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Preface

Preface

Following on a summary in English and German language, this PhD thesis introduces in
the significance, mechanisms, and origin of photosynthesis, with a focus on the role of
cyanobacteria and the importance of manganese homeostasis for photosynthetic
organisms. The introduction concludes with a definition of the aim of this work. The main

part of this thesis consists of three manuscripts.

The first manuscript, entitled 'The Synechocystis Manganese Exporter Mnx Is Essential
for Manganese Homeostasis in Cyanobacteria’, identifies the so far uncharacterized
cyanobacterial protein SII0615 as manganese export protein in the cyanobacterium
Synechocystis sp. PCC 6803. The manuscript illustrates the importance of SIll0615 for
manganese homeostasis and photosynthesis and has been published in in Plant

Physiology (Brandenburg et al., 2017b).

Derived from the first manuscript, a novel protocol for the determination the cellular
manganese content in Synechocystis sp. PCC 6803 has been published as a method
paper entitled ‘Determination of Mn Concentrations in Synechocystis sp. PCC 6803

Using ICP-MS' in Bio-protocol (Brandenburg et al., 2017a).

The third manuscript with the running title The Synechocystis hemi manganese
Exchanger Hmx1 and Hmx2 Elucidate the Importance of Manganese Export in
Manganese Homeostasis in Cyanobacteria’ summarizes the results obtained so far for
the two proteins SIr1170 and Ssr1558, and discusses their hypothetical function in

manganese transport.

Finally, a concluding remark gives a résumé of the three manuscripts and places the
scientific advances of this thesis in the wider context of scientific progression in

manganese homeostasis over the past years.
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Summary

Summary

Photosynthesis is considered the most important biological process on earth and the
integral understanding of photosynthesis is one of the key goals for humankind. While
the general mechanism of photosynthesis is well understood, many transport

processes related to photosynthesis remain yet to be discovered.

Over 3 billion years ago, cyanobacteria-like prokaryotes were the first organisms
performing oxygenic photosynthesis and are the origin of all chloroplasts of higher
plants in a process called endosymbiosis. Nowadays, free-living cyanobacteria
significantly account for the earth's net primary production and offer interesting
biotechnological opportunities. Their ecological and economical relevance, together
with their close relationship to the chloroplasts of all higher plants makes cyanobacteria

excellent study objects for photosynthetic research.

The transition metal manganese is an essential micronutrient for organisms performing
oxygenic photosynthesis, but has also detrimental effects when present in excess.
Therefore, photosynthetic organisms like cyanobacteria need to maintain their internal
manganese concentrations within a narrow range. The network of manganese
homeostasis in the cyanobacterium Synechocystis sp. PCC 6803 has been investigated
to some extend in the past and several key players are known. However, the current
knowledge is limited to manganese import mechanisms. This thesis identifies the first
export mechanisms for manganese in the cyanobacterium Synechocystis sp. PCC
6803. The results obtained illustrate the relevance of manganese export and elucidate

the importance of strictly regulated manganese homeostasis for the cell.



Zusammenfassung

Zusammenfassung

Photosynthese wird als der wichtigste biologische Prozess der Erde angesehen und das
ganzheitliche Verstandnis der Photosynthese ist eines der wichtigsten Ziele der
Menschheit. Wahrend der grundlegende Mechanismus der Photosynthese gut
verstanden ist, verbleiben viele der Photosynthese zugehdrigen Transportprozesse

noch unbekannt.

Vor lber 3 Milliarden Jahren, waren den heutigen Cyanobakterien dhnliche Prokaryoten
die ersten Organismen die oxygene Photosynthese verrichteten und sind, durch einen
Endosymbiose genannten Vorgang, der Ursprung aller Chloroplasten héherer Pflanzen.
Heutzutage, tragen freilebende Cyanobakterien immer noch signifikant zur
Nettoprimarproduktion der Erde bei und bieten interessante Mdglichkeiten zur
biotechnologischen Anwendung. lhre 06kologische und O6konomische Relevanz,
zusammen mit ihrer engen Verwandtschaft zu den Chloroplasten aller hdheren Pflanzen
macht Cyanobakterien zu exzellenten Studienobjekten flr die Erforschung der

Photosynthese.

Das Ubergangsmetall Mangan ist ein essentieller Mikronahrstoff fiir Organismen die
oxygene Photosynthese betreiben, hat aber auch schadliche Effekte, wenn es im
Uberfluss vorhanden ist. Dem entsprechend, miissen photosynthetische Organismen
ihre internen Mangankonzentrationen in einem engen Rahmen konstant halten. Das
Netzwerk der Manganhomdéostase im Cyanobakterium Synechocystis sp. PCC 6803
wurde teilweise untersucht und mehrere Schlisselspieler sind bekannt. Der
gegenwartige Wissensstand bleibt dennoch auf Importmechanismen flir Mangan
beschrénkt. In dieser Dissertation werden die ersten Exportmechanismen im
Cyanobakterium Synechocystis sp. PCC 6803 identifiziert. Die erlangten Erkenntnisse
illustrieren die Relevanz des Exports von Mangan und verdeutlichen die Bedeutung

strikt regulierter Manganhomdostase fur die Zelle.



Introduction

Introduction

Photosynthesis is the engine of life. The process not only provides the oxygen we
breathe, but is also responsible for the initial formation of the ozone layer, which
protects all life from solar ultraviolet (UV) radiation (Barber, 2003). Above all, most
heterotrophic life — including humans - is strongly dependent on energy-rich carbon
molecules fixed by photosynthetic organisms for nourishment and fuel. Thus, the
integral understanding of photosynthesis is crucial for advances in agriculture, fuel
production and other biotechnological approaches. The history of photosynthetic
research dates back to the late 18" century, when the scholars Joseph Priestly and Jan
Ingenhousz published the first qualitative description of photosynthesis (Raven et al.
1999). While especially many transport processes directly or indirectly involved in
photosynthesis remain yet to be discovered, the general reaction mechanism of

photosynthesis has become textbook knowledge.

General Mechanism of Oxygenic Photosynthesis

Photosynthesis is a process in which cells use light energy to oxidize water (H20) in
order to form complex and energy rich carbon molecules by the reduction of carbon
dioxide (CO.). In general, photosynthesis takes place in specialized cell compartments
named chloroplasts and consists of the so-called light reaction and the Calvin-Benson-

Bassham cycle.

The light reaction of photosynthesis, takes place in a membrane system inside the
chloroplasts named the thylakoid membrane. The thylakoid membrane forms an
enclosed compartment, which harbors all proteins complexes conducting the light
reaction. Two photosystems (PSI and PSII) use light energy to excite electrons, which

are transported along the thylakoid membrane, in order to generate the energy-rich



Introduction

molecule adenosine triphosphate (ATP) and the reduction equivalent nicotinamide

adenine dinucleotide phosphate (NADP*, or NADPH inits reduced form).

The excited electrons are generated in the PSII reaction center P680. Light energy
absorbed in the light-harvesting complexes (LHCs) of the photosystems powers the
reaction. Upon absorption of light energy, P680 undergoes charge separation and
passes excited electrons along the electron transport chain in the thylakoid membrane
(Zouni et al., 2001). The oxidized P680 (P680*) — one of the strongest biological oxidizing
agents known — withdraws electrons from a manganese-oxygen-calcium (MnsOsCa)
cluster (Mn cluster) which is part of the so called oxygen-evolving complex (OEC) in PSII
(Rappaport et al., 2002). Eventually, the Mn cluster conducts the splitting of water and
thereby regenerates the electrons passed across the electron transport chain. The
splitting of water, a unique process in nature, results in the formation of molecular
oxygen (O2) and protons (H*). Most organisms on earth depend on the O, released in this
reaction, whereas the H* contribute to the formation of the H* gradient across the

thylakoid membrane required for ATP formation.

The protein complex plastoquinol-plastocyanin reductase (cytochrome bsf complex)
transports the electrons, excited by PSIl, to PSI via the isoprenoid quinone
plastoquinone and the small protein plastocyanine. In this process, cytochrome bef
complex also transports protons across the thylakoid membrane into the thylakoid
lumen, creating a proton gradient across the thylakoid membrane. The transported
electrons are excited further by PSI and are transferred to ferredoxin-NADP* reductase
(FNR) via the iron-sulfur protein ferredoxin. FNR reduces NADP* to NADPH. Finally, the
enzyme ATP synthase uses the proton gradient, generated by cytochrome bsf complex
and the water-splitting reaction, to conduct the condensation of adenosine
diphosphate (ADP) and inorganic phosphate to ATP. Both, ATP and NADPH fuel the
Calvin-Benson-Bassham-Cycle to fix CO2 from the atmosphere in order to synthesize

energy-rich carbohydrates.
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Cyanobacteria, the origin of Photosynthesis and the rise of Atmospheric Oxygen

Before the rise of photosynthesis, the earths' atmosphere was composed of methane
(CH4), CO2, and nitrogen (N2) and the first organisms performed a strictly anaerobic
metabolism (Hohmann-Marriott and Blankenship, 2011). It is believed that early life used
hydrogen (H>), ferrous iron (Fe?*), or hydrogen sulfide (H>S) as electron donor for redox
reactions in order to synthesize energy-rich molecules and fuel their metabolism
(Hohmann-Marriott and Blankenship, 2011). Hence, it is hypothesized that the first living
cells developed in the oceans near hydrothermal vents, which leak Hz, CO, and other
important components for anaerobic life out of the ocean ground (Martin et al., 2016).
Moreover, these hydrothermal vents provide tolerable temperatures of 60-70°C in
comparison to the 400°C of a so called black smoker or the 2°C of the surrounding

water at the given depth (Martin et al., 2016).

The exact timing of the evolution of the first photoautotrophic organisms is still under
debate, but analysis of stromatolites and morphological resemblance of microfossils
with modern cyanobacteria lead to the hypothesis that cyanobacteria-like prokaryotes
were among the first organisms on earth performing oxygenic photosynthesis
(Awramik, 1992; Hohmann-Marriott and Blankenship, 2011). With the ability to oxidize
H-0O, the early cyanobacteria had access to an unlimited source of electrons and H* for

the first time, which allowed the expansion to new habitats (Dismukes et al., 2001).

The release of O, as a byproduct of photosynthesis also changed the composition of
the atmosphere and oceans dramatically (Figure 1). About 2.4 billion years ago, oxygen
levels in the atmosphere rose for the first time above levels that can be explained
exclusively by the photolysis of H,O caused by UV radiation (Figure 1). This is referred to
as the 'Great Oxidation Event’ (GOE) and is hypothesized to be a direct result from the
evolution of oxygenic photosynthesis (Buick, 2008). Intriguingly, the earliest microfossils

of cyanobacteria date as early as 3.3-3.5 billion years ago, about 1 billion years before

10
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the GOE (Sternberger et al., 1987). However, the O, from the first local oxygenated
aquatic environments may not have ended up in the atmosphere for example due to the
oxidation of Fe?" of hydrothermal origin to iron oxides or reactions of O, with
atmospheric CHs (Awramik, 1992; Canfield et al., 2006). The latter may have even
caused the Huronian glaciation, the second of five glaciation periods of the earth (Kopp
et al., 2005). Taken together, these events may explain the time delay between the first
evolution of oxygenic photosynthesis and the GOE. Additionally, a most recent genomic
comparison of cyanobacteria and closely related phyla dates the origin of
cyanobacterial oxygenic photosynthesis relatively late in their evolution to about 2.5-2.6
billion years ago and supports a direct causation of oxygenic photosynthesis and the

rise of Oz in the atmosphere (Soo et al., 2017).
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Figure 1: Evolution of photosynthesis in geological context. Precipitated iron oxides appear in sediments
with the first evidence of autotrophic life before significant amounts of oxygen accumulate in the
atmosphere (4-2 billion years before present). The evolution of photosynthetic eukaryotes and land-based
plants is linked to the increase of atmospheric oxygen to today's concentration of 20%. Modified after

Hohmann-Mariott and Blankenship (2011).

What is certain is that the changed composition of the atmosphere and oceans
drastically changed the path of evolution. The evolution of oxygenic photosynthesis
enabled the evolution of advanced life by promoting the formation of an ozone shield in

the stratosphere protecting life from solar UV radiation (Blankenship, 1992) and by

11
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changing the redox balance on earth (Hohmann-Marriott and Blankenship, 2011). The so
far strictly anaerobic organisms were forced to either adapt to the increasing
concentrations of O,, become specialists to local anaerobic niches, or become extinct
(Hohmann-Marriott and Blankenship, 2011). On the other hand, organisms which
successfully adapted to the increased O levels in their environment, benefited from an
18-times higher production of ATP per metabolic input (as hexose sugar) of aerobic
compared to anaerobic metabolism (Dismukes et al., 2001) and eventually evolved the

metabolic networks we know today.

In a second step, the oxygen concentration of the atmosphere raised to the current
20% (Figure 1), caused by the evolution of photosynthetic eukaryotes dating back about
1 billion years ago (Hohmann-Marriott and Blankenship, 201 1). Phylogenetic analysis led
to the conclusion that most likely all plastids from eukaryotic algae and plants originate
from a single endosymbiotic event occurring about 1 to 1.5 billion years ago (Cavalier-
Smith 2000; Weber et al. 2006), in which a eukaryotic, heterotrophic cell engulfed a free-
living cyanobacterium but did not digest it (Chan & Bhattacharya 2010). The
incorporation was followed by the establishment of an exchange system for fixed
carbon starting a symbiotic relationship (Weber et al., 2006). Gene transfer from the
cyanobacterium to the host cell nucleus finally resulted in cell organelle that today we

call the chloroplast (Weber et al., 2006).

The Cyanobacterial Model Organism Synechocystis sp. PCC 6803

Nowadays, free-living cyanobacteria still account for 20-30% of the earth’'s primary
photosynthetic production and are candidates for a variety of biotechnological
applications. While the usefulness of cyanobacteria for biomass production is under
debate, the use for the production of high value chemical compounds offers interesting

economic opportunities (Cotton et al., 2015). These opportunities and cyanobacteria’'s

12
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close relationship to the plastids of all eukaryotic phototrophs makes it an interesting

research subject for photosynthetic research.

Cyanobacteria belong to the domain of prokaryotes but form a separate phylum as they
possess chlorophyll a and perform oxygenic photosynthesis (Bryant, 1994; Ruggiero et
al., 2015). For this instance, they were thought to be eukaryotic algae until electron
microscopy and biochemical analysis could reveal this prospect (Bryant, 1994). The
unicellular, freshwater cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis) is
the most popular model organism among the cyanobacteria. In contrast to plants, the
thylakoid systems of Synechocystis form ring shaped structures inside and in close
proximity to the plasma membrane (Figure 2 A). Several regions where the thylakoids
converge towards the plasma membrane are visible on electron microscopic images
(Figure 2 B). These regions are the so-called biogenesis or repair centers and are
believed to be important during the assembly and repair of PSIl (Stengel et al., 2012;

Nickelsen and Rengstl, 2013; Heinz et al., 2016)

Synechocystis is a gram-negative bacterium and surrounded by an outer and a
cytoplasmic membrane which border an intermembrane space called periplasm (Figure
2 C) (Al-Amoudi et al. 2004). Certain nutrients, for example Mn are known to be stored

predominantly in the periplasm (Keren et al., 2002).

The complete genome of Synechocystis became available in 1996 (Kaneko et al., 1996;
Kaneko and Tabata, 1997). The genome consists of a single chromosomal plasmid of
approximately 3.5 mega base pairs (Mbp), containing roughly 3,000 protein coding
genes (Kaneko et al., 1996). Synechocystis is highly polyploid and contains more than
200 genome copies in exponential phase and more than 50 in stationary phase (Griese
et al., 2011). In comparison, the likewise unicellular salt-water species Synechococcus
PCC 7942 contains about 3-4 genome copies, regardless of the growth phase. Besides

the chromosomal plasmid, Synechocystis contains several smaller (2.3-5.2 kilo base

13
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pairs, kbp) and larger (44-120 kbp) plasmids of different sizes (Kaneko et al., 2003). As
the genes encoded on most plasmids are uncharacterized, their exact function remains
unknown. However, 75% of the sequence of the 100 kbp plasmid pSYSA encode three
different clustered regularly interspaced short palindromic repeats (CRISPR) systems,
mediating antiviral defense (Kopfmann and Hess, 2013). The presence of seven
simultaneously active toxin-antitoxin systems to ensure the maintenance of the plasmid
through post-segregational killing mechanisms elucidates the importance of the

plasmid (Kopfmann and Hess, 2013).

A

Figure 2: Electron microscopic images of Synechocystis. (A) The thylakoid membranes form ring shaped
structures inside the plasma membrane. Triangles indicate the biogenesis or repair centers (taken from
Heinz et al., 2016). (B) Close up of the biogenesis or repair center (arrow). These regions, where the thylakoid
membranes are close to the plasma membrane are thought to be important for PSIl biogenesis and repair
(modified after Heinz et al., 2016). (C) Outer membrane and cytoplasmic membrane enclose and
intermembrane space called the periplasm (modified after Al-Amoudi et al., 2004). Black scale bars are 200

nm, white scale baris 100 nm.

Standard cultivation conditions for Synechocystis include moderate temperatures of
around 30°C, light intensities of 60-100 umol photons m? s, and a pH of 7.5 in a
defined medium called BG-11 (Rippka et al., 1979). The use of a defined medium allows
the precise manipulation of the chemical environment the culture is facing. Protocols to
delete (Hagemann and Zuther, 1992; Hagemann et al., 1997; Eisenhut et al., 2006) or

overexpress (Lagarde et al., 2000) target genes are available and well established.

14
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The Role of Manganese in Photosynthesis and Cell Function

For photoautotrophic organisms, performing oxygenic photosynthesis Mn is an
essential nutrient. Mn serves as catalytically active metal, or fulfills an activating role for
several proteins (Hansch and Mendel, 2009). As described earlier, a cluster of four Mn
ions is part of the OEC and catalyzes the water-splitting reaction to provide electrons
for the photosynthetic electron reaction chain (Goussias et al., 2002). The four Mn ions
provide four positive charges, which bind two H,O molecules at the same time. The
binding of two instead of one H.O molecule allows the formation of O, instead of
reactive oxygen species (ROS) (Millaleo et al., 2010). ROS are well known to cause
oxidative damage to proteins, deoxyribonucleic acid (DNA) and lipids (Apel and Hirt,

2004).

