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1. Introduction 

 

1.1 Photosynthesis 

Photosynthesis is a process of crucial importance for life on earth. It is the process by which 

some photoautotrophic organisms capture light energy from the sun and use it to fix carbon 

dioxide from the atmosphere. As a by-product of this process oxygen is produced. Almost all 

hydrocarbons found in nature have once existed as free carbon dioxide and subsequently 

been fixed by photosynthetic organisms. Consequently, these organisms not only produce 

the food we eat, but also the oxygen we breathe. Photosynthesis is generally divided up in 

two parts, the light reactions and the “dark” reactions. 

 

1.1.1 Light reactions 

Oxygenic photosynthesis performed by plants, alga and some photosynthetic bacteria uses 

two photosystems working in sequence. The process takes place in the thylakoid membrane 

of the chloroplasts where the photosynthetic light reactions absorb light from the sun and 

capture it in the form if chemical bonds. This feat is performed by photosystem I (PSI) and 

photosystem II (PII) in conjunction with their respective light harvesting complexes. Photons 

captured by the chlorophylls in the light-harvesting complexes are transferred to special 

protein- chlorophyll reaction centers inside each photosystem through excitation transfer. In 

the reaction center an electron from one of the chlorophylls is excited and subsequently 

transferred to a series of acceptors in the electron transport chain. The linear electron 

transport chain builds up a proton gradient over the membrane, which is used to convert 

ADP to ATP, and reduces NADP+ to NADPH. The light reactions thus ultimately serves to 

produce reduced energy carriers which are further used in the dark reactions to fix 

atmospheric CO2 (Taiz and Zeiger, 2006).  

 

1.1.2 The dark reactions 

The NADPH and ATP originating from the light reactions are used in the Calvin-Benson cycle 

to fix atmospheric carbon. In a carboxylation reaction ribulose-1,5-bisphosphate (RuBP) – a 

5-carbon unit – is converted into two molecules of 3-phosphoglycerate – a 3-carbon unit. 

The 3-phosphoglycerate is further reduced to 2,3-bisphosphoglycerate and finally 

glyceraldeyde-3-phosphate. Glyceraldehyde-3-phosphate exists in equilibrium with 

dihydroxyacetone phosphate. These photoassimilates can further be exported to the cytosol 

by the triose phosphate/phosphate translocator (Flügge, 1999), be condensed into fructose-

6-phosphate and enter starch synthesis, or re-enter the Calvin-Benson cycle to form RuBP. 

Typically 1/6th of the generated glyceraldehyde-3-phosphate is exported or used for starch 

synthesis while 5/6th re-enters the Calvin-Benson cycle. The key enzyme in this cycle, 

catalyzing the carboxylation reaction, is ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO). This is a hexadecameric enzyme in higher plants, consisting of eight identical 

large subunits, encoded in the chloroplast, and eight identical small subunits, encoded in the 

nucleus (Miziorko and Lorimer, 1983; Parry et al., 2003). Despite the supreme importance of 
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this enzyme for all land plants it is notoriously inefficient, catalyzing only about 4 

carboxylation reactions per second (Tcherkez et al., 2006). Plants have adapted to this by 

producing large amounts of the enzyme and RuBisCO can make up as much as 30-50% of 

total leaf protein in C3 plants (Parry et al., 2003).   
1.2 Photorespiration 

In addition to being an extremely slow enzyme, RuBisCO cannot properly discriminate 

between oxygen and carbon dioxide. Consequently, the enzyme does not only catalyze the 

carboxylation of RuBP, but also the oxygenation. The latter reaction produces one 3-

phosphoglycerate as well as the 2-carbon unit 2-phosphoglycolate (Lorimer, 1981; Ogren, 

2003). This 2-phosphoglycolate cannot be readily used by the cell and must first be 

converted back to the Calvin-Benson cycle intermediate 3-phosphoglycerate through the 

photorespiratory pathway, stretching over chloroplasts,  peroxisomes,  mitochondria and 

the cytosol (Maurino and Peterhänsel, 2010; Tolbert, 1997; Wingler et al., 2000) (Fig. 1). The 

pathway is ubiquitous in photosynthesizing organisms, being present in plants (Maurino and 

Peterhänsel, 2010; Tolbert, 1997), unicellular algae (Suzuki et al., 1990; Tian et al., 2006) and 

cyanobacteria (Bauwe, 2010; Eisenhut et al., 2008).  

 

1.2.1 The photorespiratory pathway 

The importance of the photorespiratory pathway is underscored by the fact that most 

mutants lacking activity in any of the participating enzymes are lethal or display severely 

compromised growth at ambient CO2 levels. They can, however, be rescued at high CO2 

levels where no photorespiration occurs. Photorespiration comprises a long series of 

enzymatic reactions (Fig. 1).  
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Figure 1.  The photorespiratory pathway. The photorespiratory pathway serves to convert 2-

phosphoglycolate back to 3-phosphoglycerate. Photorespiration derives its name from the fact 

that it is a light-dependent uptake of oxygen by RuBisCO with subsequent carbon dioxide release. 

The figure is re-produced from Maurino and Peterhänsel (2010). 

 

Upon oxygenation of RuBP and subsequent formation of 2-phosphoglycolate this molecule is 

dephosphorylated into glycolate by 2-phosphoglycolate phosphatase (PGLP) inside the 

chloroplast (Schwarte and Bauwe, 2007; Somerville and Ogren, 1979). Glycolate is further 

exported to peroxisomes where it is oxidized to glyoxylate by glycolate oxidase (GO), with 

the production of H2O2 (Xu et al., 2009; Zelitch et al., 2009). Arabidopsis thaliana contains 

three GOs that are closely related to each other (GOX1, GOX2 and GOX3) and two GO-like 

proteins (HAOX1 and HAOX2) (Reumann et al., 2004) (Fig. 2). There are differences in 

sequence as well as differences in which tissue these genes are expressed, as determined by 

microarray experiments (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Kamada et al., 

2003; Winter et al., 2007). At3g14420 (AtGOX1) and At3g14415 (AtGOX2) are both highly 

expressed in plant leaves and most likely participate in photorespiration (Xu et al., 2009). In 

contrast, At4g18360 (AtGOX3) is expressed at much lower levels and almost exclusively in 

roots. At3g14130 (AtHAOX1) and At3g14150 (AtHAOX2) are expressed at intermediate levels 

and exclusively in developing seeds. The physiological function of these latter three enzymes 

is currently unknown. 
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Figure 2.  Phylogenetic tree of the three GOs and two GO-like enzymes in A. thaliana. At3g14420 (GOX1), 

At3g14415 (AtGOX2), At4g18360 (AtGOX3), At3g14130 (AtHAOX1) and At3g14150 (AtHAOX2) 

protein sequences were aligned using ClustalW. The phylogenetic tree was constructed by the 

neighbor-joining method using BioNJ and visualized using Dendroscope. 

 

The H2O2 produced by GOs can severely damage cells and is therefore promptly neutralized 

to water and oxygen by catalase (CAT) (Kendall et al., 1983; Queval et al., 2007; 

Vandenabeele et al., 2004). The peroxisomal glyoxylate formed by GO is transaminated by 

glutamate:glyoxylate aminotransferase (GGAT), with glutamate as an amine donor, resulting 

in glycine and 2-oxoglutarate (Igarashi et al., 2003; Igarashi et al., 2006). The 2-oxoglutarate 

is exported from peroxisomes and imported into chloroplasts by the dicarboxylate 

transporters (DiT1 and DiT2) (Renne et al., 2003; Somerville and Ogren, 1983; Taniguchi et 

al., 2002; Weber et al., 1995) where it is again converted to glutamate by 

glutamate:oxoglutarate aminotransferase (GOGAT) (Jamai et al., 2009; Somerville and 

Ogren, 1980a). Glycine formed by GGAT in the peroxisomes is further transported into 

mitochondria where, through the combined action of glycine decarboxylase (GDC) (Bauwe 

and Kolukisaoglu, 2003; Hasse et al., 2010; Somerville and Ogren, 1982) and serine 

hydroxymethyltransferase (SHMT) (Somerville and Ogren, 1981; Voll et al., 2006), one 

molecule of glycine is decarboxylated, deaminated and finally the remaining methyl group 

added to a second molecule of glycine to produce serine. The mitochondrial serine is further 

exported to peroxisomes where it is converted to hydroxypyruvate through transamination 

by the action of serine glyoxylate aminotransferase (SGAT) (Liepman and Olsen, 2001; 

Somerville and Ogren, 1980b). In two final reactions hydroxypuryvate is reduced first to 

glycerate by hydroxypuryvate reductase (HPR1 and HPR2) (Timm et al., 2008) and finally – 

after transport to chloroplasts – reduced by D-glycerate kinase (GLYK) (Boldt et al., 2005) 

into 3-phosphoglycerate, upon which it can re-enter the Calvin-Benson cycle.  

 

Even though all the soluble enzymes of the photorespiratory pathway are known there is a 

marked lack of knowledge about the transporters involved in photorespiration. Apart from 

the DiT1 and DiT2 transporters none other has been characterized to date (Reumann and 

Weber, 2006; Weber et al., 1995).  
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1.2.2 Physiological importance of photorespiration 
The main purpose of photorespiration is thus to return 3/4th of the carbon lost into 2-

phosphoglycolate – by oxygenation of RuBP – back into Calvin-Benson cycle intermediates. 

However, other minor roles have been suggested. Since this process consumes ATP, it has 

been proposed that the pathway works as a valve to prevent over-reduction of the electron 

transport chain in chloroplasts (Kozaki and Takeba, 1996), a state where reactive oxygen 

species are formed. In dry conditions plants close their stomata and intracellular CO2 

concentration dramatically drops. Plants might then use the photorespiratory pathway to 

free bound CO2 so that it may get re-fixed by the Calvin-Benson cycle to further consume 

ATP and NADPH, preventing over-reduction of the electron transport chain (Noctor et al., 

2002). The photorespiratory pathway is further needed to produce CH2-THF from the 

activity of GDC (Fig. 1), something clearly shown by the fact that GDC is the only 

photorespiratory mutant that is lethal in both ambient CO2 as well as high CO2 conditions 

(Engel et al., 2007).  

 

1.2.3 Reasons for decreasing photorespiration 

Due to loss of fixed carbon, the photorespiratory pathway is a very wasteful process which 

results in a 20-50% lower carbon fixation rate (Fig. 3) (Long et al., 2006; Mann, 1999). It is 

therefore widely believed that decreasing it could significantly improve yields for important 

crops such as potato, wheat and rice (Arp et al., 1998). Since CO2 and O2 are competitive 

substrates for RuBisCO one can artificially decrease photorespiration by increasing the CO2 

concentration, or decreasing the O2 concentration, and thus evaluate the potential benefits 

of decreasing photorespiration through biotechnology. Such experiments have shown that 

plants performing less photorespiration accumulate more total biomass in shorter time as 

compared to the controls grown in ambient air (Forrester et al., 1966; Long et al., 2006). 

 

The ultimate factor determining the rate of photorespiration is the internal leaf CO2 to O2 

ratio. When the ratio decreases, the carboxylation to oxygenation ratio of RuBisCO does so 

too and photorespiration increases. Apart from the ambient CO2 and O2 concentration in the 

atmosphere there are two major factors affecting the CO2 to O2 ratio inside plant leaves. 

Firstly, it depends on whether the plant stomata are open or not. Plants tightly regulate the 

aperture of their stomata to reduce water loss; this has the effect that in hot and dry 

conditions, when the stomata are closed, the gas exchange between the leaf and 

surrounding air is greatly reduced. Since CO2 is continually consumed by RuBisCO while O2 is 

produced by PSII, the internal CO2 to O2 ratio then drastically drops. Secondly, the solubility 

of the two gasses does not increase at the same rate with increasing temperature. The ratio 

of dissolved CO2 to O2 is 0.462 at 15°C while it is 0.0376 at 35°C (Taiz and Zeiger, 2006). Thus, 

temperature is an extremely important variable affecting photorespiration (Jordan and 

Ogren, 1984; Ku and Edwards, 1977).  
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Figure 3. Calculated actual and potential rates of CO2 uptake. The difference between the actual and 

potential carbon fixation rates is the loss due to photorespiration. Calculations were done for a 

photon flux of 1800 μmol m-2 s-1, corresponding to full sunlight, and for different temperatures. 

Figure was reproduced from Long et al., (2006). 

 

1.2.4 C4 photosynthesis 

Some plants – corn and sugarcane being the most familiar – have evolved a mechanism to 

reduce photorespiration, called C4 photosynthesis. In C4 photosynthesis there is an initial 

carboxylation of phosphoenolpyruvate (PEP) by PEP carboxylase in mesophyll cells, using 

carbon in the form of HCO3
-. This reaction produces oxaloacetate, which is further converted 

to malate or aspartate and transported into the bundle sheath cells where RuBisCO is 

expressed. In these cells malate and aspartate are decarboxylated to yield CO2, which can be 

fixed by RuBisCO. This process results in a much higher CO2 concentration in bundle sheath 

cells compared to the rest of the leaf, and consequently RuBisCO can work faster with less 

oxygenation reactions occurring (Taiz and Zeiger, 2006). In this way, an ATP-dependent CO2 

pump is formed. The spatial separation of these reactions is normally a prerequisite for C4 

metabolism, but a few instances of single-cell C4 metabolism have been reported (Edwards 

et al., 2004; Lara et al., 2002).  

 

1.3 Biotechnological approaches to reducing photorespiration 

 

1.3.1 Improving RuBisCO 

Since the ultimate cause for photorespiration lies with the insufficient ability of RuBisCO to 

distinguish between CO2 and O2, improvement of this enzyme has been the focus of much 

effort. Three distinct approaches can be distinguished: (I) heterologous expression of natural 

RuBisCOs with more favorable properties in crop plants, (II) rational design of the amino acid 

sequence of RuBisCO for increased CO2 specificity and (III) random mutagenesis of RuBisCO 

with subsequent screening for improved activity. 
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1.3.1.1 Heterologous expression of natural RuBisCOs 

The RuBisCO specificity factor (tau, τ) can be calculated by dividing the catalytic efficiency 

(Kcat/Km) for CO2 with that of O2 (Parry et al., 2003). τ is then a measure of how much better 

RuBisCO catalyzes the carboxylation of RuBP as opposed to the oxygenation. RuBisCOs found 

in nature differ significantly in their specificity factor (Table 1), with higher land plants having 

τ-values between 90 and 96, bacteria and cyanobacteria around 45 (Uemura et al., 1996) 

and single subunit RuBiscOS from Rhodobacter sphaeroides and Rhodospirillum rubum 

having a specificity factor of 9 and 15, respectively (Read and Tabita, 1994). The highest τ-

value ever measured is that from the unicellular red algae Galdieria partita with a τ-value of 

238, which is about 2.5 times greater than that reported for RuBisCO from crop plants 

(Uemura et al., 1997). 

 
Table 1.  The relative specificity of RuBisCO varies in nature. The specificity factor (KcatCO2/KmCO2)/ 

(KcatO2/KmO2) = (τ) of RuBisCOs from land plants, algae, and cyanobacteria are shown. References 

are: a (Uemura et al., 1996), b (Read and Tabita, 1994), c (Uemura et al., 1997). 

 

RuBisCO source τ Reference 

Galdieria partita 238 c 
Porphyra yezoensis 145 a 
Spinacea oleaceae 93 a 
Nicotiana tabacum 91 a 
Pisum sativum 90 a 
Zea mays 96 a 
Chlamydomonas reinhardtii 71 a 
Synechococcus PCC7942 45 a 
Chromatium vinosum 44 a 
Rhodospirillum rubum 15 b 
Rhodobacter sphaeroides 9 b 

 

One approach to improve RuBisCO function would thus be to heterologously express natural 

RuBisCO variants with superior catalytic properties in crop plants. Several such attempts 

have been made. For instance, the rbcLS operon, encoding the large and small subunit of 

RuBisCO, from G. partita and Phaeodactylum tricornutum was introduced in chloroplasts of 

Nicotiana tabacum. Transgenes of both constructs had abundant transcript, but most of the 

small subunit and all of the large subunit protein was insoluble (Whitney et al., 2001). In 

another approach, models of photosynthesis predicted that the RuBisCO from Chromatium 

vinosum should out-perform the native RuBisCO in higher plants. However, as the C. 

vinosum RuBisCO large subunit was introduced into Nicotiana tabacum, abundant transcript 

could be detected, but no functional protein was formed (Madgwick et al., 2002). A few 

approaches, expressing the large subunit from Helianthus annuus (Kanevski et al., 1999) or 

Rhodospirillum rubum (Whitney and Andrews, 2001), were successful in recovering active 

enzymes, but these displayed catalytic efficiencies inferior to the wild-type RuBisCO. Thus, 

while this method may have potential for improving crop yield, problems concerning proper 

protein folding must first be resolved. 
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1.3.1.2 Rational design of RuBisCO 

The fact that different RuBisCO enzymes found in nature have a large range of specificity 

factors suggests that there is room for improvement through rational design of the enzyme. 

Indeed, many attempts at improving the active site of RuBisCO have been performed, but 

generally the modified enzymes have lower catalytic efficiencies than the wild-type one 

(Hartman and Harpel, 1994; Spreitzer and Salvucci, 2002; Watson and Tabita, 1997). There is 

a further complication to improving RuBisCO since the enzyme from higher plants is 

extremely difficult to heterologously express as a functional enzyme (Gatenby et al., 1981). 

This is due to improper folding of RuBisCO by the chaperones present in the heterologous 

host  (Gutteridge and Gatenby, 1995). Many researchers have thus resorted to using the 

cyanobacterial RuBisCO as it can be readily cloned and expressed in heterologous hosts such 

as E. coli. However, these RuBisCOs have much lower τ-values than their counterparts in 

higher plants (Table 1). Even though much structure-function knowledge about RuBisCO has 

been gained through these approaches, researchers have yet to improve the cyanobacterial 

RuBisCOs to be on par with the plant enzymes (Parry et al., 2003). 

 

1.3.1.3 Random mutagenesis of RuBisCO 

In parallel to the attempts of rational design there have been attempts at directed evolution 

of RuBisCO. This method consists in random mutagenesis of the enzyme with subsequent 

screening to identify beneficial mutations. Early attempts at creating tools for such a method 

resulted in engineered Synechocystis PCC6803 strains lacking native RuBisCO as well as 

carboxysomes and could consequently not grow at ambient CO2, but only at 5% CO2 

(Amichay et al., 1993; Pierce et al., 1989). However, these tools were never widely adapted. 

More recently, screens using the unicellular algae Chlamydomonas reinhardtii (Du et al., 

2000; Hong and Spreitzer, 1997; Spreitzer et al., 2001) and the red algae Rhodobacter 

capsulatus (Smith and Tabita, 2003) have been performed, but with limited success. A recent 

approach to screen a mutant library of the Synechococcus PCC6301 RuBisCO large subunit in 

E. coli (Parikh et al., 2006) shows promise, resulting in mutants with improved folding, 12% 

increased catalytic rate and a 15% increase in affinity for CO2 (Greene et al., 2007). Other 

approaches involve screens for suppressor mutants to find mutants that perform worse than 

wild-type and thus find new amino acid targets for rational design (Mueller-Cajar et al., 

2007; Smith and Tabita, 2003). 

 

1.3.2 Artificial C4-photosynthesis 

There is a keen interest in introducing C4 photosynthesis in C3 plants. Most of these 

approaches aim at expressing a few key C4 enzymes to achieve a higher CO2 concentration in 

plastids (Matsuoka et al., 2001). In contrast to the failed attempts to express novel RuBisCOs 

in plants (section 1.3.1.1) these approaches succeeded in expressing active C4 enzymes in C3 

plants (Häusler et al., 2002; Leegood, 2002; Miyao, 2003). In this manner, genes for 

phosphoenolpyruvate carboxylase, pyruvate-phosphate-dikinase or the NADP-malic enzyme 

were expressed in rice (Fukayama et al., 2003; Jiao et al., 2002; Ku et al., 1999; Takeuchi et 

al., 2000). However, no beneficial effect on the plant photosynthetic properties could be 
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obtained, but instead detrimental effects resulted when NADP-malic enzyme was over-

expressed in rice plants (Takeuchi et al., 2000). The recent sequencing of specific C3 and C4 

plants enables comparative proteomic and transcriptomic analyses which may prove 

instrumental to designing better approaches for introducing C4 metabolism in C3 plants 

(Weber and von Caemmerer, 2010). 

 

1.3.3 Short-circuiting photorespiration 

Recently, two independent approaches aimed at reducing photorespiration have introduced 

bacterial glycolate assimilation pathways inside plant chloroplasts. Both pathways have in 

common the intraplastidic conversion of glycolate – produced from the RuBisCO 

oxygenation reaction – into metabolites useful to the cell (Fahnenstich, 2008; Kebeish et al., 

2007; Maurino and Flügge, 2009). These recent approaches show great promise as they both 

result in higher photosynthetic rates and increased plant biomass. 

 

1.3.3.1 Introducing the bacterial glycerate pathway into chloroplasts 

In the approach pursued by Kebeish et al., (2007), the entire E. coli glycerate pathway was 

modified for posttranslational targeting to chloroplasts and introduced into the A. thaliana 

nuclear genome. The pathway thus comprised tree genes coding for the E. coli glycolate 

dehydrogenase (GDH) as well as the two genes coding for glyoxylate carboligase (TSS) and 

tartronate semialdehyde reductase (TSR) (Fig. 4). Together, the enzymes encoded by these 

genes convert glycolate to glycerate, with the reaction intermediates being glyoxylate and 

tartronate semialdehyde. In this pathway CO2 is released at the same amount as in the 

photorespiratory pathway, but shifting the CO2 release from mitochondria to chloroplasts 

increases the CO2 concentration around RuBisCO, which reduces its oxygenase activity 

(Kebeish et al., 2007). The approach was successful and the transgenic plants showed a 

decreased glycine to serine ratio, indicative of decreased photorespiration, as well as larger 

rosette diameter and fresh weight (Kebeish et al., 2007). Surprisingly, these beneficial effects 

were also seen in plants only overexpressing the glycolate dehydrogenase and the 

physiological cause for this is not known. 
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Figure 4. The chloroplastic glycerate pathway. By targeting glycolate dehydrogenase (GDH), glyoxylate 

carboligase (TSS) and tartronate semialdehyde reductase (TSR) to chloroplasts the 

phosphoglycolate produced by RuBisCO is converted to glycerate which can be phosphorylated 

and re-enter the Calvin-Benson cycle. 

