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ABSTRACT

Abstract

Abiotic stresses limit plant growth, metabolism gm@ductivity. In this study two different
approaches were carried out to enhance plant taeréo abiotic stresses. The first approach
aimed to characterize biochemically a glycolateydebgenase GrGlcDH), a key enzyme in
Chlamydomonaseinhardtii photorespiration. Photorespiration is now beliet@de a part of
stress response in plants through preventing adatiom of reactive oxygen species (ROS) and
protecting photosynthesis from photoinhibitio@rGIcDH is different in structure from the
GlcDH enzymes of heterotrophic prokaryotes andgllgeolate oxidases of higher plants. In this
study, CrGIcDH was recombinantly overexpressed, purified @acenzymatic properties were
studied. It was found to uselactate, but not-lactate, as an alternative substrate with similar
catalytic proficiency compared to glycolate. Otl#ort-chain organic acids were only very
slowly oxidized. Only the artificial electron acd¢ers DCIP and PMS, but neither flavine mono-
or dinucleotides nor nicotineamide dinucleotides aytochrome c, were used as electron
acceptors by the recombinant enzyme. The enzymeserastive to CuS©Osuggesting function
of reactive sulfhydryl groups in catalysis. Accargly, mutational analysis of a putative Fe-S
cluster indicated an important function of this é&min catalysis. Evolutionary sequence
analysis revealed th&rGIlcDH belongs to a so far uncharacterized groupnafymes that was
only found in chlorophytes and some proteobactédther prokaryotic GIcDH enzymes were
only distantly related. Moreover, the most relgpedteobacterial homologue froDesulfovibrio
vulgaris was also recombinantly overexpressed and puriftedias found to be active with

lactate, but not glycolate as a substrate.

The second approach in this study was to introduasovel pathway in plants for cyanide
detoxification. Cyanide is a strong inhibitor o/dise metabolic reactions and easily absorbed by
organisms. However, cyanide is also a byprodugiarit and microbial metabolism. This is why
these groups of organisms contain pathways for idgadetoxification. Large amounts of
cyanides are also produced by industries and degy/tmostly removed by physical and chemical
methods. Phytoremediation can provide an altereatvthese techniques, but existing cyanide
concentrations at contaminated sites often exckedcapacities of plant metabolism. In this
study, a bacterial cyanidase together with a planhate dehydrogenase were introduced to
Arabidopsis thalianain order to establish a synthetic pathway for ayandegradation.

Simultaneous overexpression of both enzymes woltilchately result in the formation of GO
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and NH; from cyanide. Both enzymes were targeted to cplasts and shown to be actiire
planta Growth on cyanide was tested for seedlings geaatimg on agar, plants in hydroponics,
and plants growing in sand. In all three assayatploverexpressing the synthetic pathway for
cyanide degradation showed enhanced growth andas®maccumulation compared to controls.
In addition, gas exchange measurements confirmééneed stress resistance of transgenic
plants and suggested that cyanide degradation t@ i@Qeased the leaf internal GO

concentration.
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Zusammenfassung

Abiotischer Stress limitiert Wachstum, Metabolismued Produktivitdét von Pflanzen. Im
Rahmen dieser Arbeit wurden zwei unterschiedlicms&ze zur Erhéhung der Toleranz von
Pflanzen gegen abiotischen Stress getestet. Ireneshsatz wurde eine photorespiratorische
Glycolatdehydrogenas€(GlcDH) ausChlamydomonageinhardtii biochemisch charakterisiert.
Photorespiration wird heute als ein BestandteilRteessantwort von Pflanzen gesehen, da dieser
Stoffwechselweg die Akkumulation reaktiver Saudfspecies vermindert und die Photosysteme
vor Photoinhibition schitzt. CrGIcDH unterscheidet sich in der Struktur von den
Glycolatdehydrogenasen heterotropher EukaryotendamdGlycolatoxidasen héherer Pflanzen.
In dieser Arbeit wurdeCrGIcDH rekombinant Uberexprimiert, aufgereinigt uadzymatisch
charakterisiertp-Lactat, aber nicht-Lactat, wurde als alternatives Substrat mit zucGligt
vergleichbarer katalytischer Effizienz akzeptigkhdere kurzkettige organische Sauren wurden
nur sehr langsam oxidiert. Die artifiziellen Elektenakzeptoren DCIP und PMS, aber weder
Flavin mono- und dinucleotide noch Nikotinamid-diteotide oder Cytochrom ¢ wurden als
Elektronendonatoren akzeptiert. Das Enzym wurdeld@uSQ inhibiert, was fir eine Funktion
von Sulfhydryl-Gruppen bei der Katalyse sprichttdpnechend konnte durch Mutationsanalysen
eine wichtige Rolle eines Fe-S-Clusters bei deralae belegt werden. Durch evolutionére
Sequenzanalysen wurde CrGIlcDH einer bisher unbedemen Gruppe von Enzymen
zugeordnet, die nur in Chlorophyten und einigen tdtrakterien vorkommen. Andere
prokaryotische GIcDH Enzyme zeigten nur geringe Himgien zuCrGIcDH. Das am nachsten
verwandte proteobakterielle Homolog ddssulfovibrio vulgariszeigte ebenfalls Aktivitat mi-

Lactat als Substrat, aber nicht mit Glycolat.

In einem zweiten Ansatz wurde ein neuer Stoffweletesg zum Zyanid-Abbau in Pflanzen

etabliert. Zyanid ist ein starker Inhibitor zahtieér metabolischer Reaktionen und wird von
Organismen leicht aufgenommen. Auf der andereneSeit Zyanid auch ein nattrliches

Nebenprodukt des Metabolismus von Pflanzen und ddilganismen. Daher enthalten diese
Organismengruppen Stoffwechselwege zum Zyanid-AblrolRe Mengen an Zyanid werden
auch in industriellen Prozessen erzeugt und heuneeist Gber physikalische oder chemische
Methoden entsorgt. Phytoremediation konnte als rA#teve zu diesen Techniken genutzt
werden, aber die Konzentrationen an kontaminier&andorten (bersteigen haufig die

metabolische Leistungsfahigkeit von Pflanzen. InmiRan dieser Arbeit wurden eine bakterielle
Il
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Cyanidase und eine pflanzliche Formatdehydrogemaggabidopsis thalianaliberexprimiert,
um einen synthetischen Stoffwechselweg zum Zyatdabzu etablieren. Die gleichzeitige
Uberexpression beider Proteine wiirde letztlich in@re Abbau des Zyanids zu ¢@nd NH
fuhren. Beide Enzyme wurden in Chloroplasten Ichkait und diein planta Aktivitdt wurde
nachgewiesen. Das Wachstum von Keimlingen unternidg&tess wurde auf Agar, in
hydroponischer Kultur, und in Sand als Substraggiet. In allen drei Ansatzen zeigten Pflanzen,
die den synthetischen Stoffwechselweg zum Zyanidablbiberexprimierten, eine erhdhte
Biomasseakkumulation im Vergleich zu Kontrollen. s@achselmessungen bestétigten die
verbesserte Stressresistenz und ergaben Hinwdisgnaterhohte COKonzentration in Blattern
als Resultat der Zyaniddegradation.
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INTRODUCTION

1. Introduction

1.1. Photosynthesis

Photosynthesis is an important process for alhgviorms on earth. It is the process by which
photoautotrophic organisms capture light energy aed it to convert atmospheric carbon
dioxide and water into carbohydrates. The food i eat, the oxygen that is required for all
aerobic organisms, the fuel that is required fargy production, and the fibers that we wear are
resulting from photosynthesis (Blankenship, 20E)otosynthesis is generally divided up into
two parts: the light reactions and the carbon reast

The light dependent reactions (Figure 1) are tleegsses in which the light is captured and
conserved in the form of chemical bonds (Sugargs€hprocesses take place in the thylakoid
membrane of the chloroplasts. This is performedghbgto-system | (PSI) and photo-system i
(PSII) (Jarvi et al., 2013). In the reaction cemtePSII an electron from one of the chlorophylls
is excited and subsequently transferred througbkri@ss of acceptors in the electron transport
chain. The linear electron transport chain builgs a1 proton gradient over the thylakoid
membrane, which is used to produce energy via etingeADP to ATP. In addition, the
reducing agent NADPH is produced during the electtmnsport through PSI. The light
reactions serve to produce the energy carriershwdiie further used in the carbon reactions to
fix atmospheric C@(Jarvi et al., 2013).

The carbon reactions do not directly need lighbrder to occur, but they need the products of
the light reaction (ATP and NADPH).The light indegent reactions occur in the stroma of the
chloroplast. During these reactions, the reduciogvgy and energy equivalents (ATP and
NADPH) provided by the light reactions are requifed CO, assimilation. Most higher plants
assimilate carbon dioxide through the-ghotosynthetic pathway and thus are known as C
plants (Ku et al., 1999). The G@ssimilation pathway in{plants is known as the Calvin cycle
(Figure 3). The Calvin cycle proceeds in three esagarboxylation, reduction and regeneration.
During the carboxylation reaction, a molecule of ,G® covalently linked to a five-carbon
skeleton called ribulose bisphosphate (RuBP) prioduan unstable six-carbon intermediate that
immediately breaks down into two molecules of thee¢-carbon compound phosphoglycerate
(PGA). The carbon that was a part of inorganic, @Onow part of the carbon skeleton of an

organic molecule.
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STROMA (low H*)

LUMEN (high H*)

Figure 1.Schematic diagram for the transfer of electrons @adons in the thylakoid membrane. The figure
taken from Plant Physiology fifth editi¢(Taiz and Zeiger, 2010)

CO: fixation is catalyzed by a complex enzyme consistiheight large subunits and eight sn
subunits(Miziorko and Lorimer, 1983; Parry, 2003; Whitnetyad., 2011 known as ribulose-
1,5-bisphosphate carboxylase/oxygeniRubisco, EC 4.1.1.39)in addition to C( fixation,
Rubisco accepts {aas a competitor substr. (Figure 2). Depending of certain conditions suc
temperature and G, ratio, the oxygenation reactions (photorespiratssgel.2) of Rubisco
are estimated to be quarter or even higher ofctisity (Sharkey, 1988)Rubisco is produced
huge amount in higher plants to compensate falaw activity(Tcherkez et al., 200, as it can
make up as much as 30% of total leaf protein in 3 plants(Parry, 200Z. During the reduction
phase, the carboxylated comnd is reduced on the expense of the photochemidalived
ATP and NADPH. The PGA is converted to glyceraldd-3-phosphate (G3P), another th:
carbon compound-or every six molecules of (; that enter the Calvin cycle, two molecules
G3P are produck Some of the molecules of G3P, however, are tssgnthesize glucose a

other organic molecules.
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Figure 2.Schematic overview of the-functions (CQ/O, fixation) of Rubisco in photosynthetic organis
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Figure 3. The carboreactions pathway in 3 plants (Calvin cycle). ATP, adenosine triphosphateP, adenosin
diphosphate. C§) carbon dioxide. NADPFnicotinamide adenine dinucleotide phosp (Reduced form). NADR
nicotinamide adenine dinucleotide phosp (Oxidized form). The figure was taken from plants/giblogy fifth
edition (Taiz and Zeiger, 2010).
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During the regeneration phase, the ;,G@ceptor RuBP re-forms. Most of the G3P produced
during the Calvin cycle are used to regenerate RuBP

Ten molecules of the three-carbon compound G3Pteaky form six molecules of the five-
carbon compound ribulose phosphate (RP) whichda tfhosphorylated to produce RuBP, the

starting compound for the Calvin cycle.

1.2. Photorespiration

Photorespiration occurs in all oxygen,f§@roducing photosynthetic organisms (Bauwe et al.,
2010). Biochemically, photorespiration begins w@hsubstituting for C@in the first reaction

of the photosynthetic Cixation that is catalyzed by Rubisco (Leegoodlget1995; Wingler et
al., 2000). The reductive reaction (Carboxylatieaation, or CQfixation) of Rubisco enzyme is
known as G or Calvin cycle (See 1.1), and the oxidative reac(O; fixation) is known as gor
photorespiration (Leegood et al., 1995; Wingleraét 2000). The carboxylation of RubP
produces two molecules of 3-phosphoglycerate (P@#le its oxygenation yields one molecule
of PGA and one molecule of phosphoglycolate (PGhd@&sson, 2008). PG is a toxic
compound, it inhibits the Calvin-cycle enzyme tdophosphate isomerase, thus it should be
metabolized rapidly (Norman and Colman, 1991; Td|#997).

1.3. The photorespiratory pathway in higher plant§C, cycle)

In higher plants, metabolism of PG compound is eddl via several enzymes distributed in
three different compartments: chloroplast, peraxispand mitochondria (Foyer et al., 2009;
Bauwe et al., 2010). In the chloroplast, PG is dsphorylated to glycolate through a highly
specific enzyme known as phosphoglycolate phospedRGLP) (Somerville and Ogren, 1979).
In addition to the plastidial PGLP enzyme (At5g38),0Arabidopsis thalianaalso has a second
enzyme in the cytosol, but only knockout mutants tio¢ plastidial enzyme result in a
photorespiratory phenotype and require(&@riched environment to survive (Schwarte and
Bauwe, 2007). PGLP was reported as a light-indupstk (Foyer et al., 2009). Biochemical
studies were performed on purified PGLP proteinemfrvarious organisms revealed the
requirement of M§ and CT* for PGLP activity (Husic and Tolbert, 1984; Normamd Colman,
1991). The produced glycolate is transported froendhloroplast through a glycolate-glycerate
antiporter and enters the peroxisome via porintikannels (Reumann and Weber, 2006; Pick
et al., 2013).
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In the peroxisomes, glycolate is oxidized in aevarsible reaction into equimolar amounts of
glyoxylate and HO,. Glycolate oxidation is catalyzed by glycolatedase (GOX, EC 1.1.3.15)
(Volokita et al., 1987). In Arabidopsiplants five genes were reported to encode GOXeprot
three of them are localized in the peroxisome (Reumet al., 2004; Reumann and Weber,
2006). GOX-mutants in rice plants (Xu et al., 20@8y in maize (Zelitch et al., 2009) require
elevated CQ for survival, while no GOX-mutants were identifiad Arabidopsis plants
(Somerville and Ogren, 1982). Moreover, studieagisiown-regulated GOX mutants in tobacco
plants revealed the potential regulatory effectG&®X proteins on photosynthesis (Xu et al.,
2009). Furthermore, GOX protein was found to beigadl during the pathogen infection (Taler
et al.,, 2004). The D, generated as a by-product during glycolate oxatlais detoxified by
catalase (CAT, EC 1.11.1.6) in the peroxisome (&Jl997; Queval et al., 2007; Foyer et al.,
2009). Three different CAT genes were identifiedAirabidopsis, but only one gene (CAT2,
At4g35090) was found to involve in photorespiratioycle (Queval et al., 2007). CAT2 was
reported as light-induced gene and clock-regulétetliced in the morning) (Zhong et al., 1997,
Queval et al., 2007). Arabidopspants with CAT2-knock-out mutant showed reduction in
rosette biomass and activation of oxidative sigrapathway (Queval et al., 2007). Glyoxylate
is then transaminated to glycine. In Arabidopsigpgylate is transaminated to glycine through
one of two parallel reactions catalyzed by glutamyoxylate aminotransferase (GGAT, EC
2.6.1.4) or serine:glyoxylate aminotransferase ($GAC 2.6.1.45). Two GGAT genes
(At1g23310 encoding GGAT1 and At1g70580 encodingd&& were identified in Arabidopsis
(Igarashi et al., 2003, 2006). It was reported #eth of GGAT1 and GGAT2 contributes in the
total GGAT activity in photorespiration (Igarashiat., 2006). In Arabidopsis SGAT is encoded
by a single gene (At2g13360). SGAT knock-out mgantArabidopsis (Somerville and Ogren,
1980; Liepman and Olsen, 2001) or barley (Murraplet1987) were lethal under ambient air

conditions.

In the mitochondria, two molecules of glycine agguired to generate one molecule of serine by
the combined action of two enzymatic complexescigly decarboxylase (GDC) and serine
hydroxymethyltransferase (SHMT, EC. 2.1.2.1) (Fetasel et al., 2010). Decarboxylation of
one glycine molecule produces one molecule eacB@f NHz;, NADH, and 5,10 methylene
tetrahydrofolate (CHTHF) (Oliver, 1994; Douce et al., 2001). GDC iscamplex enzyme
consisting of four different subunits (P (EC 1.2)4H, T (EC 2.1.2.10), and L (EC 1.8.1.4)). In

5
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Arabidopsis plants, eight different genes werefified for GDC complex protein, two genes for
each subunit (P-protein (At4g33010 and At2g2608@)d al-protein (At3gl7240 and
At1g48030), three genes for H-protein (At2g3537@g85120 and At1g32470) and one gene
for T-protein (At1g11860)) (Bauwe and KolukisaogB@03). Enriched C@air was not able to
rescue Arabidopsis plants with double knock-outantd in the two genes encoding the P-
subunit (Engel et al., 2007) suggesting that GD€ dagotential function in nucleic acids and
amino acids metabolism (Cossins and Chen, 1998 .SHMT combines methylene-THF with a
second molecule of glycine to produce one moleotilgerine and regenerate THF (Leegood et
al., 1995). In Arabidopsis, the SHMT is encodedagingle gene (At4g37930). Knock-out
mutants of SHMT require elevated €10 survive (Voll et al., 2006).

