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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 Sll0615 as manganese export protein in the cyanobacterium 

Synechocystis sp. PCC 6803. The manuscript illustrates the importance of Sll0615 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 Slr1170 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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The following manuscripts derived from the results obtained during the work on 

this thesis: 

 

Brandenburg F, Schoffman H, Kurz S, Krämer U, Keren N, Weber APM, Eisenhut 
M (2017b) The Synechocystis Manganese Exporter Mnx is Essential for 
Manganese Homeostasis in Cyanobacteria. Plant Physiology, Vol. 173, 
1798-1810. 

 

Brandenburg F, Schoffman H, Keren N, Eisenhut M (2017a) Determination of Mn 
concentrations in Synechocystis sp. PCC6803 using ICP-MS. Bio-protocol, 
accepted. 

 

Brandenburg F, Plett A, Weber APM, Eisenhut M (2017) The Synechocystis Hemi 
Manganese Exchangers Hmx1 and Hmx2 Elucidate the Importance of 
Manganese Export in Manganese Homeostasis in Cyanobacteria. In 
preparation. 
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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. 
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Zusammenfassung 

Photosynthese wird als der wichtigste biologische Prozess der Erde angesehen und das 

ganzheitliche Verständnis der Photosynthese ist eines der wichtigsten Ziele der 

Menschheit. Während der grundlegende Mechanismus der Photosynthese gut 

verstanden ist, verbleiben viele der Photosynthese zugehörigen Transportprozesse 

noch unbekannt. 

Vor über 3 Milliarden Jahren, waren den heutigen Cyanobakterien ähnliche Prokaryoten 

die ersten Organismen die oxygene Photosynthese verrichteten und sind, durch einen 

Endosymbiose genannten Vorgang, der Ursprung aller Chloroplasten höherer Pflanzen. 

Heutzutage, tragen freilebende Cyanobakterien immer noch signifikant zur 

Nettoprimärproduktion der Erde bei und bieten interessante Möglichkeiten zur 

biotechnologischen Anwendung. Ihre ökologische und ökonomische Relevanz, 

zusammen mit ihrer engen Verwandtschaft zu den Chloroplasten aller höheren Pflanzen 

macht Cyanobakterien zu exzellenten Studienobjekten für die Erforschung der 

Photosynthese. 

Das Übergangsmetall Mangan ist ein essentieller Mikronährstoff für Organismen die 

oxygene Photosynthese betreiben, hat aber auch schädliche Effekte, wenn es im 

Überfluss vorhanden ist. Dem entsprechend, müssen photosynthetische Organismen 

ihre internen Mangankonzentrationen in einem engen Rahmen konstant halten. Das 

Netzwerk der Manganhomöostase im Cyanobakterium Synechocystis sp. PCC 6803 

wurde teilweise untersucht und mehrere Schlüsselspieler sind bekannt. Der 

gegenwärtige Wissensstand bleibt dennoch auf Importmechanismen für Mangan 

beschränkt. 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 Manganhomöostase für die Zelle.  
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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 18th 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 (H2O) in 

order to form complex and energy rich carbon molecules by the reduction of carbon 

dioxide (CO2). 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 
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molecule adenosine triphosphate (ATP) and the reduction equivalent nicotinamide 

adenine dinucleotide phosphate (NADP+, or NADPH in its 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 (Mn4O5Ca) 

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 O2 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 b6f complex) 

transports the electrons, excited by PSII, to PSI via the isoprenoid quinone 

plastoquinone and the small protein plastocyanine. In this process, cytochrome b6f 

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 b6f 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 (H2), ferrous iron (Fe2+), or hydrogen sulfide (H2S) 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 H2, CO2 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 

H2O, 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 O2 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 H2O 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 
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the GOE (Sternberger et al., 1987). However, the O2 from the first local oxygenated 

aquatic environments may not have ended up in the atmosphere for example due to the 

oxidation of Fe2+ of hydrothermal origin to iron oxides or reactions of O2 with 

atmospheric CH4 (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 O2 in the atmosphere (Soo et al., 2017).  

