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Summary  

Cell metabolism in photosynthetic eukaryotes constitutes a complex network that 

involves both spontaneous chemical and enzymatically catalyzed reactions. This 

network of biochemical and chemical reactions is far from perfect. As a consequence, 

small molecules like cofactors, coenzymes, inorganic molecules, and metabolic 

intermediates are constantly exposed to two major sources of damage during 

metabolism - enzymatic errors and chemical damage.  

A molecule that was damaged can be useless or toxic to the cell in a given condition. 

Harmful molecules damage other metabolites, macromolecules or inhibit important 

enzymes. If damaged molecules represent unusable dead-end metabolites, they drain 

energy and carbon equivalents from the metabolism. Thus, damage control systems 

that constantly repair or prevent damage in the cell have evolved. We described three 

categories of small molecule damage control in photosynthetic eukaryotes. Firstly, 

repair mechanisms convert damaged molecules back to ones that can be used in 

normal metabolism. Secondly, scavenging systems act on highly reactive molecules 

like RCS and ROS to convert them quickly and locally to less harmless molecules. 

Thirdly, metabolite steering systems prevent the formation of a damaged molecule by 

actively changing availability of substrate or co-factor pools. 

So far, this research has been focused on bacteria, yeast, and mammalian systems, 

as they are potentially easier to study or attract more attention. Therefore, this thesis 

aimed to address a combination of the overlooked aspects of damage research: 

photosynthetic eukaryotes and small molecule damage control. Finding new aspects 

of known damage control systems and the discovery of new ones was approached. All 

three aspects of damage control, repair, scavenging, and steering, were studied in 

different photosynthetic eukaryotes. These damage control systems for plants were 

also reviewed (Hüdig et al., 2018). 

Damage repair systems were addressed in two cases: firstly, the discovery and 

description of the single step repair mechanism for L-2-hydroxyglutarate (L-2HG) by 

L-2-hydroxyglutarate dehydrogenase (L-2HGDH; EC 1.1.99.2) and its integration in 

the mitochondrial metabolism in Arabidopsis thaliana (Hüdig et al., 2015; manuscript 

2.1). Secondly, the characterization of an alternative glycolate oxidation pathway as 

part of the multi-step repair system photorespiration in the diatom 

Phaeodactylum tricornutum was discovered (Schmitz et al., 2017a; manuscript 2.2). 
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Damage control through scavenging systems was studies for the small RCS 

methylglyoxal. The molecular characterization of all enzymatic components for the 

local scavenging within the plant cell was described in detail for the model plant 

Arabidopsis thaliana (Schmitz et al., 2017b; manuscript 2.3). New aspects of the 

multiform steering system C4 photosynthesis were studied to discover the mechanisms 

behind the recruitment of NAD-dependent malic enzyme (NAD-ME) for C4 

biochemistry. The molecular evolution and regulation of the NAD-ME C4 subtype 

pathway in the genus Cleome was described in manuscript draft 2.5 (Hüdig et al., in 

preparation).  

Taken together these manuscripts advanced the field of small molecule damage 

control by discovering new damage control systems in photosynthetic organisms, 

describing these pathways in detail, and expanding the knowledge on known 

mechanisms by offering new perspectives and finding new molecular characteristics. 
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1. Introduction 

Cell metabolism in photosynthetic eukaryotes constitutes a complex network. It 

consists of biochemical reactions that are compartmentalized, but not detached from 

one another. Usually, when considering cell metabolism, one means the entire, well-

defined and studied, enzyme-based network (Michal, 2014). However, it is evident that 

this cell metabolism does not only consist of enzyme-catalyzed reactions. Metabolism 

once began in a cell-like structure without the presence of proteins, especially 

enzymes. The chemical reactions that occurred did not vanish, if they can take place 

in ambient conditions, they will (Lerma-Ortiz et al., 2016). These spontaneous 

reactions extent the metabolic network of the cell and thus strongly influences the 

cellular environment (Keller et al., 2015). 

1.1 Molecule damage through metabolic activity 

Metabolism involves both spontaneous and enzymatically catalyzed reactions, which 

might overlap in the cell, meaning the same reaction can occur through both 

mechanisms (Keller et al., 2015). This network of biochemical and chemical reactions 

is far from perfect. As a consequence, small molecules like cofactors, coenzymes, 

inorganic molecules, and metabolic intermediates are constantly exposed to two major 

sources of damage during metabolism - enzymatic errors and chemical damage 

(Hanson et al., 2016). A molecule that was damaged can be useless or toxic to the cell 

in a given condition. Harmful molecules damage other metabolites, macromolecules 

or inhibit important enzymes. If damaged molecules represent unusable dead-end 

metabolites, they drain energy and carbon equivalents from the metabolism (Linster et 

al., 2013). 

This illustrates that the status of a certain molecule depends on its impact on cellular 

metabolism. It is not per se damaged, but the context defines it as such. A metabolite 

occurring in one cell type or one cellular compartment might not be harmful while in 

others it is wasteful or toxic. Likewise, a certain concentration can be the threshold for 

a damaged molecule. Therefore, controlling the formation of damaged molecules is a 

crucial part of the cellular metabolism, a view that has gained additional attention in 

the last years (Sun et al., 2017). 
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1.2 The complexity of damaged molecules 

As described above, the production and effects of a damaged molecule strongly 

depends on the cellular metabolic status and a given condition. In the following 

chapters, examples of damage reactions and their consequences on cellular 

metabolism are presented. An overview on molecule damage is outlined in figure 1. 

Figure 1. Small molecules are exposed to different sources of damage which results 
in a multitude of (bio)chemical reactions. These turn undamaged molecules into 
damaged ones with varying degrees of severity.  

1.2.1. Molecule damage through spontaneous reactions 

To categorize spontaneous reactions and also their enzyme-based counterparts, the 

classification according to the enzyme commission number (EC) is used: 

oxidoreduction (EC 1), transfer (EC 2), hydrolysis (EC 3), decomposition (EC 4), 

isomerization (EC 5), ligation (EC 6), and translocation (EC 7; updated September 

2018) (Bairoch, 2000). Not every spontaneous reaction leads to the formation of a 

damaged molecule. Nevertheless, un-controlled reactions are more prone to damage 

molecules through their inherent spontaneous nature. Examples of spontaneous 

reactions occurring during cellular activity are those leading to the formation of active 

toxic species, such as reactive oxygen species (ROS) and reactive carbonyl species 

(RCS) (Apel & Hirt, 2004; Mano, 2012). 

ROS arise constantly during normal metabolism and are produced in excess under 

certain stress conditions. They comprise oxygen-derived molecules such as hydrogen 

peroxide (H2O2), the superoxide anion, or hydroxyl radical, which are able to react 

quickly with other metabolites and macromolecules in the cell (Piedrafita et al., 2015). 

H2O2 is the most stable and diffusible form of ROS. Its spontaneous degradation via 

free Fe2+-mediated Fenton reaction into superoxide and hydroxyl radical occurs in 

aqueous solutions and can cause severe damage to the cell (Stadtman, 1993; Tachiev 

et al., 2000).  
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RCS are a group of small molecules described as α,β-unsaturated carbonyls. This 

unsaturated carbon bond makes RCS extremely electrophilic and therefore highly 

reactive to a wide range of molecules (Farmer & Davoine, 2007; Mano, 2012). A 

special case, in which a highly toxic RCS forms, is the spontaneous isomerization of 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P) during 

cellular activity leading to the formation of methylglyoxal (Schmitz et al., 2017b). 

Formation of methylglyoxal can also occur by action of triose-phosphate isomerase 

(TPI, EC 5.3.1.1), when the phosphate group is spontaneously eliminated from the 

enediol phosphate intermediate (Richard, 1993). Various other RCS are released 

through spontaneous decomposition of lipid peroxide radicals. This links RCS and 

ROS in a dynamic manner, as ROS are usually the cause of oxidative (stress) 

conditions in the cell (Mano, 2012). Hence, RCS cause severe damage to cellular 

macromolecules and therefore they impair metabolism (Vistoli et al., 2013).  

Spontaneous hydration of NADH and NADPH to NAD(P)HX at cellular pH, which is 

accelerated at higher temperatures, causes a major drain from the cofactor pools 

(Oppenheimer & Kaplan, 1974; Yoshida & Dave, 1975; Marbaix et al., 2011). 

NAD(P)HX strongly inhibit dehydrogenases of the oxidative pentose phosphate 

pathway and glycerol-3-phosphate dehydrogenase and therefore must be eliminated 

(Yoshida & Dave, 1975; Prabhakar et al., 1998).  

Several other small molecules can spontaneously react with metabolites and 

macromolecules in the cell. These reactions create random adducts that need to be 

removed, often at the expense of special repair enzymes and energy (Lerma-Ortiz et 

al., 2016). Glutathione (GSH) can be transferred actively to other metabolites (e.g. 

glutathione S-transferases, EC 2.5.1.18), but its thiol group also reacts spontaneously 

at cellular pH. These reactions are enhanced with increasing concentrations of GSH, 

leading to increasing concentrations of GSH adducts (Satoh, 1995). 

1.2.2. Molecule damage through enzymatic reactions 

Metabolites can also be damaged by the activity of promiscuous enzymes that act on 

multiple substrates or catalyze abnormal reactions on their regular substrate. Enzyme 

promiscuity is needed and often found in secondary metabolism (e.g. cytochrome 

P450s), where substrates variation is large and the investment in highly specified 

enzymes is inefficient (Khersonsky & S.Tawfik, 2010). Substrate switches can also be 

enabled by changes in co-factors such as metal ions (Schmitz et al., 2017b). Cellular 
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availability of these co-factors will thus influence the reaction outcome and 

consequently the formation of damaged molecules. 

One infamous example and thereby illustration of enzymes that catalyze side reactions 

on their main substrate is Ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RubisCO). It either carboxylates (EC 4.1.1.39) or oxygenates (EC 1.13.11) ribulose-

1,5-bisphosphate yielding in the latter case the toxic 2-phosphoglycolate (PG) next to 

PGA. Similar to the availability of inorganic and organic co-factors, cellular 

concentration of carbon dioxide and oxygen influences the rate of metabolite damage 

caused by RubisCO (Hanson, 2016).  

1.2.3. Molecule damage is increased by external factors 

In addition to the intracellular determinants of metabolite damage, e.g. concentration 

of reaction partners or enzyme promiscuity, external factors influence the formation of 

damaged metabolites. All of them have in common that in one way or another they 

introduce excess energy into a relatively closed system, the cell. Increased 

temperature affects the biochemical system broadly and leads to faster reactions. This 

reduces the activation energy of prior thermodynamically inhibited spontaneous 

reactions and leads to an increase in variety and rate of damaged metabolites due to 

increase in reactions rates and decline in specificity of enzymes. A narrower effect is 

produced by any type of radiation inflicted on the cell. Ultra violet radiation is a constant 

and fluctuating damage source not only to metabolites, but naturally to all cell 

components (Landry et al., 1995). Ionizing radiation damages all cellular components 

and is a source for ROS generation leading to molecule damage (Stadtman, 1993).  

Other external stress factors include abiotic and biotic factors that influence cellular 

status through induction of one or several of the mentioned damage routes. Abiotic 

stresses such as osmotic stresses, salt, and heavy metal stress, induce unfavorable 

conditions for homeostasis or ROS dependent pathways thus leading to the formation 

of damaged molecules (Apel & Hirt, 2004). Uptake of ions from the environment leads 

also to adducts on macromolecules and an increase of ion mediated spontaneous 

reactions (Cuypers et al., 2004). Biotic factors like pathogens or herbivores usually 

cause signaling cascades within the cells that lead to damage up to cell death. In 

addition, cells produce actively damaging conditions, e.g. H2O2 release, to cause 

damage to pathogenic intruders (Torres, 2010). Again, illustrating that even when the 
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underlying mechanism of damage to molecules is the same, context provides the 

status of a toxic or harmful molecule.  

1.3 Molecule damage control systems 

When molecule damage is inevitable, so is the existence of damage control systems. 

An emerging view on metabolite repair and damage pre-emption as part of the central 

cellular metabolism opens a wide field of studies (Linster et al., 2013; Van Schaftingen 

et al., 2013). Contrasting the two damage sources and the plethora of factors that 

influence the severity of the metabolite damage, three areas of molecule damage 

prevention are defined (Figure 2): 

Firstly, repair mechanisms convert damaged molecules back to ones that can be used 

in normal metabolism. Secondly, scavenging systems act on highly reactive molecules 

like RCS and ROS to convert them quickly and locally to less harmless molecules. 

Thirdly, metabolite steering systems prevent the formation of a damaged molecule by 

actively changing availability of substrate or co-factor pools.  

 

Figure 2. Molecule damage control systems range from elimination (repair) to 
prevention mechanisms (metabolite steering). Repair systems return a damaged small 
molecule to a usable metabolite. Scavenging systems convert reactive species 
produced during metabolism into more harmless ones and/or control their 
concentration to enable additional function in signaling. Steering mechanisms by-pass 
the production of damaged small molecules by controlling pool size of critical 
substrates (reduction or enrichment). MSRB, methionine sulfoxide reductase B; GSH, 
glutathione; GLX, glyoxalase; COG3236, DUF1768 containing protein involved in 
riboflavin biosynthesis. Modified from Hüdig et al. (2018). 
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1.3.1 Repair mechanisms 

Enzymatic repair systems convert dead-end and harmful metabolites back to 

metabolites used in the normal metabolic network. These repair systems exist in a 

wide range of forms. They can consist of simple one-step reactions or scale up to 

complex multi-step reactions involving multiple compartments of the cell (Bauwe et al., 

2010; Hanson et al., 2016). Single step repair mechanisms either convert the damaged 

molecule back to the original one or convert it to an energetically favorable molecule 

and broaden thereby the metabolic network (see below). The latter concept has 

brought recent attention to the field of repair mechanism discovery, as these additional 

links in metabolism can be the starting point for synthetically designed metabolic 

pathways (Schwander et al., 2016; Sun et al., 2017). Multi-step repair mechanisms are 

inherently more complex and can offer multiple branching points. Hence, the process 

is completed once the original undamaged molecule is returned.  