In addition, Mn is part of the active site of enzymes such as Mn superoxide dismutase,
Mn catalase, pyruvate carboxylase, phosphoenolpyruvate carboxykinase (Ducic and
Polle, 2005), and acts as direct cofactor of a variety of enzymes (~35 in plants) (Burnell,
1988). Mn is also involved in ATP synthesis (Pfeffer et al., 1986), the reactions of
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Houtz et al., 1988), and
the biosynthesis of fatty acids and proteins (Ness and Woolhouse, 1980). Given the
manifoldness of cellular processes in which Mn plays a role, there are surprisingly few
studies on the symptoms of Mn deficiency. This might be because Mn is needed in trace
concentrations and it has been reported that for Synechocystis Mn concentrations as
low as 100 nanomolar (nM) are sufficient for growth without any physiological effect

(Salomon and Keren, 2011).

While low concentrations of Mn are beneficial and even essential for photosynthetic
cells, high concentrations of Mn have negative impact on multiple cellular functions. Mn
is known to compete with Fe for functional sites in the magnesium branch of

tetrapyrrole biosynthesis and inhibits this pathway at the step of protoprophyrin IX
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synthesis (Csatorday et al., 1984). Furthermore, the PSI reaction center proteins, PsaA
and PsaB are less abundant when Mn is present in excess and PSI activity is impaired
accordingly (Millaleo et al., 2013). Consequently, excess Mn is associated with reduced
growth, reduced pigment content (chlorophyll a, b and carotenoids), as well as chlorotic
and necrotic leaf areas in plants (Macfie and Taylor, 1992). Several authors also report a
connection between excess Mn and photo-oxidative stress. Discussed mechanisms are
the direct generation of ROS in a Fenton reaction (Lynch and St.Clair, 2004) or the
disabling of antioxidant systems for example by ascorbate depletion of the chloroplast

(Gonzalez et al., 1998).

It has become clear that photosynthetic organisms need to maintain their cellular Mn
homeostasis carefully, in order to ensure sufficient Mn supply without accumulating
toxic concentrations of Mn. While the Mn concentrations cyanobacteria face in their
natural habitats are typically in the nM range (Chester and Stoner, 1974; Sunda and
Huntsman, 1988; Sterner et al., 2004; Morel, 2008), plants growing in soils characterized
as acidic — which are about 25% of the soils worldwide being used for agriculture —
frequently face toxic concentrations of Mn (Lynch and St.Clair, 2004). In consequence,
plants have evolved multiple tolerance strategies to address this challenge, whereas for

cyanobacteria Mn tolerance mechanisms have not been described, yet.

Manganese Transport and Tolerance Strategies in Cyanobacteria and Plants

In cyanobacteria, Mn uptake through the outer membrane is mediated likely, similar to
other gram negative bacteria, through specific porins (Public, 1985) and about 80% of
the total cellular Mn content are stored in the periplasm (Keren et al., 2002). It is
hypothesized that the membrane potential is involved in building up and maintaining this
Mn-pool in a light-dependent manner (Keren et al., 2002) together with soluble Mn-

binding proteins like MncA (Tottey et al., 2008). The tetratricopeptide repeat protein
16
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PratA has been shown to mediate the capture of Mn?* by a precursor of D1 in the
periplasm (Stengel et al., 2012). This makes the biogenesis of PSIl independent of
intracellular Mn concentrations and transport activities. Active import into the
cytoplasm is mediated by the high affinity ATP-binding cassette (ABC-) type transporter
MntCAB (Bartsevich and Pakrasi, 1995; Bartsevich and Pakrasi, 1996). This transporter
is expressed under starvation conditions to import Mn stored in the periplasmic storage
in order to maintain normal cell activity (Bartsevich and Pakrasi, 1996; Keren et al., 2002).
However, Mn uptake into the cytosol can be measured in mntCAB knockout lines
demonstrating the presence of a second Mn import system, which is hypothesized to
be highly specific and induced by uM amounts of Mn (Bartsevich and Pakrasi, 1996).

Intracellular Mn transporter or Mn exporter are not known in cyanobacteria.

Since plants are multicellular organisms, the Mn transport network is more complex. The
uptake of Mn from the soil to the chloroplast sink involves approximately 15 individual
transport processes (Hell and Stephan, 2003). Similar to cyanobacteria, free Mn cations
are absorbed from the rhizosphere by negatively charged cell wall constituents of the
root cells (Clarkson, 1988; Humphires et al., 2007). The root protein LeGlp1 is thought to
play an important role in this process because its N-terminal metal binding domain has
been shown to bind Mn in transgenic tobacco (Takahashi and Sugiura, 2001). After
active uptake into the root via the transport protein NRAMP1 (Cailliatte et al., 2010), Mn
is transported through the xylem to the photosynthetic active tissues (Millaleo et al.,
2010). Only a few Mn transporters are known inside the plant cell. The protein AtIRT1 is
located in the plasma membrane and facilitates the import of Mn into the cell (Ducic &
Polle 2005; Pittman 2005). AtECA1 and AtECA3 are transporting Mn into the
endoplasmatic reticulum and into the Golgi apparatus, respectively (Mills et al., 2008).
NRAMP3 as well as NRAMP4 are Mn transporters located in the vacuole membrane
(Oomen et al., 2009). Interestingly, no homologs of MntCAB or other Mn transporters

were found in chloroplasts (Shcolnick and Keren, 2006).
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As a first barrier in their set of Mn tolerance mechanisms, plants limit Mn uptake by
lowering metal uptake in general (Hall, 2002). On the cellular level, Mn is excreted via
secretory pathway vesicles after import into the Golgi apparatus (Ducic and Polle, 2005).
However, accumulation of Mn in the vacuole and the formation of insoluble complexes
of Mn with phosphate (Duci¢ and Polle, 2007) or the formation and exudation of malate-
Mn-complexes appears to be of greater relevance (Chen et al., 2015). Even though
transport across different membranes is required for all of the described mechanisms,
only a few manganese transport proteins are known in plants and none in the
chloroplast. Identifying novel metal transport pathways relevant for photosynthesis are
therefore of great significance from both an ecological and agricultural point of view

and pose an intriguing scientific question (Shcolnick and Keren, 2006).

The GreenCut Protein Family UPF0016

In 2007, the complete genome of the unicellular green algae Chlamydomonas
rheinhardtii (Chlamydomonas) became available (Merchant et al., 2007). Comparison of
the 6968 protein families, which contain Chlamydomonas proteins, with the genomes of
the also unicellular green algae Ostreococcus, the land plant Arabidopsis thaliana and
the moss Physcomitrella patens revealed a set of 349 protein families which have a
single Chlamydomonas protein but no proteins of non-photosynthetic organisms
(Merchant et al., 2007). This set of proteins was named the GreenCut and is
hypothesized to be enriched for proteins with important functions in or related to
photosynthesis. In 2011, several newly sequenced genomes were included in the
analysis. The extended set of GreenCut proteins now consists of 597 proteins and has
been named GreenCut2 (Karpowicz et al., 2011). 83 proteins of the GreenCut2 are

assigned to the functional category ‘transport’, from which 38 had no known function
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assigned (Karpowicz et al, 2011). Members of the unknown protein family 0016

(UPFO016) are part of this list of 38 proteins.

Proteins belonging to UPFO016 are well conserved and can be found in all eukaryotes
and many bacteria (Demaegd et al., 2014). In yeast, a member of UPF0016, the Gcr1-
dependent translation factor1 (GDT1), has been characterized as Golgi-localized Ca?*
transporter and it has been proposed that members of UPF0016 function as secondary
active cation/H* antiporter (Demaegd et al., 2013). Interestingly, Ca transporters also

accept Mn as transport substrate frequently (Socha and Guerinot, 2014).

Members of UPO0O16 consist of two repeated domains with a highly conserved ExGD
motif in the first of three predicted trans-membrane spans (Demaegd et al., 2013). The
repeats are oriented in an antiparallel manner (Figure 3) (Demaegd et al., 2013), a feature
commonly associated with secondary transporters (Vinothkumar and Henderson,
2010). The proteins are either encoded by one gene resulting in a homodimer, two
genes resulting in a heterodimer, or one gene that has undergone an internal duplication

encoding for a two-domain protein (Demaegd et al., 2014).

Genetic level

)

Protein level

Homodimer Heterodimer Two-domain protein

Figure 3: lllustration of the possible structures of members of UPF0016 on genetic and protein level.
Evolutionary states of UPFO016 members on the genetic (top) and the protein (bottom) level. Top panel:
Arrows indicate genes. Grey triangles and inverted triangles indicate the orientation of the encoded
proteins in the membrane as up, down or dual. Bottom panel: Triangles indicate the UPF0016
proteins/domains with three trans-membrane spans each either in the up or down topology. Taken from

Demaegd et al. (2014).

19



Introduction

Aim of This Thesis

Oxygenic photosynthesis originated in cyanobacteria more than 3 billion years ago and
has influenced evolution drastically. Nowadays, photosynthesis is widely accepted as
the most important biological process on earth, providing the vast majority of the
primary production on this planet. Thus, the integral understanding of photosynthesis is

one of the key goals of humankind.

While the general mechanisms of photosynthesis are well understood, many aspects
such as transport processes directly or indirectly involved in photosynthesis remain
unidentified. The transition metal Mn is an important micronutrient for photosynthetic
organisms but causes severe toxic effects when present in excess. In consequence,
only a small window exists in which photosynthetic organisms need to maintain the
cellular concentrations of Mn carefully. Nonetheless, a limited number of manganese
transport proteins have been discovered in plants and none of these proteins localizes
to the chloroplast. Due to their endosymbiotic relationship to the chloroplasts of all
photosynthetic eukaryotes, cyanobacteria are an interesting tool for photosynthetic
research. The unicellular, freshwater cyanobacterium Synechocystis sp. PCC 6803 is
one of the most popular model organisms among the cyanobacteria due to its well-
established cultivation protocols and the ability to knockout and overexpress specific

genes of interest.

This thesis aims to identify novel manganese-transport proteins in Synechocystis to

give insight into the intricate network of manganese homeostasis in cyanobacteria.

Analysis of transport proteins exclusively related to photosynthetic organisms
(GreenCut2 ressource) revealed a promising candidate for metal transport in the
cyanobacterium Synechocystis sp. PCC 6803. The protein SIl0615 is a member of the

highly conserved unknown proteins family 0016, which shows features of secondary
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transporters involved in metal transport. Hence, the characterization of Sll0615 was the

inception of this thesis.

In the course of the work with SIl0615, two additional members of the unknown protein
family 0016, the proteins SIr1170 and Ssr1558, have been identified as candidates for
an additional transport protein involved in manganese homeostasis and were included

in the analysis.
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The essential micronutrient manganese (Mn) functions as redox-active cofactor in active sites of enzymes and, thus, is involved
in various physiological reactions. Moreover, in oxygenic photosynthetic organisms, Mn is of special importance, since it is
central to the oxygen-evolving complex in photosystem II. Although Mn is an essential micronutrient, increased amounts are
detrimental to the organism; thus, only a small window exists for beneficial concentrations. Accordingly, Mn homeostasis must
be carefully maintained. In contrast to the well-studied uptake mechanisms in cyanobacteria, it is largely unknown how Mn is
distributed to the different compartments inside the cell. We identified a protein with so far unknown function as a hypothetical
Mn transporter in the cyanobacterial model strain Synechocystis sp. PCC 6803 and named this protein Mnx for Mn exporter. The
knockout mutant Amnx showed increased sensitivity toward externally supplied Mn and Mn toxicity symptoms, which could be
linked to intracellular Mn accumulation. *Mn chase experiments demonstrated that the mutant was not able to release Mn from
the internal pool. Microscopic analysis of a Mnx:yellow fluorescent protein fusion showed that the protein resides in the
thylakoid membrane. Heterologous expression of mnx suppressed the Mn-sensitive phenotype of the Saccharomyces cerevisiae
mutant Apmrl. Qur results indicate that Mnx functions as a thylakoid Mn transporter and is a key player in maintaining Mn
homeostasis in Synechocystis sp. PCC 6803. We propose that Mn export from the cytoplasm into the thylakoid lumen is crucial to

prevent toxic cytoplasmic Mn accumulation and to ensure Mn provision to photosystem I1.

The transition metal manganese (Mn) plays a vital role
inmultiple cellular processes (Hénsch and Mendel, 2009).
Mn is either part of the active site or serves as an activator
for approximately 35 different enzymes (Hebbern et al.,
2009). Important Mn-dependent enzymes include Mn-
superoxide dismutase and Mn-catalase (Hédnsch and
Mendel, 2009), which serve in the detoxification of
reactive oxygen species (ROS). Mn also is of central im-
portance in carbohydrate, lipid, and lignin biosynthesis
(Tobergte and Curtis, 2012). In oxygenic photosynthetic
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organisms, the most prominent role of Mn is in the
oxygen-evolving complex (OEC) of PSII, where Mn is
incorporated into a MnOsCa cluster that mediates the
splitting of water into oxygen, protons, and electrons
(Nelson and Junge, 2015). While the oxygen is released,
the extracted electrons are fed into the photosynthetic
electron transfer chain. Thus, limited intracellular Mn
content leads to a reduction of photosynthesis and
growth (Salomon and Keren, 2011). However, despite
its vital importance in cellular metabolism, Mn in ex-
cess amounts also can cause detrimental effects. Sev-
eral Mn toxicity mechanisms are discussed, including
the direct generation of ROS in a Fenton-like reaction
mediated by free Mn?* ions or the competition of Mn
with other metal ions for incorporation into the active
site of enzymes, thus changing their activity (Lynch
and St. Clair, 2004). To ensure sufficient Mn supply for
cellular needs while avoiding toxic overaccumulation
at the same time, cellular Mn homeostasis needs to be
carefully maintained, especially in oxygenic photo-
synthetic organisms.

In the cyanobacterium Synechocystis sp. PCC 6803 (here-
after Synechocystis), the biological role and regulation
of Mn homeostasis has been partially investigated.
Keren et al. (2002) demonstrated that cyanobacterial
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cells contain two separate Mn pools. Up to 80% of the
cellular content accumulates in the periplasmic space,
probably attached to the outer membrane or bound to
soluble Mn-binding proteins, such as MncA (Tottey et al.,
2008). The cytoplasm was found to contain only small
amounts of Mn (Keren et al., 2002). That is, the periplasm
serves as an Mn storage site from where the metal is mo-
bilized upon demand. Either Mn is imported into the cy-
toplasm by active transport or preloaded into PSII directly
from the periplasm. The active import into the cytoplasm is
mediated by the high-affinity ATP-binding cassette (ABC)-
type transporter MntCAB (Bartsevich and Pakrasi, 1995,
1996), which is active only under Mn limitation conditions
to provide sufficient Mn supply for cell function. The
presence of a second, constitutively active but lower-affinity
Mn importer in the plasma membrane also was suggested
(Bartsevich and Pakrasi, 1996). Possibly, iron (Fe) trans-
porters, such as FutABC, catalyze the transport of Mn by a
piggybacking mechanism and, thus, are responsible for the
constitutive Mn uptake (Sharon et al., 2014). Along with its
functionality, expression of the mntCAB operon is under the
control of a two-component regulatory system and only
transcribed under Mn-limiting conditions (Ogawa et al,,
2002; Yamaguchi et al, 2002). The environmental Mn
availability is monitored by the Mn sensor ManS. It func-
tions as a sensory His kinase that binds Mn®" ions under
Mn-sufficient conditions, autophosphorylates, and then
activates the response regulator ManR by phosphorylation.
In its phosphorylated state, ManR represses transcription of
the mntCAB operon (Ogawa et al., 2002; Yamaguchi et al.,
2002). Preloading of PSII with Mn** ions was demonstrated
recently to be mediated by PratA, a tetratricopeptide repeat
protein (Stengel et al., 2012). Since this step takes place in
biogenesis centers at the cell periphery, it is assumed that
Mn is loaded directly from periplasmic storage into PSII
(Stengel et al., 2012) independently of internal Mn concen-
trations and transport activities.

In contrast to the knowledge about Mn import and its
regulation, the mechanisms for managing intracellular Mn
homeostasis and distribution are largely unknown in cya-
nobacteria. For example, intracellular Mn-binding proteins
or Mn exporters have not been revealed so far. In this study,
we identified and characterized a thylakoid membrane
protein that is important for the export of Mn and named
the protein Mnx. By the generation and characterization of
a knockout mutant and overexpression line, we demon-
strate that the maintenance of intracellular Mn homeostasis
is highly important in Synechocystis and that Mnx plays a
central role in Mn management. According to our results,
we present a model in which Mnx is critical for mitigating
cytoplasmic Mn accumulation and the provision of Mn to
the OEC, thus maintaining efficient photosynthesis.

RESULTS
Identification of a Candidate Mn Transporter

Since Mn is of central importance especially in all
organisms performing oxygenic photosynthesis, we
assumed that the transport protein should be conserved

Plant Physiol. Vol. 173, 2017
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throughout cyanobacteria, algae, and land plants. Thus,
to search for a candidate Mn exporter, we explored the
inventory of the so-called GreenCut2, which comprises
a set of all proteins that are encoded in the genomes of
Viridiplantae (green algae and land plants) but not in or
highly diverged in the genomes of nonphotosynthetic
organisms (Karpowicz et al., 2011). Among the 597
GreenCut proteins in the green alga Chlamydomonas
reinhardtii, which is used as a reference organism for the
GreenCut, 83 proteins are assigned to the functional
category transport, 45 with known and 38 with un-
known functions (Karpowicz et al., 2011). We concen-
trated only on those proteins that were predicted to
localize to the chloroplast in Viridiplantae, were of un-
known function, and were strictly conserved, meaning
encoded in at least 95% (at least 35 of 37 analyzed ge-
nomes; Karpowicz et al., 2011) of the analyzed cyano-
bacterial genomes. The final set of five transport proteins
(Supplemental Table S1) contained the protein CPLD63,
which belongs to the unknown protein family 0016
(UPF0016). This GreenCut protein seemed to be a
promising candidate, since another member of UPF0016,
the Gerl-dependent translation factorl (GDT1), was
proposed to function as a Golgi-localized Ca®/H" anti-
porter in yeast (Saccharomyces cerevisine; Demaegd et al.,
2013), and Ca2+-transporting systems are known to
frequently also accept Mn** as a substrate (Socha and
Guerinot, 2014). The Synechocystis genome contains
the gene s/l0615, encoding an orthologous protein to
CPLD63. Thus, we selected Sll0615 as a candidate
protein to test for Mn export function in the cyano-
bacterium and designated SI10615 as Mnx.