 
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 
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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 O2, 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 O2 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, 2011). 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 
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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 PSII (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 
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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). 

 

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 PSII 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 bar is 100 nm. 

Standard cultivation conditions for Synechocystis include moderate temperatures of 

around 30°C, light intensities of 60-100 μmol photons m-2 s-1, 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.  
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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 (Hänsch 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 H2O molecules at the same time. The 

binding of two instead of one H2O molecule allows the formation of O2 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 



Introduction 

16 
 

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 
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PratA has been shown to mediate the capture of Mn2+ by a precursor of D1 in the 

periplasm (Stengel et al., 2012). This makes the biogenesis of PSII 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 μM 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 (Dučić 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 

(UPF0016) are part of this list of 38 proteins.  

Proteins belonging to UPF0016 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 Ca2+ 

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 UP0016 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).  

 
Figure 3: Illustration of the possible structures of members of UPF0016 on genetic and protein level. 

Evolutionary states of UPF0016 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).   
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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 Sll0615 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 Sll0615, two additional members of the unknown protein 

family 0016, the proteins Slr1170 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 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 

Δhmx1 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 (Hänsch 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; Hänsch 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 II (PSII) where a Mn4O5Ca 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 PSII 

(Schneider et al., 2016). Interestingly, two members of this highly conserved protein family, 

TMEM165 and Gdt1, have been described as calcium/proton (Ca2+/H+) exchangers in the 

Golgi apparatus of yeast and human, respectively, and play important roles in Ca2+-

signaling (Demaegd et al., 2013; Colinet et al., 2016). Together, these results suggest 

different conserved functions of UPF0016 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 UPF0016 

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 UPF0016 seems to have different functions in photosynthetic organisms in 

comparison to non-photosynthetic organisms. While the proteins TMEM165 and Gdt1 

have been described as Ca2+-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 UPF0016 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, Slr1170 and Ssr1558, encoded in the genome of 

Synechocystis. BlastP analysis revealed that Slr1170 and Ssr1558 have a 35% and 31% 

sequence identity to Mnx, respectively. 

Importantly, both proteins share the for UPF0016 typical ExGD motif in the first of three 

predicted transmembrane spans with Mnx (Figure 1A). However, Slr1170 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 UPF0016 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 slr1170 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 PSII 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 Δhmx2 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 slr1170 and ssr1558 to form a heterodimer. 

Interestingly, for 12% of the analyzed species, we found the same orthologues gene for 

both slr1170 and ssr1558, indicating that the organization as a homodimer is also possible.  

In all species with two orthologous, the orthologue for slr1170 was located upstream of the 

orthologue for ssr1558 (Figure 1B). Due to their similarity to Mnx, we choose Slr1170 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 

Slr1170 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 Δhmx1 and Δhmx2 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 Δhmx1 and the mnx/hmx1 double-knockout line Δmnx/Δhmx1 by 

inactivation of hmx1 in the Δmnx 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 μM commonly used in BG11 medium (Herdman et al., 

1979) and Mn limiting conditions (Figure 2A). All lines grew comparably well at 0 and 9 μM 

of MnCl2. Growth of Δhmx1 was not affected by MnCl2 concentrations up to 200 μM (22-

fold increase). At 400 μM MnCl2 (44-fold increase), Δhmx1 was unable to grow, while the WT 

cells were only partially impaired in growth. 
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Figure. 2: Sensitivity of Synechocystis WT, Δmnx, Δhmx1, and Δmnx/Δhmx1 lines toward divalent transition 

metals. Cells in mid log phase were diluted to an OD750 of 0.25. 2 μL 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 0, 9, 

12.5, 25, 50, 100, 200, or 400 μM MnCl2. 9 μM 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 Ca2+ and 3-fold elevated for Fe2+, Cu2+, Zn2+, and Co2+-ions compared to standard 