 

1.3.3.2 Introducing a complete glycolate catabolic pathway into chloroplasts 

The approach pursued by Maurino and Flügge (2009) comprised three enzymes targeted to 

plastids, glycolate oxidase (GO, EC 1.1.3.15), malate synthase (MS, EC 2.3.3.9) and catalase 

(Cat, EC 1.11.1.6), forming the so called chloroplastic GMK pathway. Together with malic 

enzyme and pyruvate dehydrogenase, two enzymes already present in chloroplasts, these 

enzymes completely oxidize the glycolate resulting from the RuBisCO oxygenase activity to 

CO2 inside the chloroplast (Fig. 5). The produced CO2 is then available for re-fixation and 

should work to inhibit further oxygenase activity by RuBisCO. Through this pathway plant 

biomass accumulation as well as the photosynthetic efficiency was enhanced (Fahnenstich, 

2008).  
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Figure 5.  The chloroplastic GMK pathway. The phosphoglycolate produced by RuBisCO is completely 

oxidized into CO2 through introduction of either glycolate oxidase (GO) and catalase (Cat) or 

glycolate dehydrogenase (GDH) together with malate synthase (MS). As the produced CO2 is 

close to the site of RuBisCO further photorespiration is inhibited. 

 

1.3.3.3 Improving the GMK pathway 

The benefits of these two pathways developed by Kebesh et al. (2007) and by Maurino and 

Flügge (2009)  were achieved despite the fact that the common first step of both pathways, 

the conversion of glycolate to glyoxylate, was catalyzed by either the E. coli glycolate 

dehydrogenase (Kebeish et al., 2007) or the A. thaliana glycolate oxidase (Fahnenstich, 2008; 

Maurino and Flügge, 2009). The E. coli enzyme is a heterotrimer using an unknown acceptor, 

making its cloning and targeting to chloroplasts cumbersome and the behavior 

unpredictable. This is underscored by the fact that plants transformed with only this enzyme 

generate increased amounts of biomass, an effect that still has no physiological explanation 

(Kebeish et al., 2007). The A. thaliana glycolate oxidase produces H2O2 which is toxic to the 

cell and leads to photobleaching unless it is counteracted by the expression of high levels of 

catalase. These problems could be solved by employing a single gene glycolate 

dehydrogenase (GDH) in the place of GO and E. coli glycolate dehydrogenase. However, very 

few GDHs have been identified to date. 

 

There are reports of a Synechocystis sp. PCC 6803 glycolate dehydrogenase with homology 

to the E. coli GlcD subunit of glycolate dehydrogenase (Eisenhut et al., 2006). However, the 

activity measured with this subunit was very low and it is possible that it consists of several 

subunits in vivo in a way similar to the E. coli GDH. Moreover, algae are known to use GDHs 

instead of GOs for glycolate metabolism. The C. reinhardtii GDH has been identified 

(Nakamura et al., 2005) and might be used for the pathway, but it is a very large protein and 
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has not been completely characterized. Recently, a mitochondrial single gene GDH in A. 

thaliana was reported (Bari et al., 2004; Niessen et al., 2007). The enzymatic properties of 

AtGDH were partially characterized in crude extracts from E. coli cells overexpressing the 

corresponding gene, as the enzyme could not be purified. In these extracts AtGDH was 

shown to oxidize glycolate to glyoxylate, using 2,6-dichlorophenol-indophenol (DCIP) as an 

acceptor as well as reducing pyruvate to lactate with NADH as an electron donor, but the 

relative rates of these reactions were not determined (Bari et al., 2004).  

 

1.3.3.4 Other 2-hydroxy-acid dehydrogenases  

In addition to GDHs, which are 2-hydroxy-acid dehydrogenases, there are other 2-hydroxy-

acid dehydrogenases that have the capacity of glycolate oxidation. For instance, some types 

of lactate dehydrogenases frequently have activity with glycolate. There are four types or 

lactate dehydrogenases which are evolutionarily unrelated (Cristescu et al., 2008). Lactate 

dehydrogenases are specific for either the D- or L- form of lactate and use either NAD(P)+ or 

cytochrome c as an electron acceptor, yielding four distinct types of enzyme: L-lactate NAD 

oxidoreductase (L-LDHn, EC 1.1.1.27), L-lactate cytochrome c oxidoreductase (L-LDHc, EC 

1.1.2.3), D-lactate NAD oxidoreductase (D-LDHn, EC 1.1.1.28) and D-lactate cytochrome c 

oxidoreductase (D-LDHc, EC 1.1.2.4). Both L-LDHn and L-LDHc are found in eubacteria, 

archebacteria, and eukaryotes. The only identified lactate dehydrogenase in plants belongs 

to the L-LDHn  group (Davies and Davies, 1972; Passarella et al., 2008; Paventi et al., 2007) 

where it is involved in L-lactate production during hypoxic stress (Dolferus et al., 2008). L-

LDHn and L-LDHc belong to the most intensely studied enzyme families (Lodi and Guiard, 

1991; Passarella et al., 2008), but the knowledge about their structure, kinetics, and 

biological function is limited.  

 

Even though the L-LDHn and D-LDHn have been shown to catalyze the reduction of 

glyoxylate to glycolate, the Km values were in the millimolar range (Betsche, 1981; Davies 

and Davies, 1972; Kochhar et al., 1992; Mulcahy and Ocarra, 1997; Shinoda et al., 2005), and 

there is little evidence for the catalysis of glycolate oxidation. Also for the L-LDHc enzymes 

there is little evidence for glycolate oxidation. In contrast, many D-LDHc enzymes have 

activity with glycolate (Table 2). These enzymes have mainly been identified in mammals 

(Flick and Konieczny, 2002), fungi (Gregolin and Singer, 1963; Lodi and Ferrero, 1993; Lodi et 

al., 1994) and algae (Brockman and Wood, 1975; Horikiri et al., 2004; Nakamura et al., 2005; 

Nelson and Tolbert, 1970; Paul and Volcani, 1976; Reed and Hartzell, 1999), but in some 

instances they also occur in bacteria (Lord, 1972; Ogata et al., 1981). Recently, Atlante et al. 

(2005) showed that externally added D-lactate caused oxygen consumption by mitochondria 

and that this metabolite was oxidized by a mitochondrial flavoprotein in Helianthus 

tuberosus, indicating that the D-LDHc enzyme may also be present in plants.  
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Table 2.  Heterogeneity in D-lactate dehydrogenases. A summary of the catalytic properties displayed by D-lactate cytochrome c oxidoreductases. The relative Vmax is 

given in % compared to the best substrate for each enzyme. Km is given in mM,  – indicates that the value was not determined. References: a (Brockman and 

Wood, 1975), b (Paul and Volcani, 1976), c (Ogata et al., 1981), d (Reed and Hartzell, 1999), e (Horikiri et al., 2004), f (Lord, 1972), g (Nelson and Tolbert, 1970), h 

(Gregolin and Singer, 1963).  

Organism 

 

Glycolate 

Vmax (%) : Km (mM) 
D-lactate 

Vmax (%) : Km (mM) 
L-lactate 

Vmax (%) : Km (mM) 
2-hydroxybutyrate 

Vmax (%) : Km (mM) 
Co-factor Reference 

Chlamydomonas reinhardtii 100 : 0.22 50-70 : 1.5 10-25 : - 50-75 : - DCIP g 

Chlamydomonas reinhardtii 100 : - 100 : - 25 : - - : - Cyt c b 

Chlorella pyrenoidosa 100 : - 70 : - 5 : - - : - DCIP g 

Scenedesmus obliquus 100 : - 88 : - 0 : - - : - DCIP g 

Escherichia coli 88 : 0.04 100 : 0.7 14 : - - : - Cyt c f 

Acetabularia mediterranea 81 : - 100 : - 4 : - - : - DCIP g 

Euglena gracilis 50 : - 100 : - 13 : - - : - DCIP g 

Peptostreptococcus elsdenii 2 : - 100 : 26 0 : - 57 : - Cyt c a 

Saccharomyces sereviciae - : - 100 : 0.285 - : - 41 : 1.4 Cyt c h 

Archaeoglobus fulgidus - : - 100 : 0.15 - : - - : - Cyt c d 

Rhodopseudomonas palustris 0 : - 100 : 0.8 0 : - 44 : - DCIP e 

Desulfovibrio vulgaris 0 : - 89 : 0.8 2 : - 100 : - Cyt c-553 c 
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2. Materials and methods 

 

2.1 Plant growth conditions 

All plant work in this thesis, including that performed with knock-out mutants, was 

performed with Arabidopsis thaliana accession Columbia-0. 

 

2.1.1 Soil composition and stratification 

A. thaliana seeds were sown on moist soil containing a mixture of 3 parts soil (Gebr. Patzer 

KG, Sinntal-Jossa) and one part of vermiculite (Basalt Feuerfest, Linz). The sown seeds were 

then covered with a plastic hood to trap the soil moisture, stratified in the dark for 2 days at 

4°C and subsequently transferred to either the greenhouse or a growth chamber. 

Approximately 14 days after sowing, single plants were transferred to large pots to allow 

enough space for normal growth.  

 

2.1.2 Greenhouse growth conditions 

The greenhouse was run at long-day conditions with a 16:8 light:dark period.  The humidity 

was approximately 40% and the temperatures were approximately 22°C during the day and 

18°C during the night. The incoming sunlight was either shaded off if it was too strong or 

supplemented with fluorescent light if it was too weak, as to keep a photon flux density of 

approximately 150-200 µmol m-2 s-1. Plants were only grown in the greenhouse when 

performing BASTA selection or to generate seeds. 

 

2.1.3 Growth chamber conditions 

The growth chambers were set to either long-day conditions with a 16:8 light:dark cycle or 

to short-day conditions with a 8:16 light:dark cycle. The humidity was kept constant at 60% 

and the temperature at 22°C during the day and 18°C at night. The photon flux density in the 

growth chambers was 75 µmol m-2 s-1. 

 

2.1.4 BASTA selection on soil 

BASTA selection of plants was performed on 2-week old soil-grown seedlings. These were 

sprayed with a solution containing 0.001% (w/v) glufosinat and 0.1% (v/v) Tween 20. This 

treatment was repeated on 3 consecutive days. Approximately 7 days after the first 

treatment resistant plants were transferred to new pots. 

 

2.1.5 A. thaliana seed sterilization 

To generate A. thaliana seeds without microbial or fungal contamination they were either 

sterilized using chlorine gas or with ethanol. The chlorine gas protocol is well suited when 

dealing with small amounts of seeds, whereas the ethanol protocol is well suited for large 

amounts of seeds. In the chlorine gas sterilization protocol a small amount of seeds were 

placed at the bottom of a 2 ml eppendorf tube with the lid open. This tube was further 

placed inside a sealed exsiccator together with a beaker containing 100 ml 12% NaClO with 3 

ml 37% HCl recently added. The sterilization was allowed to proceed for 16 h. The tubes 
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were then put under a sterile bench with the lids open for 10-20 minutes before closing to 

allow any residual chlorine gas to dissipate. 

 
In the ethanol sterilization protocol seeds were placed in an eppendorf tube and washed, 

with occasional vortexing, for 10 minutes in a solution containing 70% ethanol and 0.05% 

Triton X-100 in water. When left standing the seeds settled at the bottom of the tube and 

the supernatant could be removed. The seeds were further washed, with vortexing, for 5 

minutes in 100% ethanol. The supernatant was again removed and new 100% EtOH was 

added. In a sterile hood the seeds were then poured out on a filter paper soaked in 100% 

ethanol. The filter paper was allowed to dry the seeds were directly sown on sterile plates or 

stored in sterile eppendorf tubes. 

 

2.1.6 A. thaliana growth and selection on sterile plates 

Growth of plants in sterile conditions was achieved on ½ MS agar plates. Sterile A. thaliana 

seeds were sprinkled over the plate or put in rows with a sterile toothpick. The plates were 

incubated at 4°C for two days to allow for stratification before being put in growth 

chambers. For antibiotic selection the ½ MS plates were supplemented with either 50 µg/ml 

kanamycin, or 5 µg/ml sulfodiazin. For plant feeding analysis of plants, ½ MS plates without 

saccharose were supplemented with substrates as indicated. All substances used to 

supplement the ½ MS plates were sterile-filtered before being added. 

 
½ MS Agar plates 
1% (w/v) Saccharose 
0.22% (w/v) Murashige & Skoog (MS) 
0.8% (w/v) Agar 
Millipore water to target volume 
Adjust to pH 5.6 
Autoclave 

 

2.1.7 Growth of root cultures 

To generate large amounts of root tissue, 15-20 sterile A. thaliana seeds were put in a 100 

ml sterile culture flask containing 50 ml of root growth medium. These were incubated at 

4°C for two days to allow for stratification. Germination was further enhanced by putting the 

cultures in a growth chamber to give a 3-6 h light pulse. The cultures were subsequently put 

in an orbital shaker moving at 210 rpm at 28°C in the dark. After 2 weeks, a large amount of 

root tissue had been formed. This was taken out from the culture flask and gently washed 

with tap water. The pale cotyledons attached to the roots were removed, the roots dabbed 

of with a piece of paper, and immediately frozen in liquid N2. 

 
Root growth medium 

3% (w/v) Saccharose 
0.46% (w/v) Murashige and Skoog (MS) 

Millipore water to target volume 

Adjust to pH 5.6 

Autoclave 
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2.2 Escherichia coli strains and growth conditions 

 

The Escherichia coli strains used in this work are DH5α and BLR. The DH5α strain was used 

for all cloning procedures. It has the following genotype: supE44 ΔlacU169 (Φ80, lacZΔM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 relA1. The BLR strain was used for expression of 

recombinant protein. BLR has the genotype: F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) Δ(srl-

recA)306::Tn10 pLysS (CamR, TetR)  

 

E. coli cells were grown either in sterile LB liquid cultures at 37°C in an orbital shaker at 220 

rpm or on LB solid plates at 37°C. Antibiotics were used in the following concentrations: 50 

µg/ml kanamycin, 50 µg/ml carbenicillin, 50 µg/ml chloramphenicol, and 5 µg/ml 

tetracycline. Permanent stock cultures were made by combining E. coli culture in the 

logarithmic growth phase with an equal volume of sterile 60% glycerol. The stocks were 

stored at -80°C. 

 

LB- solid and liquid medium 

1 % (w/v) Trypton 

0.5 % (w/v) Yeast extract 

1 % (w/v) NaCl 

1.5 % (w/v) Bacto-Agar (only for plates) 

Autoclave 

 

2.3 Molecular biology methods 

 

2.3.1 PCR 

PCR reactions performed for genotyping of bacteria or plants were performed using the 

DreamTaq DNA polymerase (Fermentas) according to the manufacturers’ instructions. PCR 

reactions for cloning of DNA fragments were performed using the proof-reading Pfu turbo 

DNA polymerase (Stratagene) according to the manifacturers’ instructions. 

 

2.3.2 Extraction of A. thaliana genomic DNA 

Two to three A. thaliana leaves were homogenized in an eppendorf tube using a drill with a 

blunt drill head and 400 µl extraction buffer was added. The samples were vortexed 3-4 s 

and subsequently centrifugend for 2 min at 20,000 x g to remove cell debris. Supernatant 

was transferred to a fresh tube, 300 µl isopropanol added and the tube contents mixed. 

Following a 5 min incubation at room temperature the precipitated DNA was pelleted by a 5 

min centrifugation at 20,000 x g. The supernatant was discarded and the pellet was air dried. 

The dry DNA pellet was subsequently dissolved in 50 µl H2O and was either directly used for 

PCR or stored at -20°C. 
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Extraction buffer  

200 mM Tris-HCl pH 7.5 

250 mM NaCl 

25 mM EDTA 

0.5% (w/v) SDS 

Autoclave 

 

2.3.3 Extraction of A. thaliana RNA 

A. thaliana RNA was extracted using the Trizol reagent (Invitrogen). For this, 50–100 mg 

plant material was collected in an eppendorf tube and frozen in liquid N2. The plant material 

was homogenized using a drill with a blunt drill head and 1 ml Trizol regent was added. 

Following 5 min incubation at room temperature, 200 µl chloroform was added and the 

samples were vortexed for 15 seconds. After 2 min incubation at room temperature the 

samples were centrifuged at 12,000 x g for 10 min. The supernatant was transferred to a 

fresh eppendorf tube containing 0.5 ml isopropanol to precipitate the RNA. The samples 

were incubated for 10 min at room temperature and subsequently centrifuged for 5 min at 

12,000 x g. The resulting RNA pellet was washed with ethanol, dried and was re-suspended 

in 30 µl RNAse-free water. The RNA samples were stored at -80°C. 

 

2.3.4 DNAse treatment of RNA and first-strand cDNA synthesis 

Before making cDNA, isolated RNA was DNAse-treated. 2 µg of RNA was combined with 1.5 

µl 10x Ambion DNAse free buffer, 1 µl DNAse I and water to 15 µl in an eppendorf tube. The 

reaction was incubated for 30 min at 37°C. 2 µl of DNAse Inactivation reagent was then 

added and the sample incubated for 2 min at room temperature. The tube was centrifuged 

at 11,000 x g for 1 min and the supernatant was transferred to a fresh tube and stored at -

80°C. 

 

This DNAse-treated RNA was then used for first-strand cDNA synthesis. 2 μg of DNAse-

treated RNA, 1 μl Oligo-dT Primer (100 nmol) and H2O to 12 μl was pipetted In a PCR tube. 

The tube was incubated for 5 min at 70°C and then transferred directly to ice. 1 µl 10 mM 

dNTPs, 4 µl Bioline Buffer, 2.75 µl H2O and 0.25 µl Bioscript reverse transcriptase was further 

added. This reaction mixture was shortly vortexed and subsequently incubated for 1 h at 

37°C. The reaction was then stopped by heating to 70°C for 10 min. The cDNA was either 

stored at -20°C or directly used for PCR. 

 

2.3.5 Isolation of homozygous A. thaliana T-DNA insertion mutants 

Seeds of T-DNA insertion lines dldh1-1, dldh1-2, d2hgdh1-1, d2hgdh1-2, d2hghd1-3 and 

gox3-1 were obtained from the Nottingham Arabidopsis Stock Center. Genomic DNA was 

extracted and used to test for homozygosity of the T-DNA insertions by PCR. Two sets of PCR 

primers were used for each line, one that amplified the wild-type gene (WT primers) and one 

that amplified the gene with a T-DNA insertion (KO primers). Only plants that show a band 

with the KO primers, but no band with the WT primers are homozygous. 
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Name Gene Line WT primers KO primers 

dldh1-1 At5g06580 SALK_026859 D-LDH1-1-F SALK–LB 

   D-LDH1-1-R D-LDH1–1-R 

dldh1-2 At5g06580 SALK_001490 D-LDH1-2-F SALK–LB 

   D-LDH1-2-R D-LDH1–2-F 

d2hgdh1-1 At4g36400 SALK_061383 D-2HGDH1-1-F SALK–LB 

   D-2HGDH1-1-R D-2HGDH1–1-R 

d2hgdh1-2 At4g36400 SAIL_844_G06 D-2HGDH1-2-F SAIL–LB 

   D-2HGDH1-2-R D-2HGDH1–2-R 

d2hgdh1-3 At4g36400 GABI_127F12 D-2HGDH1-3-F GABI–LB 

   D-2HGDH1-3-R D-2HGDH1–3-R 

gox3-1 At4g18360 GABI_523D09 GOX3-1-F GABI–LB 

   GOX3-1-R GOX3–1-F 

 

 

Primer Sequence (5’-3’) 

D-LDH1–1-F ATGGCTTTCGCTTCAAAATTC 

D-LDH1–1-R  GTAGCACACATGCCTCCTATGG 

D-LDH1–2-F  ATAAGAAAAGAGGCGCTGTGG 

D-LDH1–2-R  TTAGAAACATACATGAGGAGGAATTAACTTTCCC 

D-2HGDH1–1-F  CGAGACAACAGGGAGTGATG 

D-2HGDH1–1-R  GTTGGAGAAGAGAGAGTGAGGAAG 

D-2HGDH1–2-F  CTTTGTTTGGATTGCGATGA 

D-2HGDH1–2-R  CATTGTACAAGCACAAGCCAAT 

D-2HGDH1–3-F ATGATGATGCAGAAATTGAGAAG 

D-2HGDH1–3-R TAATATGCATCCTGCTTCACACAC 

GOX3–1-F  TGTGAAACGAGCTGAAGAAGC 

GOX3–1-R  CAGCTTGGCCGAGAGGTA 

SALK–LB  TGGTTCACGTAGTGGGCCATCG  

SAIL–LB  TAGCATCTGAATTTCATAACCAATCTCGATACAC 

GABI–LB ATAATAACGCTGCGGACATCTACATTTT 

Actin2-F  TAACTCTCCCGCTATGTATGTCGC 

Actin2-R  CCACTGAGCACAATGTTACCGTAC 

 

2.3.6 Confirmation of knock-out plants by RT- PCR 

It is possible for a plant gene containing a T-DNA insertion line to still have native transcript, 

especially if the T-DNA is inside an intron where it might be spliced out during RNA 

processing. The lack of native transcript in knock-out lines must therefore be confirmed by 

performing RT-PCR. For the dldh and d2ghd lines this was done using leaf cDNA for the gox3 

line using root cDNA. The primers used are those listed in section 2.3.5 under WT primers. As 

a positive control, the actin2 gene was amplified using the Actin2-F and Actin2-R primers  
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2.3.7 Producing TSS-competent E. coli cells 

The production of TSS-competent E. coli cells was performed according Chung and Miller 

(Chung et al., 1989). An over-night culture of DH5α was grown at 37°C in LB-medium without 

antibiotics. On the following day, 1 ml of the over-night culture was used to inoculate 100 ml 

LB medium. This culture was grown at 37°C until it reached an OD600 of 0.4 and the cells 

were harvested by a 10 min centrifugation at 4°C and 4,000 x g. The pellet was re-suspended 

in 20 ml ice cold TSS medium, stored 15 min on ice, alliquated in 50 µl portions in 1.5 ml 

eppendorf tubes and frozen in liquid N2. The cells were stored at -80°C for up to two months.  