Single step repair mechanisms 

An example for a single step repair mechanism that reverses the continuous occurring 

damage to the original molecule is the reduction of methionine-(R)-sulfoxide (Met-R-O) 

to methionine. Under oxidizing conditions, e.g. elevated ROS levels, free and protein 

bound methionine can be damaged spontaneously by metal ion catalyzed oxidation 

forming methionine sulfoxide (Stadtman, 1993). For both stereoisomers independent 

repair enzymes have been described. In plants methionine sulfoxide reductase B 

(MSRB; EC 1.8.4.12) uses thioredoxin to produce methionine from Met-R-O. Plant 

cells, as well as yeast and bacteria, lacking this repair mechanism have been shown 

to be less resistant to oxidative stress conditions (Vieira Dos Santos et al., 2005; Le et 

al., 2013).  

Another option to repair a damaged molecule is to directly convert it into other harmless 

and required products instead of returning it to the original state. Malyl-CoA thioester 

hydrolase (MCT, EC 3.1.2.30) acts as a repair enzyme by hydrolysing malyl-CoA to 

malate and CoA, feeding these products directly into normal metabolism. Malyl-CoA is 

formed by a promiscuous reaction of the enzyme β-methylmalyl-CoA lyase (MCL) in 

the photosynthetic Rhodobacter sphaeroides (Erb et al., 2010). In the synthetic in vitro 

CETCH cycle of CO2 fixation, MCT is identically used to directly convert the side 

product of MCL to the desired end product of the cycle: malate (Schwander et al., 2016; 

Sun et al., 2017). 
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Multi‐step repair mechanisms 

A two-step repair mechanism in photosynthetic organisms is the repair of the above-

mentioned spontaneously formed cofactor hydrates NAD(P)HX. Additionally, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) as part of 

glycolysis produces NADHX in a side reaction (Rafter et al, 1954). GAPDH-mediated 

or spontaneous hydration of NAD(P)H yields natural racemates of (R,S)-NAD(P)HX. It 

has been shown that an epimerase converts (R)-NAD(P)HX to (S)-NAD(P)HX which 

in turn is converted back to NAD(P)H by the NAD(P)HX dehydratase (EC 4.2.1.93) 

(Marbaix et al., 2011). This pathway is present in both chloroplast and mitochondria in 

higher plants (Colinas et al., 2014). 

The oxidative photosynthetic carbon cycle, or photorespiratory pathway, is a multi-step 

repair mechanism to deal with the highly toxic product of the oxygenase reaction of 

RubisCO. The generated damaged molecule PG is converted back to PGA in a series 

of enzymatic steps that involve multiple compartments of the cell (Maurino & 

Peterhänsel, 2010). The exact enzymatic steps and their subcellular location vary from 

unicellular organisms like the cyanobacterium Synechocystis, single celled eukaryotes 

like green alga Chlamydomonas, or diatoms, to higher plants, thus illustrating 

evolutionary flexibility and differing metabolic needs when dealing with the repair of PG 

(Nakamura et al., 2005; Eisenhut et al., 2008; Peterhänsel & Maurino, 2011; Schmitz 

et al., 2017a). 

The plant photorespiratory pathway includes chloroplasts, mitochondria, peroxisomes 

and the cytosol with at least 11 enzymes and additional transporters for the 

intermediates of the cycle. Additionally, there are alternative pathways for some of the 

reactions, e.g. the reduction of hydroxypyruvate to glycerate by hydroxypyruvate 

reductase (HPR), which takes place both in the peroxisome and cytosol (Timm et al., 

2008). In green algae of the chlorophyta linage, glycolate to glyoxylate conversion 

takes place in mitochondria and is performed by glycolate dehydrogenase (GlyDH, 

EC 1.1.99.14) (Nakamura et al., 2005; Esser et al., 2014). In green algae of the 

charophyte linage and higher plants glycolate oxidation takes place in the peroxisomes 

by glycolate oxidase (GOX, EC 1.1.3.15) (Esser et al., 2014). Cyanobacteria like 

Synechocystis, albeit having a carbon concentration mechanism that reduces PG 

generation, inherit an active PG detoxification pathway and perform glycolate 

conversion to glyoxylate in the cytosol using GlyDH (Eisenhut et al., 2008). 
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1.3.2 Scavenging systems 

ROS and RCS are formed during normal metabolism and their production increase 

when plant cells are challenged by external conditions. ROS in plant cells are mainly 

produced in chloroplasts and mitochondria because of their high rate of electron flow, 

and also in peroxisomes by various metabolic pathways and their oxidases, e.g. 

glycolate oxidase as part of the photorespiratory pathway (Asada, 2006; Murphy, 2009; 

Sandalio et al., 2013). Additional sources are the cytochrome P450s in cytoplasm and 

the endoplasmic reticulum, pH-dependent peroxidases at the cell wall and different 

oxidases located in the apoplast (Gill & Tuteja, 2010). When ROS are not immediately 

scavenged, radical species, especially the hydroxyl radical, can attack lipids. This 

ubiquitous lipid peroxidation throughout the cell serves as a source of RCS. 

Additionally, continuous RCS production from the TPI reaction in cytosol and 

chloroplasts is present in all organisms performing oxygenic photosynthesis (Gill & 

Tuteja, 2010; Schmitz et al., 2017b). 

The basal detoxification of ROS and RCS is achieved through non-enzymatic 

scavenging. Plants have large pools of ascorbate (up to 20 mM), tocopherols and GSH 

that exceed the concentration of produced highly reactive species under steady state 

conditions. This enables the cell to detoxify these highly reactive molecules in a quick 

and local manner. Highly reactive singlet oxygen is scavenged by multiple molecules 

namely ascorbate, carotenoids and tocopherol. Neither of the scavenging molecules 

is exclusive to only one form of ROS, they are also linked by their decreasing redox 

potential. Regeneration of the scavenger molecule is dependent on both pool size and 

ambient conditions, e.g. subjected to changes in cellular pH. Maintaining these pools 

of reduced scavenging molecules in proximity to the endogenous production sites is 

often included in the term ‘redox homeostasis’ of the cell (Foyer & Noctor, 2005). 

Enzymatic scavenging deals either directly with detoxification of ROS and RCS or with 

the regeneration of the primary non-enzymatic scavenging molecules in the ROS and 

RCS pathways. Examples of enzymatic detoxification of ROS are superoxide 

dismutase (EC 1.15.1.1) acting on superoxide and catalase, ascorbate peroxidase (EC 

1.11.1.11) and glutathione peroxidase (EC 1.11.1.9) acting on H2O2 (Gill & Tuteja, 

2010). Glutathione (S)-transferases (GSTs, EC 2.5.1.18) act on a variety of 

electrophiles, including RCS from lipid peroxidation (Vistoli et al., 2013).  
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The majority of the scavenging enzymes act on the quick and constant regeneration 

of ascorbate (water-water cycle), GSH, and regeneration of reduction equivalents 

necessary in these cycles (Asada, 2006; Gill & Tuteja, 2010). For example, 

monodehydroascorbate reductase (EC 1.6.5.4), dehydroascorbate reductase (EC 

1.8.5.1) and glutathione reductase (EC 1.8.1.7) conjointly regenerate ascorbate and 

GSH involved in ROS detoxification. The GSH that scavenges RCS, including 

methylglyoxal and glyoxal, is regenerated by the GLX system involving 

(S)-D-lactoylglutathione lyase or glyoxalase I (GLXI; EC 4.4.1.5) and 

(S)-2-hydroxyacylglutathione hydrolase or glyoxalase II (GLXII; EC 3.1.2.6) 

(Thornalley, 1990). These enzymatic cycles add an additional layer of damage 

mitigation to the basal detoxification. Also, they enable the cell to react to increased 

levels of ROS and RCS production upon stress through upregulation, providing 

additional damage control when needed. 

1.3.3 Steering systems  

The third type of damage control systems, steering systems, are conceptually different 

from the ones described above. It is defined to comprise those systems that evolved 

to avoid the formation of damaged molecules. Steering systems can be classified by 

two mechanisms: directed overflow and molecule pool size control. In the first case, 

molecules that when available in excess, are prone to damage, need to be 

metabolized. They are diverted out of their canonical metabolic pathways and 

converted to less harmful ones. In the second case, the accumulation of molecules 

that can be used as substrates and co-factors of promiscuous enzymes is controlled 

to avoid their damage (Hüdig et al., 2018).  

Directed overflow 

Only a few examples labeled as direct overflow mechanisms that are described in 

detail are to be found in literature. They all have in common that transcriptional, 

posttranslational or product feedback regulation for enzymes that produce highly 

reactive molecules is absent and does not prevent the accumulation of these damage-

prone products (Reaves et al., 2013). These intermediates are unstable and will 

spontaneously be converted to toxic products or the products themselves will end up 

being damaged.  
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During riboflavin biosynthesis in both the green lineage and in bacteria, un-controlled 

built-up of the first two highly unstable intermediates occurs and a steering enzyme 

has been identified. The first enzyme GTP cyclohydrolase II (EC 3.5.4.25) causes the 

continuous production of the first intermediate due to a lack of a feedback mechanism. 

The accumulation of the intermediates leads to an increase in damaged molecules due 

to the formation of Maillard products from the intermediates or direct yield of reactive 

nucleophiles due to spontaneous decomposition. COG3236 proteins with the domain 

of unknown function (DUF) 1768 are N-glycosidases that hydrolyze the reactive 

intermediates to ribose-5-phosphate and a pyrimidine, more harmless metabolites 

(Frelin et al., 2015). 

Molecule pool size control 

To prevent the production of damaged molecules, steering of molecule pools within 

the cell can be used. One repeated cause of damage to plant cells is the oxygen in the 

ambient air. As described before, RubisCOs oxygenase reaction yields PG which 

needs to be detoxified in the elaborate multi-step repair pathway termed 

photorespiration. Another option to prevent the accumulation of PG is to suppress the 

oxygenase reaction by enhancing the carboxylase reaction of RubisCO. Several 

independent mechanisms have evolved in photosynthetic organisms to locally 

concentrate CO2 around RubisCO, one of these is C4 photosynthesis (Hatch & Slack, 

1966; Sage et al., 2012). 

C4 photosynthesis is an umbrella term for a specific set of biochemical, anatomical and 

regulatory changes that result in the concentration of CO2 around RubisCO up to 10 

times higher than in cells without CO2 enrichment. In C4 photosynthetic plants, this 

concentration is achieved by spatial separation of pre-fixation of CO2 and its release 

at the site of RubisCO. The pre-fixation is performed by a non-promiscuous enzyme 

phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) that produces oxaloacetate 

(OAA) from phosphoenolpyruvate (PEP) and HCO3
-. OAA is than converted and 

transported to the RubisCO containing cell or cellular compartment. The release of 

CO2 is managed by different decarboxylases depending on the variant of C4 

photosynthesis present in the species. Mainly NADP-malic enzyme (NADP-ME; EC 

1.1.1.40), mitochondrial NAD-malic enzyme (NAD-ME; EC 1.1.1.39), and 

phosphoenolpyruvate carboxykinase (PEPCK; EC 4.1.1.32) contribute, usually in 

concert, to the carboxylation reaction on either malate by the malic enzymes or OAA 
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by PEPCK (Furbank, 2011; von Caemmerer & Furbank, 2016). The resulting pyruvate 

is than shuttled back, in some variants involving conversion to and shuttling of alanine, 

to the site of PEP regeneration by pyruvate phosphate dikinase (PPDK; EC 2.7.9.1) 

(Wang et al., 2014b). This elaborate cycle for CO2 concentration evolved at least 61 

times independently, spanning 19 plant families with approx. 8100 species performing 

a version of C4 photosynthesis (Sage, 2017). The actual rewiring of the metabolism 

involves not only changes to the anatomy, biochemistry, and special regulation of 

involved proteins, but is also costly in terms of energy demand (Hatch, 1988; Wang et 

al., 2014a). Nevertheless, plants in habitats where the oxygenase reaction of RubisCO 

would be enhanced, have repeatedly evolved this steering mechanism to minimize the 

damaging reaction. The evolutionary steps on the way were shown to involve steering 

of many metabolite pools, e.g. glycine and its decarboxylation, which all per se result 

in a better plant fitness, essentially leveling the pathway for this mechanism 

(Heckmann et al., 2013; Bräutigam & Gowik, 2016).  

1.4 Aim of the thesis 

Cellular damage is a broad term that comprises different core areas, perspectives and 

methodological approaches. Damage to cellular macromolecules, such as nucleic 

acids, proteins, and lipids has been extensively investigated (Warner et al., 1987; 

Gardner, 1989; Grossman et al., 1998; Mary et al., 2004). So far, this research has 

been focused on bacteria, yeast, and mammalian systems, as they are potentially 

easier to study or attract more attention. 

Therefore, this thesis aims to address a combination of the overlooked aspects of 

damage research: photosynthetic eukaryotes and small molecule damage control. 

Finding new aspects of known damage control systems and the discovery of new ones 

will be approached. All three aspects of damage control, repair, scavenging, and 

steering, will be studied in different photosynthetic eukaryotes. These damage control 

systems for plants will be reviewed in manuscript 2.4 (Hüdig et al., 2018). 