Back to the peroxisome, serine generated in theamindria goes back to the peroxisome and is
converted to glycerate through the action of SGA&g above: in the peroxisome) that produces
hydroxypyruvate (HP). HP is reduced by NADH-depatideydroxypyruvate reductase (HPR1,
EC 1.1.1.29) to glycerate. In Arabidopsis, HPRleigkoded by a single gene (At1g68010)
(Givan and Kleczkowski, 1992). HPR1 knock-out mtgain Arabidopsis (Timm et al., 2008)
and barley (Murray et al., 1989) do not show thetprespiratory phenotype suggesting that an
alternative pathway for the conversion of hydroxywate to glycerate may be exist
(Peterhansel et al.,, 2010). Finally, glycerate r@ngported back to the chloroplast then
phosphorylated to form PGA by catalysis gOlycerate 3-kinase (GLYK, EC 2.7.1.31) at
expense of ATP. In Arabidopsis, GLYK is encodedalsingle gene (At1g80380) and knock-out
mutants show the photorespiratory phenotype (Besdldd., 2005).
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Figure 4.The major photorespiratory pathway. DiT1 and Did@zarboxylate transporter 1 andCAT: catalase;
GDC: glycine decarboxylaseGGAT: glutamate:glyoxylate aminotransferasBLYK: glycerate kinase; GO:
glycolate oxidase; GOGAT glutamate:oxoglutarate aminotransferas<GS glutamine syntttase; HPRI1.:
peroxisomal hydroxypyruvate reductasHPR2: cytosolic hydyxypyruvate reductasePGP: phosphoglycolate
phosphatase; Rubisco: ribulose-bjSphosphate carboxylase/oxygenase; RubP: ribdldgsebisphosphate; SGAT:
serineglutamate aminotransferasSHMT: serine hydroxymethyl transferase; THF: tetrahjalede; 510-CH2-

THF: 5,10- methylendHF; and -PGA: 3phosphoglycerate. The dashed line represents tthectiee anc

regenerative phases of the Calvin Cycle. The figuae taken fron(Maurino and Peterhansel, 20.

1.4.Glycolate and glyoxylate metabolism in other orgargms

Several heterotrophic bacteria have been reptotede glycolate as a carbon source for grc
(Edenborn and Litchfield, 198. Heterotrophic bacteria oxidize glycol to glyoxylate by
catalysis of glgolate oxidase (GIcDH, sel.6). Glyoxylate is then metabolized through varis
mechanisms: the glycerate pathway via tartroniciaeiehyde(Hansen and Hayas, 1962), the
3-hydroxyaspartate pathwa(Kornberg and Morris, 1965)and dicarboxylic acid pathwe
(Kornberg and Sadlerl960. In the glycerate pathway, glyoxylate carboxylasg¢alyze the

formation of tartronic semialdehyde from two glyte¢g molecules and C; molecule is
7
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released. Afterwards, tartronic semialdehyde isiced to glycerate by tartronic semialdehyde
reductase. Finally, glycerate is phosphorylatedoton phosphoglycerate by glycerate kinase
(Kornberg and Sadler, 1961). In the R-hydroxyaspampathway, oxaloacetate is produced as an
end product of glyoxylate utilization. The erytHsehydroxyaspartate compound was reported as
a key intermediate compound in glyoxylate metabolthrough this pathway (Kornberg and
Morris, 1965). Dicarboxylic acid pathway was alseported in bacteria for glyoxylate
metabolism and producing formate as an end probyctatalysis of malate synthase G
(Kornberg and Sadler, 1960).

In cyanobacteria, glycolate is produced from thphadsphorylation of phosphoglycolate that is
generated from the oxygenative activity of Rubissoin higher plants (See 1.1). Studies on
Synechocystisp revealed the existence of three different routas dglyoxylate metabolism
(Figure 5). Beside the bacterial glycerate pathvedlythe enzymes in the,@ycle (See 1.3) in
higher plant were determined. In addition, decaytaiion of glyoxylate via oxalate was also
reported (Eisenhut et al., 2008).

In green algae, several studies revealed the existef most € cycle genes (Tural and
Moroney, 2005). However, two different genes wetentified for glycolate oxidation among
green algae. The charophycean algae were founadgsseps microbodies similar to the leaf
peroxisomal type containing an active GOX enzym&al{&au et al., 2003; Stabenau and
Winkler, 2005). While inrChlamydomonaand several other chlorophyta glycolate is oxadito
glyoxylate by a mitochondrial glycolate dehydrogem&IcDH (See 1.6) (Nakamura et al., 2005;
Stabenau and Winkler, 2005).
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THF
Methrylerns-

THF
Giyrne

Figure 5.A scheme describing the different routes for PGalelismin Synechocyst sp. The figure was taken
from Eisenhut et al (2008).

1.5.Pros and Cons of photorespiratiol

Since its discovery in early 1960s by Krotk(Hew and Krotkov, 1968)photorespiration in a
oxygen (Q) producing photosynthetic organisms remains coetgal. Photorespiration
undoubtedly represents a potential limitation orbea gain in G plants, and ultimately, crc
yields. The oxygenation reactis catalyzed by Rubiscaepresent a wasteful process in ple
because of its association with carbon and nitrdges(Ogren, 1984)During the oxygenatio
reaction, the RuBEhe main precursor for G fixation is consumed amaltoxic PG compound
produced. Recycling of the PG compound consumes &idPreducing equivalents the form
of NAD/(P)H (Sage, 2004)The (O, release in the mitochondria during photorespiratesults
in 25% loss of the carbon from PG compound. MoreoMeéls is lost in this cycle that has to
refixed (Leegood et al., 1995)

Despite of the negative aspects mentioned abhe predominating view on photorespirat
has completely changed since the pathway is répegras an integral element of primi
carbon metabolism that interacts v many other pathway@aurino and Peterhansel, 20.
Moreover, photorespiration has been suggested ap @h important role in maintaining t

electron flow in the chloropla: Photorespiration protexthe stroma from its over reduction &

9
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thus photoinhibition that might occur under stresaditions such as high-light, drought, salt-
stress (Osmond et al., 1997; Wingler et al., 20UBise et al., 2006; Miller et al., 2010a)

1.6. Glycolate oxidizing enzymes

Glycolate oxidation to glyoxylate is an essenti@psin photorespiration in all photosynthetic

organisms (Maurino and Peterhansel, 2010). In mdditglycolate can be used as a carbon
source by various heterotrophic bacteria (Lau et 2007). Although the reaction is highly

conserved, the different classes of organisms ififegeht enzymes for glycolate oxidation.

As described previously (See 1.3), land plantsdratophytes, their nearest sister group within
green algae, use GOX for glycolate oxidation (Vdkket al., 1987; Stabenau et al., 2003;
Hagemann et al., 2013). The GOX enzyme is a flaxamonucleotide (FMN) dependent enzyme
that is using molecular oxygen as the terminaltedacacceptor. This enzyme is usintpctate

as an alternative substrate and cyanide inhibitave no effect on its activity.

In E. coli and other prokaryotes, a completely unrelated mezyamed glycolate dehydrogenase
(EcGIcDH, EC 1.1.99.14) is used for glycolate oxidati@he enzyme is made up from three
protein subunits encoded by the glcD, gIcE, andr gipen reading frames of the glc operon
(Sallal and Nimer, 1989; Pellicer, 1998 cGIcDH accepts-lactate, but not-lactate, as an
alternative substrate and is highly sensitive tanoye (Lord, 1972). In the photosynthetic
cyanobacteriunSynechocystistwo genes encoding homologues to glcD were itledfi but
homologues to gIcE and glcF were not describedis@Hisenhut et al., 2008). Double knockout
of the two glcD genes resulted in a disruption bbtprespiration and a lethal phenotype that
could only be rescued at high gfncentrations (Eisenhut et al., 2008).

Furthermore, the chlorophyte green al@falamydomonaseinhardtii was reported to encode a
protein CrGIcDH, gi|159474536) with homology tcGIcDH. A Chlamydomonagnutant in
this gene was reported to require enriched €ironment for growth (Nakamura et al., 2005)
suggesting that photorespiration was disruptedhis mhutant similar to what has been observed
in cyanobacteria. Molecular characterization @iGIcDH was reported by Nakamura et al
(2005). Interestingly, the amino acids sequenc€r@lcDH has high homology to glcD in the
N-terminal and to gIcF in the C-terminal part oé ghrotein sequence. This suggested that two of

the three subunits &cGlcDH were merged in this enzyme (Nakamura e2D05).

10
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1.7. Synthetic pathways to reduce photorespiratoriosses

Considerable effort has been invested over the gexstides to reduce photorespiratory losses
either through attempts to modify Rubisco specificlCO,/O,) or through modifying
photorespiratory metabolism (Spreitzer and Salyu28D2; Kebeish et al., 2007; Andersson,
2008; Carvalho et al., 2011; Maier et al., 2012)tHeory, disruption of the photorespiratory
pathway should enhance g@xation and consequently growth. However, knodkawtants of
several photorespiratory genes resulted in strorejirded growth revealing its importance (See
1.3). Three different approaches were suggestedjdmetic engineering for modifying the
photorespiratory pathway (Kebeish et al., 2007 yv@lao et al., 2011; Maier et al., 2012).

Kebeish et al (2007) proposed the installation dfypass (Bypassl, Figure 6) of 5 different
bacterial proteins targeted to the chloroplast afabidopsis plants in order to reduce
photorespiratory losses. Bypassl starts with ghteobnd ends with glycerate. Glycolate is
oxidized by the three subunits glycolate dehydragenenzyme fronk.coli (EcGIcDH) (See
1.6). Afterwards, two glyoxylate molecules ;(@ompound) are merged to form tartronic
semialdehyde (£compound) by catalysis of the bacterial glyoxyleaeboligase enzyme (GCL)
and CQ is released. Finally, tartronic semialdehyde iduoed to glycerate by tartronic
semialdehyde reductase (TSR). Bypassl pathwayrslifitem the original photorespiratory
pathway in shifting CQrelease into the vicinity of Rubisco in the chjgast. This might result
in increasing the C&O0, ratio, and as a consequence should decrease @tygernf RuBP.

Furthermore, ammonia release is avoided that mamthe energy required for refixation.

11
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Figure 6. Scheme of the original photorespirati@thway (black) and the three bypasses for the temuof
photorespiratory losses (red, numbers in boxesg atrows indicate enzymatic reactions or transgbteps.
Enzymatic reactions (numbers in circles) are erglaiin table 1. The stoichiometry of the reactiensot included.
3-PGA, 3- phosphoglycerate. The scheme is deduoedPeterhansel et al (2013)
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Table 1. Comparison of the enzymatic reactionshok@respiration and the three bypasses.

Reaction Photorespiration Bypass 1 Bypass 2 Bypals

1 Phosphoglycola- PGLF PGLF PGLF PGLF
dephosphorylation

2¢ Glycolate- GOX GlcDH GOX GOX
oxidation

2b H,0; - CAT - CAT CAT
detoxification

3 Transaminatio GGAT - - -

g Decarboxylatio GDC, SHM1 GCL GCL ME, PDF

4h NH3-releas GDC, SHM1 - - -

5 Transaminatio SGAT - - -

6 Reductiol HPR TSR HPR -

7 Glyceratt- GK GK GK -
phosphorylation

8 Othel MS

PGLP, phosphoglycolate phosphatase; GOX, glycalaigase; GIcDH, glycolate dehydrogenase; CAT, ca&|
glutamate:glyoxylate
hydroxymethyltransferase; SGAT, serine:glyoxylatmireotransferase; HPR, hydroxypyruvate reductase;, GK
glycerate kinase; GlycolateDH, glycolate dehydragen GCL, glyoxylate carboxylyase; TSR,
semialdehyde reductase; ME, malic enzyme; PDH,yayaudehydrogenase; HPI, hydoxypyruvate isometdss;

GGAT,

malate synthase.

Similar to bypass 1, bypass 2 starts with a phetoratory intermediate and ends with another
photorespiratory intermediate (Carvalho et al., Z0Reterhansel et al., 2013).
bypassl, bypass 2 integrates bacterial proteirs ptant metabolism to shorten the original
photorespiratory pathway. However, these genestaageted to the peroxisome. Bypass3 is
unlike bypassl and bypass2; its products are romnreected to the major photorespiratory
pathway (Fahnenstich et al., 2008; Maier et al12}0 Glycolate oxidation is catalyzed by
glycolate oxidase that was relocated from the peomie to the chloroplast. The,®& by-
product generated during glycolate oxidation isogliéied by the relocated catalase enzyme in
the chloroplast. Afterwards, glyoxylate is convdrte malate by catalysis of malate synthase in
the presence of acetyl-S-CoA. ¢@lease in the chloroplast is started by decaratioy of

malate to pyruvate by malic enzyme (ME). Finallyryvate is oxidized to COby pyruvate

aminotransferase;

GDC, lycige

decarboxylase;

dehydrogenase (PDH), and acetyl-S-CoA is produsella/-product.

13
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1.8. Improvement of cyanide resistance by installopp a novel detoxification pathway in
Arabidopsis thaliana

The previous chapter described the photorespirgioness that increased under various abiotic
stresses and highlighted different strategies #tmpt to manipulate this wasteful process.
Another small compound that is generated in higblants during abiotic stress is cyanide
(Liang, 2003) that may cause severe toxicity toggaAlthough cyanide is involved in several
biochemical pathways, it could be highly toxic agher concentrations (Yu et al., 2005).
Generally, the endogenous cyanide produced underai@onditions is not harmful to plants as
it usually found in concentrations under the meliabmapacity (Goudey et al., 1989; Manning,
1988). However, if the endogenous concentrationsyahide exceed the metabolic capacity of
plants, potential toxic effects could be induceat tan lead to plant death. For example, treating
of barnyard grass Echinochloa crus-gal)i with the herbicide quinolinecarboxylic acid
(quinclorac) resulted in cyanide concentrationghia shoots by three times higher than the
control plants. These levels caused severe symptontsarnyard plants such as chlorosis,
necrosis, loss in the fresh weight and reductiothefshoot growth (Siegieand Bogatek, 2006).
The endogenous cyanide concentrations and thugshéting symptoms were highly correlated
with quinclorac concentrations (Siefjiand Bogatek, 2006). Beside endogenous cyanidetspla
are exposed to cyanide from various exogenous esuiepending on cyanide concentration, it
can function as a nitrogen source or a highly matalnhibitor to plants. For example, weeping
willow trees Galix babylonical) grown in hydroponic solution containing low cyamid
concentrations (KCN < or = 20uM) had no signs ofidity, while at higher concentrations
(KCN > or = 50uM) severe signs of toxicity were eb&d (Yu et al., 2005). Moreover, weeping
willows grown in sandy soil irrigated with low dasef cyanide (KCN < or = 50uM) survived
without any toxic effect the entire experiment tirffrene days). However, higher doses of
cyanide (KCN > or = 300puM) were lethal for weepimigjows after nine days (Yu et al., 2005).
In addition, cyanide application has been foundcaose noticeable decrease of chlorophyll
content in Arabidopsiplants when exposed to 50pM HGMcMahon Smith and Arteca, 2000)
and necrotic spots on tobacco leaves (Siefert. e1995). The toxic effect of cyanide is mostly
associated with its ability to form metal complexdgh several principle metalloenzymes such
as cytochrome c oxidase , superoxide dismutasexio@se, catalase and Rubisco (Siegad
Bogatek, 2006).

14
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1.9. Different sources of cyanide

Plants are exposed to cyanide from both naturalnagufactured sources. Cyanide is produced
naturally in plants as a by-product in the lasp sté ethylene biosynthesis during several plant
growth stages such as germination, root-hair indtne senescence and abscission, fruit ripening,
and the response to various stresses (Goudey, €it989). Moreover, several plants have the
ability to produce and store cyanide as cyanogghycosides including the plant families
Rosaceae, Fabaceae, Limaceae, and CompositaeofPdf88). Decomposition of cyanogenic
plants might affect other plants in the neighborhdéurthermore, plants might be influenced by
cyanogenic bacteria that colonize the rhizosph&allggher and Manoil, 2001). It has been
reported that cyanide concentrations were highdi0@sng kg d in the rhizosphere of some
plants colonized by cyanogenic bacteria (Owen atr,2001).

The major cyanide waste in the environment is cgrfimm human activities. Cyanide is
extensively used by industries such as plasticaisings, organic chemicals production,
photographic development, pharmaceuticals, eleletiog, and metal finishing (Patil and
Paknikar, 2000). A great amount of cyanide is usegbld and silver mining as a lixiviation to
leach these precious metals from the ores. More 8@ of gold extraction is done by
cyanidation (Trapp et al., 2003). Cyanide conceiaina in soils near the industries that release
cyanide can exceed 1000mg kg Ywvhile in wastewater it may be an order of magiethigher
(Henny et al., 1994).

1.10. Bioremediation of cyanide

The widespread usage of cyanide for gold and siksraction and many other industries
imposes a serious ecological risk for ecosystendsnaankind. Several disasters associated with
cyanide waste have occurred worldwide such as geled methyl isocyanate in the Union
Carbide Manufactory in Bhopal December 1984 (Sraelmari and Chandra, 1997), spilling of
cyanide at Baia Mare, Romania 2000 (Korte et &Q02, spilling of cyanide from the Ashanti
gold fields in Ghana, and several accidents in &hvere reported (Yu et al., 2004). Although
such accident is rare, it highlights the importanteletoxifying and cleaning cyanide waste.
Several studies reported the capability of varimisro-organisms including bacteria, fungi and
algae to detoxify cyanide pollutant in wastewategald and silver mining industry (Naveen et
al., 2011). Moreover, all the investigated highdasings including both cyanogenic and non

15
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cyanogenic plants were found to possess one or ermgmes that assimilate cyanide (Miller
and Conn, 1980). The uptake, and metabolism afidgaby higher plants has been investigated
(Ebbs et al., 2003; Larsen et al., 2005). Howetaerance and assimilation of higher plants to
cyanide is highly depending on its metabolic cayaes described previously (See 1.9).
Although, several chemical and physical methods ehdeen established for cyanide
detoxification, these methods tend to be compled axpensive processes (Akcil, 2003).
Biological degradation of cyanide can be an altéveasolution (Akcil and Mudder, 2003).
Introducing novel genes into plant genome by genetigineering techniques may enhance its
degradation capacity to cyanide. Consequently, tthasgenic approaches can provide an
efficient, cheap and environment-friendly methoddganide degradation.

There are several enzymes have already been rdptotaletoxify cyanide from various
organisms including all phyla. For instanBe¢yanoalanine synthase enzyme that is localized in
the mitochondria of higher plants and is believedhave a principle role in detoxifying the
endogenous cyanide (Yu et al., 2012). The enzynalyzas the substitution of a thiol in
cysteine with cyanide producing 3-cyanoalanine ihahen converted to asparagines by nitrile
hydratase. Radioactive studies revealed the pitaciple of [3-cyanoalanine synthase in
incorporating the exogenous cyanide into the anaicids pools in higher plants (Peiser et al.,
1984). The reaction is shown in equation 1.

