
 

ABSTRACT 

SMITH-MOORE, CAROLINE MICHAEL. Development and Characterization of a 
Condensed Reverse Tricarboxylic Acid Cycle for Use in Plants. (Under the direction of Drs. 
Amy Grunden and Heike Sederoff). 
 
 

The rate of increase in agricultural productivity has fallen below the increase in 

demand for agricultural products. In order to meet this demand, methods for increasing plant 

yield, biomass, and productivity are required. Biomass accumulation is limited in plants by 

the amount of carbon fixation that is able to occur. The enzyme responsible for CO2 fixation 

in the Calvin-Benson cycle is ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). 

Despite its prevalence in carbon fixation, RuBisCO is an inefficient enzyme with a slow 

catalytic rate. These limitations reduce the carbon fixation efficiency in plants, particularly 

C3 plants which undergo photorespiration. A strategy to enhance carbon fixation in plants is 

the incorporation of microbially-derived carbon fixation cycles. Bacteria and archaea possess 

a variety of RuBisCO-independent carbon fixation pathways, which could be incorporated in 

the chloroplast to increase carbon fixation. In this work, a condensed version of the reverse 

tricarboxylic acid (rTCA) cycle was developed and evaluated.  

The condensed rTCA (crTCA) cycle was originally designed to consist of five 

enzymatic steps. In the first step, succinate is converted to succinyl-CoA through the activity 

of the enzyme succinyl-CoA synthetase. The second step is the carboxylation of succinyl-

CoA to produce 2-oxoglutarate. This reaction is catalyzed by 2-oxoglutarate:ferredoxin 

oxidoreductase and is the first carbon fixation step. The third step is the carboxylation of 2-

oxoglutarate, producing oxalosuccinate. This reaction is catalyzed by 2-oxoglutarate 

carboxylase and is the second carbon fixation step. The fourth step is catalyzed by the 

enzyme oxalosuccinate reductase to produce isocitrate from oxalosuccinate. For the final step 



 

isocitrate is hydrolyzed to produce glyoxylate and succinate by isocitrate lyase. The succinate 

continues to flux through the cycle again, while the gyloxylate exits. In this work carbon 

fixation by the crTCA cycle was demonstrated in vitro using 13C-labeling assays and 

detection with LC-MS. Additional analysis demonstrated that the crTCA cycle was 

functional when the 2-oxoglutarate carboxylase was omitted, confirming that the cycle 

primarily functions with four steps instead of five. To evaluate the feasibility of utilizing the 

crTCA cycle in plants, the crTCA cycle enzymes were expressed individually in tobacco and 

found to be functional.  

Development of the crTCA cycle required careful analysis of its component enzymes, 

particularly those responsible for carbon fixation. The 2-oxoglutarate:ferredoxin 

oxidoreductase from Bacillus sp. M3-13 was characterized biochemically and evaluated 

structurally using molecular modeling and molecular dynamic simulations. This enzyme was 

found to have an extremely high affinity for its substrates 2-oxoglutarate and Coenzyme A. 

Structural comparison between the Bacillus enzyme and a similar enzyme from Sulfolobus 

tokodaii with a different substrate specificity revealed many structural similarities in the 

binding pocket. It also revealed interesting differences in binding pocket residues and a role 

of dynamics in substrate selection.  

Lastly, for efficient function of the crTCA cycle in plants, the supplementary proteins 

biotin protein ligase (BirA) and a 4Fe-4S ferredoxin (Fdx), would be required. In this work, 

transgenic Arabidopsis thaliana plants were created expressing birA, fdx, or both. The plants 

grew normally with no obvious morphological or growth phenotypes compared to the 

control. Plants expressing birA appeared to have moderate increases in biotinylation of the 



 

chloroplastic acetyl-CoA carboxylase biotin carboxyl carrier protein 1. Methyl viologen plate 

assays were conducted for Fd expressing plants, but further assessment is needed.  

The development and characterization of the crTCA cycle represents a significant 

advance in the creation of synthetic carbon fixation cycles. These studies provide the first 

demonstration of a four-step carbon fixation cycle and lay the groundwork for future 

optimization and implementation in plants.  
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Abstract 

Rising global demand for food and population increases are driving the need for 

improved crop productivity over the next 30 years. Plants have inherent metabolic limitations 

on productivity such as inefficiencies in carbon fixation and sensitivity to environmental 

conditions. Bacteria and archaea inhabit some of the most inhospitable environments on the 

planet and possess unique metabolic pathways and genes to cope with these conditions. 

Microbial genes involved in carbon fixation, abiotic stress tolerance, and nutrient acquisition 

have been utilized in plants to enhance plant phenotypes by increasing yield, photosynthesis, 

and abiotic stress tolerance. Transgenic plants expressing bacterial and archaeal genes will be 

discussed along with emerging strategies and tools to increase plant growth and yield.  
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1.1 Introduction 

There is a dire need for continued improvement in crop productivity over the next 30 

years. With the population slated to exceed 9 billion by 2050 and greater demand for meat 

products, it is predicted that an 85% increase in primary foodstuffs will be required (Long et 

al., 2015). This increase outpaces the current ability of agriculture to produce sufficient food 

to meet demand (Long et al., 2015). In addition to the crops needed to feed the expanding 

population, crops are required for producing sustainable biofuels and bioproducts to reduce 

the reliance on fossil fuels. To make this already challenging problem more difficult, the 

yield improvements need to be achieved without significant increases in land, water, or 

fertilizer use as these are all becoming limited and pose additional threats to the environment 

(Tilman et al., 2011). 

While it is unlikely that any singular solution will solve this problem, genetic 

engineering will play a pivotal role in helping to meet this need. Promising sources for 

potential beneficial crop traits are bacteria and archaea. These organisms inhabit the widest 

array of environments on the planet and have the largest metabolic diversity compared to 

other lifeforms. In addition to the vast metabolic diversity, the use of microbial genes instead 

of those derived from plant sources could aid in evading plant regulatory networks (Tamoi et 

al., 2006). Genetic modification using microbial genes has the potential to generate crops 

with enhanced photosynthesis, abiotic stress tolerance, and nutrient use, all key factors in 

crop yield. Figure 1-1 highlights a number of targets used for the generation of transgenic 

plants with phenotypes relevant to increasing yield. Since the development of 

Agrobacterium-mediated transformation, the generation of transgenic plants expressing 

microbially-sourced genes has been a popular strategy to enhance plant phenotypes and 
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probe plant metabolism. Early work often sought to provide a bacterial/archaeal intervention 

for a specific stress or environmental condition. This includes the expression of numerous 

osmolytes (Goddijn et al., 1997; Hayashi et al., 1997; Holmström et al., 2000; Nakayama et 

al., 2000; Tarczynski et al., 1992) and antioxidant enzymes (Foyer et al., 1995; Gaber et al., 

2006; Im et al., 2005; Shikanai et al., 1998), as well as enzymes involved in nutrient 

acquisition (Giannino et al., 2008; López-Arredondo and Herrera-Estrella, 2012). What 

began with the expression of single genes, has recently expanded into the expression of 

metabolic pathways and enzyme complexes (Ivleva et al., 2016; Kebeish et al., 2007; Lin et 

al., 2014a; Occhialini et al., 2016). An example of which is the expression of the glyoxylate 

shunt from Escherichia coli in Arabidopsis and Camelina sativa where it acts as a 

photorespiratory bypass (Dalal et al., 2015; Kebeish et al., 2007). Plants expressing this 

bacterial pathway have enhanced biomass and yield (Dalal et al., 2015; Kebeish et al., 2007). 

Table 1 summarizes the numerous transgenic plants created using microbial genes, which 

will be discussed in detail in this review. 

This review will discuss bacterial and archaeal genes and pathways, which have been 

evaluated in plants. In particular, genes and pathways involved in CO2 fixation, abiotic stress 

tolerance, and the acquisition of nitrogen and phosphate will be discussed as these are areas 

closely related to yield. Emerging strategies and future directions for enhancing crop 

productivity using microbial genes will be examined as well.  
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Figure 1-1. Microbial genes and pathways used to generate transgenic crops with phenotypes 
related to enhanced yield. These phenotypes are abiotic stress tolerance, increased CO2 
fixation, and increased nutrient uptake and efficient usage. Abiotic stress tolerance genes 
include genes involved in osmolyte biosynthesis, chaperones, ion transporters, antioxidant 
enzymes, and genes involved in non-enzymatic antioxidant biosynthesis. Genes for increased 
CO2 fixation include those involved in the Calvin-Benson-Bassham (CBB) cycle, metabolic 
pathways for glycolate metabolism (photorepiratory bypasses), carbon concentrating 
mechanisms (CCMs), and microbial CO2 fixation cycle genes. To increase nutrient uptake 
and use efficiency, genes involved in phosphate and nitrogen metabolism and uptake are of 
interest.  
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Table 1-1. Transgenic plants created using microbial genes and pathways.  

Pathway Gene(s)/Pathways Source 
Organism 

Plant Phenotype Reference 

CBB cycle rbcL 
 

Synechococcus 
PCC6301 

Tobacco N/A; Functional 
Rubisco 
complexes were 
not formed  

(Kanevski et al., 
1999) 

rbcL 
 

Rhodospirillum 
rubrum 

Tobacco Growth with 
supplemental 
CO2; Delayed 
growth 

(Whitney and 
Andrews, 2001) 

Multimeric 
Rubisco and 
Rubisco 
Chaperones 
 

Synechococcus 
elongatus 
PCC7942 

Tobacco Growth with 
supplemental 
CO2; Delayed 
growth 

(Lin et al., 2014b; 
Occhialini et al., 
2016) 

SBPase/FBPase Synechococcus 
elongatus 
PCC7942 

Tobacco, 
Rice, & 
Soybean 

Increased carbon 
fixation and 
biomass 

(Gong et al., 
2015; Köhler et 
al., 2016; 
Miyagawa et al., 
2001; Tamoi et 
al., 2006) 

Photorespiratory 
Bypass 

Glyoxylate Shunt 
(GDH, GCL, and 
TSR) 

Escherichia coli Arabidopsis 
thaliana; 
Camelina 
sativa; potato 

Increased 
biomass, 
decreased 
photorespiration, 
and increased 
yield 

(Dalal et al., 
2015; Kebeish et 
al., 2007; Nolke 
et al., 2014) 

GCL, 
Hydroxypyruvate 
isomerase 

Escherichia coli Tobacco Stunted growth 
with chlorosis and 
necrosis; 
Hydroxypyruvate 
isomerase not 
expressed 

(Carvalho et al., 
2011) 

CCM bicA/sbtA 
 

Synechococcus  Arabidopsis 
thaliana; 
tobacco 

N/A; Functional 
expression not 
achieved 

(Pengelly et al., 
2014; Rolland et 
al., 2016; Uehara 
et al., 2016) 

ictB Synechococcus 
PCC7942 

Arabidopsis 
thaliana; 
tobacco; rice; 
soybean 

Increased CO2 
uptake, increased 
growth under 
drought; Increased 
biomass in 
soybean 

(Gong et al., 
2015; Hay et al., 
2017; Lieman-
Hurwitz et al., 
2003) 

Carboxysome Synechococcus Tobacco N/A; Proteins 
assembled into 
organized 
structures 

(Lin et al., 2014a) 

Synthetic CO2 
fixation cycles 

crTCA Cycle Many 
organisms, all 
microbial 

Camelina 
sativa 

N/A; Enzymes 
functional when 
expressed in 
plants 

Unpublished data 

CETCH Cycle Many 
organisms, not 
all microbial 
 

N/A N/A (Schwander et al., 
2016) 
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Table 1-1. (continued). 
 
Pathway Gene(s)/Pathways Source 

Organism 
Plant Phenotype Reference 

Osmolytes betA 
 

Escherichia coli Tobacco; 
maize; cotton; 
wheat 

Increased 
tolerance to 
chilling, drought, 
and salt 

(Duan et al., 
2009; He et al., 
2011; Holmström 
et al., 2000; Lv et 
al., 2007; Quan et 
al., 2004a, 2004b; 
Wei et al., 2011; 
Zhang et al., 
2012) 

codA/cox 
 

Arthrobacter 
globiformis; 
Arthrobacter 
pascens 

Arabidopsis 
thaliana; 
Brassica 
juncea; 
persimmon; 
tomato; rice; 
potato 

Increased 
tolerance to 
chilling, heat, salt, 
and drought 

(Ahmad et al., 
2010, 2008, Alia 
et al., 1999, 1998; 
Gao et al., 2000; 
Goel et al., 2011; 
Hayashi et al., 
1998, 1997; 
Konstantinova et 
al., 2002; Li et 
al., 2011; 
Mohanty et al., 
2002; Park et al., 
2007, 2004; 
Prasad et al., 
2000; Sakamoto 
et al., 1998; 
Sulpice et al., 
2003) 

otsA/otsB 
 

Escherichia coli Tobacco; 
potato; rice 

Increased 
tolerance to 
drought, salt, and 
cold stress 

(Garg et al., 2002; 
Goddijn et al., 
1997; Jang et al., 
2003; Pellny et 
al., 2004; Pilon-
Smits et al., 1998) 

mtlD 
 

Escherichia coli Arabidopsis 
thaliana; 
tobacco; 
eggplant; 
poplar; wheat; 
rice 

Increased drought 
and salt tolerance 

(Abebe et al., 
2003; Hu et al., 
2005; Karakas et 
al., 1997; 
Prabhavathi et al., 
2002; Pujni et al., 
2007; Tarczynski 
et al., 1992; 
Thomas et al., 
1995) 

ectA, ectB, ectC Halomonas 
elongata & 
Marinococcus 
halophilus 
 

Tobacco; 
tomato 

Increased salt 
tolerance 

(Moghaieb et al., 
2017, 2006; 
Nakayama et al., 
2000; Rai et al., 
2006) 

GgpPS Azotobacter 
vinelandii 

Arabidopsis 
thaliana; 
potato 

Growth 
retardation at high 
level 
accumulation and 
increased salt 
stress tolerance at 
low level 
accumulation 
 
 

(Klahn et al., 
2009; Sievers et 
al., 2013) 
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Table 1-1. (continued). 
 
Pathway Gene(s)/Pathways Source 

Organism 
Plant Phenotype Reference 

Chaperones cspA & cspB Escherichia 
coli; Bacillus 
subtilis 

Arabidopsis 
thaliana; rice; 
maize 

Increased 
tolerance to cold, 
heat, and drought 
stress 

(Castiglioni et al., 
2008) 

hsp70/dnaK Aphanothece 
halophytica 

Tobacco; rice Increased 
tolerance to salt 
and heat; 
Increased biomass 
and yield 

(Ono et al., 2001; 
Sugino et al., 
1999; Uchida et 
al., 2008) 

Ion Transporters nhaA Escherichia coli Rice Increased 
tolerance to salt 
and drought stress  
 

(Wu et al., 2005) 

Antioxidant 
Enzymes/ 
Compounds 

katE Escherichia coli Tobacco; rice; 
tomato 

Increased 
tolerance to salt 
and 
photooxidative 
stress 

(Al-Taweel et al., 
2007; Miyagawa 
et al., 2000; 
Mohamed et al., 
2003; Moriwaki 
et al., 2008; 
Nagamiya et al., 
2007; Shikanai et 
al., 1998) 

gpx Synechocystis 
PCC6803 

Arabidopsis 
thaliana 

Increased 
tolerance for 
chilling, salt, 
drought, and H2O2 
 

(Gaber et al., 
2006) 

sor Pyrococcus 
furiosus 

Arabidopsis 
thaliana; NT1 
tobacco cells; 
Cornus 
canadensis 
L.f. 

Increased 
tolerance for heat, 
light, and methyl 
viologen stress 

(Geng et al., 
2016; Im et al., 
2009, 2005) 

fdx Anabaena sp. 
PCC7120 

Tobacco None (Ceccoli et al., 
2011) 

fld Anabaena 
PCC7119 

Tobacco; bent 
grass 

Increased 
tolerance for 
methyl viologen, 
heat, drought, 
light, and UV; 
Resistance to iron 
starvation 

(Blanco et al., 
2011; Z. Li et al., 
2016; Tognetti et 
al., 2007, 2006) 

gor Escherichia coli Tobacco; 
wheat; poplar 

Increased 
tolerance to 
oxidative stress 
when expressed in 
the chloroplast 

(Aono et al., 
1993; Foyer et al., 
1991, 1995; Le 
Martret et al., 
2011; Melchiorre 
et al., 2009) 

gshII Escherichia coli Poplar; 
Brassica 
juncea 

Resistance to 
heavy metals. 
Minimal increase 
in GSH content  

(Foyer et al., 
1995; Herschbach 
et al., 1998; 
Strohm et al., 
1995; Yong 
Liang Zhu et al., 
1999) 
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Table 1-1. (continued). 
 
Pathway Gene(s)/Pathways Source 

Organism 
Plant Phenotype Reference 

Antioxidant 
Enzymes/ 
Compounds 
(Cont.) 

γ-ecs Escherichia coli Poplar; 
tobacco; 
Brassica 
juncea 

Increased 
phytochelatins, 
and enhanced 
heavy metal 
tolerance; 
Increased GSH 
amount  

(Creissen et al., 
1999; Herschbach 
et al., 1998; 
Noctor et al., 
1998; Reisinger 
et al., 2008; Y L 
Zhu et al., 1999) 

gcl-gs Streptococcus 
thermophilus 

Tobacco 20-30 fold 
increase in GSH; 
Increased 
tolerance to 
oxidative stress 
and heavy metal 

(Liedschulte et 
al., 2010) 

Nitrogen Fixation asnA Escherichia coli Lettuce; Lotus 
corniculatus; 
Brassica 
napus; tomato 

Lettuce had 
increased leaf are 
and amino 
acid/protein 
content. Others 
had reduced 
growth 

(Bellucci et al., 
2004; Giannino et 
al., 2008; 
Martínez-Andújar 
et al., 2013; 
Seiffert et al., 
2004; Sobolev et 
al., 2010) 

Nitrogenase genes Klebsiella 
pneumoniae 

Tobacco N/A. Some genes 
produced active 
proteins in planta 

(Allen et al., 
2017; Ivleva et 
al., 2016) 

Phosphate uptake ptxD Pseudomonas 
stutzeri WM88 

Arabidopsis 
thaliana; 
tobacco 

Plants capable of 
utilizing phosphite 
as a phosphorous 
source 

(López-
Arredondo and 
Herrera-Estrella, 
2012) 

 

1.2 Photosynthesis 

Photosynthesis encompasses the oxygenic (light-harvesting) and anoxygenic (carbon 

fixing) reactions of plant metabolism. In oxygenic photosynthesis energy from light is 

received by the photosystems and converted to reducing equivalents and ATP, which are 

utilized during carbon fixation (anoxygenic photosynthesis) by the Calvin Benson-Bassham 

(CBB) cycle. The carbohydrates generated from the CBB cycle fuel plant metabolism, and 

generate plant biomass. The maximum theoretical amount of photosynthetically active light 

that plants can successfully convert into biomass is 9.4% for C3 plants and 12.3% for C4 

plants (Zhu et al., 2010). Despite great strides in increasing yield during the “Green 

Revolution,” crop conversion of light energy to plant biomass is far from the theoretical 
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maximum (Zhu et al., 2010). This is a particular problem for C3 plants, which are even less 

efficient due to photorespiration, described below. Photosynthetic inefficiencies exist in both 

the oxygenic photosynthetic reactions and in the CBB cycle. While there are potential 

interventions utilizing microbial, particularly cyanobacterial, genes to increase oxygenic 

photosynthesis, none of these have been realized in a plant to date. One such example is the 

utilization of cyanobacterial chlorophylls d and f to expand the usable photosynthetic 

spectrum (Evans, 2013). However, improving carbon fixation through the employment of 

microbial pathways and genes is an expanding area of research, which will be the focus of 

this section.  