Damage repair systems will be addressed in two cases: firstly, the discovery and 

description of the single step repair mechanism for L-2-hydroxyglutarate (L-2HG) by 

L-2-hydroxyglutarate dehydrogenase (L-2HGDH; EC 1.1.99.2) and its integration in 

the mitochondrial metabolism in Arabidopsis thaliana (Hüdig et al., 2015; manuscript 

2.1). Secondly, the characterization of an alternative glycolate oxidation pathway as 
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part of the multi-step repair system photorespiration in the diatom 

Phaeodactylum tricornutum will be described (Schmitz et al., 2017a; manuscript 2.2).  

Damage control through scavenging systems will also be addressed for the small RCS 

methylglyoxal. The molecular characterization of all enzymatic components for the 

local scavenging within the plant cell will be described (Schmitz et al., 2017b; 

manuscript 2.3). 

New aspects of the multiform steering system C4 photosynthesis will be studied to 

discover the mechanisms behind the recruitment of NAD-ME for C4 biochemistry. The 

molecular evolution and regulation of the NAD-ME C4 subtype pathway in the genus 

Cleome will be described in manuscript draft 2.5 (Hüdig et al., in preparation).  

  



 
 

21 
 

2. Manuscripts 

2.1. Plants  possess  a  cyclic  mitochondrial  metabolic  pathway  similar  to  the 

mammalian metabolic  repair mechanism  involving malate dehydrogenase 

and L‐2‐hydroxyglutarate dehydrogenase 

Title: Plants possess a cyclic mitochondrial metabolic pathway similar to the 

mammalian metabolic repair mechanism involving malate dehydrogenase and 

L-2-hydroxyglutarate dehydrogenase 

Authors: Meike Hüdig*, Alexander Maier*, Isabell Scherrers, Laura Seidel, Erwin E.W. 

Jansen, Tabea Mettler-Altmann, Martin K.M. Engqvist and Veronica G. Maurino 

Published in Plant Cell Physiol. 56(9):1820–1830 on 21.07.2015 

* these authors contributed equally to the work 

Contributions 

 Performed experiments: Heterologous protein expression, kinetic 
measurements, tissue expression analysis 

 Development of methodology: assay for new substrates of mitochondrial malate 
dehydrogenase 

 Data analysis and interpretation 
 Figure production 
 Wrote part of and edited the final manuscript 

 

License Number 4451840692229 (for print only) 

Full reference: 

Hüdig M, Maier A, Scherrers I, Seidel L, Jansen EEW, Mettler-Altmann T, Engqvist 

MKM and Maurino VG. (2015) Plants possess a cyclic mitochondrial metabolic 

pathway similar to the mammalian metabolic repair mechanism Involving malate 

dehydrogenase and L-2-hydroxyglutarate dehydrogenase. Plant & Cell 

Physiology 56, 1820–1830. 

Permanent link via DOI: 

https://doi.org/10.1093/pcp/pcv108 

  



 
 

22 
 

2.2. The ancestors of diatoms evolved a unique mitochondrial dehydrogenase 

to oxidize photorespiratory glycolate 

Title: The ancestors of diatoms evolved a unique mitochondrial dehydrogenase to 

oxidize photorespiratory glycolate 

Authors: Jessica Schmitz*, Nishtala V. Srikanth*, Meike Hüdig, Gereon Poschmann, 

Martin J. Lercher, Veronica G. Maurino 

* these authors contributed equally to the work 

Published in Photosynth. Res. 132:183–196 on 28.02.2017 

Contributions: 

 Performed subcellular localization 
 Development of methodology: microscopy 
 Analysis of raw data and interpretation  
 Figure editing 
 Edited manuscript 

 

License Number 4451840967057 (Print and electronic license) 

Full reference: 

Schmitz J, Srikanth NV, Hüdig M, Poschmann G, Lercher MJ and Maurino VG. (2017) 

The ancestors of diatoms evolved a unique mitochondrial dehydrogenase to 

oxidize photorespiratory glycolate. Photosynthesis Research 132, 183–196. 

Permanent link via DOI: 

https://doi.org/10.1007/s11120-017-0355-1 

 

 

  



 
 

23 
 

2.3. Defense  against  reactive  carbonyl  species  involves  at  least  three 

subcellular  compartments  where  individual  components  of  the  system 

respond to cellular sugar status 

Title: Defense against reactive carbonyl species involves at least three subcellular 

compartments where individual components of the system respond to cellular sugar 

status 

Authors: Jessica Schmitz, Isabell Charis Dittmar, Jörn Dennis Brockmann, Marc 

Schmidt, Meike Hüdig, Alessandro W. Rossoni and Veronica G. Maurino 

Published in Plant Cell 29:3234–3254 originally published online on 17.11.2017 

Contributions: 

 Raw data acquisition, validation, replication of experiments and analysis of 
subcellular localization 

 Figure editing 
 Wrote parts of and edited full manuscript 

License Id: 4451850467592  

Full reference: 

Schmitz J, Dittmar IC, Brockmann JD, Schmidt M, Hüdig M, Rossoni AW and Maurino 

VG. (2017) Defense against reactive carbonyl species involves at least three 

subcellular compartments where individual components of the system respond to 

cellular sugar status. Plant Cell 29, 3234–3254. 

Permanent link via DOI: 

https://doi.org/10.1105/tpc.17.00258 

  



 
 

24 
 

2.4. Biochemical control systems for small molecule damage in plants 

Title: Biochemical control systems for small molecule damage in plants 

Authors: Meike Hüdig, Jessica Schmitz, M. K. M. Engqvist and Veronica G. Maurino 

Published in Plant Signal. Behav. 13:5, e1477906 on 26.06.2018 

Contributions: 

 Evolution of ideas 
 Figure draft  
 Wrote parts of and edited full manuscript 

License: 

Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation free 

of charge contingent on resubmission of permission request if work is published. 

Full reference: 

Hüdig M, Schmitz J, Engqvist MKM and Maurino VG. (2018) Biochemical control 

systems for small molecule damage in plants. Plant Signaling & Behavior 13, 1–

7. 

Permanent link via DOI: 

https://doi.org/10.1080/15592324.2018.1477906 

  



 
 

25 
 

2.5. Evolution  of  NAD‐ME  from  a  TCA  cycle‐associated  enzyme  to  a  C4 

decarboxylase was aided by duplication of a β‐subunit in the genus Cleome 

Manuscript draft 

Title: Evolution of NAD-ME from a TCA cycle-associated enzyme to a C4 

decarboxylase was aided by duplication of a β-subunit in the genus Cleome 

Authors: Meike Hüdig, Marcos A. Tronconi, Gereon Poschmann and Veronica G. 

Maurino 

Contributions: 

 Performing of experiments: NAD-ME sequence acquisition, phylogenetic 
analysis, cloning, heterologous protein production and characterization, kinetic 
analysis, plant growth and harvest, native and SDS-PAGE analysis, in gel malic 
enzyme activity assay, qRT-PCR, structural 3D modelling 

 Processing and analysis of raw data 
 Interpretation of data 
 Evolution of hypothesis and research goals 
 Figure production 
 Wrote part of and edited full manuscript 

  



 
 

26 
 

Evolution of NAD-malic enzyme from a TCA cycle-associated enzyme to a C4 

decarboxylase was aided by duplication of a -subunit in the genus Cleome 

 

Meike Hüdig1, Marcos A. Tronconi2, Gereon Poschmann3, Veronica G. Maurino1 

1Institute of Developmental and Molecular Biology of Plants, Plant Molecular 

Physiology and Biotechnology Group, Heinrich-Heine Universität, 

Universitätsstraße 1, and Cluster of Excellence on Plant Sciences (CEPLAS), 40225 

Düsseldorf, Germany. 

2Centro de Estudios Fotosintéticos y Bioquímicos (CEFOBI-CONICET). Facultad de 

Ciencias Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario, Suipacha 

531, 2000 Rosario, Argentina.  

3Molecular Proteomics Laboratory, Center for Biological and Medical Research 

(BMFZ), Heinrich Heine University, Universitätsstraße 1, 40225 Düsseldorf, Germany. 

 

 

Running title: Molecular Evolution of C4-NAD-malic enzyme 

 

Corresponding author: Veronica G. Maurino (veronica.maurino@uni-duesseldorf.de). 

Plant Molecular Physiology and Biotechnology Group, Institute of Developmental and 

Molecular Biology of Plants, Heinrich Heine University, Universitätsstraße 1, 

40225, Düsseldorf, Germany. Tel.: 49-211-8112368. Fax: 49-211-8113706. 

  



 
 

27 
 

Abstract 

In plants, NAD-malic enzyme (NAD-ME; EC 1.1.1.39) is exclusively present in 

mitochondria where it is involved in malate respiration. In species performing a specific 

type of C4 photosynthesis, NAD-ME was co-opted to decarboxylate malate in bundle 

sheath cell mitochondria to facilitate CO2 concentration in close proximity to RubisCO. 

A specific C4 NAD-ME was never identified to date. Here, we use Cleomaceae as 

model system to study the molecular evolution of NAD-ME in the emergence of 

C4 photosynthesis. We found that all three genes coding for NAD-ME proteins in the 

C4 Cleome Gynandropsis gynandra are expressed at higher levels than their C3 

orthologs in Tarenaya hassleriana, thus transcriptional analysis did not allow the 

identification of a C4 candidate. Biochemical and proteomic analyses showed that a 

unique NAD-ME entity exists exclusively in photosynthetic tissues of G. gynandra. This 

heterodimeric NAD-ME is composed of GgNAD-ME1 and GgNAD-ME2 and exhibits 

high affinity towards malate and high catalytic activity. In addition to this heterodimer, 

an NAD-ME entity composed of all three subunits exists in G. gynandra photosynthetic 

and heterotrophic tissues. We also identified an NAD-ME entity composed of all three 

subunits in photosynthetic and heterotrophic tissues of T. hassleriana with similar 

kinetic properties as the enzyme found in the corresponding tissues in C4 Cleome. We 

propose that these NAD-MEs composed of three subunits perform the housekeeping 

functions in C3 and C4 Cleome tissues. Finally, we show that GgNAD-ME2, one of two 

retained β NAD-ME subunits, is inactive and likely evolved to mediate the C4 function. 

Our results lead to the conclusion that in the C4 Cleome species the functions of NAD-

ME as a basic metabolic enzyme and as a specific photosynthetic decarboxylase are 

performed by separated enzymatic entities originated through a differential 

combination of subunits. 

Introduction 

Many of the world’s most productive crops are species bearing the C4 photosynthetic 

metabolism as an adaptation to high light intensities, temperatures and drought. 

C4 plants have evolved biochemical pumps to concentrate CO2 at the site of Rubisco, 

which decrease the oxygenation reaction and, thus, limit the wasteful flux through 

photorespiration (Furbank & Hatch, 1987). Compared with plants using the ancestral 

C3 photosynthetic pathway, C4 plants show higher water and nitrogen use efficiency, 

which allows increased productivity in warm habitats (Edwards et al., 2010).  
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The transition from C3 to C4 photosynthesis involved complex alterations to leaf 

anatomy and biochemistry. This occurred in at least 62 linages of angiosperms 

independently and thus is an example of convergent evolution (Sage et al., 2011). In 

C4 plants, CO2 concentration is achieved by a two-step mechanism. First, 

phosphoenolpyruvate carboxylase (PEPC) produces oxaloacetate (OAA) in the 

cytosol (primary CO2 fixation as C4 acid). Then, OAA is converted to malate and/or 

aspartate, and transported to the site of Rubisco, where CO2 is released again and the 

final CO2 fixation takes place (Christopher & Holtum, 1996; Drincovich et al., 2011). 

Most C4 plants developed a spatial separation of the biochemical components of the 

CO2 pump by utilizing two adjacent cell types. In these plants, PEPC is located in the 

cytosol of mesophyll cells, and the formed C4 acid is shuttled to the bundle sheath cells 

(BSCs) (Drincovich et al., 2011). The release of CO2 from malate in BSCs is mediated 

mainly by two different decarboxylases: NADP-malic enzyme (NADP-ME, EC 1.1.1.40) 

and NAD-ME (EC 1.1.1.39). C4 plants are traditionally grouped into biochemical 

subtypes depending on the major decarboxylase used. About 40 C4 lineages contain 

species using NADP-ME as their primary decarboxylase, while NAD-ME is used by 

species from about 20 lineages (Sage et al., 2011). In either of these subtypes there 

exist the facultative addition of phosphoenolpyruvate carboxykinase (PEPCK), which 

activity also releases CO2 in BSCs (Furbank, 2011; Wang et al., 2014a).  

The C4 decarboxylases did not evolve de novo. Instead, they were recruited from 

existing housekeeping isoforms (Monson, 2003; Aubry et al., 2011; Maier et al., 2011; 

Christin et al., 2013). The existence of gene duplications is widely believed to be a pre-

condition for the evolution of C4 metabolism, as gene duplicates allow the plant to retain 

one gene copy for the ancestral (here: housekeeping) functions, while its duplicate is 

relieved from negative selection and suitable for acquiring substitutions advantageous 

for the evolving C4 function (Monson, 2003). A specific C4 NADP-ME, located in BSC 

chloroplasts, exists in all investigated species of the NADP-ME subtype (Matsuoka et 

al., 2001; Drincovich et al., 2011; Lauterbach et al., 2017). This C4 isoform originated 

by gene duplication of an existing chloroplastic non-photosynthetic NADP-ME and the 

subsequent neofunctionalization of one gene copy (Tausta et al., 2002; Saigo et al., 

2004). Interestingly, to date there are no reports on the identification and 

characterization of a specific C4 NAD-ME. 