Deletion of Mnx Results in Sensitivity toward Externally
Supplied Mn

To test the function of Mnx, we generated a Syn-
echocystis mutant line, Amnx, by insertional inactivation
(Fig. 1A). Full segregation of the Amnx mutant line and
the complete loss of mnx transcripts (Fig. 1, B and C)
demonstrated that Mnx was not essential under the
standard conditions used. Additionally, we generated a
complementation line, Amnx/OEX, in which the ex-
pression of mnx is under the control of the strong psbAll
promoter (Lagarde et al., 2000) in the Ammnx mutant
background (Fig. 1, A and B). According to real-time
quantitative PCR (RT-qPCR) analysis, the abundance of
mnx transcript was 7-fold elevated in the Amnx/OEX
line compared with the wild type (Fig. 1C). Therefore,
this line was considered as both a complementation line
and an overexpression line.

We hypothesized that Mnx functions as an Mn ex-
porter. Thus, we tested the mutant for sensitivity to-
ward externally supplied Mn. When we treated the cells
with increasing Mn concentrations, we observed that
the Amnx mutant was not able to grow on BG11 medium
with elevated Mn concentration (Fig. 2A). The commonly
used BG11 medium (Rippka et al., 1979) contains 9 um
MnCl,. At this concentration and on medium without
MnCl, (0 um), wild-type and Amnx cells grew comparably
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Figure 1. Generation of mnx knockout and overexpression lines. A, The
knockout mutant Amnx was generated by insertion of a kanamycin
resistance cassette (KmR) into the coding sequence of the mnx gene at
the unique Smal restriction site. The overexpression line Amnx/OEX
was generated by reintroducing mnx under the control of the strong
psbAll promoter into the genetic background of Amnx. Using homol-
ogous recombination, mnx was integrated into the psbAll locus. For
selection, a gene encoding a spectinomycin resistance cassette (SpR)
was included. B, The genolypes of the mulants were verified by PCR
using gene-specific primers for amplification of mnx. Water was used as
a negative control. WT, Wild type. C, The transcript abundance of mnx
was analyzed by RT-qPCR. nd, Not detectable.

well. However, in response to a slightly increased con-
centration of 12.5 um MnCl,, growth of the mutant was
retarded, while higher concentrations of MnCl, resulted in
a lethal phenotype of the Ammnx mutant. The rescued
growth of the Amnx/OEX line proved that the Mn sensi-
tivity was indeed caused by the loss of Mnx and not by
any secondary mutation (Fig. 2A). We also tested the
sensitivity toward additional divalent transition metals,
since Mn transporters are known at least in plants as being
promiscuous for their substrates (Socha and Guerinot,
2014). Growth of the Amnx mutant was not distinguish-
able from that of the wild tyEe in response to 12.5-fold
elevated concentrations of Ca** ions or 3-fold Fe**, Cu™,
Zn*, and Co® ions in the BG11 medium (Fig. 2B). Also,
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the addition of Cd?" or Ni** ions, which are not contained
in standard BG11 medium, did not affect the growth of the
Amnx mutant. The dose-dependent and metal-specific
phenotype observed here provided, to our knowledge,
the first indications that Mnx conveys resistance to ele-
vated Mn amounts, likely by a specific export of Mn.

The Amnx Mutant Shows Symptoms of Mn Toxicity

The Mn-dependent phenotype of the mutant was
studied in more detail. To implement Mn limitation con-
ditions, we precultivated all lines in BG11 medium with-
out Mn. Mn depletion for 5 d did not restrict growth or
chlorophyll content in any strain (Fig. 3, A-C). After pre-
incubation, the cultures were supplemented with either
9 or 150 um MnCl, to apply standard or high Mn con-
centrations (Fig. 3, B and C). As a control, the Mn limita-
tion conditions were continued (Fig. 3A). Application of
both 0 and 9 um MnCl, did not affect the growth and
chlorophyll amounts in either culture (Fig. 3, A and B;
Supplemental Fig. S1, A and B). However, after the ad-
dition of 150 um MnCl,, growth of the Amnx mutant was
impaired and also chlorophyll amounts decreased signif-
icantly (Fig. 3C; Supplemental Fig. S1, A and B). The
negative effect of the high-Mn treatment on Amnx cells
was additionally reflected by strongly reduced photo-
synthetic activity, as indicated by reduced oxygen evolu-
tion (Fig. 3D). Under Mn-depleted conditions, oxygen
evolution was not significantly different between the lines.
However, 4 h after the addition of 9 um MnCl,, oxygen
evolution was reduced significantly by 30%, and 4 h after
the addition of 150 pm MnCl,, it was reduced significantly
by 70% (Fig. 3D). In contrast, the overexpression line
Amnx/OEX showed a significant increase in photosyn-
thesis 4 h after the addition of 9 um MnCl, or 150 um
MnCl, compared with the wild type (Fig. 3C). Impor-
tantly, the significant difference between the wild type and
the overexpression line results from a decrease in the ac-
tivity of the wild type with increasing concentration of Mn
but not from an increase in photosynthesis of the over-
expression line (Fig. 3D). The detrimental effect of 150 um
MnCl, on the growth of Amnx cells is shown in Figure 3E.

The Amnx Mutant Mounts a High-Light-
Sensitive Phenotype

The observation that photosynthetic activity was af-
fected after the addition of MnCl, in the Amnx mutant
prompted us to investigate the inhibition mechanism in
more detail. We did not observe significantly reduced
photosynthetic activity under Mn depletion (Fig. 3D)
and, thus, expected that the negative effect of Mn in the
Amnx mutant was not due to reduced incorporation of
Mn into de novo assembled PSII but rather was caused
by Mn-dependent effects on the photosynthesis appa-
ratus. To test this hypothesis, we analyzed the lines at
standard Mn concentrations (9 um) but two different light
intensities. Our standard growth light conditions were
100 wmol photons m~2s . For high-light conditions,
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the cultures were exposed to a light intensity of 1,000 wmol
photonsm 25 . Similar to the results of the Mn treatment
(Fig. 3), Amnx was impaired significantly in growth and
chlorophyll content under high-light conditions (Fig. 4, A
and B; Supplemental Fig. 51, C and D). Also, the photo-
synthetic activity in the Amnx mutant was reduced sig-
nificantly after 4 h of high-light treatment (Fig. 4C). To
distinguish whether photoinhibition or recovery was
changed due to the lack of Mnx, all three lines were first
incubated in BG11 medium containing the standard 9 um
MnCl, under high-light conditions for 45 min and then
shifted back to standard growth light conditions. Oxygen
evolution was measured to determine photosynthetic
activity. While the photoinactivation rate was comparable
between the wild type, the Amnx mutant, and the Amnx/
OEX line (Fig. 4D), the recovery time was increased sig-
nificantly for Amnx. The mutant needed 2.7 times longer
to recover to 50% of its initial photosynthetic rate (Fig. 4E).

Plant Physiol. Vol. 173, 2017

The detrimental effect of 1,000 pmol photons m2s on

the growth of Annx cells is shown in Figure 4F.

Lack of Mnx Leads to an Increased Intracellular Mn Pool

Both reduced chlorophyll accumulation (Csatorday
et al., 1984; Clairmont et al., 1986) and photosynthetic
activity (Millaleo et al., 2013) were described earlier as
typical symptoms of critical Mn accumulation in oxygenic
photosynthetic organisms. To investigate whether the
observed phenotype of the Amnx mutant was caused by
Mn accumulation, we quantified the cellular Mn amounts.
The intracellular Mn pools were reduced strongly after
5 d of Mn depletion treatment and not significantly
different between the three lines (Fig. 5). Significant
overaccumulation (3-fold) in the intracellular Mn pool was
observed specifically for the Amnx mutant after Mn addi-
tion, while the intracellular Mn levels of the Amnx/OEX
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Figure 3. Effects of Mn treatment on physiological parameters of the wild type (WT), Amnx mutant, and Amm/OEX line. A to C,
During the first 5 d, the cultures were grown in Mn-free medium (white areas). For the remaining 3 d, the cultures were diluted and
treated with 0 s (A), 9 ps (B), or 150 pm (C) MnCl,. Growth (top row) and chlorophyll content (bottom row) were monitored over a
time course of 8 d. The addition of MnCl, is indicated with the arrows and the gray areas. One representative result of four independent
experiments is shown. D, Before (0 h) and 4 h after treatment, additional samples were taken for oxygen evolution measurements.
Values shown are means of three independent experiments. Asterisks indicate significant changes to the respective wild-type value
according to a two-way ANOVA (P = 0.05). E, Mn-dependent lethal phenotype of the Amnx mutant. Shown are photographs of the
cultures after 3 d of growth in BG11 medium conlaining 9 or 150 um MnCl,. AU, Arbitrary units.

line and the wild type were equal (Fig. 5). Thus, the intra-
cellular Mn levels provided further evidence that Mnx is
involved in Mn export out of the cell.

Loss of Intracellular *Mn Is Impaired in the Amnx Mutant

To examine whether, in fact, the export was affected
by the loss of mnx, we performed in vivo *Mn chase
experiments (Fig. 6). After the cells had been incubated
for 3 d in BG11 medium supplemented with *Mn, which
allowed the incorporation of *Mn into internal pools
and into proteins, cells were washed and further

1802

cultivated in BG11 medium without the radioactive iso-
tope. During the whole experiment, the final concentra-
tion of MnCl, was kept constantly at the standard 9 um.
In all three lines, the intracellular signal of the radioactive
**Mn isotope declined mast strongly within the first
30 min. However, the *Mn contents in the Amnx mutant
stably remained at 80% of the starting amount. In contrast,
wild-type and Amnx/OEX cells displayed a monotonous
decrease of the radioactive signal. The decrease of *Mn in
wild-type and Amnx/OEX cells was significantly higher
throughout the whole experiment in comparison with
the Amnx mutant, with a total loss of ~80% of the
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Figure 4. Effects of high-light treatment on physiological parameters of the wild type (WT), Amnx mutant, and Amnx/OEX line. A
and B, The cultures were grown either under standard growth light (100 gmol photons m™ s™'; A) or high-light (1,000 pmol
photons m~* s”'; B) conditions. Growth (top row) and chlorophyll content (bottom row) were monitored over a time course of
48 h. C, Additional samples were taken before (0 h) and 4 h after exposure to growth light and high-light conditions, respectively,
for oxygen evolution measurements. Values shown are means of three independent experiments. D, For photoinhibition and
recovery studies, cultures were shifted to high-light (1,000 pmol photons m™ s™'; white area) conditions. After 45 min, the
cultures were shifted back to 100 wmol photons m*s ™! (gray area) and the recovery of photosynthetic activity was monitored.
Means and sp of three independent experiments are shown as the oxygen evolution relative to the corresponding time point
0 min for each line. E, The time that each culture needs for one-half-maximal recovery was calculated from D. F, The high-light-
dependent lethal phenotype of the Amnx mutant. Shown are photographs of the cultures after 48 h of growth under growth light
(100 pmol photons m s ') or high-light (1,000 umol photons m™* s™") conditions. Asterisks indicate significant changes to
wild-type values according to a two-way ANOVA (P = 0.05). AU, Arbitrary units.

radioactive signal for both the wild type and the over-
expression line Amnx/OEX within the 4-h course (Fig. 6).

Mnx Resides in the Thylakoid Membrane

To investigate the subcellular localization of the Mnx
protein, we generated a mutant line, munx::yfp, expressing a
Mnx protein with a C-terminal enhanced yellow fluores-
cent protein (eYFP) fusion. The biological functionality of

Plant Physiol. Vol. 173, 2017

the Mnx::YFP fusion proteins was confirmed by demon-
strating unrestricted growth of the mux:yfp line at Mn
concentrations that are lethal for the Amnx mutant
(Supplemental Fig. S2B). For confocal fluorescence
microscopy, we mixed mnx::yfp and wild-type cells to
have both cell lines on the same image. The YFP sig-
nal showed a complete overlap with the chlorophyll
autofluorescence signal, indicating the localization of
Mnx:YFP in the thylakoid membrane. In some cases,
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we observed locally increased YFP signals (Fig. 7). To
analyze the spatial distribution in more detail, we
furthermore quantified the signal intensities of a circum-
ferential profile for the two mmx:yfp cells and found the
YFP and chlorophyll autofluorescence signals positively
correlated (Supplemental Fig. S3B). A slight patchiness
with regard to the YFP signal also was observed for both
cells. We detected regions where the autofluorescence was
low while YFP fluorescence peaked (Supplemental Fig.
S3B). For wild-type cells, we did not detect a signal in the
YFP channel with the settings used (Fig. 7). The different
intensities in the autofluorescence probably resulted
from the unequal arrangement of mnx::yfp and wild-type
cells, with the wild-type cells being ~0.2 um increased
in comparison with the wild type cells (Supplemental

Fig. S3).

Expression of Mnx Suppresses the Phenotype of a Yeast
Mn Transport Mutant

To further prove that Mnx facilitates the transport
of Mn and does not act as a regulatory Mn receptor
protein, we employed a heterologous yeast mutant
suppression assay. In Saccharontyces cerevisiae cells,
Mn”* and Ca®* ions are imported into the secretory
pathway by a P-type Ca®* /Mn?* ATPase, PMR1, that
resides in the Golgi apparatus membrane (Diirr
et al., 1998). The corresponding mutant Apmr] ac-
cumulates Mn in the cytoplasm (Lapinskas et al.,
1995) and cannot survive on medium containing
2 mm MnCl, (Maeda et al., 2004). Heterologous ex-
pression of the cyanobacterial Mnx protein suppressed
the Mn-sensitive phenotype of the Apmrl mutant (Fig.
8), which strongly supports a role of Mnx in Mn export
from the cytoplasm.
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DISCUSSION

Mnx Facilitates the Export of Mn from the Cytoplasm
in Synechocystis

Mn homoeostasis in oxygenic photosynthetic orga-
nisms needs to be carefully sustained to avoid limited
provision of Mn?** ions to the OEC of PSII, on the one
hand, and inhibitory effects due to cytoplasmic Mn accu-
mulation, on the other hand. In search of an Mn exporter
in the cyanobacterium Synechocystis, we identified the
protein Mnx encoded by the open reading frame sll0615 as
a promising candidate. In this study, we provide several
independent lines of evidence that Mnx, in fact, functions
in the export of Mn from the cytoplasm.

The knockout mutant Amnx showed high sensitivity
toward externally supplied Mn. Already, a treatment
with only 1.4-fold elevated MnCl, concentration (12.5 um)
had a strong negative impact on the mutant, while
a 2.8-fold concentration (25 um) was lethal for Ammnx
(Fig. 2A). Different physiological mechanisms for Mn
toxicity were suggested. First, Mn can compete with
other divalent metal ions, such as magnesium, Fe, or
calcium (Ca), for incorporation into the active sites of
enzymes and, thus, modifies enzymatic activities. For
this reason, chlorophyll biosynthesis is inhibited in cya-
nobacteria (Csatorday et al., 1984) and plants (Clairmont
et al., 1986) upon Mn intoxication. Furthermore, excess
Mn inhibits Rubisco activity (Houtz et al., 1988; Nable
et al., 1988) and photosynthetic activity (Millaleo et al.,
2013) for the same reason. Second, free Mn possibly
functions as a redox-active metal in a Fenton-like reac-
tion with the generation of most reactive OH- radicals.
However, it is assumed that, in vivo, the reduction po-
tential of Mn is not low enough to catalyze this toxic
reaction (Kehres and Maguire, 2003). Our physiological
analyses revealed that the mutant line Amnx showed
several of the described symptoms of Mn toxicity. Chlo-
rophyll accumulation in Amnx cells was reduced after the
application of Mn (Fig. 3, B and C; Supplemental Fig. S1B),
likely as a consequence of Mn-inhibited chlorophyll bio-
synthesis. Also, photosynthetic activity was lower in the
mutant as a function of external Mn concentration (Fig.
3D). The enhanced generation of OH: radicals was not
investigated in this study and cannot be excluded as an-
other reason for the lethality of Annx cells upon exposure
to high Mn concentrations.

ICP-MS analysis (Fig. 5) supported the hypothesis that
the observed physiological symptoms were actually caused
by intracellular Mn overaccumulation in the Ammx mutant.
The intracellular Mn level was 3-fold higher in Amnx than
in wild-type cells, and this elevation was obviously suffi-
cient to negatively influence the performance of the mutant
cells. Similar behavior was observed for a mutant in the
plasma membrane Mn efflux system, MntE, in Streptococ-
cus prieunioniae. Incubation with 300 um MnCl, resulted in
5-fold increased intracellular Mn amounts compared with
wild-type cells, and high Mn concentrations in the growth
medium led to severe growth inhibition (Rosch et al.,
2009). Our results are in the same range and demonstrate
the strict need for the maintenance of Mn homeostasis.
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Figure 6. Radioactive trace experiments. Cells limited for Mn were
incubated with radioactive *'Mn for 3 d. After washing and transfer to
label-free BG11 medium, the decay of the radioactivity signal was
followed over a time course of 4 h. Radioactivity at time point O h was
setto 100%, and subsequent values were normalized to this time point.
Values shown are means and so of three biological replicates. WT, Wild
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Also, mutants in the Mn uptake regulatory system,
ManSR, showed intracellular Mn accumulation and
symptoms of intoxication upon high-Mn treatment
(Zorina et al., 2016), which, in the manS and manR mu-
tants, is essentially caused by uncontrolled Mn uptake via
the Mn ABC-type transporter MntCAB (Bartsevich and
Pakrasi, 1995). According to DNA microarray analysis of
these mutants, mnx expression is not controlled by the
two-component system ManSR (Yamaguchi et al., 2002).
To prove that the membrane protein Mnx is not a Mn
sensor but functions as a translocator, we employed a
yeast mutant phenotype suppression assay. The strong
growth phenotype of the Mn-sensitive yeast mutant
Apmrl (Maeda et al., 2004) could be suppressed on Mn-
containing medium by the expression of Synechocystis
mnx (Fig. 8). Thus, we suggest that Mnx, indeed, func-
tions as a transporter and not as a signaling or regulatory
Pprotein.

The measured intracellular Mn content comprises the
Mn pools of cytoplasm, thylakoid membrane, and thy-
lakoid lumen. Accordingly, three alternative hypotheses
for Mnx function are conceivable: Mnx facilitates Mn
export from the cytoplasm into (1) the periplasm, (2) the
thylakoid lumen, or (3) export from the thylakoid lumen
into the cytoplasm. To distinguish between these op-
tions, we determined the subcellular localization of Mnx.