 

1.2.1 Calvin Benson-Bassham Cycle Modifications 

While the CBB cycle is the most widespread carbon fixation cycle, it suffers from 

several inefficiencies, and flux through the cycle is a limiting factor of biomass accumulation 

(Ducat and Silver, 2012). The primary restriction on CBB cycle flux is the carbon fixing 

enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). In the CBB cycle 

Rubisco catalyzes the carboxylation of ribulose-1,5-bisphosphate (RuBP) to form two 

molecules of 3-phosphoglycerate (3-PGA), which go on to regenerate RuBP or to begin 

carbohydrate synthesis. In addition to carboxylation, Rubisco can catalyze the oxygenation of 

RuBP in a pathway known as photorespiration, leading to a net loss of fixed carbon. Figure 

1-2 shows the CBB cycle along with the pathway of photorespiration. Despite being the most 

abundant enzyme on the planet and responsible for 90% of inorganic carbon fixation, 

Rubisco is inefficient and slow (turnover frequency of 1-10 CO2 s-1) (Erb and Zarzycki, 

2018). Additionally, in order to catalyze its reactions Rubisco must first be activated by a 
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Rubisco activase (Erb and Zarzycki, 2018). All of these factors make Rubisco an attractive 

target for improvement to enhance photosynthetic carbon assimilation.  

Many attempts have been made to engineer Rubisco for increased catalytic rate, 

increased specificity, or both (Bainbridge et al., 1995; Medrano et al., 1995; Whitney et al., 

2011; Zhu & Spreitzer, 1996). However, only very minimal gains have been made using this 

method, as any gains in catalysis are tied to a decrease in CO2 specificity (Tcherkez et al., 

2006). The inefficiency of Rubisco is likely tied to its evolution in an environment with a 

lower concentration of O2 than the current atmosphere and a divergence between higher 

catalysis seen in bacterial Rubisco and higher CO2 specificity observed in plants (Shih et al., 

2016). Another strategy for improving Rubisco function aside from protein engineering is 

replacement of plant Rubisco with a bacterial Rubisco with higher catalytic activity. This 

method could prove to be particularly effective with the implementation of additional carbon 

concentrating mechanisms. There are several technical challenges associated with this 

method considering that Rubisco is a complex, multimeric enzyme with its small subunit 

(rbcS) gene in the nuclear genome and its large subunit (rbcL) gene in the chloroplast 

genome (Whitney et al., 2011). This technical challenge hindered early attempts to generate a 

chimeric Rubisco in Nicotiana tabacum (tobacco) with the Synechococcus PCC6301 rbcL as 

functional complexes were not formed (Kanevski et al., 1999). An alternative strategy was 

attempted utilizing a homodimeric Rubisco composed of two rbcL subunits from 

Rhodospirillum rubrum. The rbcL gene was transformed into tobacco plastids through 

homologous replacement of the tobacco rbcL. These plants were capable of autotrophic 

growth when supplemented with CO2, though they had significantly delayed growth 

(Whitney and Andrews, 2001). This growth phenotype is due to the greatly reduced CO2 
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specificity of the R. rubrum Rubisco compared to the endogenous tobacco Rubisco (Whitney 

and Andrews, 2001). Recently, a multimeric Rubisco from Synechococcus elongatus 

PCC7942 was transformed into tobacco plastids to replace the tobacco rbcL (Lin et al., 

2014b). Two cyanobacterial assembly factors were also transformed, but were later shown to 

be unnecessary for assembly (Occhialini et al., 2016). Plants expressing the S. elongatus 

PCC7942 Rubisco were capable of photoautotrophic growth with elevated CO2, but 

displayed the same delayed growth as seen previously as the cyanobacterial Rubisco has 

lower CO2 specificity (Lin et al., 2014b). Conversely, plants expressing the cyanobacterial 

Rubisco had higher CO2 fixation rates per unit enzyme (Lin et al., 2014b). While the 

phenotypes observed for cyanobacterial Rubisco plants were not ideal, these studies serve as 

a proof of concept and could form the basis of promising strategy if combined with a carbon 

concentrating mechanism to enhance Rubisco carboxylation. 

In addition to the limitations of Rubisco, there are also other potential enzymatic 

bottlenecks of the CBB cycle, specifically the sedoheptulose-1,7-bisphosphatase (SBPase) 

and fructose-1,6-bisphosphatase (FBPase) (Figure 1-2). Modeling studies have suggested that 

the amount of SBPase and FBPase are not optimal for photosynthesis at current atmospheric 

CO2 levels and the problem will be amplified at the elevated CO2 levels predicted for the 

future (Zhu et al., 2007). SBPase and FBPase exist at the branching point of the CBB cycle 

where metabolites either participate in the regeneration of RuBP to continue the CBB cycle 

or diverge off into starch synthesis (Miyagawa et al., 2001). While it has been shown that 

decreases in FBPase do not lead to significant changes in CO2 assimilation, small decreases 

in SBPase lead to decreased photosynthesis and stunted growth, highlighting its importance 

(Harrison et al., 2001). This dynamic is further supported through evaluation of the 
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contribution of SBPase and FBPase through the creation of transgenic plants overexpressing 

these enzymes (Miyagawa et al., 2001; Tamoi et al., 2006). It was shown that SBPase 

overexpressing plants had increased carbon fixation and growth, whereas the FBPase 

overexpressing plants had elevated starch content, but no effects on growth or carbon fixation 

(Tamoi et al., 2006). Cyanobacteria possess an enzyme which is a combined SBPase/FBPase 

performing both activities at nearly equal rates (Miyagawa et al., 2001). The use of a 

cyanobacterial SBPase/FBPase is particularly expedient as the plant SBPase and FBPase are 

subject to strict redox regulation by the thioredoxin system, while the cyanobacterial versions 

are not (Tamoi et al., 2006).  Transgenic tobacco expressing the Synechococcus PCC7942 

SBPase/FBPase in the chloroplast had increased biomass, CO2 fixation, and increased 

Rubisco activity (Miyagawa et al., 2001). Expression of SBPase/FBPase has also been 

examined in transgenic rice and soybean (Gong et al., 2015; Köhler et al., 2016). Both 

transgenic rice and soybean have increased photosynthesis, and transgenic soybean also had 

better seed yield for plants exposed to higher temperatures and increased CO2 compared to 

their wild type control lines (Gong et al., 2015; Köhler et al., 2016). These studies suggest 

that the use of a cyanobacterial SBPase/FBPase is a promising strategy for enhancing flux 

through the CBB cycle to enhance plant biomass.  

 

1.2.2 Photorespiration Bypass/Recycling 

As mentioned previously, Rubisco is the enzyme responsible for carbon fixation in 

the CBB cycle. In addition to its carboxylation activity, Rubisco also catalyzes the 

oxygenation of RuBP to form one molecule of PGA and one molecule of 2-phosphoglycolate 

(P-Gly). The P-Gly is dephosphorylated in the chloroplast to glycolate, before being 
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transferred to the peroxisome where it is oxidized to glyoxylate. The glyoxylate is further 

converted to glycine in the peroxisome, which is transported to the mitochondria. In the 

mitochondria, two molecules of glycine are converted to serine with the production of CO2, 

and NH3. Serine will ultimately get converted to PGA and fed back into the CBB cycle. 

However, the CO2 created in the production of serine is lost and leads to a net loss of fixed 

carbon and a decrease in photosynthetic efficiency. Figure 1-2 provides a schematic of 

photorespiration. The tendency of Rubisco to catalyze the oxygenation reaction depends on 

the concentration of CO2 present. This is a particular problem in C3 plants which lack a 

mechanism to concentrate carbon at the site of Rubisco. At the current atmospheric CO2 

concentration and a temperature of 25°C, C3 plants lose nearly 30% of carbon fixed in 

photosynthesis to photorespiration (Zhu et al., 2010). This loss is increased at higher 

temperatures as the affinity of Rubisco for CO2 decreases and oxygen is able to concentrate 

as plants close their stomata (Peterhansel and Maurino, 2011).  

While the most obvious solution to this problem might be to knockout or knockdown 

the genes involved in photorespiration, this strategy leads to a conditionally lethal phenotype 

in which the plants require low O2 or high CO2 for survival (Ogren, 1984; Somerville, 2001). 

This is likely due to the buildup of photorespiratory intermediates which cannot be properly 

metabolized without the photorespiratory pathway (Peterhansel and Maurino, 2011). Another 

strategy which has shown significant promise is the use of metabolic pathways, 

photorespiratory bypasses, to redirect the P-gly produced by photorespiration in a way that 

minimizes carbon, nitrogen, and energy losses while preventing the buildup of 

photorespiratory intermediates (Xin et al., 2015).  
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Bacteria, including E. coli, contain a pathway that allows them to metabolize 

glycolate as a sole carbon source (Kebeish et al., 2007). The first enzyme involved is 

glycolate dehydrogenase (GDH), which oxidizes glycolate to glyoxylate. Two molecules of 

glyoxylate are then ligated together by glyoxylate carboligase (GCL) to produce tartric 

semialdehyde, with the release of one molecule of CO2. Tartronic semialdehyde reductase 

(TSR) converts tartronic semialdehyde to glycerate, which feeds into metabolism (Figure 1-

2) (Kebeish et al., 2007). This catabolic pathway was first utilized as a photorespiratory 

bypass in transgenic Arabidopsis thaliana (Kebeish et al., 2007). It was shown that the 

expression of all three enzymes in the chloroplast resulted in increased biomass of both the 

root and shoot material, reduced photorespiration, and overall increase in photosynthesis 

(Kebeish et al., 2007). It was also demonstrated that plants expressing the three subunits 

(DEF) of the GDH had increased biomass over wild type (Kebeish et al., 2007). Similar 

phenotypes were observed for Camelina sativa expressing the GDH, and the full 

photorespiratory bypass (Dalal et al., 2015). Camelina plants expressing either partial or full 

bypass also demonstrated increases in seed yield greater than 50% (Dalal et al., 2015).  

Similarly, potato plants expressing a fused polyprotein of E. coli GDH had increased tuber 

size and weight (Nolke et al., 2014). The increased photosynthesis and biomass phenotype 

seen in plants expressing E.coli GDH alone raises questions about the fate of glyoxylate in 

the chloroplast and suggests the existence of as yet undefined pathways for its metabolism 

(Dalal et al., 2015). 

One other similar bacterial photorespiratory bypass has been evaluated, but found to 

be unsuccessful. In the bypass attempted by Carvalho, et al. E. coli GCL and 

hydroxypyruvate isomerase were targeted to the peroxisome of tobacco to metabolize 
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glyoxylate transported from photorespiration (Figure 1-2) (Carvalho et al., 2011). The 

hydroxypyruvate isomerase was responsible for the conversion of tartric semialdehyde to 

hydroxypyruvate but was not successfully expressed in the transformed tobacco plants 

(Carvalho et al., 2011). Plants expressing the GCL alone in the peroxisome had a chlorotic 

and necrotic phenotype with stunted growth in ambient air conditions (Carvalho et al., 2011). 

It remains unknown if expression hydroxypyruvate isomerase might alleviate this inhibited 

phenotype.  

 

 

Figure 1-2. Targets for CBB modification and microbially-derived photorespiratory 
bypasses. Targets for CBB modification are indicated by red boxes and are abbreviated as 
follows: ribulose-1,5-bisphosphate (RuBP), 3-phosphoglycerate (3-PGA), fructose 1,6-
bisphosphate (F1,6P), fructose 6-phosphate (F6P), sedoheptulose 1,7-bisphosphate (SBP), 
and sedoheptulose 7-phosphate (S7P). Photorespiratory bypasses are indicated by blue boxes 
and are abbreviated as follows: glycolate dehydrogenase (GDH), glyoxylate carboligase 
(GCL), tartronic semialdehyde (TSA), tartronic semialdehyde reductase (TSR), and 
hydroxypyruvate isomerase (HYI). (Kebeish et al., 2007; Carvalho et al., 2011) 
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1.2.3 Carbon Concentrating Mechanisms 

To compensate for the promiscuous nature of Rubisco, C4 plants, algae, and 

cyanobacteria have developed mechanisms to concentrate CO2 at the site of Rubisco in order 

to increase its efficiency. The cyanobacterial carbon concentrating mechanism (CCM) is 

multifaceted involving both structural and enzymatic methods. In order to concentrate 

inorganic carbon intracellularly, cyanobacteria express a variety of bicarbonate and CO2 

transporters and accumulate inorganic carbon as bicarbonate in the cytoplasm. The 

intracellular bicarbonate is then transported into the carboxysome.  

Carboxysomes are complex cellular micro-compartments composed of a 

proteinaceous shell and housing Rubisco and carbonic anhydrase (Long et al., 2016).  Inside 

the carboxysome, bicarbonate is concentrated through the selective permeability of the 

carboxysome shell and is converted to CO2 by carbonic anhydrase. This effectively 

concentrates CO2 around Rubisco, limiting its oxygenation activity and driving the 

production of 3-PGA for the CBB cycle. Translating aspects of the cyanobacterial CCM to 

C3 plants is currently an area of great interest. Modeling studies suggest that the expression 

of the three primary bicarbonate transporters could increase photosynthesis by 16%, and 

expression of only bicarbonate transporter A (BicA) could increase photosynthesis by 9% 

(McGrath and Long, 2014). While these incremental gains are promising, increases of 60% 

are predicted in leaves with functional carboxysomes lacking stromal carbonic anhydrase 

(McGrath and Long, 2014). 

Expression of a cyanobacterial bicarbonate transporter is clearly the lower hanging 

fruit for implementation in plants. The cyanobacterial BicA and the sodium-dependent 

bicarbonate transporter A (SbtA) are excellent candidates as they are encoded by a single 
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gene (McGrath and Long, 2014). However, proper folding, targeting, and insertion of an 

integral membrane protein are not straightforward processes. The first attempt to express 

bicA from Synechococcus PCC7002 in tobacco chloroplasts utilized plastid transformation, 

and it was found that 75% of the BicA was localized to the thylakoid membrane and 25% in 

the chloroplast envelope (Pengelly et al., 2014). However, this expression led to no 

phenotypic differences or increase in CO2 assimilation, suggesting that BicA was not active 

in the plants (Pengelly et al., 2014). There are many potential reasons for this including the 

lack of an unidentified activating mechanism present in cyanobacteria that is not produced in 

plants. Despite the lack of activity, it was shown that BicA could be expressed in plant 

chloroplasts. Additional work expressing BicA and SbtA in plants has focused on efficient 

targeting and localization, but expression of an active version of either transporter has not 

been achieved (Rolland et al., 2016; Uehara et al., 2016). 

In addition to the known transporters, there are other genes associated with carbon 

accumulation, but without a known function. The ictB gene from Synechococcus PCC7942 

was identified from a high CO2 requiring mutant (Bonfil et al., 1998). This gene was 

originally hypothesized to be a bicarbonate transporter, but that theory has since been 

disproven (Bonfil et al., 1998; Price et al., 2011). The function of IctB is still unknown. The 

ictB gene was first transformed into Arabidopsis and tobacco and shown to increase CO2 

uptake, and under low humidity conditions, increase growth (Lieman-Hurwitz et al., 2003). 

Given the success of ictB expression in Arabidopsis and tobacco, the gene has also been 

expressed in rice and soybean (Gong et al., 2015; Hay et al., 2017). Increases in CO2 uptake 

were observed in both rice and soybean, and increases in plant biomass were noted in 

soybean (Hay et al., 2017). The mechanism underlying the ability of this single 
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cyanobacterial gene to enhance photosynthesis is currently an open question. Further study 

on IctB function is needed to clarify its role and aid in determining its most effective 

expression and localization in plants.  

A high risk/high reward strategy for incorporating the cyanobacterial CCM in plants 

is the expression and formation of the carboxysome in plant chloroplasts (McGrath and 

Long, 2014). While the presence of a functional carboxysome in plants would undoubtedly 

enhance CO2 fixation, there are many difficult technical hurdles. Successful formation of a 

carboxysome in the chloroplast will likely require efficient plastid transformation of the 

carboxysome shell proteins and a functional carbonic anhydrase and Rubisco (McGrath and 

Long, 2014). In addition, both the carbonic anhydrase and Rubisco must be folded and 

activated appropriately to be encapsulated in the carboxysome shell and maintain activity. 

However, a few pieces of evidence suggest that this approach may not be as far-fetched as it 

seems. For instance, functional carboxysomes have been expressed in E. coli (Bonacci et al., 

2012). Additionally, Synechococcus PCC7942 shell proteins were expressed transiently in 

tobacco using chloroplast signal peptides and were shown to assemble into organized 

structures in the chloroplast resembling microcompartments (Lin et al., 2014a). Finally, the 

ability to express functional cyanobacterial Rubisco in plant chloroplasts as described 

previously provides support for the eventual production of functional carboxysomes in 

plants. However, many challenges still exist including evaluation of the energy requirements 

for carboxysomal formation and function along with ensuring that the carboxysome receives 

sufficient bicarbonate (Rae et al., 2017). 
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1.2.4 Synthetic Carbon Fixation Cycles 

While the CBB cycle is likely the most well-known CO2 fixation cycle, it is far from 

the only cycle. Five other carbon fixation cycles have been identified in bacteria and archaea 

(Bar-Even et al., 2010). These cycles include the reverse tricarboxylic acid cycle (rTCA), the 

reductive acetyl-CoA pathway, the 3-hydroxypropionate cycle, the 3-hydroxypropionate/4-

hydroxybutyrate cycle, and the dicarboxylate/4-hydroxybutyrate cycle. Synthetic biology 

approaches have made it possible to consider creating synthetic carbon fixation cycles 

utilizing any combination of enzymes, identified from the ever-growing list of characterized 

biological reactions, to augment or even replace the CBB cycle.  Computational modeling of 

potential alternate pathways has identified several alternate CO2 fixation pathways taking 

into account thermodynamic constraints (Bar-Even et al., 2010). The ability to use in silico 

modeling to complete an initial evaluation of these potential cycles is an invaluable tool, as 

evaluating these cycles experimentally poses many challenges (Ducat and Silver, 2012).  

One of the possible cycles identified is a condensed version of the rTCA cycle, 

termed the crTCA cycle. This CO2 fixation pathway consists of four/five enzymatic steps, 

excluding several of the strictly anaerobic enzymes of the more traditional rTCA. The first 

step of the crTCA cycle is catalyzed by succinyl-CoA synthetase (SCS), which converts 

succinate to succinyl-CoA with the hydrolysis of one ATP. In the second step the succinyl-

CoA is carboxylated by 2-oxoglutarate ferredoxin oxidoreductase (KOR) to produce 2-

oxoglutarate. The 2-oxoglutarate is further carboxylated by 2-oxoglutarate carboxylase 

(OGC) to oxalosuccinate or by isocitrate dehydrogenase (ICDH) to isocitrate, which are the 3 

and 4 steps, respectively. In the final step, isocitrate is hydrolyzed by isocitrate lyase (ICL) 

into succinate and glyoxylate. The cycle was evaluated in silico and shown to be feasible in a 
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number of physiological conditions, but was ultimately discounted due to its requirement for 

an oxygen-sensitive enzyme and another enzyme only identified in a thermophile (Bar-Even 

et al., 2010). In plants the crTCA cycle would scavenge CO2 and bicarbonate in the 

chloroplast, which would be converted to glyoxylate. The addition of the E. coli glycolate 

photorespiratory bypass would allow for the scavenged carbon to be assimilated back into the 

CBB cycle. However, production of glyoxylate in the chloroplast has previously been shown 

to have no negative effects on plant phenotypes (Dalal et al., 2015; Kebeish et al., 2007). Our 

lab has demonstrated the function of this cycle in vitro and shown functional expression of 

each of the cycle enzymes through transient tobacco expression. In addition to the in vitro 

characterization, all of the crTCA cycle enzymes have been expressed in the seed oil crop 

Camelina sativa. This is the first example of this cycle functioning in vitro, and the first 

example of a synthetic CO2 fixation pathway expressed in plants.  