In plants, NAD-MEs are exclusively present in mitochondria where they are involved 

in malate respiration (Grover et al., 1981; Tronconi et al., 2008). In their housekeeping 
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roles, NAD-MEs are homo- or heterodimers of two distinct but phylogenetically related 

subunits, which shear 65% identity at the amino acid level: -subunits with molecular 

masses of ~65 kDa and β-subunits with molecular masses of ~58 kDa (Maier et al., 

2011; Tronconi et al., 2018). In A. thaliana, AtNAD-ME1 (At4g13560) encodes the 

-subunit, while AtNAD-ME2 (At4g00570) encodes the -subunit (Tronconi et al., 

2008). The separated recombinant homodimers and the reconstituted heterodimer 

present similar catalytic efficiencies but differ in kinetic mechanisms and their 

regulation by metabolic effectors (Tronconi et al., 2008, 2010a, 2010b, 2015). Although 

in vivo it functions mostly as a heterodimer, the AtNAD-ME2 homodimer is the only 

form of the enzyme present in anthers of Arabidopsis where its function would be 

coupled to glycolysis (Tronconi et al., 2010b). The different biochemical properties of 

the NAD-ME enzymatic entities produced by alternative association of the subunits 

suggest that NAD-ME activity may be regulated by variations in the native association 

in vivo (Tronconi et al., 2010b).  

Biochemical analyses in some C4 species indicated that NAD-ME from the 

dicotyledoneous Amaranthus tricolor and the grasses Eleusine coracana and Panicum 

dichotomiflorum are octamers of only one type of subunit (Ohsugi & Murata, 1980; 

Murata et al., 1989), while those of Amaranthus hypochondriacus and Amaranthus 

edulis are composed of - and -subunits (Long et al., 1994; Dever et al., 1998). These 

enzymes were always regarded as the major C4 photosynthetic isoforms, and it is 

intriguing that there exist no references to housekeeping isoforms of NAD-ME in 

C4 plants. Intriguingly, comparative transcriptomes of leaves of the closely related 

Cleome Tarenaya hassleriana, a C3 ornamental species, and Gynandropsis gynandra, 

an NAD-ME C4 vegetable crop species, did not reveal any C4-specific NAD-ME 

transcript (Bräutigam et al., 2011). There is no clear evidence for the existence of a 

specific C4 NAD-ME from data available. Therefore, it has been hypothesized that in 

C4 plants of the NAD-ME subtype there may exist only one NAD-ME isoform, which 

may carry out both the housekeeping role in all cell types and the photosynthetic role 

exclusively in BSCs, where it is most abundantly expressed and probably subjected to 

metabolic or post transcriptional regulation (Maier et al., 2011). 

Cleomaceae is an excellent model system to study the molecular evolution of NAD-ME 

in the emergence of C4 photosynthesis (Bayat et al., 2018). Cleomaceae are closely 

related to Brassicaceae (Hall et al., 2002), which diverged from each other around 

24.2–49.4 million years ago (mya) (Schranz & Mitchell-Olds, 2006). Although 
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Brassicaceae (e.g., A. thaliana) and most Cleomaceae (e.g., T. hassleriana) are 

C3 plants, NAD-ME subtype C4 photosynthesis evolved de novo in Cleomaceae at 

least three times independently in G. gynandra, Cleome oxalidea, and Cleome 

angustifolia (Feodorova et al., 2010; Koteyeva et al., 2011). Interestingly, the ancestor 

of the C3 T. hassleriana and C4 G. gynandra Cleome species underwent a whole 

genome duplication approximately 20.0 mya (Schranz & Mitchell-Olds, 2006; Barker 

et al., 2009). Specifically, a gene duplication of the ancestral NAD-ME -subunit is 

retained in both Cleome species.  

In this work, we address the question if a unique NAD-ME entity performs a dual 

function in C4 plants or if indeed a C4 specific isoform exist. By combining gene 

expression pattern and proteomic analyses and biochemical protein characterization, 

we found that in the C4 Cleome species the functions of NAD-ME as a basic metabolic 

enzyme and as a specific photosynthetic decarboxylase are performed by separated 

enzymatic entities originated through a differential combination of subunits. Our data 

indicates that the duplication of the NAD-ME -subunit was a potentiating evolutionary 

event that aided the repeated evolution of NAD-ME as a C4 decarboxylase in this 

genus. 

Results 

Evolutionary history of NAD-ME proteins 

To perform a comprehensive phylogenetic analysis of the mitochondrial NAD-ME in 

the green lineage, we gathered a total of 173 protein sequences from 70 species. 

These span from green algae, including the picoplancton Micromonas pusilla (Worden 

et al., 2009) and Chara braunii as a recently sequenced representative of the 

Charophyta (Nishiyama et al., 2018), classic representatives of the Spermatophytes’ 

sister groups, mosses, and lycophytes, to 160 of the sequences from 59 angiosperm 

species.  

We found that all investigated green algae species of the chlorophyte linage possess 

only one copy of NAD-ME, but gene duplications in the green algae of the charophyte 

lineage C. braunii and in the moss Physcomitrella patens have occurred (Fig. 1A). 

Further along the evolutionary trajectory, a gene duplication of NAD-ME has occurred 

between the split of the Lycophyta from the angiosperms which has been retained in 

all flowering plant species investigated. This makes the resulting paralogous NAD-ME 
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proteins in the angiosperms monophyletic (Fig. 1A, green and orange boxes). Whether 

this split into the so called α NAD-ME and β NAD-ME subunits occurred before or after 

the split of gymnosperms and angiosperms remains to be determined, as so far no 

NAD-ME sequences from gymnosperms are available. 

We found that the 59 angiosperm species analyzed contain at least one α-subunit and 

one β-subunit each (Suppl. Fig. 1). Additional gene duplications have occurred in 

several angiosperms, resulting in 71 α NAD-ME and 89 β NAD-ME sequences, 

respectively. This demonstrates that if gene duplications or WGD occur, the gene 

coding for a β NAD-ME is more likely to be retained. 

The focus of this study was the NAD-ME of the C4 model species Gynandropsis 

gynandra from the genus Cleome. One of three independent C4 origins that arose in 

the Cleomaceae, a sister family to the Brassicaceae that include the model species 

A. thaliana. We analyzed the NAD-ME sequences of several species of the 

Brassicales, including species of the Brassicaceae and Cleomaceae family in a 

separate phylogenetic analysis (Fig. 1B). Strikingly, the sequences of the C4 Cleome 

G. gynandra show longer branches on the phylogenetic tree compared to the 

evolutionary close C3 relative T. hassleriana. Additionally, we found GgNAD-ME2 

confidently (100% bootstrap support) placed as a sister group to all other β NAD-ME 

of the Brassicales (Fig. 1B, orange box). This most probably does not reflect the correct 

evolutionary relationship, which would place all Cleome β NAD-ME as a monophyletic 

group (cf. relationship of α NAD-ME), but is most probably caused by an unusual high 

amino acid exchange rate in the GgNAD-ME2 sequence (see also results of the in 

silico analysis). 
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Figure 1. Maximum likelihood trees of NAD-ME sequences in the green lineage. 
Evolutionary history was inferred using the JTT+frequencies model. Numbers on 
branches represent bootstrap (n=1000) support values. Scale bar represents amino 
acid substitutions per site. A. Simplified representation of the phylogenetic tree of 173 
sequences of the green lineage (full version in Suppl. Fig. 1). Rate differences were 
modeled with gamma parameter (G = 0.8060) and invariant sites (I = 7.60% sites). 
Branches with low support (<60%) were collapsed. B. Selected subtree of Brassicales 
sequences. The tree is rooted by an outgroup and all branches are shown with 
bootstrap support values. Rate differences were modeled with parameters specific for 
this subtree (G = 0.8733, I = 23.11% sites). 

Differential expression of NAD-ME genes in leaves of C3 and C4 Cleome species 

A straightforward rationale is to assume that if a gene was recruited into the C4 pathway 

it should be expressed at higher levels than in C3 species and its transcript mostly 

accumulated during the day in photosynthetic organs (Christin et al., 2013; Moreno-

Villena et al., 2018). To find such comparatively high expressed candidate gene(s) for 

C4 NAD-ME, we analyzed the diel expression pattern of all NAD-ME genes in fully 

expanded leaves of T. hassleriana and G. gynandra (Fig. 2).  

Quantitative transcriptional analysis of NAD-ME genes in leaves of C3 T. hassleriana 

revealed that ThNAD-ME1 is significantly higher expressed than ThNAD-ME2 (28-fold 

higher, 8h) and ThNAD-ME3 (17-fold higher, 8h) at all sampled time points during the 

diel course (p<0.001). ThNAD-ME1 expression slightly increases 1.6-fold from early 
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morning (1 h) to midday (8 h) (p<0.01; Fig. 2A) while ThNAD-ME2 and ThNAD-ME3 

expression levels do not change along the diel course (p>0.05).  

Analysis of expression of NAD-ME genes in leaves of C4 G. gynandra indicated similar 

expression levels (p>0.05) of all three genes during the night to day transition period 

(23h to 1h; Fig. 2B). The expression levels of GgNAD-ME2 and GgNAD-ME3 are 

maintained at those similar values during the whole day-night course (Fig. 2B). 

GgNAD-ME1 expression exceeds the expression of GgNAD-ME2 and GgNAD-ME3 at 

all measured time points. GgNAD-ME1 expression peaks midday and is 2.8-fold higher 

than GgNAD-ME2 and 7.9-fold higher than GgNAD-ME3 (8h; p<0.0001). This peak 

GgNAD-ME1 expression is a significant 5.3-fold increase from early morning (1h) to 

midday (8h) (p<0.001; Fig. 2B). Afterwards, GgNAD-ME1 expression drops to approx. 

half of the expression strength by the end of the light period (15h, p<0.001; Fig. 2B). 

By the end of the night, expression of GgNAD-ME1 dropped to a fifth of the peak 

expression at 8 h, reaching its lowest expression level (Fig. 2B). 

Despite the limited comparability of expression strength of genes from different 

species, it must be noted that all GgNAD-ME genes are expressed at higher levels 

than their paralogous ThNAD-ME. ThNAD-ME1 expression level are similar to that of 

ThACT2, and ThNAD-ME2 and ThNAD-ME3 show approx. 20-fold lower expression 

than this control gene (Fig. 2A). GgNAD-ME1 is expressed 2- to 10-fold higher than 

GgACT2, while GgNAD-ME2 range up to 3.7-fold and GgNAD-ME3 up to 1.3-fold 

higher expression than GgACT2 at midday (Fig. 2B).  

Overall, expression patterns of all three NAD-ME genes in T. hassleriana do not 

change drastically during a diurnal cycle, which is an expected behavior for a 

housekeeping function. Our findings did not allow unambiguously identify a concrete 

C4 NAD-ME candidate gene in G. gynandra, as all three NAD-ME genes are much 

higher expressed than their homologs in T. hassleriana. However, the more 

pronounced light-dependent expression of GgNAD-ME1 compared to ThNAD-ME1 in 

photosynthetic tissues point out a possible recruitment of GgNAD-ME1 into the 

C4 pathway. 



 
 

34 
 

 

Figure 2. Expression levels of T. hassleriana (A) and G. gynandra (B) NAD-ME genes 
relative to ACT2 (2-ΔCt) in leaves of 5-week-old plants over a full day. Values are mean 
± SE (two-way ANOVA, Tukey’s post-hoc test p<0.05). Asterisks indicate statistical 
differences: p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

Kinetic properties of recombinant NAD-ME 

All three identified NAD-ME transcripts of T. hassleriana and their orthologues in 

G. gynandra were cloned into expression vectors for heterologous expression of the 

predicted mature protein. The recombinant proteins, isolated to homogeneity, 

presented the expected molecular weights after SDS-PAGE (Suppl. Fig. 2). We 

determined the kinetic parameters of the single isolated proteins and of all possible 

combinations of subunits for both Cleome species (14 possible NAD-ME variants). The 

results of this extensive kinetic analysis are shown in Table 1.  

The analysis of the three single recombinant NAD-ME proteins of T. hassleriana 

indicated that all proteins have similar affinities for the substrate malate. ThNAD-ME1 

(α NAD-ME) has the highest catalytic efficiency due to a high turnover rate. Single 

recombinant ThNAD-ME2 and ThNAD-ME3 (β NAD-ME) show an overall similar 

kinetic behavior with an almost identical turnover rate (p>0.05). The analysis of all 

subunit combinations shows that those including ThNAD-ME1 have similar kinetic 

behavior as ThNAD-ME1 (p>0.05). Subunit combinations including ThNAD-ME3 

exhibit a slightly increased affinity towards malate. The kinetic properties of the 

combination of both β-subunits, ThNAD-ME2/ThNAD-ME3, are similar to those of the 

single β-subunits (p>0.05), and are 3- to 5-fold lower than those observed with all other 

subunit combinations (p<0.0001). In summary, the kinetic behavior of ThNAD-ME 
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combinations including ThNAD-ME1 in their composition is similar to that of the 

singleThNAD-ME1. When assayed alone, both β-subunits and their combination show 

clearly distinct kinetics, characterized by an up to 10-fold reduction in catalytic 

efficiency due to low turnover rates. 

