgene (Supplementary Figure 3). Furthermore, we
confirmed that the phenotypes of positive cPposPAM71 and
negative cPn, PAM71 control plants were close to wild-type
and pam?71 plants, respectively (Supplementary Figure 4A). All
selected transgenic lines were grown side by side, and on visual
inspection just before the transition to the reproductive state,
the rosette diameter was found to be larger in all cases than
in either of the negative control lines (Figure 4A). Growth
recovery to almost control levels was observed in the cP:CMT]1,
cP:TMEM165, and cP:MNX lines (Figure 4B). Furthermore,
Fv/Fm values in both cPposPAM7I lines reached almost 0.8,
indicative of optimal PSII efficiency and photosynthesis, while
both cP,,ee PAM?71 lines had Fv/Fm values around 0.6 (Figure 4C).
These results are similar to those of wild-type and pam71 plants
respectively (Supplementary Figure 4B). Optimal PSII efficiency
was also observed in the two cP:CMTI lines, in one of the
cP:TMEM165 lines (#39) and in both ¢cP:MNX lines (Figure 4C).
The second ¢P:TMEMI65 line #13 did not quite reach the
control value (Figure 4C), but this can probably be explained
by variation in the levels of transgene expression. Based on
wild-type ¢TP expression, in fact, an approximately twofold
higher transgene expression was observed in cP:TMEM165 #13
(Figure 4D), whereas transgene expression was increased by
at least 10-fold in the two positive control lines, in ¢cP:CMT1
#16 and #27, in cP:TMEM165 #39, and in cP:MNX #1 and #34
(Figure 4D). Notably, we also found transgene expression in the
negative control lines to be well above the pam71 level, which
can be attributed to the use of the 35S promoter (Supplementary
Figure 4C). Overall, we concluded that transgene overexpression
in the cPposPAM71, cP:CMTI, cP:MNX and cP:TMEM165 lines
resulted in the restoration of optimal PSII efficiency, and
consequently boosted plant growth and biomass production. It is
worth pointing out here that no leaf abnormalities were detected
in any of the lines (Figure 4A). In contrast, overexpression
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FIGURE 3 | Experimental setup for gene replacement assays. (A) Verification of the N-terminal PAM71 sequence as a chloroplast-targeting peptide. Nicotiana
benthamiana leaves were infiltrated with the Agrobacterium strain containing p35S:cTP pans71):GFP; protoplasts were isolated after 48 h and analyzed by confocal
microscopy. Scale bar = 12.5 pm. (B) Scheme depicting the chimeric constructs used for transformation of pam71. (C) The pam71 mutant as genetic background.
The maximum quantum yield of PSII (Fv/Fm) of a 4-week-old plant is shown. Scale bar = 1 cm. (D) Photosynthetic activity of BASTA-resistant T4 transgenic plants in
comparison to pam71. The maximum quantum yields of PSII (Fv/Fm) of T1 plants are depicted as box plots representing the range of values, the exclusive median
and the mean, indicated as x. The number of independent individuals is given (N). Outliers are indicated as dots. Different letters indicate statistical significance
based on ANOVA (p < 0.01, Tukey’s honestly significant difference (HSD) test).

of the UPF0016 transporter PML3 in the Golgi apparatus of
Arabidopsis was accompanied by stunted plant growth and a
curled leaf morphology (Hoecker et al., 2020).

Human TMEM165, Plant CMT1, and
Cyanobacteria MNX All Facilitate
Incorporation of Manganese Into the
Photosynthetic Complexes in the

Thylakoid Membrane

To unequivocally demonstrate the subcellular localization of
cP:TMEM165, cP:CMT1 and c¢P:MNX in the pam7l mutant
background, proteomic analysis was employed. In this approach,
envelope and thylakoid membrane fractions were isolated

from purified chloroplasts, and several membrane proteins
with known localizations were chosen as marker proteins

for quality control. All selected marker proteins could be
assigned to the correct fraction in wild-type chloroplasts
(Supplementary Table 2), including the endogenous CMT1
protein, whereas the endogenous PAM71 was not detectable.
We also verified that PAM71, TMEMI165 and MNX were
all undetectable in the negative control line, and only the
endogenous CMT1 protein was found to be enriched in the
envelope fraction (Supplementary Table 2). Chloroplasts were
isolated from cPposPAM71 #25, cP:CMT1 #27, cP:TMEMI65
#39, and cP:MNX #1, and the envelope and thylakoid fractions
were analyzed for the presence of the respective test proteins
and marker proteins (Figure 5A). PAM71 was found to be
equally enriched in both fractions in cPposPAM71 plants,
as was the MNX protein in cP:MNX plants (Figure 5A
and Supplementary Tables 3, 4). The majority of the
TMEMI165 protein was found in the envelope fraction in
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FIGURE 4 | Growth phenotype, photosynthetic activity and expression of
transgenes in individual transgenic lines with pam71 genetic background.

(A) Rosette phenotype of the indicated transgenic lines. Plants were grown for
5 weeks in a 12-12 h light-dark cycle. Scale bar = 2 cm. (B) Quantification of
growth phenotypes of the indicated transgenic lines. Leaf areas of the different
genotypes were determined from photographs taken 12 days after
germination (DAG) and 24 days after germination (DAG). Mean values + SD

(n = 10) are shown. (C) Photosynthetic activity of the indicated transgenic
lines. Maximum quantum yields of PSII (Fv/Fm) are shown as mean

values + SD (n > 17). Plants were grown for 4 weeks on a 12-12 h light-dark
cycle at 100 wmol photons m~2 s~ Different letters indicate statistical
significance according to ANOVA (p < 0.05, Tukey’s HSD test). (D) Expression
analysis in transgenic lines. The color code for genotypes is identical

to that in panels (B,C). Quantitative real-time PCR (qRT-PCR) was

performed using primer combinations gRT_PAM71_fwd/qRT_PAM71 _rev
(Supplementary Table 1) for expression of PAM710re and
qRT_PAM71cTP_fwd/qRT_PAM71cTP_rev (Supplementary Table 1) for
expression of cTPpay71. Expression levels are relative values based on the
expression levels in Col-0 (= 1), and Actin2 as reference gene. Mean

values + SD are based on three biological replicates.

cP:TMEM165 plants, but a small portion was also present
in the thylakoid membrane (Figure 5A and Supplementary
Table 5). Owing to the presence of the endogenous CMT1
protein, cP-CMT1 is difficult to quantify accurately, but
nearly 40% of all CMT1 could be assigned to the thylakoid
fraction of ¢P:CMTI plants (Figure 5A and Supplementary
Tables 6, 7). This result differs from the distribution of
endogenous CMT1 in the other genotypes, which had about
19% in their thylakoid enriched fractions (Supplementary
Table 7). Thus, we concluded that overexpression of
cP:TMEM165, cP:MNX or c¢P:CMTI in the pam7]1 mutant
background enables the production of significant amounts of the
corresponding proteins, which were eventually inserted into the
thylakoid membrane.