Another CO2 fixation pathway that has been identified and characterized in vitro is 

the crotonyl-coenzyme A/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle 

(Schwander et al., 2016). This cycle consists of 13 integral enzymatic steps and 4 additional 

enzymes for regeneration of cofactors. This cycle goes a step beyond those hypothesized 

previously as it also incorporated enzyme active site optimization to drive the cycle kinetics 

(Schwander et al., 2016).  

 

1.3 Abiotic Stress 

Crop productivity depends on a variety of conditions coming together to allow for 

optimal growth and production. However, the truth is the majority of crops are not grown 

under optimal conditions in the field. Plants are subjected to a variety of suboptimal 
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conditions, culminating in abiotic stress. These stresses can include drought, temperature, 

salinity, soil contents (heavy metals, nutrient availability), light, etc. It has been suggested 

that abiotic stresses can reduce crop yield by over 50% (Atkinson and Urwin, 2012). Crop 

losses due to environmental stresses are predicted to increase in the future due to climate 

change (Mickelbart et al., 2015). The development of plants capable of coping with 

environmental stress is vital. Several microbial genes have been introduced into plants to 

increase stress tolerance including genes for the production of osmolytes, chaperones, ion 

transporters, and antioxidant enzymes.  

 

1.3.1 Osmoprotectants 

Compatible solutes or osmolytes are low molecular weight, water soluble compounds 

including sugars, amino acids, organic acids, polyamines, and lipids (Chen and Murata, 

2011). Production of these osmoprotectants is a common way organisms mitigate the effects 

of various abiotic stresses. In plants, osmoprotectants are particularly effective against salt 

and drought stress (Chen and Murata, 2011). These molecules are thought to mitigate stress 

through stabilization of the membrane and cellular components, as well as scavenging 

reactive oxygen species (ROS) (Reguera et al., 2012).  

Perhaps the most studied compatible solute is glycinebetaine (N,N,N-

trimethylglycine, GB). This compound is naturally produced in both bacteria and plants, 

among other organisms. In plants the production of GB is induced by stress, and the 

concentration is correlated with the level of stress (Chen and Murata, 2011, 2002; Rhodes 

and Hanson, 1993). Despite the benefits of GB accumulation, many economically relevant 

crops are classified as GB non-accumulators such as rice, tobacco, and potato (Ahmad et al., 



 23 

2008; Quan et al., 2004b). GB biosynthesis in most organisms involves a two-step oxidation 

of choline. In plants the enzymes involved are choline monooxygenase for the first oxidation, 

and NAD+-dependent betaine aldehyde dehydrogenase catalyzes the second oxidation (Chen 

and Murata, 2011, 2002). In bacteria such as E. coli the first oxidation is catalyzed by choline 

dehydrogenase, encoded by the gene betA, which is capable of performing the second 

oxidation as well (Holmström et al., 2000). This gene has been utilized to increase stress 

tolerance in tobacco (Holmström et al., 2000), Zea mays L. (maize) (Quan et al., 2004a, 

2004b),  Gossypium hirsutum (cotton) (Lv et al., 2007; Zhang et al., 2012), and Triticum 

aestivum L. (wheat) (He et al., 2011). Plants expressing betA had increased tolerance to 

chilling (Holmström et al., 2000; Quan et al., 2004a; Zhang et al., 2012), drought (He et al., 

2011; Lv et al., 2007; Quan et al., 2004b), and salt (Holmström et al., 2000).  

A different pathway for GB biosynthesis exists in the soil bacteria Arthrobacter 

globiformis and A. pascens (Chen and Murata, 2002). This pathway utilizes the enzyme 

choline oxidase (CodA from A. globiformis  and Cox from A. pascens), which directly 

oxidizes choline to form GB (Chen and Murata, 2002; Ikuta et al., 1977). While both cox  

and codA  have been used to generate transgenic GB accumulating plants, the codA  gene has 

been the most extensively studied (Chen and Murata, 2011) and to date has been expressed in 

Arabidopsis thaliana (Alia et al., 1999, 1998, Hayashi et al., 1998, 1997; Sulpice et al., 

2003), Brassica juncea (Indian mustard) (Prasad et al., 2000), Diospyras kaki (Japanese 

persimmon) (Gao et al., 2000), Lycopersicon esculentum (tomato)(Goel et al., 2011; Li et al., 

2011; Park et al., 2007, 2004), Oryza sativa  (rice) (Konstantinova et al., 2002; Mohanty et 

al., 2002; Sakamoto et al., 1998), and Solanum tuberosum (potato) (Ahmad et al., 2008). 

These transgenic plants exhibited broad stress tolerance in response to chilling, heat, salt, and 
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drought stress. Additionally, expression of the gene in the chloroplast results in the 

accumulation of GB in the chloroplast leading to increased stress tolerance.  Because of this, 

the majority of these transgenic plants have been engineered for chloroplastic expression of 

the compatible solute synthesis genes (Park et al., 2007). In order to further build on the 

beneficial phenotypes seen in GB accumulating transgenic plants, betA and codA have also 

been used in gene stacking efforts with other stress tolerance genes (Ahmad et al., 2010; 

Duan et al., 2009; Wei et al., 2011). This is a promising method to further increase plant 

stress tolerance phenotypes beyond what is possible with a single gene.  

Another compatible solute and osmoprotectant molecule, which has been used to 

enhance plant abiotic stress tolerance, is trehalose. Trehalose is a non-reducing disaccharide 

molecule present is a diverse array of organisms where it is used as an osmoprotectant for 

abiotic stress (Iordachescu and Imai, 2008). Among these organisms are anhydrobiotic 

organisms such as “resurrection plants,” which are capable of surviving complete 

dehydration. In these organisms, trehalose helps the plants survive desiccation by stabilizing 

dehydrated proteins, lipid membranes, and other biological structures (Garg et al., 2002; 

Iordachescu and Imai, 2008). While trehalose is present in plants, it is typically present in 

low levels (Marco et al., 2015). The importance of trehalose in other biological systems to 

mitigate abiotic stress drove interest in the generation of transgenic crops, which could 

accumulate trehalose.  

Trehalose is synthesized from UDP glucose by the enzymes trehalose phosphate 

synthase (TPS) and trehalose phosphate phosphatase (TPP) (Iordachescu and Imai, 2008). In 

E. coli these enzymes are encoded by the genes otsA and otsB, respectively. Early attempts to 

increase accumulation of trehalose involved the generation of transgenic plants expressing 
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otsA and/or otsB (Goddijn et al., 1997; Pilon-Smits et al., 1998). While these plants 

demonstrated drought tolerance, they also displayed undesirable pleiotropic effects including 

stunted growth (Goddijn et al., 1997; Pilon-Smits et al., 1998). To overcome this problem, 

fusion proteins of otsA  and otsB were generated to limit any accumulation of the trehalose-6-

phosphate intermediate (Garg et al., 2002; Jang et al., 2003). Transgenic rice plants 

expressing the otsA-ostB fusion are resistant to drought, salt, and cold stress without any 

undesirable changes to their phenotype (Garg et al., 2002; Jang et al., 2003). Despite the 

presence of significant phenotypes, the accumulation of trehalose in transgenic plants was 

low and did not correlate well with level of tolerance (Iordachescu and Imai, 2008). This 

suggests an indirect role for trehalose in stress tolerance, such a ROS scavenging or 

increasing photosynthetic capacity (Garg et al., 2002; Iordachescu and Imai, 2008; Pellny et 

al., 2004). 

The sugar alcohol mannitol is another compatible solute and osmoprotectant in plants 

and other organisms (Marco et al., 2015). In plants, particularly celery, mannitol 

concentrations are increased in response to salt stress (Abebe et al., 2003). To increase 

mannitol concentrations, the manniol-1-phosphate dehydrogenase (mtlD) gene from E. coli 

was used to transform tobacco (Karakas et al., 1997; Tarczynski et al., 1992), Arabidopsis 

thaliana (Thomas et al., 1995), Solanum melongena L. (eggplant) (Prabhavathi et al., 2002), 

Populus tomentosa (poplar) (Hu et al., 2005), wheat (Abebe et al., 2003), and rice (Pujni et 

al., 2007). In all instances, plants expressing mtlD demonstrated tolerance to drought and salt 

stresses.  

While heterologous expression of microbial genes augmented the production of these 

compatible solutes, prokaryotes are also capable of producing compatible solutes that are not 
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produced by plants or not common in plants, such as ectoine and glucosylglycerol (Klahn et 

al., 2009; Nakayama et al., 2000). Ectoine is a compatible solute common in halophillic 

bacteria and is synthesized from L-aspartate β-semialdehyde in three steps catalyzed by the 

enzymes L-2,4-diaminobutyric acid aminotransferase (ectB), L-2,4-diaminobutyric acid 

acetyl transferase (ectA), and L-ectoine synthase (ectC) (Nakayama et al., 2000; Rai et al., 

2006). Expression of Halomonas elongata and Marinococcus halophilus ectoine biosynthetic 

pathway genes (ectA, ectB, and ectC) has been demonstrated in tobacco (Moghaieb et al., 

2006; Nakayama et al., 2000; Rai et al., 2006) and tomato (Moghaieb et al., 2017). Plants and 

plant cells producing ectoine are resistant to salt stress (Moghaieb et al., 2017, 2006; 

Nakayama et al., 2000; Rai et al., 2006) and are able to preserve photosynthetic function 

when challenged with salt stress (Moghaieb et al., 2017, 2006; Rai et al., 2006). Additionally, 

it was found that ectoine specifically accumulated in the roots where it enhanced water 

uptake (Moghaieb et al., 2017, 2006).  

Glucosylglycerol (GG) is the primary compatible solute utilized by moderately 

halotolerant cyanobacteria (Klahn et al., 2009; Sievers et al., 2013). GG is synthesized via a 

two-step process where GG-phosphate is produced by GG-phosphate synthase from glycerol-

3-phosphate and ADP-glucose. The GG-phosphate is then dephosphorylated by GG-

phosphate phosphatase (Klahn et al., 2009; Sievers et al., 2013). Some heterotrophic bacteria, 

such as Azotobacter vinelandii, possess an enzyme which performs both steps of the GG 

biosynthesis called GG-phosphate phosphatase/synthase (GgpPS) (Klahn et al., 2009; Sievers 

et al., 2013). GgpPS has been heterologously expressed in Arabidopsis thaliana (Klahn et al., 

2009) and potato (Sievers et al., 2013). In Arabidopsis it was found that the production of 
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high levels of GG in the plant hindered growth, whereas low levels of production provided 

protection against salt stress (Klahn et al., 2009).  

In addition to the described compatible solutes, there are many others that could be 

exploited to enhance plant stress tolerance. Prokaryotes possess an impressive diversity of 

compatible solutes, many of which are not natively produced by plants (Empadinhas and da 

Costa, 2008). Compatible solutes utilized by halophillic, thermophillic, or other extreme 

environment living bacteria and archaea might prove to be particularly useful for mitigating 

these stresses in plants.  

 

1.3.2 Chaperones 

As plants and other organisms encounter stress, metabolic processes become 

increasingly difficult requiring the production of chaperones and other proteins to assist in 

maintaining homeostasis (López-Arredondo et al., 2015). RNA chaperones are abundant in 

all organisms, and function in keeping RNA in an accessible form for biological activity 

(Castiglioni et al., 2008). In response to cold shock, bacteria express cold shock proteins 

(CSPs), which contain a cold shock domain (CSD). This domain binds to DNA or RNA with 

little selectivity or specificity, and aids in stress adaptation through a post-transcriptional 

method (Castiglioni et al., 2008).  

To evaluate the capability of bacterial CSPs to enhance stress tolerance in plants, the 

cold shock proteins CspA from E. coli and CspB from Bacillus subtilis were used to generate 

transgenic Arabidopsis thaliana, rice, and maize (Castiglioni et al., 2008). Plants 

constitutively expressing CspA or CspB demonstrated broad abiotic stress tolerance (cold, 

heat, and drought). In addition to greenhouse-controlled trials, yield enhancements were also 
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demonstrated in maize grown in the field under water deficit conditions (Castiglioni et al., 

2008). Maize hybrids expressing CspB received regulatory approval and are being sold under 

the name Droughtgard®.  

Protein denaturation and mis-folding is another common result of stress (Jacob et al., 

2017). In order to maintain homeostasis, particularly in response to heat stress, both 

prokaryotes and eukaryotes produce heat shock proteins (HSPs) (Jacob et al., 2017). HSPs 

are chaperones which act to resolve misfolded proteins and protein aggregates and restore 

native conformation (Uchida et al., 2008). Plants and microbes express a number of HSPs in 

response to stress. One such protein is Hsp70, also known as DnaK in bacteria. Hsp70/DnaK 

binds to misfolded proteins, and with the help of Hsp60, refolds them (Uchida et al., 2008). 

A DnaK chaperone with high refolding activity was identified from the halotolerant 

cyanobacterium, Aphanothece halophytica (Hibino et al., 1999). To evaluate the ability of 

DnaK chaperones to improve stress tolerance in plants, the A. halophytica dnaK gene was 

expressed in tobacco (Ono et al., 2001; Sugino et al., 1999). Tobacco plants expressing DnaK 

were found to be both salt (Sugino et al., 1999) and heat tolerant (Ono et al., 2001). In a 

continuation of this work, DnaK expressing tobacco and rice plants were evaluated for 

improvements in yield (Uchida et al., 2008). Tobacco and rice plants exhibited increases in 

biomass and seed yield, particularly in response to heat or salt stress compared to wild type 

(Uchida et al., 2008). Given the favorable phenotypes observed to date, expression of 

bacterial chaperones in plants represents a promising strategy for crop improvement.  
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1.3.3 Ion Transporters	
	
The ions Na+ and H+ are vital for cellular function. Fluctuations in their concentration 

can have deleterious effects on cellular survival. In plants, drought and salt stress often lead 

to an imbalance in Na+ and H+, leading to osmotic stress (Ahuja et al., 2010). Na+/H+ 

antiporters are responsible for the transport of Na+ and Li+ in exchange for H+ to maintain 

homeostasis (Wu et al., 2005).  Overexpression of Na+/H+ antiporters has been shown to 

increase salt tolerance, likely through the sequestration of Na+. While this effect has been 

primarily evaluated using the Arabidopsis thaliana NHXI, it has also been shown using E. 

coli nhaA (Wu et al., 2005). Transgenic rice plants were generated to constitutively express 

EC-nhaA, though it was found that the amount of EC-nhaA produced was responsive to salt 

concentration and decreased at high concentrations (>200mM) (Wu et al., 2005). Despite 

these alterations in expression, these transgenic lines demonstrated increased tolerance to 

both salt and drought, and increased yield under these conditions, suggesting the use of EC-

nhaA as a promising trait for stress tolerance (Wu et al., 2005). 

 

1.3.4 Antioxidant Enzymes/Compounds 

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), singlet oxygen 

(1O2), superoxide anion (O2 -), and hydroxyl radical (OH.), are generated through normal 

metabolism in aerobic organisms (Halliwell, 2006). It is widely accepted that ROS play an 

important role in plant signaling (Suzuki et al., 2012). However, under adverse conditions 

ROS, specifically O2 -, can build up in the cell and lead to cell death through damage of 

cellular macromolecules (i.e. lipid peroxidation, oxidation of metalloproteins, DNA strand 

breaks) (Gill and Tuteja, 2010; Suzuki et al., 2012). Plants possess a variety of antioxidant 
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enzymes (superoxide dismutase, catalase, ascorbate peroxidase, etc.) and non-enzymatic 

antioxidants (glutathione, ascorbic acid, etc.) to mitigate the effect of ROS production, but 

persistent stress conditions can overcome these systems leading to tissue damage and death 

(Gill and Tuteja, 2010).  

Many antioxidant systems and enzymes are shared across domains. These 

homologous enzymes while sharing the same function may possess different affinities or 

rates of activity making them attractive potential transgenes. An example of this is the E. coli 

catalase (katE). Catalase is a heme-containing enzyme, which catalyzes the conversion H2O2 

into H2O and O2 (Gill and Tuteja, 2010). Catalase is ubiquitous in plants, and is vital for ROS 

detoxification. The E. coli catalase was utilized in plants to enhance stress tolerance above 

what is achievable with endogenous catalase. It was chosen for this purpose as it has a higher 

affinity for H2O2 than the plant catalase and would not be regulated by the plant (Mohamed 

et al., 2003; Moriwaki et al., 2008; Shikanai et al., 1998). This strategy has been employed in 

tobacco (Al-Taweel et al., 2007; Miyagawa et al., 2000; Shikanai et al., 1998), rice 

(Moriwaki et al., 2008; Nagamiya et al., 2007), and tomato (Mohamed et al., 2003). Plants 

expressing katE show resistance to salt and photooxidative stress. As the chloroplast is the 

primary site of ROS generation in plant cells, localization of KatE to the chloroplast provided 

protection of the photosynthetic machinery including photosystem II subunit D1 from 

photooxidative damage (Al-Taweel et al., 2007; Miyagawa et al., 2000; Mohamed et al., 

2003; Shikanai et al., 1998).  

In addition to catalase, plants and other organisms express an array of peroxidases, 

which also scavenge H2O2. While ascorbate peroxidase, peroxiredoxin, and others are more 

well known in plants, glutathione peroxidase (GPX) is a vital antioxidant enzyme in animals 
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and other organisms (Gaber et al., 2006; Noctor et al., 2012). Plant GPXs are less active than 

their mammalian counterparts because they contain a cysteine in their active site in place of 

the selenocysteine present in mammalian GPX (Bela et al., 2015). These enzymes play a vital 

role in detoxifying lipid hydroperoxides and protection of membranes from lipid 

peroxidation (Gaber et al., 2006). The cyanobacterium Synechocystis PCC6803 possesses 

GPX-like enzymes that not only detoxify lipid and fatty acid hydroperoxides but do so 

without the use of GSH (Gaber et al., 2006). Transgenic Arabidopsis plants were made that 

express the Synechocystis PCC6803 GPX. These plants were found to have broad stress 

tolerance, including to chilling, salt, drought, and H2O2 exposure (Gaber et al., 2006). This 

stress tolerance was found in combination with a decrease in lipid peroxidation under all 

stress conditions (Gaber et al., 2006). These results suggest a route for protection or 

mitigation of one of the most damaging effects of ROS in the cell and potentially a pathway 

for repair of damaged membranes.   

Superoxide reductase (SOR) is an antioxidant enzyme found primarily in anaerobic 

bacteria and archaea that reduces O2 – to H2O2  (Grunden et al., 2005; Jenney et al., 1999). 

This enzyme is well adapted for use in anaerobic organisms as it reduces superoxide without 

producing additional O2. This unique feature is also beneficial in a plant system as the 

production of additional molecular oxygen could lead to the generation of more ROS. 