The analysis of recombinant NAD-ME of C4 G. gynandra indicated distinct kinetic 

behaviors of the single proteins: while GgNAD-ME1 and GgNAD-ME3 are active 

enzymes with comparable kinetic properties, GgNAD-ME2 is inactive (Table 1). All 

possible NAD-ME subunit combinations of GgNAD-ME are active and have similar 

turnover rates, comparable to those of the active homomers (p>0.05 for kcat). The 

heteromeric combinations GgNAD-ME1/GgNAD-ME3, GgNAD-ME2/GgNAD-ME3, 

and GgNAD-ME1/GgNAD-ME2/GgNAD-ME3 show affinities towards malate similar to 

the homomers GgNAD-ME1 and GgNAD-ME3 (p>0.05). Strikingly, 

GgNAD-ME1/GgNAD-ME2 shows an approx. 10-fold higher affinity towards malate 

than all other GgNAD-ME possible proteins, rendering an enzyme with high catalytic 

efficiency (Table 1). Taken all together, the analysis of recombinant NAD-ME proteins 

indicates that in G. gynandra the association of the active subunit GgNAD-ME1 with 

the inactive subunit GgNAD-ME2 renders a NAD-ME entity with high affinity for the 

substrate and high catalytic efficiency, expected properties for an enzyme to fulfill a 

role in a high flux metabolic pathway. 
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Table 1. Kinetic parameters of recombinant NAD-ME from T. hassleriana and 
G. gynandra. Kinetic data were fitted by nonlinear regression. Values represent 
mean ± SE of at least three independent enzyme preparations. 

 Km malate [mM] kcat [s
-1

] kcat/Km

T. hassleriana    

NAD-ME1 5.4 ± 1.3 29.0 ± 2.1 5.4

NAD-ME2 9.2 ± 2.3 3.1 ± 0.3 0.3

NAD-ME3 6.8 ± 1.7 3.4 ± 0.3 0.5

NAD-ME1/NAD-ME2 6.6 ± 1.6 20.0 ± 1.5 3.0

NAD-ME1/NAD-ME3 3.4 ± 1.0 17.4 ± 1.2 5.2

NAD-ME2/NAD-ME3 4.1 ± 2.0 4.5 ± 0.6 1.1

NAD-ME1/NAD-ME2/NAD-ME3 3.6 ± 0.8 12.9 ± 0.8 3.6

G. gynandra  

NAD-ME1 2.5 ± 2.0 2.2 ± 0.9 0.9

NAD-ME2 inactive inactive inactive

NAD-ME3 5.5 ± 0.8 6.6 ± 0.3 1.2

NAD-ME1/NAD-ME2 0.3 ± 0.03 2.2 ± 0.5 7.3

NAD-ME1/NAD-ME3 5.8 ± 0.9 4.4 ± 0.2 0.8

NAD-ME2/NAD-ME3 3.0 ± 0.8 4.5 ± 0.3 1.5

NAD-ME1/NAD-ME2/NAD-ME3 4.0 ± 0.6 3.0 ± 0.1 1.1

NAD-ME isoforms in photosynthetic and heterotrophic organs of C3 and C4 
Cleome  

To determine the composition of NAD-ME present in C3 and C4 Cleome species, we 

coupled the determination of NAD-ME activity after native PAGE of extracts of leaves 

and roots of T. hassleriana and G. gynandra with the identification of NAD-ME proteins 

in the gel slices through mass spectroscopy (MS). Overall, in gel activity assays 

indicated four protein bands showing NAD-ME activity distributed over species and 

different tissues (migration levels 1 to 4 in Fig. 3).  

Leaves of G. gynandra show two main protein bands with NAD-ME activity of very 

different mobilities (migration level 1 and 4); these bands are not present in the 

T. hassleriana (Fig. 3). The first protein band has a very low mobility (migration level 

1, Fig. 3), is visible already after 30 min incubation in the reaction media and is also 

observed in roots of G. gynandra, where it represents the predominant NAD-ME entity 

(Fig. 3). MS analysis indicated the presence of GgNAD-ME1, GgNAD-ME2, and 
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GgNAD-ME3 in this protein band. The very low mobility of the protein band suggests 

that the three GgNAD-ME subunits assemble in a high molecular weight complex. The 

second protein band found in leaves of C4 G. gynandra has very high mobility 

(migration level 4, Fig. 3) and is not found in roots of G. gynandra even after overnight 

incubation. MS analysis indicated the presence of GgNAD-ME1 and GgNAD-ME2 in 

this protein band. As the mobility of this protein band is similar to that of the heterodimer 

NAD-ME1/NAD-ME2 found in A. thaliana leaves (Tronconi et al., 2010a), we conclude 

that GgNAD-ME1 and GgNAD-ME2 assemble as heterodimer.  

Leaves and roots of T. hassleriana possess an protein band with NAD-ME activity that 

is not found in organs of the C4 species. This NAD-ME entity has a lower mobility than 

the A. thaliana NAD-ME heterodimer (migration level 3, Fig. 3) and the activity appears 

after long incubation times. MS analysis indicated the presence of all three ThNAD-ME 

subunits (ThNAD-ME1, ThNAD-ME2 and ThNAD-ME3) in this protein band, 

suggesting the formation of a multimeric complex. 

Leaves and roots of G. gynandra show an additional band of very low NAD-ME activity 

and intermediate mobility (migration level 2, Fig. 3). This band is also observed in 

leaves and roots of C3 T. hassleriana (Fig. 3). MS analysis indicated the presence of a 

NADP-ME (Gg_protein17666, Th_protein09755) in all these protein bands. This 

suggest that the band at migration level 2 found in all samples most probably 

represents a promiscuous NADP-ME that can also use NAD as cofactor. 

Taking altogether, leaves and roots of the Cleome C3 species T. hassleriana possess 

a unique NAD-ME entity composed of all three subunits, ThNAD-ME1, ThNAD-ME2 

and ThNAD-ME3. This entity most probably represents a tetramer, but we cannot 

exclude that different heteromers could coexist. The Cleome C4 species G. gynandra 

possesses two NAD-ME entities. One, found in both heterotrophic and photosynthetic 

organs, and thus representing the housekeeping NAD-ME entitiy, is assembled in a 

high molecular weight heteromer composed of all three subunits, GgNAD-ME1, 

GgNAD-ME2 and GgNAD-ME3. The second entity, found only in photosynthetic tissue, 

and thus most probably representing the C4 decarboxylase activity, is assembled as a 

heterodimer of GgNAD-ME1 and GgNAD-ME2. 
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Figure 3. NAD-ME activity assays after native PAGE (time series). Non-denaturing 
PAGE of soluble protein extracts of leaves (L) and roots (R) of A. thaliana (At), 
G. gynandra (Gg), and T. hassleriana (Th) were incubated for the indicated time 
periods in the assay medium at pH 6.8. A violet precipitate indicates NAD-ME activity. 
Migration levels 1 to 4 are indicated on the right. 

In silico analysis of β-NAD-ME orthologs 

Our analysis of kinetic properties of all possible NAD-ME indicated that GgNAD-ME2 

is an inactive protein (Table 1). Moreover, the positioning of GgNAD-ME2 as a sister 

group to all other β-NAD-ME sequences within the Brassicales (Fig. 1B, Suppl. Fig. 1) 

is unlikely to reflect the true evolutionary history, but is far more likely a long-branch-

attraction artifact caused by an unusual pattern of amino acid substitutions. In order to 

discover a potential link between those amino acid changes and the lack of activity of 

GgNAD-ME2, we analyzed the amino acid sequences of closely related β NAD-ME 

homologs searching for differentially conserved amino acids.  

In total, we compared 16 β NAD-ME homologs from species of the same evolutionary 

lineage (Brassicales). A representative fraction of these 16 sequences is displayed as 

a multiple sequence alignment in Figure 4, where sequences with similar substitution 

patterns and thus information redundancy were eliminated. We found 47 amino acid 

residues within the β NAD-ME mature protein sequence that are changed in 

GgNAD-ME2 and conserved in all other β NAD-ME sequences, including the paralog 

GgNAD-ME3. We found 44 amino acid residues 100% conserved in the compared 
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β NAD-ME sequences (highlighted in blue, Fig. 4), and 3 residues with conserved side 

chain characteristics (highlighted in orange, Fig. 4).  

The 47 differentially conserved amino acids identified are distributed throughout the 

mature protein sequence, including changes in the malate- (red box, Fig. 4) and 

NAD-binding (violet box, Fig. 4) domains. The analysis of the amino acid residues of 

the NAD-ME active site (Chang & Tong, 2003) indicates that two amino acids that 

participate in the catalytic mechanism, Y132 and D298, are changed in GgNAD-ME2 

(Fig. 4, Table 2). These two amino acid substitutions are most probably involved in the 

observed loss of activity of GgNAD-ME2 as they are strikingly conserved in all other 

NAD-ME sequences. In addition, the amino acids known to be involved in the metal 

cofactor coordination (Chang & Tong, 2003) are in all cases conserved (black 

asterisks, Fig. 4).  

Table 2. Overview of differentially conserved amino acids of GgNAD-ME2 that are 
probably involved in substrate coordination and dimer-dimer interaction based on 3D 
structure modelling and sequence homology to human NAD(P)-ME.  

Location 
Brassicales β NAD-ME 

amino acid 
GgNAD-ME2 
amino acid 

Alignment 
position  

active site Y S 139 

active site D V 304 

active site M/L S 471 

interface E K 261 

interface D N 585 

interface I V 586 

interface K T 596 

interface H N 600 
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Figure 4. Alignment of selected β NAD-ME protein sequences from the Brassicales. 
GgNAD-ME2 is set as reference; conserved amino acids (AA) are represented by dots, 
gaps by dashes, and changed AA are shown. Malate and NAD-binding domain are 
marked in red and violet boxes. Arrow indicates transit peptide cleavage site. Asterisks 
indicate metal ion (black), malate and NAD coordinating sites (red). Highlighted in are 
AA differing in GgNAD-ME2 from all other Brassicales (blue: 44 AA 100% conserved 
in Brassicales β NAD-ME; orange, 3 AA with conserved site chain characteristics). 

 



 
 

41 
 

Human mitochondrial NAD-ME is a tetramer formed by the associations of two dimers 

that can exists as a mixture of tetramer and dimer at neutral pH (Xu et al., 1999; Chang 

& Tong, 2003). Our work indicates that GgNAD-ME1/GgNAD-ME2 from C4 Cleome 

leaves extracts has the same mobility in native PAGE as the A. thaliana NAD-ME 

heterodimer (Fig. 3). Hence, to further predict possible impacts of different amino acid 

changes found in the sequence of the inactive GgNAD-ME2 we built and analyzed a 

3D protein model of heterodimeric GgNAD-ME1/GgNAD-ME2 (Fig. 5A). We based our 

model on the human mitochondrial NAD(P)-ME crystal structure that is available 

including different substrates and co-factors (SMTL ID: 1qr6.1 used in Swiss-model, 

(Biasini et al., 2014). The structure of the active pockets (indicated by asterisks, black 

for GgNAD-ME1, red for GgNAD-ME2, Fig. 5A) differs due to the amino acid changes 

in the sequence. One particular changed amino acid at the entrance of the active 

pocket (S471, Table 2) is normally involved in the coordination of the co-factor binding 

(Chang & Tong, 2003). A change from hydrophobic side chain characteristic to a polar 

one may influence the NAD-binding capability of GgNAD-ME2.  

Additionally, we found GgNAD-ME in photosynthetic and heterotrophic tissue to be 

present in a high oligomeric state, probably tetra- or octameric (Fig. 3). To investigate 

if the changes found in GgNAD-ME2 could influence the oligomerization of this hetero-

oligomeric GgNAD-ME, we modeled a tetrameric GgNAD-ME (Fig. 5B, 5C). Several of 

the amino acid changes to be located at the modeled dimer-dimer interface (Fig. 5C), 

making them candidates for influencing the transition between dimer and tetrameric 

state of the enzyme. These changed amino acids (K261, N585, V586, T596, and N600) 

confer all but one a drastic change of amino acid side chain characteristic (Table 2) 

and are located outside of the known malate and NAD-binding domains at the 

C-terminus of the protein. 
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Figure 5. Ribbon diagrams of 3D protein structure for two modeled GgNAD-MEs. 
GgNAD-ME1 monomer is colored in red. Monomers of GgNAD-ME2 are colored in 
blue and grey. Differentially conserved amino acids are presented in the stick-and-ball 
configuration. Reactions centers are marked with asterisks. A. Heterodimer of 
GgNAD-ME1/GgNAD-ME2. B. Tetramer comprised of two GgNAD-ME2 dimers (blue 
and grey). C. Close-up of the dimer-dimer interface with highlighted and labeled 
candidate amino acids.  
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Discussion 

Elucidation of the structural composition and biochemical characteristics of the 

components of the C4 pathway is not only important to gain knowledge on the 

evolutionary mechanisms underlying their origin but also because many efforts are 

currently under way to install characteristics of C4 photosynthesis in leaves of C3 crops. 

This endeavor can only be fruitful, if it is built on a detailed understanding of the 

particular characteristics of the components of the C4 pathway. Understanding the 

recruitment of NAD-ME for the C4 function is intriguing as no C4-specific NAD-ME 

genes were identified so far.  

Evolutionary relationship of NAD-ME proteins 

Recently, it was established that the photosynthetic ancestor acquired NAD-ME and 

NADP-ME in separate evolutionary events (Tronconi et al., 2018). In addition, plant 

NAD-ME are not evolutionary related with the animal mitochondrial NAD(P)-MEs 

(Tronconi et al., 2018). Plant mitochondrial NAD-ME is of single gene origin, but we 

found that at least two genes are present in flowering plants. NAD-ME was likely 

acquired by horizontal gene transfer from a γ-proteobacteria-like organism to the 

Archaeplastida ancestor genome at the time point of establishing the evolutionary 

lineage. The resulting enzyme is speculated to be an enabling event of evolutionary 

success of the resulting photosynthetic eukaryote (Tronconi et al., 2018).  