 
TSS-Medium 

10 % (w/v) PEG- 8000  
 5 % (v/v) DMSO  
20-50 mM MgCl2  
20-50 mM MgSO4  
pH 6.5 with NaOH 
Autoclave 
 

2.3.8 Heat-shock transformation of E. coli cells 

A tube with 50 µl TSS-competent E. coli was thawed on ice. The plastid DNA to be 

transformed was added and the tube was incubated on ice for 10 min. The actual 

transformation event took place during a subsequent heat-shock for exactly 90 s in a water-

bath pre-heated to 42°C. After the heat-shock the tube was directly cooled on ice for 5 min. 

1 ml LB medium was added and the cells were allowed to recover for 1 h at 37°C. 100 µl of 

the transformed cells were then plated on a solid LB plate containing appropriate antibiotics. 

The rest of the cells were pelleted at 20,000 x g for 30 s. The pellet was re-suspended in 100 

µl LB medium and evenly spread on an LB plate containing appropriate antibiotics and 

incubated over night at 37°C. 

 

2.3.9 Isolation of E. coli plasmid DNA 

Plasmid DNA was isolated from 5 ml over-night cultures using the Quantum Prep Plasmid 

Miniprep Kit (BioRad), according to the manufacturers’ instructions. In a slight modification 

of the protocol, the binding of the DNA was done on home-made binding matrix in re-usable 

columns. 
 

Binding matrix 

5.2 M Guanidin-HCl 

20 mM Tris-HCl  

0.15 g/ml Diatomaceous earth 
 

2.3.10 Separation of DNA by agarose gel electrophoresis 

All agarose gel electrophoreses for DNA separation was performed as previously published 

(Sambrook and Russel, 2002). Briefly, 0.8-2% (w/v) agarose was dissolved in 1 x TAE buffer 

by heating in a microwave. Ethidium bromide was added to the melted agarose solution at a 
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relationship of 1:20,000. The solution was then poured in a plastic mold with a comb placed 

inside as to create pockets inside the gel. When the gel had been solidified the comb was 

removed and DNA, mixed in a loading buffer, was loaded in the pockets. To enable 

subsequent size determination of the fragments 5 µl of the 1 kb DNA ladder (Invitrogen) was 

also loaded on the gel. The use of the 1 kb ladder also enables the optical quantification of 

DNA bands by comparing the intensity of the 1.6 Kb band, containing 10 ng DNA per µl, with 

a sample of unknown concentration. The loaded DNA was run at 1.5 mA/cm2 in 1 x TAE 

buffer. Through the intercalation of ethidium bromide with DNA it could be visualized on a 

UV table. 

 

50 x Tris-Acetate-Buffer (TAE) 

2 M Tris/ HAc, pH 7.5  

50 mM EDTA  

 

2.3.11 DNA elution from agarose gels 

When cloning, it was frequently needed to elute DNA from an agarose gel. This was achieved 

by quickly cutting out an agarose gel piece containing the DNA on top of a UV-table. The 

DNA inside the agarose gel was isolated using the QIAquick Gel Extraction Kit (Qiagen) 

according to the manufacturers’ instructions. 

 

2.3.12 DNA sequencing 

Sequencing reactions were performed on a thermocycler using the Big Dye Terminator V 3.1 

cycle sequencing kit (Applied Biosystems). After the sequencing reaction each sample was 

diluted with 10 μl HPLC-grade H2O. The readout of the sequence was performed by the 

Institute of Genetics at University of Cologne using an ABI 3730 Genetic Analyser (PE Applied 

Biosystems GmbH). The resulting sequences were analyzed using the Chromas LITE version 

2.0. 

 

Sequencing mix 

10-100 ng DNA 

0.5 μl Primer (10 μmol/μl) 

1 μl Buffer 

2 μl BigDye 3.1 

To 10 μl with HPLC-grade H2O 

 

Sequencing reaction 

96°C for 20 sec 

96°C for 10 sec 

55°C for 10 sec 

60°C for 4 min 

4°C ∞ 

Step 2-4 was repeated a total of 35 times. 
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2.3.13 Cloning of the three candidate enzymes 

The pET16b expression vector (Novagen) was used to clone the entire AtGOX3 coding 

sequence and the part of AtD-LDH and AtD-2HGDH coding sequence that encode the mature 

enzymes. This was done through PCR amplification with Pfu Turbo DNA polymerase 

(Stratagene) with plant cDNA as a template and either AtGOX3-CDS-F and AtGOX3-CDS-R or 

AtD-LDH-CDS-F and AtD-LDH-CDS-R or AtD-2HGDH-CDS-F and AtD-2HGDH-CDS-R primers, 

for AtGOX3, AtD-LDH and AtD-2HGDH, respectively. For AtD-LDH and AtD-2HGDH leaf cDNA 

was used and for AtGOX3 root cDNA. The PCR fragments were cloned into the pCR-Blunt II-

Topo vector (Invitrogen) according to the manufacturers’ instructions, transformed into 

DH5α cells and selected on kanamycin. The resulting colonies were tested for presence of 

the correct constructs by colony PCR and the correct clones were used to start 5 ml over-

night cultures in LB with antibiotics.  

 

The plasmids were isolated from these cultures and the inserts were sequenced to confirm 

that no mutations had occured.  The inserts were further cut out of the vector with BamHI, 

using BamHI restriction sites had been introduced through the PCR primers. The inserts were 

ligated into a BamHI linearized, dephosphorylated, pET16b vector. Restriction enzyme 

digestion, DNA dephosphorylation and ligation were all performed according to the 

manufacturers’ instructions (Fermentas). The resulting plasmids, pET16b-AtD-LDH, pET16b- 

AtD-2HGDH and pET16b-AtGOX3 were sequenced – to assure that no mutation had been 

introduced in the inserts – and were then transformed in the BLR E. coli strain (Novagen) and 

selected on tetracycline, chloramphenicol and carbenicilin. 

 

AtD-LDH-CDS-F GGATCCGGCGATAGCTGCCTCCG 

AtD-LDH-CDS-R GGATCCTTAGAAACATACATGAGGAGGAATTAAC 

AtD-2HGDH-CDS-F GGATCCGGTGTCAGGCTTTGTG 

AtD-2HGDH-CDS-R GGATCCTTAGTTGGAGAAGAGAGAGTGAGG 

AtGOX3-CDS-F GGATCCGATGGAGATAACAAACGTGATGGA 

AtGOX3-CDS-R GGATCCCTACAGCTTGGCCGAGAGG 

 

2.4 Biochemical methods 

 

2.4.1 Expression and purification of recombinant proteins 

The vectors pET16b-AtD-LDH, pET16b-AtD-2HGDH and pET16b-AtGOX3 generate fusion 

proteins with an N-terminal His tag, facilitating the purification of the recombinant proteins. 

Pre-cultures with the BLR cells transformed with these vectors were started in LB containing 

carbenicillin, chloramphenicol, and tetracycline and grown overnight. These pre-cultures 

were used to inoculate 1 l of fresh LB medium in a relationship of 1:50. The cultures were 

grown at 37 °C in an orbital shaker at 220 rpm until the culture reached an OD600 of 0.6. 

Expression of recombinant AtD-LDH, AtD-2HGDH and AtGOX3 was induced by adding 1 mM 

isopropyl β-D-thiogalactopyranoside to the culture. The AtD-LDH and AtD-2HGDH cultures 

were then allowed to grow for 1 h before being harvested by centrifugation at 4,000 x g for 

10 min. The AtGOX3 culture was allowed to grow for 4 h before being harvested. The cell 
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pellets were then resuspended in 35 ml of extraction buffer and incubated at 4°C for 15 

minutes to allow the lysozyme to take effect. To further disrupt the cells the solutions were 

sonicated 6 times for 30 s, with cooling in between, using a sonicator set at max output, 95% 

duty cycle and using a blunt tip. The disrupted cells were centrifuged at 10,000 x g for 15 min 

at 4°C to remove cell debris. The supernatant was used for protein purification using 

immobilized metal ion chromatography on Ni2+-nitrilotriacetic acid-agarose (Ni2+-NTA, 

Qiagen).  

 
For AtD-LDH and AtD-2HGDH purification, 2 ml Ni2+-NTA slurry was equilibrated with wash 

buffer and the E. coli supernatant passed over the column through gravitational flow to 

allow for protein binding. The column was subsequently washed with 10 ml wash buffer. 

Bound protein was eluted using 2 ml of elution buffer. The first 900 µl emanating from the 

column were discarded as they contained no protein. To remove damaging imidazole and to 

concentrate the protein samples they were spun on Centricon YM-30 spin columns (Amicon) 

and re-suspended in 20 mM Tris-HCl pH 8.0. The purified protein samples were kept on ice, 

in the dark and directly used for enzyme measurements. 

 
Extraction buffer Wash buffer Elution buffer 

20 mM Tris-HCl pH 8.0 100 mM Na2PO4 pH 8.0 100 mM Na2PO4 pH 7.2 

0.5 mg/ml PMSF 300 mM NaCl 250 mM Imidazole 

~2 mg DNAse 10 mM Imidazole  

~2 mg RNAse  

~2 mg Lysozyme 

Water to 35 ml 

 

For purification of recombinant AtGOX3, 2 ml Ni2+-NTA slurry was equilibrated with wash 

buffer 1. The E. coli supernatant was passed over the column through gravitational flow to 

allow for protein binding and was subsequently washed with 4 ml wash buffer 1 and 4 ml 

wash buffer 2. The protein was eluted using 2 ml elution buffer 1. The first 900 µl emanating 

from the column were discarded as they contained no protein. To remove damaging salt and 

imidazole the purified protein was passed over a PD-10-column (GE Healthcare) pre-

equilibrated with elution buffer 2. The protein was eluted by adding one volume of elution 

buffer 2. The purified enzyme was kept on ice, in the dark and used directly for enzyme 

measurements. 

 

Extraction buffer Wash buffer 1 Wash buffer 2  

20 mM Tris-HCl pH 8.0 20 mM Tris-HCl pH 8.0 20 mM Tris-HCl pH 8.0 

500 mM NaCl 500 mM NaCl 500 mM NaCl 

0.5 mg/mL PMSF 1 mM DTT 1 mM DTT 

~2 mg DNAse 40 mM Imidazole 80 mM Imidazole 

~2 mg RNAse   

~2 mg Lysozyme  

1 mM DTT    

Water to 35 ml 
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Elution buffer 1 Elution buffer 2 

20 mM Tris-HCl pH 8.0 20 mM Tris-HCl pH 8.0 

500 mM NaCl 1 mM DTT 

1 mM DTT  

300 mM Imidazole  

  

2.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

The size-dependent separation of denatured protein was performed according to Laemmli 

(Laemmli, 1970). The polyacrylamide gels required for this purpose were cast in a minigel 

system (System 2050 Midget, Pharmacia). In the finished gels up to 20 µl of sample was 

loaded in each well. To be able to estimate the protein size, prestained molecular weight 

markers were used (Fermentas). The gels were run at 10 mA until all protein had entered the 

separation gel and were subsequently run at 25 mA.  

 

4 x Stacking gel buffer Acrylamide stacking gel 

0.5 M Tris-HCl pH 6.8  25 % (v/v) 4 x Stacking gel buffer 

0.4 % (w/v) SDS  15 % (v/v) Acrylamid-Bisacrylamid-Solution (37.5 : 1)

  0.3 % (w/v) TEMED 

  0.06 % (w/v) APS 

 

4 x Seperation gel buffer 12.5% Acrylamide separation gel 

1.5 M Tris-HCl pH 8.8  25 % (v/v) 4 x Seperation gel buffer 

0.4 % (w/v) SDS  42 % (v/v) Acrylamid-Bisacrylamid-Solution (37.5 : 1)  

 0.05 % (w/v) TEMED 

 0.05 % (w/v) APS 

 

10 x Running buffer 5 x Sample buffer 

250 mM Tris  312.5 mM Tris-HCl pH 6.8 

192 mM Glycin  50 % (v/v) Glycerin 

0.5 % (w/v) SDS  12.5 % (w/v) SDS 

 12.5 % (v/v) ß-Mercaptoethanol 

 0.00625 % (w/v) Bromphenolblue 

 

2.4.3 Protein determination and Coomassie staining 

Protein concentration was determined according to the method of Bradford (Bradford, 

1976). 200 µl Roti-Quant solution (Roth) was mixed with 800 µl H2O and 2 µl sample. After a 

10 min incubation at room temperature the Abs595 was measured. The absorption at this 

wavelength is proportional to the protein amount in the sample. A standard curve was made 

using samples with known protein concentration. This was then used to calculate the protein 

content of the unknown samples. 
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Proteins on polyacrylamide gels were visualized through over-night incubation with a 

staining solution containing 0.5% (w/v) Coomassie-Brilliant-Blue (Serva-Blue G250, Fa. Serva) 

in 80% (v/v) methanol and 20% (v/v) acetic acid. The gel was further de- stained for a few 

hours using a solution of 40% (v/v) methanol, 10% (v/v) acetic acid and 50% (v/v) water. 

 

2.4.4 Western-Blot 

Transfer of proteins from polyacrylamide gels onto a PVDF-membrane (BioRad) was 

achieved using a semi-dry-blot transfer chamber (Carboglass, Schleicher & Schuell). Anode 

and cathode buffers were purchased from Roth (RotiBlot-System, Roth) and the 

manufacturers’ instructions were used for the setup and protein transfer. The protein 

transfer was achieved by applying 1 mA/cm2 of gel area for 2 h. Following transfer, the 

membrane was incubated in blocking solution for at least one hour. The blocking solution 

was then exchanged for the primary rabbit anti-His antibody (Qiagen), which was diluted 

1:2,500 in blocking buffer. Following an incubation of 1-3 h the membrane was washed twice 

for 10 min with TBST-T and once for 10 min with 1x TBS. The membrane was then incubated 

1-2 h with an alkaline phosphatase- conjugated goat anti-rabbit antibody (Sigma) diluted 

1:3,000 in blocking buffer. After repeating the TBST-T and 1x TBS wash steps the positions of 

the His-tagged proteins were visualized by incubating the membrane 30-120 s in the staining 

solution.  

 
Buffer A 10x TBS TBST-T 
100 mM Tris- HCl pH 9.5 100 mM Tris-HCl pH 7.4 10% (v/v) 10x TBS 
100 mM NaCl 1.5 M NaCl 0,2% (v/v) Triton X-100 
5 mM MgCl2  0.05% (v/v) Tween 20 
 

Staining solution Blocking solution 
10 ml Buffer A 4% (w/v) Milk powder in 1x TBS 
33 μl 5% (w/v) BCIP in DMF 
66 μl 5% (w/v) NBT in 70% DMF 
 

2.4.5 Native-PAGE 

In-gel analysis of enzyme activity was performed using native-PAGE. The buffers and 

methods for making the gels were prepared according to Laemmli (1970) (section 2.4.2), 

with the exception that SDS and β-mercaptoethanol was excluded from all buffers. Plant 

tissue was ground in liquid N2 in the presence of an equal amount (v/w) of 20 mM Tris-HCl 

(pH 8.0) containing 0.05% Triton X-100 and 1 mg/ml PMSF. The homogenate was clarified by 

centrifugation at 4°C and 20,000 x g for 5 min and the protein concentration in the extract 

was determined according to Bradford (section 2.4.3). Up to 50 µg protein was loaded in 

each well on an 8% native-gel and run for 2.5 h at 100 V and 4°C. The gels were subsequently 

cut in slices, when needed, and stained in 5 ml of medium containing 50 mM K2PO4 at pH 

8.5, 5 mM substrate, 0.05% nitro blue tetrazolium (NBT) and either 150 µM PMS or 1 mM 

NAD+ or NADP+. The reactions were allowed to continue at 30°C in the dark for a time period 

between 2 h and 20 h, depending on which enzyme was assayed. 
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2.4.6 Mitochondrial isolation 

Mitochondrial isolation and purity testing of the preparations was performed as previously 

described (Keech et al., 2005). In brief, 5 g of A. thaliana root material was ground in a 

mortar together with 0.5 g of acid-washed seesand and 20 ml grinding buffer. The pulp was 

filterd through 2 layers of Miracloth and subsequently centrifuged at 2,500 x g for 5 min to 

remove cell walls and plastids. The supernatant was transferred to a new tube and 

centrifuged for 15,000 x g for 15 min to pellet the mitochondria. The resulting pellet was 

gently re-suspended in 20 ml wash buffer and subsequently centrifuged at 15,000 x g for 15 

min. Supernatant was removed and the mitochondrial pellet was re-suspended in 200 µl 

wash buffer. All steps in this purification process were performed on ice or at 4°C. The 

enriched mitochondrial preparation was analyzed by Western blot using antibodies raised 

against the cytosolic malate dehydrogenase from Ananas comosus, which react with the 

cytosolic and chloroplastic isoforms but not with the mitochondrial one (donated by 

Florencio Podestá, University of Rosario). 

 
Grinding buffer Wash buffer 
0.3 M Sucrose 0.3 M Sucrose 
60 mM TES 10 mM TES 
10 mM EDTA 1 mM EDTA 
10 mM K2PO4 pH 8.0 10 mM K2PO4 pH 7.5 
25 mM Tetra sodium pyrophosphate  
1 mM Glycine 
1 % (w/v) PVP-40 
1 % (w/v) Defatted BSA 
 
Added just before grinding 

50 mM Na-ascorbate 
20 mM Cysteine 
 

2.4.6 Size exclusion chromatography 

The native molecular masses of recombinant proteins were estimated by gel filtration 

chromatography on an ÄKTA purifier system (GE Healthcare), using a Superdex 200 10/300 

GL column (GE Healthcare). The column was equilibrated with 20 mM Tris-HCl (pH 8.0) and 

calibrated using molecular mass standards. The samples and the standards were applied 

separately in a final volume of 10 µl at a constant flow rate of 0.5 ml/min. 

 

2.4.7 Analysis of prosthetic groups 

The prosthetic group of AtD-LDH and AtD-2HGDH were released from the purified 

recombinant proteins (0.7 mg) by heating at 95°C for 15 min, and the denatured protein was 

removed by centrifugation. The resulting supernatants, containing the prosthetic group, 

were analyzed using a Hach DR 5000 UV-visible spectrophotometer in 2 nm steps. 

Furthermore, the resulting supernatants (20 µl), riboflavin (2 µl, 2 mM), FMN (2 µl, 2 mM), 

and FAD (2 µl, 2 mM) were spotted on cellulose 300 thin layer chromatography plates and 

run in the dark with buffer A consisting of 5% Na2HPO4 in aqueous solution or, alternatively, 

with buffer B consisting of 1-butanol:HAc:water (4:1:5). Sample positions were subsequently 
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detected under UV light. The same samples were analyzed on a native polyacrylamide gel 

(0.75 M Tris, pH 8.45) consisting of an 8% T, 3% C stacking gel and an 18% T, 6.1% C 

separation gel. In this context T designates the total amount of acrylamide and bis-

acrylamide in a gel whereas C designates how many percent of the total that is made up by 

bis-acrylamide. The gel was run at 100 V in darkness using as anode buffer 0.2 M Tris (pH 

8.9) and as cathode buffer 0.1 M Tris and 0.1 M Tricine (pH 8.25). The samples were 

subsequently identified under UV-light. 

 

2.5 Enzyme assays 

All enzyme assays were conducted at 25°C using a Tecan Infinate 200 plate reader. A base 

line was determined by monitoring the reaction mixes for 4 min before the reactions were 

started through the addition of purified enzyme. The standard reaction mixture for each 

enzyme is indicated below. 

 

AtD-LDH and AtD-2HGDH standard reaction AtGOX3 standard reaction 

50 mM K2PO4 pH 8.75 100 mM TRIS-HCl pH 7.5 

10 mM substrate 10 mM substrate 

Co-factor Co-factor  

0.2-20 µg enzyme 1-2 µg enzyme 

Water to 200 µl 0.5 mM EDTA 

 5 mM MgCl2 

 0.01 mM FMN 

 Water to 200 µl 

 

2.5.1 Co-factor analysis 

The best co-factor for the enzymes was evaluated in the standard reaction mixes with 

varying the type of co-factor and detection wavelength. The different co-factors used in 

these experiments were as follows: Cytochrome c (200 µM used, detected at 550 nm, 

extinction coefficient ε = 18.6 cm-1 mM-1), 2,6 dichlorophenol-indophenol (DCIP) (200 µM 

used, detected at 600 nm, extinction coefficient ε = -22 cm-1 mM-1, always used together 

with 3 mM phenazine methosulfate (PMS)), NAD(P)H (1 mM used, detected at 340 nm, 

extinction coefficient ε = 6.22 cm-1 mM-1). When assaying with cytochrome c, the resulting 

absorption was divided by 2 because 2 moles of cytochrome c are reduced for each mole of 

substrate oxidized. Moreover, to measure enzyme activity with O2 the 2-keto-acid product 

was detected through addition of 4 mM phenylhydrazine. The resulting phenylhydrazones 

were detected at 324 nm and their extinction coefficients are:  Glyoxylate-phenylhydrazone 

ε = 17 cm-1 mM-1, Pyruvate-phenylhydrazone ε = 10.4 cm-1 mM-1, 2-hydroxybutyrate-

phenylhydrazone ε = 13 cm-1 mM-1. 

 

2.5.2 pH optimum and substrate screen 

The pH optimum of the enzymes was further determined by varying the pH of the buffer 

between 6.0 and 9.5 while using the best co-factor and substrate for each of the enzymes. 

For AtD-LDH this was D-lactate and either cyt c or DCIP, for AtD-2HGDH it was 
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D-2-hydroxyglutarate with DCIP and for AtGOX3 it was glycolate and either O2 or DCIP. The 

substrate range of the enzymes was assayed using 10 mM substrate at the pH optimum 

using the preferred co-factor for each enzyme. When needed, substrates were neutralized 

with NaOH before use in the assays.  