HCN + cysteine —» - cyanoalanine + acetate (1)

In bacteria, another type of enzymes was reported cljanide detoxification known as
cyanidases (Ingvorsen et al., 1991; Jandhyala.eR@D3). Cyanidases catalyze conversion of
cyanide directly to formate and ammonia. The feads shown in equation 2.

HCN +2HO —» HCE + NH; 2)
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1.11. The aim of the present study

In the framework of this study, there were two maoals: the first main goal was the
biochemical characterization of a putative glyoelatdehydrogenase enzyme from
Chlamydomonas reinhardt{fCrGIlcDH). Moreover, in order to better understandithportance

of the Fe-S conserved domain for the activityGrfslcDH enzyme, different mutations were
performed. Furthermore, the evolution GfGIcDH enzyme was exploreith silico through
analysis of the phylogenetic relationships, andlyhg the enzymatic properties of one of the
nearest homologous sequences. These analyses ghovilde a basis for the optimization of the
photorespiratory bypass reported by Kebeish €@)7). Such approaches should reduce abiotic

stress in higher plants.

The second main goal was to establish a novel rdefiiobioremediation of cyanide toxicity
using transgeniérabidopsis thalianaas a model plant. Two functional transgenes (aidgse
gene originated from bacteria and a formate delggirase gene frorArabidopsis thalianp
were characterized and cloned into plant expressemtors. Afterwards, the two transgenes
were transferred to the nuclear genome of wild typabidopsis thalianaplants through
Agrobacteriummediated genetic transformation. Under cyanidessirthe combination of both
transgenes should result in enhanced levels of &@ ammonia that will be fixed by the
chloroplastic enzymes and integrated in the balsait pnetabolism as a source for carbon and
nitrogen, respectively. This approach should alssult in a reduction of photorespiration.
Molecular, physiological, and biochemical studiesrevperformed in order to ensure the success

of implementing the method proposed in this study.
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2. Materials and methods

2.1. Materials

2.1.1. Plant materials

Arabidopsis thalianaecotype Columbia plants were used to generatéestadpression lines of

cyanidase and formate dehydrogenase.
2.1.2. Bacterial strains

Table 2. Bacterial strains used throughout thigystu

Bacterial
Strain

Features

Antibiotic
resistance

Purpose

DH5a

It has recAl and endAl mutations t
increase insert stability and improve ti
qguality of plasmid DNA prepared fron
minipreps.

ne

Plasmid -
miniprep

XL1-Blue

This strain hasrecAl and endAl mutatio

which greatly improves the quality @
miniprep DNA. The hsdR mutation preven
the cleavage of cloned DNA by the Ecoa
endonuclease system. The lacA15 gene
on the F episome allows blue-whi
screening for recombinant plasmids.

Tetracyclint
f(12.5ug/ml)
ts
K

Plasmid -
miniprep

BL21(DE3)

DE3 lysogen contains T7 polymerase suiti
for IPTG induction. This strain is deficient g
lon and omp-t proteases and is theref
suitable for expression of non-toxic genes.

=

pre

Protein
expression

BL21 codon
Plus

BL21 codon plus strain is recommended

expressing heterologous protein with cod
bias. This strain possesses extra copies of
argu, ileY, and leuwW tRNA genes. Th
tRNAs encoded by these genes recognize
AGAJ/AGG (arginine), AUA (isoleucine), ang
CUA (leucine) codons, Respectively.

Tetracyclint
o(L2.5ug/ml)
the

thdug/ml)
)

<Chloramphenicol

Protein
expression

C41(DE3

This strain is effective in expressing toxic ¢
membrane proteins. It was derived from BL
(DE3), and has at least one uncharacteri

1
zed

mutation that prevents cell death associated

Protein
expression
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with expression of many toxic recombini
proteins.

C43(DE3 Similar to C41 (DE3), this strain Protein
recommended for expressing toxic anhd expression
membrane proteins.

Rosetta gan- Rosett-gami  strains are suitable | Kanamycir Protein
expression of eukaryotic proteins that contait25ug/ml) expression

pLysS codons rarely used if. coli These straing _
supply tRNAs for AGG, AGA, AUA, CUA,| Tetracycline
CCC, GGA on a compatible chlorampheniddit2-5ug/m)
resistant plasmld.. In.addltlon, this Str‘?"rbhloramphenicol
enhar.mces the disulfide .bond formatlore34ug/m|)
resulting from trxB/gor mutations.

ER256¢ E. coliB cells engineered to form protei Protein
containing disulfide bonds in the cytoplasm. expression
Suitable for T7 promoter driven protein
expression.

Agrobacteriur This Agrobacteriun strain contains a 1| Gentamycil Plant

strain plasmid pMP9ORK that represents oh&OH/MI) transformat-

ion

GV3101 component of the binary vector system. ThiKanamycin

(PMP90RK) plasmid contains their-region as well as the (50Hg/ml)
genes for gentamycin and kanamyciRifampicin.

resistances. This bacterial strain is used

f6pOpg/ml).

delivering heterologous genes to tobacco and

Arabidopsisplants.
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2.1.3. Chemicals and consumables

The chemicals were purchased from the following ganies: Amersham Phamarcia Biotech
(Freiburg), AppliChem (Darmstadt), BioRad LaborasrGmbH (Mtnchen), Boehringer Roche
(Mannheim), Calbiochem (Bad Soden), Carl Roth GnglKgtIsruhe), Gibco BRL (Eggenstein),
Hartmann Analytic (Braunschweig), Invitek (Berlinjpvitrogen (Leck, Netherlands), KMF
Laborchemie Handels GmbH (St. Augustin), Kodak tf§art), Life Technologies (Carlsbad,
United states of America), Merck (Darmstadt), Matab(Martinsried), Molbiol (Hamburg),
New England Biolabs (Frankfurt), Peglab (Erlangétt)yamarcia (Freiburg), Promega (Madison,
United States of America), Thermo Scientific Fertasn(St.- Leon-Rot), QIAGEN (Hilden),
Roche Diagnostic GmbH (Mannheim), Serva (Heidelpebggma-Aldrich (Taufkirchen), VWR

(Darmstadt), Worthington (Lakewood, New Jersey, ebhiGtates of America).

The consumables were obtained from: Applied Biaayst (Darmstadt), Beckman Coulter
(Fullerton, United States of America), Biometra {tijen), BioRas Laboratories GmbH
(Minchen), Eppendorf (Hamburg), Fuji (Dusseldorpibco BRL (Eggenstein), Greiner
(Solingen), Hanna Instruments (Kehl), Heraeus (@©d&), Herolab (Wiesloch), Hettich
Zentrifugen (Tuttlingen), Kodak (Stuttgart), Labadiee(Bonn), LI-COR® Biosciences (Lincoln,
United States of America), Merck (Darmstadt), Ndtire (Eschborn), MWG Biotech (Munchen),
Phamarcia (Freiburg), Raytest (Berlin), Serva (ldlbdrg), Schott Glaswerke (Mainz), Sorvall
(Bad Homburg), Wissenschaftliche Technische Wetkst&(Weilheim), Whatman (Maidstone,
Kingdom of Great Britain), Zinsser Analytic (Fraokf).
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2.1.4. Instruments and equipment

Table 3. Instruments and equipment used in thidystu

Instruments/Equipment

Company

Centrifuges and rotors
5415R C 023 (F4'-24-11)

Optima L-100XF
Rotor SW 41 1
Sorvall RC 5B PIL
SpeedVac Sava

Eppendorf (Hamburt

Beckmar- Coulter (Fullerton, US#
Beckmar- Coulter (Fullerton, US#
Sorvall (Bad Homburg

Thermo Scientific (Waltham, US.,

Electroporation

Gene¢Puse™

BioRad Laboratories GmbH (Mincht

Electrophoresis
Acrylamide gel equipment

Agarosegel equipment

BioRad Laboratories GmbH (Minchen
Biozym Scientific GmbH (Hessiscl
Oldendorf)

=

ELISA-reader

Incubators and climate cabinets

MobyLux Gro Banks
Minitron

Perdval

CLF planiclimatic (Wertingen)
Infors-HAT (Bottmingen)

Photographic apparatus

Intas GDS

Intas (Gottingen)

Photometer

Genesys 10 UV scanni

UV cuvette
One time cuvette

Thermo Electron Corporation (Waltha
USA)

Sarsted(Numbrecht

Sarstedt (NUmbrecht)

Realtime PCR system
ABI Prism7300

ABI Prism7300SDSsoftware

Applied Biosystems (Darmstadt)

Applied Biosystems (Darmstadt)
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Thermocycler

Vapo protectMastercycleiPro

Epperdorf (Hamburg)

2.1.5. Specific chemicals

Table 4. Specific chemicals used throughout thidyst

Specific chemicals

Company

Antibiotics

Ampicillin
Carbenicillir
Chloramphenicc

AppliChem (Darmstad
Duchefa (St. Louis, US/
Duchefa (St. Louis, US/

Kanamycit Duchefa (St. Louis, US/
Rifampicir Duchefa (St. Louis, US/
Tetracyclin Duchefa (St. Louis, US/
cDNA synthesis/PCR Thermo Scientific Ferment:
dNTP:

KCN Sigme-Aldrich (Taufkrichen

2.1.6. Markers

Table 5. DNA and protein markers used throughostgtudy.

Marker

Company

GeneFuler 1kb DNA Lacder
GeneFuler 50bb DNA Lacder

pageFuler plus proteinLacder

Thermo Scieniific Fermenta:
Thermo Scieniific Fermenta:

Thermo Scieniific Fermenta:
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- - =
GeneRuler™ 1 kb DNA Ladder GeneRuler™ 50bp DNA Ladder PageR["er Prestained
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Figure 7.Markers used throughout this work for -electrophoresis. (a) GeneRi'™ 1kb DNA Ladder (b)
GeneRulel™ 50bp DNA Ladder, (c) PageRuler plus protein Lac

2.1.7. Reaction kits

Table 6 Reaction kits used throughout this sti

Reaction kit Company

Extraction of DNA from agarose gel slice

Invisorb® spin DNA extraction k Invitek (Berlin)

Purification of PCR and restriction products

MSB spin PCRapa Invitek (Berlin)

Plasmid preparation kit

GenelJet plasmid miniprep Thermo Scientific Fermenta

gPCR

Platinum® SYBR® Green gPCR Superl-UDG | Life Technclogies (Carlskad, USA)

with Rox

Protein extraction from E.coli strains

Bugbuster master r Novagen (German
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2.1.8. Enzymes

Table 7. List of enzymes used throughout this study

Enzyme

Company

cDNA synthesit

transcriptase (M-MLV-RT)

Moloney Murine Leukemia virus

rever | Thermo Scientific Ferment

DNA digestion

DNAse Thermo Scientific Ferment
Ligation
T4 DNAligase Thermo Scientific Fermenti

PCR amplification
DreamTaqTM polymeras
Phusion® hot Start

Thermo Scientific Ferment

Thermo Scientific Ferment:

Restriction enzyme:
Xhol

Ncol

Xbal

BamHI

HindllI

EcoRlI

Notl

Pstl

Sall

Thermo Scientific Fermenti
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
Thermo Scientific Ferment
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2.1.9. Oligonucleotides

Table 8. Different synthetic oligonucleotides uieughout this study.

Primer

Sequencg5b’->3")

Purpose

1. CrGIcDH fwl

TAGGTACCATGGGCGCGAGAGG

Cloning of CrGIcDH into
pET22

2. CrGIlcDH rev]

GTG CTAGCT CAAGCCGTCTTAGC

Cloning of CrGIcDH into
pET22

3. CrGlcDH fw2

TAGAATTCGGCGCGAGAGG™

Cloning of CrGIcDH into
pET41

4. CrGlIcDH revz

ACGTCGACT CAAGCC GTC TT:

Cloning of CrGIcDH into
pET41

5. CrGlcDH fw3

TAGTCGACGGCGCGAGAGG

Cloning of CrGIcDH into
pMAL

6. CrGIcDH rev:

ACG AAT TCT CAAGCC GTC TTAGC

Cloning of CrGIcDH into
pMAL

CAGCGAGTCTAACAGTCCATCA

7.CrGIcDH fw4 TAGTCGACGTTGCGCAAGTTG( Cloning of truncatet
CrGlcDH
8. CrGIcDH fw5s CAGAAGTATCGAGAGCGGATT- Cloning of CrGlcDH mutl

into pET22

9. CrGIcDH revt

TGATGGACTGTTAGACTCGCH
GAATCCGCTCTCGATACTTCTG

Cloning of CrGIcDH
mutl into pET22

10.CrGlIcDH fw6

CTA GCG CAG CTG ATG GAA TGA-
GCC AAG AGA AGA GTC CA

Cloning of CrGlcDH mut2
into pET22

11.CrGlcDHrevé | TGGACTCTTCTCTTGGCT(- Cloning of CrGlcDH mut2
ATTCCATCAGCTGCGCTAG into pET22

12.CrGIcDH fw7 | GCTTATGTGGGAGCTAAAGC CrGlcDH mut. sequencin

13.CrGlcDHrevi | GCATAGCGTTGACGATGTT( CrGlcDH mut. sequencin

14.DvGIcDH fwl

ATT AGG ATC CAT GCT CCC CGCCG

Cloning of DvGIcDH

15.DvGIcDHrev]

ATATCTCGAGCGCGGGCTTCG GCC

Cloning of DvGIcDH

16.DvGIcDH fw2

AAATACCTGCTGCCGACCGCTGCT!

Sequencing cDvGIcDH
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17.DvGIcDH revz

ATCATTTCCACGGCGGACAC

Sequencing cDvGIcDH

18.DvGIcDH fw3

GTCCGCCGTGGAAATGATG(

Sequencing cDvGIcDH

19.DvGIcDH revzs

GCGCAGTTCCTTGATGAACC

Sequencing cDvGIcDH

20.DvGIcDH fw4

TCAACACCGGCGCGTTCAT(

Sequencing cDvGIcDH

21.DvGIcDH rev4

GTTAGCAGCCGGATCTCAGTGGTG!

Sequencing cDvGIcDH

22. Ti-universe

AAT TAATAC GAC TCA CTATAG GG

pPET sequencir

23. Ti-reverse

GCT AGT TAT TGC TCA GCG (

pPET sequencir

24 Actin Fw GGT AACATT GTGCTC AGT GGTGG | A.thaliana Actin gene
25. Actir Rev GGT GCAACGACCTTA ATCTTCAT | A.thaliana Actin gene
26. pSt GAC CCT TCC TCT ATA TAA GC PTRA-K sequencin
27. pSc CAT GAG CGA AAC CCT ATA AGA CC | pTRA-K sequencin
28. 3'g-Rev ATA TCA GCT GGT ACA TTG CCGTAC | pTRA-K sequencin
29. pS:-2 CACACATTATTC TGG AGA AA PTRA-K sequencin
30. FDF-fwl GCT GTT GTT GAT GCT GTT GA, gPCR of FDH ger

31. FDF-rev] AAC AGT CAATCC AGC AGC AC gPCR of FDH ger

32. FDF-fw2 GGC TAT GAC TCC TCATACT TCT Gt | qPCR of FDH ger

33. FDF-rev2 TCC TTA GGA GCT GGT TGT1GG gPCR of FDH ger

34. FDF-rev3 TGT TGG GAAATC TTC ACC C gPCR of FDH ger

35. CYNC-fwl CGC CGA AAT TGA TAT TGA GAA gPCR of CYNL enzym:q

36. CYNLC-revl

GGG ATA ACC CGG AAT GAA TC

gPCR of CYND enzynr

37. CYND-fw2

GCC TAA CCC AGT TGT CAG AA¢/

gPCR oiCYND enzym

38. CYND-rev2

CTG AGT CTC ACA GAG CAT ATC ™

gPCR of CYND enzyn

39.CYND-Rev:

ACA ACT GGG TTA GGC GAT T(

gPCR of CYND enzynr

40. CYNLC-rev4

GCA AGG AAC GCACTACTG (

gPCR of CYND enzyn

41. Randomr
nanomer

NNNNNNNNN

[d(N)9] 1*' strand synthes
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2.1.10. Solutions, buffers and media

Table 9. List of buffers and media used duringgresent work.