One physiological consequence of the PAM7I knock-out
mutation is a marked decrease in the amounts of photosynthetic
complexes, for instance PSII dimer, PSI monomer and PSII
LHCII supercomplexes (Schneider et al., 2016; Wang et al,
2016). Thus, we tested the ability of cP:CMT1, cP:TMEM165 and
cP:MNX plants to enhance levels of photosynthetic membrane
complexes. To this end, we employed Blue-Native PAGE
analysis to determine the amounts of these complexes in the
transgenic lines relative to wild-type and pam?71. As expected, the
steady-state levels of PSIL;;/PSIl;nono and PSIT-LHCII ., were
reduced in the negative control line (cP,ce PAM71) to quantities
comparable to those in pam71 (Figure 5B). On the other hand,
steady-state levels of these protein complexes were restored
to wild-type amounts in cPposPAM71, cP:CMTI, and cP:MNX
and almost to wild-type levels in cP:TMEM]I165 plants. In the
pam71 mutant, inadequate amounts of Mn are bound in PSII
complexes (Schneider et al., 2016) and, as expected, the same
effect was observed in the negative control line (Figures 5C,D
and Supplementary Figure 4D). In contrast, the levels of Mn
bound in PSII complexes in cP:CMT1I, in cP:TMEMI165 and
in ¢cP:MNX plants matched those seen in the positive control
(Figure 5C), as determined by SEC-ICP-MS analysis. Moreover,
the Mn:S ratios (the relative amount of Mn incorporated into
PSII per unit of S, used here as a proxy for protein) in these
three lines were indistinguishable from that in cPp,PAM71
(Figure 5D), indicating sufficient transport of Mn?* into the
thylakoid lumen.

CMT1 of Arabidopsis Cannot Be
Replaced by PAM71

Following the observation that overexpression of CMTI can
complement the pam71 phenotype, we also investigated the
reverse configuration. First, we verified that the cTP of CMT1
was able to direct GFP into the chloroplast (Figure 6A). Next,
a fusion construct consisting of the ¢TP of CMT1 (designated
as c¢C) and the core sequence of PAM71 (Figure 6B) was
assembled. This construct and a positive control (¢TP of CMT1
fused to the CMT1 core sequence) were introduced into the
cmtl genetic background, and several independent transgenic
lines per construct were selected (Figure 6C). Comparison of
the Fv/Fm values for both groups of plants revealed that, in
contrast to cCposCMTI lines, the Fv/Fm ratios in cC:PAM71
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FIGURE 5 | Proteomic and ICP-MS analysis of individual transgenic lines with pam71 genetic background. (A) PAM71, CMT1, TMEM165, MNX and marker proteins
of envelope and thylakoid enriched fractions of the indicated plant lines. The K + efflux antiporter 1 (KEA1), dicarboxylate transporter 1 (DiT1) and
triosephosphate/phosphate translocator (TPT) were used as envelope marker proteins, and chlorophyll a-b binding protein 2.1 (Lhcb2.1), photosystem Il protein D1
(D1) and photosystem Il CP43 reaction center protein (CP43) served as thylakoid markers. The proteomic analysis is based on three independent experiments and
data depicted are derived from Experiment 2 (Supplementary Tables 3-6). n.d., not detected. (B) Accumulation of thylakoid photosynthetic complexes in
transgenic lines in comparison to levels in Col-0 and pam77. Thylakoid membrane samples (equivalent to 18 g of protein) were solubilized with 1% (w/v)
B-dodecyl-maltoside, and protein complexes were fractionated by Blue-Native gel electrophoreses. NDH, NADH dehydrogenase-like; PSI, photosystem I; PSII,
photosystem II; LHCII, light-harvesting complex of photosystem Il. The different assembly states are indicated. Quantification of the indicated complexes (**PSII-LHCII
supercomplexes and *PSII dimer/PSI monomer complexes) is based on intensity levels in Col-0 (=1,00). Mean values + SD (n = 3) are shown. (C) Size-exclusion
chromatograms depicting the relative intensities of the non-oxide ion °®Mn* and the oxide ion 4SO in the transgenic lines. Thylakoid membranes (equivalent to
50 g of protein) were solubilized with 1% (w/v) a-dodecyl-maltoside, and protein complexes were fractionated on a size-exclusion column. Analysis was performed
with two independent experiments. (D) Quantification of the Mn:S ratios in the transgenic lines. Mn:S ratios are shown for the fractionated photosynthetic complexes
from the samples analyzed in panel (C). PSII, Photosystem II; different assembly states are indicated. The data are based on two independent experiments.

lines resembled that of cmt1 mutant plants (Figure 6D). Because
subtle effects might not be detectable in the T1 generation,
we selected two lines per group for closer inspection. The

lines chosen exhibited the highest Fv/Fm values within their
group in the respective T1 plant, carried a single-copy transgene
insertion, and the magnitude of transgene expression was at
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least 10 times higher than the wild-type level (Supplementary
Figures 5A,B). A re-examination of Fv/Fm values in subsequent
generations revealed that, in both selected cC:PAM71I lines, the
Fv/Fm values were not significantly different from those of cmtI
mutant plants, whereas Fv/Fm recovered to almost 0.8 in both
positive control lines (Supplementary Figure 5C). In addition,
growth of both ¢cC:PAM71 lines was markedly retarded, as in
the case of c¢mtl mutant plants (Figure 6E). Taken together,
these data showed that PAM71 cannot substitute CMT1 in the
envelope membrane.

DISCUSSION

Our phylogenetic analysis indicates that eukaryotic and
cyanobacterial members of the UPF0016 transporter family
share a common ancestor, which is reflected in their functional
conservation. A gene-replacement analysis was conducted in the
Arabidopsis mutant pam71 (Figure 3), which is characterized
by diminished growth. This phenotype is readily discernible
under standard cultivation conditions, and pam?71 is accessible
to genetic manipulations resulting in inheritable traits. For our
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purposes, these features make it more suitable than systems
in which the knock-out mutation generates a conditional
phenotype. For instance, a conditional phenotype has been
found in the yeast UPF0016 mutant gdtI, which is sensitive to
high concentrations of Ca?* (Demaegd et al., 2013). However,
its growth rate is otherwise unaffected, i.e., similar to that of
wild-type strains. It has been shown that sensitivity to excess
Ca®* can be suppressed by transient expression of TMEM165
(Demaegd et al., 2013).