YFP Autofluorescence

Plant Physiol. Vol. 173, 2017
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According to the fluorescence microscopy images (Fig.
7), Mnx resides in the thylakoid membrane, which is in
agreement with a recent global proteomics study in
Synechocystis (Liberton et al., 2016), finding Mnx essen-
tially in the thylakoid membrane fraction. However, we
cannot rule out that minor amounts of Mnx also reside
in the plasma membrane. In Arabidopsis (Arabidopsis
thaliana), the homologous protein PHOTOSYNTHESIS
AFFECTED MUTANT7Z1 (PAMZ71) resides in the thyla-
koid membrane as well (Schneider etal., 2016). PAM71 is
suggested to facilitate Mn uptake from the chloroplast
stroma into the thylakoid lumen in antiport with pro-
tons, thus providing Mn for incorporation into the OEC
of PSII (Schneider et al., 2016). For other members of the
UPF0016, a proton-coupled antiport mode is proposed
(Demaegd et al., 2013). In accordance, we anticipate that
Mnx serves in Mn transport from the cytoplasm to the
thylakoid lumen of illuminated Synechocystis cells.

We observed phenotypic changes only upon treat-
ment with Mn. All other divalent metals tested, Ca™,
Fe®', Cu®*, Ni*", Co*", Cd*", or Zn*", did not negatively
impact the Amnx mutant (Fig. 2B), indicating that Mnx
facilitates the transport of Mn with rather high specific-
ity. This high specificity of Mnx for Mn was surprising,
since metal transporters are typically promiscuous re-
garding their substrate (Socha and Guerinot, 2014). For
example, members of the NRAMP family transport a
broad range of metals. For the Arabidopsis proteins
AtNRAMP3 and AtINRAMP4, a function in both Fe and
Mn transport was demonstrated (Lanquar et al., 2005,
2010). However, since it is conceivable that, for some
metals, such as Ca or Fe, more efficient compensatory
mechanisms exist than for Mn, and for that reason we do
not see any effect, we cannot rule out that other metals
also are transported by Mnx.

Toward the Biological Function of Mnx in Cyanobacteria

The current knowledge about proteins involved in
cellular Mn homeostasis is described in the introduction
and summarized in Figure 9. We have identified Mnx as
a new player in the management of cyanobacterial Mn
homoeostasis that facilitates Mn transport from the
cytoplasm into the thylakoid lumen. However, what is
the critical biological function of Mn export from the
cytoplasm into the thylakoid lumen?

Merge Figure 7. Subcellular localization of the Mnx::

YFP protein. mnx::yip cells, expressing the Mnx
protein with a C-terminal fusion to YFP, were
mixed with wild-type (WT) cells as a negative
control and inspected by confocal fluorescence
microscopy. YFP fluorescence is shown in orange
and chlorophyll autofluorescence in blue. Shown is
stack 5 of a total series of nine z-stacks. The com-
plete series of z-stacks is shown in Supplemental
Figure S3.

1805

Downloaded from www.plantphysiol.org on March 23, 2017 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

35



Brandenburg et al.

- Ura
+ MnCl,

+ vector

+ Ura
- MnCl,

- Ura
- MnCl,

Figure 8. Expression of Synechocystis mnx in the S. cerevisiae mutant
Apmrl. Mutant Apmr1 cells, Apmri cells containing the empty vector
pDR196 (+ vector), and Apmr] cells carrying the vector with mnx as an
insert (+ Mnx) were verified by PCR and streaked on synthetic medium

with (+) or without (=) 2 mm MnCiz. For selection, uracil (Ura) was
added (+) or omitted (—). Pholographs were taken after 4 d of incubation
at 30°C.

Function 1

Mnx sequesters free Mn into the thylakoid lumen to
mitigate harmful effects. Cytoplasmic Mn accumula-
tion leads to detrimental effects, as discussed above,
and needs to be avoided. Thus, Mn is sequestered by
the Mnx protein into the thylakoid lumen, where Mn
likely does no harm. High environmental Mn concen-
trations, as provided in our experimental setup, lead to
cytoplasmic Mn accumulation. Since Mn concentra-
tions in aquatic habitats are in the range of 0.1 to 10 nm
(Salomon and Keren, 2015), this scenario is not very
likely to occur in nature. Alternatively, cytoplasmic Mn
accumulation could result from the release of this metal
during protein turnover and degradation. According to
our results, the major path to eliminate intracellular Mn
basically involves Mnx and passage through the thyla-
koid lumen. In our **Mn chase experiments, the knockout
mutant Amnx retained about 80% of the intracellular ra-
dioactive signal, while in the wild type and the over-
expression line, the signal decreased rapidly to about 20%
(Fig. 6). Thus, the data show that more than 70% of the
internal Mn pool is rapidly turned over and exported to
the periplasm within 1 h in wild-type and Mnx over-
expression cultures (Fig. 6). The remaining approximately
20% of the intracellular Mn pool is probably bound to
proteins that are stable over the observed period of time.
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Furthermore, the results indicate that Amnx is unable to
export Mn resulting from intracellular protein tumover
even under unstressed conditions (i.e. 9 um MnCl, in the
standard BG11 medium). Every cell division causes a
dilution of cytoplasmic Mn, which likely contributes to
mutant survival in the standard conditions. The intrigu-
ing result that Mnx contributes significantly to the release
of Mn into the periplasm, although the transporter resides
in the thylakoid membrane, remains to be explained. In-
terestingly, a similar behavior was demonstrated for a
mutant in the thylakoid Na*/H" transporter Nhas3 in
Synechocystis. Although the transporter resides in the
thylakoid membrane, the nhaS3 knockdown mutant
showed increased sensitivity toward elevated Na* con-
centrations in the medium (Tsunekawa et al., 2009).

Function 2

Mnx contributes to Mn supply to the OEC. In cya-
nobacteria, major intracellular Mn amounts presum-
ably are contained in the Mn,O.Ca cluster of the OEC,
since, in chloroplasts, roughly 80% of Mn is associated
with PSII (Anderson et al., 1964). The cluster is bound
by the D1 protein and stabilized by the extrinsic, lu-
menal PSII subunits PsbQ, PsbP, PsbQ, PsbU, and PsbV
in cyanobacteria (Nickelsen and Rengstl, 2013). It is
suggested that the loading of pre-D1 protein with Mn
takes place in biogenesis centers and is mediated by the
PratA protein (Stengel et al., 2012). The D1 protein is
damaged continuously by light and needs to be repaired
(i.e. replaced by de novo synthesized D1). To allow for
PSII repair, PSII is disassembled and the photodamaged
D1 is removed by proteases (for review, see Nickelsen
and Rengstl, 2013). Concomitantly, the Mn,O;Ca cluster
is released into the thylakoid lumen. It is debated
whether the de novo synthesized D1 can be inserted into
PSIIin thylakoid membranes or whether the repair takes
place at the biogenesis centers with the participation of
PratA (Nickelsen and Rengstl, 2013). It is also not clear
whether the released Mn can be recycled or needs to be
replaced by freshly imported Mn. Our observations that
the Amnx mutant was highly susceptible to high light
intensities (Fig. 4) and needed significantly longer to
recover from a short-time high-light treatment (Fig. 4, D
and E) are indications that, at least partly, the repair of
PSII occurs on site and employs Mnx to import Mn into
the thylakoid lumen for reincorporation into PSIL. With
regard to the slightly patchy distribution of Mnx::YFP in
the thylakoid membrane (Fig. 7; Supplemental Fig. 53), it
could be speculated that the transporter also might lo-
calize to the biogenesis centers. More detailed studies
will be necessary to identify the specific site(s) of Mnx
action. We suggest that Mnx functions in parallel with
PratA to provide Mn to the OEC. While, under standard
conditions, the contribution of Mnx seems to be marginal
in comparison with PratA in contrast to Amnx (Fig. 4C),a
mutant in pratA has reduced photosynthetic activity
(Klinkert et al., 2004), and it becomes critical under high-
light conditions with increased need for PSII repair.
However, the expression of mnx is not changed during
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Figure 9. Hypothetical model for the function of Mnx in Synechocystis. Mn (Mn** ions represented as rose-colored circles;
oxidation states Mn** and Mn** in the activated Mn,0,Ca cluster are nat specifically accentuated) is stored mainly in the
periplasm, with MncA as the most abundant Mn-containing protein. Mn also is suggested to bind to the outer membrane. To
maintain cellular functionality, Mn is imported by the plasma membrane ABC transporter MntCAB under Mn-limiting conditions.
The presence of a second, constitutively acting Mn importer has been hypothesized. Likely, the Fe ABC transporter FutABC fulfills
this function. The pre-D1 (pD1) protein, which is the Mn O, Ca cluster-binding core protein of PSlI, is preloaded with Mn from the
periplasm via PralA in biogenesis cenlers. The cyloplasmic surplus of Mn resulting from the turnover and degradation of Mn-
containing proteins gets sequestered into the safekeeping environment thylakoid lumen via Mnx. Additionally, Mnx transports Mn
from the cytoplasm into the thylakoid lumen to support Mn delivery to the OEC.

acclimation from low to high light intensities (Hihara
et al., 2001). Another possible explanation for the high-
light susceptibility and the retarded recovery in the
Amnx mutant is that the Mn accumulation involves ROS
production, as explained before, which inhibits the
translation of D1 for the repair of PSII (Nishiyama et al.,
2011). A more detailed analysis of PSII activity, as well as
the photodamage and repair process in the mutant line,
are necessary in future studies to clarify this question.
Qur results indicate that both suggested biological
functions of Mnx (i.e. Mn safekeeping in the thylakoid
lumen and Mn provision to OEC) are critical for Mn ho-
meostasis in Synechocystis. In Arabidopsis, the biological
significance of the homologous thylakoid protein PAM71
is different. Since proteins homologous to PratA and bi-
ogenesis centers do not exist (Nickelsen and Rengstl,
2013), the incorporation of Mn into the OEC occurs on site
in the thylakoid membrane. Mutants in PAMY71 are highly
sensitive to low Mn concentrations and contain reduced
amounts of Mn in isolated PSII complexes. Thus, it is
suggested that PAM71 majorly serves the provision of
Mn to the OEC (Schneider et al., 2016). The sequestration
of surplus stromal Mn appears to be less important. This
is expected because, in the highly compartmentalized
plant cell, the vacuole, which is not present in cyanobac-
teria, serves as a reservoir for surplus metal ions, at least
within physiological concentration ranges (Lanquar et al.,
2010). Quite contrary to the situation in the cyanobacterial
Amnx mutant, high-Mn treatment is beneficial for pam71
mutants, since likely other, so far unknown, transporter(s)
with lower affinity for Mn serve to import the Mn into the
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thylakoid lumen and, thereby, compensate the loss of
PAMT71 (Schneider et al., 2016).

Mnx Function as an Mn Transporter Is Conserved among
Oxygenic Photosynthetic Organisms

The Mnx protein belongs to UPF0016, which contains
only a few studied proteins. So far, only GDT1 from yeast
and human TMEMI165 have been investigated more
closely. Both proteins are suggested to act as Ca™/H*
antiporters in the Golgi apparatus membrane and, thus,
to play important roles in Ca signaling and protein gly-
cosylation (Demaegd et al., 2013; Colinet et al., 2016).
When we treated the mutant Anuzx with 12.5-fold higher
concentrations of CaCl, than was used in standard BG11
medium, we did not detect any effect on the growth
performance (Fig. 2B). Thus, in Synechocystis, Mnx is
unlikely to play a major role as a Ca transporter. In-
terestingly, phylogenetically related proteins from
green algae and land plants display similar specificity for
Mn over Ca (Schneider et al.,, 2016). In the genome of the
model plant Arabidopsis, five proteins orthologous to
Mnx are encoded. Of these five proteins, PAM71 and
PHOTOSYNTHESIS AFFECTED MUTANTZ1 HOMOLG
(PAM71-HL) are targeted to the chloroplast. PAM71
resides in the thylakoid membrane and PAM71-HL in
the chloroplast inner envelope (Schneider et al., 2016).
The protein PAM71 was demonstrated recently to fa-
cilitate Mn uptake from the stroma into the thylakoid
lumen, thus providing Mn for incorporation into the
OEC of PSII (Schneider et al., 2016). Arabidopsis and

1807

Downloaded from www.plantphysiol.org on March 23, 2017 - Published by www .plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

37



Brandenburg et al.

C. reinhardtii knockout mutants in this protein both could
be rescued by supplementation with Mn but not Ca, em-
phasizing the prominent role of Mnx homologs in Mn
versus Ca transport (Schneider et al., 2016). The function of
PAM71-HL remains to be studied. Importantly, the dupli-
cation of plastidial Mnx homologs is conserved throughout
oxygenic photosynthetic eukaryotes (Schneider et al., 2016).
This indicates the importance of the role of Mnx proteins as
Mn transporters in chloroplasts, the cellular compartment
where oxygenic photosynthesis takes place and, thus,
makes Mn management a critical task. It remains to be
clarified whether the other three Mnx homologs in Arabi-
dopsis, which are predicted to reside in membranes of the
secretory pathway (Schneider et al., 2016), function in Ca or
Mn transport.

CONCLUSION

In this study, we identified and characterized the
Mn transport protein Mnx in the cyanobacterium
Synechocystis. Mnx resides in the thylakoid membrane
and facilitates Mn export from the cytoplasm into the
thylakoid lumen, first to avoid critical cytoplasmic
accumulation of Mn by sequestration in the thylakoid
lumen and second to back up Mn provision to the
OEC. According to our results, in cyanobacteria, the
cytoplasmic Mn pool must be maintained at a constant
level within a narrow range. Therefore, the released
Mn needs to be exported rapidly to prevent toxic accu-
mulation. The export function of Mnx is important under
standard growth conditions and becomes crucial under
high-light conditions, since Mnx likely ensures Mn supply
during the repair of PSIL. Members of UPF0016 are wide-
spread among all classes of organisms. However, while, in
yeast and human cells, these proteins facilitate Ca transport
in the membrane of the Golgi apparatus, cyanobacterial
Mnx proteins and the plant and green algal orthologous
proteins that are targeted to the plastid use preferentially
Mn as a transport substrate. This altered substrate speci-
ficity might be a specialization of the proteins for oxygenic
photosynthetic organisms, which strongly rely on Mn.

MATERIALS AND METHODS
Synechocystis Strains and Growth Conditions

A Gle-tolerant strain of Synechocystis sp. PCC 6803 served as the wild type.
Axenic cultures were grown continuously at 30°C, 200 rpm, and 100 pmol photons
m~2 57" constant light in BG11 medium buffered with 20 myv HEPES-KOH to pH
7.5 (Rippka et al., 1979). Growth medium for mutant lines was supplemented with
appropriate antibiotics (50 ug mL L kanamycin [Km] and 20 gg mL ! spectino-
mycin [Sp]). For experiments, precultures were generally Mn starved for 5 d to
ensure the same preconditions for all lines. To this end, the cells were washed once
with EDTA solution (HEPES-KOH, pH 7.5, and 5 nm EDTA; Keren etal., 2002) and
two times with Mn-free BG11 medium to remove the periplasmic storage pool of
Mn. Then, the cultures were grown for 5 d in Mn-free BG11 medium and subse-
quently used for experiments.

Generation of mnx Knockout and Overexpression Lines

The Amnx knockout mutant was generated by introduction of a Km resis-
tance cassette obtained from the plasmid pUC4K (Pharmacia) into the unique
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Smal site of the PCR-amplified (primers ME29 and ME30; Supplemental Table
S2) open reading frame sli0615. After transformation and selection on Km-
containing BG11 plates, full segregation of several independent clones was
verified by PCR analysis as described (Eisenhut et al., 2006). To generate the
overexpression line Ammx/OEX, full-length mnx was PCR amplified using
primers ME57 and ME58 (Supplemental Table S2). After digestion with Ndel
and Hpal, the mnx fragment was introduced into the modified version of the
overexpression vector pPSBAII (Lagarde et al., 2000), carrying an Sp resistance
cassette for selection (Engel et al., 2008). The obtained plasmid was used for
transformation of the Amnx mutant. The complementation/ overexpression line
Amnx/OEX was selected on BG11 plates containing both Km and Sp.

RNA Isolation and RT-qPCR Analysis

For RNA isolation, 10 mL of culture was harvested by centrifugation for
5 min at 4°C and 3,000g. Extraction was performed with the Universal RNA
Purification Kit (Roboklon) using the bacterial cell protocol. DNase treatment
was carried out using RQ1 RNA-Free DNase (Promega), and ¢cDNA synthesis
was performed using Moloney murine leukemia virus reverse transcriptase
(Promega). For the RT-gPCR analysis, Mesa Blue MasterMix for SYBR Assay
(Eurogentec) was used. The primers used for RT-qPCR were FB24 and FB25
(Supplemental Table S2; efficiency, 1.94) for the amplification of mnx. RNase P
subunit B (rupB) was used as a reference gene using the primers FB26 and FB27
(Supplemental Table S2; efficiency, 1.99). RT-qPCR was performed with the
StepOne Plus Real-Time system (Applied Biosystems). Mean normalized ex-
pression was calculated from three biclogical replicates, each measured in three
technical replicates, according to Simon (2003). Samples with a cycle threshold
value higher than the water control were set as not detectable.

Drop Tests

The effect of metals was tested on solid medium. Two microliters of the
cultures with an OD,5, 0f 0.25and 1:10, 1:100, and 1:1,000 dilutions were spotted
onto agar plates (BG11; pH 7.5; solidified with 1.5% [w/v] bacto agar), which
were supplemented with different concentrations of MnCl,, CaCl,, FeEDTA,
CuSO,, NiSO,, Co(NO,),, CdCl,, or ZnSO,. Plates were incubated under con-
tinuous illumination of 100 umol photons m 25 1at30°C for 4 d.

Growth, Chlorophyll, and Oxygen Evolution Analysis

After 5 d of Mn limitation, the cultures were set to an OD,s, of 0.3 and grown
in Mn-free BG11 medium for another 5 d. Then, the cultures were diluted to an
OD,5, of 0.5 and kept under limitation (0 gy MnCl,) or were treated with 9 and
150 pm MnCl,. Growth and chlorophyll content were determined by moni-
toring the OD5, and OD g, respectively. Before and after 4 h of Mn treatment,
additional samples were taken to analyze oxygen evolution as a measure of
photosynthesis with a Clark-type electrode.