BG11 medium. Additionally, 1 μM Cd2+ and Ni2+-ions were added, which are not contained in standard BG11 

medium. 
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As described previously, Δmnx is impaired in growth when exposed to only slightly 

increased concentrations of Mn (Brandenburg et al., 2017b). In our experiments, Δmnx was 

impaired in growth starting at 25 μM (2.5-fold increase) and Δmnx/Δhmx1 neither showed 

an increased nor repressed phenotype as compared to Δmnx 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 Ca2+ ions or 3-fold elevated Fe2+, 

Cu2+, Zn2+, and Co2+ as compared to standard BG11 (Figure 2B). In addition, 1 μM Cd2+ and 

Ni2+ 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 Δhmx1 and Δmnx/Δhmx1. 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 Δmnx to 

the WT (Figure 3). Within 4 h after addition of 300 μM MnCl2, the intracellular Mn 

concentrations strongly increased in all lines. As expected, Δmnx accumulated 

significantly more (1.5-fold) Mn inside the cell than the WT, while Δhmx1 showed no 
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difference. Remarkably, Δmnx/Δhmx1 significantly over-accumulated (6-fold) Mn inside the 

cell.  

 

Figure 3: Cellular Mn accumulation in WT, WT, Δmnx, Δhmx1, and Δmnx/Δhmx1 lines. Cells were 

grown under Mn-limiting conditions for 5 d and then treated with 300 μM MnCl2. ICP-MS analysis 

was performed after limitation (0 h) and 4 h after treatment with MnCl2. 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-β-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 MnCl2 added to 

standard LB-medium, while both proteins also grew better with 10 mM Mncl2 added (Figure 

4). With 20 mM Mncl2 supplemented to the medium, none of the lines showed significant 

growth differences to the WT (Figure 4).  

 

Figure 4: Mn dependent growth phenotype of E. coli expressing Hmx1 and/or Hmx2 heterelogously. 

Dilute cultures (OD600 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 μ [h-1] 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). 

 

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 ROIs (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 β-

galactosidase assay, where the interaction of the tagged proteins is indicated by the blue 

color of the cells (Figure 6B). 



Manuscript III 

 71 

 

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 pAI-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 β-galactosidase assay (middle). The β-

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 UPF0016 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 UPF0016 members in photosynthetic organisms, we chose the Synechocystis 

Mnx-homologues Hmx1 and Hmx2 encoded by the open reading frames slr1170 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 Δhmx1 showed sensitivity towards 44-fold (400 μM) increased 

concentrations of MnCl2 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 Δhmx1 was 

lower than for Δmnx, 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 μM MnCl2. The phenotype of 

Δmnx/Δhmx1 corresponded to the phenotype of Δmnx (Figure 2A) and supported this 

hypothesis. The hypothesis was supported further by ICP-MS analysis before and after 

treatment with 300 μM MnCl2 (Figure 3). Δmnx 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, Δhmx1 showed internal Mn concentrations comparable to 

the WT, indicating that the function of Mnx was sufficient to maintain Mn homeostasis at 

300 μM external MnCl2, at least for the analyzed 4 h time course. Importantly, the loss of 

both export systems in Δmnx/Δhmx1 caused a stronger increase of the intracellular Mn 

content as compared to Δmnx (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 a loss 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 MnCl2 and only cells 

expressing both proteins grew significantly better after the additions of 10 mM MnCl2 

(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 UPF0016 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 UPF0016 (Demaegd et al., 2014). Across the 

thylakoid membrane, a ΔpH 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 (Mn2+ ions represented 

as rose-colored circles; oxidation states Mn3+ and Mn4+ in the activated Mn4O5Ca 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 Mn4O5Ca cluster-binding core 

protein of PSII in corporation with PratA. 

This hypothesis is supported further by the organization of psb28-2, which is involved in 

the biogenesis of PSII (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 



Manuscript III 

 76 

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 Δmnx 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 PSII 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 I (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 

(Tyystjärvi 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- (Dučić 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 UPF0153 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 UPF0153 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 UPF0016 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.nlm.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 μmol photons m-2 s-1 constant white light, 

in the defined medium BG11 (Rippka et al., 1979). Growth medium of the mutant lines was 

supplemented with appropriate antibiotics (50 μg mL-1 kanamycin [Km], 20 μg mL-1 

spectinomycin [Sp], or 2 μg mL-1 gentamycine [Gm]). 