 

2.5.3 Catalytic constants 

The Km and kcat values for the substrates were determined using the best co-factor at the pH 

optimum (8.75 for AtD-LDH and AtD-2HGDH and 7.5 for AtGOX3). All parameters were kept 

constant except for the substrate concentration which was varied between 5 µM and 50 

mM. Data was collected from at least two different enzyme batches, with each containing at 

least triplicate determinations of each data point. All constants were calculated by fitting the 

data to a nonlinear regression plot (SigmaPlot).  

 

2.6 In silico protein analysis 

 

2.6.1 Phylogenetic trees 

Protein sequences were downloaded either from UniProt (http://www.uniprot.org/) or NCBI 

(http://www.ncbi.nlm.nih.gov/). For phylogenetic analysis the sequences were aligned using 

ClustalW (Thompson et al., 1994), the alignment was curated using Gblocks (Castresana, 

2000) and the phylogenetic trees were constructed by the neighbor-joining method using 

BioNJ (Gascuel, 1997) and visualized using Dendroscope (Huson et al., 2007).  

 

2.6.2 Co-expression analysis 

Genes that are co-expressed with At4g36400 were identified using the ATTED-II data base 

(Obayashi et al., 2009). The Mutual Rank, which is based on weighted Pearson correlation 

coefficients, is used to assess the extent of gene co-expression. The Mutual Rank is 

calculated as the geometric mean of the correlation rank of gene A to gene B and of gene B 

to gene A. The Gene Ontology annotations were manually actualized and corrected. 

 

2.6.3 Catalytic site analysis 

Protein crystal structures and homology models for analysis of the catalytic site were 

downloaded from the SWISS-MODEL repository (http://swissmodel.expasy.org/repository/) 

and visualized using the SWISS-PdbViewer (Guex and Peitsch, 1997). The SWISS-MODEL 

repository is an initiative to provide annotated 3D models for all sequences in Swiss-Prot 

(Kiefer et al., 2009). In this initiative, proteins of unknown structure are modeled based on a 

known crystal structure of a homologous protein that is automatically sought out based on 

its suitability for the modeling process. 
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2.7 Metabolite and fluorescence measurements 

 

2.7.1 Metabolite analysis by GC-MS 

Metabolite analysis was performed as previously published (Fiehn, 2007). Control samples 

were taken in the middle of the light period of 5-week old short-day grown wild-type and 

d2hghdh plants. At the end of the light period the plants were transferred to complete 

darkness for 4 days. During this dark incubation further samples were taken after 16 hours of 

darkness, which is the normal length of the night, and subsequently after 24, 48, 72 and 96 

hours of extended darkness. For each time point and genotype 12 entire rosettes were 

collected and divide up on 4 samples with 3 whole rosettes each. Samples were directly 

frozen in liquid N2 and stored at -80°C until extracted. The extraction proceeded by grinding 

the plant sample in liquid N2. 50 mg of the sample powder was transferred to a new tube 

and the rest was stored at -80°C for future analysis. The metabolites were extracted from 

the 50 mg sample powder using 1.5 ml of extraction buffer pre-cooled at -20°C 

(H2O:methanol:CHCl3 in the proportions 1:2.5:1 and containing 15 µl of 60 mM ribitol per 45 

ml of buffer as a standard). The samples were quickly vortexed for 10-20 seconds and then 

placed immediately on crushed ice at 0°C with NaCl and stored there for a maximum of 10 

min while preparing the rest of the samples. All tubes were then shook for 6 min at 4°C and 

centrifuged for 2 min at 20,000 x g at room temperature. One ml of the supernatant was 

placed in a new eppendorf tube which was stored at -80°C until analyzed.  

 

The tubes were vortexed for 10 sec and 200 µl of the solution was transferred into a glass 

insert. 5 µl of the Phenylalanine-d5 + Valine-d8 mixture (500 µM) was added to all samples 

which were subsequently dried in a speedvac concentrator to complete dryness. Samples 

were stored at -20°C in a dessiccator prior to analysis. The following steps are done 

automatically by the autosampler. 10 µl of methoxyamine hydrochloride (20 mg/ml) was 

added to the dried fraction. Samples were incubated for 90 min at 30°C with continuous 

shaking, 90 µl MSTFA added followed by a 30 min incubation at 37°C with continuous 

shaking.  100 µl of the mixture was transferred in a glass insert. After 120 min at room 

temperature the samples were analyzed using a GC/MS instrument.  The data was evaluated 

using the ChemStation program. To be able to analyze the samples in scan mode and so 

simultaneously screen for large numbers of metabolites a databank with the retention times 

and different ions was set up with all metabolites of interest.  Using this databank it was 

possible to automatically evaluate the runs.  

 

2.7.2 Imaging-PAM measurements 

Changes in the plant photosynthetic efficiency were measured using an IMAGING-PAM Maxi 

(Heinz-Walz Instruments). Plants were incubated in the dark for at least 20 minutes 

immediately before measurement. Basic variables, such as variable fluorescence (Fv), 

current fluorescence yield (Ft), maximal fluorescence yield (Fm’), basic fluorescence in dark-

adapted leaves (F0) and maximal fluorescence in dark-adapted leaves (Fm) were determined 

and used to calculate the nonphotochemical quenching (qN), photochemical quenching (qP) 

and the Fv/Fm ratio (Schreiber et al., 1986).  
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3. Results 

 

3.1 Characterization of the enzyme encoded by At5g06580 

 

3.1.1 Identification of the candidate enzyme 

Recently, a mitochondrial GDH encoded by At5g06580 in A. thaliana was reported (Bari et 

al., 2004; Niessen et al., 2007). However, the enzymatic properties of this enzyme were only 

partially characterized. Thus, to investigate whether the At5g06580 gene product is a true 

glycolate dehydrogenase and to determine whether it can be used for the chloroplastic GMK 

pathway (Fig. 5), a full characterization of the enzyme was undertaken.  

 

3.1.2 Phylogenetic analysis 

A phylogenetic analysis was conducted for the enzyme encoded by At5g06580 to get a 

better idea of the distribution of orthologous sequences. The At5g06580 protein sequence 

was used for a basic local alignment search tool (BLAST) search in the NCBI databank 

(http://www.ncbi.nlm.nih.gov/). Representative sequences from plants, animals and fungi 

were selected and used to construct a phylogenetic tree through the neighbor joining 

method (Fig. 7). A few homologous proteins were found in bacteria, such as the E. coli 

glycolate oxidase subunit GlcD, and Synechocystis sp. PCC 6803 GlcD, but these shared so 

few conserved residues that a meaningful alignment with the other sequences could not be 

done and they were thus left out. The protein is well-conserved in eukaryotes, being found 

in plants, animals, unicellular and multicellular fungi. Interestingly, each organism contains 

only one sequence of high similarity. Moreover, the closest ortholog to At5g06580 in both 

mammals (Flick and Konieczny, 2002) and unicellular fungi (Gregolin and Singer, 1963; Lodi 

and Ferrero, 1993; Lodi et al., 1994) are cytochrome c- dependent D-lactate dehydrogenases 

(EC 1.1.2.4). Due to the close homology of At5g06580 to D-lactate dehydrogenases it will be 

referred to as AtD-LDH for Arabidopsis thaliana D-lactate dehydrogenase in the remainder of 

this work. 
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Figure 7.  Phylogenetic relationships of the At5g06580 (AtD-LDH) protein sequence. Protein sequences 

were aligned using ClustalW2. The phylogenetic tree was constructed by the neighbor-joining 

method using BioNJ and visualized using Dendroscope (Huson et al., 2007). Bootstrap values at 

the nodes represent the percentage support from 500 replicates with neighbor-joining and 

maximum likelihood, respectively. Only bootstrap values over 50% are shown. The following 

sequences are included: Arabidopsis thaliana D-LDH (Q94AX4); Helianthus tuberosus (EL444323, 

EL437620, and EL440912); Zea mays (B4G146); Sorghum bicolor (Sb02g003640); Oryza sativa 

(B9FVM4); Ricinus communis (B9SDP2); Vitis vinifera (A7Q036); Medicago truncatula (BF636550, 

BF636365, BF636697, BQ123259, CA858805, CA858793, and DY617162); Homo sapiens 

(Q86WU2); Danio rerio (Q803V9); Mus musculus (Q7TNG8); Saccharomyces cerevisiae DLD1 

(P32891); Kluyveromyces lactis (Q12627); Neurospora crassa (Q7SE05); Pyrenophora tritici-

repentis (B2WBK4); Aspergillus fulmigatus (Q4WE96); and Neosartorya fischeri (A1D828). 

 

 

To gain further insights into the conserved regions in these enzymes, an alignment between 

AtD-LDH and the human and yeast orthologs was produced using ClustalW2 (Fig. 8). While 

the N- terminal domains of the three enzymes are rather heterogenous there are patches of 

very high homology throughout the sequence. Moreover, all three enzymes retain a 

predicted FAD binding domain, indicated in yellow, and a C-terminal FAD-linked oxidase 

domain, indicated by red in Fig. 8. 
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Figure 8.  Multiple sequence alignment of AtD-LDH and homolgs. Protein sequences from Arabidopsis thaliana D-LDH (Q94AX4), Saccharomyces cerevisiae DLD1 (P32891) 

and Homo sapiens  DLD (Q86WU2) were aligned using the ClustalW2 algorithm (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Identical amino acids are 

indicated in black while similar amino acids are indicated in grey. The FAD binding domain and FAD-linked oxidase domain predicted by Pfam 

(http://pfam.sanger.ac.uk/) are indicated in yellow and red, respectively.  
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3.1.3 Cloning, heterologous expression and purification of AtD-LDH 

By using the MitoProt II v1.101 software (Claros and Vincens, 1996), the At5g06580 gene 

product was predicted to have a mitochondrial targeting sequence ending before amino acid 

residue 53. To express the mature protein the cDNA of At5g06580 was cloned starting at the 

codon following downstream of the predicted processing site (indicated by an arrowhead in 

Fig. 8). The sequence was cloned in frame with the N-terminal His-tag of the pET-16b 

expression vector, and subsequently expressed in the E. coli BLR strain by IPTG induction. E. 

coli extracts from the induced and uninduced cells were analyzed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE). A band of approximately 61 kDa, closely corresponding to the 

predicted 59 kDa, was clearly detected in the extract from the induced cells (Fig. 9, lane 2), 

but not in extracts from the uninduced ones (Fig. 9, lane 1). The protein corresponding to 

this band was purified to apparent homogenity (Fig. 9, lane 4) by Ni2+-NTA affinity 

chromatography with yields of approximately 2 mg protein per liter of E. coli culture.  

 

 
 

Figure 9.   Purification and analysis by gel electrophoresis of recombinant enzyme. Lane 1, 20 µg of 

uninduced cell culture lysate. Lane 2, 20 µg of cell culture lysate after 2 h of induction with 

isopropyl β-D-thiogalactopyranoside. Lane 3, 20 µg of Ni2+-NTA column flow through. Lane 4, 5 µg 

of purified recombinant D-LDH. The molecular mass of the purified protein is indicated on the 

right. Molecular weight markers run in parallel are indicated on the left. 

 

3.1.4 Quaternary structure of the enzyme 

Purified AtD-LDH was analyzed by native-PAGE and displayed an apparent size of 

approximately 140 kDa (Fig. 10). Gel-filtration electrophoresis indicated a molecular weight 

of 135 kDa. These results show that AtD-LDH forms homodimers. Additionally, when 

performing in-gel enzymatic assays with glycolate and D-lactate as substrates, a band of 

activity occurs at 140 kDa showing that the homodimer comprises the catalytically active 

form of the enzyme (Fig. 10). It is also worth noting that the rate of enzymatic conversion of 

D-lactate in the gels was much greater than that for glycolate since only 1/10th of the 

enzyme was needed with D-lactate to achieve the same staining as with glycolate (Fig. 10). 
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Figure 10.  Native-PAGE stained for AtD-LDH activity. Approximately 10 µg of purified enzyme was loaded 

for Coomassie staining and the glycolate dehydrogenase activity staining, whereas 1 µg protein 

was loaded for the D-LDH activity staining assay and Western blot. Molecular weight markers 

were run in parallel and stained with Coomassie blue. 

 

3.1.5 Analysis of the prosthetic group 

The purified AtD-LDH was brightly yellow, which is indicative of a flavin prosthetic group. 

This group was isolated from the enzyme through boiling with subsequent removal of 

denatured protein by centrifugation. The visible absorption spectrum for the unknown 

sample and FMN and FAD standards was then recorded (Fig. 11). Both the enzyme and 

standards displayed absorption maxima at 375 and 450 nm, confirming the presence of a 

flavin prosthetic group in the enzyme.  

 

 
 

Figure 11. Absorption spectra of prosthetic group and standards. The visible spectrum of FMN, FAD and 

the isolated enzyme prosthetic group was recorded in 2 nm steps between 320 and 520 nm.  

 

To determine the identity of the molecule bound to the enzyme, the prosthetic group was 

analyzed by thin-layer chromatography and by a self-developed polyacrylamide gel 

electrophoresis protocol, using FAD, FMN and riboflavin as standards. For both methods, the 

Rf value of the enzyme prosthetic group was highly similar to that of FAD and not to that of 

FMN or riboflavin (Table 3).  
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Table 3. Chromatographic separation of the prosthetic group.  The enzyme prosthetic group was 
released by boiling and was spotted together with standards on a cellulose thin layer 
chromatography plate. The plates were run in the dark with the buffer systems (A)  5% Na2HPO4 
in aqueous solution and (B) 1-butanol:HAc:water in a 4:1:5 relationship. Sample positions were 
subsequently detected under UV. Samples were also analyzed on an 18% polyacrylamide gel and 
run in the dark with subsequent determination of sample position under UV light. The values 
presented represent the determined Rf-values. 

 

 Flavin standard AtD-LDH 

 FMN Riboflavin FAD Group 

TLC A 0.72 0.38 0.61 0.58 

TLC B 0.22 0.45 0.07 0.07 

PAGE 0.94 0.09 0.82 0.80 

 

Additionally, using FAD isolated from 120 µg of boiled enzyme in a final volume of 500 µl the 

absorption at 450 nm was 0.05. Taking into account that the extinction coefficient of FAD is 

11.3 mM-1 cm-1 and the calculated molecular mass of the recombinant enzyme is 59 kDa, it 

was calculated that each mole of enzyme binds one mole of FAD. 

 

3.1.6 Co-factor analysis and pH optimum 

To characterize the enzymatic activity of purified AtD-LDH, the pH optimum as well as the 

best electron acceptor was determined. The AtD-LDH oxidative activity was assayed using D-

lactate and glycolate as substrates and the reductase activity was assayed using pyruvate 

and glyoxylate as substrates. The acceptor molecules used were NAD+, NADP+, cytochrome c 

or DCIP for the oxidation of the substrates and NADH or NADPH for the reduction of 

substrates. The enzymatic activity with the acceptors NAD(P)+ and NAD(P)H was very low 

with all substrates (Table 4). Major enzymatic activity could only be detected using either 

DCIP or cytochrome c as electron acceptors and D-lactate as substrate.  

 

 
Table 4. Co-factor analysis of AtD-LDH. The preferred co-factor of AtD-LDH was tested with purified 

enzyme, 10 mM substrate and either of 200 µM cytochrome c, 200 µM DCIP and 3 mM PMS, 1 

mM NAD(P)+ or 1 mM NAD(P)H. The activity given is the activity relative to the best acceptor. The 

values presented are the average of two independent experiments. 

 

 
 

The AtD-LDH pH optimum was determined using D-lactate in assays with 50 mM potassium 

phosphate buffer adjusted to pH values ranging from 6.0 to 9.5. With cytochrome c as an 



Results 

43 

electron acceptor, AtD-LDH has a pH optimum between pH 8.5 and 9.25, whereas the 

activity decreases linearly from pH 8.5 down to pH 6.0 where the enzyme retains only 20% 

activity (Fig. 12, left panel). At low pH values the profile with DCIP was similar, and also 

displaying an optimum at 8.75, but in contrast to the pH profile measured with cytochrome c 

the activity sharply decreased at pH values over 8.75. Since the pH optimum with both 

acceptors is 8.75, this pH was used for the remaining measurements. 

 

 

 
 

Figure 12. pH optimum of AtD-LDH. The pH optimum was determined using D-lactate with cytochrome c or 

DCIP and PMS in 50 mM potassium phosphate buffer adjusted at different pH values. 

 

3.1.7 Substrate screening 

Thus far, AtD-LDH displayed high activity with D-lactate, and poor activity with glycolate (Fig. 

10 and Table 4). To determine whether the enzyme could use other substrates a substrate 

screening was initiated. The screening was performed using a range of carboxylic acids with 

similar structure to lactate. Both cytochrome c and DCIP were used in the screen and both 

acceptors yielded similar results. Only the results obtained using cytochrome c are presented 

(Fig. 13).  
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Figure 13.  Substrate screening with AtD-LDH. Purified AtD-LDH was used to assay a range of substrates at a 

concentration of 10 mM using cytochrome c as an electron acceptor at pH 8.75. The change in 

absorption was monitored at 550 nm. The values presented are activity relative to the best 

substrate and are the averages of two separate experiments.  

 

The data in Fig. 13 is arranged according to how many carbons the substrate contains and 

the values represent relative activity compared to the best substrate. From the two-carbon 

substrates only glycolate was used by the enzyme, but at a low rate. The reaction with 

substrates containing three carbon atoms – such as D-lactate, L-lactate and D-glycerate – 

proceeded much faster than with their two-carbon counterparts, reaching activities of 77, 6 

and 4 percent, respectively (Fig. 13, bottom left panel). The highest activity, however, was 

detected when using D-2-hydroxybutyrate (D-2HB) in the assay (Fig. 13, top right panel). 

Interestingly, the enzyme was entirely specific for the D- enantiomer of this substrate. 

Moreover, hydroxybutyrate molecules lacking the 2-hydroxyl group but instead having one 

at either the 3- or 4- position did not function as substrates (Fig. 13, top right panel). Finally, 

a very low activity (0.2%), comparable to that with glycolate, could be detected using D-2-

hydroxyglutarate (D-2HG) as a substrate (Fig. 13, bottom right panel). 
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3.1.8 Determination of kinetic constants 

As the pH optimum, co-factor and preferred substrates have now been determined; the 

biochemical characterization of AtD-LDH can proceed by determining the enzyme kinetic 

constants. First, using saturating levels of D-lactate, the enzyme affinity (Km) for cytochrome 

C was determined to be 51 μM. Thus, 200 μM cytochrome c was further used in the assays 

for determining the enzyme kinetic constants as this is well over saturating levels of the 

acceptor. The substrates tested were the four best ones from the substrate screen, D-2HB, 

D-lactate, L-lactate, D-glycerate and additionally glycolate (Fig. 13). In order to compare the 

catalytic constants for one substrate with different acceptors they were additionally 

determined for D-lactate, L-lactate and glycolate using the acceptor DCIP (Table 5). In 

general, the Km- values were lower when using cytochrome c, than with DCIP. 

 

 
Table 5.  AtD-LDH kinetic constants. Assays were performed with 1 µg purified enzyme, in 50 mM 

potassium phosphate buffer pH 8,75 with either 200 µM cytochrome c or 3 mM PMS and 200 µM 

DCIP as acceptors in a reaction volume of 200 µl. Substrate concentrations between 50 mM and 5 

µM were assayed and the catalytic constants were determined using non-linear regression. The 

values presented are the averages of three separate experiments and the standard error is 

indicated. 

 

 
 

The best substrate affinity was 61 µM, for D-2HB, using cytochrome c as an acceptor. 

However, the affinity for D-lactate and glycolate with cytochrome c was also high, with the 

Km value for D-lactate being 164 µM, and 432 µM for glycolate (Table 5). The highest Km-

values – being in the mM range – were determined for L-lactate and D-glycerate. The 

catalytic rate, kcat, also differed significantly between the different substrates with the 

highest ones being 88 min-1 and 65 min-1 for D-2HB and D-lactate, respectively. By far the 

slowest catalytic rate was measured with glycolate, whereas L-lactate and D-glycerate were 

converted at an intermediate rate.  
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3.1.9 The catalytic site of AtD-LDH 

Very little is known about the catalytically important residues in cytochrome c- dependent D-

LDH enzymes. In an attempt to identify conserved, potentially catalytic residues, all the 

homologous sequences used to create the phylogenetic tree (Fig. 7), and in addition, the 

AtD-2HGDH sequence was included in a new alignment. This procedure resulted in a small 

amount of conserved residues (Fig. 14). The AtD-2HGDH sequence was included since it is 

not so closely related to AtD-LDH, but still retains catalytic activity with 2-hydroxyacids 

(section 3.2.7), the substrate binding pocket may be changed, but the catalytic residues 

should be conserved. Finding out which of these conserved resides are catalytic is a 

challenge, because there are no crystal structure for cytochrome c dependent D-LDH 

enzymes.  

 

However, the SWISS-MODEL repository (http://swissmodel.expasy.org/repository/) is an 

initiative to provide annotated 3D models for all sequences in Swiss-Prot (Kiefer et al., 2009). 

In this initiative, proteins of unknown structure are modeled based on a known crystal 

structure of a homologous protein that is automatically sought out based on its suitability for 

the modeling process. From this repository, a homology model of AtD-LDH, based on the 

crystal structure of the Alkyldihydroxyacetonephosphate synthase (PDB ID: 2uuu) from the 

slime mold Dictyostelium discoideum was downloaded for analysis. This particular model is, 

however, based on a sequence which is not very homologous to AtD-LDH. Due to this, 

conclusions about the exact position and function of each amino acid are not possible, but 

residues close to the active site can still be identified. The conserved residues that are close 

to the active site are indicated in black. 