As targets for our analysis, we selected the Synechocystis
gene MNX, the Arabidopsis gene CMT1 and the human gene
TMEM165. Their protein products share with PAM71 the
predicted topology of two clusters of three transmembrane
domains, including the consensus motifs (Supplementary
Figure 2). Variations at the N-terminus are assumed to be
required for correct membrane targeting (Hoecker et al., 2017),
and indeed the N-terminal portion of PAM71 is sufficient for
targeting to chloroplasts (Figure 3A). Notably, a derivative
of PAM71 lacking the chloroplast targeting signal peptide is
incapable of complementing the pam71 phenotype (Figures 3D,
4, 5B-D), indicating that the cTP is specifically required
for correct targeting. Thus, the proteins MNX, CMT1 and
TMEM165 could be successfully targeted to the thylakoid
membrane of pam7I plants by equipping them with the ¢TP
of PAM71 (Figure 5A) and overexpressed from the respective
transgenes (Figure 4D). We demonstrate that the paralog
CMT1, as well as both orthologs SynMNX and HsTMEM165,
are functional in Arabidopsis thylakoid membranes when
introduced into the Arabidopsis pam7]1 mutant background.
These findings show that all four proteins have retained the
ancestral function. Like PAM71, CMT1, MNX and TMEM165
are capable of transporting Mn?* into the thylakoid lumen for
efficient reconstitution of inorganic Mn clusters in photosystem
II (Figures 5C,D)—as demonstrated by the recovery of
photosystem II efficiency (Figure 4C), which eventually increased
plant growth (Figure 4B). A strong proton gradient across the
thylakoid membrane (Hohner et al., 2016; Pottosin and Shabala,
2016) is established upon illumination, which presumably
energizes Mn?* uptake into the acidic thylakoid lumen, in
accordance with the current model of a cation/proton antiport
mechanism for the UPF0016 protein family (Thines et al., 2020).
In this respect, it is interesting to note that CMT1 can functionally
replace PAM71 at the thylakoid membrane, but not vice versa
(Figure 6 and Supplementary Figure 5). It is tempting to
speculate that CMT1 has acquired additional features that allow it
to cope with the conditions prevailing at the envelope membrane,
where the proton gradient is much weaker (Hohner et al., 2016).

Our findings indicate that UPF0016 members function

independently of additional factors and/or of the
lipid composition of the membrane. It is particularly
remarkable that the human ortholog TMEMI165 can

replace PAM71 in the thylakoid membrane, which is rich
in monogalactosyldiacylglycerol and digalactosyldiacylglycerol
(Li-Beisson et al., 2013; Rocha et al., 2018), in contrast to the
Golgi membrane. TMEM165 (Foulquier et al,, 2012; Potelle
et al, 2016; Dulary et al., 2017; Lebredonchel et al., 2019
Foulquier and Legrand, 2020), like its plant counterpart PML3

(Hoecker et al., 2020; Yang et al., 2021), naturally resides in the
Golgi membrane, where the Mn?" imported into the Golgi
lumen acts as an essential cofactor in the synthesis of N-glycans.
In the present study an LC_MS/MS-based approach was
employed to gain insight into the partitioning of overexpressed
TMEM165, MNX, PAM71, and CMT1 between the envelope and
thylakoid membranes, because quantitative proteomics studies
on purified chloroplast membranes and their subfractions have
been shown in the past to be an efficient method for this purpose
(Ferro et al., 2010). The expected enrichment of marker proteins
in the two membrane fractions allowed us to conclude that the
method is reliable (Figure 5A). As observed in the past (Ferro
et al., 2010), it was not possible to identify the endogenous
PAM71 in wild-type samples (Supplementary Table 2); only
in the overexpressor line cPposPAM71 could it be successfully
identified (Figure 5A). Clearly, fractions of the overexpressed
TMEM165, MNX, and PAM71 proteins were retained in the
envelope membrane. However, at least in the case of PAM71,
presumably non-functional (Figure 6).

UPF0016 proteins are of interest not only because of
their conserved ability to facilitate Mn?T transport, but also
in terms of their evolutionary history—given that members
have been identified across Archaea, Bacteria, and Eukaryota
(Supplementary Figure 1). Small UPF0016 gene/protein families
exist in plants, and in Arabidopsis the genes that code for
both ER-localized proteins (PML4/PML5) are derived from a
chromosomal duplication event in the progenitor of Arabidopsis
(Hoecker et al, 2017)—indeed, these two share the highest
similarity (Figure 2). This study suggests that the genes
coding for the chloroplast-localized proteins CMT1 and PAM71
arose during the establishment of endosymbiosis, after the
cyanobacterial precursor of chloroplasts contributed its gene
copy to the eukaryotic host genome, which then gave rise to
a gene duplication that is widely conserved in Viridiplantae
(Figure 1). In green algae, the PAM71 homolog CGLD1
(conserved in the green lineage and diatome 1) maintained
the structure and function of PSII, and contributed to its
protection under photo-oxidative stress conditions (Xing et al.,
2017). It is well established that genes of the cyanobacterial
ancestor have been transferred to the nucleus, that many of the
proteins they encode are rerouted to the chloroplast (Leister,
2003, 2016; Lee and Hwang, 2018) and that numerous proteins
can functionally replace each other (Savidge et al., 2002; Sattler
et al, 2003; Lv et al., 2009; Armbruster et al., 2013; Proctor
et al., 2018; Yoon et al., 2019). Yet, what makes the evolution
of the UPF0016 family particularly interesting is that it suggests
all members of Eukaryota and Cyanobacteria (Figure 1) might
have a common ancestor, which would explain why human
TMEM165 can functionally substitute for PAM71 in chloroplast
membranes. We suggest that plants received UPF0016 gene
copies via two independent events. Although speculative, lateral
gene transfer, perhaps involving Cyanobacteria, could be at
the origin of subgroup one proteins, which are present in all
Eukaryota, as there is no indication of an archaeal and/or
protobacterial origin of this subgroup (Figure 1). In a second
event, through cyanobacterial endosymbiotic gene transfer,
subgroup two proteins were then introduced into the green
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lineage. We have not succeeded in tracing UPF0016 protein
members to the last common ancestor of all cells, which is
proposed to have lived about 3.8 billion years ago and to have
had 355 protein clusters (Weiss et al., 2016, 2018). Thus, it is
reasonable to assume that UPF0016 genes spread extensively by
lateral gene transfer later in evolution.

It has also been suggested that PAM71 acquired an additional
Ca?t transport function (Wang et al., 2016; Frank et al., 2019).
In this study, we have shown that the cyanobacterial MNX
protein is functional in pam71 plants and fully complements
all aspects of the latter’s mutant phenotype (Figure 5). This
enables us to conclude that only the Mn?* transport activity
of PAM71 plays a significant physiological role in chloroplasts.
At the thylakoid membrane it can be replaced by its paralog
(CMT1) and by its orthologs from Zea mays (Wang et al,
2020), cyanobacteria and human, yet there is no indication
that PAM71 can function at the envelope membrane. A future
challenge is to determine the molecular basis for the adaptation
of CMT1 to the conditions prevailing in the envelope membrane
of chloroplasts, and this study opens the door to further
investigations of how far proteins can diverge without losing their
ancient function.
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Discussion

8 Discussion

Arabidopsis thaliana mutant lines which have growth and developmental defects are
challenging to work with. Albinotic, chlorotic or even embryonic lethal phenotypes make it
often complicated to detect the underlying primary effect that is caused by the loss of function
of the gene of interest. Secondary effects that sometimes are not easy to distinguish from
primary defects can occur as well. For example, many loss-of function mutations result in
growth defects but are due to disturbed plastid morphology and photosynthesis performance
(Lanquar et al., 2010; Schneider et al., 2016; Schneider et al., 2014). In the case of metal
transporters - which are required in every membrane of each cell type - the same difficulties
apply. In addition, there are many transport proteins that can transport a wide range of metal
substrates like the IRT1 or members of the CAX family (Korshunova et al., 1999; Pittman et al.,
2004) leading to overlapping functions. Therefore, it is known that the excess of several metals
can lead to deficiency of others as they compete for transporter binding sites and displace
them.