Additionally, SOR has a higher affinity for O2 – than SOD, which allows it to detoxify ROS 

more effectively. SOR from the thermophilic archaea, Pyrococcus furiousus, was expressed 

constitutively in the cytosol in NT1 tobacco cells, Arabidopsis thaliana, and Cornus 

canadensis L. f. (ornamental dogwood) (Geng et al., 2016; Im et al., 2009, 2005). Plants 

expressing SOR demonstrated increased heat, light, and methyl viologen tolerance compared 
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to non-expressing plants. Further research is needed to determine if other stresses could be 

mitigated through SOR production. Additionally, expression of SOR in the chloroplast could 

further enhance plant stress tolerance as a significant proportion of ROS are generated in the 

chloroplast.  

Ferredoxins are small, iron-sulfur proteins responsible for electron transfer in a wide 

variety of metabolic reactions. Ferredoxin is critically important in the chloroplast as the 

primary method of electron transfer for electrons produced during the light reactions of 

photosynthesis (Zurbriggen et al., 2008). Once reduced by photosystem I, ferredoxin shuttles 

electrons to ferredoxin NADP+ reductase (FNR) for the production of NADPH, utilized in 

the CBB cycle. In addition to shuttling electrons to FNR, chloroplast ferredoxin plays a role 

in nitrate assimilation, amino acid metabolism, lipid metabolism, and a number of other 

metabolic processes, as well as activating ferredoxin-thioredoxin reductase (FTR) which has 

an important regulatory role for the CBB cycle and other enzymes (Zurbriggen et al., 2008). 

In response to various environmental conditions and stresses, ferredoxin participates in cyclic 

electron flow and the water-water cycle to prevent over-reduction which can lead to the 

generation of ROS (Miyake, 2010). Importantly, in the water-water cycle, ferredoxin is 

responsible for the regeneration of reduced ascorbate. Ferredoxin-deficient plants have a 

variety of negative phenotypes including hindered growth, photosynthetic deficiencies, and 

increased sensitivity to oxidative stress (Blanco et al., 2011; Ceccoli et al., 2011). Despite its 

vital role in chloroplast metabolism and maintaining redox balance, ferredoxin expression is 

decreased under most stress conditions (Ceccoli et al., 2011). In the absence of ferredoxin, 

photosystem I will pass electrons to O2, generating ROS, and thus exacerbating the stress 

(Ceccoli et al., 2011). However, the overexpression of a ferredoxin from the cyanobacteria 
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Anabaena failed to improve stress tolerance (Ceccoli et al., 2011). This was potentially due 

to the fact that plant regulatory mechanisms appeared to be capable of regulating the 

Anabaena ferredoxin as well, successfully downregulating its expression under stress 

conditions (Ceccoli et al., 2011).  

While cyanobacterial ferredoxin failed to enhance stress tolerance, cyanobacterial 

flavodoxin has shown to be an effective transgene. Flavodoxin is a small electron carrier 

protein similar to ferredoxin, but instead of an iron-sulfur cluster, it contains a flavin 

mononucleotide prosthetic group (Karlusich et al., 2014). While flavodoxin exists in many 

prokaryotes and in some algae, it is completely absent from plants and appears to have been 

lost in evolution in favor of the higher electron carrier efficiency of ferredoxin (Karlusich et 

al., 2014). In cyanobacteria, flavodoxin expression increases under stress while ferredoxin 

expression declines (Tognetti et al., 2006). To evaluate the effect of flavodoxin expression in 

plants, tobacco plants expressing Anabaena flavodoxin in the chloroplast were created. These 

plants were found to have very broad stress tolerance (methyl viologen, heat, drought, light, 

and UV), and resistance to iron starvation (Tognetti et al., 2007, 2006). It was also found that 

transforming ferredoxin deficient plants with cyanobacterial flavodoxin would restore wild 

type phenotype and resistance to oxidative stress (Blanco et al., 2011). This demonstrates that 

the flavodoxin is successfully able to participate in the same pathways as ferredoxin. 

Cyanobacterial flavodoxin has also been expressed in bent grass with similar results (Z. Li et 

al., 2016). The success of the expression of flavodoxin for enhancing stress tolerance 

highlights the importance of maintaining chloroplast redox balance and controlling ROS 

production. 
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Another component of plant ROS detoxification is the non-enzymatic antioxidants 

glutathione and ascorbic acid. In their reduced forms ascorbic acid and glutathione, scavenge 

and detoxify ROS in plant cells (Apel and Hirt, 2004). When these antioxidant molecules 

encounter ROS or interact with certain enzymes or proteins they become oxidized, and must 

be reduced enzymatically (Apel and Hirt, 2004). Oxidized ascorbate, monodehydroascorbate 

(MDA), can be reduced by monodehydroascorbate reductase (MDAR). However, MDA is 

unstable and will rapidly disproportionate into dehydroascorbate (DHA), which requires 

reduction to ascorbate by dehydroascorbate reductase (DHAR). In order for DHAR to reduce 

DHA to ascorbate, it must oxidize a molecule of reduced glutathione (GSH) producing 

oxidized glutathione (GSSG). The activity of glutathione reductase (GR) is required to 

reduce GSSG to GSH, maintaining cellular redox balance (Noctor et al., 2012). This process 

is called the Ascorbate-Glutathione cycle, and it is a key element of plant stress tolerance. 

While ascorbic acid is a vital component of plant ROS defenses, it is not commonly 

synthesized by bacteria or archaea, except for some cyanobacteria (Ziegelhoffer and 

Donohue, 2009). However, glutathione is widely used and important in microbial and plant 

defenses against ROS (Ziegelhoffer and Donohue, 2009).   

Glutathione is a thiol tripeptide consisting of glutamate, cysteine, and glycine (Gill et 

al., 2013). Reduced glutathione (GSH) is abundant in plant tissues and cellular compartments 

and is involved in a variety of cellular processes including heavy metal detoxification, redox 

balance, and ROS scavenging (Gill et al., 2013; Noctor et al., 2012). With such an important 

role in the scavenging of ROS, it raises the question whether modulating the amount of GSH 

or the ratio of GSH:GSSG in the cell would lead to stress tolerance in plants. One method for 

increasing the GSH content in plants is through increasing the expression of GR. As 



 35 

mentioned previously, GR is the enzyme responsible for reducing GSSG to produce GSH. 

Due to the important role GR plays in the ascorbate-glutathione cycle, increasing the amount 

of GR in the cell has the capacity to shift cell antioxidant capabilities by increasing the 

amount of reduced ascorbate and GSH, and/or increasing the rate of turnover for the oxidized 

compounds (Gill et al., 2013). E. coli GR has been used to transform wheat (Melchiorre et 

al., 2009), tobacco (Aono et al., 1993; Foyer et al., 1991; Le Martret et al., 2011), and poplar 

(Foyer et al., 1995). Unfortunately, the effect of expression of E. coli GR in plants did not 

yield a consistent result in all cases. While increased tolerance to oxidative stress was found 

in some transgenic plants (tobacco chloroplast and poplar chloroplast) (Aono et al., 1993; 

Foyer et al., 1995; Le Martret et al., 2011), others showed little to no difference (tobacco 

cytosol and wheat protoplasts) (Foyer et al., 1991; Melchiorre et al., 2009). Interestingly, 

plants with enhanced oxidative stress tolerance had the GR expressed or targeted to the 

chloroplast, which suggests that localization plays an important role (Le Martret et al., 2011).  

Another strategy to increase GSH is to enhance its biosynthesis. Glutathione is 

synthesized in a two-step process from its constituent amino acids. The first step is catalyzed 

by γ-glutamylcysteine synthetase (γ-ECS), while the second step is catalyzed by glutathione 

synthetase (GS) forming glutathione (Noctor et al., 2012). In order to increase glutathione 

concentration, heterologous expression of E. coli γ-ECS and GS has been studied in poplar 

(Foyer et al., 1995; He et al., 2015; Herschbach et al., 1998; Noctor et al., 1998, 1996; 

Strohm et al., 1995), Indian mustard (Reisinger et al., 2008; Y L Zhu et al., 1999; Yong 

Liang Zhu et al., 1999), and tobacco (Creissen et al., 1999). While GS expression failed to 

significantly increase GSH content (Foyer et al., 1995; Herschbach et al., 1998; Strohm et al., 

1995; Yong Liang Zhu et al., 1999), expression of γ-ECS in either chloroplast or cytosol 
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showed increases in GSH over control plants (Creissen et al., 1999; Herschbach et al., 1998; 

Noctor et al., 1998; Reisinger et al., 2008; Y L Zhu et al., 1999). In addition to its role in 

oxidative stress, glutathione is an important precursor for phytochelatin (PC) biosynthesis 

(Noctor et al., 2012). PCs are responsible for sequestering heavy metals, such as cadmium 

and arsenic, in the vacuole. In Brassica and poplar, plants expressing γ-ECS had increased 

tolerance to heavy metals, particularly cadmium, and increased amounts of PCs (He et al., 

2015; Reisinger et al., 2008; Y L Zhu et al., 1999). In addition, γ-ECS expressing poplar 

plants were also shown to be resistant and to sequester chloroacetanilide herbicides (Gullner 

et al., 2001). The ability to tolerate and sequester heavy metals and other chemicals is 

valuable for phytoremediation. While there did not appear to be detrimental effects of γ-ECS 

expression in Indian mustard and poplar, tobacco plants expressing γ-ECS in the plastid 

showed increased sensitivity to oxidative stress and resultant chlorosis (Creissen et al., 1999). 

These results are further complicated by the recent creation of transgenic tobacco plants with 

20-30 fold increases in GSH. These high accumulating tobacco plants, were transformed with 

a bifunctional γ-glutamylcysteine lyase from Streptococcus thermophilus (StGCL-GS) which 

performs both of the glutathione synthesis reactions simultaneously (Liedschulte et al., 

2010). The StGCL-GS enzyme is beneficial over the plant or the E. coli γ-ECS as it is not as 

sensitive to feedback inhibition by GSH allowing GSH to accumulate to high levels without 

decreasing activity (Liedschulte et al., 2010). In addition to accumulating extremely high 

amounts of GSH, the transgenic plants were found to have increased resistance to oxidative 

stress and tolerance to Cd (Liedschulte et al., 2010). The difference in phenotype between 

StGCL-GS and γ-ECS transgenic tobacco may partially be explained by the need for balance 

between the two reactions. Further research is needed to elucidate the application of 
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increased GSH for stress tolerance and phytoremediation. Figure 1-3 provides a summary of 

the antioxidant targets that have been used to generate transgenic plants.  

 

 

 

Figure 1-3. Antioxidant strategies used to increase abiotic stress tolerance through the 
expression of microbial genes. Green ovals represent enzymes that directly reduce reactive 
oxygen species (ROS) or in the case of GPX-2 reactive lipids created by ROS. Grey ovals 
represent enzymes involved in glutathione biosynthesis or reduction, which is a vital non-
enzymatic ROS detoxification molecule. The pink oval contains flavodoxin, which has an 
indirect method for decreasing ROS, through accepting electrons from PSI under stress 
conditions preventing the creation of ROS. Abbreviations: Superoxide reductase (SOR), γ-
glutamylcysteine synthetase (γ-ECS), glutamylcysteine (GC), reduced glutathione (GSH), 
glutathione synthetase (GS), oxidized glutathione (GSSG), glutathione reductase (GR), 
catalase (KatE), lipid-OOH (lipid hydrorperoxide), GPX-2 (glutathione peroxidase-like 
protein), lipid-OH (lipid alcohol), photosystem 1 (PSI), flavodoxin (FLD), e- (electron). 
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1.4 Nutrient Acquisition 

The availability and efficient usage of soil nutrients is vital to plant survival and a key 

component of increasing crop yield. While plants obtain many of their required nutrients 

from the soil, phosphorous and nitrogen are the most important (Schroeder et al., 2013). In 

addition to their role in crop productivity, applied nitrogen and phosphorous fertilizers are 

responsible for significant environmental disturbances caused by their runoff into waterways 

(López-Arredondo et al., 2015). Plants capable of efficient use of these nutrients could 

reduce over-application of fertilizers and enhance crop yields. 

 

1.4.1 Nitrogen 

Nitrogen is arguably the most important nutrient for plants. It is utilized in the 

biosynthesis of nucleic acids, proteins, and storage molecules, in various metabolic reactions, 

and also serves as a vital signaling molecule. The most common forms of nitrogen taken up 

by plants are nitrate (NO3
-), ammonium (NH4

+), and proteins or amino acids, with nitrate 

being the most abundant (Mcallister et al., 2012). While nitrogen is vital to plant growth and 

development, it is often limiting. In order to overcome this limitation, nitrogen fertilizer is 

added in agriculture. Despite the addition of large quantities of nitrogen, only 30-50% of 

applied nitrogen is utilized by the crops (Cassman et al., 2002). The remaining portion of the 

applied nitrogen is lost due to leaching, run-off, volatilization, and soil microbe competition. 

Heavy application of nitrogen fertilizers have had a variety of environmental impacts 

including excessive energy consumption to produce the fertilizer, contamination of fresh 

water with excess nitrogen leading to algal blooms, and adding to climate change and ozone 

depletion through the release of nitrous oxide (Mcallister et al., 2012). 
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Enhancing nitrogen use efficiency could limit waste of applied nitrogen and increase 

nitrogen assimilation in plants. In plants the assimilation of nitrogen involves the reduction of  

nitrogen to NH4
+, which is incorporated into the amino acids glutamine and glutamate by 

glutamine synthetase (GS) and glutamate synthetase (GOGAT), respectively (Martínez-

Andújar et al., 2013).  Subsequently, glutamate and glutamine can be used by aspartate 

aminotransferase (AspAT) and asparagine synthetase (AS) to produce aspartate and 

asparagine, respectively (Martínez-Andújar et al., 2013). These amino acids act as nitrogen 

transport compounds throughout the plant, which are involved in biosynthesis of a wide 

variety of molecules (Martínez-Andújar et al., 2013). Asparagine in particular is a good 

transport amino acid for long distance transport and storage as it has a higher N/C ratio and is 

less reactive (Giannino et al., 2008). In plants, asparagine is synthesized through the transfer 

of an amino group from glutamine to aspartate, in a reaction requiring ATP.  The activity of 

AS is regulated by N/C status as well as by light in plants (Martínez-Andújar et al., 2013). In 

E. coli the gene asnA encodes an AS (AS-A), which utilizes ammonium instead of glutamine 

for asparagine synthesis. The use of this gene in plants represents a more direct route for 

nitrogen assimilation, as well as alleviating the regulation of AS by light allowing for more 

activity (Martínez-Andújar et al., 2013). Various plant species have been transformed with 

asnA and have shown variable phenotypes. Transgenic Lactuca sativa L. (lettuce) expressing 

asnA showed greater leaf area, increased amino acids and protein content, and reduced nitrate 

(Giannino et al., 2008; Sobolev et al., 2010). However, Lotus corniculatus (Bellucci et al., 

2004), tomato (Martínez-Andújar et al., 2013), and Brassica napus (rapeseed) (Seiffert et al., 

2004) plants expressing asnA had reduced growth, particularly under nitrogen limiting 
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conditions. Further research is needed to evaluate the benefits of asnA overexpression on 

plant growth and nitrogen accumulation. 

Despite the nitrogen limitations faced by agriculture, nitrogen (N2) is not a scarce 

molecule as it composes 78% of the air.  However, due to the stability of N2 it is difficult for 

organisms to fix and requires a specific nitrogenase enzyme, which only evolved in bacteria 

and archaea (Oldroyd and Dixon, 2014). The canonical nitrogenase enzyme is a complex, 

where the catalytic portion is composed of a molybdenum containing subunit and an iron 

containing subunit, which fixes 1 mole of N2 to 2 moles of NH3 (Oldroyd and Dixon, 2014). 

Some plants, primarily legumes, have developed symbiotic relationships with nitrogenase 

containing microorganisms in order to ensure a supply of fixed nitrogen through nodulation. 

Engineering plants to express nitrogenase has been hypothesized for many years (Merrick 

and Dixon, 1984), but has recently garnered more interest (Oldroyd and Dixon, 2014). While 

the capability of expressing nitrogenase in plants is very attractive, there are also a number of 

factors which could interfere with the enzyme’s function in plants. The first of which is that 

nitrogenase is irreversibly damaged by oxygen and thus requires protection of its catalytic 

subunits from oxygen. Another challenge is in the complexity of genes required for the 

assembly of the nitrogenase complex. Additionally, fixation of N2 requires 16  ATP 

molecules and 8 electrons per N2  fixed (Oldroyd and Dixon, 2014). Strategies to cope with 

these requirements involve both spatial and potentially temporal separation of the nitrogenase 

from other non-compatible plant metabolic processes.  

One promising site for nitrogenase activity is the mitochondrial matrix. As the plant 

mitochondria contains oxygen-consuming enzymes and is the primary site of metalloenzyme 

synthesis in plants, it could provide a suitable environment for nitrogenase reconstitution and 



 41 

activity (Allen et al., 2017; Oldroyd and Dixon, 2014). Additionally, the mitochondria could 

supply the required amounts of ATP and reductant for successful nitrogenase function.  In 

order to evaluate the possibility of expressing a functional nitrogenase in plants, research is 

first being conducted to evaluate the expression and targeting of the nif genes in plant 

mitochondria.  Allen et al. expressed 16 of the nif genes from the diazatrophic bacterium 

Klebsiella pneumoniae transiently in the Nicotiana benthamiana mitochondrial matrix. In 

addition to the catalytic nitrogenase subunits, NifD and NifK, 14 other genes were 

successfully expressed which are vital for nitrogenase assembly and electron transport (Allen 

et al., 2017). While no functional characterization was conducted, demonstrating that the nif 

genes can be successfully expressed and targeted to the mitochondrial matrix is a significant 

step to a functional nitrogenase in plants.  

In addition to the mitochondria, the plastid is also being evaluated as a potential site 

for nitrogenase expression and activity (Ivleva et al., 2016; Oldroyd and Dixon, 2014).  The 

presence of oxygen in photosynthetic plastids could be problematic, though plastids in non-

photosynthetic tissue or temporally separating nitrogenase activity during the dark period 

could be utilized. The validity of the plastid as a site for nitrogenase activity was 

demonstrated through the functional expression of the iron containing subunit of nitrogenase 

in leaf plastids of tobacco (Ivleva et al., 2016). The iron containing subunit was chosen as it 

is most sensitive to oxygen. Nitrogenase genes nifh and nifm were transformed into the 

plastid genome, and shown to not only be expressed but to be functional when plants were 

grown in low oxygen (10%) conditions (Ivleva et al., 2016). The dependence of the activity 

on lower oxygen suggests that oxygen will likely be a limiting factor, but expression in non-
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photosynthetic tissue or using temporal regulation could alleviate this inhibition (Ivleva et al., 

2016).  

 

1.4.2 Phosphate 

Phosphate is a primary component of a variety of cellular macromolecules (i.e. 

phospholipids, DNA, RNA) and as such is an essential macronutrient. It is also vital for 

cellular metabolism as part of ATP, ADP, NADPH, etc., which drive the majority of 

metabolic processes within the cell. Phosphate is acquired by plants as inorganic phosphate 

(Pi) from the soil (López-Arredondo et al., 2014). In agriculture, phosphate fertilizers are 

typically applied in order to supply plants with sufficient Pi for growth. The application of Pi 

containing fertilizers has led to increases in crop productivity in modern agriculture. 