 

 

MAFASKFARSKTILSFLRPCRQLHSTPKSTGDVTVLSPVKGRRRLPTCWSSSLFPLAIAASATSFAYLNLSNP

SISESSSALDSRDITVGGKDSTEAVVKGEYKQVPKELISQLKTILEDNLTTDYDERYFHGKPQNSFHKAVNIP

DVVVFPRSEEEVSKILKSCNEYKVPIVPYGGATSIEGHTLAPKGGVCIDMSLMKRVKALHVEDMDVIVEPG

IGWLELNEYLEEYGLFFPLDPGPGASIGGMCATRCSGSLAVRYGTMRDNVISLKVVLPNGDVVKTASRAR

KSAAGYDLTRLIIGSEGTLGVITEITLRLQKIPQHSVVAVCNFPTVKDAADVAIATMMSGIQVSRVELLDEV

QIRAINMANGKNLTEAPTLMFEFIGTEAYTREQTQIVQQIASKHNGSDFMFAEEPEAKKELWKIRKEALW

ACYAMAPGHEAMITDVCVPLSHLAELISRSKKELDASSLLCTVIAHAGDGNFHTCIMFDPSSEEQRREAER

LNHFMVHSALSMDGTCTGEHGVGTGKMKYLEKELGIEALQTMKRIKKTLDPNDIMNPGKLIPPHVCF 

 

Figure 14. Conserved residues in AtD-LDH. An alignment was made with AtD-LDH and 16 homologous 

sequences, including that of AtD-2HGDH. Based on a homology model of AtD-LDH residues close 

to the catalytic site were identified. Conserved residues that are not close to the active site are 

indicated in grey. Conserved residues that are close to the active site are indicated in black. 

 

3.1.10 Isolation of knock-out mutants 

Now that the in vitro biochemical constants of AtD-LDH have been determined, the question 

is which substrate the enzyme uses in vivo and what the physiological function of the 

enzyme is. As all tested substrates except D-2HB and D-lactate were poorly used by the 
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enzyme due to either a very high Km or a very low Kcat, it is highly likely that either D-2HB or 

D-lactate is indeed the physiological substrate. To investigate the physiological role of AtD-

LDH, plant knock-out mutants were isolated. 

 

 

 
 

Figure 15.  Confirmation of At5g06580 T-DNA insertion mutants. (A) A schematic representation of 

At5g06580, exons are represented by blocks and introns by lines. Sites of T-DNA insertions are 

indicated. T-DNA insertions are not drawn to scale. (B) To confirm gene disruption, RNA was 

extracted from knock-out- and wild-type plants and first-strand cDNA synthesis was performed. 

Primers spanning the T-DNA insertion sites were used for PCR-amplification and were separated 

through agarose gel electrophoresis. 

 

Two independent T-DNA insertion lines SALK_026859 and SALK_001490, here named dldh 1-

1 and dldh 1-2, respectively, were ordered from the Nottingham Arabidopsis stock centre 

(NASC) (Fig. 15 A) and grown until homozygous for the T-DNA insertion. cDNA was prepared 

from these homozygous mutants and RT-PCR primers spanning the T-DNA insertions were 

used to determine whether native transcript was present. Both knock-out lines had a 

complete lack of such transcript (Fig. 15 B). 

 

3.1.11 In-gel assays of knock-out plants 

Wild-type and dldh 1-1 root protein extracts were used to test for activity with D-lactate and 

related substrates in a native-PAGE activity assay. One band with high mobility was observed 

when testing for D-LDH activity using D-lactate (Fig. 16). However, the banding pattern of 

wild-type and dldh 1-1 protein extracts were identical (Fig. 16). Similar results were obtained 

when assaying leaf protein extracts (data not shown). Thus, none of the activities seen on 

these native gels – including that with D-lactate – can originate from AtD-LDH. Despite 

extensive testing of different extraction methods and assay conditions no band 

corresponding to the activity of AtD-LDH could be detected on gels assayed with D-lactate. It 

is possible that the enzyme lost its activity during either extraction or electrophoresis. 
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Figure 16.  In-gel activity assays of plant protein extracts. Total root protein was extracted from A. thaliana 

wild-type and dldh knock-out plants and was run on native-PAGE (50 µg protein in each lane). 

The gels were subsequently cut in pieces and assayed for activity with different substrates and 

acceptors during 16 h in the dark at 30°C. 

 

3.1.12 Plant feeding experiments 

The two AtD-LDH knock-out lines had no visible phenotype compared to wild-type plants 

when grown on soil in short- or long-day conditions (data not shown). To investigate the 

physiological function of AtD-LDH, plants were grown on sterile medium supplemented with 

various substrates. The underlying assumption being that plants impaired in a certain 

pathway, due to the loss of AtD-LDH, would perform poorly when fed with high 

concentrations of a substrate involved in that pathway. When A. thaliana wild-type, dldh 1-1 

and dldh 1-2 plants were fed with either glycolate or L-lactate, wild-type and knock-out 

plants were equally inhibited (Fig. 17). In contrast, when fed with D-lactate or D-2HB, the 

knock-out plants performed much more poorly than wild-type plants (Fig. 17), indicating 

that AtD-LDH can metabolize these substrates in vivo. It is also worth noting that while wild-

type plants exhibit stunted growth with 10 mM D-lactate, as much as 50 mM of L-lactate is 

needed to achieve the same effect.  

 

In vivo, D-lactate is derived from the detoxification of MG. To test whether AtD-LDH might 

participate in the MG detoxification pathway (Fig. 6), wild-type and knock-out plants were 

further grown on different levels of D-lactate and methylglyoxal (MG). As previously shown 

(Fig. 17), the dldh knock-out plants performed worse than wild-type plants on medium 

containing D-lactate (Fig. 18). Moreover, when plants were fed MG, the knock-out plants 

also performed worse than wild-type (Fig. 18). Furthermore, the toxic effect was 

concentration-dependent for both substrates but MG was toxic at lower concentrations than 

D-lactate. This data enforces the notion that AtD-LDH participates in the MG detoxification 

pathway. However, when grown on 200 mM NaCl or 100 mM mannitol, conditions where 

the MG pathway should be of increased importance, knock-out plants did not show 

increased sensitivity (data not shown). 
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Figure 17. Substrate screening of wild-type and dldh mutant plants. ½ MS plates without sugar were 

supplemented with substrates as indicated. Plants were grown at 100 µmol m-2 s-1 photons in LD 

conditions for two weeks. 

 

In mammals and bacteria there are alternative pathways for MG breakdown, but it is not 

known if they exist in plants. These pathways commonly depend on aldehyde 

dehydrogenases converting the aldehyde of MG to a carboxylic acid group, forming pyruvate 

in the process. To test whether such an enzyme is present in wild-type plants, leaf and root 

protein extracts were used in an in-gel activity assay using 5 mM MG and either PMS, NAD+ 

or NADP+ as electron carriers. Assaying leaf protein extracts with PMS as an electron carrier 

yielded an unspecific band with low mobility (Fig. 19, A). This band is always present when 

leaf extracts are stained with PMS, it is of a different color than “true” activity bands, and is 

present also in no substrate controls. It thus represents unspecific staining and can be 

disregarded. In root extracts a putative aldehyde dehydrogenase activity could be detected 

(indicated by a star in Fig. 19, B), thus indicating that a second possible pathway for the 

catabolism of MG may exist in A. thaliana. 
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Figure 18.  Plant feeding experiments of wild-type and dldh mutant plants. ½ MS plates without sugar were 

supplemented with substrates as indicated. Plants were grown at 100 µmol m-2 s-1 photons in LD 

conditions for two weeks. 

 

 

 
 

Figure 19. Activity staining for aldehyde dehydrogenases acting on MG. Wild-type leaf (A) and root (B) 

protein extracts were run on a native-PAGE and stained 16 h at 30°C in the dark with 5 mM MG 

and either PMS, NAD+ or NADP+ as electron carriers. 50 mg protein was added in each lane. The 

band in (A) represent the unspecific bands that always appear in leaf extracts, regardless of 

substrates added. Putative aldehyde dehydrogenase activity with MG is indicated by a star in (B). 
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3.2 Characterization of the enzyme encoded by At4g36400 

 

3.2.1 Identification of the candidate enzyme 

As AtD-LDH does not use glycolate efficiently, but rather D-lactate and D-2HB, it cannot be 

used in the cloroplastidic GMK pathway (Fig. 5) and a new candidate enzyme must be 

sought. Lactate dehydrogenases perform similar reactions as glycolate dehydrogenases – the 

oxidation of a 2-hydroxyl group to a keto group – only with a slightly larger substrate. A 

paralog of the newly characterized AtD-LDH is thus likely to also perform this type of 

reaction, but might have an active site that allows for better binding of glycolate. At4g36400, 

the closest paralog of AtD-LDH with 24% identity, was chosen for further study. 

 

3.2.2 Phylogenetic analysis 

To get a picture of the distribution of orthologs of At4g36400, the amino acid sequence was 

used for a BLAST search against the NCBI databank. Representative sequences from animals, 

fungi and plants were selected and used to construct a phylogenetic tree (Fig. 20). Each 

organism only contains one sequence of high similarity, except for S. cerevisiae, which 

contains two. The enzymatic activities of four orthologous enzymes, Homo sapiens D-

2HGDH, Rattus norvegicus D-2HGDH, S. cerevisiae DLD2 and S. cerevisiae DLD3 are already 

known; the first two being D-2-hydroxyglutarate dehydrogenases (D-2HGDH), and the latter 

two D-LDHs. However, as the S. cerevisiae enzymes have not been tested with D-2-

hydroxyglutarate (D-2HG) as a substrate it cannot be excluded that these too are in fact D-

2HGDHs. The enzyme encoded by At4g36400 will thus be referred to as AtD-2HGDH for 

Arabidopsis thaliana D-2-hydroxyglutarate dehydrogenase in the remainder of this work.  
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Figure 20. Phylogenetic relationships of AtD-2HGDH. Protein sequences were aligned using ClustalW2. The 

phylogenetic tree was constructed by the neighbor-joining method using BioNJ and visualized 

using Dendroscope (59). Bootstrap values at the nodes represent the percentage support from 

500 replicates with neighbor-joining and maximum likelihood, respectively. Only bootstrap values 

over 50% are shown. The following sequences are included: Arabidopsis thaliana D-2HGDH 

(O23240); Helianthus tuberosus (EL452354); Zea mays (B4FWJ7); Sorghum bicolor 

(e_gw1.2.1014.1); Oryza sativa (Q7XI14); Ricinus communis (B9S687); Vitis vinifera (A7QE54); 

Medicago truncatula (MtAC136451_19.4); Homo sapiens (Q8N465); Danio rerio (A1L258); Mus 

musculus (Q8CIM3); Saccharomyces cerevisiae DLD2 (P46681); Saccharomyces cerevisiae DLD3 

(P39976); Kluyveromyces lactis (Q6CL48); Neurospora crassa (Q7RYX6); Pyrenophyra tritici-

repentis (B2WHR3); Aspergillus fulmigatus (Q4WE96); and Neosartorya fischeri (A1D092). 

 

To further visualize the conserved parts of the protein sequences, a multiple alignment was 

performed using the ClustalW2 algorithm with protein sequences from A. thaliana, S. 

cerevisiae and H. sapiens. While the three enzymes are not similar in their N- terminal part 

they show extensive similarity throughout the rest of the sequence (Fig. 21). An FAD binding 

domain, indicated in yellow, and a C-terminal FAD-linked oxidase domain, indicated in red, is 

conserved in all tree enzymes.  
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Figure 21.  Multiple sequence alignment. Protein sequences from A. thaliana D-2HGDH (O23240), S. cerevisiae DLD2 (P46681) and H. sapiens D-2HGDH (Q8N465) were aligned 

using the ClustalW2 algorithm (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Identical amino acids are indicated in black while similar amino acids are 

indicated in grey. The FAD binding domain and FAD-linked oxidase domain predicted by Pfam (http://pfam.sanger.ac.uk/) are indicated in yellow and red, 

respectively.  
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3.2.3 Cloning, heterologous expression and purification of AtD-2HGDH 

AtD-2HGDH was predicted to have a mitochondrial targeting sequence by using the MitoProt 

II v1.101 software (Claros and Vincens, 1996). To characterize AtD-2HGDH, the part of the 

DNA sequence coding for the mature protein, indicated by an arrow in Fig. 21, was amplified 

by PCR from leaf cDNA, cloned in frame with the N-terminal His-tag of the pET16b vector 

and expressed in the E. coli BLR strain through induction with IPTG. Induced cells showed a 

band at 63 kDa (Fig. 22, lane 2) that was missing in uninduced cells (Fig. 22, lane 1). The 

protein corresponding to this band was purified by affinity chromatography to apparent 

homogenity (Fig. 22, lane 4). For some measurements, this protein was further digested with 

factor Xa to remove the His-tag (Fig. 22, lane 5).  

 

 
 

Figure 22.  Purification and analysis by gel electrophoresis of the recombinant enzyme. Lane 1, 20 µg of 

noninduced cell culture lysate. Lane 2, 20 µg of cell culture lysate after 2 h of induction with 

isopropyl β-D-thiogalactopyranoside. Lane 3, 20 µg of Ni2+-NTA column flow through. Lane 4, 5 µg 

of purified recombinant D-2HGDH. Lane 5, AtD-2HGDH after factor Xa digestion. The molecular 

mass of the purified protein is indicated on the right. Molecular weight markers run in parallel 

are indicated on the left. 

 

3.2.4 Quaternary structure of AtD-2HGDH 

The purified recombinant enzyme was subjected to a native-PAGE. Part of the gel was 

stained with Coomassie to visualize the protein and molecular weight markers, while other 

parts of the gel was assayed for activity with D-2HG as substrate (Fig. 23). The enzyme 

showed a slightly lower mobility than the 132 kDa marker protein, indicating that it may 

form dimers. This was further supported by performing size-exclusion chromatography, 

which yielded a native molecular weight of 140 kDa. The in-gel activity-staining assay further 

confirmed that the enzyme has activity with D-2HG (Fig. 23), as indicated by the homology to 

other D-2HGDH enzymes (Fig. 21).  
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Figure 23.  Native-PAGE using isolated AtD-2HGDH. Approximately 10 µg of the purified enzyme was loaded 

and stained with Coomassie together with molecular weight markers, whereas 1 µg protein was 

loaded for the D-2HG activity staining and Western blot analysis.  

 

3.2.5 Analysis of the prosthetic group 

During the purification of AtD-2HGDH it was noted that the enzyme was brightly yellow. 

Since this is indicative for a flavin prosthetic group, the enzyme was boiled to release the 

group and its visible absorption spectrum was recorded. This spectrum perfectly matches 

that of the FAD and FMN standards with absorption maxima at 375 and 450 nm (Fig. 24).  

 

 
 

Figure 24.  Absorption spectra of prosthetic group and standards. The visible spectrum of FMN, FAD and 

the enzyme was recorded in 2 nm steps between 320 and 520 nm. 

 

To determine the identity of the prosthetic group bound to AtD-2HGDH, thin-layer 

chromatography of the isolated molecule, together with FMN, riboflavin and FAD standards 

was performed in two different buffer systems as well as in the native-PAGE assay. In all 

three experiments, the prosthetic group isolated from AtD-2HGDH has Rf values similar to 

those of FAD and not of the other standards (Table 6). 
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Table 6.  Chromatographic separation of the prosthetic group.  The At-D2HGDH prosthetic group was 

released by boiling and was spotted together with standards on a cellulose thin layer 

chromatography plate. The plates were run in the dark with the buffer systems (A)  5% Na2HPO4 

in aqueous solution and (B) 1-butanol:HAc:water in a 4:1:5 relationship. Sample positions were 

subsequently detected under UV. Samples were also analyzed on an 18% native polyacrylamide 

run in the dark with subsequent determination of sample position under UV light. The values 

presented represent the determined Rf-values. 

 

 Flavin standard AtD-2HGDH 

 FMN Riboflavin FAD Group 

TLC A 0.72 0.38 0.61 0.59 

TLC B 0.22 0.45 0.07 0.09 

PAGE 0.94 0.09 0.82 0.83 

 

Additionally, using FAD isolated from 120 µg of boiled enzyme in a final volume of 500 µl the 

absorption at 450 nm was 0.05. Taking into account that the extinction coefficient of FAD is 

11.3 mM-1 cm-1 and the calculated molecular mass of the recombinant enzyme is 60.7 kDa it 

was calculated that each mole of enzyme binds one mole of FAD. 

 

3.2.6 Co-factor analysis and pH optimum 

To determine which co-factor the enzyme uses, the oxidation of D-2HG was tested with 

either cytochrome c, DCIP, NAD+ or NADP+ as acceptors. The reduction of 2-oxoglutarate (2-

OG) was tested with either NADH or NADPH as electron donors (Table 7). No activity could 

be detected with neither NAD(P)+ nor NAD(P)H. While some activity was observed with 

cytochrome c, by far the best co-factor for AtD-2HGDH was the synthetic acceptor DCIP. This 

acceptor was used for all further enzymatic measurements with the enzyme. 

 
Table 7.  Co-factor analysis of AtD-2HGDH. The preferred co-factor of AtD-2HGDH was tested with the 

purified enzyme, 10 mM substrate and either of 200 µM cytochrome c, 200 µM DCIP and 3 mM 

PMS, 1 mM NAD(P)+ or 1 mM NAD(P)H. The activity given is the activity relative to the best 

acceptor. The values presented are the average of two independent experiments.  

 

 
 

The AtD-2HGDH pH optimum was determined using a 50 mM potassium phosphate adjusted 

to pH values ranging from 6 to 9.5. The AtD-2HGDH activity increases in a linear fashion with 

increasing pH, reaching a plateau between pH 8.5 and 9.5 (Fig. 25). However, the enzyme 

remains functional over the whole pH range, retaining around 15% activity at pH 6.0. pH 

8.75 was used for all further enzymatic measurements with AtD-2HGDH. 



Results 

57 

 

 
 

Figure 25.  pH optimum of AtD-2HGDH. The pH optimum was determined using D-2HG with DCIP and PMS 

in 50 mM potassium phosphate buffer adjusted at different pH values.  

 

 

3.2.7 Substrate screening 

To determine which other substrates the enzyme might use in addition to D-2HG, a 

substrate screening was performed. The AtD-2HGDH activity with a range of 2-hydroxy-acids 

and other related molecules was tested with DCIP as an electron acceptor. However, despite 

intense efforts, no other substrate than D-2HG could be identified for AtD-2HGDH (Fig. 26). 

When repeating the substrate screening using up to 7 µg enzyme in each 200 µl reaction and 

cytochrome c as an electron acceptor, weak activity with meso-tartrate, D-lactate and D-2HB 

was recorded, but this activity was too close to the detection limit of the assay to be 

accurately quantified. Moreover, purified enzyme digested with factor Xa to remove the His-

tag showed the same activity with the different substrates (data not shown). These results 

indicate that the only reaction catalyzed by AtD-2HGDH is the oxidation of D-2HG to 2-

oxoglutarate. 

 

3.2.8 Determination of kinetic constants 

As D-2HG is the only substrate used by AtD-2HGDH, it was used to determine the catalytic 

constants of the enzyme at pH 8.75 using the acceptor DCIP (Table 8). The enzyme affinity 

for D-2HG was high with a Km of 584 µM, and the catalytic rate was 48 min-1.  
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Figure 26.  Substrate screening with AtD-2HGDH. Purified AtD-2HGDH was used to assay a range of 

substrates (10 mM) using DCIP as an electron acceptor at pH 8.75. The change in absorption was 

monitored at 600 nm. The values presented are activity relative to the best substrate and are the 

averages of two separate experiments. 

 

 
Table 8.  Catalytic constants of AtD-2HGDH. Assays were performed with 5 µg purified enzyme, in 50 mM 

potassium phosphate buffer pH 8.75 with 3 mM PMS and 200 µM DCIP as electron acceptors in a 

reaction volume of 200 µL. Substrate concentrations between 50 mM and 5 µM were assayed 

and the catalytic constants were determined using non-linear regression. The values presented 

are the averages of three separate experiments and the standard error is indicated. 
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3.2.9 The catalytic site of AtD-2HGDH 

To identify the catalytically active amino acid residues in AtD-2HGDH, the approach 

described in section 3.1.9 was employed. In brief, the sequences used to create the AtD-

2HGDH phylogenetic tree (Fig. 20) and the AtD-LDH sequence were aligned using a multiple 

sequence alignment software. The residues that were conserved in all these sequences were 

then identified in homology model of AtD-2HGDH built based on the crystal structure of D-

lactate dehydrogenase from E. coli (PDB ID: 1f0x), retrieved from the SWISS-MODEL 

repository (http://swissmodel.expasy.org/repository/). Again, this homology model was 

based on a rather distant sequence. As a consequence, the exact structure of the catalytic 

site of AtD-2HGDH could be not be inferred. Residues conserved in all sequences, but not 

close to the catalytic site, are indicated in grey in Fig. 27, whereas conserved residues that 

are close to the active site are indicated in black. 

 

MMMQKLRRSGEFIRFGCKSLISSRPNKDSVSRSVSGFVNHYKSKGKLFELSDGNYKTELHHPCISRNVGM

LLQQYKCFGSSAASLIQRNPLFSSLDSKDVSYFKEILGEKNVVEDKERLETANTDWMHKYKGSSKLMLLPK

NTQEVSQILEYCDSRRLAVVPQGGNTGLVGGSVPVFDEVIVNVGLMNKILSFDEVSGVLVCEAGCILENLA

TFLDTKGFIMPLDLGAKGSCHIGGNVSTNAGGLRLIRYGSLHGTVLGLEAVTANGNVLDMLGTLRKDNTG

YDLKHLFIGSEGSLGIVTKVSILTQPKLSSVNLAFIACKDYLSCQKLLVEAKRNLGEILSAFEFLDNNSMDLVL

NHLDGVRNPVSSSENFYILIETTGSDETNDREKLEAFLLKSLEKGLVSDGVIAQDINQASSFWRIREGITEAL

QKAGAVYKYDLSLPVEEIYNIVNDLRGRLGDLANVMGYGHLGDGNLHLNISAAEYNDKLLGLIEPYVYEW

TSKHRGSISAEHGLGVMKANEIFYSKSPETVALMASIKKLLDPKGILNPYKVLPHSLFSN 

 

Figure 27. Conserved residues in AtD-2HGDH. An alignment was made with a total of 18 homologous 

sequences, including that of AtD-LDH. Based on a homology model of AtD-2HGDH, residues close 

to the catalytic site were identified. Conserved residues that are not close to the active site are 

indicated in grey. Conserved residues that are close to the active site are indicated in black. 