In chloroplasts, ion homeostasis is tightly linked to photosynthesis performance. Transition
metals like Mn, Fe and Cu are of utmost importance for proper electron transfer during
photosynthesis as they perform the necessary redox reactions (Schmidt et al., 2020).
Chloroplasts derived from an ancient endosymbiotic event. Over the span of a billion of years,
eukaryotic plant cells derived from an archaeon ancestor that engulfed an a-proteobacterium.
The generated heterotrophic eukaryotic host cell contained mitochondria and a nucleus, and
evolved further into a green cell by the uptake of an early-cyanobacterium (Maréchal, 2018;
Martin et al.,, 2015). The endosymbiotic event by which the early-cyanobacterium was
engulfed lead to the evolution of the semiautonomous chloroplast organelle (Martin et al.,
2015). Cyanobacteria are gram-negative, which means they have an inner, as well as an outer
membrane separated by a periplasmatic space (Liberton, 2008). The chloroplast membranes
are supposed to be the ancient membranes of the up taken early-cyanobacterium (Keeling,
2004; Maréchal, 2018). Thus, in plants, chloroplasts are surrounded by two membranes and
thus metal ions need to pass those two chloroplast envelope membranes. Furthermore, some
metals, like Mn and Cu additionally need to pass the thylakoid membrane to enter the lumen.
Such a system is for example described for the Cu transporters HMA6 and HMAS (also PAA1
and PAA2), that reside in the inner envelope of chloroplasts and the thylakoid membrane,
respectively (Abdel-Ghany et al., 2005; Boutigny et al., 2014; Catty et al., 2011; Shikanai et al.,
2003). Mitochondria and chloroplasts still harbor parts of their original genome, but
additionally, massive gene transfers, gene loss and rearrangements occurred. In comparisons,
the modern time cyanobacteria such as Synechocystis possess 3168 protein-coding genes
(Kaneko & Tabata, 1997) while the chloroplast genome of the model plant Arabidopsis
thaliana harbors only 87 (Sato et al., 1999). Altogether, roughly 4500 genes were supposed to
be transferred from the chloroplast to the nuclear genome of Arabidopsis thaliana, but only
one third of the corresponding proteins are predicted to be retargeted into the chloroplast
(Leister, 2003). The remaining proteins underwent redirections into other compartments
(Leister, 2003). As a result of the outsourcing to the nuclear genome, the host gained control
over the chloroplast function, which is regulated by retrograde (from chloroplast to nucleus)
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and anterograde (from nucleus to chloroplast) signaling (Borner, 2017). In chloroplasts, the
composition of photosynthetic complexes is a mixture of chloroplast genome and nucleus
genome encoded proteins that consequently requires accurate regulation for correct
formation (Leister, 2003).

Furthermore, the genes rearranged to the nuclear genome needed to acquire so-called
N-terminal target sequences, which direct the encoded proteins post-translationally into the
respective compartments and membranes (Smeekens et al., 1986).

PAMZ71 and CMT1 are chloroplast localized members of UPF0016

Two of the five Arabidopsis thaliana UPFO016 members, PAM71 and its closest homolog CMT1
(Chloroplast Mn? transporter 1) - also called BICAT2, for Bivalent cation transporter 2 (Frank
et al., 2019), or PAM71-HL (Hoecker et al., 2017) harbor such cTP sequences (Hoecker et al.,
2017). The PAM71 cTP directs the protein solely into the thylakoid membrane, where the
protein is important for proper Mn loading of the OEC at PSII (Schneider et al., 2016). In
contrast, CMT1 resides solely in the inner envelope of chloroplasts (Eisenhut et al., 2018;
Zhang et al., 2018), which is in accordance with proteomic studies (Ferro et al., 2010; Ferro et
al., 2003). In our proteomic analysis we verified the endogenous CMT1 protein in the envelope
membrane, however endogenous PAM71 levels were below the limit of detection (Hoecker
et al., 2021). The CMT1 cTP has a predicted size of 66 aa (amino acids) and the one from
PAM71 of 73 aa (ChloroP, http://www.cbs.dtu.dk/services/ChloroP/, accessed 01.07.2021)
while both do not have any significant similarities when aligned (BLASTp,
https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed 01.07.2021). This phenomenon is also found
when performing BLAST searches of the cTP of the Cu transporters HMAG6 (envelope) and
HMAS8 (thylakoid membrane) where the former is 14 aa and the latter 63 aa (ChloroP,
http://www.cbs.dtu.dk/services/ChloroP/, BLASTp, https://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed 01.07.2021. Protein Sequences attached in Appendix). Thus, cTPs are very variable,
can span between 20 aa and 100 aa and are largely unstructured (Bruce, 1998; Krimm et al.,
1999; Wienk et al., 1999). One major protein import machinery of the chloroplast is the
TIC/TOC (translocon inner/outer envelope) complex residing in the chloroplast envelope (Soll,
2002). After being imported through these complexes, the cTP gets directly cut off by so called
SPP (stromal processing peptidase). In our case, CMT1 resides in the inner envelope while
PAM71 needs to be transported further into the thylakoid lumen. Therefore, the cTP of
PAM71 might possess a second cTP for targeting to the thylakoid membrane. However, 83 aa
of the N-terminus are sufficient for directing homologous proteins of PAM71 (TMEM165,
CMT1, MNX) into the thylakoid membrane, indicating that a second cTP might not be
absolutely required for functionality (Hoecker et al., 2021). It is worth noting, that we used a
prolonged version of the PAM71 cTP) for the Synechocystis MNX in our experiments as this
protein is lacking the 7t" putative TM domain which may play an important role in proper
orientation in the membrane. Thylakoid import can happen through the SEC (secretion route),
TAT (twin-arginine translocation) or SRP (signal recognition proteins) pathway. It was shown
that the transit peptide indicating the protein to be a substrate of the SEC or TAT pathway
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consists of two arginine, followed by a hydrophobic domain (Wang & Dalbey, 2011). So far it
is unclear which pathway is used by PAM71, in addition there is also the option of spontaneous
insertion. Investigating how insertion of CMT1 and PAM71 into the respecting membrane is
mediated, is a challenging task for future studies.