However, as the Pi in fertilizers is acquired by mining, it is a finite resource with dwindling 

supplies (Heuer et al., 2016). It is predicted that Pi resources will be exhausted within 300-

400 years.  With the amount of fertilizer used predicted to increase in the future, this poses a 

significant problem. In addition to long-term issues with Pi fertilizer supply, only a small 

percentage of applied Pi can be readily accessed by crops due to immobilization and leaching 

(Hinsinger, 2001). In the soil, Pi readily forms complexes or precipitates with organic matter 

and mineral cations. This is a particular problem in acidic or alkaline soils where Pi will form 

complexes primarily with aluminum or calcium (Hinsinger, 2001). In addition, a significant 

portion of applied fertilizer ends up in bodies of water neighboring fields from run-off. This 

phosphate leaching can lead to algal blooms and eutrophication (Smith and Schindler, 2009). 

Thus enhancing Pi incorporation and usage by plants is important to increase productivity 

and limit over-usage of fertilizers.  
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While Pi is the only phosphate source that can be utilized by plants, it is not the only 

phosphorous compound available or the only compound that can be imported by plants. 

Phosphite (Phi), a reduced form of Pi, is also available and capable of being imported by 

plants (López-Arredondo and Herrera-Estrella, 2012). Phi has many beneficial characteristics 

compared to Pi such as higher solubility and lower reactivity with soil components, leading to 

higher availability of Phi after application. Phi has also been utilized in agriculture as a 

fungicide and herbicide (López-Arredondo and Herrera-Estrella, 2012). While plants cannot 

metabolize Phi, some bacteria have developed mechanisms to oxidize Phi to produce Pi using 

the enzyme phosphite oxidoreductase (PTXD) (Costas et al., 2001). In this reaction Phi is 

oxidized to Pi while reducing NAD+ to NADH. To generate plants capable of incorporating 

Phi, the ptxD gene from Pseudomonas stutzeri WM88, was constitutively expressed in 

Arabidopsis thaliana and tobacco.  These plants were capable of utilizing Phi as a sole 

phosphorous source, and required 30-50% less phosphorous input to achieve the same 

productivity when fertilized with Phi instead of Pi (López-Arredondo and Herrera-Estrella, 

2012). Further evaluation of this technology in the field is still needed. Due to the ability of 

bacteria to metabolize a variety of phosphorous sources additional enzymes may exist to 

further increase incorporation, and utilization of phosphorous in plants.  

 

1.5 Conclusion 

Microbes inhabit the most inhospitable environments on the planet, and possess an 

incredibly diverse array of metabolic and enzymatic potential. Microbial genes have been 

used to generate a variety of transgenic plants with enhanced phenotypes. In some cases the 

use of bacterial genes and pathways have increased yields from 20-70% (Castiglioni et al., 



 44 

2008; Dalal et al., 2015). The expression of microbial genes has also led to the creation of 

transgenic plants able to withstand a wide variety of damaging environmental conditions that 

typically lead to detrimental losses in the field (Gaber et al., 2006; Garg et al., 2002; Im et al., 

2009; Park et al., 2007; Tognetti et al., 2006). However, a significant amount of work 

remains to be done. Despite the wide variety of research being conducted, the vast majority 

of microbially-derived crop improvement traits come from a small handful of bacteria and 

archaea, primarily E. coli (Table 1-1). Further exploration and characterization of microbial 

species, genes, and metabolic pathways will be vital to the discovery of additional traits for 

crop improvement. Additionally, with a complex problem such as increasing yield, a 

complex answer is often required. It is unlikely that a single trait will be sufficient to solve 

the yield crisis. Stacking and combining traits, and introducing new metabolic pathways will 

likely lead to greater improvements. With the development of complex metabolic modeling 

tools, gaining insight into which genes and pathways will be most beneficial is becoming 

more straightforward (Ducat and Silver, 2012). Further characterization and detailed analysis 

of enzyme and pathway kinetics will help build these computational tools, and enhance our 

ability to predict where metabolic intervention will be most helpful to increase yield (Long et 

al., 2015).    

Another microbially-derived tool that is paving the way for enhanced expression and 

targeted integration of transgenes is CRISPR. The utilization of CRISPR genome editing 

technology is revolutionizing the field of synthetic biology and genetic engineering across all 

systems. The earliest and best characterized use for CRISPR in plant biology is the 

introduction of double strand breaks in specific target genes resulting in knockout plants. 

This strategy has been used in an ever expanding number of crop plants (Soda et al., 2017). 
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Some of these knockout targets have created plants with important phenotypes, such as 

powdery mildew resistant wheat (Wang et al., 2014) and switchgrass with increased biomass 

(Liu et al., 2017). One of the most exciting applications of CRISPR is controlling the 

integration of a transgene to a particular locus on the genome (Puchta, 2017). Targeted 

integration could enhance transgene expression and reduce the risks of disruption of other 

genes (Yin et al., 2017). While only few examples of using CRISPR to introduce transgenes 

exist currently, as this method is optimized, it will become an invaluable tool moving 

forward (J. Li et al., 2016; Svitashev et al., 2015).   
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Abstract 

CO2 fixation is a rate-limiting factor in biomass production of C3 crops due to the low 

activity and specificity of ribulose-1,5-bisphosphate carboxylase/oxygenase. To overcome 

this bottleneck, alternative CO2 fixation pathways are of interest for evaluation in plants. We 

demonstrate the in vitro function of a synthetic CO2 fixation cycle based on a condensed 

reverse tricarboxylic acid cycle (crTCA). The crTCA cycle as designed consists of five 

enzymes of bacterial origin that utilize succinate and bicarbonate to generate glyoxylate, but 

it was shown to be fully functional using four of the five enzymes. Purified recombinant 

enzymes of this crTCA cycle are able to assimilate CO2 in vitro and generate glyoxylate.  To 

assess the feasibility of this approach in planta, the individual crTCA cycle enzymes were 

expressed using a transient tobacco system and shown to be functional. Implementation of 

this crTCA cycle in plants could lead to increases in plant biomass and yield.   
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2.1 Introduction 

Most atmospheric CO2 is assimilated into the organic matter of the biosphere by 

Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase (RuBisCO). Because the RuBisCO 

catalytic velocity for CO2 fixation is so slow, the RuBisCO protein is about 50% of the 

soluble protein in a plant leaf (Ellis, 1979), making it the most abundant single protein in the 

biosphere. The RuBisCO protein itself is a major sink for assimilated carbon and nitrogen in 

a plant, reducing its productivity and nitrogen use efficiency. 

In addition to its carboxylase activity, RuBisCO reacts with oxygen producing 2-

phosphoglycolate  (Ogren and Bowes, 1971). Phosphoglycolate is removed through 

photorespiration, resulting in a loss of energy and assimilated carbon (Ogren, 1984). The net 

loss of plant productivity due to oxygenase activity of RuBisCO and photorespiration is 

approximately 30% in C3 plants such as soybean (Zhu et al., 2010). To compensate, 

photosynthetic organisms have evolved different carbon-concentrating mechanisms (CCMs) 

including carboxysomes in cyanobacteria (Hanson et al., 2016), C4 metabolism (Leegood, 

2013), and crassulacean acid metabolism in plants (Borland et al., 2014). 

Attempts have been made to modify RuBisCO (Bainbridge et al., 1995) and  its 

regulatory proteins (Kurek et al., 2007), introduce CCM structures and enzymes into C3 

plants (Lin et al., 2014), or alter the photorespiratory pathway (Dalal et al., 2015a; Kebeish et 

al., 2007). Engineering RuBisCO has proved unsuccessful, while creating a photorespiratory 

bypass has, increased biomass and yield (Dalal et al., 2015a; Kebeish et al., 2007).  

Non-photosynthetic autotrophs have RuBisCO-independent CO2 fixation pathways, 

suggesting that alternative CO2 fixation cycles might work in plants (Bar-Even et al., 2010; 

Ducat and Silver, 2012).  The reverse TCA (rTCA) cycle is a CO2 fixation cycle identified in 
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anaerobic organisms and some microaerophiles due to the oxygen sensitivity of cycle 

enzymes (Hügler and Sievert, 2011). Bar-Even, et al. (2010) computationally evaluated a 

five-step CO2 fixation cycle using rTCA cycle enzymes, which appeared to be energetically 

feasible under diverse physiological conditions. The oxygen sensitivity of the 2-oxoglutarate 

ferredoxin oxidoreductase (KOR) and the strict thermophilic activity of the 2-oxoglutarate 

carboxylase (OGC) made the implementation of the cycle in a plant uncertain (Bar-Even et 

al., 2010). 

To create a functional five-step or condensed rTCA cycle, (designated crTCA cycle), 

BLAST was used to search for rTCA enzyme homologs in mesophilic, microaerobic/aerobic 

organisms. The crTCA cycle consists of five enzyme catalyzed steps. Step 1 is catalyzed by 

succinyl CoA synthetase (SCS; E.C. 6.2.1.5), which converts succinate to succinyl CoA with 

the hydrolysis of ATP. Step 2 converts succinyl CoA to 2-oxoglutarate (2-OG), fixing CO2 

and oxidizing ferredoxin and is catalyzed by KOR (E.C. 1.2.7.3). OGC (E.C. 6.4.1.7) 

catalyzes step 3 by adding one more carbon to 2-OG and producing oxalosuccinate with the 

hydrolysis of ATP. Step 4 is catalyzed by oxalosuccinate reductase (OSR in this article, more 

commonly ICDH; E.C. 1.1.1.42), which converts oxalosuccinate to isocitrate and oxidizes 

NADPH. Isocitrate lyase (ICL; E.C. 4.1.3.1) catalyzes step 5; it hydrolyzes isocitrate to 

produce glyoxylate and succinate, thus beginning the cycle again. A diagram of the crTCA 

cycle can be seen in Figure 2-1.  
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Figure 2-1. Diagram of the crTCA cycle. Diagram highlights the enzymes, cofactors, and 
metabolites produced and includes the following abbreviations: ferredoxin (Fd).  
 

The product of this crTCA cycle, glyoxylate, can be metabolized via the 

photorespiratory pathway.  Recent work on a bacterial bypass to reduce photorespiratory 

energy and carbon loss has shown that glyoxylate produced in the chloroplast can be 

metabolized and contributes to increased biomass (Dalal et al., 2015a; Kebeish et al., 2007). 

Here we demonstrate the function of the crTCA cycle in vitro and the activity of the cycle 

enzymes in planta using a transient tobacco expression system.  
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2.2 Materials and Methods 

 

2.2.1 Selection of crTCA Cycle Enzyme Candidates 

To generate a robust synthetic gene candidate list (3-5 target genes) for each of the 

five enzyme steps of the proposed synthetic crTCA cycle, BLAST-p (NCBI) alignments and 

Conserved Domain (NCBI) analysis were used to identify target crTCA cycle enzymes and 

appropriate catalytic/substrate binding domains. The query sequences for the BLAST-p 

alignments were from enzymes known to have activity for crTCA cycle functions. 

MODELLER (Eswar et al., 2007) was used to predict the binding affinity of the candidates 

for the cycle substrates. The selected genes were synthesized by GenScript (Piscataway, NJ) 

with codon optimization for Escherichia coli and ligated into pUC57. Enzymes 1-3 are multi-

subunit, and the sequences for these enzymes were synthesized consistent with the NCBI 

genome sequence for each organism including intergenic spacer regions, which were not 

codon optimized. Ferredoxin from Hydrogenobacter thermophilus TK-6 was also 

synthesized to supplement the KOR enzyme in the proposed crTCA cycle. The selected 

candidates are listed in Table 2-1. 
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Table 2-1. Selected gene candidates for the crTCA cycle. 

Enzyme class Source Organism Protein ID 

Step #1 
Succinyl CoA Synthetase 
(SCS) 

Bradyrhizobium sp. BTAi1 α: WP_012040734.1 
β: WP_012040733.1 

Azotobacter vinelandii DJ α: WP_012701526.1 
β: WP_012701527.1 

Azospirillum sp. B510 α: WP_012975136.1 
β: WP_012975135.1 

Escherichia coli K-12 substr. 
MG1655 

α: NP_415257.1 
β: NP_415256.1 

Step #2 
2-oxoglutarate: ferredoxin 
oxidoreductase (KOR) 

Hydrogenobacter thermophilus   
TK-6 

α: WP_012963731.1 
β: WP_012963730.1 

Bacillus sp. M3-13 α: ZP_07708142.1 
β: WP_010193262.1 

Haladaptatus paucihalophilus 
DX253 

α: WP_007979610.1 
β: WP_007979608.1 

Halobacterium sp. NRC-1 α: WP_012289282.1 
β: WP_010902808.1 

Magnetococcus sp. MC-1 α: WP_011713405 
β: WP_011713406.1 

Paenibacillus larvae subsp. larvae 
B-3650 

α: WP_036654064.1 
β: WP_036654066.1 

Step #3 
2-oxoglutarate carboxylase 
(OGC) 

Mariprofundus ferrooxydans PV-1 α: WP_009849086.1 
β: WP_009849087.1 

Hydrogenobacter thermophilus   
TK-6 

α: WP_012964024.1 
β: WP_012964023.1 

Candidatus Nitrospira defluvii α: WP_013247788.1 
β: CBK40961.1 

Thiocystis violascens DSM198 α: WP_014776649.1 
β: WP_014776651.1 

Pseudomonas stutzeri ATCC14405 α: ABP77893.1 
β: WP_011911433.1 

Step #4 
Oxalosuccinate reductase 
(OSR) 

Nitrosococcus halophilus Nc4 WP_013033479.1 
Marine gamma proteobacterium 
HTCC2080 

WP_007233843.1 

Kosmotoga olearia TBF 19.5.1 WP_015868581.1 
Chlorobium limicola DSMZ245 BAC00856.1 
Acinetobacter baumannii ACICU 
 

WP_000542119.1 
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Table 2-1 (continued) 

Enzyme class Source Organism Protein ID 
Step #5 
Isocitrate Lyase (ICL) 

Nocardia farcinica IFM 10152 WP_011211764.1 
Gordonia alkanivorans NBRC 
16433 

WP_005200301.1 

Corynebacterium glutamicum 
ATCC 13032 

NP_601531.1 

Rhodococcus jostii RHA1 WP_009474796.1 
Rhodococcus pyridinivorans AK37 WP_006553580.1 

Supplemental Protein: 
Ferredoxin  

Hydrogenobacter thermophilus   
TK-6 

WP_012964515.1| 

 

2.2.2 crTCA Cycle Gene Cloning  

The Qiagen (Valencia, CA) pQE vector system was chosen for overexpression of the 

crTCA cycle enzymes because it enables expression of His-tagged fusion proteins for 

purification. Some of the crTCA enzymes did not express well with the pQE vector and were 

instead expressed using pET21b or pET28a (EMD Millipore, Burlington, MA) as indicated 

in Supplemental Table 2-1.  

The primers and annealing temperatures used to amplify the candidate crTCA cycle 

genes are also listed in Supplemental Table 2-1. For cloning the genes into pQE-1, forward 

primers were designed to amplify the sequence beginning with the 5’ ATG to limit additional 

amino acids on the N-terminus.  Reverse primers included the HindIII or SacI sites of 

pUC57.  The synthesized crTCA cycle genes in pUC57 were used as template DNA with 

iProof High-Fidelity DNA polymerase (BioRad, Hercules, CA). The PCR products were gel 

purified, digested with HindIII or SacI, and precipitated with ethanol.  Following 

phosphorylation with T4 polynucleotide kinase (New England BioLabs, Ipswich, MA), the 

PCR products were ligated into expression vector pQE-1 (Qiagen) with T4 ligase (New 

England BioLabs), and the ligation mix was transformed into E. coli strain XL-1 Blue.  
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Plasmid DNA was confirmed by sequence and then transformed into expression strain E. coli 

M15. 

Genes for BrBT-SCS, BaM3-KOR, HyTh-KOR, and PaLa-KOR were also cloned 

into pET21b (SCS and KOR) and pET28a (only the KOR genes).  PCR products were ligated 

into pPCRscript and transformed into E. coli XL-1 Blue. Digestion with NdeI and XhoI was 

conducted to extract the PCR product from pPCRscript using sites in the PCR primers. The 

digested PCR product was gel extracted, ligated into pET21b or pET28a and transformed 

into E.coli XL-1 Blue. Plasmid DNA was confirmed by sequencing before transformation 

into expression strain E.coli BL21 (DE3).  

 

2.2.3 crTCA Cycle Protein Expression  

The crTCA cycle candidate proteins were expressed, purified and evaluated for 

activity. Enzymes with the highest activity were selected for LC-MS assays and transient 

expression in tobacco. BrBT-SCS was expressed in E. coli BL21 (DE3) transformed with 

BrBT-SCS in pET21b. The cells, grown in LB at 37 °C and 200 rpm to mid-log phase (OD600 

0.6-0.8), were induced with 0.1 mM IPTG and the temperature was reduced to 18 °C for 18-

20 h. HyTh-KOR was expressed in E. coli BL21 (DE3) transformed with HyTh-KOR in 

pET28a. The cells, grown in LB, supplemented with 1 mM thiamine, at 37 °C and 200 rpm 

to mid log phase (OD600 0.6-0.8), were then induced with 0.1 mM IPTG. FeSO4 (0.5 mM) 

was added to increase iron availability for Fe-S cluster biosynthesis. The temperature was 

then reduced to 18 °C for 18-20 h. MaFe-OGC was expressed in E. coli M15 transformed 

with MaFe-OGC in pQE1. Cells were grown in LB, with 1 mg/L biotin, at 25 °C, 200 rpm to 

OD600 0.6-0.8, and expression was induced with 0.05 mM IPTG.  The temperature was 
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reduced to 18 °C and incubated for an additional 18-20 h at 200 rpm. For NiHa-OSR and 

NoFa-ICL enzymes, freshly transformed E. coli M15 cultures were grown at 25°C, 200 rpm, 

to mid log phase (OD600 0.6 to 0.8). IPTG was added (to 0.05 mM) and cultures were shaken 

at 200 rpm and 15 °C, for 16 to 18 h. For all enzymes, prior to increasing the cultures to 1 L, 

soluble protein expression was confirmed from a 30 ml culture using SDS-PAGE and/or 

Western blot analysis.  

 

2.2.4 Purification of Recombinant crTCA Cycle Enzymes 

All purifications used a BioRad DuoFlow system. Cell pellets containing the 

recombinant crTCA cycle proteins were resuspended in 50 mM sodium phosphate, pH 7.5, 

containing 1 mM benzamidine–HCl. All buffers for the KOR enzymes contained 0.01% 

Triton X100 during the purification 17. The bacteria were passed through a French pressure 

cell (1,100 lb/in2) two or three times. The lysate was centrifuged at 15,000 x g for 40 min at 4 

°C to remove cell debris, then passed through a 0.45 µm syringe filter. The filtrate was 

applied to a 5 mL HisTrap HP Nickel Sepharose™ affinity column (GE Healthcare Life 

Sciences) and washed with five column volumes of binding buffer (50 mM sodium 

phosphate buffer, 500 mM NaCl, 30 mM imidazole, pH 7.5). The elution buffer was 50 mM 

sodium phosphate buffer, 300 mM NaCl, 250 mM imidazole, pH 7.5.  Elution was done via a 

linear gradient from 0% to 100% elution buffer. Fractions were analyzed by SDS-PAGE 

(12.5%) and protein concentration was estimated using the BioRad Bradford Assay (with a 

BSA standard). Fractions containing recombinant protein were pooled prior to additional 

purification. Additional treatment of crTCA cycle enzymes is described below and purified 

crTCA enzymes are shown in Figure 2-2. 
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BrBT-SCS:  

Pooled fractions were dialyzed using (20 kDa MWCO) Slide-A-Lyzer (Thermo 

Fisher Scientific), in 50mM Tris-HCl (pH 8) overnight at 4 °C. Dialyzed protein was then 

loaded onto a 5 ml HiTrap Q HP anion exchange column (GE Healthcare Life Sciences) and 

eluted with a gradient of 0-100% elution buffer (50 mM Tris-HCl (pH 8), 1 M NaCl). 