 

3.2.10 Isolation of knock-out mutants 

While AtD-2HGDH only catalyzes the oxidation of D-2HG, the participation of this particular 

metabolite in plant metabolism has not been described so far. To investigate the 

physiological role of AtD-2HGDH three independent T-DNA insertion lines for At4g36400, the 

gene encoding AtD-2HGDH, were ordered from NASC. The insertion lines were 

SALK_061383, SAIL_844_G06 and GABI_127F12, here referred to as d2hgdh 1-1, d2hgdh 1-2, 

and d2hgdh 1-3, respectively (Fig. 28 A). These plants were grown on soil and tested by PCR 

for homozygosity for the insertions. Lack of native At4g36400 transcript in the mutants was 

confirmed by PCR on cDNA using primers spanning the T-DNA insertion sites. None of the 

insertion mutants showed any native transcript (Fig. 28 B).  
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Figure 28.  Confirmation of At4g36400 T-DNA insertion lines. (A) A schematic representation of At4g36400, 

exons are represented by blocks and introns by lines. Sites of T-DNA insertions are indicated. T-

DNA insertions are not drawn to scale. (B) To confirm gene disruption RNA was extracted from 

KO- and wild-type plants and first-strand cDNA synthesis was performed. Primers spanning the T-

DNA insertion sites were used for PCR amplification and were separated by agarose gel 

electrophoresis. 

 

3.2.11 In-gel assays of knock-out plants 

To test whether AtD-2HGDH activity could be detected in plants, total root protein from 

wild-type, d2hgdh 1-1 and dldh 1-1 plants was run on a native-PAGE and stained for activity 

using D-2HG as substrate. Already after 2 h of incubation a band indicating D-2HGDH activity 

could be observed in the wild-type and dldh 1-1 mutant samples whereas it was missing in 

the d2hgdh 1-1 mutant (Fig. 29, A). The T-DNA mutants d2hghd 1-2 and d2hghd 1-3 were 

also tested for AtD-2HGDH activity with in-gel assays and it was absent also in these lines 

(data not shown). This confirmed that At4g36400 encodes a D-2HG dehydrogenase in planta 

and that this is the only enzyme with such an activity in A. thaliana. Moreover, as this band 

had a similar mobility as the band obtained with D-lactate (Fig. 16), extracts from wild-type 

and knock-out plants were further assayed for activity with D-lactate as substrate (Fig. 29 B). 

After prolonged incubation for 20 h the same banding pattern as in gels assayed for activity 

using D-2HG could be observed. These results show that the band observed on the gels 

assayed for activity with D-lactate in Fig. 16 and Fig. 29 results from the activity of AtD-

2HGDH.  



Figure 29.  In-gel activity assays of plant protein extracts.

and knock-out mutants and was run on native

subsequently stained for activity using substrates as indicated and PMS as an acceptor. Gels were 

assayed with D-lactate for 20 h and D

 

To test in which subcellular compartment AtD

extracted from wild-type, dldh 1

extraction method not involving freezing so that the organelles remained intact. Some of the 

raw extract from leaves and roots was loaded on a native gel and 

activity with D-2HG (Fig. 30). Both 

same level of AtD-2HGDH activity, whereas it was missing in the 

The remainder of the root extracts was subjected to differential centrifugation to separate 

plastids, mitochondria and cytosol. When assaying these fractions for AtD

a native gel, a very strong band could be seen in the fraction containing enriched 

mitochondria (Fig. 30). These data strongly indicate a mitochondrial localization of AtD

2HGDH.  

 

 

Figure 30.  In-gel activity assays of plant tissues and 

disrupted, the root sample was then subjected to differential centrifugation. 50 µg leaf protein, 

root protein and enriched mitochondrial protein was subjected to native

h with D-2HG and PMS

 
assays of plant protein extracts. Total root protein was extracted from wild

out mutants and was run on native-PAGE (50 µg protein in each lane). The gels were 

subsequently stained for activity using substrates as indicated and PMS as an acceptor. Gels were 

actate for 20 h and D-2HG for 2 h in the dark at 30°C. 

To test in which subcellular compartment AtD-2HGDH is localized, total protein was 

dldh 1-1 and d2hgdh 1-1 plants using fresh plant tissue and an 

extraction method not involving freezing so that the organelles remained intact. Some of the 

extract from leaves and roots was loaded on a native gel and assayed

2HG (Fig. 30). Both root and leaf extracts from wild-type and 

2HGDH activity, whereas it was missing in the d2hgdh 1

The remainder of the root extracts was subjected to differential centrifugation to separate 

ochondria and cytosol. When assaying these fractions for AtD

a native gel, a very strong band could be seen in the fraction containing enriched 

mitochondria (Fig. 30). These data strongly indicate a mitochondrial localization of AtD

of plant tissues and mitochondria. Fresh plant tissue (leaves and roots) was 

disrupted, the root sample was then subjected to differential centrifugation. 50 µg leaf protein, 

root protein and enriched mitochondrial protein was subjected to native-PAGE and stained for 2 

2HG and PMS in the dark at 30°C. WT= wild-type plants. 
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Total root protein was extracted from wild-type 

PAGE (50 µg protein in each lane). The gels were 

subsequently stained for activity using substrates as indicated and PMS as an acceptor. Gels were 

2HGDH is localized, total protein was 

plants using fresh plant tissue and an 

extraction method not involving freezing so that the organelles remained intact. Some of the 

assayed for AtD-2HGDH 

type and dldh 1-1 had the 

d2hgdh 1-1 mutant extracts. 

The remainder of the root extracts was subjected to differential centrifugation to separate 

ochondria and cytosol. When assaying these fractions for AtD-2HGDH activity on 

a native gel, a very strong band could be seen in the fraction containing enriched 

mitochondria (Fig. 30). These data strongly indicate a mitochondrial localization of AtD-

 

Fresh plant tissue (leaves and roots) was 

disrupted, the root sample was then subjected to differential centrifugation. 50 µg leaf protein, 

PAGE and stained for 2 
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3.2.12 In silico co-expression analysis 

Little is known about D-2HG metabolism in plants and in which pathway the metabolite 

might participate. To get clues about the in vivo function of AtD-2HGDH the ATTED database 

(http://atted.jp/) (Obayashi et al., 2009) was searched for genes co-expressed with AtD-

2HGDH. In the top 300 co-regulated genes there were many participating in β-oxidation, 

chlorophyll breakdown and branched chain amino-acid degradation. The co-regulated genes 

participating in these pathways are listed in Table 9.  

 

Table 9  List of genes coordinately expressed with AtD-2HGDH. A subset of the data retrieved from 

ATTED (http://atted.jp/) is displayed. Only co-regulated genes involved in ß-oxidation, branched-

chain amino acid degradation and chlorophyll breakdown are shown. The abbreviations used in 

Fig. 31 are also listed. MR: Mutual Rank. 

Locus 

 

Function 

 
Abbrev. as 

used in Fig. 31 

MR 

 

ß-oxidation    
At4g29010 
 

fatty acid multifunctional protein (AIM1; 2-trans-enoylCoA 
hydratase, L-3-hydroxyacylCoA dehydrogenase) 

ECH/HCD 
 

2.8 
 

At4g05160 acyl-coenzyme A synthetase ACS 5.1 
At4g13360 enoyl-CoA hydratase/isomerase  ECH/ECI 15.0 
At2g33150 3-ketoacyl-CoA thiolase  (KAT2/PED1) KAT 31.1 
At3g06810 acyl-CoA dehydrogenase-related (IBR3) HCD 39.2 
At1g76150 enoyl-CoA hydratase 2 ECH 40.9 
At2g42790 citrate synthase 3 (CYS3) CYS 48.2 
At4g13250 acyl-CoA oxidase 4 (ACX4) ACX 62.5 
At5g65110 acyl-CoA oxidase 2 (ACX2) ACX 85.9 
At3g06690 acyl-CoA oxidase ACX 101.5 
At3g12800 2,4-dienoyl-CoA reductase dECR 114.2 
At3g58750 citrate synthase 2 (CYS2) CYS 124.1 
At4g39850 peroxisomal ABC transporter (PXA1) PXA 125.2 
At3g06860 
 

fatty acid multifunctional protein (MFP2; 2-trans-
enoylCoA hydratase, L-3-hydroxyacylCoA dehydrogenase) 

ECH/HCD 
 

147.8 
 

At1g20630 catalase 1 CAT 209.2 

Branched-chain amino acid degradation   

At3g45300 isovaleryl-CoA-dehydrogenase IVD 48.9 

At1g55510 
branched-chain alpha-keto acid decarboxylase E1 ß 

subunit BCKDC 72.6 

At1g21400 
branched-chain alpha keto acid decarboxylase E1 α 
subunit BCKDC 106.1 

At4g20930 3-hydroxyisobutyrate dehydrogenase 3-HIBD 117.5 
At2g43400 electron transfer flavoprotein:ubiquinone oxidoreductase ETFQO 148.0 
At5g43430 electron transfer flavoprotein ß subunit ETF 150.4 
At1g10070 branched-chain aminotransferase (ATBCAT-2) BCAT 201.2 

Chlorophyll breakdown   

At5g13800 pheophytinase (AtPPH) PPH 17.6 
At3g44880 pheophorbide a oxygenase PaO 20.8 
At2g01490 phytanoyl-CoA dioxygenase PhCd 34.0 
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To make this data more accessible, the pathways in question are schematically shown in Fig. 

31. Proteins corresponding to the co-expressed genes in the pathways are written in red. It is 

notable that almost all genes in three separate pathways are co-expressed with AtD-2HGDH. 

All three pathways have in common that they ultimately produce propionyl-CoA.  
 

 

 

 

Figure 31.  In silico co-expression analysis of AtD-2HGDH. Genes co-expressed with AtD-2HGDH (from Table 

9) are indicated in red. Only genes participating in valine (Val) and isoleucine (Ile) catabolism, 

phytol breakdown and β-oxidation are shown. 

 

3.2.13 Dark-induced senescence and metabolite profiling 

Based on the indications that AtD-2HGDH is co-regulated with genes from fatty acid β-

oxidation, phytol breakdown and catabolism of valine and isoleucine, plant dark-induced-

senescence experiments were performed. Control samples were taken in the middle of the 

light period of 5-week-old short-day grown wild-type and d2hgdh plants. At the end of the 

light period the plants were transferred to complete darkness for 4 days. During this dark 

incubation further samples were taken after 16 h of darkness, which is the normal length of 

the night, and subsequently after 24, 48, 72 and 96 h of extended darkness. As a 

measurement of plant fitness during this experiment the Fv/Fm ratio of live plants was 

recorded at each time point using an imaging-PAM (Fig. 32). From the tissue samples taken, 

total metabolites were extracted, and a metabolic fingerprinting was conducted by GC-MS 
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(Fig. 33). Both metabolite measurements and PAM imaging were done for the two knock-out 

lines d2hgdh 1-1 and d2hgdh 1-3, but since they showed the same profile, only the 

metabolite data of d2ghdh 1-1 is displayed for simplicity.  

 

 
 

Figure 32. Fv/Fm ratio of dark-treated plants. An IMAGING-PAM Maxi system was used for the 

measurements. For the first time-point plants were incubated 20 min in the dark before 

measurement, the other time-points were measured directly. Fv/Fm ratio was recorded in the 

middle of the light period (Day), at end of the night (EON) and after 24, 48, 72 and 96 h of 

extended darkness and was calculated for at least 4 leaves of each plant and the averages are 

displayed. Bars indicate standard error.  

 

Several differences were observed between the metabolite profiles of wild-type and knock-

out plants. There was a slight elevation of the organic acids citrate, isocitrate, succinate and 

fumarate at 48, 72 and 96 hours of extended darkness (Fig. 33). 2-oxoglutarate, the product 

of the D-2HDGH reaction, was also constitutively higher in knock-out plants. In contrast, 

malate levels remained identical between the two genotypes. Moreover, no accumulation of 

lactate or glycolate could be observed in the mutant plants, showing once more that AtD-

2HGDH does not participate in the metabolism of these substrates. There was also no 

difference in sugar metabolism as indicated by the mannose, sucrose, fructose and glucose 

levels. However, in the knock-out mutants there was a substantial accumulation of most 

amino acids (Fig. 33), including those known as markers of senescence like valine, isoleucine, 

phenylalanine, tyrosine and tryptophan (Fahnenstich et al., 2007).  By far the most striking 

difference between wild-type and knock-out plants is the continuous accumulation of 2HG in 

dark-treated knock-out plants (Fig. 33, top right).  
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Figure 33. GC-MS metabolite profile of wild-type and d2hgdh plants. Leaf tissue from 5-week old short-day 

grown plants was analyzed by GC-MS. The samples were taken at the following timepoints: Light: 

in the middle of the light period (4h of light), EON: at the end of a night (16h dark), 24: 24 h of 

extended darkness, 48: 48 h of extended darkness, 72: 72 h of extended darkness, 96: 96 h of 

extended darkness. The y-axis denotes the peak area. Black bars represent wild-type and grey 

bars d2hgdh1-1 plants. 
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To better visualize this drastic accumulation of 2HG the same data is reproduced in Fig. 34, 

but in this case with both knock-out lines. While the relative accumulation of 2-HG in wild-

type and knock-out plants is similar after 96 hours of extended darkness, the levels of this 

metabolite was close to the detection limit in wild-type plants and 50-100 times higher in 

the knock-out plants. 

 

 

 
 

Figure 34.  Accumulation of 2HG in knock-out plants during extended night. Leaf tissue from 5-week-old 

short-day grown plants was analyzed by GC-MS. The samples were taken at the following time 

points:  Light: in the middle of the light period (4h of light), at the end of a night (16 h dark), 24: 

24 h of extended darkness, 48: 48 h of extended darkness, 72: 72 h of extended darkness, 96: 96 

h of extended darkness. 
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3.3 Characterization of the enzyme encoded by At4g18360 

All the data collected for AtD-LDH and AtD-2HGDH indicate that they do not efficiently 

metabolize glycolate in vitro or in vivo. Another approach thus needs to be pursued to find a 

GDH suitable for the chloroplastic GMK pathway (Fig. 5). To determine whether a suitable 

enzyme is already present in A. thaliana, total protein was extracted from leaves and roots. 

The proteins were subsequently separated by native-PAGE and assayed for activity using 

either D-lactate, L-lactate or glycolate as substrates and using one of the two electron 

carriers PMS or NAD+ (Fig. 35). This method enables separation of enzymes and specific 

visualization of their respective activities. By separately employing PMS and NAD+ one can 

visualize proteins with different co-factor preference. 

 

 
 

Figure 35. In-gel staining of plant total protein. Total root and leaf protein was extracted from A. thaliana 

and were run on native-PAGE with 30 µg protein in each lane. The gels were subsequently cut in 

pieces and stained with different substrates and acceptors for 16 h in the dark at 30°C.  

 

Assaying leaf protein extracts with PMS as an electron carrier yielded a band of low mobility 

(Fig. 35 A). This is the same unspecific band that was observed previously (Fig. 19 A), and can 

therefore be disregarded. When leaf extracts were further assayed with NAD+ one single 

band was observed with L-lactate (Fig. 35, B 1). Root extracts assayed with PMS yielded 

bands for each of the three substrates (Fig 35 C). It is likely that the band observed with L-

lactate and glycolate on this gel resulted from the same enzyme as they had the same 

mobility (Fig. 35, C 3). When assaying root extracts with NAD+, two bands of different 

mobility could be observed with D-lactate and L-lactate (Fig. 35, D 1 and 2). The band 

observed with D-lactate using both PMS and NAD+ as electron carriers had the same mobility 

(Fig. 35, C 2 and D 2). When loading more leaf protein on the gels and extending the 

incubation time a band with the same mobility as that found in root tissue (Fig. 35, C and D) 

could be detected when staining with D-lactate (data not shown)  
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It thus appears that three distinct activities have been detected using this approach; one 

activity that is present in leaves and roots, capable of oxidizing L-lactate with NAD+ as a co-

factor (Fig. 35, B 1 and D 1), one activity present in roots, and to a lesser extent in leaves (not 

shown), which oxidizes D-lactate with either NAD+ or PMS as a co-factor (Fig. 35, C 2 and D 

2), and finally, one activity present only in roots that oxidizes L-lactate and glycolate using 

PMS as a co-factor (Fig. 35, C 3). 

 

This latter enzymatic activity seemed a fitting new candidate for a GDH as it evidently 

consumes glycolate. However, the identity of the enzyme responsible for this activity was 

not known and must therefore be determined before the enzyme could be used in further 

experiments.  

 

3.3.1 Identification of the candidate 

From the in-gel assays performed previously, a few properties about the enzyme could be 

determined. It could oxidize glycolate, L-lactate and L-2HB using PMS as an electron 

acceptor, but not with NAD+ or NADP+ as electron acceptors. Moreover, the enzyme did not 

show any activity with the D-enantiomer of either lactate or 2HB. Using this information, the 

existing literature, as well as enzyme databases, were searched for enzymes with similar 

characteristics. Such an enzyme was found among the L-lactate cytochrome c 

oxidoreductases (L-LDHc, EC 1.1.2.3) as well as among the (S)-2-hydroxy-acid oxidases 

(HAOX, EC 1.1.3.15). From the L-LDHc enzyme properties deposited in the BRENDA database 

(Chang et al., 2009) only the S. cerevisiae CYB2 had a low level of activity with glycolate, but 

could use DCIP as an electron acceptor in enzyme assays. In contrast, several of the HAOX 

enzymes in the database had activity with glycolate, L-lactate and L-2HB using either oxygen 

or DCIP as an electron acceptor. When performing a BLAST search on A. thaliana protein, 

using the amino acid sequence of either the S. cerevisiae CYB2 or the H. sapiens HAOX1, the 

same top five hits were retrieved both times. These were AtGOX1, AtGOX2, AtGOX3, 

AtHAOX1 and AtHAOX2, all five A. thaliana GOs (Fig. 2). Furthermore, from these five 

candidates only At4g18360, coding for AtGOX3, was expressed in roots and not in leaves 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), a pattern also observed on the activity gels 

in Fig. 35. AtGOX3 therefore became the main candidate gene suspected to encode the 

glycolate dehydrogenase seen on the native gel. A multiple sequence alignment of the five 

GOs together with the H. sapiens HAOX1 is shown in Fig. 36. 
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Figure 36.  Sequence alignment of HAOX1 from H. sapiens and the five glycolate oxidases from A. thaliana. At3g14420 (GOX1), At3g14415 (AtGOX2), At4g18360 (AtGOX3), 

At3g14130 (AtHAOX1), At3g14150 (AtHAOX2) and H. sapiens HAOX1 protein sequences were aligned using the multiple alignment software MUSCLE. Conserved 

amino acids are shown with a black background, amino acids with similar properties are shown in grey. The residues are only colored if more than 4 of the 

sequences show the same property. A conserved FMN dependent dehydrogenase domain stretches over the whole protein. Residues in the catalytic site are 

indicated by arrowheads. 
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3.3.2 Isolation of knock-out mutants 

To test whether the enzyme detected in the in-gel assays using glycolate, L-lactate and L-2HB 

is encoded by At4g18360 the T-DNA insertion line GK_523D09, here referred to as gox 3-1, 

was ordered from NASC (Fig. 37 A). The lines were grown on soil, and checked for 

homozygous T-DNA insertions by PCR. RNA was further isolated from the homozygous plants 

and first strand cDNA synthesis performed. Using primers spanning the T-DNA insertions the 

knock-out plants were checked for native transcript for the disrupted gene. The gox 3-1 line 

lacks native transcript (Fig. 37 B).  

 

 
 

Figure 37. Confirmation of At4g18360 T-DNA insertion mutants. (A) A schematic representation of 

At4g18360, exons are represented by blocks and introns by lines. The sites of the T-DNA insertion 

is indicated. T-DNA insertion is not drawn to scale. (B) To confirm gene disruption RNA was 

extracted from knock-out and wild-type roots and first-strand cDNA synthesis was performed. 

Primers spanning the T-DNA insertion sites were used for PCR-amplification and were separated 

by agarose gel electrophoresis. 

 

3.3.3 In-gel assays of knock-out mutants 
Total root protein was isolated from wild-type and gox 3-1, run on a native-PAGE and 

assayed for activity using L-lactate, glycolate or D-2HG as substrates and PMS as an electron 

carrier (Fig. 38). In the two gels assayed with L-lactate and glycolate, a clear band can be 

seen in the wild-type sample whereas it is missing in the knock-out extract (Fig. 38, A and B). 

Also the band observed when assaying with L-2HB was absent in the knock-out extracts 

(data not shown). These results identify At4g18360 to encode the glycolate, L-lactate and L-

2HB oxidizing enzyme seen on the native-PAGE gels. The D-2HG-stained gel serves as a 

positive control for equal loading and activity (Fig. 38, C). 
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Figure 38.  In-gel activity assays of plant protein extracts. Total root protein was extracted from A. thaliana 

and run on native-PAGE with 50 µg protein in each lane. The gels were subsequently stained with 

substrates as indicated using PMS as an acceptor. Gels were stained with D-2HG for 2h and with 

L-lactate and glycolate for 16 h in the dark at 30°C. 

 

3.3.3 Cloning, heterologous expression and purification of AtGOX3 

The entire GOX3 coding sequence was amplified from root cDNA and cloned in-frame with 

the N-terminal His-tag present in the pET16b expression vector and transformed in BLR cells. 

Cultures were grown and samples were taken before and after expression induction through 

IPTG addition (Fig. 39, 1 and 2). Western blot experiments using anti His antibodies 

confirmed the expression in induced cells. AtGOX3 was further purified to over 95% purity 

from the induced cells using Ni2+-NTA affinity chromatography (Fig. 39, 3).  