PAM71 and CMT1 managing chloroplast Mn homeostasis

The Mn transport ability of PAM71 and CMT1 was demonstrated, as both proteins can
complement the Apmr yeast mutant sensitivity to high Mn concentrations (Eisenhut et al.,
2018; Schneider et al., 2016). In addition, an independent study used the yeast mutant Asmf1,
lacking a Mn?*-only importer at the plasma membrane, which displays reduced growth under
Mn deficiency. Expression of CMT1 in this yeast mutant also rescues the Mn deficiency
phenotype as it restores the intracellular Mn?* levels (Zhang et al., 2018), confirming CMT1 to
be a Mn?* transporter. The impact and importance of CMT1 for Mn homeostasis in the
chloroplasts is supported by the drastical reduction of Mn concentrations in the chloroplasts
of cmt1 leading to reduced Mn binding in PSII complexes (Eisenhut et al., 2018; Zhang et al.,
2018). A different study mentioned PAM71 and CMT1 to be Ca®* importers into the thylakoid
lumen and stroma, respectively (Frank et al., 2019). However, chloroplast Ca levels were even
slighlty increased in the cmt1 mutant and CMT1 was not able to rescue the Ca?* sensitive
phenotype of the Agdtl yeast mutant and therefore Zhang and collegues concluded that
CMT1 is specific for Mn transport (Zhang et al., 2018). Regarding PAM71 we showed that
supplementing the growth media with Ca did not rescue the pam71 phenotype and moreover
the thylakoid lumen of pam71 accumulated more radiolabelled Ca than the WT, indicating
that the effect on Ca homeostasis might represent secondary effects. Furthermore, Mn supply
to the growth media was able to restore the pam71 phenotype back to WT phenotype -
including its PSIl performance. This suggests that phenotypic alterations in pam71 are
exclusivley due to reduced Mn?* transport into the thylakoid lumen and let us conclude that
PAM71 acts as Mn?* transporter (Figure 5). Nevertheless, the idea that CMT1 and PAM71 are
unspecific bivalent cation transporter with a preference for Ca still persists in the literature. If
the plant UPF0016 transporters are Ca?*/Mn?* transporter, it would be very difficult to
transport enough Mn?*to meet the high requirement of the OEC for this metal. To enable
sufficient Mn?* transport, the transport of Ca?* would have to be tightly regulated. That is for
example reported for a mitochondrial Ca uniporter, which changes its substrate specificity to
Mn?* when the regulatory interaction partner is missing (Kamer et al., 2018). There is no
indication that PAM71 is dependent on a regulatory interaction partner (Hoecker et al., 2021).
Furthermore, the difference in Mn?* and Ca%* concentration in chloroplast, with at least
tenfold higher Ca?* amounts (Zhang et al., 2018) would prefer PAM71 and CMT1 to transport
Ca?* instead of Mn?*,

For cmt1 and pam?71 it was shown that as a result of Mn?* deficiency in the thylakoid lumen
less Mn is incorporated into the OECs of PSII (Eisenhut et al., 2018; Schneider et al., 2016). As
a consequence, the oxygen evolution reflecting the activity of PSlI, is reduced as well as the
electron transport rate through PSIl and PSI (Eisenhut et al., 2018; Zhang et al., 2018).
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Correspondingly, regulated energy dissipation, non-photochemical quenching (NPQ) of PSII
and non-regulated energy dissipation (NO) of PSl increases in cmt1. If the electron transport
through PSII and PSI is disturbed, it is likely that more ROS are produced and indeed, more
superoxide anion radicals were detected in the cmt1 mutant (Eisenhut et al., 2018).

The very severe phenotype of cmt1 - compared to pam71 - underlines the importance of Mn?*
for chloroplast development and also for Mn-dependent reactions in the stroma (Figure 5).
Loss-of-function of both CMT1 and PAM71 did not result in a seedling lethal phenotype, but
resembeled more the one of cmtl, even being slightly better (Eisenhut et al., 2018). This
observation confirms that the proteins are not redundant in function, but the effect of the
loss of PAM71 in the background of cmt1 possibly generates a moderate level of Mn?* in the
stroma which might keep Mn-dependent reactions there active/possible. Consequently,
CMT1 is the limiting step in Mn?* delivery into the chloroplast. Although nothing is known
about the communication between chloroplast and nucleus - regarding sensing and regulating
Mn homeostasis it is speculative, that mechanisms in the double mutant could have a positive
effect in this communication. Conceivably, an unbalanced Mn?* ratio between chloroplast
stroma and thylakoid lumen in cmt1 can result in higher amounts of superoxide anion radicals
which may send stronger signal to cope with oxidation processes. The levels of MnSOD -
residing in mitochondria - decreased under standard growth conditions in cmt1 mutant plants
(Eisenhut et al., 2018). A similar regulatory mechanims in Chlamydomonas might help to
reduce MnSOD activity to promote PSIl performance under Mn defciency (Allen et al., 2007).
In cmt1 chloroplasts Zn levels seemed slightly higher than in WT or the complemented line
(Eisenhut et al., 2018; Zhang et al., 2018). This might be explained by a higher requirement of
Zn for the chloroplast Cu/Zn-dependent SOD. Although this only seems to help marginally, as
cmtl and the doublemutant cmtixpam71 accumulate superoxide anion radicals. Analyzing
the amount of chloroplast localized SOD levels in cmtl, pam71 and cmtixpam71 would
therefore be interesting for future studies.
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Figure 5 Schematic model for the Mn transport in chloroplasts by the proteins CMT1 and PAM71. CMT1 is transporting MnZ+
from the cytosol into the chloroplast stroma where it is then transported into the thylakoid lumen by PAM71. Afterwards,
Mn?* is incorporated into the OEC of PSII. In the stroma Mn2* can be used for Mn-dependent reactions. Modified from
(Schmidt et al., 2020; Zhang et al., 2018).