Name

Component

Concentration

1. Acrylamide/bis-acrylamide

Acrylamide
N’,N’— Methylen bisacrylamide

30% (wiv)
0.8% (w/v)

2. Ammonium per sulphate
(APS)

10% (w/v)

3. Anti-His HRP conjugate
blocking buffer

From Qiagen, Germany

4. Bradford—solution

Coomassie brilliant blue G 250
Ethanol 96 % (v/v)
Phosphoric acid 85 % (v/v)

100mg/L
50ml/L
100ml/L

pH should be 8.8 without adjusting

5. Coomassie-fixation solution | Methanol 30% (v/v)
Acetic acid 10% (viv)

6. Coomassie-staining solution| Coomassie-brilliant-blue (Serva-blue R250, Fg0.5% (wWiv)
Serva)
Methanol 80% (VIV)
Acetic acid 20% (VIv)

7. ANTP—mix dATP 2.0mM
dCTP 2.0mM
dGTP 2.0mM
dTTP 2.0mM

8. Electrophoresis buffer 5x Glycine 1.92M
Tris base 500mM
SDS

0.5 %(w/v)

Glycerol

9. Grinding buffer (GB) HEPES-KOH pH 8.0 50mM
EDTA 10mM
Sorbitol 0.33M
BSA 0.5¢g/1
Ascorbate 5mM

10. HEPES buffer | HEPES —KOH pH 7.5 1mM

11. HEPES buffer I HEPES-KOH pH 7.5 1mM

10% (v/v)
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12. Induction mediul YEB medium
MES pH 5.6 10mM
Acetosyringone 20uM

13. Laemmli-loading buffer 5x | Tris—HCI, pH 6.8 225mM
SDS 5%(wiv)
Glycerol 50%(w/v)
Bromophenol blue 0.05 %(w/v)
DTT 225mM

14. LB—ampicillin LB—medium
Ampicillin 100pg/mi

15. LB—amp—plate Bactotrypton 10g/L
Yeast extract 5g/L
NacCl 10g/L
Agar 15¢g/L
Ampicillin 100pg/mi

16. LB—medium Bactotrypton 10g/L
Yeast extract 5g/L
NacCl 10g/L

17. Ligase—buffer Tris—HCI, pH 7.8 40mM
MgCl, 10mM
DTT 10mM
ATP 0.5mM
PEG 8000 5% (w/v)

18. MS medium Murashige and Skoog basal medium

19. MS + Kanamycin plates MS salt 2.2g/L

(for Arabidopsis) Agar 0.7% (w/v)
Kanamycin 20mg /ml

20. Orange G loacing dye (6x) | Glycerin (99.8%) 60%
EDTA pH 8.0 (0,5 M) 60mM
Tris/HCI pH 7.6 (1M) 10mM
Orange G 0.03% (Wiv)
H,O Ad to 500ml

21. PCR-buffer (10x) Tris—HCI pH 8.5 100mM
KCI 500mM
Tween 20 0.5% (v/v)
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22. Ponceau S—Red-solution

Ponceau S—-Red

0.25% (w/v)

Acetic acid 1% (v/v)
23. Protein elution buffer Na-phosphate pH 8.0 50mM

NacCl 300mM

Imidazol 250mM

24. Protein extraction buffer

Protein resuspension buffer

from plant materials Ascorbate 0.5 % (Wiv)
DTT 5mM
Polyclar 2% (WIV)

25. Protein resuspension buffef HEPES—KOH pH 7.5 50mM
MgCl, 5mM
EDTA 1mM

26. Protein wash buffer | Na-phosphate buffer pH 8.0 100mM
NacCl 300mM
Imidazol 10mM
Triton x 100 0.1%

27. TAE (1x) Tris—acetate, pH 8.0 40mM
EDTA, pH 8,0 1mM

28. TBS buffer Tris-HCL (pH 7.5) 10mM
NacCl 150mM

29. TBS-Tween —Triton buffer | Tris-HCI (pH 7.5) 20mM
NacCl 500mM
Tween 20 0.05% (v/v)
Triton X-100 0.2% (viv)

30. TE (1x) Tris—HCI, pH 8.0 10mM
EDTA, pH 8.0 1mM

31. TFB | (pH 5.8) K—acetate 30mM
MnCl, 50mM
RbCI 100mM
CaClh 10mM
Glycerin 15% (viv)

32. TFB Il (pH 6.8) RbCI 10mM
CaCb 75mM
MOPS 10mM
Glycerin 15% (v/v)
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33. Tank-blotting transfer buffer Tris base 25mM
(1x) Glycine 150mM
Methanol 20% (v/v)

pH should be 8.3 without adjusting

34. YEB mediur Nutrient broth or beef extre 5g/L
Yeast extract 1g/L
Peptone 5g/L
Sucrose 5g/L
MgSO, 2mM
pH 7.4

2.1.11. Matrix and membranes

« Hybond™-ECL™.-nitrocellulose membrane (0.48m) from Amersham Pharmacia biotech

(Braunschweig).

* Whatman no.1 paper from Whatman.
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2.1.12. Plasmids

Table 10. List of plasmids generated in courstisfstudy.

No. | Construct name Usage

1 PTRA-K-TL- ctp-CYND-His Chloroplastic expression of cyanidase
(CYND) enzyme.

2 pPpTRA-K-TL-FDH Cytosolic expression of formate
dehydrogenase (FDH) enzyme.

3 pTRA-K-ctp-FDH-CYND-His Chloroplastic expression of both FDH
and CYND genes enzyme.

4 pPET22CrGIcDH-His Bacterial expression @rGlcDH
enzyme.

S pPET22-mutl€rGlcDH-His Bacterial expression of mutantl of
CrGlIcDH enzyme.

6 PET22-mut2€rGIcDH-His Bacterial expression of mutant2 of
CrGlcDH enzyme.

7 pET22-delta€rGlcDH-His Bacterial expression of del@GlcDH

8 pET22DvDLDH-His Bacterial expression @vDLDH
enzyme.

9 pET41- GST-CrGlcDH-His Bacterial expression @rGIlcDH with
GST fusion tag.

1C | pMAL-CrGIcDH Bacterial expression @rGlcDH with

maltose binding fusion tag.
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Figure 8. Structure of different plasmids constedctluring this study. A, pET22-His plasmid that weed for
expression oCrGlcDH protein and its mutants with His-tag fusidrnCaterminal. B, pET22DvDLDH-His plasmid
was used for expressing gilactate dehydrogenase frdbesulfovibrio vulgariswith His-tag fusion at C-terminal.
C, pMAL-CrGIcDH plasmid was used for expression@iGIcDH protein with maltose binding fusion tag. D,
PET41-GST-His plasmid was used for expressingCdBlcDH with a glutathione-S-transferase fusion tag\a
terminal and His-tag at C-terminal. And E, pTRA-RHE-FDH-CYND-his plant expression vector, was usad f
expressing of cyanidase protein in the chloropégtrabidopsis thaliana
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2.1.13. Software and internet programs

Table 11: Software and internet-programs used tirout this study.

Software/internet-program Characteristics

ABI Prism® 7300 SDS software : Software for enforcement and evaluatior

ABI Prism® 7300 sequence detection system.

Clone maraget prafessional 9 Nucleic acid sequence analy

Mega ¢ MEGA scftware is an integrated tool f
conducting sequence alignment, inferring
phylogenetic trees, estimating divergence
times (Tamura et al., 2011).

http://www.megasoftware.net/.

Multiple sequence alignment by CLASTALW Internet program for sequence alignm

http://www.genome.jp/tools/clustalw/.

Nationalcentrefor biotechnology information | Internetdatabaséor sequencing,

(NCBI) http://ncbi.nim.nih.gov/.
Oligonudectides properties celculator Internet program for oligonucleotis analyses
(OligoCalc) http://www.basic.northwestern.edu/biotools/

oligocalc.html.

SeglLab Internet progran for sequencing,
http://seqlab.de/
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2.2. Methods

2.2.1. Molecular methods
2.2.1.1. DNA and RNA extraction (Combined method)rém plant material

A frozen and well ground plant material was used éatraction of DNA and RNA in a
combined method. 100mg ground plant material wasedhiwith 5001 DNA/RNA extraction
buffer (Table 9). Afterwards, 1 volume of waterwated phenol was added and was mixed
gently for 10 to 15min on a shaker followed by cémgation at 16000xg for 10min. The upper
phase was transferred to a new tube and 0.1 voleh8M NaAc (pH 5.2) and 2 volumes of
ethanol (96%) were added and mixed well. The DNAI &RNA were precipitated by
centrifugation at 16000xg for 10min at 4°C. The emus phase was removed and the resulting
pellet was washed by adding 300ul 70% ethanol. mindure was centrifuged for 10min
(16000xg, 4°C). Finally, the ethanol was completagoved, and the pellet was dissolved in
100ul sterile HO and stored at -20°C until used.

2.2.1.2. Polymerase chain reaction

The Polymerase chain reaction (PCR) is a powerfyldication technique that can generate a
huge amount of a specific segment of DNA (Saikal, 1988). Two synthetic oligonucleotides
with known sequences designated as primers (a fdramad a reverse primer) are required to
initialize the amplification process. The target fisnked by the primers, which are
complementary two the (+) and (-) strands of theADN'he new strands are synthesized
between the two primers by catalysisTaq DNA polymerase enzyme. Amplification of the
DNA fragment is performed by repeating the reactseweral cycles. Each cycle contains
three main stages: the denaturation, the anneamdjthe extension (Lorenz, 2012). Repeating
the cycles of denaturation, primer annealing aridreston results in an exponential accumulation
of the target DNA fragment. See below the reactimmposition and conditions used in this study
(Table 12&13).
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2.2.1.3. Multiplex PCR

With help of this technique, it is possible to aifypmore than one DNA fragment using more
than one primer pair in the same PCR reaction mextliable 12). In this study this method was
used to amplify the actin2 (Plant control) togethth the different transgenic constructs. The

standard multiplex PCR conditions were used fagrfrant amplification (Table 13).

Table 12. PCR reaction mixture.

Reagent Final concentration
Dream-Tag Buffer (10X 1x

dNTP mix 20CuM

Forwarc primer 0.2uM

Revese primer 0.2uM

Tac polymerese 0.0zuM

Template 1-2ng/ul

H,O Ad 25l

Table 13. Standard PCR conditions.

Reaction step Temperature Duration Cycle
Initial deneturaion  94°C 5min 1x
Denduretion 94°C 30sec

Annealing 50-60°C ?° 30sec 35x
Elongatior 72°C 2min ??

Deacivation 72°C 5min

Res 16°C

2.2.1.4. Purification of PCR products and digeste®NA fragments

The MSB Spin PCRapace kit (Invitek, Berlin) wasdige purify PCR products and the digested

plasmids. The kit was used according to the mamurfacs instruction.
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2.2.1.5. Isolation of plasmid DNA

Plasmid DNA mini kits (GeneJet Plasmid Miniprep,Kihermo Scientific Fermentpsvas used

to isolate plasmid DNA. The kit was used accordmthe manufacturer’s instruction.

2.2.1.6. Agarose gel electrophoresis

Agarose gel electrophoresis method enables reswardo separate and visualize DNA
fragments. DNA fragments are forced to migrateulgh an agarose matrix in response to an
electric field. Agarose is a polysaccharide thabdpices cross-linked matrix during its
polymerization with a particular size depending agarose concentration. Therefore, small
fragments run more quickly than the bigger fragrmehtough the agarose matrix. All agarose
gel electrophoreses for DNA separation was perfdrase previously published (Sambrook and
Russell, 2001). Briefly, 0.8-2% (w/v) agarose wassdlved in 1x TAE buffer (Table 9) by
heating in a microwave. Ethidium bromide was adtiedhe melted agarose solution at a
relationship of 1:20,000. In order to create pt€keside the gel, the solution was poured in a
plastic template with a comb placed inside. Aftel gplidification, the comb was removed and
the DNA samples, mixed with loading buffer, weraded in the pockets. To enable subsequent
size determination of the DNA fragments 5ul of DA ladder (Invitrogen) was also loaded.
The DNA samples were run at 1.5 mAfcin 1x TAE buffer. Finally, the separated DNA

fragments were visualized on a UV table.

2.2.1.7. Purification of DNA fragments from agarosegels

To purify DNA fragments (70bp - 10kb) from agaragss, the InvisorB Spin DNA Extraction
Kit (Invitek, Berlin) was used according to the méacturer’s instruction.

2.2.1.8. Restriction enzyme digestion

Restriction reactions were performed as describeédd manufacturer’s instruction.
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2.2.1.9. Ligation

Ligation of DNA is performed using DNA ligase enzgn{Thermo Scientific Fermentas,
Germany). DNA ligases catalyze the formation of l@ogphodiester bond between the 3'
hydroxyl and 5' phosphate of adjacent DNA residUé® reaction was performed as described
in the manufacturer’s instruction, except the iratidn step, which was performed over night at
16°C.

2.2.1.10. DNA Sequencing

DNA sequencing was performed by the Seqglab Compamiythis purpose, approximately 600-
700ng of the required plasmid was mixed with 20pwofaihe used primers followed by adding

water to a volume of 7pl.

2.2.1.11. cDNA synthesis from RNA

Complementary DNA (cDNA) is catalyzed by the reeeteanscriptase enzyme. During this
process, DNA is synthesized from the messenger RNRNA). Briefly, the isolated
DNA/RNAs samples (See 2.2.1.1) were digested DiyAse enzyme. The samples were
incubated withDNAse enzyme for 30min at 37°C followed by additionalniis at 70°C.
Afterwards, 1ul of the random primer (Table 8, mimo. 41) was added to the samples and
incubated for 5min at 75°C followed with cooling are. Then, 7ul of the RT-reaction mix
(Table 14) was added to each sample. The mixtueim@ubated for 1h at 37°C. Finally, the
enzyme was inactivated by incubation at 70°C fanibO As control, reaction mixtures without
DNAse enzyme were used. The samples were diluted 1:41at@l with HO before cDNA
synthesis. Finally, the resulting cDNA samples wditeted 1:2 and used as templates for gene

expression analysis (QPCR).

Table 14. RT reaction mix.

Compound End concentration
dNTP mix 2Cnmol

MMLV buffer 1x

MMLV RT 20Cu

H20 7ul
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2.2.1.12. Quantitative RT-PCR

RNA was prepared fromArabidopsis thalianaleaves following the BCP (1-bromo-3-
chloropropane) protocol (Chomczynski and Mackeys)9Breparation of first strand cDNA was
performed as described by Niessen et al. (2007anative PCRs were performed on an ABI
PRISM 7300 Sequence Detection System (Applied Biesys, Darmstadt, Germany) in the
presence of SYBR Green following the manufacturgrsructions. Reaction mix was obtained
from Invitrogen, Karlsruhe, Germany, and oligonotiées were purchased from Metabion,
Planegg, Germany. For the detection of FDH trapsgriprimers 5'-GCT GTT GTT GAT GCT
GTT GAA-3' and 5-TCC TTA GGA GCT GGT TGT GG-3' weeused. For the detection of
CYND transcripts, primers 5'-GCC TAA CCC AGT TGT GAAAA-3' and 5-GCA AGG AAC
GCA CTA CTG G-3' were used. For the detection ofidtranscripts, primers 5- GGT AAC
ATT GTG CTC AGT GGT GG-3' and 5-GGT GCA ACG ACC ATATC TTC AT-3' were
used. The final primer concentration was 200nM ke treaction mixture. Amplification
conditions were 10 min of initial denaturation #&°@, followed by 40 cycles each of 15s

denaturation at 95°C and 1min combined annealidgeaitension at 60°C.

2.2.1.13. Phylogenetic tree assembly

Amino acid sequences from bacteria, fungi, algag plants were obtained from the NCBI
databases using a combination of queries baseawriekms and BlastP searches (Altsoiul
al., 1997). Protein sequence alignments were perfomigdMEGAS.1 software (Tamurat al,
2011). Phylogenetic analyses were inferred in MEGA&sing neighbor joining (NJ) method.
The NJ tree was constructed from pairwise amina aistances estimated using a Poisson
correction and different rates among sites (gamisiailolited). Bootstrap values (%) are for 500

replicates. Arabidopsis GOX was used as an oupgrou

2.2.2. Biochemical methods
2.2.2.1. Protein extraction from plant leaves

Frozen leaves were finely ground in liquid nitrog@&pproximately 150mg ground leaf material
was placed in 1.5ml eppendorf tube and mixed waLid of protein extraction buffer (Table 9)

followed by centrifugation (30000xg/15min/4°C). Thapernatant was transferred into a new
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1.5ml eppendorf tube and centrifuged once moreetaore any remaining debris. Finally, the
supernatant was transferred into clean eppendbd &nd placed in ice. Protein concentration

was measured using Bradford solution.

2.2.2.2. Determination of protein concentrations

Proteins concentrations were determined accorainige method described by (Bradford, 1976).
From protein samples 2ul was mixed with 1ml of Boad reagent (Table 9) and incubated for 5
min at room temperature (RT). The extinction ar5® was measured against a reagent blank
prepared from 2ul of the corresponding extractiofids and 1ml of Bradford reagent. Different
concentrations of bovine serum albumin protein {8 Serva) were used to prepare a standard

curve in a range between 1 and 20ug.
2.2.2.3. Expression and Purification of recombinanproteins

A single colony ofE. coli strain harboring the gene of interest was inoedlah 5ml of LB
medium containing the appropriate antibiotics amitivated ON at 37°C. On the second day, the
ON culture was transferred into 1000ml LB + antilw® and left to grow until OEonmof 0.9.
Protein expression was induced by addition of IR®@@G final concentration of 1mM for 2hr.
The culture was centrifuged (4000xg/4°C/10min) &adterial pellets were immediately frozen
with liquid nitrogen and were kept in -80 freeZEne bugbuster master mix (Novagen) was used
for protein extraction. The His-tagged recombinpritein was purified by Nf-NTA resin
(Qiagen). The purification was performed accordimghe manufacture’s instruction with some
modifications. The binding step was performed itchausing 15ml falcon tube for 1h at 4°C.

Afterwards, the resin was carefully transferred iht5ml eppendorf

tube. The non-specifically bound proteins were aeaa by washing with 5 resin volume of
protein-wash-buffer. Finally, the recombinant protevas eluted using 3x 100ul of protein
elution buffer. All the purification steps were flemed at 4°C. The centrifugation steps were

performed at 1000xg.
2.2.2.4. SDS-polyacrylamide gel electrophoresis

The size-dependent separation of denatured protem performed according to (Laemmli,

1970). The polyacrylamide gels required for thispmse were cast in a mini gel system (The
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Bio-Rad min protein Il apparatus). After gel pregiaon, each protein sample was mixed with 5x
SDS-PAGE-samples buffer (Table 9), boiled at 956€5min, and spun down for 30sec. The
boiled sample was then loaded into polyacrylamide (§usubel et al., 2001). To be able to
estimate the protein size, pre-stained moleculaghtenarkers were used (Thermo Scientific
Fermentas). 1x SDS-PAGE electrophoresis bufferl€r@pwas used for the electrophoresis that
was performed for 120min at 120V/cm. Separatedeprstwere visualized by gel staining with
Coomassie brilliant blue R250 (Table 9) or trangféronto a nitrocellulose membrane for

western blotting analysis (Table 9).
2.2.2.5. Coomassie brilliant blue staining

Although, the presence of around 40 dyes calledh@ssié" xy, only Coomassi&' G250 and
CoomassiB! R250 play a crucial role in biochemical analysg@somassie Brilliant Blue R-250
was first used to stain proteins in a polyacrylaangel by (Meyer and Lamberts, 1965).
Coomassi8" Brilliant Blue forms strong but non-covalent comweds with proteins, most
probably based on a combination of van der Waatsefo and electrostatic interactions.
Formation of the protein/dye complex stabilizes nlegatively charged anionic form of the dye

producing the blue color in the gel.