Fractions containing BrBT-SCS were dialyzed again as described, quantified, and stored at -

80 °C in 15% glycerol. 

 
HyTh-KOR:  

Microaerobic handling was required for the KOR enzymes, which involved de-

gassing and sparging of all purification buffers with argon and anaerobic collection of elution 

fractions. After affinity chromatography, HyTh-KOR was desalted into 20 mM Tris-HCl (pH 

8), 0.01% Triton X100 using a 30 kDa MWCO centrifugation filter (Millipore)  in an 

anaerobic glovebox. Purified enzymes were quantified, and stored anaerobically at -80 °C in 

stoppered vials in 15% glycerol. 

MaFe-OGC: 

Pooled fractions were dialyzed using Slide-A-Lyzer (Thermo Scientific) cassettes (30 

kDa MWCO) against 50 mM Tris-HCl (pH 8) then stored at -80 °C in 15% glycerol. 

 
NiHa-OSR and NoFa-ICL: 

Fractions containing recombinant protein were pooled and dialyzed using a Slide-A-

Lyzer (Thermo Fisher Scientific) cassette (20 kDa MWCO) against 50 mM Tris-HCl, 1 mM 

benzamidine, 0.25 mM EDTA, pH 8.0. The dialyzed samples were applied to a 5 ml HiTrap 

Q HP anion exchange column (GE Healthcare Life Sciences). The Q anion exchange column 
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was eluted via linear gradients from 0% to 100% elution buffer (50 mM Tris, 1 M NaCl, 1 

mM benzamidine, 0.5 mM EDTA, pH 8).  Appropriate fractions were pooled and dialyzed 

using a Slide-A-Lyzer (Thermos Fisher Scientific) cassette (20 kDa MWCO) against 50 mM 

Tris-HCl, 1mM benzamidine, 0.25 mM EDTA, pH 8.0. The purified enzymes were stored at 

-80 °C. in 15% glycerol.   

 
HyTh-FDX: 

Fractions were pooled and loaded onto a HiPrep 26/10 desalting column (GE Life 

Sciences) into 50 mM Tris-HCl, pH 8. Protein was stored at -80 °C in 15% glycerol.  

  

Figure 2-2. Purified crTCA cycle enzymes. SDS-PAGE (12.5%) showing all of the purified 
enzymes used in the subsequent in vitro analysis of the full cycle. The expected molecular 
weights are as follows: BrBT SCS (α: 43 kDa, β: 30 kDa); HyTh KOR (α: 65 kDa, β: 31 
kDa); MaFe OGC (α: 53 kDa, β: 68 kDa); NiHa OSR (46 kDa); NoFa ICL (48 kDa); and 
HyTh Ferredoxin (9.1 kDa).  
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2.2.5 Spectrophotometric Assays for crTCA Cycle Enzymes  

Spectrophotometric assays were carried out to screen the candidate enzymes for each 

crTCA cycle step in vitro as well as to detect in planta expression in tobacco. A Biomate 3 

spectrophotometer from Thermo Fisher Scientific and a Shimadzu UV-2401PC UV-visible 

spectrophotometer with a temperature controlled cuvette holder were used for the assays. In 

all cases, individual enzyme reactions were conducted in triplicate using purified enzymes 

from the same batch of purification that had been stored in aliquots at -80°C.  

SCS:  

The standard reaction consisted of 10 mM sodium succinate, 10 mM MgCl2, 0.1 mM 

CoA, 0.1 mM DTT, 0.4 mM nucleotide ATP and 0.1 M KCl in 50 mM Tris-HCl (pH 7.4).  

Reactions were started with purified enzyme or extracts of cells transformed with BrBT-SCS.  

The reaction was monitored by absorbance at 230 nm in response to thioester formation at 

RT (Bridger et al., 1969). 

 
KOR:  

The decarboxylase activity of KOR was detected in a continuous spectrophotometric 

assay following the enzyme-, substrate-, and time-dependent reduction of oxidized benzyl 

viologen (at 600 nm). Reaction mixtures were prepared aerobically, then sparged with argon. 

The assay was performed in anaerobic gas-tight glass cuvettes. The KOR enzyme was treated 

with 5 mM DTT (15 min) prior to adding the enzyme to the reaction mix. The reaction mix 

contained 100 mM sodium phosphate (pH 7.5), 1 mM benzyl viologen, 2.5 mM 2-OG, 0.5 

mM coenzyme A, 4 mM MgCl2, and 0.025 mM sodium dithionite. The reactions were 

started by adding 2-OG using gas-tight glass syringes. The assay was conducted at RT or 30 

°C. 
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OGC:  

A two-step, coupled spectrophotometric assay was developed for the ATPase activity 

of OGC using phosphoenolpyruvate kinase (PK) and lactate dehydrogenase (LDH). PK 

utilizes ADP hydrolyzed by OGC to produce pyruvate from phosphoenolpyruvate, which is 

converted to lactate by LDH by the oxidation of NADH. The oxidation of NADH is observed 

by absorbance at 340 nm. The first step reaction mixture is composed of 100 mM PIPES (pH 

6.5), 5 mM MgCl2, 20 mM 2-OG, 50 mM NaHCO3, and 5 mM ATP. The reaction was 

initiated by OGC. The reaction mixture with OGC was held for 30 min at RT (65 °C for the 

thermophilic enzyme). For the second step, 0.1 mM β-NADH, 2 mM phosphoenolpyruvate 

and PK/LDH were added to the first step reaction, and NADH oxidation was monitored by 

absorbance at 340 nm. The amount of ADP produced was estimated using a standard curve. 

 
OSR:  

The assay evaluates the dehydrogenase activity of OSR, monitored at 340 nm, 

measuring the reduction of NADP+. The reaction mixture is composed of 50 mM Tris (pH 

7.4), 10 mM MgCl2, 100 mM KCl, 4 mM isocitrate, 4 mM β-NADP+. The reaction was 

initiated by addition of purified enzymes or tobacco cell extracts and monitored by NADP+ 

reduction (340 nm at RT). The OSR carboxylation assay was adapted from a published 

method (Kanao et al., 2002). The reaction mixture contained 50 mM PIPES (pH 6.5), 10 mM 

2-OG, 1 mM NADH, 10 mM MgCl2, 50mM NaHCO3. The reaction was started with the 

addition of the NiHa OSR enzyme. The activity is measured following the oxidation of 

NADH (340 nm at RT). 
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NoFa ICL:  

Reaction mixtures contained 30 mM imidazole (pH 6.8), 5 mM MgCl2, 1 mM EDTA, 

4 mM phenylhydrazine and 10 mM isocitrate. The reaction was performed at RT by adding 

purified protein or cell extracts and monitoring the absorbance of glyoxylate 

phenylhydrazone (324 nm) in the presence of phenylhydrazine (Chell et al., 1978). 

 
Pyruvate Carboxylase:  

This assay evaluates pyruvate carboxylase activity of MaFe OGC. It is a coupled 

assay, where oxaloacetate is first produced by pyruvate carboxylase. The oxaloacetate is then 

used by malate dehydrogenase to produce malate by the oxidation of NADH, measured by 

absorbance at 340 nm (Warren and Tipton, 1974).  

Reaction mixtures contained 50 mM Tris-HCl (pH 8.0), 8 mM MgCl2, 20 mM 

sodium pyruvate, 20 mM NaHCO3, 8 mM ATP, 0.2 mM NADH, and 50 µM acetyl-CoA. 

The reaction was started by addition of 1 U of porcine heart malate dehydrogenase (Sigma, 

St. Louis, MO) and MaFe OGC. The production of NAD+ was measured by absorbance at 

340 nm at RT. 

 

2.2.6 LC-MS Assay 

LC-MS assays were developed for those enzymes that could not be assayed 

spectrophotometrically in the right direction of the crTCA cycle. Mass spectrometer (MS) 

analyses were performed on an Agilent LC-MS system comprised of an Agilent 1200 series 

HPLC with an Agilent 1260 Infinity micro degasser, binary pump, and standard auto-

sampler, an Agilent 1290 Infinity diode-array detector and an Agilent 6520 Accurate-Mass 

Q-TOF spectrometer, equipped with an electrospray ionization interface. The condensed 
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rTCA cycle enzyme reaction samples were separated using a modified version of a published 

method (Lu et al., 2010). A Synergy Hydro-RP column (100 mm × 2 mm, 2.5 µm particle 

size, Phenomenex, Torrance, CA), was used for reversed phase chromatography. The total 

run time is 18 min with a flow rate of 0.200 ml/min. All solvents used for LC-MS were LC-

MS grade. Solvent A was 0.1% formic acid in water; solvent B 0.1% formic acid in 

methanol. The gradient used was 0 min, 0% B; 10 min, 60% B; 11 min, 0% B; 17 min, 0% B.  

The MS was set in negative ion mode with spectra acquired over a mass range from m/z 50 

to 1000. The optimum values of the ESI-MS parameters were: capillary voltage, +3.5 kV; 

drying gas temperature, 325 °C; drying gas flow, 10.0 L/min; nebulizing gas pressure, 35 psi; 

fragmentor voltage, 115V. 

 

2.2.7 In vitro Demonstration of the crTCA Cycle  

Reactions were stopped by addition of 50 µl methanol and processed by LC-MS as 

described above, unless otherwise stated.   

 
OGC/OSR(step 3-4):  

The OGC product, oxalosuccinate is labile, so the production of isocitrate for the 

OGC/OSR coupled reaction was tested by LC-MS. The reaction contained 50 mM Tris (pH 

6.5), 5 mM MgCl2, 20 mM 2-OG, 50 mM NH4HCO3, 5 mM ATP, 50 mM KCl, 2 mM β-

NADPH and recombinant OGC and OSR enzymes. The reaction was initiated by adding the 

enzymes and held for 30 min at RT.  The isocitrate product was analyzed by LC-MS. 

Partial Function of crTCA Cycle (step 3-5):  

The reaction mixture contained 50 mM Tris-HCl (pH 6.5), 5 mM MgCl2, 20 mM 2-

OG, 50 mM NH4H13CO3, 5 mM ATP, 50 mM KCl, 2 mM β-NADPH and the recombinant 
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OGC, OSR and ICL enzymes. The reaction was initiated by adding the enzymes and 

incubated for 30 min at room temperature. The final products, glyoxylate and succinate, and 

intermediate product, isocitrate were analyzed by LC-MS. 

Full Function of crTCACcycle:  

To demonstrate in vitro function of the crTCA cycle, LC-MS samples were prepared 

(under anaerobic conditions) for all five crTCA cycle enzymes. In addition to the crTCA 

cycle enzymes, the reactions contained 50 mM Tris-HCl (pH 8.0), 4 mM NADH, 5 mM 

ATP, 5 mM MgCl2, 10 mM NaH13CO3, 0.5 mM CoA, 100 µM succinyl-CoA, 1 mM 2-OG, 

and 60 µg HyTh ferredoxin, in 600 µL. The reactions were initiated by addition of HyTh 

KOR and HyTh Fd, and incubated for 0, 15, 30, 60, 90 and 120 minutes at 30°C. The 13C-

labeled crTCA cycle intermediates were analyzed by LC-MS, and quantification of the 

different labeled species of the crTCA cycle intermediates was performed using standards 

analyzed alongside the experimental samples.  

crTCA Cycle Function Under Aerobic Conditions:  

The in vitro crTCA cycle reactions were prepared (under aerobic conditions) to test 

cycle function when the crTCA cycle enzymes were exposed to air. The aerobic reactions 

were prepared on the bench top instead of in an anaerobic glovebox. 

 
The Reversibility of the crTCA Cycle:  

To test whether the crTCA cycle is reversible, the reactions contained 50 mM Tris-

HCl (pH 8.0), 4 mM NAD+, 5 mM ADP, 5 mM MgCl2, 0.5 mM CoA, 500 µM succinate, 

500 µM glyoxylate, and 60 µg HyTh ferredoxin, in 600 µl. The samples were prepared under 

anaerobic conditions. The reactions were initiated by addition of HyTh KOR and HyTh Fd, 

and incubated for 60 minutes at 30°C.  
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To further assess the reversibility of the ICL and OSR enzymes, a coupled assay was 

adapted from previous work (Pham et al., 2017). The assay couples ICL with OSR catalyzing 

the conversion of glyoxylate and succinate to isocitrate by ICL, and finally to 2-OG through 

the activity of OSR with the oxidation of NAD+. The reactions contained 50 mM Tris-HCl 

(pH8), 5 mM MgCl2, 1 mM NAD+, 0.5 mM glyoxylate, and 0.5 mM succinate. The reaction 

was started with the addition of ICL and OSR in a 1:1 ratio and was monitored for NADH 

using a Shimadzu UV-2401PC UV-Visible spectrophotometer (340 nm).  

2.2.8 Cloning of crTCA Genes for Transient Tobacco Expression 

To validate the expression of the crTCA cyle enzymes in a plant, each enzyme was 

transiently expressed in tobacco. The selected crTCA cycle gene sequences for each step 

were synthesized using GenScript (Piscataway, NJ) with codon optimization for Arabidopsis 

thaliana. Each crTCA cycle gene was linked to a cauliflower mosaic virus (CaMV) 35S 

promoter, a chloroplast localization sequence (from tobacco), and the nopaline synthase 

(NOS) terminator. 6X-His tags were fused to the N terminus for NiHa OSR and NoFa ICL 

and the C terminus for the BrBT SCS and HyTh KOR coding sequences for the detection and 

purification of the proteins.  

The inserts for each crTCA cycle enzyme were ligated to the multiple cloning sites of 

pCAMBIA-EGFP  (Dalal et al., 2015b) using HindIII and BamHI sites, and transformed into  

E. coli XL1-Blue. The clones were screened using restriction analysis and verified by 

sequencing (Eurofins Genomics, Louisville, KY). The verified constructs were transformed 

into competent Agrobacterium tumefaciens GV3101 by electroporation and selected using 

kanamycin. 
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2.2.9 Transient Tobacco Transformation 

Each construct was transformed into 5-6 week old tobacco plants using 

Agrobacterium mediated transformation. BrBT-SCS, NiHa-OSR, and NoFa-ICL were all 

expressed in Nicotiana tabacum, while HyTh-KOR was expressed in N. benthamiana as 

expression with N. tabacum did not yield detectable protein.  A. tumefaciens GV3101 

harboring each crTCA cycle construct was grown in liquid yeast extract peptone (YEP) 

media with kanamycin, rifampicin, and gentamicin at 28°C until mid-log phase (OD600 0.6-

0.8). The cultures were centrifuged at 4,500 rpm for 30 min. The pellets were resuspended in 

sterile infiltration media (10 mM MES, 10mM MgCl2, 0.5% glucose, 200 µM 

acetosyringone, at pH 5.6) to an OD600 between 0.2-0.5 in 1 L of infiltration media. 

Containers of Agrobacterium suspension media were placed inside a desiccator. The leaves 

of each plant were submerged in the suspension by placing the plant upside-down. For the 

infiltrations with N. benthamiana, additional Agrobacterium GV3101 cultures were prepared 

containing the p19 viral suppression plasmid (Lindbo, 2007) and a 1:1 mixture of p19 culture 

to crTCA construct culture were added to the desiccator. A vacuum of approximately 25 mm 

Hg was applied for 30 sec and released. The vacuum procedure was repeated for 3 cycles, 

after which the plants were allowed to dry and returned to the light shelf. The N. tabacum 

plants were grown with 12 h light and 12 h dark at 25°C , while N. benthamiana were grown 

with 16 h light (150 µmol m-2 s-1) and 8 h dark at 25°C. 

 

 2.2.10 Western Blot Analysis and Enzyme Assays for Transient Tobacco Expression 

A time course was conducted to determine the optimal day after transformation for 

harvesting tissue. Tobacco leaves were harvested 4 days post-transformation and the tissues 
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were ground in liquid nitrogen by mortar and pestle. Proteins were extracted from ground 

tissue in a buffer containing 50 mM Tris (pH 8), 150 mM NaCl, 10% (v/v) glycerol, 1% (v/v) 

Triton x-100, and 1:100 protease inhibitor cocktail for plant cells (Sigma). Either tissue 

lysate or an Ni-NTA Spin Kit (Qiagen) was used to prepare samples for Western blots. The 

extracts were mixed with Laemmli buffer containing 2-mercaptoethanol, boiled for 10 min, 

and fractionated by 12.5% SDS-PAGE. Proteins were transferred to a PVDF membrane 

(BioRad) using a Trans-blot Turbo System (BioRad). The membranes were blocked with 5% 

(w/v) non-fat dry milk in Tris-buffered saline and 0.1% (v/v) TWEEN 20 (TBST) overnight. 

The primary antibody used for BrBT-SCS, NiHa-OSR, and NoFa-ICL was the Penta-His 

antibody (Qiagen) at 1:4000 in TBST.  Horseradish peroxidase (HRP)-conjugated goat anti-

mouse (Seracare, Milford, MA) was used as the secondary antibody at 1:8,500. For the 

HyTh-KOR, the primary antibody used was a polyclonal antibody raised against a HyTh-

KOR specific peptide epitope. The primary antibody was diluted 1:5,000 in TBST with 1% 

(v/v) casein (Sigma). The secondary antibody was the HRP-conjugated goat anti-rabbit 

(Seracare) diluted at 1:20,000 in TBST with 2.5% (w/v) dry milk. Blot immunoreactivity was 

visualized by Clarity Western ECL Substrate (BioRad) and exposure to X-ray film. 

To demonstrate the activities of crTCA cycle enzymes in tobacco leaf cells, the cell 

extracts were prepared by adding the enzyme assay buffer to the ground tissue. 1% (v/v) 

Triton x-100 was also added to aid in chloroplast lysis, as enzymes were targeted to the 

chloroplast. Polyvinyl polypyrrolidone (PVPP) was added at 5% (w/v) to remove phenolic 

compounds. The lysate was centrifuged at 10,000 x g for 20 min, and supernatants were 

carefully collected. For preparation of cell extracts for HyTh-KOR, all steps and reagents 

were treated under anaerobic conditions.  For the BrBt-SCS samples, the cell extracts were 
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applied to a Ni-NTA spin column (Qiagen) to concentrate the BrBt-SCS proteins and then 

dialyzed with the same buffer used in the SCS assay. Protein concentration was estimated 

using the Bradford reagent (BioRad). Enzyme activities were measured 

spectrophotometrically as described above. In all cases, tobacco transformed with 

pCAMBIA-EGFP alone was a control for assays and Western blots. 

 

2.3 Results 

 

2.3.1 Selection of the crTCA Cycle Enzymes  

The crTCA cycle is composed of five enzymatic steps. The selection of candidate 

enzymes was based on the sequence alignment to functionally characterized enzymes, 

activity predictions from sequence, and the physiology of the source bacteria. After initial 

screening, four to seven enzyme candidates were selected for each of the crTCA cycle steps 

(Table 1). Candidate genes were codon optimized for recombinant expression in E. coli and 

cloned into either pQE1 or pET vectors for expression in M15 or BL21 (DE3) E. coli strains, 

respectively. Most of the protein candidates were successfully overexpressed using either the 

pQE1 – M15 or pET – BL21 (DE3) expression systems and were purified by immobilized 

nickel affinity chromatography (IMAC). Three out of 4 SCSs, 4 out of 6 KORs, 4 out of 7 

OGCs, 3 out of 5 OSRs, and 4 out of 5 ICLs were purified with a yield of more than 5 mg per 

L of E. coli culture. 