PML3, PML4 and PML5 as secretory pathway localized plant members of UPF0016

In plants, the UPFO016 family comprises mostly two chloroplast localized members as well as
a variable number of proteins which are predicted to be substrates of the secretory pathway
(Hoecker et al., 2017; Schneider et al., 2016). In Arabidopsis thaliana, the latter proteins are
encoded by three genes, At5g36290 (GDT1-like 3, renamed in PML3), At19g25520 (GDT1-like
4, renamed in PML4) and At1g68650 (GDT1-like 5, renamed in PML5). The genes coding for
PML4 and PML5 are supposed to originate from a segmental chromosome duplication event
in a progenitor of Arabidopsis thaliana (Hoecker et al., 2017). Localization studies revealed
PML4 and PMLS5 to be localized in the ER membrane (Hoecker et al., 2020). The single mutant,
as well as the double mutant did not display any altered phenotype under standard Mn or
higher Mn concentrations (Hoecker et al., 2020), suggesting PML4 and PML5 being
dispensable for proper plant metabolism. They both were expressed in the same organs, but
slightly differ in their cell type expression as for example PML4 was expressed in root hairs
while PML5 was expressed in the root stele (Hoecker et al., 2020). While knock-out of ECA1,
coding for an ER localized Mn?* transporter, resulted in defects in root hair elongation under
Mn excess (Wu et al., 2002) neither pml4, pmI5 nor the pml4xpml5 double mutant did show
any alterations. This led to the idea of PML4 and PML5 being rather responsible for fine tuning
of Mn allocation into the ER compartment, as ECA1 can still supply enough Mn?* for
Mn-dependent enzymes - like for example the auxin amidohydrolases (LeClere et al., 2002).
For further investigation of the role of PML4 and PMLS5, it would be interesting to generate
and test pmldxpmi5xecal triple mutants and double mutants of pm/4xecal and pml5xecal.
Additionally, the specificity towards Mn?* of PML4 and PML5 needs to be analyzed.
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The remaining protein, PML3, was localized in the Golgi membrane system - more precisely in
the cis-Golgi (Hoecker et al., 2020; Yang et al., 2021; Zhang et al., 2021). Mn?*transport ability
was explored by Zhang et al. (2021). Because PML3 complements the Mn-associated
phenotypes of Apmr and Asmf1 yeast mutant strains, it can be regarded as Mn transporter
(Yang et al., 2021; Zhang et al., 2021). PML3 was expressed in all organs, but the highest
expression was found in roots and Mn deficiency resulted in increased expression while other
ion deficiencies (Fe, Zn) had no influence (Hoecker et al., 2020; Yang et al., 2021; Zhang et al.,
2021). Several pmi3 alleles displayed reduced growth of roots and shoots under Mn deficiency
conditions, which could be restored gradually by Mn supply (Yang et al., 2021; Zhang et al.,
2021). Additionally, one study discovered curled leaves and brown spots in pm/3 mutant
raised on Mn-deficient media which could be a result of disturbed Mn distribution inside the
cells causing altered cell wall biosynthesis (Zhang et al., 2021). Pollen germination was
affected, and pollen tube elongation was slower in pm/3 mutants leading to reduction in
siliques size and seed fertility and pollen tubes display abnormal morphologies like swelling
and branching (Zhang et al., 2021). Yang et al. suggested PML3 to play an important role in
Golgi Mn homeostasis that can affect cell wall biosynthesis, for example the cellulose content
was reduced in pm/3 under Mn deficiency, and could be reversed by adding Mn (Yang et al.,
2021). Pollen tube elongation requires rapid biosynthesis and removal of cell wall
components, that is why disturbance in those processes can affect pollen tube growth (Zhang
et al., 2021). Enzymes regulating N-glycosylation, for example the a-mannosidases (MNS1,
MNS2, MNS3), had decreased activity in the pm/3 mutant under Mn deficiency (Yang et al.,
2021). Additionally, the RSW2 enzyme that regulates cell wall biosynthesis was reduced in
pmli3 (Yang et al., 2021). It was suspected that the reduced cellulose amount under Mn
deficiency was a consequence of reduced RSW2 protein and altered N-glycosylation of RSW2
in pmI3 plants (Yang et al., 2021). Overexpression of PML3 in WT plants led to wrinkled leaves
(Hoecker et al., 2020) which might indicate a disturbed cell wall composition as well.
Overexpression of PML3 might cause Mn?* excess in the Golgi, which could affect
N-glycosylation and hence cell wall biosynthesis. Like PML3, the human and yeast homologs
influence Golgi Mn?* levels and downstream Mn-dependent reactions (Potelle et al., 2016).
The transporter NRAMP2 - also localized in the Golgi membrane - is releasing Mn?* into the
cytosol and is also required for proper plant growth and Mn distribution (Alejandro et al.,
2017; Gao et al., 2018). Interestingly though, compared to pml3 single mutant, the double
knock out of NRAMP2 and PML3 were able to rescue the Mn deficiency phenotype (Yang et
al., 2021). It was supposed, that reduced Mn release into the cytosol by loss of function of
NRAMP2 prevents high pmi3-induced Mn deficiency in the Golgi (Yang et al., 2021). These
findings solidified the impact of PML3 on Golgi Mn homeostasis and Mn-dependent reactions.

Taken all these together, PML3 is hypothesized to transport Mn?* from the cytosol into the
Golgi lumen, managing Mn homeostasis for proper cell wall biosynthesis and glycosylation
which is especially important for rapid growing tissue (Yang et al., 2021; Zhang et al., 2021).
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Manganese transport of UPF0016 proteins as an ancient feature

PAM71, CMT1 and PML3 are characterized as Mn?* transporters of the thylakoid membrane,
the inner envelope and the Golgi membrane, respectively. The human (TMEM165) and yeast
(GDT1) homologs are supposed to have an extra function in Ca?* transport - with GDT1 having
higher affinity to Ca?* - which gave rise to the suggestion that members of the UPFO016 are
involved in Ca?* transport as well. Several complementation studies - introducing truncated
versions of TMEM165 (Stribny et al., 2020), PAM71 (Wang et al., 2016) into Agdt1 and CMT1
into Apmr1Agdt1 (Frank et al., 2019) - suppressed their conditional phenotype when grown
on high concentrations of Ca?*. However, it is not clear whether the Ca?* sensitivity of Agdt1
mutants is only a result of Mn deficiency and introducing heterologous genes into the Agdtl
mutant background might rescue Mn transport.

In the present work, complementation assays employing pam71 and fusion proteins of the
CTP from PAM71 with the (core)protein of the human TMEM165, the Arabidopsis thaliana
CMT1 and the Synechocystis MNX were conducted. It turned out that all three proteins were
able to completely rescue the pam71 mutant phenotype (Hoecker et al., 2021). Mn binding in
the OEC of PSII was restored in all three overexpressor lines, which resulted in the rescue of
protein levels of photosynthetic complexes and ultimately in photosynthetic performance. For
the Synechocystis Amnx strain, it was shown that the intracellular Mn pool increased, while
other ion pools - including Ca?* - were nearly unaffected (Brandenburg et al., 2017; Gandini et
al., 2017). It was concluded that MNX is a specific Mn transporter, like the only other - to date
- characterized bacterial UPFO016 member from Vibrio cholerae MneA (Fisher et al., 2016). In
AmneA strains an increased sensitivity to high extracellular Mn levels, as well as increased
internal Mn pools, can be found (Fisher et al., 2016). In conclusion, this suggests a specific
Mn-only transport function for bacterial members of the UPF0016 family. Because MNX was
able to complement the pam71 phenotype to wildtype levels the hypothesis of PAM71 to
work as specific Mn?* transporter is strengthened. In case that Ca?* transport of PAM71 plays
a significant physiological role, we would not have expected MNX to fully complement the
plant phenotypes.