Our findings on the early evolution of NAD-ME agree with recent findings on the 

recruitment of NAD-ME as a crucial plant mitochondrial protein. All investigated protein 

sequences are encoded in the nuclear genome and possess mitochondrial transit 

peptides. When the NAD-ME gene duplication occurred, probably at the basis of the 

angiosperms, it produced the paralogs coding for α NAD-ME and β NAD-ME. The 

retained duplication of NAD-ME resulting in at least one α NAD-ME and β NAD-ME for 

all investigated angiosperms is a strong indication for a non-redundant and crucial 

function in the evolutionary context of NAD-ME in higher plants. The analysis of the 

evolutionary relationship suggests that the need for a second NAD-ME protein arose 

latest with the transition to flowering plants (Fig. 1A). In addition, we found that 

C. braunii and P. patens retained an evolutionary independent duplication of the 

NAD-ME in their genomes. For C. braunii, this might represent a single gene 

duplication event, as there were no recent whole genome duplication (WGD) event 
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was detected (Nishiyama et al., 2018). However, for P. patens exhibits a retained gene 

duplication that was caused by the moss specific WGD2 that occurred 38–50 mya. The 

P. patens genes are located on chromosome 7 and 11, which are sister chromosomes 

produced by the WGD (Lang et al., 2018). Nevertheless, this opens the question what 

function these new paralogs are fulfilling in the charophytes and mosses. 

In A. thaliana, as a representative of a higher plant with C3 photosynthesis, the 

combination of α and β NAD-ME subunits render enzymatic entities that possess 

specific metabolic functions and regulation through metabolites (Tronconi et al., 2008, 

2010a, 2010b). We found that β NAD-ME duplications have been retained in the 

genomes of angiosperms more frequently than duplications of α NAD-ME, as this is 

also the case for the investigated Cleome species (Fig. 1B). Neo-functionalization from 

gene duplication is a classic driver of protein evolution. The more frequent duplications 

of the β-subunit a candidate for neo-functionalization. Intriguingly, GgNAD-ME2, one 

of two β NAD-ME sequences, has accumulated so many amino acid changes that it is 

placed wrongly at the basis of all Brassicales β NAD-ME (Fig. 1B). G. gynandra 

NAD-ME sequences show generally longer branches in the phylogenetic analysis 

when compared to its sister species T. hassleriana. However, it can be speculated that 

the coding sequence of GgNAD-ME2 was under positive selection with regards to a 

possible C4 related function. Gathering more sequences from Cleomaceae should 

enable a deeper investigation on this hypothesis. This is of special interest, as this 

might be a shared trait within the C4 Cleomaceae, where C. angustifolia and 

C. oxalidea represent two additional C4 origins in this family. 

It is not a single NAD-ME gene that was recruited for the C4 function 

A straightforward rationale is to assume that if a gene was recruited into the C4 pathway 

it should be expressed at high levels (Moreno-Villena et al., 2018). A stretch of this 

hypothesis is the assumption that if one finds all genes for a C4 cycle to be highly 

expressed in a determined tissue, a functional C4 photosynthesis must be at work 

(Rangan et al., 2016). The comparative qRT-PCR analysis using C3 and C4 

photosynthetic tissue revealed that NAD-ME genes are higher expressed in C4 leaves 

than their homologs in C3 leaves (Fig. 2). Only GgNAD-ME1 shows significant increase 

in expression in a light dependent manner, which would be an expected feature of a 

C4 NAD-ME. Also, the homolog ThNAD-ME1 showed increased expression during the 
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first hours in light, albeit in a less strong fashion. Therefore, no clear candidate 

NAD-ME C4 gene could be identified from the expressional analysis.  

Our analysis of heterologously produced NAD-ME proteins indicated that all 

T. hassleriana (C3) NAD-ME proteins are functional enzymes. ThNAD-ME proteins are 

acitiv in vitro as homomeric enzymes as well as in all possible combinations (Table 1). 

The substrate affinities (Km) of all analyzed NAD-ME entities are in the same range as 

A. thaliana NAD-MEs. This is an expected behavior as both species perform 

C3 photosynthesis and NAD-ME would be involved in housekeeping functions.  

In vitro analysis of G. gynandra NAD-ME indicated that only GgNAD-ME1 and 

GgNAD-ME3 are active enzymes in a homomeric state. GgNAD-ME2 is inactive as a 

homomeric enzyme, but when combined with the other subunits (GgNAD-ME1 and/or 

GgNAD-ME3) the properties of the enzymatic entities are changed (Table 1). 

Interestingly, the GgNAD-ME1/GgNAD-ME2 heteromer shows a much higher affinity 

towards malate than all other possible GgNAD-ME entities, rendering an enzyme with 

high catalytic efficiency. When considering the C4 function of NAD-ME in BSC 

mitochondria, a high catalytic efficiency of the enzyme would be expected. Therefore, 

our in vitro analysis points out the GgNAD-ME1/GgNAD-ME2 heteromer as a 

candidate for the C4 function.  

Two NAD-ME entities in C4 photosynthetic tissue 

Albeit some NAD-ME have been described from biochemical data as being homomers 

from α NAD-ME subunits in some plant species, we found both α and β NAD-ME 

sequences in all plant genomes and usually heteromeric NAD-ME is found in plants. 

This also led to the hypothesis, that NAD-ME being an α-β-heteromer is a plant-specific 

trait and recently it has been postulated that co-evolution of amino acids of these 

distinct proteins is likely (Tronconi et al., 2018). Our finding that all genomes of 

flowering plants have retained both NAD-ME genes agrees with this hypothesis. 

Our analysis of NAD-ME in C3 and C4 Cleome tissues indicated the presence of 

NAD-ME entities formed by combinations of subunits of at least one α NAD-ME and 

one β NAD-ME (Fig. 3). In photosynthetic and heterotrophic tissues of the C3 species 

T. hassleriana, ThNAD-ME is present as unique entity composed of 

ThNAD-ME1/ThNAD-ME2/ThNAD-ME3 (Fig. 3, migration level 3). This is consistent 

with the idea that NAD-ME fulfills housekeeping functions in every cell in C3 plant 
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tissues. A similar hetero-oligomeric NAD-ME was identified in photosynthetic and 

heterotrophic tissues of G. gynandra, consisting of 

GgNAD-ME1/GgNAD-ME2/GgNAD-ME3 (Fig. 3, migration level 1). This NAD-ME 

entity has a comparable kinetic behavior to that of the NAD-ME found in C3 Cleome. 

Thus, we propose that this hetero-oligomer (probably a tetra- or octamer) fulfills 

NAD-ME housekeeping functions in all G. gynandra tissues. 

Additionally, and uniquely, C4 leaves possess a second NAD-ME entity (Fig. 3, 

migration level 4). This GgNAD-ME consists of GgNAD-ME1 and GgNAD-ME2 and 

migrates in a native PAGE together with the major AtNAD-ME (Fig. 3, level 4), 

indicating that it is most probable a dimer comprising one GgNAD-ME1 and 

GgNAD-ME2. In addition, this GgNAD-ME entity possesses kinetic features (Table 1) 

that allow us to postulate that the heterodimer GgNAD-ME1/GgNAD-ME2 functions as 

a C4 decarboxylase in G. gynandra. 

Duplication of the -subunit in Cleome aided the evolution of C4 NAD-ME  

We found that in C4 Cleome photosynthetic tissue two distinct NAD-ME entities exist 

simultaneously. This gives rise to two possible hypotheses regarding the cellular 

location in the leaf of C4 Cleome (Fig. 6). Either, housekeeping NAD-ME and 

C4 NAD-ME are separated by cell type as many of the C4 pathway enzymes are 

(hypothesis A), or the housekeeping NAD-ME is found in every cell type and only 

C4 NAD-ME is exclusively located in BSCs (hypothesis B). 

Expression of GgNAD-ME1 and GgNAD-ME2 has been mapped via promoter 

GUS-staining to G. gynandra BSCs in leaf tissue (Brown et al 2011). In that work, 

GgNAD-ME3 was not investigated. We argue that the GgNAD-ME1/GgNAD-ME2 

dimer is a BSC specific NAD-ME and the expression of the genes is probably very 

strong in BSC. The presence of the hetero-oligomeric 

GgNAD-ME1/GgNAD-ME2/GgNAD-ME3 complex and thus the expression of these 

genes, performing the housekeeping function in the adjacent mesophyll cells in C4 

Cleome, could have been overlooked using GUS-staining. If the two NAD-ME entities 

in C4 Cleome tissues are present within the same cell, in the same mitochondrion at 

the same time or if they are spatially separated remains to be determined (Fig. 6, A 

and B). 
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Nevertheless, both GgNAD-ME entities are formed by the same proteins, in one case 

assembled into a heterodimer, and in the other as an oligomer of three subunits. One 

of this subunits, GgNAD-ME2 showed no NAD-ME activity when assayed as a 

homomeric enzyme (Table1) and accumulated 47 amino acids changes throughout its 

mature protein sequence that are differentially conserved when compared to other 

closely related β NAD-ME (Fig. 4). Remarkably, those 47 amino acids are also in the 

conserved “C3 state” in GgNAD-ME3. We thus propose that these amino acid residue 

changes in GgNAD-ME2 form the basis for the observed different kinetic properties. 

The change of two amino acids involved in malate coordination (S139, V304) in the 

binding site and the change of one co-factor coordinating amino acid (S471) at the 

entrance of the active site might be responsible for the catalytic inactivity of 

GgNAD-ME2 (Table 1; Table 2).  

We modeled the 3D structure of GgNAD-ME2 (Fig. 5) and identified five of the 47 

differentially conserved amino acids as candidates for a regulation of oligomerization 

(Table 2). These five amino acids are located at the dimer-dimer interface of the 

modeled tetrameric GgNAD-ME2 (Fig. 5B). While a functional GgNAD-ME would not 

be comprised solely from GgNAD-ME2, we propose that this β NAD-ME subunit is 

present as part of a heteromer regulating the transition between a hypothesized C4 

NAD-ME dimer and a multimeric housekeeping NAD-ME. Interestingly, the newly 

emerged amino acids at the freely accessible dimer-dimer interface are ones that are 

prone to post-translational modification like phosphorylation (threonine) or display 

change side chain polarity (lysine, asparagine) that can influence interaction strengths. 

Oligomer transition has been shown to influence kinetic properties in potato NAD-ME 

(Grover & Wedding, 1982) and has been discussed as a basis for function in an 

NAD-ME CAM plant, K. fedtschenkoi (Cook et al., 1995). In addition to a potential role 

in the oligomerization status, GgNAD-ME2 seems to increase the affinity of the 

α-β heteromer towards malate and increases the catalytic efficiency, while in 

combination with GgNAD-ME3 (β-β heteromer), only marginal effects on Km and kcat 

were found. This strengthens the hypothesis of GgNAD-ME2 being a key player in 

building C4 NAD-ME and potentially regulating the presence of both housekeeping 

NAD-ME and C4 NAD-ME if these two entities are present in the same cell (Fig. 6, 

hypothesis B).  

Contrasting, GgNAD-ME3 containing homo- and heteromers, including the postulated 

housekeeping GgNAD-ME1/GgNAD-ME2/GgNAD-ME3 hetero-oligomer, present 
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kinetic properties close to C3 Cleome hetero-oligomer (Table 1). This underlines the 

differences between the two β GgNAD-MEs found and points to a specialized role of 

GgNAD-ME2 in heteromers that are found in C4 photosynthetic tissue. We thus 

propose that the retained β NAD-ME duplication in the genus Cleome was a 

potentiating event for the evolution of C4 photosynthesis, enabling the accumulation of 

multiple amino acid changes in one copy β NAD-ME of the C4 species G. gynandra. 

 

 

Figure 6. Schematic representation of G. gynandra NAD-ME complexes and their 
presence in mesophyll (M) and bundle sheath cells (BSC). Dimeric 
GgNAD-ME1/GgNAD-ME2 is present in the BSC as part of the C4 pathway. CBC, 
Calvin Benson cycle. Additionally, multimeric GgNAD-ME comprised of all three 
subunits (GgNAD-ME1, -ME2, and -ME3) is present in M cells only (A) or both in M 
and BSC (B) fulfilling the NAD-ME housekeeping function.  
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Materials and Methods 

Phylogenetic analysis and sequence retrieval 

NAD-ME sequences from species whose genome assemblies are available on 

Phytozome (phytozome.jgi.doe.gov) were retrieved using on site blast search service 

and bulk download. Sequences from Cleome species were originally acquired from 

transcriptome data (Külahoglu et al., 2014), verified and corrected by cDNA based 

sequencing. Sequences for C. braunii, A. rosea, and A. prostrata were extracted from 

data accompanying respective genome publication articles (Nishiyama et al., 2018). 

All sequences were manually checked for correct translation start and mitochondrial 

localization was verified using Target P (Emanuelsson et al., 2000).  

Full length dataset multiple sequence alignments (MSAs) were computed using the 

MAFFT algorithm (v7.402) with the iterative refinement method L-INS-i (Katoh et al., 

2005; Katoh & Standley, 2013). The best amino acid substitution model based on each 

MSA was estimated using MEGA X (v.10.0.4) (Kumar et al., 2018). Maximum likelihood 

(ML) trees were computed using the amino acid substitution model JJT+F, allowing for 

invariant sites and discrete gamma distributed categories (n = 5) (Jones et al., 1992). 

Amino acid subsets were defined by 60 % threshold for deletion of alignment columns, 

meaning only 40% gaps were allowed in a column to be included in the final dataset. 

This resulted in n = 605 (full set of sequences) and n = 608 (for the Brassicales subset) 

amino acid positions to be included. Initial trees for the ML were determined with 

default parameters and an exhaustive ML space was searched (branch swap filter: 

very strong).  