The best enzyme for each step was selected from the candidate enzymes, considering 

the specific activities and protein yields. The purified proteins were first tested using UV-Vis 

spectroscopy methods to screen for activity. For SCS, OGC, and ICL, UV-Vis 
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spectrophotometric methods measured the reaction rate in the forward direction. SCS from 

Bradyrhizobium sp.BTAi1 (BrBt SCS) and ICL from Nocardia farcinica IFM 10152 (NoFa 

ICL) were selected as the best enzymes for step 1 and step 5, respectively, based on their 

specific activities. While OGC from Mariprofundus ferrooxydans PV-1 (MaFe OGC) had a 

similar specific activity to other overexpressed OGC enzymes, its protein yield was much 

higher, and therefore, was selected. For the enzyme OSR, UV-Vis spectrophotometry was 

used to measure the reaction in the reverse direction of the crTCA cycle, due to the lability of 

the reactant metabolite, oxalosuccinate. Therefore, the recombinant OSRs were initially 

screened using UV-Vis spectrophotometry and then LC-MS was used to determine the best 

combination of OGC and OSR. OSR from Nitrosococcus halophilus Nc4 (NiHa OSR) 

coupled with MaFe OGC was the best choice for our crTCA cycle under our conditions. 

KOR is the only enzyme of the crTCA cycle that required anaerobic conditions for 

recombinant protein purification. Experiments using KOR were done under anaerobic 

conditions unless otherwise specified. The KOR enzyme requires reduced ferredoxin for the 

carbon fixation reaction, which converts the four-carbon derivative, succinyl-CoA to the 

five-carbon product, 2-OG. The KOR from Bacillus sp. M3-13 (BaM3 KOR) showed the 

highest specific activity for the reverse reaction at RT. Attempts to run the full cycle with this 

enzyme did not succeed. Instead a combination of KOR and ferredoxin from 

Hydrogenobacter thermophilus TK-6 (HyTh) (Yamamoto et al., 2010) showed a greater 

preference for the forward reaction. Despite initial concerns about activity at mesophilic 

temperatures, the HyThKOR was evaluated for activity at lower temperatures and was found 

to have activity at ambient temperature.  Thus, HyTh KOR and HyTh ferredoxin were 

selected as the best enzyme/coenzyme combination for step 2 of the crTCA cycle. The best 
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enzyme candidate for each step and the coenzyme ferredoxin for step 2 are listed in Table 2-

2.  

Table 2-2. Selected enzymes for crTCA cycle assays.  

Enzyme/ 
coenzyme 

Organism 
Source 

Assay 
Method 

Calc. 
Size 
(kDa) 

Expression 
Conditions 

Specific 
Activity 
(U/mg)a 

Enzyme 1 
Succinyl CoA 
Synthetase 
(SCS) 

Bradyrhizobium 
sp.BTAi1 (BrBt) UV-Vis α: 43 

β: 30 

pET21b – BL21(DE3) 
0.1 mM IPTG 
18 oC for 18-24 hours 

23.7 ± 0.5 

Enzyme 2 
2-oxoglutarate:   
Ferredoxin 
Oxidoreductase 
(KOR) 

Hydrogenobacter 
thermophilus TK-
6 (HyTh) 

UV-Vis 
LC-MS 

α: 65 
β: 31 

pET21b – BL21(DE3) 
1 mM thiamine at 
inoculation 
0.1 mM IPTG 
0.5 mM FeSO4 at 
induction 
18 oC for 18-24 hours 

0.22 ± 0.03 

Coenzyme 2 
Ferredoxin 

Hydrogenobacter 
thermophilus TK-
6 (HyTh) 

LC-MS 7.9 
pQE1 – M15 
0.1 mM IPTG 
37 oC for 3 hours 

N/A 

Enzyme 3 
2-oxoglutarate 
Carboxylase 
(OGC) 

Mariprofundus 
ferrooxydans PV-
1 (MaFe) 

UV-Vis 
LC-MS 

α: 53 
β: 68 

pQE1 – M15 
0.05 mM IPTG 
18 oC for 18-20 hours 

0.032 ± 0.002 

Enzyme 4 
Oxalosuccinate 
Reductase 
(OSR) 

Nitrosococcus 
halophilus Nc4 
(NiHa) 

UV-Vis 
LC-MS 47 

pQE1 – M15 
0.05 mM IPTG 
15 oC for 16-18 hours 

19 ± 1 

Enzyme 5 
Isocitrate Lyase 
(ICL) 

Nocardia 
farcinica IFM 
10152 (NoFa) 

UV-Vis 
LC-MS 48 

pQE1 – M15 
0.05 mM IPTG 
15 oC for 16-18 hours 

10.0 ± 0.3 

 a The results are an average of 3 replicates, and the error is reported as one standard 
deviation. 

 

2.3.2 Demonstration of in vitro Carbon Fixation by the crTCA Cycle 

To demonstrate carbon fixation by the crTCA cycle enzymes, partial function was 

evaluated for steps 3 to 5 (OGC, OSR, and ICL) of the crTCA cycle, which convert 2-OG to 
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succinate and glyoxylate with carbon fixation at step 3. Either carbon-13 labeled or unlabeled 

bicarbonate was used as the carbon source, with the expected production of 13C labeled 

succinate and unlabeled succinate, respectively. The calculated molecular weight of the 

unlabeled succinic acid is 118 and its [M-H]- ion has an m/z ratio of 117 under the negative 

mode MS. One 13C labeled succinic acid has a molecular weight of 119 and a [M-H]- ion 

with an m/z ratio of 118. The MS analysis of the OGC/OSR/ICL reaction showed a peak 

with an m/z ratio of 117 in the MS spectrum if unlabeled bicarbonate was used in the 

experiments (Supplemental Figure 2-1a). An m/z 118 peak was present when using 

NaH13CO3 (Supplemental Figure 2-1b). Therefore succinate was produced by the enzymes 

MaFe OGC, NiHa OSR and NoFa ICL, with 2-OG and NaHCO3 as the starting reagents. 

Little isocitrate was detected by LC-MS. Isocitrate is an intermediate metabolite for steps 3 

to 5 of the crTCA cycle and is produced by the OSR reaction. Isocitrate has been detected as 

the final product in similar experiments using only MaFe OGC and NiHa OSR 

(Supplemental Figure 2-2a & 2-2b). The failure to detect isocitrate as an intermediate 

suggests that the ICL reaction is not rate limiting among steps 3 to 5 of the crTCA cycle. 

After confirming the partial function for steps 3 to 5 of the crTCA cycle, the presence 

of full cycle function was evaluated. 2-OG and succinyl-CoA were used as the starting 

metabolites instead of succinate to allow for the generation of a pool of reduced ferredoxin. 

As the cycle does not have a reductant replenishing system, starting with 2-OG generated the 

reductant pool needed for KOR carboxylation. NaH13CO3 was used as the carbon source. 

Multiple 13C-labeled glyoxylic acid, succinic acid and 2-OG were detected (Figure 2-3), 

which provides direct evidence that the crTCA cycle fixes carbon under the current 

conditions. As expected, the amount of multiple labeled metabolites increases with longer 
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reaction times. The succinic acid detected by LC-MS in this experiment is the total amount of 

free succinic acid plus succinyl-CoA due to the difficulties in distinguishing the two in the 

LC-MS method used. The maximum production amounts of 13C-labeled metabolites detected 

is summarized in Table 2-3. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 87 

Figure 2-3. In vitro activity of 5-step crTCA cycle and quantification. Reactions contained 

all 5 of the crTCA enzymes with the HyTh ferredoxin and were prepared under anaerobic 

conditions. Samples were taken at 0, 15, 30, 60, 90, and 120 min. The zero time point was 

subtracted from all other time points to account for background.  Reactions were quantified 

through the use of standard curves analyzed at the same time as the reaction samples. Three 

replicates were conducted and the error bars represent the standard deviation. A.) 

Quantification of single 13C-labeled succinate (118 m/z) and double 13C-labeled succinate 

(119 m/z). B.) Quantification of single 13C-labeled 2-OG (146 m/z), double 13C-labeled 2-OG 

(147 m/z), and triple 13C-labeled 2-OG (148 m/z). C.) Quantification of unlabeled glyoxylate 

(73 m/z), single 13C-labeled glyoxylate (74 m/z), double 13C-labeled glyoxylate (75 m/z). 
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Table 2-3. crTCA cycle quantification under anaerobic conditions.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a The results are an average of 3 replicates, and the error is reported as one standard 
deviation. 

 

As the KOR is oxygen sensitive, it is important to demonstrate that the crTCA cycle 

can function under aerobic conditions, such as those present in the plant chloroplast. To test 

the full function of the crTCA cycle under aerobic conditions, an experiment similar to the 

one described for the full cycle was conducted except the reaction mixture was prepared 

aerobically. The production of labeled 2-OG was evaluated because KOR is responsible for 

the carboxylation of succinyl-CoA to produce 2-OG. From LC-MS, single, double, and triple 

13C-labeled 2-OG were detected (Figure 2-4.) The amount of these metabolites is less than 

that seen in the anaerobic samples; however, their detection confirms that the crTCA cycle 

functions in the presence of oxygen, though at  lower efficiency. 

Metabolites Initial  (µM) Produced (µM) 
(anaerobic)a 

Glyoxylate 

No 13C-labeled 0 290.3 ± 29.2 

One 13C-labeled 0 181.7 ± 9.5 

Two 13C-labeled 0 19.8 ± 3.4 

Succinate and 
Succinyl-CoA 

No 13C-labeled 100 N/A 

One 13C-labeled 0 179.8 ± 3.9 

Two 13C-labeled 0 43.4 ± 1.5 

2-oxoglutarate 

No 13C-labeled 1000 N/A 

One 13C-labeled 0 123.4 ± 11.9 

Two 13C-labeled 0 38.9 ± 8.1 

Three 13C-labeled 0 11.8 ± 3.4 
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Figure 2-4. In vitro activity of 5-step crTCA cycle under aerobic conditions and 
quantification. Reactions contained all 5 of the crTCA enzymes with the HyTh ferredoxin. 
All reactions were prepared under aerobic conditions. Samples were taken at 0, 15, 30, 60, 
90, and 120 min. The zero time point was subtracted from all other time points to account for 
background.  Reactions were quantified through the use of standard curves analyzed at the 
same time as the reaction samples. Three replicates were conducted and the error bars 
represent one standard deviation. 
 

2.3.3 The crTCA Cycle is Bidirectional  

As shown above, the synthetic crTCA cycle functions in vitro in the carboxylating 

direction. Most crTCA cycle enzymes are theoretically capable of catalyzing the reverse 

reaction to their cycle activity. To evaluate this potential the last two enzymes of the cycle, 

the ICL and the OSR, were combined to create a coupled reaction. This reaction would 

evaluate the ability of ICL to utilize glyoxylate and succinate to produce isocitrate. The 

resulting isocitrate would be decarboxylated by OSR to produce 2-OG. The OSR reaction 

would also produce NADH, measured spectrophotometrically. The specific activity of this 

reaction was 0.07 ± 0.01 U mg-1 based on three replicates. While the measured activity is low 

compared to the activity of ICL in the production of glyoxylate and succinate (Table 2-2),  

this reaction demonstrates that the ICL and OSR can function together in the reverse reaction 

to produce 2-OG. 
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To test whether the full cycle can also proceed in the reverse direction, succinate and 

glyoxylate were used as the starting reagents with all of the crTCA cycle enzymes. The 

amount of glyoxylate decreases significantly after incubating 60 minutes at 30 oC, while little 

change was found for the control samples either with no succinate or no ICL (Figure 2-5). On 

the contrary, a large amount of 2-OG was detected in the full cycle reactions, suggesting 2-

OG was produced under the experimental conditions. In summary, the consumption of 

glyoxylate and the production of 2-OG indicate that the crTCA cycle can proceed in the 

decarboxylation direction under certain conditions. 

  

 
Figure 2-5. Reverse crTCA cycle activity. Reactions were prepared containing all 5 crTCA 
cycle enzymes and ferredoxin, but instead of feeding the cycle 2-OG, it was provided with 
succinate and glyoxylate. The reactions were prepared anaerobically and allowed to proceed 
for 60 min prior to analysis by LC-MS. Controls consist of a reaction containing all 
components except ICL, as well as a reaction without succinate. 
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2.3.4 The crTCA Cycle is Functional With Four Steps 

It is well known that ICDH enzymes, such as the NiHa OSR, are often capable of 

catalyzing 2-OG carboxylation (Dean and Koshland, 1993). As such, NiHa OSR was 

evaluated for carboxylation activity using a UV-Vis assay measuring the oxidation of NAD+ 

(Kanao et al., 2002). It was found that this enzyme could carboxylate 2-OG (Table 2-4). As 

this activity could be contributing to the full cycle activity, it was important to compare the 

crTCA cycle when it includes all five steps or only four steps. In the four-step cycle MaFe 

OGC was eliminated and NiHa OSR would be relied on to perform the carboxylation of 2-

OG to produce isocitrate. The reactions were performed and analyzed by LC-MS. The peak 

areas were compared for the unlabeled and labeled metabolites and showed no statistically 

significant difference between the two reactions (Figure 2-6). Suggesting the crTCA cycle 

may actually perform primarily as a four-step cycle.  
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Figure 2-6. Comparison of 5-step crTCA cycle and 4-step crTCA cycle. Reactions were 
prepared in triplicate at the same time under the same conditions. The only difference was 
that the 4-step crTCA cycle omitted MaFe OGC. All reaction time points were run on LC-
MS. The zero timepoint was subtracted from all samples to remove background. The peak 

areas of the relevant metabolites were measured using MassHunter software and compared. 
Statistical significance was determined using a two way ANOVA with a p-value <0.05. Only 

one point was statistically significant, and it is indicated with an asterisk (*). A.) Graphs 
representing the peak areas for unlabeled succinate (117 m/z), single 13C-labeled succinate 

(118 m/z) double 13C-labeled succinate (119 m/z).. B.) Graphs representing the peak areas for 
single 13C-labeled 2-OG (146 m/z) and double 13C-labeled 2-OG (147 m/z). C.) Graphs 

representing unlabeled glyoxylate (72 m/z) and single 13C-abeled glyoxylate (73 m/z). Due to 
the low detection of the single labeled glyoxylate, duplicate samples were compared for the 

4-step and 5-step cycle comparison instead of triplicate samples. 
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The fact that the addition of the MaFe-OGC appeared to make no difference in cycle 

function raised questions about its activity. Further analysis of the enzyme with UV-Vis 

assays determined that MaFe-OGC is not an OGC, but is instead a pyruvate carboxylase 

(Table 2-4). Pyruvate carboxylase activity would not participate in the crTCA cycle as its 

substrates would not be present. Because of this finding, MaFe-OGC was not included in the 

transient tobacco experiments. 

Table 2-4. NiHa OSR and MaFe OGC 4-step cycle activities.  

Enzyme & assay Specific Activity (U/mg) a 

NiHa OSR  

Carboxylation 

0.24 ± 0.01 

MaFe OGC 

Pyruvate Carboxylase 

0.11 ± 0.01 

aThe results are an average of 3 replicates, and the error reported as one standard deviation. 
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2.3.5 Transformation of tobacco for transient expression of the crTCA enzymes in planta   

The target application of the synthetic crTCA cycle is to improve the carbon fixation 

efficiency of plants, especially C3 plants, by expression of the selected crTCA cycle enzymes 

in the plant chloroplast. To test if plants can produce active crTCA cycle enzymes, we 

transiently transformed either N. tabacum or N. benthamiana leaves with the individual 

crTCA cycle genes (Yang et al., 2000). For enzymes containing two subunits, both subunits 

with their individual promoters were incorporated onto one plasmid for transformation. All 

gene constructs were transformed first into Agrobacterium tumefaciens  GV3101. 

Transformed A. tumefaciens cells were then used to transform tobacco plants by vacuum 

infiltration. 

 

Figure 2-7. Transient tobacco expression western blots of crTCA cycle enzymes. Tobacco 
leaf tissue was harvested and ground in liquid nitrogen to produce extracts. Tobacco lysate 
was purified by nickel IMAC, prior to SDS-PAGE and transfer to PVDF. A.) NiHa OSR, 
NoFa ICL, and BrBT SCS were detected using a penta-his primary antibody. These 
expressions were conducted using N. tabacum. The empty vector transformed tobacco was 
used as a negative control, while purified recombinant enzymes were used as positive 
controls. B.) HyTh KOR expression was conducted using N. benthamiana. HyTh KOR was 
detected using an antibody specific for a peptide epitope for the large subunit of the HyTh 
KOR. Empty vector-transformed tobacco was used as a negative control and purified HyTh 
KOR was used as a positive control.  
 

 

A.	
B.	
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The expression of the crTCA cycle enzymes was detected using western blots (Figure 

2-7). Detection of the HyTh-KOR required expression in N. benthamiana instead of N. 

tabacum, as no HyThKOR was detected using N. tabacum. To confirm functional expression, 

enzyme activity was measured in protein extracted from the tobacco leaf tissue. In planta 

activity was found for each of the four enzymes, confirming functional expression of each 

enzyme (Table 2-5).  

 

Table 2-5. crTCA cylce enzyme activity from transient tobacco expression.  

Enzyme Specific Activity, EV a 
(10-3 u/mg)b 

Specific Activity, crTCA 
(10-3 u/mg)b 

Enzyme 1:BrBT SCS 133 ± 7 170 ± 5  
Enzyme 2:HyTh KOR 0.02 ± 0.01 0.17 ± 0.06  
Enzyme 4:NiHa OSR 2.7 ± 0.5 9.0 ± 0.4  
Enzyme 5:NoFa ICL 1.9 ± 0.3 4.7 ± 0.3  
aEmpty Vector  
b The results are an average of 3 replicates, and the error represented as one standard 
deviation. 

 

2.4 Discussion 

The increases in global population require higher agricultural productivity of crops to 

satisfy the growing demand for food, feed and fiber. One of the strategies is to improve the 

carbon fixation efficiency (Bar-Even et al., 2010; Ducat and Silver, 2012; Zhu et al., 2010). 

Several possible carbon fixation cycles have been proposed by Bar-Even et al., considering 

the kinetics, energetic cost, thermodynamics and topological compatibility with the 

endogenous metabolic network (Bar-Even et al., 2010). Although synthetic pathways can fix 

carbon based on computational models, no experimental evidence has verified their 

feasibility. Here we demonstrate the in vitro carbon fixation of a four-enzyme crTCA cycle 
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and the ability of plants to express functional enzymes with chloroplast targeting. This is the 

first demonstration of a reverse TCA cycle-based synthetic carbon fixation cycle in vitro, and 

the first demonstration of a functional four-step carbon fixation cycle. 

The selection of the most suitable enzymes for the synthetic crTCA cycle in plants is 

one of the key steps in this work. The crTCA cycle has not been found in any one organism, 

but is composed of enzymes from several different bacteria (Table 2-1). Initially, several 

candidate enzymes were screened for each crTCA cycle step based on the physiology of 

source bacteria, and their predicted functions.  The enzymatic activities were determined in 

vitro by spectrophotometry using recombinant enzymes produced in E. coli. Those enzymes 

with the most favorable performance were selected for assessment of the full crTCA cycle. 