 

 

Figure 39.  SDS gel of AtGOX3 purification. Lane 1, 20 µg of noninduced cell culture lysate. Lane 2, 20 µg of 

cell culture lysate after 4 h of induction with isopropyl β-D-thiogalactopyranoside. Lane 3, 5 µg of 

purified recombinant AtGOX3. 

 

3.3.4 Co-factor analysis and pH optimum 

To biochemically characterize AtGOX3, the enzyme activity with glycolate was tested using a 

number of different electron acceptors (Table 10). Glycolate was used due to the high 

sequence similarity of AtGOX3 with glycolate oxidases (Fig. 36) and since in-gel assays 

showed the enzyme to be active with this substrate (Fig. 38). No activity could be detected 
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when assaying the enzyme with either NAD+, NADP+ or cytochrome c, or with glyoxylate and 

either NADH or NADPH. In contrast, when assaying for activity using no acceptor, by 

measuring product accumulation, or when assaying with DCIP high activity could be 

detected.  

 
Table 10. Co-factor analysis of AtGOX3. The preferred co-factor of AtGOX3 was tested with the purified 

enzyme, 10 mM substrate and either of 200 µM cytochrome c, 200 µM DCIP and 3 mM PMS, 1 

mM NAD(P)+ or 1 mM NAD(P)H. Reduction of the acceptors was monitored photometrically. 

When measuring the activity with O2 as an acceptor the product accumulation was monitored 

using phenylhydrazine. The activity given is the activity relative to the best acceptor. The values 

presented are the average of two independent experiments. 

 

 
 

The pH optimum for AtGOX3 was further determined in 100 mM TRIS-HCl buffer, using 

glycolate as substrate and with the two best acceptors, O2 and DCIP (Fig. 40). With both 

acceptors, the enzyme pH dependent activity has a bell-shaped curve with a pH optimum at 

about 7.5, while retaining about 20% of the activity at pH 6.0 and pH 9.5. 

 

 
 

Figure 40.  pH optimum of AtGOX3.  The pH optima of AtGOX3 was determined in standard assay conditions 

with 100 mM TRIS-HCl using either no added acceptor (left panel), in which case O2 served as the 

ultimate electron acceptor, or PMS and DCIP (right panel). The values presented in each separate 

figure are the relative activity compared to the highest activity obtained.  
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3.3.5 Substrate screening 

In-gel assays of AtGOX3 from plant extracts showed that the enzyme oxidizes both glycolate 

and L-lactate, but not D-lactate (Fig. 35, C and D, Fig. 38). These substrates were tested in a 

substrate screening with the purified enzyme. The activity with glycolate and both 

enantiomers of lactate and 2HB were assayed using oxygen or DCIP as acceptors (Fig. 41). 

Recombinant, purified AtGOX3 has activity with glycolate, L-lactate and L-2HB, but not with 

D-lactate or D-2HB. These results, perfectly parallel those from the in-gel assays performed 

with native plant protein. Interestingly, the enzyme shows different preferences for the 

substrates depending on which acceptor is used. While the activity with glycolate is around 

43% with both acceptors, the activity decreases with larger substrates when O2 is used as an 

acceptor, whereas the activity increases with larger substrates when DCIP is used as an 

acceptor. This effect was reproduced with different batches of purified enzyme. 

 

 
 

Figure 41.  Substrate screening with AtGOX3. Purified AtGOX3 was assayed at pH 7.5 with a range of 

substrates present at a concentration of 10 mM. Either oxygen or PMS and DCIP served as 

electron acceptors. The values presented are the averages of two separate experiments and 

indicate the activity relative to the best substrate, with the best acceptor. 

 

3.3.6 Determination of kinetic constants 

The AtGOX3 kinetic constants with glycolate, L-lactate and L-2HB were determined using 

oxygen and DCIP as acceptors in a 100 mM TRIS-HCl buffer pH 7.5. When using oxygen as an 

acceptor the enzyme showed high affinity for all substrates with Km values of a few hundred 

µM (Table 11). In contrast, when using DCIP as an acceptor the enzyme had a Km in the µM 

range with glycolate, whereas it was in the mM range with the two other substrates. 

However, the catalytic rates were higher when using DCIP as an acceptor. Thus, the catalytic 

efficiency (kcat/Km) indicates that the best substrate with both acceptors is glycolate although 

the difference to the other substrates is small.  
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Table 11.  AtGOX3 kinetic constants. Assays were performed with 1-2 µg purified enzyme, in 100 mM TRIS-

HCl buffer pH 7.5 with either no acceptor or 3 mM PMS and 200 µM DCIP as acceptors in a 

reaction volume of 200 µl. Substrate concentrations between 50 mM and 5 µM were assayed and 

the catalytic constants were determined using non-linear regression. The values presented are 

the averages of three separate experiments and the standard error is indicated. 

 

 
 

3.3.7 Structural considerations 

AtGOX3 shares high sequence homology with the S. oleaceae glycolate oxidase (not shown) 

and the H. sapiens HAOX1 (Fig. 36), both enzymes for which high-resolution crystal 

structures exist (PDB ID: 1gox and 2nzl, respectively). The HAOX1 crystal structure was 

determined in a complex with glyoxylate at 1.35Å resolution. To gain further insight into the 

catalytic site of AtGOX3, with particular focus on which amino acids coordinate the 

substrate, the crystal structure of HAOX1 was analyzed. In the analysis, six amino acids 

playing an important role in the catalytic site could be identified (Fig. 42). All six of these 

amino acids are conserved in AtGOX3. Moreover, a homology model of AtGOX3, based on 

the crystal structure of S. oleaceae glycolate oxidase (PDB ID: 1gox), was retrieved from the 

SWISS-MODEL repository. In this model the six amino acids were positioned in the active 

site.  

 

3.3.8 Plant feeding experiments 
The in vitro activity assays with purified recombinant AtGOX3 revealed high enzyme activity 

with both glycolate and L-lactate. To elucidate which of these substrates is the physiological 

one wild-type and knock-out plants were grown on sterile medium supplemented with 

either L-lactate or glycolate. On control plates and on plates supplemented with glycolate 

root growth was similar for both genotypes (Fig. 43, left and right panel), even though a 

dose-dependent toxicity of glycolate could be observed (not shown). In contrast, root 

growth on medium supplemented with L-lactate was impaired in gox3-1 as compared to 

wild-type plants (Fig. 43, center panel). This difference in root growth was consistently seen 

in a dose-dependent manner over the concentration range of 0.5 mM to 10 mM L-lactate. 
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Figure 42.  Active site of H. sapiens HAOX1 complexed with glyoxylate. The crystal structure for H. sapiens 

HAOX1 (PDB ID: 2nzl) was analyzed to identify catalytically important amino acid residues. 

Glyoxylate is shown in the middle, kept in place through hydrogen bonds (green dotted lines). 

Red indicates oxygen atoms and blue nitrogen atoms. 

 

 

 
 

Figure 43. Plant feeding experiments of wild-type and gox3-1 plants. ½ MS plates without sugar were 

supplemented with substrates as indicated. Plants were grown at 100 µmol m-2 s-1 photons in 

LD conditions for three weeks.
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4. Discussion 

The main goal of this work was to identify and characterize a glycolate dehydrogenase 

capable of replacing the H2O2-producing glycolate oxidase in the chloroplastic GMK pathway 

(Fig. 5). The expectations were that the novel pathway should at least parallel, and most 

likely exceed, the old one in efficiency in decreasing photorespiration. With this purpose in 

mind, three putative glycolate dehydrogenases from A. thaliana were biochemically 

characterized. Moreover, in silico and in planta analysis allowed for roles of these enzymes 

in novel metabolic pathways to be proposed. 

 

4.1 At5g06580 encodes a D-LDH 

 

4.1.1 AtD-LDH is conserved in evolution and localizes to mitochondria 

The enzyme encoded by At5g06580 was identified as a good candidate for the chloroplastic 

GMK pathway since it had previously been described as a glycolate dehydrogenase  (Bari et 

al., 2004; Niessen et al., 2007). To ensure that the enzyme would be suited for the pathway 

its complete characterization was undertaken. A phylogenetic analysis performed with the 

amino acid sequence of At5g06580 showed that the enzyme shares strong homology with 

enzymes from plants, animals, fungi and yeasts (Figs. 7 and 8). The conservation of this 

enzyme in such a wide range of organisms is an indication that it may play an important role 

in metabolism, as it may otherwise easily have been lost. The orthologs in mammals, (Flick 

and Konieczny, 2002) and unicellular fungi (Gregolin and Singer, 1963; Lodi and Ferrero, 

1993; Lodi et al., 1994) are cytochrome c- dependent D-lactate dehydrogenases (EC 1.1.2.4).  

 

The purified mature AtD-LDH protein, lacking the transit peptide, was shown to be a 

homodimeric FAD-containing flavoprotein (Fig. 11 and Table 3). Consistent with this, the 

protein was predicted to have a conserved FAD binding domain, and a C-terminal FAD-linked 

oxidase domain (Fig. 8). The enzyme was found to have high activity with both cytochrome c 

and DCIP as acceptors (Table 4). Activity with both these acceptors is a common feature of 

many D-lactate dehydrogenases (Table 2). Since DCIP is a synthetic electron acceptor it must 

therefore be concluded that cytochrome c is the likely in vivo acceptor of AtD-LDH. 

Cytochrome c is present in the mitochondrial intermembrane space where it shuttles 

electrons between complex III and complex IV in the respiratory chain. This is consistent with 

the mitochondrial localization of AtD-LDH which is predicted by targeting sequence 

prediction software (http://aramemnon.botanik.uni-koeln.de/index.ep) and additionally 

confirmed by subcellular localization studies performed using a GFP fusion protein (Bari et 

al., 2004). Moreover, there is a predicted hydrophobic α-helix between amino acid 48-68 of 

AtD-LDH (http://aramemnon.botanik.uni-koeln.de/index.ep) that may serve to anchor the 

protein in the mitochondrial inner membrane. This would bring AtD-LDH closer to 

cytochrome c, which is associated which with the mitochondrial inner membrane (Kostrzewa 

et al., 2000). 
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4.1.2 AtD-LDH is specific for D-lactate and D-2HB 

AtD-LDH was highly specific for D-2-hydroxy-acids (Fig. 13 and Table 5). Even though the 

enzyme had moderate catalytic rates with L-lactate and D-glycerate, the enzyme had very 

low affinity for these substrates (Table 5). Through a combination of low Km- values and a 

high kcat of AtD-LDH with D-lactate and D-2HB, the catalytic efficiency (kcat/Km) with these 

two substrates exceeds by far that of the other substrates and one of them are likely to be 

the in vivo substrate (Table 5). Moreover, while AtD-LDH displayed high affinity for glycolate, 

it had an extremely low catalytic rate towards this substrate. It is therefore highly unlikely 

that the enzyme participates in glycolate metabolism in planta. High cytochrome c- 

dependent activity with D-lactate and D-2HB and low or no activity with L-lactate and 

glycolate, are characteristics similar to those of characterized D-LDHs from P. elsdenii 

(Brockman and Wood, 1975), S. cerevisiae (Gregolin and Singer, 1963), R. palustris (Horikiri 

et al., 2004), and D. vulgaris (Ogata et al., 1981) (Table 2). The obtained results therefore 

indicate that At5g06580 should be re-classified from the EC 1.1.99.14 group into the EC 

1.1.2.4 group (cytochrome c-dependent D-LDH).  

 

No crystal structure exists of any cytochrome c- dependent D-LDH and the catalytically 

important residues are therefore not known. However, in this work, nine amino acid 

residues with putative catalytic roles in AtD-LDH were identified through a combination of 

multiple sequence alignment and evaluation of a homology model (Fig. 14, indicated in 

black). All these residues share the feature that they are highly conserved and are also 

positioned in the catalytic site of the homology model. The use of homology models for 

identifying catalytic residues is frequently performed with much success (Ito et al., 2009; 

Rahier et al., 2009). The purpose of this analysis was to identify targets for directed 

mutagenesis of AtD-LDH and the function of these residues must be confirmed using such an 

approach.  

 

4.1.3 AtD-LDH metabolizes D-lactate in vivo 

Two independent T-DNA insertion lines for At5g06580 were isolated and these were shown 

to be completely devoid of native AtD-LDH transcript (Fig. 15), but still showed no 

phenotype deviating from that of wild-type plants. Expression of AtD-LDH in E. coli mutants 

lacking any of the three subunits of glycolate oxidase restores growth on glycolate (Bari et 

al., 2004), indicating the enzyme would be able to metabolize glycolate, at least when high 

concentrations of this substrate are present. However, when growing dldh plants on high 

concentrations of glycolate, no difference between wild-type and knock-out plants could be 

observed, even though toxic levels of the substrates were reached as seen by the stunted 

growth of plants in these experiments (Fig. 17). The lack of difference between wild-type 

and knock-out plants growing on this substrate strongly indicates that AtD-LDH does not 

metabolize it in planta as the knock-out plants should otherwise be more sensitive than 

wild-type plants. The low catalytic activity determined for AtD-LDH using glycolate (Table 5) 

is a further indication that glycolate may not be the substrate in vivo. 
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In contrast, when plants were grown on plates containing D-lactate or D-2HB, the knock-out 

mutants were much more sensitive than wild-type plants, indicating that AtD-LDH can 

detoxify these substrates in vivo. While 2-ketobutyrate, the product of D-2HB oxidation, is an 

intermediate in isoleucine biosynthesis, there are no reports about possible production of D-

2HB in plant tissues. In mammals, D-2HB is produced principally in hepatic tissues as a by-

product during L-threonine catabolism (Hammer et al., 1996) and glutathione biosynthesis 

(Fernández-Checa et al., 1992) but this has not been shown in plants. It is therefore likely 

that the high activity of AtD-LDH toward D-2HB represents a side reaction of no physiological 

importance. 

 

There is, however, evidence of D-lactate production through the consecutive action of 

glyoxalase I and glyoxalase II in the methylglyoxal detoxification pathway (Fig. 6) (Atlante et 

al., 2005; Thornalley, 1990). In A. thaliana, glyoxalase I (At1g67280) and glyoxalase II 

(At1g06130) have been identified and are ubiquitously expressed. Glyoxalase I is found 

exclusively in the cytosol (Thornalley, 1990), and glyoxalase II is localized to the cytosol and 

mitochondria (Atlante et al., 2005; Maiti et al., 1997). The import of D-lactate into plant 

mitochondria by a D-lactate/H+ symporter or a D-lactate/malate carrier and its subsequent 

metabolism by a flavoprotein has been reported in H. tuberosus, but no genes encoding the 

responsible enzymes were identified (Atlante et al., 2005; de Bari et al., 2005). The 

ubiquitous expression of AtD-LDH (Winter et al., 2007), its mitochondrial localization (Bari et 

al., 2004; Schwacke et al., 2003), and its preference for D-lactate indicate that this enzyme 

may perform the oxidation of D-lactate produced in mitochondria or cytosol through the 

glyoxalase system in A. thaliana (Fig. 6). A role of AtD-LDH in the MG detoxification pathway 

was further substantiated by growing plants on different concentrations of D-lactate and MG 

(Fig. 18). AtD-LDH knock-out plants are more sensitive than wild-type towards both D-lactate 

as well as its precursor MG. This shows that AtD-LDH is needed by A. thaliana plants to cope 

with high levels of MG and is a very strong indication for the participation of AtD-LDH in the 

MG detoxification pathway.  

 

4.1.4 Plants may have a second MG detoxification pathway 

Given the importance of MG detoxification, the fact that AtD-LDH knock-out mutants show 

no phenotype in standard growth conditions is surprising. Even on high salt or mannitol 

medium, conditions where MG detoxification is of increased importance (Xu and Chen, 

2006; Yadav et al., 2005), there is no visible phenotype. Moreover, MG would rapidly 

accumulate in cells if it was not metabolized (Phillips and Thornalley, 1993). These facts all 

point towards the existence of a second, alternative MG detoxification pathway in plants. 

One such pathway is known in mammals, where an α-ketoaldehyde dehydrogenase (EC 

1.2.1.23), also known as methylglyoxal dehydrogenase, directly converts MG into pyruvate. 

This enzyme has been purified from sheep (Monder, 1967) and goat liver extracts (Ray and 

Ray, 1982a; Ray and Ray, 1982b). The same enzyme has also been assayed in rat extracts by 

separating protein on a starch gel with subsequent activity staining (Bender et al., 1994). 

This approach was adapted here and used to show the presence of methylglyoxal 
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dehydrogenase activity in A. thaliana root extracts (Fig. 19). The existence of a second MG 

detoxification pathway in plants is therefore plausible, and may explain the lack of a 

phenotype in the AtD-LDH knock-out mutants. The gene coding for the rat methylglyoxal 

dehydrogenase has been mapped to the top of chromosome 13 using inbred lines (Bender et 

al., 1994; Pravenec et al., 1996) but unfortunately its identity is not known. 

 

4.1.5 Model  

The results presented here indicate that At5g06580 encodes a D-LDH with a role in D-lactate 

metabolism (Fig. 44). D-lactate is produced from the MG detoxification pathway with the 

final step being catalyzed in the cytosol and mitochondria. The produced D-lactate is then 

oxidized by AtD-LDH to pyruvate inside the mitochondrial intermembrane space. The 

resulting electrons are donated to cytochrome c and used in the electron transport chain. 

 

 
 

Figure 44.  Schematic model of AtD-LDH function in plants. D-Lactate resulting from the glyoxalase 

system is converted to pyruvate by AtD-LDH. The electrons may be transferred to the 

respiratory chain through cytochrome c in the intermembrane space. Dotted arrows 

represent possible transport processes. 2-KG, 2-oxoglutarate. CIII, complex III. CIV, complex 

IV. e-, electron. GSH, glutathione. Pyr, pyruvate. TCA cycle, tricarboxylic acid cycle; UQ, 

ubiquinone. 
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4.1.6 Outlook 

To verify the proposed model (Fig. 44), a metabolic fingerprinting analysis by GC-MS of dldh 

knock-out plants in comparison with wild-type plants should be undertaken to better 

understand the physiological role of AtD-LDH. Moreover, as GC-MS analysis cannot 

discriminate between L- and D- enantiomers, the measurements need to be combined with 

enzymatic determination of D- and L-lactate levels in plant extracts. Additionally, 

mitochondria could be purified form wild-type and knock-out plants and respiration with D-

lactate in comparison with glycolate should be measured. The in vivo use of cytochrome c as 

a co-factor could also be confirmed or disproved using purified mitochondria. Poisoning of 

complex III can be achieved using KCN and the electrons originating from the TCA cycle 

would then not lead to oxygen consumption. In contrast, giving D-lactate to poisoned 

mitochondria should lead to oxygen consumption as AtD-LDH would be able to donate 

electrons directly to cytochrome c, which then transports them to complex IV.  

 

 

4.2 At4g36400 encodes a D-2HGDH 

 

4.2.1 AtD-2HGDH is conserved in evolution and localizes to mitochondria 

The amino acid sequence of At4g36400 shows strong similarity to enzymes from plants, 

animals and fungi (Fig. 20). Moreover, out of the homologous sequences, those from R. 

norvegicus (Achouri et al., 2004) and H. sapiens have been identified as D-2-

hydroxyglutarate dehydrogenases (D-2HGDH) (Achouri et al., 2004; Struys et al., 2005b) 

whereas the two S. cerevisiae sequences have been identified as D-lactate dehydrogenases 

(Chelstowska et al., 1999). Based on the high sequence similarly of the two yeast sequences 

with the human D-2HGDH (Fig. 21), it is highly likely that these enzymes are also D-2HGDH 

enzymes, but this has never been tested. This conclusion is not only supported by the 

phylogenetic tree and alignments presented here, but also by a recent study that extensively 

investigated the phylogenetic relationship of D-LDH and D-2HGDH enzymes (Cristescu and 

Egbosimba, 2009).  

 

The purified recombinant AtD-2HGDH was shown to be a dimeric FAD-containing 

flavoenzyme (Fig. 24 and Table 6). Consistent with this, the protein was predicted to have a 

conserved FAD binding domain and a C-terminal FAD-linked oxidase domain (Fig. 21). The 

purified AtD-2HGDH almost exclusively uses the synthetic molecule DCIP as an electron 

acceptor (Table 7). Since the enzyme uses none of the other natural acceptors tested the 

question is which acceptor is used in vivo. The mammalian D-2HGDH is localized to 

mitochondria (Achouri et al., 2004), where it donates electrons to an electron transfer 

protein (ETF) which further donates them to ETF-ubiquinone oxidoreductase (ETFQO). ETF 

and ETFQO are present in the mitochondrial matrix where they serve to transfer electrons 

collected from soluble mitochondrial dehydrogenases, to the respiratory chain (Frerman and 

Goodman, 2001; Parker and Engel, 2000). ETF and ETFQO have also been characterized in 
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plants where they were shown to participate in metabolism of leucine and chlorophyll, 

especially when plants were subjected to prolonged darkness (Ishizaki et al., 2005; Ishizaki et 

al., 2006). Since AtD-2HGDH is also localized to mitochondria, as indicated by the predicted 

mitochondrial targeting sequence (http://aramemnon.botanik.uni-koeln.de/index.ep) and 

further substantiated through activity measurements in enriched mitochondria (Fig. 30), it is 

highly likely that AtD-2HGDH uses ETF as an electron acceptor in vivo. Moreover, the co-

expression of ETFQO (At2g43400) and ETFbeta (At5g43430) with AtD-2HGDH further 

supports this notion (Table 9 and Fig. 31).  

 

The only substrate with which AtD-2HGDH has activity is D-2HG (Fig. 26). This is in contrast 

to D-2HGDH from rat that has activity with D-lactate, D-2HB and meso-tartrate (Achouri et 

al., 2004). AtD-2HGDH affinity for D-2HG was 584 µM (Table 8), which is in stark contrast the 

rat D-2HGDH which has a Km of <10 µM (Achouri et al., 2004). This may indicate that plants 

can tolerate higher levels of D-2HG than animals. AtD-2HGDH has no activity with lactate or 

glycolate and thus belongs to the 2-hydroxyglutarate group (EC 1.1.99.2). 