Effects of High-Light Treatment on Photosynthetic Activity

Cultures were set to an OD,, of 0.5 in BG11 medium containing the standard
concentration of 9 um MnCl,. At time point 0 min, the cultures were placed
under a 50-W light-emitting diode lamp at 1,000 umol photons m™* s™" for
45 min. Temperature (30°C) and continuous mixing were controlled by a
magnetic stirrer with heating function. After 45 min, the cultures were returned
to standard growth conditions (100 wmol photons m* s~ ' and 30°C) for 75 min.
During the experiment, oxygen evolution as a measure of photosynthesis was
analyzed every 15 min with a Clark-type electrode. The experiment was re-
peated three times to get biological triplicates.

Subcellular Localization of Mnx

To determine the subcellular localization of Mnx, an eYFI* from pUBC-YFP-
Dest (Grefen et al., 2010) was C-terminally fused to Mnx. For selection, a KmR
from the vector pUC4K (Pharmacia) was added downstream of the YFP open
reading frame followed by 200 bp of the 3" region of mnx for homologous re-
combination in the Synechocystis genome. All fragments were PCR amplified
and assembled using the Gibson Assembly Master Mix (New England Biolabs).
Primers FB16 and FB17 were used to amplify mnx, FB18 and FB19 to amplify
yfp, FB20 and FB21 to amplify the KmR, and FB22 and FB23 to amplify the 3"
region of mnx. Genotypes of Km-resistant transformants were verified by PCR
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using primers ME57 and FB31 (Supplemental Fig. S2A), and the biological func-
tionality of Mnx::YFP fusion proteins was tested by growth on BG11 medium
supplemented with elevated MnCl, concentrations (Supplemental Fig. 52B). Before
imaging, the cells were kept in darkness for 30 min to relax the proton gradient
across the thylakoid membrane, because the low pH in the thylakoid lumen might
affect the fluorescence of YFP. For imaging, transformed cells were mixed with
wild-type cells to have a negative control in the same image. The cells were
immobilized on microscopic glass slides by a thin layer of solid BG11 medium (1:1
mixture of 2-fold concentrated BG11 medium and 3% [w/v] bacto agar). A Leica
TCS SP8 STED 3X microscope was used witha 100 oil objective (optical aperture
1.4) and Leica HyD hybrid detectors. YFP and chlorophyll were excited at 488 nm
with a white-light laser at 70% output intensity.

ICP-MS Measurements

After precultivation under Mn limitation conditions, the cells were adjusted to
an OD;5, of 0.75 and treated with 200 pv MnCl,. The higher MnCl, concentration
compared with our other experiments was chosen to apply Mn stress propor-
tional to the OD;5, used in this experiment and thus make the effects comparable.
Four-milliliter samples were pelleted via centrifugation (3,000 for 5 min at 4°C).
The samples were washed two times with 4 mL of ice-cold EDTA solution
(20 mw HEPES-KOH, pH 7.5, and 5 mm EDTA) to release the periplasmic Mn
pool and measure the intracellular Mn pool only (Keren et al., 2002) and one
time with 4 mL of ice-cold HEPES buffer (20 mym HEPES-KOH, pH 7.5). All
steps were performed at 4°C or on ice. From here on, all steps were performed
in a clean laboratory. For analysis, the samples were digested at 100°C with
distilled HNO,, evaporated to dryness, and reconstituted in double distilled
water. Mn concentrations were determined using ICP-MS (PerkinElmer-Elan).
For each time point, an additional sample was taken to determine the cell number
per milliliter microscopically.

Radioactive Trace Experiments

After precultivation under Mn limitation conditions, the cells were adjusted
to an OD., of 0.3 and incubated for 3 d in BG11 medium supplemented with
0.18 unm **Mn and 0.82 um cold Mn. After incorporation of the radioactive Mn
into the cells, the radioactive medium was washed off by one washing step with
EDTA solution (20 mm HEPES-KOH, pH 7.5, and 5 mm EDTA) and two washing
steps with Mn-free BG11 medium. The cultures were adjusted to an OD,, of 0.3
and treated with 9 pv MnCl,. Samples of 500 kL were taken with a reusable
syringe-type filter holder (Schleicher & Schuell) and nitrocellulose filters (What-
‘man). The filter residue was washed one time with EDTA solution (20 mm HEPES-
KOH, pH 75, and 5 mm EDTA) and one time with pure water to remove the
periplasmic pool of Mn. The radioactivity in the cells was monitored witha gamma
counter (Kontron Analytical; GAMMAmatic I). The experiment was performed in
biclogical triplicates, and every sample was measured in three technical replicates.

Expression of miux in Yeast

The coding sequence of mnx was PCR amplified from Synechocystis genomic
DNA using the primers SK102 and SK103 (Supplemental Table S2). The PCR
product was subcloned into pJET1.2 (Thermo Fisher Scientific) and verified by
sequencing. After restriction digestion with Sall and Spel, the fragment was
cloned into the vector pDR196 (Rentsch et al., 1995; Loqué et al., 2007). All further
experimental steps were performed as described (Schneider et al., 2016).

Supplemental Data

The following supplemental materials are available

Supplemental Figure S1. Statistical analysis of growth rates and chloro-
phyll contents.

Supplemental Figure $2. Verification of the genotype and functionality of
Mnx::YFP proteins.

Supplemental Figure S3. Overview of fluorescence microscopy images of
wild-type and mnx:yfp cells.

Supplemental Table 81. GreenCut proteins strictly conserved in cyano-
bacterial genomes with predicted but so far unknown functions in chlo-
roplast transport processes.

Supplemental Table S2. Oligonucleotides used in this study.
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Fig. S1: Statistical analysis of growth rates and chlorophyll content. (A) Growth rates of WT,
Amnx, and Amnx/OEX during 5 d of Mn limited pre-cultivation (pre) and during 72 h treatment
with Mn concentrations as indicated. (B) Chlorophyll content after 5 d of Mn limited pre-
cultivation (0 h) and after 72 h treatment with Mn concentrations as indicated. (C) Growth rates
after 48 h cultivation under standard growth light (100 pmol photons m> s') or high light (1,000
pmol photons m™ s conditions. (D) Chlorophyll content at the beginning of the experiment
(0 h) and after 48 h cultivation under standard growth light (100 umol photons m™ s™') or high
light (1,000 umol photons m~ s™) conditions. Asterisks (*) indicate significant changes to the

respective WT value according to a two-way ANOVA (P <0.05).
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Fig. 82: Verification of genotype of max.:yfp and functionality of Mnx::YFP proteins. (A) The
genotype of the mutant mnx.:yfp was verified by PCR using genomic DNA and primers binding
to the mnx coding sequence and to the 3 region of mnx. The amplified fragment for mnx:.yfp
includes max, the inserted y/p and KmR genes, and 255 bp of the 3" region downstream of mnx.
Water was used as a negative control. (B) The cells in mid log phase were diluted to an OD7sg
0f 0.25. 2 pL of these cultures and subsequent 1:10, 1:100 and 1:1,000 dilutions were spotted
onto BG11 plates with increasing concentrations of MnCl,. Pictures were taken after incubation

for 4 d. The concentration of MnCl; in standard BG11 medium is 9 uM.
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Fig. S3: Overview of fluorescence microscopy pictures of WT and mnx::yfp cells. (A) Full
series of z-stacks used for localization of Mnx. Fig. 7 shows stack 5. The distance between two
images is approximately 0.1 um. (B) Quantification of YFP and chlorophyll fluorescence along
the cellular circumference for images 4 and 5. Region of interest (ROI) 01 is indicated in green
and ROI 02 in purple. Spearman's rank correlation coefficients are given for each graph. The

length of the scale bars is 1 pm.
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Table S1: List of GreenCut proteins strictly conserved in cyanobacterial genomes with predicted but so far unknown function in chloroplast

transport processes. Proteins were extracted from the GreenCut2 inventory (Karpowicz et al., 2011). Cre protein ID according to JGI v3.0 of the Cre

genome, Syr protein 11 according to Cyanobase

C: Chloroplast; Cre: Chlamydomonas reinhardtii; 1V: inner envelope; Syn: Synechocystis sp. PCC 6803;

protein, green tissues

Golgi protein

Cre protein | Cre protein | Syn protein | Proposed function® Domain* Predicted Encoded in cyanobacterial
name* ID* 1D location® genomes (number)*
CGL9S 114780 S110355 Integral membranc C 37
protein DUF6
PCD4 205606 S1r0941 possible lipid transport Polyketide_cye(1) C 37
protein
TIC21 183668 Sl1737 inner envelope membrane Similar to AtTic20- iv 37
transporter protein, like proteins
regulated by signaling
pathway
CPLD63 105873 810615 possible solute transporter Uncharacterized iv 36
protein family
UPF0016
SNR2 146768 SIr0305 SNARE associated Golgi SNARE associated C 35

* according to Karpovicz et al., 2011
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Table S2: Oligonucleotides used in this study. Restriction sites are underlined.

Name | Sequence (5->3") Experiment
ME29 | TTAACGGTCAGGCGATCA Generation of knockout mutant in mnx
ME30 | TAGATCTGATCGCCTTGC Generation of knockout mutant in mnx
ME57 | CATATGATGCTGACCGCTTTTACT Generation of mnx overexpression
line
ME58 | GTTAACCTATGCAATCTTGGTCCA Generation of mnx overexpression
line
FB24 | TCTTGGCCATACCATCTGTGC RT-qPCR analysis, expression of mnx
FB25 | CCACCAGGAAACCACAGCAA RT-qPCR analysis, expression of mnx
FB26 | AAGGTTGGTCTTTTTCCTGCC RT-qPCR analysis, expression of
rapB
FB27 | AGAGAGTTAGTCGTAAGCCGGG RT-gqPCR analysis, expression of
mpB
SK102 | AGGAGTCGACATGCTGACCGCTTTT | Expression of max in yeast
AC
SK103 | AGGAACTAGTCTATGCAATCTTGGT | Expression of mnx in yeast
CCACC
FB16 | cgagtttttcagcaagatcaTTTGCCCTCACCTT | Generation of mnx: :yfp line
TGTG
FB17 | tgetcactccTGCAATCTTGGTCCACCA Generation of max: yfp line
FB18 | caagattgcaGGAGTGAGCAAGGGCGAG | Generation of mnx::yfp line
FB19 | gttgcaaaatTTATAACTTGTACAGCTCGT | Generation of mnx::yfp line
CCATG
FB20 | caagttataaATTTTGCAACAAATAACCA | Generation of mnx::yfp line
C
FB21 aatccgagtcGAGAGTGAGGACCTGCAG | Generation of max: :yfp line
FB22 | ccteactetcGACTCGGATTTGCAGATC Generation of mnx::yfp line
FB23 | agaatattgtaggapgatcttCACGTAGGGTTGA | Generation of mux::yfp line
AACTTTTTC
FB31 CACGTAGGGTTGAAACTTTTTCA Together with MES7 verification of
mnx.:yfp
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Determination of Mn Concentrations in Synechocystis sp. PCC6803 Using ICP-MS
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[Abstract] Manganese (Mn) is an essential micronutrient for all photoautotrophic organisms. Two
distinct pools of Mn have been identified in the cyanobacterium Synechocystis sp. PCC 6803
(Synechocystis), with 80% of the Mn residing in the periplasm and 20% in cytoplasm and thylakoid
lumen (Keren et al., 2002). In this protocol, we describe a method to quantify the periplasmic and
intracellular pools of Mn in Synechocystis accurately, using inductively coupled plasma mass
spectrometry (ICP-MS).

Keywords: Cyanobacteria, Synechocystis, Manganese, Periplasm, ICP-MS

[Background] Mn plays a vital role in the active sites of several enzymes such as the oxygen-evolving
complex in photosystem Il. In contrast to its role as an important micronutrient, Mn can be toxic when
present in excess. It is therefore of crucial importance for cyanobacteria to maintain the intracellular
levels of Mn and in particular to avoid free Mn in the cytoplasm. The cyanobacterium Synechocystis
addresses this challenge by storing about 80% of the Mn in the periplasm. Only 20% of the cellular
content can be detected in the cytoplasm and thylakoid system (Keren et al., 2002), with most of the Mn
being incorporated into proteins, leaving virtually no free Mn in the cytoplasm. We recently identified the
manganese transport protein Mnx, which resides in the thylakoid membrane and facilitates export of Mn
from the cytoplasm into the thylakoid lumen in Synechocystis. According to our study, Mnx is a major
player in maintaining the cellular Mn homeostasis (Brandenburg et al., 2017). To analyze the biological
significance of Mnx, we developed a protocol to measure the periplasmic and intracellular Mn pools
separately. We chose ICP-MS for quantification, since it is a sensitive and reliable method to detect
metals in biological samples. Detection limits can be in the range of [ng '] and below. Prior to the
analysis, all complex molecules of the sample are broken down to atomic compounds by digestion with
nitric acid. Subsequently, the sample is ionized by an inductively coupled plasma and analyzed by mass
spectrometry. In this protocol, we describe the detailed workflow for subcellular Mn quantification, from
sampling to the calculation of Mn concentrations.

Materials and Reagents

1. 15 mltubes (SARSTEDT, catalog number: 62.554.002)
2. Syringe filter filtropur S, 0.2 ym (SARSTEDT, catalog number: 83.1826.001)
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10 ml Luer-Lok syringe without needle (BD, catalog number: 300912)

Milli-Q grade (or similar) water (Resistivity at 25 °C 18 MQ cm)

Distilled AR grade nitric acid (Macron Fine Chemicals, VWR catalog number: MK140946)
ICP-MS multi element standard solution VI (Merck, catalog number 1105800100)
Naz-Ethylenediaminetetraacetic acid (EDTA) (Carl Roth, catalog number: 8043 .2)
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Carl Roth, catalog number:
6763.3)

EDTA wash buffer (see Recipes)

Equipment

© @ N OO A=

Cooling centrifuge for 15 ml tubes (Beckman Coulter, model: GS6)
Teflon cups (Savillex, custom made)

Analytical balance (Kern, model: ALJ220 4M)

Vortex Mixer (Eppendorf, model: MixMate)

Clean lab (Class 5000)

Chemical hood (Wesemann GmbH)

Hot plate (IKA 3581001 Ceramic Stirring Hot Plate)

ICP-MS 7500cx (Agilent Technologies, model: ICP-MS 7500cx)
Neubauer-improved hemocytometer (Marienfeld, Art. No. 0650030)

Procedure

1.

Sampling and washing (Figure 1)
Notes:

i. Keep samples on ice to slow down the metabolic activity.

ii. The washing steps are time sensitive, since they stop the experiment by removing all
external Mn. Removing all external Mn conserves the sample in the state of the
timepoint it was taken and the elemental composition of the sample cannot change
anymore.

ii. Sample volumes and final elution volumes are accounted for in the calculation under
data analysis. All volumes in this protocol are therefore approximate volumes, as long
as they are weighted accurately. All transfers can be done by pouring. Pipetting is not
necessary and may even add contaminants.
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A
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Figure 1. Workflow for sampling and washing. A. Intracellular (sample C) and periplasmic

(samples E1 and E2) Mn pools are separated by EDTA washing steps. B. To measure the total

Ci

ellular Mn content (sample T), cells are separated from the medium and resuspended in Milli-

Q water.

P oo v

For each sample, prepare four 15 ml test tubes, labeled with sample number and T1 (total
cell), E1 (first EDTA wash), E2 (second EDTA wash) and C1 (intracellular Mn content).
Weigh and note weight of all test tubes, including cap.

Take 2 ml samples (OD7s0 ~0.75, Note 3) and transfer them into tubes T1 and C1 (Note 4).
Remove 30 pl from tube T1 for cell counting.

Weigh and note weight for both tubes T1 and C1.

Note: Subtracting the weight of the tube only from the tube with sample gives you the weight
of the sample.

Centrifuge tubes T1 and C1 at 3,000 x g and 4 °C for 5 min.

Discard the supernatant.

Note: The supernatant can be analyzed as sample M (medium) if wanted. If so, weigh the
sample before filtering them through a 0.2 um syringe filter to get rid of remaining cells.
Growth of remaining cells would change the Mn composition of the medium and require
sample digestion. After filtering, the sample does not need further processing.

Resuspend samples T1 by vortexing in approximately 4 ml of Milli-Q water. Store the
samples at room temperature until sample digestion.

Add 4 ml EDTA wash buffer to samples C and resuspend by vortexing. Repeat step 1f.
Transfer the EDTA supernatant to the test tube labeled E1. Weigh and note weight. Store
tube E1 at room temperature. The sample does not need further processing (Note 5).
Note: Most ICP-MS facilities do not accept undigested or unfiltered samples. Therefore, it
may be necessary to filter the EDTA washes as described above. However, potentially
remaining cells cannot grow, since they are in EDTA wash buffer and not medium.

Add 4 ml EDTA wash buffer to samples C and resuspend by vortexing. Repeat step 1f.
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m.

n.

Transfer the EDTA supernatant to the test tube labeled E2. Weigh and note weight. Store
tube E2 at room temperature. The sample does not need further processing.

Add 4 ml Milli-Q water and resuspend by vortexing.

Remove 30 ul from the tube for cell counting.

2. Sample digestion

Note: From here on, it is essential to carry out all steps in clean room conditions.

a.

~ 0 a0 T

For each sample, prepare another set of two 15 ml test tubes (label with sample number
and C2 or T2).

Weigh out 4 ml of Milli-Q water to the test tubes C2 and T2

Add 2 ml of nitric acid to each of samples T1 and C1.

Gently shake or turn for 5 min.

Preheat hot plate in chemical hood to 200 °C (Note 6).

Place each sample (T1 and C1 only) into Teflon cups suitable for hot plate and place the
samples on hot plate.

Let the samples evaporate until minimal droplet remains; remove from hot plate before
sample evaporates completely (Note 7).

Add all water from corresponding test tube to the Teflon cup, re-suspend the sample
carefully and return the sample to the same test tube (eg. water from tube T2 to the
evaporated sample T and back to tube T2).

3. Sample measurement (clean room not required)

a.

b.
C.

Transfer 2 ml from each sample (T2, C2, E1, and E2) to appropriate sample tubes for the
ICP-MS sample handler.

Store the remaining 2 ml of each sample for potential extra measurements.

Analyze the samples according to the instructions of your ICP-MS facility.

4. Cell counting

a.

Perform cell counting on the samples from sampling and washing (steps 1d and 1n)

according to the instructions manual of your hemocytometer.