The polyacrylamide gel containing the separatedeprovas placed carefully in coomassie dye
solution (Table 9) and stained for 30min at RT whghaking gently. Non-specific background

staining was removed using coomassie-destainingisol(Table 9) overnight at RT.
2.2.2.6. Western blot

Transfer of the electrophoretically separated pmstefrom polyacrylamide gels onto a
Hybond™-ECL™-nitrocellulose membrane (04f) was achieved using a tank-blotting
transfer chamber (Biorad). The tank-blotting westaot was performed according to giaexpress
detection and assay handbook (Qiagen, Hilden, Geym®riefly, a nitrocellulose membrane
was cut according to the gel size and soaked itathieblotting transfer buffer for some minutes
(Table 9). The gel was placed in between a sandiiehstructure of two filter papers and two
fiber pads as shown in figure 9. The air bubblesvben the gel and the membrane were
carefully removed. The sandwich-like structure Wwakl with a plastic supporter. The tank was

filled with transfer buffer and protein transfer svperformed at 250mA for 1h. Afterwards, the
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membrane was washed two times 10min each with TBfeh(Table 9) at RT then incubated 1h
in blocking buffer (Table 9) at 4°C. The blockedmiwane was washed 2 times 10min each at
RT with TBS-Tween/Triton buffer (Table 9) followdxy two times with TBS buffer for 10min
each then incubated in Anti-His HRP conjugate sofuf{Qiagen, Hilden, Germany) containing
1/2000-1/1000 dilution of antibody in blocking berff(Qiagen, Hilden, Germany) at RT for 1h.
Finally, the membrane was washed 2 times with TB&dn/Triton buffer (Table 9) followed by

2 times 10min each with TBS buffer (Table 9). Thgnals were visualized by adding lumi-light
western blotting substrate (Lumi-light stable pédexsolution : lumi-light luminol/enhancer
solution = 1:1 from Roche Diagnostics GmbH, MannheGermany) to the membrane and
incubated in dark for 5min then luminescence wanded on a LAS3000 CCD camera

(Raytest) according to the manufacturer’s recomragons.

Tank
Cathode

Plastic support

B IR I %305 )  Fiber pad

Filter paper

| |Ge|

;;;;;;;;;;;;;;;;;;;;;;;;;;;

[ o e ] Membrane

Filter paper

F<<<<<<<<<<<<<<<<<<<<<<<<<<<<| Fiber pad

Plastic support

Anode
Figure 9. Schematic drawing of indicated tank- fitigt methods. Arrow shows direction of the trandi@ragen

Handbook).

2.2.2.7. Truncated protein version and site-direct mutagenesis

Oligonucleotides 5-TAT GCC ATG GGC GCG AGA GGT CCICA TCT-3" as forward
primer and 5°- GAT GCT CGA GGA ACT TGA TGT GAG CQICT GAT CT-3" as reverse
primer were used to amplify a truncated versiorOé@6from the N-terminus) @&rGIcDH. Site-
directed mutagenesis was performed with the ligigfruick-change site-directed mutagenesis
kit (Agilent Technologies, Boeblingen, Germany)ldaling the manufacturer’'s instructions to
change cysteine 673, 676, 679 and 683 to serineth&yc oligonucleotide primers weré-5
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CAGATGTATCGAGAGCGGATTCAGCGAG-TCTAACAGTCCATCA-3 for mutl and 5
CAGAAGTATCGAGAGCGGATTCAGCGAG-TCTAACAGTCCATCA-3 for mut2. The
reverse primer was'FGATGGACTGTTAGA-CTCGCTGAATCCGCTCTCGATACTTCTG-
3'. Constructs were amplified . coli XL10-Gold ultracompetent cells provided with thie k
and screened using primers 5 -TAGCGCAGCTGATGGAATGZXCAAGAGAAGAG
TCCA-3"as forward primer and 5 -GACTCTTCTCTTGGCTCRIJCATCAGCTGCGCTAG-

3" as reverse primer. Positive constructs were esempd by Seqglab (Goettingen, Germany).

Expression and purification conditions were as dieed above (See 2.2.2.3).

2.2.2.8. Enzymatic activity assays

Enzymatic activity was assayed according to (LaA¥2) with few modifications. Bacterial cell
extract containing 100ug of total protein or 0.5pfghe purified protein was added to 100uM
Na-phosphate buffer (pH 8.0), 50uM 2,6-dichlorogiierophenol (DCIP), 3mM phenazine
methosulfate (PMS), and 10mM glycolate or D/L-léetan a final volume of 0.2mL. At fixed
time intervals, individual assays were terminatgdthe addition of 8uL 32% HCI. After
standing for 10min, 42ul of 0.1M phenylhydrazinellas added. The mixture was allowed to
stand for a further 10min, and then the extinctidwme to the formation of glyoxylate-

phenylhydrazone or pyruvate-phenylhydrazone, rasdyg, was measured at 324nm.

For testing substrate specificity, enzymatic attiwas tested spectrophotometrically with a
different assay. Reaction mixture contained 50mMpRasphate buffer (pH 8.0), 3mM PMS,
20uM DCIP, and 10mM of the tested substrate in a fw@lme of 0.2ml. Activities were
measured at RT ~ 21°C by recording the reductidd®iP at 600nms 22 cm* mM™).

Cytochrome c reduction was tested in the same badfietaining 50mM Na-phosphate buffer pH
8.0, 10mM glycolate)-Lactate and 200puM equine cytochrome c (Sigma, Kilealifen, Germany)
instead of DCIP. OD change was measured at 556nh8(6 cm mM™). The resulting activity
was divided by two since two moles of cytochromare reduced for each mole of substrate
oxidized.
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2.2.3. Biological methods
2.2.3.1. Culture of bacteria

I) Escherichia coli
Different E. coli strains (Table 2) were cultured in Luria-BertabB) rich medium (Bertani,
2004). The bacteria were grown at 37°C.

II) Agrobacterium tumefaciens

Agrobacterium tumefaciermcteria were cultured in YEB medium Broth (Tabjetat is based

on the formula described by (Song et al., 200hg bacteria were grown at 28°C.

2.2.3.2. Preparation of competent E. coli cells fdreat shock transformation

From a freslE. coli culture a single colony was inoculated into 5ml irBdium and incubated
ON at 37°C with continuous shaking (200xg). On sleeond day, the ON culture was used to
inoculate fresh 200ml LB medium and the culture Vedisto grow at the same conditions until
the ODyponmreached 0.5 - 0.6. Afterwards, bacterial cultusswpun down for 10min (4000xg/
4°C) and the pellet was then resuspended with 1&ntold TFBI buffer (Table 9) and left in
ice for 10min. The bacterial cells were centrifuged the pellet was resuspended in 4ml TFBII
buffer (Table 9). Finally, aliquots of 2QDof the suspension were dispensed into pre-chilled

Eppendorf tubes, and were immediately frozen iniiqnitrogen and stored at -80°C.

2.2.3.3. Transformation of competent bacteria by he-shock

The competenkE. coli cells prepared as shown previously (See 2.2.32k wlefrosted in ice
before using. Plasmid DNA (10-100ng) or the ligatiproducts (1-3ul) were added to the
competent cells and gently mixed and incubateccenfor 30min. Afterwards, the cells were
heat-shocked (45sec at 42°C), and were immedia¢shted in ice. The transformed cells were
recovered by adding 1ml of LB medium without ardtiis and were incubated at 37°C for
60min with continuous shaking (180xg). Differentlwoes: 50, 100 and 150ul of the
transformed cells were placed on LB-agar platesplenpented with appropriate antibiotics
(Table 4) and incubated at 37°C ON.
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2.2.3.4. Preparation of competent Agrobacterium ckd for electroporation

From a fresh culture oAgrobacterium tumefaciengrown on YEB-agar plates containing
10Qug/ml rifampicin (Rif) and 2ag/ml kanamycin (Kan) (YEB+Rif+Kan), a single colomgs
used to inoculate 5ml of YEB+Rif+Kan medium andubated at 28°C for two days with
shaking (200xg). Afterwards, 1ml of the culture wasferred into 200ml fresh YEB+Rif+Kan
medium and the culture was left to grow until thB¢&nm reached 1-1.5. Then, cells were
centrifuged (4000xg/4°C/10min) and the bacteridlepavas washed three times with 100ml,
50ml and 25ml cold HEPES buffer | (Table 9), respety, and one time with 10ml HEPES
buffer 1l (Table 9). Finally, the cells were resasded in 500l of sterile HEPES buffer Il
(Table 9) and aliquots of b were dispensed into pre-chilled Eppendorf tubkszen

immediately in liquid nitrogen and stored at -80°C.

2.2.3.5. Transformation ofAgrobacterium tumefaciens by electroporation

The competenA. tumefaciensells (See 2.2.3.4) were defrosted before usiige plasmid
DNA (0.2-1.0pg) was added to thgrobacteriaand left in ice for 5min. The mixture was
transferred into an electroporation cuvette andos&g to the electric pulse (25 F/2.5 kV/200).
The cells then were diluted with 1ml of YEB mediwithout antibiotics and incubated at 28°C
with shaking (200xg) for 60min. Finally, 50l an@Qul of the transformed cells were placed on
YEB plates containing Rif+Kan and the antibiotidtable to the plasmid. The plates were
incubated at 28°C for 3-4 days.

2.2.3.6. Plant culture, generation and characterizaon of transgenic plants

Transformation oArabidopsisplants was performed throudtgrobacteriummediated floral dip

transformation.

I) Preparation of Agrobacterium

A pre-culture of Agrobacteriumtumefacienscarrying the gene of interest was prepared by
inoculating a single colony into 5ml YEB medium Ql@/ml Rif+25ug/ml Kan+ 100ug/mi
carbenicillin) and incubated at 28°C for 2 dayshwshaking at 150xg. Afterwards, the pre-
culture was transferred into fresh 200ml YEB medi@®0upg/ml Rif+25ug/ml Kan+ 100ug/ml
carbenicillin) and incubated for additional 2 dags28°C with shaking at 200xg. The bacterial
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cells were spun down (4000xg /4°C/20min), and thetdrial pellet was resuspended in 5%
sucrose until ORonm ~ 0.8. Finally, 0.04 % silwet |-77 (4Q01000ml) was added to the

resuspended and was used directly for floral dipgformation of Arabidopsis plants.

II) Transformation of Arabidopsis plants (florajpdiransformation)

The floral dip transformation of Arabidopsis plamtas performed as described by (Clough and
Bent, 1998). Briefly, the Arabidopsis plants wem@wn under short day conditions (8h/16h,

22/20°C, day/night) to produce biomass. Afterwattlge, plants were transferred to a long day
conditions (16h light and 8h dark at 23-25°C) tdhamce flowering. Bacterial cultures of

Agrobacteria harboring plasmid with CYND or CYNDdaRDH together were prepared. The
flowers were dipped in the Agrobacterium solution3 to 10min (Figure 10). The dipped plants
were covered ON (16h) in order to maintain humidityie plants were then transferred to
normal growth conditions (16h light and 8h dark28t25°C) until plant maturation and seeds
harvesting.

[II) Selection of the transgenic plants

Selection of transgenic lines was performed on M&tklates as described by (Clough and
Bent, 1998). The harvested seeds were sterilized) @8% (v/v) ethanol for 15min then washed
three times with 75% (v/v) ethanol, and then thexlsavere left to dry. The seeds were placed on
MS+Kn plates and left to grow in short day condisd16h light and 8h dark at 23-25°C) for 10-
15 days. The survived plants were transferred ilo Boe transgenic plants were confirmed by

PCR (See 2.2.1.2) using specific primer. The pasiglants were continued growing for seeds

production. ACHEPS = Al

Figure 10. Floral didgrobacteriummediated transformation of wild tygegabidopsisplants.
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2.2.3.7. Growth assay conditions

Three different systems were used for growth assager cyanide stress. For determination of
root growth in seedlings, plants were grown onigaltMS medium agar plates with or without
250uM KCN (plate assay). For determination of rnessize, and fresh weight plants were grown
in a hydroponic system in MS medium under short aayditions (8h/16h, 22/20°C, day/night).
After two weeks, plants were treated with MS supmeted with 50uM KCN for another two
weeks (hydroponic assay). Alternatively, plants evgrown in sand and watered with MS
medium. After four weeks, plants were treated witB supplemented with 300uM KCN for

another two weeks in 3-day intervals (Sand assay).
2.2.3.8. Gas exchange measurements

Plants grown in sand and watered with MS+300uM KfoN two weeks (Sand assay, see
2.2.3.7.) were used for gas exchange measuremsintg the LI-6400 system (Li-Cor, Lincoln,
NE). Parameters were calculated with the softwamgpleed by the manufacturer. Measuring
conditions were photon flux density = 1000uméf g1, chamber temperature = 26°C, flow rate
=100 pmol &, relative humidity = 60-70%, and G& 400ppm. Plant leaves were allowed to
adapt for 20-30min to the measuring chamber beface measurement.

46



RESULTS

3. Results

3.1. Enzymatic characterization of Chlamydomonas reinhardtii glycolate dehydrogenase
and its nearest proteobacterial homologue

A mitochondrial glycolate dehydrogenas€rGIicDH) in Chlamydomonas reinhardtiwas
initially described by (Nakamura et al. (2005). dugh CrGIcDH was reported to encode a
GlcDH based on its homology to GlcD and GIcF fr&ncoli (Nakamuraet al, 2005), the
enzymatic properties of this enzyme were not idiedti In order to investigate whether the
CrGIcDH gene product is a true glycolate dehydrogereasd to determine whether it can be
used for the chloroplastic bypass (Figure 6), bémeical characterization of the enzyme was

undertaken in this study.

3.1.1. Phylogenetic analysis

A phylogenetic analysis was conducted @nGIcDH gene to get better understanding of the
distribution of its orthologous sequences. TwsIcDH amino acid sequence was used for a
basic alignment search (BLAST) in the NCBI databddpresentative sequences from bacteria,
archaea, chlorophyta and other eukaryotes weretsdl@nd used to construct a phylogenetic
tree through the neighbor joining method (Figurg Atabidopsis GOX (gi|25083945) gene was
used as an outgroup for rooting of the phylogenteéie. The nearest homologuesQsIicDH
were found in sequenced genomes of other chlorephyll available genome sequences of this
clade contained sequences homologou€n@IcDH (data not shown). Surprisingly, the sister-
group to the chlorophyta enzymes was made up frostepbacterial enzymes. The selected
species represent the subclades alpaogpirillum), beta Dechloromonas gamma
(Pseudomongsdelta Desulfovibrig and epsilonArcobactej. However, we did not identify a
CrGIcDH homologue in th&. coligenome (gammaproteobacteria). All the identiféx&IcDH
homologues in proteobacteria contained homologyaiosito both GlcD and GlcF over the full
length of the protein sequence (Figure 12). Preteiith homology tde. coli GlcD, but not GlcF
were clustered in a separate clade. This cladeacmd sequences from different groups of
prokaryotes including archaea and cyanobacterianyMd the proteobacteria that contained a
CrGIlcDH homologue (see above), in addition, were &bua contain a GlcD homologue.
Putative p-lactate dehydrogenases from different evolutiongmyups including ascomycetes

(Saccharomycgsameobozoalictyostelium, and plantsArabidopsis Physcomitrelld formed
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a sister group to the GlcD-homologues. THOGICDH represents a group of proteins found in
chlorophyta and some proteobacteria that is ewnlaty separated from other GlcD

homologues.

56 Chlamydomonas reinhardtii.(gi|159474536)
E Chlorella variabilis.(gi|307111880)
Coccomyxa subellipsoidea. (gi|384250702)
Chlorophyta
Bathycoccus prasinos. (gi|412988224)
WEMicromonas sp.(gi|255089048)
78 Ostreococcus lucimarinus. (gi|145341535) CrGlcDH homologous sequences

54 Desulfovibrio wulgaris. (gi|218887286)
87 Pseudomonas putida.(gi|339489466)
Azospirillum lipoferum. (gi|374294282) Proteobacteria

a7| 72 Dechloromonas aromatica.(gi|71907393)
Arcobacter butzleri.(gi|157736303) i B
Natrinema pellirubrum. (gi|352113789) ]Archaea
Escherichia coli.(gi|16130879) 1
Gloeobacter violaceus.(gi|37522638) Bacteria
Synechocystis sp.(gi|16331458)

Chlamydomonas reinhardtii.(gi|159486569)

57

GlcD homologous sequences

Micromonas sp.(gi|255078120)
34 Saccharomyces cerevisiae. (gi|6320027)
00 Dictyostelium discoideum.(gi|66826845)
E‘—: Arabidopsis thaliana.(gi|18415252)
100 Physcomitrella patens.(gi|168005770)

Arabidopsis thaliana GOX (gi|25083945) Joutgroup

Eukaryota

P
0.1

Figure 11. Evolutionary relationship @rGlcDH using neighbor-joining method. Bootstrap &%) are for 500
replicates. Evolutionary distances were computethgughe p-distance method. Sequence alignment and
evolutionary analyses were conducted in MEGAS.Ivanke (See 2.2.1.13). ArabidopsBOX was used as an

outgroup. Numbers in parentheses are Genbank &mcessnbers.