Plant growth conditions 

Gynandropsis gynandra and Tarenaya hassleriana were grown under greenhouse 

conditions in commercially available soil mixed with Cocopor® (Stender, Schermbeck, 

Germany). G. gynandra was germinated in the dark for 3-5 days, while T. hassleriana 

needed approx. 14 days for germination under long day (16h/8h) light regime. Natural 

light was supplemented with regular filament lamps mounted 1.2 m above the surface 

ensuring a minimum of 80 µmol m-2 s-1 PAR. Seedlings were transferred from 

germination pots to single clay pots after full formation of the cotyledons. Plants were 

watered from above as needed and single pot soil was premixed with 3 g L-1 Osmocote 
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(Scotts Deutschland GmbH, Nordhorn, Germany) as fertilizer. A. thaliana (ecotype 

Columbia-0) was grown in soil as described before (Hüdig et al., 2015).  

Transcriptional analysis of NAD-ME genes 

Total RNA from samples were isolated using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany) from pooled (n = 5) plant leaf material of G. gynandra and T. hassleriana. 

Genomic DNA was removed by DNAse treatment (Ambion Inc., Austin, USA), 

according to the manufacturer’s instructions. cDNA synthesis was performed using 

RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, Darmstadt, 

Germany) with oligodT primers according to the manufacturer’s instructions. Primer for 

quantitative real-time polymerase chain reaction (qRT-PCR) were designed to amplify 

a PCR product of 130-210 bp length in the region 450-750 bp from the 3’-end of the 

coding sequence of the mRNA transcript. The respective Actin2 homolog was chosen 

from nearest orthologs to A. thaliana Actin2. Primer efficiency was determined with 

regards to primer concentration and annealing temperature, and was used to 

normalize Ct values. Primer specificity was ensured using cloned coding sequences 

from plasmids as test templates and agarose gel visualisation of the respective final 

qRT-PCR products. qRT-PCR was run on StepOne Plus (Thermo Fisher Scientific, 

Darmstadt, Germany) equipped with StepOne Software v2.2.2 using KAPA SYBR 

FAST qPCR Kit Master Mix (2X) ABI Prism (Kapabiosystems, Boston, USA) in a 15 µL 

reaction. qRT-PCR amplification was performed at: 95 °C 3 min, 40 cycles at 95 °C for 

3 s and 65 °C for 20 s, followed by a standard melting curve. 

Cloning 

Coding sequences of the NAD-ME subunits of G. gynandra and T. hassleriana were 

amplified from the respective leaf tissue cDNA using Phusion Polymerase (Thermo 

Fisher Scientific, Darmstadt, Germany) and specific primers (Suppl. Table 1). The 

amplified fragments were sub-cloned into pCR-TOPO-BluntII (Thermo Fisher 

Scientific, Darmstadt, Germany) and sequenced using EZ-seq sequencing services 

(Marcorgen Europe, Amsterdam, The Netherlands). The generated TOPO vectors 

were used as source for generation of cohesive-end insert fragments for restriction site 

cloning or as templates for further PCR-fragment constructions according to Gibson 

(2011). The vector pET16b (Merck, Darmstadt, Germany) was used for heterologous 

expression in E. coli. When using classic restriction enzyme cloning, pET16b vector 
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was linearized with restriction enzymes (NdeI/XhoI/BamHI) as well as the respective 

PCR products to generate the cohesive ends and circular plasmids were reconstituted 

with T4 Ligase (Thermo Fisher Scientific, Darmstadt, Germany). If Gibson assembly 

was used, the primers were designed with a 20 bp overlap with the destination vector. 

Purified Gibson-assembly PCR-fragments of NAD-ME coding sequences were cloned 

into pET16b linearized with BamHI. Gibson isothermal assembly was performed 

according to Gibson (2011) with reagents received from Thermo Fisher Scientific 

(Darmstadt, Germany) and New England Biolabs (Ipswich, USA). Final plasmids were 

sequenced and amplified using E. coli DH5α cells (Thermo Fisher Scientific, 

Darmstadt, Germany). 

Heterologous expression and purification of recombinant NAD-ME  

Heterologous protein production was performed with the T7-polyperase IPTG-

inducible expression system. For production of HIS:GgNAD-ME1 and 

HIS:ThNAD-ME1, E. coli BL21 (DE3) cells (Merck, Darmstadt, Germany) (from now on 

denoted as protocol 1, P1) and for production of HIS:GgNAD-ME2, HIS:GgNAD-ME3, 

HIS:ThNAD-ME2, and HIS:ThNAD-ME3, E. coli ArcticExpress (DE3) cells (Agilent 

technologies, Santa Clara, USA) (from now on denoted as protocol 2, P2) were used. 

Chemically competent E. coli cells were transformed with 50 ng of the expression 

vector and grown on LB agar plates with antibiotics according to the manufacturer’s 

instructions. For protein expression, 400 mL liquid cell cultures containing 100 µg/mL 

ampicillin (P1) or 100 µg/mL ampicillin and 20 µg/mL gentamicin (P2) were inoculated 

with freshly grown over-night culture, grown at 37 °C for 2.5 h to an OD600 ≈ 0.5 (P1) 

or at 37 °C for 3 h to an OD600 ≈ 0.8 (P2). Protein expression was induced with 1 mM 

IPTG. Cells were harvested after 20 h growth at 37°C (P1) or 3 days grown at 12 °C 

(P2) by centrifugation at 4 °C/6000 g, and stored at -20 °C until use for a maximum of 

three month.  

Purification of HIS-tagged proteins was performed using the immobilized metal ion 

affinity chromatography principle. E. coli cells were resuspended in freshly prepared 

ice cold lysation buffer (0.2 M NaCl, 20 mM Tris-HCl pH 8.0, 5 mM imidazole, 2 mM 

phenylmethylsulfonyl fluoride (PMSF), 1 spatula tip lysozyme), incubated for 10 min 

on ice and sonified for 4 min in 30 s intervals. After centrifugation (15 min, 15000 g, 

4°C), supernatant was loaded on 900 µL Ni-NTA agarose (Qiagen, Hilden, Germany). 

Three washing steps with incrementing imidazole concentration were performed 
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(0.2 M NaCl, 20 mM Tris-HCl pH 8.0, and 5, 40, 80 mM (P1) or 5, 40, 60 mM (P2) 

imidazole) at 4°C with 10 column volumes each until purity of the respective protein 

was achieved. Proteins were eluted in 2 mL elution buffer (0.2 M NaCl, 20 mM Tris-HCl 

pH 8.0, 0.5 M imidazole) and buffer exchange to 10 mM MOPS-NaOH (pH 6.8) was 

performed including concentration and further purification of protein with Amicon 

Ultra 0.5 mL 50K centrifugal devices (Merck Millipore, Darmstadt, Germany).  

Protein quantification and gel electrophoresis procedures 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to monitor protein purification according to Laemmli (1970). Native PAGE was used to 

separate native protein complexes from plant tissue (native PAGE) by omitting 

β-mercaptoethanol and SDS from any buffer used for sample loading, pouring or 

running PAGE gels. Proteins in gels were visualized using Coomassie® Brilliant Blue 

staining procedure. Protein concentration was determined by a simplified amido black 

10B precipitation method (Schaffner & Weissmann, 1973): the aqueous protein sample 

(100 µL) was precipitated directly in a 1.5 mL reaction tube with 400 µL staining 

solution (90 % (v/v) methanol, 10 % (v/v) acetic acid, 0.01 % (w/v) amido black 10B) 

by centrifugation (20000 g, 12 min, room temperature (RT)). The precipitate was 

washed once (1 mL 90 % (v/v) methanol, 10 % (v/v) acetic acid) followed by 

centrifugation (20000 g, 10 min, RT), air dried and resuspended in 1 mL 0.2 M NaOH. 

Absorption was measured at 615 nm and known bovine serum albumin concentrations 

were used as standard.  

Preparation of protein extracts for native PAGE, in-gel NAD-ME activity assay 
and immunological detection  

Plant tissue was freshly harvested from greenhouse grown G. gynandra, 

T. hassleriana, and A. thaliana and ground to fine powder in liquid nitrogen. Extraction 

of soluble proteins was performed by adding 3 µL per mg fresh weight ice-cold 

extraction buffer (0.1 M Tris-HCl pH 8.0, 0.1 M NaCl, 0.5 % (v/v) Triton X-100, 2 mM 

PMSF, 10 mM dithiothreitol (DTT), 0.1% (w/v) polyvinylpyrrolidone 40), followed by 

vigorous vortexing and incubation for 20 min on ice. Soluble protein was separated by 

centrifugation (10000 g, 10 min, 4 °C) and supernatant was transferred to a new tube. 

Proteins were separated in native PAGE run at 100 V, 4°C until the dye front reached 
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the bottom of the gel. After electrophoresis, gels were assayed for NAD-ME activity or 

used for Western blotting.  

For NAD-ME activity assay, gels were first incubated in 50 mM 

3-(N-morpholino)propanesulfonic acid (MOPS)-NaOH (pH 6.8) for 30 min. Rebuffered 

native PAGE gels were incubated in 50 mM MOPS-NaOH (pH 6.8), 0.05 % (w/v) nitro 

blue tetrazolium (NBT), 150 μM PMS, 10 mM MnCl2, 5 mM NAD+ and either 20 mM, 

100 mM or no malate. Gels were documented after initial clearance in ddH2O and gel 

parts with activity stain were excised from the gel and processed for protein 

identification by mass spectrometry. 

Mass spectrometry 

Slices of PAGE samples for mass spectrometry were processed as described in 

(Schmitz et al., 2017a). Acquired spectra were matched against custom-made 

G. gynandra and T. hassleriana protein databases.  

Kinetic analysis 

Purified recombinant NAD-ME was assayed for malic enzyme activity using the 

following reaction mixture: 50 mM MOPS-NaOH (pH 6.8), 10 mM MnCl2, 5 mM NAD, 

0.2 µg-2 µg protein and varying concentration of L-malate (0-50 mM) in a total volume 

of 200 µL in a 96 flat bottom well plate (Greiner Bio-One, Solingen, Germany). Only 

the combination of GgNAD-ME1/GgNAD-ME2 were measured at pH 6.3. The reaction 

was followed spectrophotometrically at 340 nm using Synergy HT platereader (BioTek 

Instruments, Winooski, USA) equipped with Gen5 version 2.07.17 software. All 

reactions were performed with technical triplicates. Initial velocity was determined by 

slope calculation of the linear regression of five linear time points using a custom made 

R script run in R version 3.4.2 (R Core Team, 2017). An extinction coefficient (ε) of 

6.22 mM-1 cm-1 for NADH at 340 nm was used in the calculations. Means of technical 

triplicates were treated as biological replicates for subsequent calculation of kinetic 

parameters with GraphPad Prism (v. 6.01) software. All kinetic parameters were 

calculated at least with four batches of independently purified proteins. 
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Statistical analyses 

Statistical analysis for all experiments was performed using GraphPad Prism (v. 6.01) 

software using a two-way analysis of variance (ANOVA; with a p value of p<0.05) and 

Tukey correction for post-hoc multiple comparisons.  
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Supplemental Figures 

 

 

Supplemental Figure 1. Full maximum likelihood phylogenetic tree of 173 NAD-ME 
protein sequences. Values at nodes represent bootstrap support values (n=1000) in 
percent, branches with support ≤ 40% were collapsed. Green, α NAD-ME proteins; 
orange, β NAD-ME proteins.  
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Supplemental Figure 2: Representative SDS-PAGEs illustrating purification of the 
recombinant proteins to homogeneity. Expected molecular weights are ~64kDa of the 
Cleome mature protein sequence plus ~2.5 kDa of the HIS-Tag. From left to right: 
molecular weight marker, E. coli cell debris pellet after sonication (P), supernatant 
containing soluble protein after sonication (S), protein not binding to Ni-NTA agarose 
(flow through, FT), washing fractions (W1-3) with increasing imidazole concentration, 
protein bound to Ni-NTA agarose after elution (Ni), elution fractions (E1-4), 
concentrated protein in salt free buffer (rebuffered, RB).  
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Supplemental Tables 

Supplemental Table 1. List of primers used in this study 

purpose name sequence 5' to 3' 
Cloning ThME1_for ATGGCGGTCGCTGGAGATAAG 
Cloning ThME1_rev GTCATCTTTGTAGACCAAAGTCGG 
Cloning ThME2_into16bGibson CATCATCATCATCATCATCATCACAGCAGCGGCCAT 

ATCGAAGGTCGTCATATGTGCATCGTCCACAAGCGA 
Cloning ThME2_into16bGibson GCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAG 

CCGTCACTTCTCGTGAACCAGAG 
Cloning ThME2 for pET16 GGCATATGTGCATCGTCCACAAGCGA 
Cloning ThME2 Cterm CGGATCCTCACTTCTCGTGAACCAGAGGG 
Cloning ThME3 for  GCATATGTGCATTGTCCACAAGCGTG 
Cloning ThME3 rev CCTCGAGTTATTTCTCGTGAACGAGAGGGC 
Cloning ThME3_into16bGibson CATCATCATCATCATCATCATCACAGCAGCGGCCATA 

TCGAAGGTCGTCATATGTGCATTGTCCACAAGCGTG 
Cloning ThME3_into16bGibson GCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAG 

CCGTTATTTCTCGTGAACGAGAGG 
Cloning GgNADME1fow ATCCATGGCCCACCATTGTCCACAAGCGAA 
Cloning GgNADME1rev ATGTCGACCTAAGCATTCTTGTAGACGAGAG 
Cloning GgME2 for pET GCATATGTGCATCGTCCACAAGCGT 
Cloning GgME2 rev pET CCTCGAGTCATTTTTTGTGAACCAAAGGG 
Cloning GgME3 rev TCATTTCTCGTGAACCAGAGGGT 
Cloning GgME3 for pET16b GCATATGTGTATTGTCCATAAGCGTGGC 
Cloning GgME3 rev pET16b CGGATCCTCATTTCTCGTGAACCAGAGG 
Cloning GgME3_into16bGibson CATCATCATCATCATCATCATCACAGCAGCGGCCATAT 