Taken together, Synechocystis MNX can functionally complement pam71 and it is therefore
obvious that the functionality of both proteins remained conserved since the endosymbiotic
event. TMEM165 and plant secretory proteins seem to be introduced during an earlier gene
transfer event (discussed in the following paragraph). Thus we concluded, the common
functionality of UPFO016 transporter was established predating the endosymbiotic event,
because even TMEM165 was able to substitute for PAM71 in Arabidopsis thaliana (Hoecker
et al,, 2021). Consequently, Mn?* transport is an ancient feature of UPF0016 proteins.
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Figure 6 Schematic illustration of the phylogenetic analysis including two-clustered topology proteins of the UPF0016,
modified from (Hoecker et al., 2021). Eukaryotes and cyanobacteria are more closely related than cyanobacteria to other
prokaryotes and archaea (lower part, grey box).

If we take a closer look at the phylogeny of UPFO016, we can find interesting points regarding
their evolution. Demaegd et al. (2014), separated the UPFO016 gene family into twelve
subgroups (Figure 2) with two main groups - bacteria & archaea as the first and eukaryotes &
cyanobacteria as the second group (Demaegd et al., 2014). They found cyanobacteria proteins
of two-cluster topology - (corresponding to 6 TM domains) group VI - to be closer related to
the ones of eukaryotes than to other bacteria and archaea proteins. The single-cluster
cyanobacteria proteins (corresponding to 3 TM domains; group |l and lll, Figure 2) are closer
related to prokaryotes and archaea (Demaegd et al., 2014). In our phylogenetic study we
included all plant paralogs of Arabidopsis thaliana and Oryza sativa as representatives as well
as other eukaryotic proteins (in total 24 eukaryotic proteins from 10 species), including human
HsTMEM165 and yeast ScGDT1. Additionally, 33 proteins of prokaryotes which encompass
only two-cluster topology proteins encoded by a single gene were included, and we rooted
the tree on Arabidopsis thaliana TerC, which is also part of the LysE transporter superfamily.
The two closely related chloroplast localized UPFO016 members - in Arabidopsis thaliana
PAM71 and CMT1 - clustered together with their counterparts from other plant species - for
example rice - which was referred to subgroup VIl according to Demaegd et al. (2014). Our
analysis returned the same tree with all chloroplast localized members clustered in subgroup
2 (See Figure 6, according to (Hoecker et al., 2021). The remaining plant homologs, as well as
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the human and yeast ones were combined in subgroup 1. Both subgroups (1 and 2) were
closely related to the cyanobacterial group and not to any other investigated bacterial phyla
(see Figure 6) in accordance with the tree obtained by Demaegd et al. (2014) (Figure 2).
Differences to the former classification according to Demaegd et. al. (2014), appeared in our
subgroup 1. We did not observe clear phylogenies among the eukaryotic members, for
instance clustering of Golgi membrane localized proteins. Instead, the ER membrane localized
homologs from plants (e.g., PML4 and PML5) seem to be closer related to the human
TMEM165 and yeast GDT1, than to the Golgi membrane localized plant PML3 versions. This
might indicate that the ancestral gene is the one coding for a protein directed to the ER
membrane as it also represents the simplest version lacking a target peptide (e.g., PML4 or
PMLS5). It could be that in the green lineage further duplication events evolved the gene PML3,
coding for the Golgi membrane localized homolog, represented by its conservation from
mosses to higher plants. Recently in evolution, PML5 was generated from PML4 by a
segmental chromosome duplication in a progenitor of Arabidopsis thaliana.

With respect to the chloroplast localized proteins of subgroup 2 (containing AtCMT1 and
AtPAM71) we postulate the respective gene arose from cyanobacteria through endosymbiotic
gene transfer (EGT). During the endosymbiotic event that led to the implementation of
chloroplasts in plants, this gene was transferred into the nuclear genome and duplicated later.
It is well established that genes from the cyanobacteria ancestor were transferred to the
nucleus and that the proteins they code for can replace each other (Leister, 2003, 2016;
Savidge et al., 2002). This is further supported by the fact that Synechocystis MNX can replace
PAM71 at the thylakoid membrane.

Manganese/Proton Antiport

UPF0016 members are hypothesized to work as secondary transporter (Thines et al., 2020).
Loss of TMEM165 leads to an acidification of the human Golgi lumen due to reduced H*
transport into the cytoplasm (H. Wang et al., 2020). In addition, transport by GDT1 depends
on the pH gradient between the cytosol and the Golgi lumen in yeast (Thines et al., 2020). In
chloroplasts, usually, a strong proton gradient is generated across the thylakoid membrane
during illumination (H6hner et al., 2016; Pottosin & Shabala, 2016). This proton gradient could
be used to drive the Mn?* uptake into the acidic thylakoid lumen via PAM71 (Schneider et al.,
2016; Thines et al., 2020). With the cross-species complementation assays we could
demonstrate that TMEM165, MNX and CMT1 are able to complement pam71 (Hoecker et al.,
2021), in addition to its ortholog from Zea maize (C. Wang et al., 2020). Consequently, if
PAM71 is performing Mn?*/H* antiport, the other proteins should have the same transport
mechanism even though the precise transport mechanism of CMT1 is still far from being
understood. Across the envelope membrane there is a proton gradient from the cytosol (pH
7) to the stroma (pH 8) during illumination (H6hner et al., 2016). Due to this, the situation at
the envelope membrane is more complex and for example would require a local
microenvironment, where the proton gradient is inversed to allow CMT1 to act in a MnZ*/H*
antiport mechanism. PAM71 cannot substitute CMT1 in cmt1 mutant plants, thus it might not
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be able to cope with the conditions prevailing at the envelope membrane or it simply might
be not present in sufficient amounts (Hoecker et al., 2021).

In summary, it seems most likely that the UPFO016 proteins perform Mn?* transport in
exchange of protons. It is possible that several members, for example CMT1, gained specific
features to influence the surrounding pH in order to make Mn?* transport in exchange for
protons possible. The fact that, for example, TMEM165 can replace PAM71 makes this even
more interesting, as human Golgi membrane composition differs from the thylakoid
membrane, indicating that - at least - the influence of the lipid composition might be
negligible. To further confirm the substrate specificity and the H* antiport mechanism, direct
transport assays will have to be performed in future.