3.1.2. Alignment of CrGIcDH to its closest proteobacterial sequence

The CrGlcDH amino acid sequence was aligned to the neareseobacteriaDesulfovibrio
vulgaris (DVDLDH, @i|218887286) protein. It was found that timilarity extended over the
full length covering the GlcD and GIcF domains. $hiboth proteins might share similar

enzymatic characteristics (Figure 12).
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Figure 12. Alignment ofCrGlcDH against a putative-lactate dehydrogenase fromesulfovibrio vulgaris

(DVDLDH).

among the amino acids.
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3.1.3. Cloning, heterologous expression and purifition of CrGIcDH

To optimize expression of the recombin&rGIcDH protein, significant efforts were invested
during this study. Th€rGIlcDH gene was cloned into several expression pEsmET22 with
C-terminal 6-histidine fusion tag, pET41 with N+tenal glutathione S-transferase (GST) fusion
tag and C-terminal 6-histidine fusion tag, and pM#ith N-terminal maltose binding protein
fusion tag. The bacterial strath coliBL21 codon plus was used to analyze the expres$siah

of the different constructs. In all constructs, tin@jority of CrGIcDH protein was found to
accumulate as inclusion bodies, and only a smatiusrnwas detected in the soluble fraction by
western blotting (data not shown). The construciZ#=CrGIcDH with the short histidine fusion
tag was used for further investigations. MoreogeneralE. coli strains: ER2566, BL21 codon
plus, Rosette gami, C41 and C43, were used to zmalypression of the recombin&nGIcDH
protein. Among the tested bacterial strais,coli BL21 codon plus was selected for further
investigations as it showed the best expressioal let CrGIcDH in soluble form (data not
shown). Further optimization for expression of mbmantCrGIcDH in BL21 codon plus was
undertaken: expression at different temperaturesl?4 25, 30 and 37°C), induction of the
expression at different bacterial densities g8Fh (0.6, 0.9, 1.5 and 2), induction of the
expression with different IPTG concentrations (.03, 0.5, 1 and 2mM) (data not shown) and
induction for different time points (1, 2, 3, 4 &,hours and ON). Eventually, the expression
conditions: grown in LB medium, protein induction3°C for 2h by 1mM IPTG were routinely
used forCrGIlcDH expression iBL21 codon plus. The solubftérGIlcDH protein was purified by
Ni?-NTA chromatography (Qiagen). The purification waerformed according to the
manufacturer’s instructions with some modificatiof®ee 2.2.2.3). The purifie€rGlcDH
protein was analyzed by SDS-PAGE (See 2.2.2.4)waxlern-blotting (See 2.2.2.6). A protein
of the expected size and two additional proteindsawere observed in the eluate (Figure 13).
Blotting the purified proteins against anti-His iaodies resulted in two signals: one matched the
full-length CrGIlcDH protein size and the other matched the swtaleand of the two
contaminating bands (Figure 13). | speculated that contaminations were derived from
CrGIcDH protein that was degraded during purificatigkl the three eluted bands were
analyzed by mass spectrometry (Mass spectrometsydwae at the Institute of Plant Genetics,
Leibniz University Hannover). As expected, all #rbands contained peptides derived from
CrGIcDH (See 6.1, S2).
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Figure 13. Purification ofCrGlcDH-His using Ni*-NTA affinity chromatography. A, Coomassie stain8BS-
PAGE of the progress of recombina@tGlcDH purification. B, Western blot of the SDS gasing anti-His
antibodies. Lane 1, protein marker. Lane 2, 20ugadfible protein extract after IPTG induction frdracteria
transformed with an empty vector. Lane 3, 20ug alilde protein extract after IPTG induction fromcbeia
transformed with theCrGlcDH-His construct. Lane 4, 20ug flow-through fian. Lane 5-6, washing fractions.
Lane 7, 5ug of purifie€rGlcDH-His protein.

3.1.4. Cloning, heterologous expression, purificain of p-LDH from Desulfovibrio wulgaris

In order to compare the catalytic propertie€oBIcDH protein withDvDLDH protein, the gene
was isolated and cloned into pET22 vector (See $11and figure 8). After confirming the
sequence, the construct was transformed Entooli BL21 codon plus and was overexpressed
using the same conditions that were previously rdeteed for CrGlcDH (See 2.2.2.3).
Although, the expression was as low as@oGIcDH protein, the soluble protein was purified as
described withCrGIlcDH protein. The eluate fraction was analyzedhw&DS followed by

western blot (Figure 14). As expected, a signal eeiected at molecular weight of 100kDa.
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Figure 14. Purification oDvDLDH-His using Nf*-NTA affinity chromatography. A, Coomassie stain®BS-
PAGE of the progress of recombina@vDLDH purification. B, Western blot of the SDS geéing anti-His
antibodies. Lane 1, protein marker. Lane 2, 20ugadfible protein extract after IPTG induction frdracteria
transformed with an empty vector. Lane 3, 20ug atitde protein extract after IPTG induction fromchexia
transformed with th®vDLDH-His construct. Lane 4, 20ug flow-through fiact Lane 5, washing fraction. Lane
6, 5ug of purifiedvDLDH-His protein.

3.1.5. Screening of the substrate specificity of cembinant CrGlcDH

Other GlcDH homologues have been shown to accej# winge of substrates such as glycolate
and p-lactate. However the activity of the purifie€rGIcDH enzyme was tested
spectrophotometrically against various substrayesebording the reduction of DCIP at 600 nm
(e, 22 cm* mM™) as was described in (See 2.2.2.8). The highesttgovas detected withy-
lactate. Therefore, the activity wifhlactate was set to 100% (Table 15). Slightly loaetivity
was observed with glycolate. Moreover, activitigghw-lactate and succinate were around 10%
compared te-lactate, and only very low activities were observéth glyoxylate and glycerate
as substrates. The other tested short-chain orgaids were not accepted as substrates.

Table 15. Substrate specificity of recombin@mGIcDH. Activity was measured under standard assanditions

described in experimental procedures. Activity witlactate as a substrate (1.0 + 0060l min* mg') was set to
100%. Parameters represent mean * SE of threeendept enzyme preparations.

Relative specific activity

Substrate (% of p-lactate)
No substrate 0.0 +£0.03
Glycolate 72+1.3
-lactate 12.5+0.016
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p-lactate 100.0 £ 0.0
Formate 0.0+ 0
Malate 000
Succinate 8.5+0.001
Acetate 0.06 + 0.03

Glycerate phosphate 2.8 +0.013
Glyoxylate 1.8+£0.01

Pyruvate 0.0 £0.001

4.1.6. Substrate specificity oDvDLDH

The substrate specificity @vDLDH was determined using purified protein. Theiatgt was
measured with glycolate anglactate as substrates as described by Lord (1&&9 methods
2.2.2.8).DVDLDH protein showed activity witly-lactate similar toCrGlcDH protein (Figure

15). However, no activity was observed i?'DLDH when glycolate was used as a substrate.

3.5 7 MWCrGIcDH ODvDLDH

3 .

= N
(¢)] N (¢)]
1 1 1

[EnY
L

pumol min' mg protein?

o
ol

Glycolate D-lactate

Figure 15. Comparison of substrate specificityCoslcDH and its nearest proteobacterial homologieDLDH).
Recombinant proteins were purified by affinity cmatography and tested with glycolate gAdctate as substrates.
Data points represent mean = SE of three indepémdplicates.
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3.1.7. The effect of temperature and pH on the aetity of purified CrGlcDH

The effect of the temperature on enzyme activitg weeasured in the temperature range of 4-50
°C at pH 8 using 100mM sodium phosphate buffer. €fect of pH on the activity was
measured at 30°C within pH range of 6-9 using 100wifVsodium phosphate buffer. The
optimum temperature for the reaction with glycolasea substrate was determined to 30°C and

the optimum pH to 8.0 (Figure 16). These parameterge used for the further analysis.
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Figure 16. Effect of temperature and pH on thelgitaactivity of recombinanCrGIlcDH protein.CrGIcDH-His
was purified from overexpressing bacteria and dbteo dehydrogenase activity was assayed at differen
temperatures (A) or different pH (B). Data poirgpresent mean + SE of three independent replicates.

3.1.8. Co-factor analysis of recombinan€rGIlcDH

The co-factor preference of the partially purifi€dGIcDH was analyzed by measuring the
extinction due to formation of glyoxylate-phenylligdone at 324nm as described by Lord
(1971) (See 2.2.2.8). Activity d@rGlcDH with glycolate as a substrate was only detaetith
DCIP and/or PMS as co-factors. Neither flavine aatitles (FMN, FAD), nor nicotineamide
dinucleotides (NAD, NADP") were accepted. Furthermore, there was no activity molecular

oxygen or oxidized cytochrome c as electron acesfiable 16).
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Table 16. Electron acceptor specificity of the mbmant CrGIcDH relative to DCIP reduction. Data points
represent mean + SE of three independent replicatéferent assay (See 2.2.2.8).

Relative specific activity

Electron acceptor (% of DCIP)

0O, 0
DCIP 100 £ 0.02
PMS 93 +341
DCIP+PMS 127 £ 3.87
FAD 0
FMN 0
NAD"* 0
NADP* 0
Cytochrome C 0

3.1.9. Determination of kinetic properties of the ecombinantCrGIlcDH

Kinetic parameters (Table 17) were determined fpcaate and the two lactate enantiomers as
was described in 2.2.2.8. The partially purifi€dGlcDH enzyme showed high affinity to
glycolate with akm value of 200puM and a catalytic rate of 116 Tiifhe resulting catalytic
efficiency (cat’Km) was 655miit mM™. Similarly, the kinetic properties f@rGIcDH usingp-
lactate were very close to that with glycolate. ®re value forp-lactate was 450uM, and the
catalytic rate was 324nin Furthermore, the catalytic efficienci(datKm) for p-lactate was
very close to that for glycolate, it was determitede 781miitmM™. In contrast, with -lactate,
the Km value was almost 100-fold higher than for glycelaind the catalytic rate was reduced

by 2-fold. This resulted in a very low catalytidielency with  -lactate as a substrate.
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Table 17. Kinetic parameters of recombin@nGIcDH. Kinetic data were best fit by non-linear megsion analysis.
Parameters represent mean + SE of three indepeedeyrne preparations.

K (MM) Kea (MIN™) KK (Min mM™)

Glycolate 0.21+0.06 1167 655

p-lactate 0.45+0.1 325+ 17 781

.-lactate 19+1.3 92 + 27 5

3.1.10. Effect of different inhibitors onCrGIcDH activity

The enzymatic activity of purifiedCrGIcDH was tested in presence of different potential
inhibitors using glycolate as a substrate and D&FRan electron acceptor as was described in
(2.2.2.8). EDTA showed almost no inhibitory effeah CrGIcDH activity even at high
concentrations. However, Cugs@hibited activity already at moderate concentragi (0.1mM)
providing evidence that disulfide bonds are reqlifer protein activity. KCN sensitivity is
another joint property of GIcDH enzymes (Bari et 2004).CrGIcDH activity was inhibited by

KCN in a concentration dependent manner (Table 18).

Table 18. Effect of inhibitors on the activity @faombinantCrGIcDH. Data represent mean + SE of three
independent replicates.

Inhibitors Eln?l\r}lc):entration I((r)Z\)ibition
EDTA 1 6+3.75
10 8 + 6.05
cusq 0.1 28 + 4.91
0.5 95 + 4.74
2 100 +0.06
KCN 0.1 31+1.89
0.5 98 +0.77
2 100 +0.01
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3.1.11. Mutational analysis of the glcF homology doain

In order to understand the importance of the Glofblogy region in the C-terminus of the
CrGIcDH protein for catalytic activity, a deletion tamt and two point mutations were
generated. The truncat€&trGIlcDH gene CrGIcDHAC660) and the two substitution mutations
were cloned into pET22 vector and overexpressefl.@oli BL21 codon plus (Figure 8). The
enzymatic activities ofCrGIcDH and the three different mutants were deteechiwith crude
protein extracts, but an extract frden coli transformed with the empty vector was always used
as a negative control (Figure 17 & 18). Deletiontled GIcF homology region resulted in a
complete loss oCrGIcDH activity in this assay. Furthermore, subsiity of 3 or 4 cysteine
residues (673, 676, 679, and 683) with serine vesidn a putative 4Fe-4S (aa 673-683) cluster
in GlcF-homology region resulted in loss of acfivithese results indicate the importance of this

region forCrGIcDH activity.
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Cr d cDH: RC® | EC(®*"GFC'"ESNCS®P
Mut 1: RC™ | ES GF S ES N S8 p
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Figure 17. Enzymatic properties of differe@rGIcDH mutants. Protein extracts were used to compghe
enzymatic activity oCrGlcDH and the three different mutants. Columnsesent mean + SE of thr@elependent
replicates. NC, empty vector control. Mutl/Mu2tGIcDH-His constructs with cysteine to serine mutasi as
indicated in the figure 17A. Delta CrGlcDH-His construct truncated at amino acid posit&0.
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Figure 18. Overexpression 6fGIcDH and its mutants. A, Coomassie stained SDSHPAE Western blot of the
SDS gel using anti-His antibodies. Lane 1, protiarker. Lane 2CrGIcDH-His. Lane 3, mutant 1. Lane 4,
mutant2. Lane 5, delta C. Equal amount from thaldelprotein extract of each contract was loaded.
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3.2. Simultaneous overexpression of cyanidase andrifnate dehydrogenase inArabidopsis
thaliana chloroplasts enhanced cyanide metabolism and cyals tolerance

| wanted to test whether overexpression of cyaed@¥'ND, fromPseudomonas stutzgdould
confer enhanced cyanide resistance to plants amihethformate resulting from the reaction
could be further converted to GOy formate dehydrogenase (FDH, frémabidopsis thaliana
Before transfer to plants, the activity of both ynes was tested in crude extracts from bacteria
overexpressing the respective cDNA (This part wasedby Dr. Rashad Kebeish, Zagazig
University /Egypt). Clear increases in activityatdle to the empty vector controls could be

observed for both enzymes in specific assays.

3.2.1. Generation of CYND and FDH transgenic Arabidpsisplants

The genes were transferred separately (CYND, FDH)nocombination (CYND+FDH) to
Arabidopsis plants. The enzymes were constitutiexgressed, but targeted to chloroplasts to
make best potential use of €@esulting from the combined reactions of CYND dfidH.
Transgenic lines were selected based on kanamydistance. Transgenes expression was
initially tested by quantitative PCR in the CNYD+HDines. As shown in Figure 19A, three
independent lines were selected. Lines CYND+FDHAl £YND+FDH-6 showed higher
expression of both transgenes compared to line CWMIMH-2. Expression of CYNDN
transgenic plants was also determined on the prégégel by using an antibody specific for the
His-tag. A strong signal at the expected moleculaight for CYND protein of around 44kDa
was detected (Figure 19B&C). In addition, the attief CYND and FDH was tested in extracts
from chloroplasts isolated from CYND+FDH plants {§part was done by Dr. Rashad Kebeish,
Zagazig University /Egypt).
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Figure 19. Characterization of FDH and CYND enzymes used is $tudy. A, Amount of FDH (black bars) and
CYND (gray bars) transcripts relative to actinheripts in three independent Arabidopsis linegexgressing the
FDH+CYND construct. Samples were collected from ybangest fully expanded leaf 6h after onset ofitlids,
Coomassie stained SDS-PAGE of the total proteiraekfrom Arabidopsis plants. C, Western blot af 8DS gel
using anti-His antibodies. Lane 1, protein markeme 2, azygous plants. Lane 3, FDH+CYND-2 linend.at,
FDH+CYND-4 line. Lane 5, FDH+CYND-6 line. Equal aomd of proteins were loaded.

3.2.2. Analysis of the performance of transgenic ghts under different cyanide stress

conditions
[) Performance of transgenic plants on MS/KCN plats

Plants were germinated on vertical MS/agar plategaining 250uM KCN (See 2.2.3.7). The
root length was measured after two weeks. A poochzyfgous plants derived from the same
mother plant was used as the control. In each ,path the transgenic and azygous plants were
represented. Average root length was significambyreased from 1.6 to 2.5cm (+56%) in
CYND+FDH plants compared to controls. However, rsotgth was almost identical for both

genotypes in the absence of KCN.
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Figure 20.Growth of transgenic Arabidopsis plants and costai vertical agar plates (A&B) containing 250uM
KCN (+KCN) or not (-KCN). Azygous: Segregants frétBH+CYND plants that lost the transgene; FDH+CYND-
4: Plant line transgenic for formate dehydrogeras® cyanidase. Data are means of three indepeagpatiments
each with at least ten plants per genotype + SEemsks represent statistically significant diéieces compared to
azygous control plants (* = p<0.05, ** = p<0.01*** p<0.001).

II) Performance of the transgenic plants in hydropmic systems

Arabidopsis plants were grown in hydroponics foo tweeks without KCN and then KCN was
added for two weeks or not (See 2.2.3.7). Rosettmeter and fw were used as indicators for
KCN resistance. CYND+FDH plants and controls showexy similar growth when KCN was
omitted from the medium. However, KCN addition f&sdi in a reduction of both rosette
diameter and fw (Figure 21 A, B and C) by approxeha30% relative to untreated plants in the
azygous control line. In contrast, the CYND+FDHelinvas hardly affected under these
conditions (+ 3% for fw and -10% for diameter).
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Figure 21. Growth of transgenic Arabidopsis plaautsl controls in hydroponic systems (A, B and C)ydgaus:
Segregants from FDH+CYND plants that lost the tgang; FDH+CYND-4: Plant line transgenic for formate
dehydrogenase and cyanidase. Data are means efittttependent experiments each with at least sintplper
genotype + SE. Asterisks represent statisticalijynificant differences compared to azygous conttahts (* =
p<0.05, ** = p<0.01, *** = p<0.001).

[II) Performance of transgenic plants grown in saml

As further analysis of the synthetic pathway, Ivgtée transgenic plants in sand supplemented
with MS medium for four weeks and then MS/500uM K@ids applied for another two weeks
(See 2.2.3.7). The rosette diameter and freshhweigre recorded (Figure 22). No differences
were observed between the genotypes in the —KCtaienAddition of KCN reduced rosette
diameter by 30% and fw by 50% in the control. la @YND+FDH line, diameter and fw were
both only reduced by 17% when compared to untregtieahts. These assays provided
independent evidence that CYND+FDH double overesgmes performed superior when KCN
was supplied via the root system.
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Figure 22. Growth of transgenic Arabidopsis plaas controls in sand (A, B and C). Azygous: Segregé&om
FDH+CYND plants that lost the transgene; FDH+CYNDMant line transgenic for formate dehydrogenas# a
cyanidase. Data are means of three independentimrgmes each with at least six plants per genotyp8E.
Asterisks represent statistically significant diffieces compared to azygous control plants (* =@&0* = p<0.01,
*** = n<0.001).