Data analysis

The periplasmic Mn concentration is the sum of the Mn in samples E1 and E2. Sample C2 is the

intracellular concentration of Mn, namely cytosol and thylakoid system. Apply equation 1 to calculate

the periplasmic Mn concentration using samples E1, E2 as well as volume and cell count from C1.

Similarly, use equation 2 to calculate the intracellular Mn concentration in [atoms cell""] using

samples C1 and C2.

atoms _

cell

ng)  VolumeE1|g] 1g| , Volume E2[g]
mel * Votume cilgl T RESME E2 |0 | * Votume calg)

MW Lﬁg,] * cell count [ci!ﬂ

Result E1 |

atoms.
]

* Avogadro constant
mol

(Eqg. 1)
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atoms _ Resmtc[ﬂ * Volumecilg atoms
— = s * Avogadro constant |- ]
cell Mw I M] * cell count [LE mol
mol mL (Eq 2)

|ICP-MS results usually come in parts per million (ppm), which is equivalent to [ug mlI'] or parts per
billion (ppb), which is equivalent to [ug I']. Make sure to convert the input data into the correct units.

Please note that the molecular weight (MW) in equations 1 and 2 is in [pug mol"]

Instead of cell counting, you can use OD7so or chlorophyll content for normalization as well. However,
we recommend cell counting. As a control, the sum of the Mn in samples C2, E1 and E2 should
equal the Mn concentration in sample T2. You can calculate sample T2 in the same way as sample
C2.

Figure 2 shows an example for the calculations. The numbers used for this calculation were obtained

from a WT sample grown at our standard conditions (Note 1).

4.2406 [g] 4.0783 [g]

+000119 [44

0.0183 [£
Periplasm: ko] - 5o mil 0e05la] 6 0221%1023 [Zo] = 8.82x108 22
54938x10% [LL] « 51x108 [£1]
0.00381 [2] . 21766 o]
Intracellular: [M dk ROl o % 6.0221x10%3 [T200] = 1.75x108 T
54.938x10% [BL] « 515106 [£1F]
0.01495 [B4] , 40821a]
Total: u;nL " 13049 [g] e+ 602211023 [atomS] -1 06)(107 atoms
54.938x10% [LL| « 49.5x106 [<F| ell
Control: (8.82x10° + 1.75x10%) — 1.06x107 = —9.08x10?

Figure 2. Example calculation of Mn concentration. Make sure the input data is in the correct
units. In our case for example, the ICP-MS results were in [ug I'"]. Please note that the molecular
weight (MW) of Mn is in [ug mol']. In our experiments, the difference between E1+E2+C2 and

T2 was in the range of 0.1 - 10x108 [atoms cell"].

Notes

1. Mutant lines are based on and compared to a Japanese WT of Synechocystis sp. PCC 6803
obtained from Martin Hagemann (University of Rostock, Germany). Qur standard growth
conditions are 30 °C, 100 rpm shaking, and 100 pmol photons m=2 s,

2. This is an elemental analysis that does not differentiate between Mn incorporated into proteins,

complexed Mn and free Mn.
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3. The amount of original sample to be analyzed depends on the cell density of the sample. Dense
samples require less volume and dilute samples require more. There is no need to adjust the
other volumes. In our experiments, we took 2 ml samples with an OD7so ~0.75.

4. There is no need to use a pipette following this protocol. This minimizes the contamination of
the sample. All transfers from one tube to another should be done by pouring.

5. In principal, it is possible to combine samples E1 and E2 and measure them together. If doing
so, the sample volume in the calculation needs then to be changed accordingly. However,
depending on the physiological conditions of the experiment, the amount of Mn found in these
samples can be close to the detection limit already in Sample E1. Therefore, we prefer to not
further dilute sample E1 with sample E2.

6. The temperature of the hot plate can be set as low as 180 °C if handling a large number of
samples. Doing this will slow down the process allowing for better tracking of all samples on the
hot plate to avoid burning.

7. The minimal possible droplet size mostly depends on the experience of the person conducting
the experiment. Importantly, the droplet size gets included in the sample weight before the
measurements meaning larger droplets do not affect the measurements. This step is solely to
protect the ICP-MS pump by reducing the amount of nitric acid in the sample. If samples do
evaporate completely, add 1 ml of nitric acid and mix well. Continue evaporation carefully.

8. All samples can be stored at room temperature until digestion, as soon as the experiment has
stopped by the washing steppes. All possible contaminations will be eliminated in the digestion
process but cannot change the elemental composition of the sample. We are not aware of any
specific shelf life of the samples before digestion, however, the longest time we stored samples
before digestion was three weeks. After digestion, we recommend to freeze the samples to
prevent microbial growth, which may affect the ICP-MS machine rather than the sample

composition.

Recipes
1. EDTA wash buffer
20 mM HEPES-KOH, pH 7.5

5mM EDTA

Note: EDTA wash buffer can be stored at room temperature for several months.
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One sentence summary:

The hemi manganese exchangers Hmx1 and Hmx2 function as heteromers in export of
manganese from the cytoplasm into the periplasm to prevent toxic accumulation of the
metal inside the cell and represent a second export system besides the manganese

exporter Mnx.
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ABSTRACT

Although the micronutrient manganese (Mn) is essential for photosynthetic organisms,
elevated intracellular concentrations are detrimental to the organism and accumulation
needs to be avoided. We identified two proteins with so far unknown function and
characterized their role as a heterodimeric Mn transporter in the cyanobacterium
Synechocystis sp. PCC 6803 (Synechocystis). According to their proposed function and
size, we named the proteins Hemi Mn Exchanger (Hmx) 1 and 2. The knockout mutant
Ahmx1 showed sensitivity towards externally applied Mn and a double-knockout with the
Mn exporter Mnx — which belongs to the same protein family — resulted in increased Mn
accumulation inside the cell as compared to a single-knockout of Mnx. We found Hmx1
and Hmx2 to interact via the C-terminus in a yeast two-hybrid assay. Furthermore,
heterologous expression of both proteins had a stronger positive effect on growth of
Escherichia coli at increased concentrations of Mn than either Hmx1 or Hmx2 alone. In
Synechocystis, we localized CFP-tagged Hmx1 and Hmx2 proteins to the plasma
membrane. Based on our results we propose that Hmx1 and Hmx2 form a heterodimer and
facilitate the export of Mn from the cytoplasm into the periplasm. We discuss the biological
function of Hmx1 and Hmx2 in the interplay with Mnx and the importance of Mn export in

the network of Mn homeostasis of Synechocystis.
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INTRODUCTION

The transition metal Mn is of crucial importance for all organisms performing oxygenic
photosynthesis (Hansch and Mendel, 2009). Mn serves as catalytically active metal, fulfills
an activating role for several proteins, and acts as direct cofactor of a variety of enzymes
(Burnell, 1988; Hansch and Mendel, 2009). It is involved in ATP synthesis, the reactions of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), and the biosynthesis of
fatty acids and proteins (Ness and Woolhouse, 1980; Pfeffer et al., 1986; Houtz et al., 1988).
However, the most prominent role of Mn is in the oxygen-evolving complex (OEC) of
photosystem Il (PSIl) where a Mn4OsCa cluster (Mn-cluster) mediates the water-splitting

reaction (Nelson and Junge, 2015).

In the cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis), the network of Mn
homeostasis were investigated over the past decades. Two distinct Mn pools have been
identified and up to 80% of the cellular content was found to accumulate in the periplasm,
while only 20% reside inside the cytoplasmic membrane (Keren et al, 2002). In the
periplasmic space, Mn is most likely loosely bound to the outer membrane by the negative
membrane potential or bound to soluble Mn-binding proteins such as MncA (Keren et al.,

2002; Tottey et al., 2008).

Inside the cell, roughly 80% of the Mn is associated with the Mn-cluster of the OEC
(Anderson et al., 1964). This major sink of Mn is assumed to being supplied from the
periplasmic storage and with the tetratricopeptide repeat protein PratA delivering Mn from
the periplasm directly to the precursor of the D1 reaction center protein in the biogenesis

centers of the cell (Stengel et al., 2012).

Mn demands other than PSII are supplied by active transport of Mn across the plasma
membrane via the high-affinity ATP-binding cassette (ABC)- type transporter MntCAB
(Bartsevich and Pakrasi, 1995; Bartsevich and Pakrasi, 1996). However, mntCAB knockout

lines show Mn uptake when supplemented with micromolar amounts of Mn, indicating the
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presence of a second, yet unidentified Mn uptake system (Bartsevich and Pakrasi, 1996). In
contrast to MntCAB, which is competitively inhibited by cadmium (Cd), cobalt (Co), and zinc
(Zn), this second system is hypothesized to be highly specific (Bartsevich and Pakrasi,
1996). Sharon and coworkers suggest that iron (Fe) transporters like FutABC transport Mn

as co-substrate by a piggybacking mechanism (Sharon et al., 2014).

Recently, we identified the Mn export protein Mnx as a Mn export protein in Synechocystis
(Brandenburg et al., 2017b). The thylakoid membrane protein Mnx exports Mn from the

cytoplasm to the thylakoid lumen to prevent toxic concentrations in the cytoplasm.

Mnx belongs to the unknown protein family (UPF) 0016 that contains integral membrane
proteins mostly of unknown function. Most members of the family consist of two copies of
a domain that contains a conserved ExGD motif in the first of three predicted
transmembrane helices (Demaegd et al., 2014). In Arabidopsis thaliana (Arabidopsis) the
Mnx orthologue PAM71 is mediating the uptake of manganese (Mn) from the chloroplast
stroma to the thylakoid lumen in order to provide Mn for in cooperation in the OEC of PSlI
(Schneider et al., 2016). Interestingly, two members of this highly conserved protein family,
TMEM165 and Gdt1, have been described as calcium/proton (Ca?'/H*) exchangers in the
Golgi apparatus of yeast and human, respectively, and play important roles in Ca?*-
signaling (Demaegd et al., 2013; Colinet et al., 2016). Together, these results suggest
different conserved functions of UPFO016 in Mn- and Ca-transport between species
performing oxygenic photosynthesis compared to non-photosynthetic species,

respectively.

In this study, we provide further evidence for the hypothesis that the role of UPFO016
members in photosynthetic organisms is Mn- rather than Ca-transport. We identified two
homologues of Mnx as Mn export proteins and named the proteins Hmx1 and Hmx2. Based
on our results we present an updated model of the intricate model of Mn homeostasis in

Synechocystis.
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RESULTS

Identification of Proteins Homologous to Mnx

The UPFO016 seems to have different functions in photosynthetic organisms in
comparison to non-photosynthetic organisms. While the proteins TMEM165 and Gdt1
have been described as Ca?*-exchangers in human and yeast, respectively (Demaegd et
al., 2013; Colinet et al,, 2016), PAM71 and Mnx function as Mn transporter in Arabidopsis

and Synechocystis, respectively (Schneider et al., 2016; Brandenburg et al., 2017b).

To investigate the function of UPFOO16 in cyanobacteria further, we searched for
additional members of UPF0016 in the Pfam database (Finn et al., 2016) and found two
additional proteins of UPF0016, SIr1170 and Ssr1558, encoded in the genome of
Synechocystis. BlastP analysis revealed that SIr1170 and Ssr1558 have a 35% and 31%

sequence identity to Mnx, respectively.

Importantly, both proteins share the for UPFO016 typical ExGD motif in the first of three
predicted transmembrane spans with Mnx (Figure 1A). However, SIr1170 and Ssr1558 are
approximately half the size of Mnx, and thus lack the internal repeat of the conserved
domain (Figure 1A). Among the prokaryotes, proteins of UPFO016 have been found
encoded by one gene that has undergone an internal duplication resulting in a two-domain
protein, or by one or two smaller genes encoding for a homodimer or heterodimer,
respectively (Demaegd et al.,, 2014). Furthermore, we found orthologues of sir1170 and
ssr1558 to be neighboring genes in 72% of the cyanobacterial species we looked at, while
in only 16% of the species they were dispersed in the genome like in Synechocystis.
Interestingly, we found a third gene in close proximity upstream in most of the species
(Figure 2B). The upstream genes were either completely uncharacterized, belonged to
UPF0153, or were predicted as iron-sulfur oxdireductases. In Cyanothece sp. ATCC 51142
we found psb28-2 upstream of the slr1170 orthologue, which is involved in PSIlI biogenesis

and chlorophyll biosynthesis (Dobakova et al., 2008; Nowaczyk et al., 2012).
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Figure 1: Sequence analysis and generation of mutant lines. (A) Alignment of the protein sequences of Mnx,

Hmx1, and Hmx2. Grey boxes indicate predicted transmembrane spans. The conserved ExGD motiv is

highlighted in red. Asteriks (*) indicated fully conserved residues and a colon (;) residues with similar properties.

(B) Genomic organization of Hmx1 (dark orange) and Hmx2 (light orange) in selected cyanobacterial species.

The direction of arrows indicates the orientation in the genome. Genes encoding for UPF0153 members are

highlighted in blue. (C) PCR analysis of not segregated Ahmx2 mutants. (D) The genotypes of the mutants used

in this study were verified by PCR using gene specific primers for amplification of mnx (lanes 1) and hmx1 (lanes

2). Water was used as a negative control.
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The close proximity in the genome of most cyanobacteria is an indicator for an operon
structure. Therefore, we hypothesized sIr1170 and ssr1558 to form a heterodimer.
Interestingly, for 12% of the analyzed species, we found the same orthologues gene for

both s/r1170 and ssr1558, indicating that the organization as a homodimer is also possible.

In all species with two orthologous, the orthologue for sir1170 was located upstream of the
orthologue for ssr1558 (Figure 1B). Due to their similarity to Mnx, we choose SIr1170 and
Ssr1558 as candidate genes and hypothesize they form a heterodimer and function as Mn
transporter in Synechocystis. Based on the hypothesized function, their size and their
relative position to each other in the genome of most cyanobacterial species we named

SIr1170 and Ssr1558 hemi Mn exchanger (Hmx) 1 and 2, respectively.

Loss of Hmx1-function causes sensitivity towards high concentration of externally

supplied Mn

To investigate the function of Hmx1 and Hmx2 we aimed to generate the
Synechocystis knockout line Ahmx1 and Ahmx2 by insertional inactivation. Although WT
cells transformed with the knockout construct for hmx2 formed colonies on selective
plates, we could not verify the knockout of hmx2 by PCR analysis (Figure 1C). In contrast,
the generation of Ahmx71 and the mnx/hmx1 double-knockout line Amnx/Ahmx1 by
inactivation of hmx1 in the Amnx mutant background yielded fully segregated mutants

(Figure 1D).

To investigate the biological function of Hmx1 we exposed the different lines to increased
amounts of Mn as compared to the 9 yM commonly used in BG11 medium (Herdman et al.,
1979) and Mn limiting conditions (Figure 2A). All lines grew comparably well at 0 and 9 pM
of MnCl.. Growth of Ahmx1 was not affected by MnCl, concentrations up to 200 uM (22-
fold increase). At 400 uM MnCl; (44-fold increase), Ahmx1 was unable to grow, while the WT

cells were only partially impaired in growth.
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Figure. 2: Sensitivity of Synechocystis WT, Amnx, Ahmx1, and Amnx/Ahmx1 lines toward divalent transition
metals. Cells in mid log phase were diluted to an OD7s0 of 0.25. 2 pL of these cultures and subsequent 1:10,
1:100 and 1:1,000 dilutions were spotted onto BG11 plates supplemented with different transition metals as
indicated. Pictures were taken after incubation for 5 d. (A) Growth of cells on BG11 medium containing O, 9,
12.5, 25, 50, 100, 200, or 400 pM MnCl2. 9 uM is the standard concentration of MnCl2 in BG11 medium. (B)
Growth of cells on BG11 medium containing elevated levels of divalent transition metals. The concentrations
were 12-fold elevated for Ca?* and 3-fold elevated for Fe?*, Cu?*, Zn?*, and Co?*-ions compared to standard
BG11 medium. Additionally, 1 uM Cd?* and Ni?*-ions were added, which are not contained in standard BG11
medium.
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As described previously, Amnx is impaired in growth when exposed to only slightly
increased concentrations of Mn (Brandenburg et al., 2017b). In our experiments, Amnx was
impaired in growth starting at 25 pM (2.5-fold increase) and Amnx/Ahmx1 neither showed
an increased nor repressed phenotype as compared to Amnx at any of the tested

conditions (Figure 2A).

Moreover, we tested the sensitivity towards other divalent transition metals, because it has
been shown that Mn transporters in plants frequently accept multiple transport substrates
(Socha and Guerinot, 2014). None of the mutant lines showed distinguishable growth to the
WT when exposed to 12-fold elevated concentrations of Ca?* ions or 3-fold elevated Fe?*,
Cu?*, Zn?*, and Co?* as compared to standard BG11 (Figure 2B). In addition, 1 pM Cd?* and

Ni%* ions, which are not contained in standard BG11, did not affect the mutant lines.

Based on the dose-dependent and Mn-specific phenotype towards elevated

concentrations of Mnx, we specified our hypothesis for Hmx1 to a function in Mn export.

Double-knockout of hmx1 and mnx leads to hyper-accumulation of Mn inside the cell

Previously, we reported that the knockout of the Mn exporter Mnx causes
significant over-accumulation of the intracellular pool of Mn within 4 h after treatment with
Mn (Brandenburg et al., 2017b). To test the hypothesis Hmx1 functions in Mn export, we
quantified the cellular amounts of Mn for Ahmx1 and Amnx/Ahmx1. To ensure equal cellular
concentration of Mn before the experiment for all cultures, we removed the periplasmic Mn
storage with an EDTA-washing step and incubated the cells for 5 d at Mn-limiting
conditions (Keren et al., 2002; Brandenburg et al., 2017b). After this precultivation, we
found the intracellular Mn pools strongly reduced and significantly increased in Amnx to
the WT (Figure 3). Within 4 h after addition of 300 uM MnCl,, the intracellular Mn
concentrations strongly increased in all lines. As expected, Amnx accumulated

significantly more (1.5-fold) Mn inside the cell than the WT, while Ahmx1 showed no
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difference. Remarkably, Amnx/Ahmx1 significantly over-accumulated (6-fold) Mn inside the

cell.
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Figure 3: Cellular Mn accumulation in WT, WT, Amnx, Ahmx1, and Amnx/Ahmx1 lines. Cells were
grown under Mn-limiting conditions for 5 d and then treated with 300 uyM MnCl.. ICP-MS analysis
was performed after limitation (0 h) and 4 h after treatment with MnCl.. Each bar represents three
biological replicates. The periplasmic and total Mn content is shown in Supplemental Figure S1.
Asterisks (*) indicate significant changes to the respective WT value according to an unpaired t-test

(P<0.05).