Regulated Min homeostasis is crucial for plant growth

Mn is the second most abundant trace metal in Earth's crust and it is widespread in soils,
sediments and other biological materials (Geszvain et al., 2012).For plants, Mn availability
depends on the pH and redox conditions of the soil (Geszvain et al., 2012; Sparrow & Uren,
2014). Mentioned and explained in the introduction, there are many enzymes using Mn as
cofactor or as activator. Therefore, to be able to face Mn excess or deficiency, plants need a
tightly regulated Mn homeostasis. High Mn levels can additionally cause ROS formation and
for some species, for example perennial ryegrass, there is a sophisticated active antioxidation
system reported (Ribera-Fonseca et al., 2013). Interestingly, cmt1 had an overall reduction of
Mn concentration in shoots, which could explain the observed smaller amounts of
mitochondrial MnSOD which could have led to the accumulation of superoxide anion radicals
(Eisenhut et al., 2018). Additionally, decreased Fe amounts in cmt1 chloroplasts may result in
a decreasing activity and/or amount of chloroplast localized FeSOD. Therefore, it would be
interesting to further examine the antioxidation systems. To prevent high cytosolic Mn
accumulation, a regulated Mn transport is from utmost importance for plant Mn homeostasis.
This already starts with the uptake of Mn from roots, followed by the translocation and
distribution into most plant organs and cell compartments. There are many protein families
involved in this process, for example members of the ECA/NRAMP/ CCX and CAX family, as
well as the UPF0016 protein family (Figure 7). Some members of ECA, MTP, CAX, CCX are
organizing the intracellular distribution into several (storage) compartments to prevent
cytosol toxification. NRAMP family proteins are involved in releasing Mn from vacuoles and
the Golgi apparatus into the cytosol to supply other compartments with Mn under Mn
deficiency. All proteins of the UPF0016 family are hypothesized to act as Mn transporter. The
two chloroplast localized members are the solely described Mn transporter importing Mn into
the stroma (CMT1) and into the thylakoid lumen (PAM71, see Figure 5). Disturbing their
functionality led to detrimental effects in chloroplast development (cmt1) and photosynthetic
performance (cmt1 and pam71) (Eisenhut et al., 2018; Schneider et al., 2016). The remaining
members, localize in the ER membrane (PML4/PML5) (Hoecker et al., 2020) and the Golgi
membrane localized PML3 is important for proper Mn supply into this compartment (Yang et
al., 2021; Zhang et al., 2021).
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In summary, we characterized the UPFO016 as Mn transport family, and Mn transport can be
regarded as ancient feature of this protein family. There are still many open questions
regarding regulation of Mn homeostasis, Mn sensing and signaling of the Mn status within a
specific compartment. Future perspectives include investigation of the transport mechanisms,
possibly Mn%*/H* antiport. This will contribute to a deeper understanding of Mn homeostasis
in plants. Additionally, it would be important to identify proteins mediating mitochondrial Mn
transport to improve the understanding of subcellular Mn distribution and possible crosslink
between Mn transport and Mn-dependent antioxidation. How plants sense Mn deficiency or
excess and send responding signals to the nucleus is unknown to date. Determining the
underlying mechanisms in response to environmental changes and the interplay of different
metal homeostasis could help speeding crop development. Crops that can quickly adapt to
drought, heat stress and fluctuating nutrient availabilities are of great desire in the face of
climate change and rising population.
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10 Appendix

10.1 List of Protein Sequences

Sequences from: http://aramemnon.uni-koeln.de/ Accessed: 01.07.2021

PAM71 (At1g64150.1):

MLSLNLSESLRIPFQNPRPPKSDFSSTSSSPSSSSRRCVSAYPIPIGFSVRNQYFSRCLTQLRRNESQQLGFRC
FQRNDAACYLEKAESEEHDRNLDVLVESSIAHSRREIQRVLMFLAVSGSVALLGTDPAFAASSIPNVTQSLV
TSFGDLGDISSGFASAFLLIFFSELGDKTFFIAALLAARNSAATVFVGTFGALGIMTIISVVLGRTFHYVDEVL
PFRFGGTDLPIDDIAAVCLLVYFGVSTLLDAVSDEGKADEEQKEAELAVSELSGNGAGIVAAANTIISTFALV
FVAEWGDKSFFSTIALAAASSPLGVIAGALAGHGAATLLAVLGGSLLGNFLSEKAIAYVGGVLFLVFAAVTV
AEIVT

CMT1 (At4g13590.1):

MKLTSLSKNANSTATAVTVSSIQKLPFLSLSETLPCPKSSRKPTFLPLRCRRRPKLDLLWGKFRVRASDAGV
GSGSYSGGEEDGSQSSSLDQSPATSSESLKPRGPFPYSLSIALVLLSCGLVFSLITFVKGGPSSVLAAVAKSGF
TAAFSLIFVSEIGDKTFFIAALLAMQYEKTLVLLGSMGALSLMTILSVVIGKIFQSVPAQFQTTLPIGEYAAIAL
LMFFGLKSIKDAWDLPPVEAKNGEETGIELGEYSEAEELVKEKASKKLTNPLEILWKSFSLVFFAEWGDRS
MLATVALGAAQSPLGVASGAIAGHLVATVLAIMGGAFLANYISEKLVGYVGGALFLVFAAATFFGVF

HMAG6 (At4g33520.1):

MESTLSAFSTVKATAMARSSGGPSLPLLTISKALNRHFTGARHLHPLLLARCSPSVRRLGGFHGSRFTSSNS
ALRSLGAAVLPVIRHRLECLSSSSPSFRSISSGGGSGFGGYNGGSGGGGGGGSESGDSKSKLGANASDGVS
VPSSDIIILDVGGMTCGGCSASVKKILESQPQVASASVNLTTETAIVWPVPEAKSVPDWQKSLGETLANHL
TNCGFQSTPRGEVPEDIAGEFAP

HMAS8 (At5g21930.1):

MASNLLRFPLPPPSSLHIRPSKFLVNRCFPRLRRSRIRRHCSRPFFLVSNSVEISTQSFESTESSIESVKSITSDT
PILLDVSGMMCGGCVARVKSVLMSDDRVASAVVNMLTETAAVKFKPEVEVTADTAESLAKRLTESGFEA
KRRVSGMGVAENVKKWKEMVSKKEDLLVKSRNRVAFAWTLVALCCGSHTSHILHSLGIHIAHGGIWDLL
HNSYVKGGLAVGALLGPGRELLFDGIKAFGKRSPNMNSLVGLGSMAAFSISLISLVNPELEWDASFFDEPV
MLLGFVLLGRSLEERAKLOQASTDMNELLSLISTQSRLVITSSDNNTPVDSVLSSDSICINVSVDDIRVGDSLL
VLPGETFPVDGSVLAGRSVVDESMLTGESLPVFKEEGCSVSAGTINWDGPLRIKASSTGSNSTISKIVRMV
EDAQGNAAPVQRLADAIAGPFVYTIMSLSAMTFAFWYYVGSHIFPDVLLNDIAGPDGDALALSLKLAVDV
LVVSCPCALGLATPTAILIGTSLGAKRGYLIRGGDVLERLASIDCVALDKTGTLTEGRPVVSGVASLGYEEQE
VLKMAAAVEKTATHPIAKAIVNEAESLNLKTPETRGQLTEPGFGTLAEIDGRFVAVGSLEWVSDRFLKKND
SSDMVKLESLLDHKLSNTSSTSRYSKTVVYVGREGEGIIGAIAISDCLRODAEFTVARLQEKGIKTVLLSGDR
EGAVATVAKNVGIKSESTNYSLSPEKKFEFISNLQSSGHRVAMVGDGINDAPSLAQADVGIALKIEAQENA
ASNAASVILVRNKLSHVVDALSLAQATMSKVYQNLAWAIAYNVISIPIAAGVLLPQYDFAMTPSLSGGLM
ALSSIFVVSNSLLLQLHKSETSKNSL
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