V) Gas exchange measurements

In order to study the potential physiological effe¢ the established pathway, gas exchange
characteristics of CYND+FDH and control lines weletermined after two weeks of KCN
treatment. In parallel, plants were grown withouCX treatment and tested (Table 185
observed before in growth assays, CYND+FDH plants @ntrol plants performed very similar
under non-stressed conditions (-KCN). KCN treatmredticed C@assimilation rate by 14% in
the control whereas CYND+FDH plants remained uradieé. Similar trends were observed for
transpiration (-14% for control vs. +7% for CYND+HpPand stomatal conductance (-14% for
control vs. +10% for CYND+FDH). Interestingly, leafternal CQ concentration was largely
unaffected in control plants by the treatment, sighificantly increased in CYND+FDH plants
by 10%. These data suggest that leaf internal @@ht be enhanced in CYND+FDH plants by
CO;, release from KCN.
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Table 19. Gas exchange measurements of transgeescand azygous controls in the presence and edeéiKCN
(means derived from at least six independent ptai8E).

-KCN +KCN

Azygous FDH+CYND-4 Azygous FDH+CYND-4
(umol CQ m?s?)
Internal CQ .
concentration 211.31 (+9.2)  217.76 (+5.7) 201.41 (+7.9) 237.23 (+4.0)

(C) (umol m’s™)

(mol H,O m?s™)

Transpiration 1.81(x0.19)  1.93(x0.12) 156 (x0.15)  1.78 (+0.16)
(mol H,O m’s™)

* = p<0.05, ** = p<0.01, *** = p<0.001 relative tazygous control.
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4. Discussion

The goal of this study was to provide additionaltimes to enhance plant tolerance to abiotic
stresses. Two different approaches were carriedlaing this study. The first objective was to
improve the photorespiration cycle that is now knaw be an important part in stress response
in green tissues to prevent ROS accumulation aoteqr photosynthesis from photoinhibition
(Voss et al., 2013). Photorespiration was repadadcrease under abiotic stresses (Miller et al.,
2010b). Several attempts were reported in the feastyears to manipulate the photorespiration
pathway to save CONHz and energy (Kebeish et al., 2007; Andersson, 20@8yalho et al.,
2011; Maier et al.,, 2012). Kebeish et al. (2007j)alesshed a chloroplastic pathway in
Arabidopsis plants aiming to improve photorespmatiand provide C@in the vicinity of
Rubisco. In that pathway a bacterial GIcDH consgstof three functional genes was used to
oxidize glycolate. In this study, | introduced awn&lcDH candidate fronChlamydomonas

consisting of a single gene that could replacehhee genes in the Kebeish et al (2007) bypass.

The second objective was to introduce a novel payhmto Arabidopsis plants to improve
cyanide detoxification. The cyanide was reportedbto biosynthesized as a co-product of
ethylene and can increase under certain condifoals as abiotic stresses (Tittle et al., 1990) that
could be a threat to the plants. Introduction of efficient pathway to enhance cyanide

detoxification and assimilation could have advaesf@r crop improvement.

4.1. Biochemistry and physiological relevance of G@DH enzymes

When comparing enzymatic properties of BeSIcDH recombinant enzyme in this study to
those reported previously for @hlamydomonagrotein fraction containing GIcDH activity
(Nelson and Tolbert, 1970), multiple similaritiesene observed indicating th&rGIcDH is
indeed the enzyme that was enzymatically desciibéide previous study. ThepKfor glycolate
was almost identical, whereas the, Kor p-lactate was slightly lower for the recombinant
enzyme compared to the enriched fraction (Table ThHe pH optimum was in the slightly
alkaline range in both studies (Figure 13) and diegree of inhibition by various inhibitors
(Table 18) was very much comparable. Specificatigth the recombinant enzyme and the
enriched fraction only showed enzymatic activitghnartificial electron acceptors, but not with
any of the tested naturally occurring electron ptmes (Table 16). It has been shown for several

chlorophytes green algae that mitochondrial Glc2Hvdy in vivois linked to Q consumption
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via the mitochondrial electron transport chain (MBTPaul et al., 1975; Stabenau and Winkler,
2005). Moreover, both in chlorophytes (Beezley let 2976) andE. coli (Sallal and Nimer,
1989), GIcDH activity has been shown to be assediatith membranes by cytochemical assays
or subcellular fractionation, respectively. Memleaassociation is also in agreement with the
low solubility of the recombinant protein in oursags (data not shown). Therefore | suggest that
CrGIcDH is a membrane-bound mitochondrial enzyme featls electrons from oxidation of
glycolate into the METC.

Consistent with this hypothesis, mutational anaysiea potential Fe-S-cluster in the C-terminal
GlcF-homology region indicate an important functioh this domain in electron transport
(Figure 14). However, there are conflicting data the literature concerning the strict
requirement of GIcF or a GlcF-homology region fdcl@H activity. A glcF knockout irE. coli
resulted in a complete loss of GIcDH activity irot@in extracts (Pellicer et al., 1996). On the
other hand, the recombinantly expressed GlcD proteam Synechocystis showed GlcDH
activity (Eisenhut et al., 2006). Previous studmesvided physiological evidence that a GlcD
homologue in higher plant mitochondria (encodedAltyg06580, Bari et al., 2004; Niessen et
al., 2007, 2012)) oxidizes glycolate to glyoxylalédnis enzyme also does not contain a GlcF
homology domain and was suggested to oxidize giyeaih parallel to the peroxisomal GOX
that is typical for plants. However, a recent enaiyim characterization revealed that the
recombinant enzyme showed much higher activity Midthactate compared to glycolate as a
substrate questioning its role in glycolate met&bol and suggesting a function in the
methylglyoxal pathway (Engqvist et al., 2009). Simeside activity assays with proteins from
different sources would be required to conclusiyaljge about the role of the GIcF domain in

function of GlcDH enzymes from different sources.

Why do different clades use different enzymes fiycglate oxidation? Table 20 provides a
comparison with data from selected previous studire$sOX and GlcDH enzymes. The most
evident difference between the enzymes is the l@pecific activity of GIcDH compared to
GOX enzymes. The recruitment of GOX into photoregn might therefore be a consequence
of the much higher flux rates through photoresmratn most land plants compared to aquatic
photosynthetic organisms that express carbon ctratgry mechanisms (Raven et al., 2008;
Wang et al., 2011, Price et al., 2013).
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4.2. Evolution of glycolate dehydrogenases

CrGIcDH was originally identified in a mutant screen Chlamydomonasnd suggested to
encode a GlcDH based on its homology to GlcD araF@&lomE. coli (Nakamura et al., 2005).
However, when searching nearest homologuesCt&IcDH in the available sequence
information, another so far biochemically unchagaezed group of enzymes from proteobacteria
was identified as the nearest homology group ([Eidil). There was not obvious homology to
GIcE, the third subunit dEcGIcDH, in any of these proteins, although GICE basn shown to
be essential for activity of the 3-subunit GlcDHzgmes by mutant analyseskn coli (Pellicer

et al., 1996). The tested proteobacteria contairdn@rGIcDH homologue still in addition
contained the glc operon with separated GlcD, GloH GIcF subunits.Consistent with this
observation, the nearest homologue froesulfovibriodid not accept glycolate as a substrate
(Figure 18). Thus, enzymes of theGlcDH homology group probably only evolved spedific

for glycolate as a substrate in chlorophytes.

There is no simple explanation for the appearanc€rnsilcDH homologues in only two
evolutionary widely separated lineages. Mitochoadind some alpha-proteobacteria share a
common ancestor (Richards and Archibald, 2011). Geee might therefore have been
transferred during mitochondrial endosymbiosis. sTig consistent with the mitochondrial
localization ofCrGIcDH (Beezley et al., 1976; Nakamura et al., 200&)wever, this scenario
would imply that the homologue was lost in most ayktic lineages after mitochondrial
endosymbiosis. Thus, the more parsimonious exptandor the observed clustering is that
CrGIcDH homologues in chlorophytes and proteobacterialved independently and might

serve different functions in lactate and glycoleaketabolism, respectively.
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Table 20. Comparison of specific activities of GitRnd GOX from different organisms.

Specific activity Km values (for

Enzyme  Organism (umol minmg?  glycolate, mM) Reference

GlcDH E.coli extract 0.14-3.1 0.04 Lord et al (1971)

GlcDH Chlamydomonas 1 0.21 This publication
(E. coli derived)

GOX Pea leaf extract 30 0.25 Kerr and Groves

(1975)

GOX Spinach 26 0.2 Macheroux et al

(E.coli derived) (1992)

4.3. Establishment of a novel pathway ifrabidopsis thaliana for cyanide detoxification

In this study | tested an approach for the enhaeoérof cyanide tolerance in plants. The
introduced pathway is synthetic, since it combibasterial and plant elements (CYND and
FDH; respectively). The used cyanidase (CYND) erzym this study was derived from
Pseudomonasstutzeri AK61. The enzyme was previously characterized &sdcatalytic
properties were reported (Watanabe et al., 199&th&rmore, formate dehydrogenase (FDH)
was derived fromArabidopsisthaliana Combination of both enzymes would result in cogtepl
oxidation of cyanide to NEl(resulting from the CYND reaction) and gQesulting from the
FDH reaction). This was not further enhanced byutimmeous expression of FDH as expected.
CO, release from formate is difficult to measure beseawf the refixation of COin the
chloroplast by photosynthesis. However, gas exaohangasurements data indicated that leaf
internal CQ was enhanced in CYND+FDH plants and that thiscéffeas dependent on KCN
application. This suggested that both enzymes catpe planta in the decomposition of

cyanide to two gases that are both useful substfatelant biosynthesis.

Photosynthetic measurements indicated that FDHhmitant for CQ production from cyanide
in the leaf. An alternative interpretation of timpiortance of FDH in the synthetic detoxification

pathway would be that FDH simply removed toxic fateresulting from the CYND reaction
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that might otherwise accumulate. Formate is anrab&indogenous compound in plants resulting
from non-enzymatic decarboxylation of photorespinatglyoxylate in peroxisomes (Wingler et

al., 2000). It can be used as a Cl-donor (Wingteale 2000) or can be oxidized by the

endogenous formate dehydrogenase that is mairggted to mitochondria (Hourton-Cabassa et
al., 1998) (although dual targeting to mitochondsiad chloroplasts has been reported for
Arabidopsis (Herman et al., 2002). There are diffierreports about the impact of externally
applied formate on plants. Whereas low amount®whéte in the growth substrate might even
promote growth (Shiraishi et al., 2000), higher @antrations delay germination or affect plant
growth (Li et al., 2002; Himanen et al., 2012). €equently, FDH overexpression protected
plants from formate toxicity (Li et al., 2002). Bhaetoxification of excess formate might be also

the major function of FDH in our synthetic cyandkgradation pathway.
4.4. Influence of the synthetic pathway on plant restance to cyanide

Soil contamination is the major source of cyanideidity to plants (Trapp et al., 2003).
Noteworthy, a significant amount of exogenously legbcyanide is not metabolized in roots,
but ends up in shoots (Yu et al., 2012). | use@dhdifferent methods to test resistance of
CYND+FDH plants to cyanide contamination of grovahibstrates (See 2.2.3.7). In all these
assays, CYND+FDH plants performed significantlytéethan controls and this effect was
always dependent on cyanide application indicativad the observed phenotype is not due to
any secondary effect of transgene overexpressiagyamth. Thus, CNYD+FDH plants might be
suitable for detoxification of soils containing reased amounts of cyanides that are not tolerated
by other plants. For example, willow trees can xiéoup to 10 mg cyanide per kg fw, but
rapidly die at concentrations of > 2 mM (Larsen dmdpp, 2006). Sorghum bicolor can even
survive such concentrations in the growth substgtedegrading cyanide that was uptaken
(Trapp et al., 2003). Seedlings of the model phrabidopsis are sensitive to cyanides and show
growth defects even when exposed to concentratiomsd 50-100uM of cyanide (Garcia et al.,
2010; McMahon Smith and Arteca, 2000; O’Leary et2014). In contrast, CYND+FDH plants
survived concentrations up to 300uM without visibigns of stress. It remains to be shown in
further studies whether this approach is also &¥feén other species that have higher capacities

for endogenous cyanide metabolism.
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It is useful to compare observed effects of CYNDH-Dverexpression to another recently
published transgenic approach towards enhancedideyarsistance of Arabidopsis that was
based on enhancing the endogenous pathway fordeyatatoxification (O’Leary et al., 2014)
through boosting the downstream flux of cyanide asparagine. O’Leary et al (2014)
overexpressed thieseudomonas fluorescefyanoalanine nitrilase pin& Arabidopsis plants.
PinA enzyme is a downstream enzyme in the cyarsdardation pathway that metabolizes the
toxic [3-cyanoalanine compound that results fromitieerporation of cyanide and cysteine by
catalysis of the mitochondrial 3-cyanoalanine sgagh(CAS) enzyme. Plant growth analyses in
this study were focused on seedlings grown on plgées containing 50uM KCN and are, thus,
best compared to the root length data shown inréigQ (250uM cyanide in agar plates). In both
studies, root growth was reduced by approximat&Bp after cyanide treatment in the WT, but
fully restored by the transgenic intervention. Wd& carbon and nitrogen from cyanide was
assimilated via formation of the amino acid aspaeag the endogenous pathway, the synthetic
pathway released gaseous Nahd CQ that were probably re-assimilated by plant primary
carbon and nitrogen assimilation pathways. Addaloanergy and reducing power would be
required for re-fixation via gaseous intermediat@®eterhansel et al., 2010) compared to direct
formation of amino acids. Together, these resulticate that both boosting the endogenous
pathway and addition of a synthetic pathway westriimental in enhancing cyanide resistance.
It would be interesting to see whether both appgreaccan additively enhance cyanide
metabolism in plants and facilitate the use of fgam bioremediation of toxic cyanide

contaminations.
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5. Conclusion

Overall most of the goals were fulfilled by thisidy: CrGIcDH protein fromChlamydomonas
reinhardtii was recombinantly overexpressed successfully ipdrind its enzymatic properties
were studied. This protein was confirmed to beyxghte dehydrogenase enzyme using both
glycolate andh-lactate as substrates, a typical feature of GleDkiymes. Additional mutational
experiments would be interesting to identify théiv&csite of this enzyme and figure out the

evolutionary role of different amino acids contirodj substrate specificity.

In addition, the second goal was also achievedeva pathway for cyanide detoxification was
established irabidopsighaliana The results showed that the pathway was effeatieganide

detoxification under tested conditions in this studhe results are still preliminary and
additional studies might be required to test thregshway in other plants and under different
conditions. Comparing this synthetic pathway withes plants that have reported to normally
detoxify cyanide would be interesting experimewtsée how efficient is the synthetic pathway

described in this study.
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6. Appendix

6.1. Supplementary material

S1: Codon-optimized nucleotide sequence&dBIcDH.