Expression of Hmx1 and Hmx2 supports growth of E. coli at high concentrations of Mn

With Mnx, Synechocystis has at least one backup system to compensate for a loss
of the hypothesized Mn export function of Hmx1. To investigate the function of Hmx1
independent from potential compensating mechanisms in the native organism, we
expressed Hmx1 and Hmx2 heterologously in Escherichia coli (E. coli) under control of an
isopropyl-B-D-thiogalactopyranosid (IPTG) inducible T7-promotor. The expression strains
were challenged with high Mn concentrations to test for their resistance towards this
metal. Cells expressing either Hmx1, Hmx2 or both proteins had slower but insignificantly
changed growth rates compared to cells carrying only the empty expression vector in the
control medium without extra supplemented Mn (Figure S2). For this reason, we analyzed

the changes in growth rates upon Mn treatment of each strain relative to the same strain
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without additional Mn added to the medium. Cells expressing either Hmx1 or Hmx2 grew
significantly better than cells not expressing the proteins with 5 mM MnCl, added to
standard LB-medium, while both proteins also grew better with 10 mM Mncl, added (Figure
4). With 20 mM Mncl, supplemented to the medium, none of the lines showed significant

growth differences to the WT (Figure 4).
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Figure 4: Mn dependent growth phenotype of E. coli expressing Hmx1 and/or Hmx2 heterelogously.
Dilute cultures (ODsoo 0.2) of E. coli cells expressing either Hmx1, Hmx2, or both proteins have been
exposed to increasing concentrations of MnCl2 while being incubated aerobically shaking at 37°C in
LB medium plus ampicillin. Cell density was measured before and after 4 h of incubation. Shown are
the growth rates p [h'] relative to the respective untreated culture. Each bar represents four
individual colonies of the same transformation. Asterisks (*) indicate significant changes to the

respective WT value according to an unpaired t-test (P < 0.05).

Hmx1 and Hmx2 reside in the plasma membrane

To assign a biological meaning to the hypothesized export function, we investigated
the subcellular localization of Hmx1 and Hmx2. We generated mutant lines expressing
either Hmx1 (hmx1::cfp) or Hmx2 (hmx2::cfp) with a C-terminal cyan fluorescent protein
(CFP) in their native genomic context under control of the respective native promotor and

replacing the untagged protein. Confocal fluorescent microscopy revealed that the CFP
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signals of both Hmx1 and Hmx2 do not overlap completely with the signal of the
chlorophyll autofluorescence but are oriented towards the outside of the cell, indicating a
localization in the plasma membrane (Figure 5A+B and 5D+E). Furthermore, in some cases
the signals show local maxima at regions of low chlorophyll fluorescence (Figure 5
C+F),which are typical for biogenesis centers (Heinz et al., 2016).
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Figure 5: Subcellular localization of Hmx1 and Hmx2. Hmx1 and Hmx2 were C-terminally fused to a CFP. All
results are shown for Hmx1:CFP (A, B, and C) and Hmx2:CFP (D, E, and F). CFP fluorescence is shown in
orange, chlorophyll autofluorescence in blue, and a merged image shows both signals at the same time (A and
D). Intensities of the signals from the outside to the inside of the cell at various positions of the cell
circumference were analyzed as indicated by the regions of interest (ROIs) (B and E). Additional positions
analyzed are shown in Supplemental Figure S3. Intensities of the signals along the cell circumference were

analyzed as indicated by the ROls (C and F).
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Hmx1 and Hmx2 interact via the C-terminus

To investigate an interaction between Hmx1 and Hmx2, we established a yeast two-
hybrid membrane system with a split ubiquitin mechanism (Stagljar et al., 1998). Yeast cells
were transformed with either Hmx1 or Hmx2 fused to the N-terminal half (Nub) or the C-
terminal half (Cub) of the yeast protein ubiquitin. Interaction of the tagged proteins Nub and
Cub re-assemble into the so-called ‘split-ubiquitin’, which resembles the native fold of
ubiquitin and is immediately recognized and cleaved by ubiquitin specific proteases
(Johnsson and Varshavsky, 1994). Upon cleavage, release of reporter genes allows

autotrophic growth on selective plates lacking the respective amino acids.

Growth on selective plates lacking the amino acids leucine and tryptophan (-Leu, -Trp) of
all lines verified the successful transformation of all tested lines and controls. Growth on
medium additionally lacking histidine and adenine (-His, -Ade) indicates an interaction of
the tagged proteins. According to our results, Hmx1 and Hmx2 interact via the C-terminus,
but not the C- and N-terminus (Figure 6A). The interaction was verified by a B-
galactosidase assay, where the interaction of the tagged proteins is indicated by the blue

color of the cells (Figure 6B).
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Figure 6: Interaction studies in Saccharomyces cerevisiae. NMY51 yeast cells were transformed with ‘bait’ and
‘prey’ constructs as indicated (‘bait’ x ‘prey’) and grown on selective plates. (A) The double dropout (-Leucin, -
Tryptophan) selects for cells carrying both plasmids. Growth on quadruple dropout plates (-Leucin, -
Tryptophan, -Histedin, -Adenin) selects for cells carrying both plasmids and interacting ‘bait’ and ‘prey’
proteins. A C-terminal Hmx1 fusion [Hmx1(C)] was tested as 'bait’ for interaction with a N- and C-terminal Hmx2
fusion as ‘prey’ [Hmx2(N) and Hmx2(C), respectively]. The WT split ubiquitin proteins from the 'bait’ control-
vector pCCW and the ‘prey’ control-vector pAl-Alg5 will strongly interact regardless if they are fused to
interacting proteins and thus serve as positive control. In contrast to this, the mutated N-terminal ubiquitin in
pDL2-Alg5 will only interact in close proximity to the C-terminal half from pCCW and thus serves as negative
control. Co-transformation of the Hmx1 'bait’ vector with the empty library vector pPR3-STE was carried out to
test for self-activation of the ‘bait’ construct. (B) The growth of the line Hmx1(C) x Hmx2(C) was verified by re-
streaking eight colonies on quadruple dropout plates (left) and a B-galactosidase assay (middle). The (-

galactosidase was also performed for the negative control (pCCW x pDL2-Alg5).
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DISCUSSION

Hmx1 and Hmx2 form a heterodimer and facilitate Mn export from the cytoplasm into the

periplasm in Synechocystis

The UPFO016 contains integral membrane proteins of unknown function. Most
members of the family are composed of a duplicated domain, each containing a conserved
ExGD motif in the first of three predicted transmembrane helices (Demaegd et al., 2014).
Based on studies in human and yeast members of UPF0016 are Ca/H* exchangers and
have important functions in Ca signaling (Demaegd et al., 2013; Colinet et al., 2016).
However, studies in Arabidopsis and Synechocystis revealed a different function in Mn-
rather than Ca-transport. This Mn specialization might have evolved in photosynthetic
organisms (Schneider et al., 2016; Brandenburg et al., 2017b). To gain further insight in the
function of UPFO016 members in photosynthetic organisms, we chose the Synechocystis
Mnx-homologues Hmx1 and Hmx2 encoded by the open reading frames s/r1170 and
ssr1558, respectively, as candidats to analyze for their transport characteristics. In this
study, we provide evidence that Hmx1 and Hmx2 form a heterodimer and represent,

besides Mnx, a second cytoplasmic Mn export system.

The knockout mutant Ahmx7 showed sensitivity towards 44-fold (400 puM) increased
concentrations of MnCl. in the medium (Figure 2A). This phenotype is typical for a mutant
defective in Mn export capacity and different physiological mechanisms for Mn toxicity
have been suggested (Brandenburg et al., 2017b). However, the sensitivity of Ahmx1 was
lower than for Amnx, as previously (Brandenburg et al., 2017b) and in this study (Figure 2A)
reported. Thus, the export capacity of Mnx is higher than that of Hmx1 and compensates
the loss of Hmx1 function up to a concentration of 200 pM MnCl.. The phenotype of
Amnx/IAhmx1 corresponded to the phenotype of Amnx (Figure 2A) and supported this
hypothesis. The hypothesis was supported further by ICP-MS analysis before and after
treatment with 300 uM MnClI; (Figure 3). Amnx accumulated 1.5-fold more Mn in the cell

than the WT. This increase was lower than reported previously (Brandenburg et al., 2017b),
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but still significant. Interestingly, Ahmx1 showed internal Mn concentrations comparable to
the WT, indicating that the function of Mnx was sufficient to maintain Mn homeostasis at
300 uM external MnCly, at least for the analyzed 4 h time course. Importantly, the loss of
both export systems in Amnx/Ahmx1 caused a stronger increase of the intracellular Mn
content as compared to Amnx (6-fold vs. 1.5-fold, Figure 3). In summary, we postulate two
Mn export systems operating in Synechocystis, (i) a high-capacity system via Mnx and (ii) a

low-capacity system via Hmx1.

We did not observe any phenotype upon the addition of Ca, Fe, Cu, Ni, Co, Cd, and Zn
indicating the transport activity of Hmx1 is rather specific for Mn (Figure 2B). However, our
results also show that Mnx is able to compensate for the phenotype of aloss of Hmx1 to a
certain extent, which is why we cannot rule out that Hmx1 is accepting other metals as

transport substrates.

To test if Hmx1 and Hmx2 indeed mediate Mn transport or have a regulatory function, we
expressed the proteins heterologously in E. coli. Cells expressing either Hmx1, Hmx2 or
both proteins grew significantly better after the addition of 5 mM MnCl, and only cells
expressing both proteins grew significantly better after the additions of 10 mM MnCl,
(Figure 4). The results show that Hmx1 and Hmx2 have indeed a transport function, and
indicates that both proteins are needed for a fully functional protein. If the hypothesis, Mnx
has a higher transport capacity than Hmx1 and Hmx2, was true, the expression of Mnx in E.

coli should have a stronger effect on growth than Hmx1 and/or Hmx2.

Based on these results and because we found orthologues of Hmx1 and Hmx2 to be
neighboring genes in most cyanobacterial species (Figure 1B), we hypothesized them to
form a heterodimer. In a yeast two-hybrid assay we found the C-terminus of Hmx1 to
interact with the C-terminus of Hmx2, while an interaction via the C-terminus of Hmx1 and
the N-terminus of Hmx2 could not be shown (Figure 6). In bacteria, the cytosolic side of a
membrane protein is determined by the higher number of positively charged amino acid

residues (Arginin, R and Lysin, K) in cytosolic loops in comparison to non-cytosolic loops
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(R+K rule) (von Heijne, 1986). For members of UPFO016 consisting of two proteins, one
protein has more positive residues in even loops, while the other has more positive
residues in odd loops, which suggests an interaction via the C- and N-terminus and results
in an antiparallel organization of the subunits (Demaegd et al., 2014). However, Hmx1
shows only a weak R+K bias and Hmx2 does not follow the R+K rule at all (Supplemental
Figure S4). Based on our results indicating a C-terminal interaction of Hmx1 and Hmx2 we
hypothesize the proteins to insert into the plasma membrane in a parallel manner. If the
orientation in the membrane is affecting the transport mechanism has not been

investigated so far and cannot be concluded from our results.

To gain more insight into the biological function of a second Mn export system besides
Mnx, we investigated the subcellular localization of Hmx1 and Hmx2. Mnx was shown to
reside in the thylakoid membrane and to facilitate the export of Mn from the cytoplasm into
the thylakoid lumen (Brandenburg et al., 2017b). In our microscopic analysis, the signals of
CFP-tagged Hmx1 and Hmx2 do not overlap completely with the signal of the chlorophyll
fluorescence (Figure 5A+D), but are oriented towards the periphery of the cell (Figure 5
B+E). Furthermore, the signals indicate a local accumulation of Hmx1 and Hmx2 in the
biogenesis centers of the cell in some cases (Figure 5 C+F). The results indicate Hmx1 and
Hmx2 have a function in the plasma membrane of Synechocystis and might be involved in
the functions of the biogenesis centers. Demaegd and colleagues suggested antiport with
H* as transport mechanism for all members of UPFO016 (Demaegd et al., 2014). Across the
thylakoid membrane, a ApH of about 2.5 units has been reported for several species and is
also hypothesized for Synechocystis (Teuber et al., 2001). Hence, Mnx and its Arabidopsis
homologue PAM71 have been proposed to function as Mn transporter into the thylakoid
lumen, using the H* gradient across the thylakoid membrane (Schneider et al., 2016;
Brandenburg et al., 2017b). In the biogenesis centers, Hmx1 and Hmx2 might transport Mn
provided by PratA to the thylakoid lumen, using the proton gradient across the thylakoid

membrane, and thus provide Mn for the incorporation in D1 (Figure 7).
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Figure 7: Hypothetical model for the function of Hmx1 and Hmx2 in Synechocystis. Mn (Mn?* ions represented

as rose-colored circles; oxidation states Mn3* and Mn** in the activated Mn4OsCa cluster are not specifically
accentuated) is stored mainly in the periplasm, bound to the outer membrane or proteins with MncA being the
most abundant Mn containing protein in the periplasm. To maintain cellular functionality, the plasma membrane
ABC transporter MntCAB imports Mn under Mn-limiting conditions. Fe transporters like FutABC are
hypothesized to accept Mn as transport substrate as well. The cytoplasmic surplus of Mn resulting from the
turnover and degradation of Mn- containing proteins is sequestered into the safekeeping environment
thylakoid lumen via Mnx. Additionally, Mnx transports Mn from the cytoplasm into the thylakoid lumen to
support Mn delivery to the OEC. In the plasma membrane, Hmx1 and Hmx2 export Mn from the cytoplasm
directly into the periplasm, using the inwards H* gradient generated upon illumination. In the biogenesis
centers, Hmx1 and Hmx2 provide Mn for the pre-D1 (pD1) protein, which is the Mn4OsCa cluster-binding core

protein of PSIl in corporation with PratA.

This hypothesis is supported further by the organization of psb28-2, which is involved in
the biogenesis of PSIl (Dobakova et al., 2008; Nowaczyk et al., 2012), in an operon with the

homologues of Hmx1 and Hmx2 in Cyanothece sp. ATCC 5142.

The localization in the plasma membrane requires a more sophisticated discussion of the
direction of Mn transport of Hmx1 and Hmx2 and the implemented biological function.
Across the plasma membrane, extrusion of protons by both respiration and ATP hydrolysis
have been shown to result in a proton gradient from the periplasm to the cytoplasm
(Teuber et al., 2001). This process is thought to be important for energy dissipation during
periods of high light (Schultze et al., 2009). Interestingly, the work with Mnx indicates an
increased need for Mn export of Synechocystis during periods of high light (Brandenburg

et al., 2017b). Similarly, we postulate that Hmx1 and Hmx2 use the H* gradient across the
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plasma membrane formed during periods of high light to facilitate Mn extrusion from the

cell (Figure 7).

However, the H* gradient across the plasma membrane is likely smaller than across the
thylakoid membrane. This might explain the lower transport capacity of Hmx1 and Hmx2
compared to Mnx, which was hypothesized earlier. If this hypothesis was true, a lower pH
might suppress the Mn sensitivity of Amnx due to a higher transport activity of Hmx1 and
Hmx2. Furthermore, the effect of high light on mutants lacking Hmx1 and Hmx2 needs to

be investigated.

In summary, we propose different directions of Mn transport for Hmx1 and Hmx2 based on
their location (Figure 7). While Hmx1 and Hmx2 provide Mn for PSIlI biogenesis in
cooperation with PratA in the biogenesis centers, they function as Mn exporter from the
cytoplasm to the periplasm across the plasma membrane to maintain intracellular Mn
homeostasis. We hypothesize that the latter is especially important under high light

conditions.

Toward the importance of Mn export proteins in Mn homeostasis

The importance of Mn for the function of a photosynthetic cell has been described
in the introduction and is reviewed widely in the literature (Shcolnick and Keren, 2006;
Millaleo et al., 2010; Socha and Guerinot, 2014). However, most research focusses on Mn
limitation and Mn import, even though it is known that for example for Synechocystis Mn
concentrations of 100 nM are sufficient for growth without any physiological effects
(Salomon and Keren, 2011). Even in the complete absence of Mn and with their periplasmic
storage pool removed, cyanobacteria grow for several weeks before they show symptoms
of Mn starvation (Salomon and Keren, 2015). The typical symptoms like reduced growth,

reduced PSII activity and an increased phycocyanin to chlorophyll ratio can be reverted
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within hours by the addition of sufficient concentrations of Mn to the medium (Salomon

and Keren, 2015).

In contrast to the effect of Mn limitation, the effects of excess Mn are devastating and not
revertible. Several mechanisms are discussed including the inhibition of chlorophyll
biosynthesis (Csatorday et al., 1984), impaired abundance of the photosystem | (PSI)
reaction center proteins PsaA and PsaB (Millaleo et al., 2013), and the generation of
reactive oxygen species (ROS) in a Fenton reaction (Lynch and St.Clair, 2004). Therefore,
free Mn in the cytoplasm resulting from turnover of Mn-containing proteins needs to be
avoided. The PSII reaction center protein D1 contains about 80% of the intracellular Mn
and is the largest cellular sinks for Mn (Anderson et al., 1964). With a half-life of 19 minutes
(Tyystjarvi et al., 1994), turnover of D1 is likely the largest source for free Mn inside the cell.
In our previous work, we identified the first cyanobacterial Mn exporter Mnx and
investigated its role in Mn homeostasis (Brandenburg et al., 2017b). We demonstrated that
increased cellular concentration of Mn have a massive impact on photosynthesis and
eventually cause cell death (Brandenburg et al., 2017b). Plants have evolved multiple
tolerance mechanisms to address this issue. Here, Mn gets sequestered in the Golgi
apparatus and secreted via the secretory pathway (Ducic and Polle, 2005), or exported to
the vacuole and inactivated by the formation of insoluble phosphate-Mn- (Ducié and Polle,
2007) or malate-Mn-complexes (Chen et al., 2015). The gram-negative bacterium E. coli
uses the Mn exporter MntP to compensate for over activity of the Mn importer MntH during
transitions from low- to high-Mn environments (Martin et al, 2015). Similarly,
Synechocystis has evolved two parallel export systems for Mn, which are both important
under high light, when increased D1 turnover causes a transition from low to high
intracellular concentrations of Mn. The presence of two parallel export systems, underlines
the crucial importance of maintaining Mn homeostasis within a narrow range and strictly

avoiding the accumulation of free Mn inside the cell.
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In most species containing orthologous of Hmx1 and Hmx2 in an operon, we found
proteins of UPFO153 upstream of the orthologue to Hmx1. The function of the cysteine
rich UPF0153 is unknown. However, cysteine rich proteins are often metallothioneins (de
Miranda et al., 1990). Methallotioneins function as chaperon for various heavy metals and
are one cellular mechanism in plants for heavy metal safe-keeping (Hall, 2002; Guo et al.,
2003). In human the metal-responsive transcription factor 1 (MTF1) contains a cysteine
cluster and specifically activates genes important during heavy metal stress (Chen et al.,
2004). Future work with UPFO153 might also contribute to a better understanding of the
function of Hmx1 and Hmx2 and the integral understanding of Synechocystis' strategy to

face heavy metal stress in its natural environment.