CGAAGGTCGTCATATGTGTATTGTCCATAAGCGTG 
Cloning GgME3_into16bGibson GCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGC 

CGTCATTTCTCGTGAACCAG 
qRT analysis GgME1_for_qRT ACTGCTTTTGATAGTGCACGAAG 
qRT analysis GgME1_rev_qRT CTGGTGCTCGATTTCTTTAACC 
qRT analysis GgME2_for_qRT GACACACTTGGAGGCCG 
qRT analysis GgME2_rev_qRT CCAACTCCAGATAATCCCACA 
qRT analysis GgME2-2_for_qRT GAGCAAAACTGGACTCAGCA 
qRT analysis GgME2-2_rev_qRT ACCAACTCCAGATAATCCAAGA 
qRT analysis ThME1_for_qRT TGCTTTTGATAGTGCACGAAGT 
qRT analysis ThME1_rev_qRT GTCCCTGACGCTCAATTTCT 
qRT analysis ThME2_for_qRT AGCTGAGATTTCAGGCCTATC 
qRT analysis ThME2_rev_qRT CGGATTCTCGCATTGCCC 
qRT analysis ThME3_for_qRT AGGTCAGGTTTCATGTCTTCGT 
qRT analysis ThME3_rev_qRT TTCGAATCGGATCCTCGCAT 
qRT analysis Gg_Actin_for GTCTTGACCTTGCAGGACG 
qRT analysis Gg_Actin_rev AATCAAGGGCGACATACGAA 
qRT analysis Th_Actin_for TCTACGAGGGTTATGCCCTT 
qRT analysis Th_Actin_rev ATTTCACGTTCAGCAGTGGT 
qRT analysis GgME1_for_qRT_2 TGGTTGATGCTCAGGGTCTT 
qRT analysis GgME1_rev_qRT_2 CACTTGCCGAACCACTTCAG 
qRT analysis GgME2_for_qRT_2 GTAGAAGTGGTGAAGAAGGTGAA 
qRT analysis GgME2_rev_qRT_2 AGACATAGCAAAAATGGCAGGT 
qRT analysis GgME2_for_qRT_3 GGTGAAGAAGGTGAAGCCGA 
qRT analysis GgME2_rev_qRT_3 CAGTGCATTCGGCATTGGA 
qRT analysis GgME3_for_qRT_2 TGCAATGTCGAATCCTACCATG 
qRT analysis GgME3_rev_qRT_2 GTTACGATACGAGCACCAGATAAA 
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3. Discussion 

This thesis aimed at expanding knowledge on aspects of small molecule damage 

control systems in photosynthetic eukaryotes. Several studies were conducted on 

damage control systems specific for organisms performing oxygenic photosynthesis. 

Besides the discovery and description of these specific systems, ones that exists in 

similar fashion in animals or bacteria are described here. These systems found in all 

kingdoms of life offer a view on parts of metabolism that are likely to be universal.  

3.1 A single step repair system for L‐2‐hydroxyglutarate  

We discovered and described the single step repair system involving the repair 

enzyme L-2HGDH in A. thaliana (Hüdig et al., 2015). L-2HGDH is a flavin-containing 

enzyme in plants and animals evolved to correct the metabolic error of mitochondrial 

malate dehydrogenase (mMDH). The main reaction of mMDH is the NAD-dependent 

interconversion of malate and OAA, but in a side reaction mMDH also reduces 

2-ketoglutarate (2-KG) to L-2HG using NADH (Rzem et al., 2004; Topçu et al., 2004; 

Hüdig et al., 2015). In animals as well as in A. thaliana, L-2HGDH returns the dead-

end molecule L-2HG to central metabolism as 2-KG and donates the electrons to the 

mitochondrial electron transport chain (Hüdig et al., 2015).  

Despite the long evolutionary distance between plant and animal mitochondria and the 

probable metabolic changes that occurred along this way, both promiscuity of mMDH 

leading as well as its repair mechanism are conserved. The single human mMDH, 

MDH2 (Rzem et al., 2007), as well as remarkably both mMDH enzymes in A. thaliana, 

mMDH1 and mMDH2, show promiscuity. The product of the reaction L-2HG is toxic for 

humans and loss-of-function mutations in the repair enzyme lead to severe damage in 

humans (Rzem et al., 2004), while we found L-2HG accumulation to be non-toxic for 

A. thaliana in a wide range of tested conditions.  

The continuous exhibition of the side reaction by both human and plant mMDH leads 

to the speculation that either mMDH is stuck on an evolutionary local maximum and 

cannot de-evolve this erroneous side reaction, or L-2HG, despite being toxic in the 

tested tissues in human, fulfills other non-toxic functions that are still to be discovered. 

While the maintenance of L-2HGDH in human mitochondria is of clear advantage, 

maintaining a single repair enzyme to return a dead-end molecule back to the 

metabolism seems to give a small but significant fitness advantage in plants. When 
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considering that all tested genomes of Viridiplantae possess an ortholog of the repair 

enzyme L-2HGDH, and the overall low but continuous expression of AtL-2HGDH, 

ancient universal need of the repair enzyme is likely.  

Having a model organism not showing a severe response to primary a knock-out of 

the repair enzyme itself, like the A. thaliana l-2hgdh1, offers the possibility to track the 

influence of the damaged molecule and its downstream impact on metabolism and 

macromolecules. Hence, informing on intervention possibilities in organisms that show 

severe impairments upon loss of the repair enzyme. Further research on the metabolic 

influences of the damaged molecule or the evolutionary constrains of the participating 

enzymes in plants thus can inform about the mechanisms behind L-2HG toxicity in 

other eukaryotes. 

3.2  Identification  of  a  unique  mitochondrial  glycolate  dehydrogenase 

participating in the photorespiratory pathway in P. tricornutum 

Unicellular photosynthetic diatoms have next to photorespiration, as a repair 

mechanism for the toxic PG created by oxygenic photosynthesis, the possibility to 

prohibit damage by excretion of the likewise toxic intermediate of the photorespiratory 

pathway glycolate (Hellebust, 1965). The multi-step repair pathway constituting 

photorespiration was found to be different in land plants and cyanobacteria, involving 

different enzymes for glycolate to glyoxylate conversion. We found that consistent with 

the lack of H2O2 production in diatom peroxisomes (Winkler & Stabenau, 1995), 

glycolate is not oxidized in the peroxisomes in P. tricornutum (Schmitz et al., 2017a). 

Instead, glycolate is converted by PtGO1, a glycolate dehydrogenase that localizes to 

mitochondria and donates the reactions electrons to electron acceptors other than O2. 

We showed that PtGO1 is not evolutionary related to other known mitochondrial 

GlyDHs, e.g. from cyanobacteria, or peroxisomal GOX from plants. Additionally, we 

described that other proteins with low homology to glycolate oxidases, PtPO2 as well 

as PtDH1-3, do not participate in glycolate metabolism. PtPO1 has unique enzymatic 

properties differing from plant GOX, comprising both L-lactate and glycolate 

conversion activity, but lacking activity on D-lactate. However, PtPO1 seems to be 

restricted to a small group of heterokont algae that share orthologous protein 

sequences. PtGO1 was likely acquired from an α-proteobacterium via horizontal gene 

transfer to the chlorophyte endosymbiont of the primary endosymbiosis in the ancestor 
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of the diatoms and heterokont algae. Thus, PtPO1 represents a third way to metabolize 

photorespiratory glycolate (Schmitz et al., 2017a). 

Multi-step repair pathways are more likely to present different ‘solutions’ in different 

organisms as metabolic needs change. Diatoms are a group of organisms that share 

a secondary endosymbiotic event that replaced the chlorophyte endosymbiont with a 

rhodophyte endosymbiont. In this small group of organisms, the acquisition of a 

glycolate oxidase from the first endosymbiont enabled the common ancestor to 

perform the photorespiratory pathway without the generation of H2O2 in peroxisomes, 

a potential fitness advantage and reason for the loss of the GlyDH from the secondary 

endosymbiont. However, regardless which variant of the photorespiratory pathway is 

performed, the integration of this damage control pathway into the central metabolism 

constrains the flexibility of the pathway. This was also demonstrated by attempts to 

short-circuit photorespiration, where fine-tuning the changed enzymatic reactions in 

the new cellular compartment seemed to be the reason for differing biomass gains in 

different transgenic plant lines (Maier et al., 2012). H2O2 production by the used GOX 

and its detoxification were identified as limiting factors. The use of a GlyDH like the 

one found in the diatom P. tricornutum could be a suitable substitute for the used 

chloroplast-only photorespiratory pathway. Hence, new variants of the 

photorespiratory pathway from other photosynthetic eukaryotes can open up 

possibilities for genetic engineering attempts in the field of photorespiration. 

3.3 The scavenging system of methylglyoxal in A. thaliana 

The free methylglyoxal scavenging system in plants involves two enzymes, GLXI and 

GLXII. They detoxify the GSH-scavenged methylglyoxal and regenerate the GSH pool, 

respectively. We described the physiological relevant isoforms of the multi-gene 

AtGLXI and AtGLXII families and identified their respective subcellular localization. 

AtGLXI isoforms were heterologously expressed and their kinetic properties were 

characterized. We described a previously unknown metal co-factor dependent 

substrate preference and show that AtGLXI isoforms respond differently to external 

stimuli by loss-of-function mutant analysis. This allowed us to propose for the first time 

a cellular model for the damage control system of the RCS methylglyoxal in A. thaliana 

(Schmitz et al., 2017b). Eukaryotes performing oxygenic photosynthesis exhibit a 

second source of methylglyoxal generation through the TPI reaction in the chloroplast 

next to the TPI reaction in the cytosol as part of glycolysis. Interestingly, we found a 
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full detoxification system of GLXI and GLXII in both chloroplast and cytosol. 

Additionally, we found the second, GSH-releasing step to be also present in 

mitochondria, thus shifting the GSH bound to the intermediate from one compartment 

(cytosol and/or chloroplast) to mitochondria, where also the metabolization of the final 

produce D-lactate takes place (Maurino et al., 2016; Schmitz et al., 2017b).  

3.4 C4 photosynthesis, a multicellular steering system that evolved at least three 

times in Cleome 

Another possibility that was evolved to deal with the oxygenase reaction of RubisCO 

is the suppression of this side reaction by concentrating CO2 around RubisCO. There 

are multiple very different variants how this is achieved, e.g. carboxysomes in 

cyanobacteria, crassulacean acid metabolism (CAM) and C4 photosynthesis. 

Contrasting to several well described C4 photosynthesis variants depending on 

NADP-ME, is was unknown if a separate C4 NAD-ME exists in plants exhibiting 

NAD-ME dependent C4 photosynthesis. We found that in Cleome two different 

NAD-ME entities exists that differ in their subunit composition. Thus, we hypothesize 

that housekeeping and C4 function, associated with different metabolic needs, are 

performed by different NAD-ME entities with specific kinetic properties. We show that 

a retained duplication of a NAD-ME gene aided the evolution of a new enzyme function, 

but the final C4 NAD-ME is comprised of two different subunits (manuscript 2.5).  

The carbon concentration around RubisCO in C4 photosynthesis depends on the 

spatial separation of first and final CO2 fixation, including transport of the fixed carbon 

and the crucial release of CO2 by a decarboxylase. The recruitment of pre-existing 

enzymes into this pathway requires new possibilities for regulation, e.g. for the 

synchronization with photosynthetic activity. Additionally, changes to the metabolite 

pools that go along with the steering system will influence the reactions and enzyme 

kinetics. Here in the NAD-ME C4 photosynthesis, we find also the challenge that new 

and housekeeping function of a heteromeric NAD-ME needed to be balanced with only 

one newly emerged subunit. A restriction that possibly lead to only three C4 lineages 

in the Cleomaceae despite the shared WGD that led to the aiding gene duplication. 

How this regulation of NAD-ME is achieved in Cleome is part of future work. 
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3.5 Plant biochemical damage control systems – a review 

The overall concept laid out in the introduction of this thesis was summarized with a 

focus on plant damage control systems and enzymatic repair, scavenging and steering 

systems (Hüdig et al., 2018, manuscript 2.4). We described the emerging view of small 

molecule damage control as part of the metabolic network. We transferred and 

summarized repair and scavenging systems known from literature to recent new 

findings. We proposed steering systems as a category in molecule damage control, 

and offered a new perspective on known concepts such as C4 photosynthesis as a tool 

for metabolite pool size control and therefore damage prevention (Hüdig et al., 2018). 

The future work that is to be done in small molecule damage control is considerably 

large, as for the model plant A. thaliana there are close to 7000 uncharacterized 

enzymes and transporters (Niehaus et al., 2015) and even if enzymes were described, 

oftentimes potential side reactions are not included. We describe algorithm-based 

approaches that were established to tackle this task computationally (Hüdig et al., 

2018). Future machine-based learning approaches will be helpful to give at least a 

good estimate when searching for promiscuity in enzymes and the relevant side 

substrates. 

Nevertheless, we can only confirm such enzymatic reactions experimentally, as e.g. 

switches in metal cofactor and subsequent substrate changes as described for AtGLXI 

cannot be predicted at the moment. The finding of new molecules and the discovery 

of their origin reaction will be sped up as technical methods for identification of 

molecules improve in throughput, precision and sensitivity. When combining elegantly 

the generated data sets of the -omics era, meaning that they are generated in a 

targeted way for machine-learning approaches, we will be able to complete the 

description of the cellular reaction network.  
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