 

Generation of Knockout and Double-Knockout Lines 

The Δhmx1 knockout mutant was generated by introduction of the Sm resistance cassette 

from the plasmid pUC4S (Vinnemeyer, University Rostock, Germany) into the NaeI 

restriction site of the PCR amplified open reading frame of   the PCR-amplified (primers 

FB69 and FB70; Supplemental Table 1) open reading frame of slr1170. 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 Jörg Nickelsen, LMU Munich) to the SmaI 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 Δmnx/hmx1 double knockout mutant was generated by transformation of the Δmnx 

mutant with the hmx1-knockout-construct, following the same protocol. 

 

Drop Tests 

The effect of varying amounts of MnCl2 on the different lines was tested on solid BG11 

medium. Cultures were grown until mid-log phase, before 2 μL of culture with an OD750 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 MnCl2 or other divalent transition metals as indicated 

and did not contain antibiotics. Plates were incubated under continuous white-light 

illumination of 100 μmol photons m-2 s-1 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 

OD750 of 1.0 and treated with 300 μM MnCl2. 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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MΩ 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 

NcoI and AflII restriction sites were added to the hmx1 coding sequence (incl. STOP codon) 

via PCR amplification (primers FB123 and FB124; Supplemental Table 1). In the same way, 

NdeI and PacI 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 OD600 of 0.2. All cultures were grown in standard LB-

medium supplemented with 200 μg mL-1 Ampicillin. Each pre-culture was split in 4x5 mL 

cultures and supplemented with a final concentration of 0, 5, 10, or 20 mM MnCl2. Protein 

expression was induced by addition of 1 mM IPTG. The cells were incubated at 37°C and 

140 rpm for 4 h. The OD600 was determined using a microplate reader (BioTek Synergy HT). 

 

Subcellular localization of Hmx1 

XhoI and NheI restriction sites were added to a PCR amplified hmx1 (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-Alg5, 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-β-D-galactopyranoside (X-gal) added 

for blue white screening. 
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SUPPLEMENTAL DATA 

 

Figure S1: (A) Periplasmic and total (B) Mn accumulation in WT, WT, Δmnx, Δhmx1, and Δmnx/Δhmx1 lines. 

Cells were grown under Mn-limiting conditions for 5 d and then treated with 300 μM MnCl2. 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). 

 

 

Figure S2: Mn dependent growth phenotype of E. coli expressing Hmx1 and/or Hmx2 heterelogously. Dilute 

cultures (OD600 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 μ [h-1]. 

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 (ROIs) 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’  3’) Experiment 

FB69 CTATTTATTCTCAGCAATATCGCCC 
Generation of knockout mutant in 

hmx1 

FB70 AACAGCACTTTACCTTCAAAGTCC 
Generation of knockout mutant in 

hmx1 

FB71 CCAGGATGCTGACGAAGTACAG 
Generation of knockout mutant in 

hmx2 

FB72 ATTTTACCGCCCCATGGTC 
Generation of knockout mutant in 

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 

ME323 
ggccgaggcggccCTAATCTTCTTGGTTAGGCCAA

AGTA 
Generation of Hmx2 N-terminal prey 

ME330 
ggccattacggccGGATGGATTGGCAACTGTTTGG

T 
Generation of Hmx2 C-terminal prey 

ME331 
ggccgaggcggccGAATCTTCTTGGTTAGGCCAAA

GTAAAC 
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 Sll0615. Up to this 

point, UPF0016 was characterized as a family of Ca2+/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, Sll0615 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 UPF0016 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 II 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 PSII 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 PSII 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 Sll0615 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 Slr1170 and Ssr1558 identified as 

candidates for an additional Mn transport system in Synechocystis. Based on the results 

summarized in Manuscript III, Slr1170 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, 

Slr1170 and Ssr1558 were named Hmx1 and Hmx2 for hemi Mn exchanger 1 and 2, 

respectively. If the UPF0153, located upstream of hmx1 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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