CONCLUSION

In this study, we identified and characterized the Mn transport proteins Hmx1 and Hmx2 in
the cyanobacterium Synechocystis. The two proteins form a heterodimer via their C-
termini and reside in the plasma membrane with local accumulations in the biogenesis
centers. In the plasma membrane, Hmx1 and Hmx2 facilitate the export of Mn from the
cytoplasm into the periplasm and form a second Mn export system besides the recently
published Mn transport protein Mnx. The presence of a second Mn export system
elucidates the toxic nature of elevated intracellular levels of Mn and the importance of
strictly regulated Mn homeostasis for Synechocystis. While the cyanobacterium needs
only trace amounts of Mn for sufficient cell growth, the effects of increased cellular
concentration of Mn are devastating and therefore surplus of Mn needs to be exported
immediately. In the biogenesis centers, Hmx1 and Hmx2 might provide Mn for PSII
biogenesis in cooperation with PratA. The toxic nature of Mn together with the increased
demand for Mn of a photosynthetic cell in comparison with a non-photosynthetic cell
might be the reason for the changed substrate specificity of UPFO016 from Ca in human

and yeast to Mn in photosynthetic organisms.
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MATERIAL and METHODS

Sequence Analysis and Identification of Candidate Genes

Proteins of interest were identified using Pfam (http://pfam.xfam.org) (Finn et al., 2016) and
BlastP (https://blast.ncbi.nim.nih.gov/Blast.cgi) analysis (Altschul et al., 1990). DNA and
protein sequences and the predicted trans-membrane spans were obtained from the
genome database CyanoBase (http://genome.microbedb.jp/cyanobase). Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo) was used for sequence alignment (Sievers et
al, 2014). The protein models were designed with the online tool Protter

(http://wlab.ethz.ch/protter/start) (Omasits et al., 2014).

Synechocystis Strains and Growth Conditions

A Glc-tolerant Japanese strain of Synechocystis sp. PCC 6803 obtained from Martin
Hagemann (University of Rostock, Germany) severed as wild type. Axenic cultures were
grown at 30°C and 200 rpm, illuminated with 100 umol photons m2 s™' constant white light,
in the defined medium BG11 (Rippka et al., 1979). Growth medium of the mutant lines was
supplemented with appropriate antibiotics (50 pg mL™' kanamycin [Km], 20 pg mL™’

spectinomycin [Sp], or 2 ug mL™" gentamycine [Gm]).

Generation of Knockout and Double-Knockout Lines

The Ahmx1 knockout mutant was generated by introduction of the Sm resistance cassette
from the plasmid pUC4S (Vinnemeyer, University Rostock, Germany) into the Nael
restriction site of the PCR amplified open reading frame of the PCR-amplified (primers
FB69 and FB70; Supplemental Table 1) open reading frame of sir1170. The cloning vector
pJET1.2 (ThermoFisher) served as vector backbone. In the same way the construct to

knockout hmx2 was generated using primers FB71 and FB72 (Supplemental Table 1) and
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by adding a Gm resistance cassette derived from the plasmid used for CFP localization
(provided by the group of Jérg Nickelsen, LMU Munich) to the Smal restriction site of

hmx2.

Transformation, selection on Sm- or Gm-containing BG11 plates and segregation of
independent clones was verified by PCR analysis as described in (Eisenhut et al., 2006).
The Amnx/hmx1 double knockout mutant was generated by transformation of the Amnx

mutant with the hmx7-knockout-construct, following the same protocol.

Drop Tests

The effect of varying amounts of MnCl, on the different lines was tested on solid BG11
medium. Cultures were grown until mid-log phase, before 2 pL of culture with an ODvso of
0.25 and subsequent 1:10, 1:100, and 1:1000 dilutions were spotted onto agar plates
(BG11, pH 7.5 with 24 mM sodium thiosulfate added; solidified with 1.5% [w/v] bacto agar).
The plates were supplemented with MnCl. or other divalent transition metals as indicated
and did not contain antibiotics. Plates were incubated under continuous white-light

illumination of 100 pmol photons m= s at 30°C for 5 d.

ICP-MS Measurements

Cells were washed with EDTA (HEPES-KOH, pH7.5, and 5mM EDTA; Kerenet al., 2002)
before and after pre-cultivation under Mn-limiting conditions for 5 days, to ensure similar
intracellular Mn concentrations in all lines. Before the experiment, cells were adjusted to an
OD7s0 of 1.0 and treated with 300 uM MnCl,. Before the experiment and after 4 h of
treatment, samples were taken and washed as described in Brandenburg et al. (2017a).The
washed samples were re-suspended 0.5 mL 67% nitric acid and digested for 2 h at 70°C.

The digested samples were diluted to ~6,7% nitric acid with 4.5 mL Mili-Q grade water (18
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MQ cm). The elemental composition of the samples was determined by ICP-MS (Agilent
7700). The cell numbers of the samples were estimated using a Neubauer-improved

hemocytometer (Marienfeld).

E. coli Expression and Growth Curves

Ncol and Aflll restriction sites were added to the hmx7 coding sequence (incl. STOP codon)
via PCR ampilification (primers FB123 and FB124; Supplemental Table 1). In the same way,
Ndel and Pacl restriction sites were added to the hmx2 coding sequence (incl. STOP
codon) (primers FB125 and FB126; Supplemental Table 1). The PCR products were sub-
cloned in the cloning vector pJET1.2 (ThermoFisher), and subsequently cloned into the
expression vector pETDuet-1 (Novagen), using restriction digest (NEB enzymes) and T4
DNA Ligase (NEB). To express both proteins in the same cell, both genes were cloned into
pETDuet-1. In pETDuet-1 the genes are under the control of an IPTG inducible T7-
promotor. The E. coli expression strain Rosetta 2(DE3)pLysS Singles (Novagen) was
transformed with the constructs. The successful transformation of four individual colonies
per transformation was verified by PCR before the colonies were inoculated overnight and
diluted to 20 mL culture with an ODegoo of 0.2. All cultures were grown in standard LB-
medium supplemented with 200 pg mL" Ampicillin. Each pre-culture was split in 4x5 mL
cultures and supplemented with a final concentration of 0, 5, 10, or 20 mM MnCl.. Protein
expression was induced by addition of 1 mM IPTG. The cells were incubated at 37°C and

140 rpm for 4 h. The ODeoo was determined using a microplate reader (BioTek Synergy HT).

Subcellular localization of Hmx1

Xhol and Nhel restriction sites were added to a PCR amplified hmx7 (primers FB105 and

FB106; Supplemental Table 1) open reading frame including its 800 bp upstream region.
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Similarly, the 800 bp downstream region of hmx1 was PCR amplified with EcoRI restriction
sites added to both ends (primers FB107 and FB108; Supplemental Table 1). Restriction
digest and T4 DNA Ligase (all NEB enzymes) were used to first clone the 3'region of hmx1
downstream of a CFP and Gm resistance cassette, before hmx1 including the 5'region of
hmx1 was cloned upstream of the CFP. A GSGSG peptide linker separates the gene of
interest and hmx1 to allow proper folding of both proteins. A hmx2:cfp fusion was
generated in the same way using primers FB109, FB110 and FB111, FB112 (Supplemental
Table 1). WT Synechocystis cells were transformed as described above using Gm for
selection. Successful transformation was verified by PCR using primers FB104 (hmx1::cfp)

or (hmx2::cfp) together with a Gm reverse primer (FB114; Supplemental Table 1).

For imaging, the cells were immobilized on microscopic glass slides by a thin layer of solid
BG11 medium (1:1 mixture of 2-fold concentrated BG11medium, with 24 mM sodium
thiosulfate added and 3% [w/v] bacto agar). A Leica TCS SP8 STED 3X microscope with a
HC PL APO CS2 100x/1.40 OIL objective was used. An argon laser at 488 nm and 70 W
output intensity was used for excitation. Emission was detected using Leica HyD hybrid

detectors from 470-530 nm (CFP) and 660-700 nm (chlorophyll).

Interaction studies

A split ubiquitin yeast two-hybrid assay was used to investigate a potential interaction of
Hmx1 and Hmx2. The vector pBT3-STE (Dualsystems Biotech, Switzerland) was used to
generate the Hmx1 'bait’ construct (primers ME318 and ME319; Supplemental Table 1) and
the vectors pPR3-N and pPR3-STE (Dualsystems Biotech, Switzerland) to generate the
respective Hmx2 N-and C-terminal ‘prey’ constructs (primers ME321, ME323 and ME330
and ME331, respectively; Supplemental Table 1). The vectors pCCW-AIg5, pAl-Alg5, pDL2-
Alg5, and an empty pPR3-STE were used as control vectors (all MoBiTec GmbH, Germany).

The constructs were transformed in Saccharomyces cerevisiae strain NMY51 (MoBiTec
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GmbH, Germany) using the lithium acetate method (Gietz and Shiestl, 2007). Transformed
cells were grown on selective plates with the appropriate ‘drop outs' according to the
auxotrophies conferred by the respective vectors as stated by the manufacturers manual.
Eight colonies from transformed cells showing interaction were re-streaked on selective
plates with 0.1 mg/mL 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal) added

for blue white screening.
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Figure S1: (A) Periplasmic and total (B) Mn accumulation in WT, WT, Amnx, Ahmx1, and Amnx/Ahmx1 lines.
Cells were grown under Mn-limiting conditions for 5 d and then treated with 300 uM MnClz. ICP-MS analysis
was performed after limitation (0 h) and 4 h after treatment with MnCl2. Each bar represents three biological
replicates. The intracellular Mn content is shown in Figure 3. Asterisks (*) indicate significant changes to the

respective WT value according to an unpaired t-test (P < 0.05).
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Figure S2: Mn dependent growth phenotype of E. coli expressing Hmx1 and/or Hmx2 heterelogously. Dilute
cultures (ODeoo 0.2) of E. coli cells expressing either Hmx1, Hmx2, or both proteins have been exposed to
increasing concentrations of MnCl2 while being incubated aerobically shaking at 37°C in LB medium plus
ampicillin. Cell density was measured before and after 4 h of incubation. Shown are the growth rates p [h].
Each bar represents four individual colonies of the same transformation. Asterisks (*) indicate significant

changes to the respective WT value according to an unpaired t-test (P < 0.05).
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Figure S3: Signal intensities across the cell circumference. Hmx1 and Hmx2 were C-terminally fused to a
CFP. CFP fluorescence is shown in orange, chlorophyll autofluorescence in blue. Intensities of the signals
from the outside to the inside of the cell at various positions of the cell circumference were analyzed as

indicated by the regions of interest (ROls) for Hmx1::CFP (A) and Hmx2::CFP (B).

Figure S4: Organization of Mnx (A), Hmx1 (B), and Hmx2 (C) in the membrane. Red circles highlight the

conserved ExGD motif. Green boxes mark positive arginine (R) and lysine (K) residues, which define the

orientation of the protein towards the cytosol.
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Table S1: Oligonucleotides used in this study. Restriction sites are in small letters.

Name Sequence (5' 2 3) Experiment

Generation of knockout mutant in
FB69 CTATTTATTCTCAGCAATATCGCCC ]
mx

Generation of knockout mutant in
FB70 AACAGCACTTTACCTTCAAAGTCC ]
mx

Generation of knockout mutant in
hmx2

FB71 CCAGGATGCTGACGAAGTACAG

Generation of knockout mutantin
FB72 ATTTTACCGCCCCATGGTC

hmx2

FB105 ctcgagCACCCTGGGAGTTTTCACCA Generation of hmx1::cfp
FB106 gctagcGGCGCTGACCACGTCCC Generation of hmx1::cfp
FB107 gaattcGCTCAGCACCACAAACATTCC Generation of hmx1::cfp
FB108 gaattcTGCGGTTAAAAACTTAAATAGGGG Generation of hmx1::cfp
FB109 | ctcgagATTTGATTACCCTGCCTTTATTGG Generation of hmx2::cfp
FB110 | gctagcATCTTCTTGGTTAGGCCAAAGTAA Generation of hmx2::cfp
FB111 | gaattcATCACCGATCGCAATTTTTCC Generation of hmx2::cfp
FB112 | gaattcAGTGTGTTTGTGGCCCCAGT Generation of hmx2::cfp
FB114 CGCTCCTGAAAAAAGGGGA Verification of CFP-mutants
FB123 ccatgGTGTCCCCACCATTGCCG Expression of Hmx1 in E. coli
FB124 cttaagCTAGGCGCTGACCACGTCC Expression of Hmx1 in E. coli
FB125 catatgATGGATTGGCAACTGTTTGGTC Expression of Hmx2 in E. coli
FB126 taataaCTAATCTTCTTGGTTAGGCCAAAGTA Expression of Hmx2 in E. coli
ME318 | ggccattacggccGTGTCCCCACCATTGCC Generation of Hmx1 bait
ME319 | ggccgaggcggccCCGGCGCTGACCACGTCC Generation of Hmx1 bait

ME321 ggccattacggccATGGATTGGCAACTGTTTGGT Generation of Hmx2 N-terminal prey

ggccgaggcggccCTAATCTTCTTGGTTAGGCCAA

ME323 Generation of Hmx2 N-terminal prey
AGTA
ggccattacggccGGATGGATTGGCAACTGTTTGG

ME330 - Generation of Hmx2 C-terminal prey
ggccgaggcggccGAATCTTCTTGGTTAGGCCAAA

ME331 CTAAAG Generation of Hmx2 C-terminal prey
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Concluding Remark

In the beginning of this PhD thesis, the knowledge on Mn homeostasis in Synechocystis was
limited to import mechanisms. The first Mn importer MntCAB was identified in 1995 and the
presence of a second, still unidentified, Mn import system was hypothesized at the same time
(Bartsevich and Pakrasi, 1995; Bartsevich and Pakrasi, 1996). A third route for Mn inside the
cell, independent from transport proteins, was identified in 2004 with the description of the
Mn binding protein PratA (Klinkert et al., 2004) and further characterization of its role in PSII

biogenesis (Stengel et al., 2012).

The initial goal of this thesis was the characterization of the UPF0016 protein SII0615. Up to this
point, UPFO016 was characterized as a family of Ca*"/H* exchangers based on work with yeast
protein Gdt1 and its human orthologue TMEM165 (Demaegd et al., 2013; Demaegd et al., 2014).
Interestingly, the first results obtained in this thesis did not only indicate that Sll0615 functions in
Mn and not Ca transport, but also that the protein is involved in export of Mn. Thus, SII0615 was
named Mnx, for manganese exporter. Work with the plant orthologue PAM71, done in parallel to
the work with Mnx of this thesis, supported the hypothesis of an evolutionary conserved altered
substrate specificity of UPFO016 towards Mn among photosynthetic organisms (Schneider et
al., 2016). In the beginning of 2017, the results of the work with Mnx, included in this thesis as
Manuscript I, were published in Plant Physiology (Brandenburg et al., 2017b). In the process of
the characterization of Mnx, a novel protocol for the differential determination of periplasmic
and intracellular Mn concentrations via ICP-MS in Synechocystis was established. The protocol
is part of this thesis as Manucript Il and was published in Bio-protocol (Brandenburg et al.,
2017a). Based on the results of Manuscript I, Mnx resides in the thylakoid membrane and
exports Mn from the cytoplasm into the thylakoid lumen. Although Mnx does not transport Mn
through the plasma membrane out of the cell, several independent lines of evidence
demonstrate that Mnx is involved in Mn export and serves important roles in the prevention of
critical cytosolic Mn accumulation and the supply of PSIl with Mn. However, it remains unclear
how Mn sequestered in the thylakoid lumen is extruded from the cell eventually. Even though,
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PAM71 facilitates transport of Mn across the thylakoid membrane into the thylakoid lumen,
similar to Mnx, PAM71 is not involved in Mn export but the supply of PSIl with Mn and

replaces the function of PratA, which has no homologues in plants.

Shortly after the publication of the results obtained for Mnx in this thesis, Gandini and
colleagues published their characterization of SIl0615 and named the protein SynPAM71 for
Synechocystis PAM71, in conformity to the plant orthologue PAM71 (Gandini et al., 2017). The
results of this publication mostly coincide with the model developed in this thesis.
Interestingly, based on their results Mnx might also reside in the plasma membrane, an

instance that cannot be excluded based on our results.

In the progress of the work with Mnx, the two paralogues SIr1170 and Ssr1558 identified as
candidates for an additional Mn transport system in Synechocystis. Based on the results
summarized in Manuscript lll, SIr1170 and Ssr1558 form a heterodimer and export Mn across
the plasma membrane from the cytoplasm to the periplasm using the inwards H* gradient,
which is generated upon illumination by the extrusion of H* (Teuber et al, 2001). Local
accumulation in the biogenesis centers of Synechocystis also indicate a function in the
biogenesis of PSII. Here, a H* gradient from the thylakoid lumen to the periplasm indicates a
function in Mn preloading of D1 in coordination with PratA. Due to their size and function,
SIr1170 and Ssr1558 were named Hmx1 and Hmx2 for hemi Mn exchanger 1 and 2,
respectively. If the UPFO153, located upstream of hmx7 in most cyanobacterial species

contributes to the tolerance of Mn or other heavy metals remains unknown.

In summary, the results of this thesis contributed significantly to the understanding of Mn
homeostasis in Synechocystis. They demonstrate the importance of strictly regulated intracellular
levels of Mn to avoid detrimental effects. The large Mn demands of PSII together with the short
half-life of the D1 subunit result in a high turnover of Mn in photosynthetic cells and require
immediate and rapid export to prevent accumulation of free Mn inside the cell. The presence of
two different Mn export systems in Synechocystis elucidates the importance of Mn export over

other tolerance mechanisms like a reduced import or the formation of insoluble complexes.
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