ATGCEECCECGAGAGGT CCTGCATCTCCTTCAAGT CTTGAGCAACAAACCAGACAAGT TGCGCAAGT
TGCTGTTCAACAGT CTACGCAACAGCCTGT TAAGGT TGT TGTGCCTGCTATCAAGGT TGATCTAG
TTGGAGCTGICTCATCTGI GT CTGAGT CTGACAAGGT TGAACCT GGTGTCTTCAAGAACGT TGAT
GGACATCGT TTCGAAGACGGAAGATACGCTGCATTCGT TGAGGAGATCACGAAGT TCATCCCTAA
GGAGAGGCAATACT CCGATCCAGT TAGAACCT TCGCT TACGGTACAGATGCTTCTTTCTACAGEC
TCAACCCTAAGCTAGT CGT TAAGGT CCATAACGAGGACGAAGT TAGAAGAATCATGCCAATCGCT
GAGAGACTGCAAGT TCCAATCACT TTCAGAGCAGCTGGAACATCTCTTTCTGGACAAGCTATCAC
GGATTCTGTCCTTATCAAGCT TTCCCATACT GGTAAGAACT TCAGGAACT TCACGGT TCACGGT G
ATGGTTCTGTGATCACTGT TGAACCT GGACT TAT CCGGAGGAGAGGT TAACAGAAT CCTGGCAGCT
CATCAGAAGAAGAACAAGCT GCCGATACAGT ACAAGAT TGGACCTGATCCCAGT TCTATCGACTC
TTGCATGATCGGAGGTATCGT CTCCAACAACT CTTCAGGAATGT GT TGT GGCGT TTCCCAAAACA
CCTACCATACT CTGAAGGACATGCGAGT CGTTTTCGT TGACGGAACAGT CTTGGATACAGCTGAT
CCTAACAGCTGCACTGCTTTCATGAAGAGT CATAGGTCTCTCGTTGATGGTGITGI TTCCCTTGC
TAGGAGAGT TCAAGCT GATAAGGAGT TGACT GCCCTAAT CCGCAGAAAGT TCGCTATCAAATGCA
CTACAGGATACTCCCTTAACGCTCTTGT TGACT TCCCTGT CGATAACCCTATCGAGATCATCAAG
CACCTCATCATAGGAT CAGAAGGCACTCTTGGAT TCGT GTCGAGAGCTACATACAACACCGT TCC
TGAATGGCCTAACAAGGCTTCTCCTTTCATCGT CTTCCCTGATGT TAGAGCAGCT TGCACAGGAG
CTTCAGT TCTGAGAAACGAGACGT CTGTTGATGCGGT TGAGT TGT TCGATAGAGCATCCTTGAGA
GAGT GCGAGAACAACGAGGATATGAT GAGGCT GGT TCCAGACAT CAAGGGATGCGATCCTATGEC
AGCTGCTCTTCTAATCGAGT GTAGAGGACAAGAT GAAGCAGCTCTTCAGT CTAGAAT CGAGGAGG
TTGITCGTGITCTTACTGCAGCTGGACTTCCTTTTGGAGCTAAAGCAGCT CAACCAATGECTATC
GATGCTTACCCTTTCCATCACGAT CAGAAGAACGCTAAGGT CTTCTGEGACGT TAGAAGAGGT CT
CATACCGATAGT TGGAGCT GCAAGAGAACCT GGAACT TCTATGCTCATCGAAGACGT TGCTTGIC
CTGTTGATAAGCT TGCGGACATGATGATCGACCT CATCGATAT GI TCCAACGACACGGCTACCAT
GATGCTTCATGTTTCGGACATGCT CTAGAGGGAAACCTCCATCTTGTGT TCAGT CAAGGATTCCG
CAACAAGGAAGAGGT TCAACGGT TCAGT GACATGATGGAGGAGATGTGCCATCT TGT TGCTACAA
AGCACTCTGGTTCGCT TAAGGGAGAACAT GGGACT GGAAGAAACGT TGCACCCTTTGT TGAGAT G
GAAT GGECGAAACAAGCCT TATGAGCT TAT GT GGGAGCTAAAGGCACT TTTCGAT CCAAGCCATAC
CCTAAACCCTGGGGT TATCCTAAACCGAGAT CAGGACGCTCACATCAAGT TCCTTAAGCCATCTC
CAGCTGCATCTCCAATCGT CAACAGATGT ATCGAGT GCGGATTCTGCGAGT CTAACTGI CCATCA
CGAGACATCACTCTGACACCT AGGCAAAGGATCTCTGTGTACAGAGAGATGTACAGACT CAAGCA
ACTTGGACCTGGAGCATCTGAAGAGGAAAAGAAGCAACT TGCAGCTATGTCGTCTTCATACGCTT
ACGATGGAGAGCAAACT TGCGCAGCT GAT GGAAT GT GCCAAGAGAAGT GTCCAGT CAAGATCAAC
ACTGGAGATCTGATCAAGT CTATGAGAGCCGAGCACAT GAAGGAAGAGAAAACAGCT TCTGGAAT
GECAGATTGECTTGCTGCAAACT TCGGT GT TATCAACT CCAACGT TCCCAGAT TCCTGAACATCG
TCAACGCTATGCATTCTGI CGT TGGAAGT GCTCCTCTTTCAGCTAT CTCTAGAGCACT TAACGCT
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GCTACCAACCATTTCGT TCCAGT TTGGAACCCT TACATGCCTAAAGGAGCT GCTCCACT TAAGGT
TCCTGCACCTCCTGCTCCTGCTGCTGCTGAGECT TCTGGTATCCCTAGAAAGGT TGTGTACATGC
CCAGITGTGI TACT CGGATGATGGGT CCTGCTGCATCTGATACT GAGACTGCTGCTGI TCACGAG
AAAGTGATGT CTCTCTTCGGT AAGGCAGGATACGAAGT GAT CATACCAGAAGGT GT TGCAAGCCA
ATGI TGCGGAATGATGI TCAACT CTAGAGGCT TCAAGGAT GCTGCTGCTTCAAAAGGAGCTGAAC
TTGAGGCAGCTCTTTTGAAGGCAT CTGACAACGGAAAGATCCCTATCGT TATCGACACTTCTCCA
TGCCTTGCTCAAGT TAAGT CTCAGATCTCGGAGCCT TCTCTAAGAT TTGCCCT TTACGAGCCTGT
TGAGT TCATCAGACACTTCCTTGT TGACAAGCT TGAGT GGAAGAAGGT TCGTGATCAAGT TGCCA
TCCATGI TCCTTGCTCCTCAAAGAAGAT GGGAAT CGAGGAGT CTTTCGCTAAACTTGCTGGACT T
TGTGCTAACGAGGT GGTTCCATCTGGAATACCAT GT TGT GGAAT GECTGGAGAT CGTGGAATGAG
ATTCCCTGAGCTAACAGGAGCT TCTCTACAACACCT GAACCTTCCTAAGACGT GTAAGGACGGT T
ACTCAACGT CTAGAACCTGTGAGATGAGCCT TTCAAACCAT GCTGGAATCAACTTCCGTGGACT T
GITTACCTAGT CGATGAGGCT ACT GCACCTAAGAAACAAGCAGCTGCAGCTAAGACGECTTAA
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S2.ldentification of partially purifiedCrGIcDH by mass spectrometiyand 1-3 refers to protein bands that were cut
from the gel after purification of His-tagg€tGIcDH (see Figure 1 of the main text). Proteinslisted sorted
according to Mascot Scores (cut-off =50).

Location Accession Name DB Name MW [kDa Mascot Sc Peptides |SC [%]
band i|159474536 glycolate dehydrogenase [Chlamydomonas reinhardtii ICBInr (NCBInr 1 X 2 5 3 9726
band gil147197 Chain A, Extorquens Methanol Dehydrogenase CBlinr (NCBInr, 1044. 4 i
band g 04 keratin 1 [Homo sapiens] CBinr (NCBlnr, 7|

band g 4779 keratin 1 [Homo sapiens] CBinr (NCBinr 4 6

band g unnamed protein product [Homo sapiens! CBInr (NCBInr 7]

band g 42560 hypothatical protein MexAM1_META2p0918 [Methylobacterium extorquens AM1] ICBInr (NCBInr 7 .51316]
band qil43547 Cytokeratin 9 [Homo sapiens] CBinr (NCBInr 24, 569
band g 6 [Keratin, type I 1 [Pteropus alecto] CBinr (NCBnr 1 156
band g 5 protein disaggregation M AN CBinr (NCBnr 1 24066
band g 7 PREDICTED: uncharacterized protein LOC101046470 [Saimiri boliviensis boliviensis CBInr (NCBInr 4 944
band g 1 [chaperonin GroEL [Vlethylobacterium extorquens PAT] CBlnr (NCBInr 38462
band g 78 hypethetical protein Oant_4474 [O« anthropi ATCC 49188] CBlinr (NCBInr, 6 64407
band g 07 PREDICTED: keratin 13-like [Ory g CBinr (NCBInr 4 6 267
band a | Trypsin precursar CBInr (NCBInr 2 3 7] 164
band gi6 2 [Chain A, Structure Of The Tetrahydromethanopterin Dependent Formaldehyde-Activating Enzyme (Fae) {NCBInr (NCBInr 7 4

band g 2 phasin [Methylobacterium extorquens PAT] CBinr (NCBinr 7. 7] .

band g COG0050: GTPases - factors [Magn pi MS-1] CBlinr (NCBInr, 4 4.3 .4

band g 229 Citrate (pro-35)lyase [M PA1] CBinr (NCBnr 1 4] 10
band g 7 FOF1 ATP synthase subunit alpha [M PAT1] CBInr (NCBInr 7] 43222
band g unnamed protein product [Escherichia coli CBInr (NCBInr 5 il
band g 7 aldehyde dehydrogenase [Methylobacterium extorguens PA1] CBinr (NCBinr 747535
band g acridine eflux pump [Escherichia coli 0157.H7 EDL933] CBinr (NCBInr 1 527169
band g 1438 kinase [M PA1] CBinr (NCBInr | 42867
band g 0 ROSMUCR regulatar [ PA1] CBInr (NCBInr 5

band g COG0222- Ribosomal protein L7/L12 [Magnetospirillum magnetotacticum MS-1] CBInr (NCBInr |2
band g acetyl-CoA acetyltransferase [Methylobacterium extorguens PA1] CBinr (NCBinr 4 . 4517
band g gl lat: Methylobacterium extorguens DV4] CBlinr (NCBInr, 4 5 86015
band g factor Tu [Oceanicola batsensis HTCC2697] CBinr (NCBInr 4 599 18414,
band g 1861 ROSMUCR regulatar [ PA1] CBInr (NCBInr 596 1 1
band g 190 [fused UDP-L-AradN formyltransferase/JDP-GlcA C-4-decarboxylase [Escherichia coli str. K-12 substr. [[NCBInr (NCBinr T 1798.1 T. . 1515:
band g unnamed protein product [Escherichia coli] CBinr (NCBInr 1276. 99717
band g 049 keratin 1 [Homo sapiens] CBinr (NCBnr 7.
band g 4779 keratin 1 [Homo sapiens] CBlnr (NCBnr 7
band g unnamed protein product [Homo sapiens! CBInr (NCBInr 2 4
band g 02 epidermal cytokeratin 2 [Homo sapiens CBinr (NCBinr 42, .4,
band g 9762 Chain A, Extorguens Methanol Dehydrogenase CBlinr (NCBInr, 148, .3 3|
band 0i[435476 9 [Homo sapiens]| CBinr (NCBnr 4.3 9
band g 59947 glycolate [CI reinhardtii] CBInr (NCBInr 1 7 8

band g Trypsin precursor CBlnr (NCBInr 2 7 16.4
band g 94 molecular chaperong Dnak [Escherichia coli O157:H7 EDL933] CBinr (NCBinr 7] 7.0

band qil240142560 pothetical protein MexAM1_META2p0918 [M: quens ANIT] CBinr (NCBInr g 4] 154
band qil417401704 Putative nuclear envelope protein lamin intermediate filament [Desmodus rotundus] CBinr (NCBnr 76 7
band g T nase [Marinomonas sp. MED121] CBInr (NCBInr 59 3.89830:
band gil6 Chain A, Structure Of The Tetrahydromethanopterin Dependent Formaldehyde-Activating Enzyme (Fae) |NCBInr (NCBInr g 7. 8.87574|
band g 2 hasin [Methylobacterium extorguens PAT] CBinr (NCBinr 7. 7. 12.6582:
band lute-binding protein [B dolosa AUQT58] CBinr (NCBInr 4. 4100941
band g CQOG1795: Unch conserved pratein [ MS-1] CBinr (NCBInr 7. 2112671
band g 2. atpA intron1 ORF [Marchantia CBInr (NCBInr 156! 0.7885:
band gil195375913 GJ13049 [Drosaphila virilis CBInr (NCBInr 309 2| 0.45470.
an qiI375314779 Keratin 1 [Homo sapiens] CBinr (NCBInr 866.2 3
an qil11935049 keratin 1 [Homo sapiens] CBinr (NCBinr 8593 3
an qil28317 unnamed protein product [Homo sapiens] CBlnr (NCBnr 7 7
band g 9762 Chain A, Methylobacterium Exterquens Methanol Dehydrogenase CBInr (NCBInr 3
band g T cytokeratin 9 [Homo sapiens CBinr (NCBinr 6
band g B FKBP-type peptidyl-prolyl cis-irans isomerase (rotamase] [Escherichia coli O167.H7 EDLI33] CBinr (NCBInr 7
band g 569 FKBP-type peptidyl-pralyl cis-trans (rotamase) [Escherichia cali 536] CBinr (NCBinr

band g 7t cell division protein FtsE [E: coli 0157°H7 EDLY933] CBInr (NCBInr 4 4
band g 648 Keratin, type Il cytoskeletal 1 [Pteropus alecto CBInr (NCBInr 1 4 2
band gi 4 308 ribosomal protein S3 [Escherichia coli 0157:H7 EDLI33] CBinr (NCBInr. 4 214
band g 032 keratin 6B, isoform CRA_a [Homo sapiens] CBinr (NCBInr 2 10

band g 2 opidermal 2 [Homo sapiens] CBinr (NCBinr 4 77
band g 6072 PREDICTED: keratin, type | 14-ike [Loxadonta africana] CBInr (NCBInr 7] 10

band qil136429 Trypsin precursor CBlnr (NCBinr 4 9] 25 1082
band gi 59947 glycolate dehydrogenase [Chlamydomonas reinhardtii CBinr (NCBInr. 1 7] 4.38356:
band qil417376295 FKBP-type peptidyl-prolyl cis-trans isomerase SlyD. partial [Salmonella enterica subsp. enterica serovail NCBInr (NCBInr 10[ 20.8333
band qil605: Chain A, Structure Of The T Dependent f tivating Enzyme (Fae) {NCBInr (NCBlnr 7 8.6757:
band qil417336677 FKBP-type peptidyl-prolyl cis-trans SlyD. partial [Salmonella enterica subsp._enterica serovail NCBInr (NCBInr Y 4 225
band qil158! succinate dehydrogenase iron-sulfur subunit [Escherichia coli 0157-H7 EDL933] CBInr (NCBInr 261 4 924369
band gi|125 orf; Unknown function [Escherichia coli O157:H7 EDL933] CBinr (NCBInr. 31 .. 6.382979
band qil153 8 pothetical protein Oant_4473 [O anthropi ATCC 49188] CBinr (NCBln, 32. K 9.210526
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S3.Evolutionary relationships @rGIlcDH using neighbor-joining method. Bootstrap es{%) are for 500
replicates. Evolutionary distances were computéuhe p-distance method. Sequence alignment eoldt®nary
analyses were conducted in MEGAS.1 softwémbidopsishalianaGOX was used as an outgroup. Numbers in
parentheses are Genbank accession numbers.

95 Chlamydomonas reinhardtii.(gi|159474536)
98 Chlorella variabilis. (gi|307111880)
100 Coccomyxa subellipsoidea. (gi|384250702)
Micromonas sp.(gi|255089048)
100 _|:Ostreococcus lucimarinus.(gi|145341535)
100 86 Bathycoccus prasinos.(gi|412988224) CrGlcDH homologous sequences
58 Desulfovibrio wilgaris.(gi|218887286)

Arcobacter butzleri.(gi|157736303)
Azospirillum lipoferum.(gi|374294282) Proteobacteria

Chlorophyta

Dechloromonas aromatica.(gi|71907393)
Pseudomonas putida.(gi|339489466)

410()': Escherichia coli.(gi|16130879)
9 Pseudomonas putida.(gi|170721487)

99 i X Proteobacteria
Dechloromonas aromatica.(gi|71908928)
100 Azospirillum lipoferum.(gi|374290959)

Synechocystis sp.(gi|16331458)
99 100 : Cyanothece sp.(gi|220905999) Cyanobacteria
80 Gloeobacter violaceus. (gi|37522638)

Desulfovibrio wulgaris. (gi|218886953)

S Proteobacteria | GlcD homologous sequences

75 Arcobacter butzleri.(gi|157738066) i
Natrinema pellirubrum. (gi|352113789) T Archaea
80 Chlamydomonas reinhardtii.(gi|159486569) |
86 —| Chlorophyta
100 Micromonas sp.(gi|255078120) |
Saccharomyces cerevisiae.(gi|6320027) 7 Fungi
100 Dictyostelium discoideum.(gi|66826845) 7 Amoebozoa

99 Arabidopsis thaliana.(gi|18415252)
100 Physcomitrella patens.(gi|168005770)

Arabidopsis thaliana GOX.(gi|25083945) ] Outgroup

0.1
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6.2. List of abbreviations

Abbreviation Full form

Amp Ampicillin

APS Ammonium persulfate

Asn Asparagine

A. thaliana Arabidopsis thaliana

GlcDH Glycolate dehydrogenase

ATP Adenosine triphosphate

bla B--lactamase gene for selection in bacteria (ampithrbenicillin

resistance).

bps Base pairs

BSA Bovine serum albumin

C,-cycle Photorespiratory cycle

Cs-cycle Benson Calvin cycle

CAT Catalase

Carb Carbenicillin

cDNA Complementary DNA

Ci The internal C@concentration inside plant leaf
CO2 Carbon dioxide

CrGIcDH Clamydomonas rheinhardglycolate dehydrogenase
CYND Pseudomonas stutzeri AKGAanindase

DCIP 2,6 dichlorophenolindophenol sodium salt
D-LDH D(+)-lactate dehydrogenase

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleoside triphosphate

DTT Dithiothreitol

DvDIDH Desulfovibriovulgarisp.lactate dehydrogenase
DW Dry weight

EcGIcDH E. coliglycolate dehydrogenase

EDTA Ethylene diamine tetra acetic acid
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FW Fresh weight

G3P Glyceraldehyde-3-phosphate

GC/MS Gas Chromatography/Mass Spectrometry

GDC Glycine decarboxylase

GDC/SHMT Glycine decarboxylase/serine hydroxymethgmsferase

GST Glutathione S-transferase fusion protein

GK Glycerate kinase

GlcD Coding sequence for the D subunit of glycolateydieogenase in
E. coli

GIcE Coding sequence for the E subunit of glycolateydeogenase i&. coli

GlcF Coding sequence for the F subunit of glycolateydeogenase ii&. coli

GOGAT Glutamate:glyoxylate aminotransferase

GOX Glycolate oxidase

GS Glutamine synthetase

h Hour

Hepes N-2-hydroxyethylpiperazine-N"-2-ethanesulfatid

His The coding sequence for His-tag protein

HPR Hydroxypyruvate reductase

IPTG Isopropyl3-D-thiogalactoside

Kan Kanamycin

kDa Kilodalton

Km Michaelis constant

LB medium Luria Bertani medium

MBP Maltose binding protein fusion tag

mg Milligram

min Minute

mM Milli mol

mi Milli liter

MRNA Messenger RNA

MS medium Murashige and Skoog Basal medium

mTP Mitochondrial targeting peptide
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Hg
pl
uM

NAD+/NADH
NADP+/NADPH

oD
ON

p35SS/pA35S

PAnos

PCR
PCR-cycle
PG

PGA

PGP

PMS

Pnos
PYR

Rif

RNA

rpm

RT

RT
RT-PCR
Rubisco
RuBP
SDS-PAGE
sec

SE

SGAT

Microgram
Micro liter
Micro mol
Nicotinamide adenine dinucleotide (oxid@/reduced form)
Nicotinamide adenine dinucleotide phosie (oxidized/reduced form)
Optical density
overnight
Promotor (duplication) and polyademyhattermination sequence from
CaMV
Polyadenylation promoter of nopaline syngegene from
A.tumefaciens
Polymerase chain reaction
Photosynthetic carbon reduction cycle
Phosphoglycolate
Phosphoglycerate
Phosphoglycolate phosphatase
Phenazine methosulfate
Promoter of nopaline synthase gene #omumefaciens.
Pyruvate
Rifampicin
Ribonucleic acid
Rotation per minute
Room temperature
Reverse transcriptase
Reverse transcriptase-polymerase chainoeact
Ribulose 1,5 bisphosphate carboxylase/amagge
Ribulose 1, 5 bisphosphate
Sodium dodecyl sulphate-polyacrylamidestgttrophoresis
Second
Standard error

Serine:glutamate aminotransferase
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TAE Tris-acetate-EDTA-buffer

TEMED N, N, N, N"-tetramethyl ethylene diamine
Tris Tris-acetate-EDTA-buffer

uv Ultraviolet

X Times

Xg Apparent gravity

Y(I1) photosynthetic yield

viv Volume per volume

wiv Weight per volume

WT Wild type
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