 

Very little is known about the catalytically important residues in D-2HGDH enzymes and no 

crystal structures exist. A few mutations have been identified in human D-2HGDH that lead 

to decreased enzyme activity and therefore result in accumulation of D-2HG in the body 

(Struys et al., 2005a; Struys et al., 2005b). To extend this knowledge, an approach combining 

multiple sequence alignment with analysis of homology models was performed and resulted 

in the identification of eight amino acids located in the catalytic site (Fig. 27). Strikingly, the 

same kinds of residues, with approximately the same relative position were identified in 

AtD-2HGDH as in AtD-LDH. Testing the importance of these amino acids through directed 

mutagenesis should yield a wealth of information about their catalytic function. 

 

4.2.2 D-2HG accumulates in d2hgdh mutants 

Even though the enzymatic properties of AtD-2HGDH clearly point towards a role in D-2HG 

catabolism, the participation of this metabolite in plant metabolism was not known. It was, 

however, detected by GC-MS analysis when d2hgdh knock-out and wild-type plants were 

subjected to conditions of extended darkness. In these conditions there was a strong 

accumulation of 2HG in the knock-out mutants, but not in wild-type plants (Fig. 34). The 

levels of this metabolite was already much higher in the mutants than in wild-type under 

normal light/dark cycles, but after 96 h of extended darkness the levels of 2HG had 

increased 7-fold. Also the wild-type plants accumulated 2HG in extended darkness, but at a 

level that was approximately 50-100 times lower than in the d2hgdh lines. Despite this high 

accumulation of D-2HG in the knock-out plants they showed neither visible phenotype nor 

any change in the Fv/Fm ratio (Fig. 32). These results indicate that D-2HG is not very toxic to 

plants. Consistent with this, the Km of AtD-2HGDH was rather high (Table 8). At later time 

points (48-96 h) there was an elevated level of most amino acids in the knock-out plants (Fig. 

33). Amino acid breakdown is usually initiated by a transamination with 2-oxoglutarate, the 

product of D-2HG oxidation. In the experiments conducted here the accumulation of amino 
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acids coincided with increasing levels of 2HG and it is thus possible that this metabolite 

competitively binds and inhibits the catalytic site of transaminases (Dang et al., 2009), 

resulting in the observed accumulation of amino acids. 

 

4.2.3 D-2HG is most likely produced in a condensation reaction 

In mammals, D-2HG is formed as a degradation product of aminolevulinate (Lindahl et al., 

1967) and also forms within the mitochondria from 2-oxoglutarate through a hydroxyacid-

oxoacid-transhydrogenase in a reaction in which 4-hydroxybutyrate is converted to succinic 

semialdehyde (Struys et al., 2004). However, no ortholog of this enzyme has been found in 

plants. In propionate-grown E. coli and the slime mold Aspergillus glaucus glyoxylate and 

propionate are condensed into D-2HG by a D-2HG synthase (EC 2.3.3.11) in a reaction 

analogous to that of malate synthase (Bleiweis et al., 1967; Reeves and Ajl, 1962). Normally 

one would expect a condensation between glyoxylate and propionyl-CoA to proceed on the 

α-carbon of propionyl-CoA, producing β-methylmalate. The E. coli D-2HG synthase, however, 

catalyzes the addition of glyoxylate on the β-carbon of propionyl-CoA, producing D-2HG 

directly (Reeves et al., 1963). Unfortunately the gene coding for this enzyme is not known 

and it is therefore not clear whether it is present in plants.  

 

However, AtD-2HGDH is co-expressed with many of the genes involved in odd-chain fatty 

acid β-oxidation, chlorophyll breakdown and branched-chain amino acid degradation (Table 

9 and Fig. 31), pathways where propionyl-CoA is produced (Lucas et al., 2007).  Moreover, it 

is still unclear how propionyl-CoA is metabolized in plants. In animals, propionyl-CoA is 

converted, in a series of enzymatic steps, to succinyl-CoA which can enter the TCA cycle. The 

committing step is catalyzed by propionyl-CoA carboxylase. However, no ortholog 

corresponding to this enzyme has been found in plants (Lucas et al., 2007). The metabolism 

of propionyl-CoA must therefore proceed along a different route in plants, and this route 

may be through the condensation with glyoxylate to produce D-2HG, catalyzed by a D-2HG 

synthase.  

 

4.2.4 Model 

In the current working-model D-2HG is produced, most likely by a D-2HG synthase, outside 

of the mitochondria. This metabolite is subsequently imported to the mitochondrial matrix 

where AtD-2HGDH oxidizes it to 2-oxoglutarate, using ETF as an electron acceptor (Fig. 45). 

The produced 2-oxoglutarate then enters the TCA cycle and the electrons are donated to 

ETFQO and finally to the electron transport chain.  
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Figure 45.  Schematic model of AtD-2HGDH function in plants. D-2HG produced in the peroxisomes is 

transported to the mitochondria and converted to 2-oxoglutarate by AtD-2HGDH. Electrons 

are donated to the electron transport chain through the ETF/ETFQO system. 2-KG, 2-

oxoglutarate. CIII, complex III. CIV, complex IV. ETF, electron transfer protein. ETFQO, ETF-

ubiquinone oxidoreductase. e-, electron. Pyr, pyruvate. TCA cycle, tricarboxylic acid cycle; UQ, 

ubiquinone. 

 

4.2.5 Outlook 

The accumulation of D-2HG in humans can result either from a mutation in the D-2HGDH 

enzyme, or in the ETF electron acceptor. In this work it was confirmed that D-2HG also 

accumulates in plants when the activity of AtD-2HGDH is lacking. It would be of great 

interest to confirm ETF as the in vivo electron acceptor of AtD-2HGDH by measuring D-2HG 

levels in an ETF or ETFQO mutant. ETF as an acceptor for AtD-2HGDH could further be 

confirmed by purifying mitochondria from wild-type, AtD-2HGDH mutants and ETF mutants 

and measure respiration with D-2HG as a substrate. Furthermore, identifying the source of 

D-2HG in plants would be highly interesting. A first step in this direction should be to try 

measuring D-2HG synthase activity in plant protein extracts, analogous to the experiments 

performed in E. coli. Moreover, the L- form of 2HG is formed in mammals due to a side 

reaction catalyzed by the mitochondrial L-malate dehydrogenase and a L-2HGDH exists to 

remove it (Van Schaftingen et al., 2009). If this production of L-2HG also occurs in plants is 

unclear, but should be investigated.  
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4.3 At4g18360 encodes an (S)-2-hydroxy-acid oxidase 

Glycolate dehydrogenase activity was observed when assaying wild-type root extract in a 

native gel (Fig. 35, C 3). The enzyme responsible for this activity appeared highly suitable for 

use in the GMK pathway. To identify which gene codes for this enzyme a combined approach 

employing bioinformatics and a literature search was followed. At4g18360 (AtGOX3) was 

confirmed to encode the enzyme in question as T-DNA insertion mutants in this gene 

resulted in a loss of enzyme activity (Fig. 38). 

 

4.3.1 AtGOX3 oxidizes glycolate and L-lactate with high efficiency 

The complete AtGOX3 coding sequence was cloned and the protein expressed and purified.  

In enzyme assays AtGOX3 only used the L-enantiomer of substrates such as L-lactate and L-

2HB (Fig. 41) and could readily use both the synthetic acceptor DCIP as well as molecular 

oxygen at equal rates for the oxidation of glycolate (Table 10). Ability to use both these 

acceptors as well as the total stereospecificity for L- enantiomers are common features of 

glycolate oxidases (Nelson and Tolbert, 1970). One curiosity seen in the substrate screening 

is that the best substrate with O2 as an acceptor is glycolate, whereas the best substrates 

using DCIP as an acceptor are L-lactate and L-2HB (Fig. 41). However, when analyzing the Km 

values for the different substrates it is clear that the high activity with L-2HB and L-lactate 

using DCIP as an acceptor is accompanied with a Km in the mM range (Table 11), indicating 

that these reactions may not be physiological. The lowest Km values were invariably 

measured using O2 as an acceptor. From these measurements it can be concluded that 

AtGOX3 belongs to the (S)-2-hydroxy-acid oxidase group of enzymes (EC 1.1.3.15), but the in 

vivo substrate could not be inferred. 

 

4.3.2 Identifying important amino acids in the catalytic site 

When analyzing the active site of H. sapiens HAOX1, six important amino acid residues in the 

active site could be identified. The residues Arg167, Arg263, Tyr26, Tyr132 appear important 

for coordinating the substrate through hydrogen bonds while Trp110 is important for filling 

out the substrate binding pocket and His260 is the catalytic residue (Fig. 42). The importance 

of some of these residues has been determined in related enzymes from other organisms. 

For example, the importance of Tyr26 and Trp110 for catalysis have been shown in the S. 

oleaceae glycolate oxidase (Stenberg et al., 1995), and the importance of the residues 

corresponding to Arg167 and Arg263 have been shown in (S)-mandelate dehydrogenase 

from Pseudomonas putida (Xu et al., 2002). All six identified residues are conserved in 

AtGOX3 and the two glycolate oxidases expressed in leaves, AtGOX1 and AtGOX2 (Fig. 36). 

Interestingly, in AtHAOX1 and AtHAOX2 Tyr26 is substituted for phenylalanine and Trp110 is 

substituted for methionine. The change of these two amino acid residues should lead to a 

dramatically different substrate binding pocket, especially considering that their importance 

for catalysis has been shown (Stenberg et al., 1995). It is therefore likely that AtHAOX1 and 

AtHAOX2 catalyze the conversion of some other substrate than glycolate (Jones et al., 2000; 

Reumann et al., 2004).   
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4.3.3 In vivo role of AtGOX3 

AtGOX3 is unique among the A. thaliana GOs in that it is the only isoform almost exclusively 

expressed in roots (Fig. 35, and http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Moreover, 

AtGOX3 protein contains a C-terminal peroxisomal targeting sequence and has been 

identified in plant peroxisomes in a proteomic approach (Reumann et al., 2007).  The 

catalytic constants of the enzyme indicate a role in glycolate or L-lactate metabolism. L-

lactate is known to accumulate to high levels in roots during hypoxic stress. A NAD+- 

dependent L-LDH expressed in leaves and roots has been characterized in A. thaliana and is 

involved in L-lactate production (Dolferus et al., 2008). Surprisingly, root uptake experiments 

show that L-LDH loss-of-function mutants take up and metabolize L-lactate at the same rate 

as wild-type plants (Dolferus et al., 2008). This indicates that another enzyme is responsible 

for L-lactate breakdown in plant roots and AtGOX3 is a good candidate to fulfill this role. In 

contrast, not much is known about glycolate metabolism in roots. A recent report suggests 

glycolate accumulation in hypoxic roots (Kumari and Pandey, 2007), but little is known about 

the physiological reason for this. Glycolate production in roots might result from the 

conversion of glycolaldehyde by an aldehyde dehydrogenase. In an attempt to determine 

which is the physiologically important substrate, plants were grown on medium 

supplemented with either glycolate or L-lactate (Fig. 43). In these experiments gox3-1 root 

growth was severely inhibited on L-lactate, but not on glycolate or control plates. Together, 

the data support a role for AtGOX3 in root L-lactate oxidation inside peroxisomes.  

 

4.3.4 Outlook 

To further elucidate the in vivo role of AtGOX3, a metabolic profile analysis by GC-MS of 

wild-type and knock-out plant root extracts need to be undertaken. Hopefully, this will yield 

insights into which pathway AtGOX3 may participate. Moreover, root stress conditions such 

as hypoxia, salt and drought stress could be tested.  
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5 Conclusions and future directions 

In the work presented here three putative glycolate dehydrogenases from A. thaliana have 

been biochemically characterized with the hope to use them in the GMK pathway. Three 

new activities as well as novel metabolic pathways have been identified. For the first time a 

cytochrome c- dependent D-lactate dehydrogenase, with a likely function in MG 

detoxification, has been characterized in plants. Furthermore, a D-2HGDH has been 

characterized, and the accumulation of D-2HG in knock-out plants has been determined, 

showing the participation of this metabolite in plant metabolism for the first time. Finally, a 

new (S)-2-hydroxy-acid dehydrogenase, that may participate in glycolate and/or L-lactate 

metabolism in roots, has been biochemically characterized. 

 

The kinetic characteristics of AtD-LDH, AtD-2HGDH and AtGOX3 indicate that they are not 

suitable for pathways aimed to reduce photorespiration.  The activity of AtD-LDH and AtD-

2HGDH with glycolate is too low and AtGOX3 cannot be used since it uses molecular oxygen 

as an electron acceptor, producing H2O2. There is therefore a need to explore alternatives 

and to identify new candidate enzymes. At least three distinct approaches can be pursued, 

each with both benefits and drawbacks: using the C. reinhardtii GDH, performing a large-

scale screen of algae, or performing directed evolution of lactate dehydrogenases. 

 

The C. reinhardtii GDH is a 119 kDa protein with one FAD-binding domain and one Fe-S 

cluster-containing domain. While the enzyme has a high activity with glycolate it also 

oxidizes D-lactate with similar catalytic rates (Nakamura et al., 2005). Since the enzyme is 

not specific for glycolate the enzyme might adversely affect chloroplast metabolism. 

Moreover, the protein is very large and it is not sure that it will correctly re-fold inside plant 

chloroplasts after import. The first step towards resolving these questions would be to clone 

and heterologously express this enzyme in E. coli and further biochemically characterize it. It 

is also crucial that the co-factor used by the enzyme is identified. If the enzyme properties 

are suitable for use in the GMK pathway it can be fused with an A. thaliana plastid targeting 

sequence. Correct targeting and folding could be tested by isolating chloroplasts of 

transgenic plants and test for GDH activity. 

 

Alternatively, an extensive screen for glycolate dehydrogenase activity could be performed 

with extracts from a large range of different algae. Algae are well suited for such an 

approach since they are known to employ glycolate dehydrogenases in the place of glycolate 

oxidases in metabolism. While the chance of discovering a completely new enzyme activity is 

possible using screening approaches, the risk is always that one invests a considerable 

amount of work screening for an enzyme that does not exist in the chosen organisms. This 

risk is further underscored by the fact that as of yet, no pure glycolate dehydrogenase 

activity has been identified in nature. Moreover, if a suitable glycolate dehydrogenase 

activity is measured, the responsible enzyme must be identified, something that requires a 

considerable effort. In a variation of this approach, a range of lactate dehydrogenases – 

which frequently use glycolate – could be cloned and screened for high glycolate activity.  
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An alternative to a screening approach is directed evolution. This approach uses cycles of 

mutation and selection to improve the catalytic activity of a target enzyme. One of the 

benefits with this approach is that the template enzyme can be freely chosen as long as 

there is a small amount of activity with the target substrate. The NAD+ and NADP+- 

dependent lactate dehydrogenases make for good targets in such an approach since NAD+ 

and NADP+ are both available in chloroplasts. 
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7. Abstract 
Photorespiration results from the incorporation of oxygen into ribulose-1,5-bisphosphate 

due to the failure of RuBisCO to properly discriminate between oxygen and carbon dioxide. 

This process lowers photosynthetic efficiency in that CO2 and ammonia should be re-

assimilated with the concomitant consumption of both ATP and reducing power. Two recent 

approaches, aimed at decreasing the detrimental effects of photorespiration by introducing 

novel metabolic pathways into plant chloroplasts, show great promise. The goal of this work 

was to identify and biochemically characterize a single-gene glycolate dehydrogenase for use 

in further improving the synthetic pathways. Forward and reverse genetics were used to 

identify three candidate genes in Arabidopsis thaliana; At5g06580, At4g36400 and 

At4g18360. The proteins encoded by these genes were expressed in Escherichia coli, purified 

and characterized. Moreover, in silico analysis and the analysis of loss-of-function mutants 

yielded insights into the significance of these novel enzymatic activities in plant metabolism. 

 
AtD-LDH, encoded by At5g06580, is a homodimeric FAD-binding flavoprotein that catalyzes 

the cytochrome c- dependent oxidation of substrates. The enzyme has high activity with D- 

and L-lactate, D-2-hydroxybutyrate and D-glycerate, but of these only D-lactate and D-2-

hydroxybutyrate are bound with high affinity. Knock-out mutants show impaired growth on 

medium containing methylglyoxal and D-lactate. Together, the data indicates a role for AtD-

LDH in the mitochondrial intermembrane space where it oxidizes D-lactate to pyruvate in 

the final step of methylglyoxal detoxification. AtD-2HGDH, encoded by At4g36400, is a 

homodimeric FAD-binding flavoprotein. The enzyme only has activity with D-2-

hydroxyglutarate and uses a synthetic electron acceptor in vitro. Metabolic analysis of 

knock-out mutants reveals high accumulation of D-2-hydroxyglutarate in plants exposed to 

long periods of extended darkness, confirming that this is the in vivo substrate for the 

enzyme. Co-expression analysis reveals that AtD-2HGDH is co-expressed with enzymes and 

transporters participating in the breakdown of lipids, branched-chain amino acids and 

chlorophyll, all pathways that converge in the production of propionyl-CoA. Together, the 

data suggest a role for AtD-2HGDH in the mitochondrial matrix where it oxidizes D-2-

hydroxyglutarate, most probably originating from propionyl-CoA metabolism, to 2-

oxoglutarate, using an electron transfer flavoprotein as an electron acceptor. Finally, 

AtGOX3, encoded by At4g18360, is a peroxisomal (S)-2-hydroxy-acid oxidase with specificity 

towards glycolate, L-lactate and L-2-hydroxybutyrate. AtGOX3 is almost exclusively 

expressed in roots where it might participate in either the metabolism of L-lactate produced 

during hypoxia, or glycolate produced from glycolaldehyde.  

 
In this work, the identification and thorough characterization of three novel enzymatic 

activities in the model plant A. thaliana are described. Moreover, novel plant metabolic 

pathways in which these enzymes participate were discovered. The biochemical 

characterization of these enzymes indicated that they are not suited for use in pathways 

aimed at decreasing photorespiration and thus, the search for a single-gene glycolate 

dehydrogenase should continue.  
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8. Kurzzusammenfassung 

Die Kohlenstofffixierung der Photosynthese wird durch das Enzym Ribulose-1,5-bisphosphat-

Carboxylase/Oxygenase katalysiert. Sauerstoff und Kohlenstoffdioxid konkurrieren um die 

katalytische Stelle des Enzyms. Da die Oxygenaseaktivität, eine Verlustreaktion darstellt, gibt 

es technische Ansätze  zur Reduzierung der mit der Photorespiration verbundenen Verluste. 

Zwei Strategien, mit dem Ziel die energetisch ineffizienten Effekte der Photorespiration 

durch das Einbringen neuer Stoffwechselwege in den Chloroplasten zu vermindern sind 

vielversprechend. Das Ziel dieser Arbeit war die Identifizierung und biochemische 

Charakterisierung einer Glykolat Dehydrogenase für weitere Untersuchungen und 

Verbesserungen dieser Stoffwechselwege. „Forward“ und „reverse“ Genetik wurde 

verwendet, um drei Gene in Arabidopsis thaliana zu identifizieren; At5g06580, At4g36400 

und At4g18360. Diese Gene wurden in Escherichia coli kloniert und das rekombinante 

Protein exprimiert, aufgereinigt und charakterisiert. Weiterhin gaben in silico Analysen und 

die Untersuchung von Mutanten Einblicke in die physiologische Relevanz dieser Gene.  

 

AtD-LDH, welches durch At5g06580 kodiert wird, ist ein homodimeres FAD-bindendes 

Flavoprotein, welches die Cytochrom C-abhängige Oxidation von Substraten katalysiert. 

Dieses Enzym zeigt eine hohe Aktivität mit D- und L-Lactat, D-2-Hydroxybutyrat und D-

Glycerat, von denen jedoch nur D-Lactat und D-2-Hydroxybutyrat mit hoher Affinität 

gebunden werden. Deletionsmutanten zeigen sowohl auf Medium mit Methylglyoxal und D-

Lactat, als auch auf Medium mit D-2-Hydroxybutyrat ein beeinträchtiges Wachstum. Die 

Daten deuten eine Rolle der AtD-LDH im mitochondrialen Intermembranraum an, wo es im 

finalen Schritt der Methylglyoxal Entgiftung D-Lactat zu Pyruvat oxidiert. AtD-2HGDH, 

welches durch At4g36400 kodiert wird, ist ebenfalls ein homodimeres FAD-bindendes 

Flavoprotein. Dieses Enzym zeigt nur mit D-2-Hydroxyglutarat Aktivität und nutzt in vitro 

einen künstlichen Elektronenakzeptor. Metabolische Analysen der Deletionsmutanten dieses 

Gens zeigen eine hohe Akkumulation von D-2-Hydroxyglutarat in Pflanzen, welche einer 

längeren Dunkelphase ausgesetzt waren. Dies deutet darauf hin, dass es sich in vivo bei 

diesem Molekül um das Substrat der AtD-2HGDH handelt. Co-Expressionsanalysen zeigen 

wichtige Enzyme und Transporter, welche am Abbau von Fetten, verzweigte Aminosäuren 

und Chlorophyll beteiligt sind. Zusammengefasst zeigen die Daten eine Rolle der AtD-2HGDH 

in der mitochondrialen Matrix, wo sie D-2-Hydroxyglutarat, welches vermutlich aus dem 

Propionyl-CoA Metabolismus stammt, zu 2-Oxoglutarat oxidiert. Als letztes Gen wurde 

At4g18360, welches für AtGOX3 kodiert, untersucht. Hierbei handelt es sich um eine 

peroxisomale (S)-2-Hydroxysäure Oxidase mit einer Spezifität für Glykolat, L-Lactat und L-2-

Hydroxybutyrat. AtGOX3 wird nahezu ausschließlich in Wurzeln exprimiert, wo es entweder 

an dem Abbau von L-Lactat während einer Hypoxie oder an dem Abbau von Glykolat 

stammend aus Glykolaldehyd beteiligt sein könnte. 

 

Die vollständige biochemische Charakterisierung dieser Enzyme, zeigt dass sie nicht für den 

Gebrauch in Stoffwechselwegen zur Verminderung der Photorespiration geeignet sind. Die 

Suche nach einer funktionellen Glykolat Dehydrogenase wird weiter fortgesetzt.  
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