Partial and full cycle function was detected in vitro using isotope based LC-MS. While 

initially designed to function with five enzymatic steps, it was demonstrated that this version 

of the cycle functions with only four steps. This does not mean that a five step crTCA cycle 

is not possible, but suggests that careful enzyme assessment and selection is required, 

particularly in identifying an OGC enzyme. Lastly, the four enzymes were evaluated for 

functional expression in planta. 

One factor limiting the formation of the multiple labeled metabolites is the ability of 

the cycle to operate in the reverse direction. This reverse reaction was evaluated, and 

demonstrated that when the cycle is provided with glyoxylate and succinate as starting 

material, the amount of glyoxylate decreases rapidly (Figure 2-5). This creates a “see-saw” 

effect that limits the accumulation of multiple 13C-labeled metabolites. Several strategies 

could be employed to limit this activity. The first is the incorporation of malate synthase, 

(MS), which is the endogenous partner of ICL in the glyoxylate pathway. This enzyme 
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condenses glyoxylate to malate with acetyl CoA. This method was employed in the in vitro 

demonstration of the carbon fixing crotonyl-CoA/ethylmolonyl-CoA/hydroxybutyryl-CoA 

(CETCH) cycle (Schwander et al., 2016). To ensure efficient coupling of the ICL and malate 

synthase activities, a bifunctional ICL/MS enzyme could be utilized (Nakazawa et al., 2011).  

Also, to limit reverse cycle activity and enhance crTCA cycle function, enzyme engineering 

could be employed. Particularly engineering of ICL could reduce reverse activity and of OSR 

to increase carboxylation activity and reduce affinity for isocitrate.  

Additionally, while reduced ferredoxin is abundant in photosynthetically active plant 

chloroplasts in the light (Schürmann, 2003), it is a challenge to provide reduced ferredoxin 

for the in vitro carbon fixation of the crTCA cycle. Therefore we developed a reaction with 

13C-labeling for LC-MS detection and took advantage of the reversibility of the KOR 

reaction, the second step of the cycle. By initiating the full cycle reactions with 2-OG, KOR 

was able to decarboxylate 2-OG and reduce ferredoxin, thus building up a pool of reduced 

ferredoxin. This reduced ferredoxin was then able to be used again by KOR for 

carboxylation. In the full cycle reactions, the production of the multiple 13C-labeled products 

supported the finding that the synthetic crTCA cycle can fix carbon as predicted. However, 

this remains a limiting factor for the cycle, which could be enhanced with the implementation 

of a reductant replenishing system. Such a system was implemented in the CETCH cycle for 

regeneration of NADPH and ATP (Schwander et al., 2016). A system to readily regenerate 

reduced ferredoxin would enhance cycle activity and help prevent cycle reversal. While the 

inclusion of these additional enzymes would be useful for further optimization and 

assessment in vitro, it is unlikely their inclusion would be beneficial in vivo or in planta, 
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particularly as plants have pathways for metabolism of glyoxylate and robust reductant 

metabolism (Dalal et al., 2015a; Hanke and Mulo, 2013; Kebeish et al., 2007). 

The synthetic crTCA cycle consumes one molecule of ATP, two molecules of 

reduced ferredoxin and one molecule of NAD(P)H as the energetic cost, fixes two molecules 

of CO2 and produces one molecule of glyoxylate. The energetic cost of fixation for one CO2 

by the crTCA cycle and conversion of glyoxylate into 3-phosphoglycerate is five ATPs and 

eight e- equivalents, compared to nine ATPs and six e- equivalents when one carbon is fixed 

by the Calvin-Benson cycle. While the four-step version of the cycle appears promising, Bar-

Even, et al. raise concerns about the function of this cycle and others like it under 

physiological conditions due to thermodynamic bottlenecks (Bar-Even et al., 2010). Further 

evaluation of the crTCA cycle in vivo is required to assess function under physiological 

conditions. Analysis of the crTCA cycle activity in vitro will help in the feasibility analysis 

and implementation in plants. 

In summary, we have successfully demonstrated the function of a short synthetic in 

vitro carbon fixation cycle. Each of these enzymes can be functionally expressed in a 

relevant plant host, supporting the feasibility for implementation of this technology for crop 

improvement.   
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Supplemental Data  

Supplemental Table 2-1. Primers and expression vectors for crTCA cycle gene cloning. 

Gene 
name  

Organism source Expression 
Vector 

Forward primer (5’-3’) Reverse primer (5’-3’) Tm 

AzB5 
(SCS) 

Azospirillum sp. 
B510 

pQE1 ATGAACATCCATGAATA
CCAG 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

AzVi 
(SCS) 

Azotobacter 
vinelandii DJ 

pQE1 ATGAATCTGCATGAATA
CCAGGGC 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

BrBT 
(SCS) 

Bradyrhizobium 
sp. BTAi1 

pQE1 ATGAACATCCACGAATA
CCA 

AACGACGGCCAGTGAAT
TCGAGC 

65oC 

BrBT 
(SCS) 

Bradyrhizobium 
sp. BTAi1 

pET21b CCGATGACCCCATATGA
ACATCCACGAATACCA 

CGAATGCATCTAGATGA
CTCGAGTCCGCTCTTCAG
TTTTTCAACCAG 

70oC 

EsCo 
(SCS) 

Escherichia coli 
K-12 substr. 
MG1655 

pQE1 ATGAACCTGCACGAATA
CCAAG 

AACGACGGCCAGTGAAT
TCGAGC 

65oC 

BaM3 
(KOR) 

Bacillus sp. M3-13 pQE1 ATGATTAACCAACTGTC
CTGGAA 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

BaM3 
(KOR) 

Bacillus sp. M3-13 pET21b GCATCTAGATGACCCCA
TATGATTAAC 

ATCCGATGACTCGAGTC
CCATAAATTCC 

65oC 

BaM3 
(KOR) 

Bacillus sp. M3-13 pET28a GCATCTAGATGACCCCA
TATGATTAAC 

ATCCGATGACTCGAGTT
ACATAAATTCC 

65oC 

HaNR 
(KOR) 

Halobacterium sp. 
NRC-1 

pQE1 ATGCCGTACTGGAGCAC
CGCTGGCC 

AACGACGGCCAGTGAAT
TCGAGC 

65oC 

HaPa 
(KOR) 

Haladaptatus 
paucihalophilus 
DX253 

pQE1 ATGCAGGATCTGAACTG
GGC 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

HyTh 
(KOR) 

Hydrogenobacter 
thermophilus TK-
6 

pQE1 ATGGCGTTTGACCTGAC
GATTAAGATTG 

AACGACGGCCAGTGAAT
TCGAGC 

65oC 

HyTh 
(KOR) 

Hydrogenobacter 
thermophilus TK-
6 

pET21b GGGATCCGATGTCTCAT
ATGGCGTTT 

TCGCGAATGACTCGAGA
TCACAAATTCCCA 

70oC 

HyTh 
(KOR) 

Hydrogenobacter 
thermophilus TK-
6 

pET28a GGGATCCGATGTCTCAT
ATGGCGTTT 

TCGCGAATGCCTCGAGA
TCCCAAATTTACA 

65oC 

MaMC 
(KOR) 

Magnetococcus sp. 
MC-1 

pQE1 ATGGAAAAGAAGGACC
TGA 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

PaLa 
(KOR) 

Paenibacillus 
larvae subsp. 
larvae B-3650 

pQE1 ATGATTAGCCAACTGAG
CT 

ACAATTTCACACAGGAA
ACAGCTA 

65oC 

PaLa 
(KOR) 

Paenibacillus 
larvae subsp. 
larvae B-3650 

pET21b GCATCTAGATGACCCCA
TATGATTAGC 

GGATCCGATGACTCGAG
TGGCTTAAA 

65oC 

PaLa 
(KOR) 

Paenibacillus 
larvae subsp. 
larvae B-3650 

pET28a GCATCTAGATGACCCCA
TATGATTAGC 

GGGATCCGATGACTCGA
GTTACTTA 

60oC 
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Supplemental Table 2-1. (continued). 

Gene 
name  

Organism source Expression 
Vector 

Forward primer (5’-3’)	 Reverse primer (5’-3’) Tm 

NiDe  
(OGC) 

Canditatus 
Nitrospira defluvii 

pQE1 ATGTTCCGTAAAATCCTGATC
G	

ACAATTTCACACAGGAA
ACAGCTATGAC 

67oC 

HyTh 
(OGC) 

Hydrogenobacter 
thermophilus TK-6 

pQE1 ATGTTCAAAAAAGTCCTGGTC
GC	

ACAATTTCACACAGGAA
ACAGCTATGAC 

71.4o

C 

ThVi 
(OGC) 

Thiocystis 
violascens 
DSM198 

pQE1 ATGCTGCGTAAGATCCT
GATTGCGAA 

ACAATTTCACACAGGAA
ACAGCTATGAC 

71.9o

C 

MaFe 
(OGC) 

Mariprofundus 
ferrooxydans  
PV-1 

pQE1 ATGTTTAAGCGTATCCT
GGTGGC 

ACAATTTCACACAGGAA
ACAGCTA 

70oC 

PsSt 
(OGC) 

Pseudomonas 
stutzeri 
ATCC14405 

pQE1 ATGCGTATCAATGACTT
CCGTATCGTC 

ACAATTTCACACAGGAA
ACAGCTATGAC 

71.4o

C 

ChLi 
(OSR) 

Chlorobium 
limicola DSM245 

pQE1 ATGGCCTCCAAGTCCAC
GATTAT 

AACGACGGCCAGTGAAT
TCGAGC 

66oC 

NiHa 
(OSR) 

Nitrosococcus 
halophilus  NC4 

pQE1 ATGGCCTACGACAAGAT
TAGCCT 

ACGACGGCCAGTGAATT
CGAG 

66oC 

Gene 
name  

Organism source Expression 
Vector 

Forward primer (5’-3’) Reverse primer (5’-3’) Tm 

KoOl 
(OSR) 

Kosmotoga 
olearia TBF 19.5.1 

pQE1 ATGGAAGGTCAAAAGA
TTAAAGTG 

ACGACGGCCAGTGAATT
CGAG 

66oC 

MgPr 
(OSR) 

Marine gamma 
proteobacterium  
HTCC2080 

pQE1 ATGTCATACAAGCATAT
TAAAGTCC 

ACAATTTCACACAGGAA
ACAGCTA 

62oC 

 CoGl 
(ICL) 

Corynebacterium 
glutamicum ATCC 

pQE1 ATGTCAAATGTCGGCAA
ACC 

ACGACGGCCAGTGAATT
CGAG 

64oC 

GoAl 
(ICL) 

Gordonia 
alkanivorans 
NBRC 16433 

pQE1 ATGAGCAATGTGGGCA
AACC 

ACAATTTCACACAGGAA
ACAGCTA 

62oC 

NoFa 
(ICL) 

Nocardia farcinica 
IFM 10152 

pQE1 ATGAGCACCACCGGCA
CCCC 

AACGACGGCCAGTGAAT
TCGAGC 

66oC 

RdPy 
(ICL) 

Rhodococcus 
pyridinivorans 
AK37 

pQE1 ATGAGCACGACCGGCA
CCCC 

AACGACGGCCAGTGAAT
TCGAGC 

66oC 

HyTh-
fdx 

Hydrogenobacter 
thermophilus TK-
6 

pQE1 ATGGCTCTGCGCACGAT
G 

ACAATTTCACACAGGAA
ACAGCTA 

58oC 
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Supplemental Figure 2-1. Unlabeled and 13C-labeled succinate produced by the 
OGC/OSR/ICL reaction. Reactions were prepared containing MaFe OGC, NiHa OSR, and 
NoFa ICL with the starting metabolite being 2-OG. Reactions incubated at room temperature 
for 30 min prior to analysis by LC-MS. Panel A shows the LC-MS detected succinate peak 
using unlabeled bircarbonate. Panel A shows the LC-MS detected succinate peak using 13C-
labeled bicarbonate. 

A.	

B.	
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Supplemental Figure 2-2. Unlabeled and 13C-labeled isocitrate produced by the OGC/OSR 
reaction. Reactions were prepared containing MaFe OGC and NiHa OSR with the starting 
metabolite being 2-OG. Reactions incubated at room temperature for 30 min prior to analysis 
by LC-MS. Panel A shows the LC-MS detected isocitrate peak using unlabeled bircarbonate. 
Panel A shows the LC-MS detected isocitrate peak using 13C-labeled bicarbonate. 
 

 

 

 

 

A.	

B.	
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Abstract 

The 2-oxoacid:ferredoxin oxidoreductase family enzymes are responsible for 

oxidative decarboxylation and carboxylation of 2-oxoacids in bacteria and archaea. These 

functions are essential for metabolism, particularly for energetically challenging reactions 

such as carboxylation reactions in the reverse TCA cycle and aromatic ring reduction. 

Despite their importance, this enzyme family has not been extensively studied. To generate 

increases in plant biomass, there is interest in incorporating alternative carbon fixation cycles 

into the plant chloroplast.  Of particular interest is the enzyme 2-oxoglutarate:ferredoxin 

oxidoreductase (KOR) for its carboxylation activity in the reverse TCA cycle. However, the 

majority of characterized KOR enzymes are thermophilic and may not be active in the 

mesophilic conditions of the plant chloroplast. Using the KOR sequence from the 

thermophilic bacteria Hydrogenobacter thermophilus TK-6 shown to perform carboxylation, 

a homologous enzyme was identified from the mesophilic bacteria Bacillus sp. M3-13. The 

KOR from Bacillus sp. M3-13 was recombinantly expressed, characterized, and evaluated for 

carboxylation activity. 
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3.1 Introduction 

 2-oxoacid:ferredoxin oxidoreductase (OFOR) family enzymes play a pivotal role in 

bacterial and archaeal metabolism (Adams and Kletzin, 1996; Fuchs, 2011; Gibson et al., 

2016; Ragsdale and Pierce, 2008). These enzymes are capable of oxidative decarboxylation 

and carboxylation of 2-oxoacids (Adams and Kletzin, 1996; Fuchs, 2011). OFOR enzymes 

perform a Coenzmye A (CoA)-dependent oxidative decarboxylation of 2-oxoacids (Adams 

and Kletzin, 1996). The electrons produced from this reaction reduce low potential 

ferredoxins (-500 mV) (Li and Elliott, 2016). These low potential ferredoxins are then 

capable of donating electrons for energetically challenging reactions such as aromatic ring 

reduction and carboxylation reactions (Dörner and Boll, 2002; Fuchs, 2011; Li and Elliott, 

2016; Ragsdale and Pierce, 2008). OFOR enzymes are also capable of catalyzing 

carboxylation reactions as part of the reductive TCA cycle (Fuchs, 2011). Given the 

increased focus on the utilization of microbial enzymes to fix CO2, produce valuable 

chemical building blocks, and breakdown complex aromatic structures, the identification and 

characterization of OFOR family enzymes potentially involved in these pathways is of great 

interest (Bar-Even et al., 2010; Dörner and Boll, 2002; Vuoristo et al., 2016). 

OFOR enzymes are grouped by their 2-oxoacid substrate preference. Pyruvate 

ferredoxin oxidoreductase (POR) is the best characterized given its important role in linking 

glycolysis to the Wood-Ljundahl pathway (Furdui and Ragsdale, 2000; Ragsdale and Pierce, 

2008). The 2-oxoglutarate/2-ketoglutarate ferredoxin oxidoreductase (KOR) has been shown 

to be an important enzyme in the rTCA cycle and for providing reduced ferredoxin for 

benzoyl-CoA reductase (Dörner and Boll, 2002; Ebenau-Jehle et al., 2003; Yamamoto et al., 

2010). The least well characterized OFOR enzymes are the 2-ketoisovalerate oxidoreductase, 
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and the indolepyruvate oxidoreductase (Heider et al., 1996; Mai and Adams, 1996). A 

recently characterized addition to the OFOR enzyme family is the oxalate oxidoreductase, 

which does not utilize CoA unlike other OFOR enzymes (Pierce et al., 2010).  

Enzymes of the OFOR family have a variety of subunit compositions (α2, (αβ)2, 

(αβγ)2, (αβγδ)2, and (αβγδε)2) (Gibson et al., 2016). The first structural characterization of an 

OFOR family enzyme was from the monomeric (α2) POR of Desulfovirbrio africanis 

(Chabrière et al., 1999). Recently, structures have also been made available for the OOR 

((αβγ)2) from Moorella thermoacetica, and a (αβ)2 subunit type OFOR from Sulfolobus 

tokodaii which can catalyze reactions with both pyruvate and 2-oxoglutarate (Gibson et al., 

2015; Yan et al., 2016). The structures and sequence analysis have shown that OFOR 

enzymes are multidomain, containing at least four domains (I, II, III, and VI; (Gibson et al., 

2016). Domains I and VI coordinate the binding of the thiamine pyrophosphate (TPP) 

cofactor, and a [4Fe-4S] cluster (domain VI) (Gibson et al., 2016; Yan et al., 2016). Many 

OFOR enzymes also contain domain V, which possesses an additional 2 [4Fe-4S] clusters 

(Gibson et al., 2016). Despite the different substrate specificities and minimal sequence 

identity, the structure of these enzymes, their 2-oxoacid binding pockets, and position of 

other conserved motifs are markedly similar (Gibson et al., 2015; Yan et al., 2016). 

To generate a synthetic rTCA cycle for implementation in the plant chloroplast, a 

KOR enzyme was sought, which would produce 2-oxoglutarate through the carboxylation of 

succinyl-CoA. The only KOR enzyme with characterized carboxylation activity is the 

heterodimeric KOR from Hydrogenobacter thermophilus TK-6 (Yamamoto et al., 2010, 

2003). This enzyme has been shown to have a lower Km for succinyl-CoA than 2-

oxoglutarate, suggesting a preference for the carboxylation reaction (Yamamoto et al., 2010). 
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However, the thermoactive nature of this enzyme (optimal temperature for activity > 70°C) 

makes its use in a plant system problematic. To find a suitable KOR enzyme, the H. 

thermophilus TK-6 sequence was used to find a homologous sequence from a mesophillic 

organism. While many potential matches were found, the putative, heterodimeric KOR from 

Bacillus sp. M3-13 was chosen due to its sequence similarity to the H. thermophilus KOR, as 

well as the growth conditions of the organism. The bacteria Bacillus sp. M3-13 was isolated 

from a desiccation lagoon in Cuatro Cienegas, Coahuila, Mexico (Alcaraz et al., 2010). It is 

moderately halophillic, grows in the presence of oxygen, and at mesophillic temperatures 

(Alcaraz et al., 2010). Cuatro Cienegas is an oligotrophic environment unable to support the 

growth of algae that instead relies on sulfur redox reactions as the basis for most microbial 

metabolism that has been observed to date (Alcaraz et al., 2011). To ascertain whether the 

genes identified from Bacillus sp. M3-13 do encode a functional KOR, the genes were 

expressed in E. coli, and the resulting enzymes were purified, characterized, and evaluated 

for carboxylation activity.  

 

3.2 Materials and Methods 

3.2.1 Bacterial Strains, Plasmids, and Enzymes 

The E. coli strain XL-1 blue (Novagen, EMD Bioscience, San Diego, CA) was used 

for cloning and plasmid storage and E. coli strain BL21(DE3) (Novagen, EMD Bioscience) 

was for overexpression and purification. The expression plasmids pET21b and pET28a were 

obtained from Novagen, EMD Bioscience. Restriction endonucleases and T4 DNA ligase 

were from New England Biolabs (Ipswich, MA). Primers were synthesized by Eurofins 
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MWG Operon (Huntsville, AL). Gene synthesis was conducted by Genscript (Piscataway, 

NJ).  

 

3.2.2 Identification and Selection  

The heterodimeric KOR subunits from the thermophillic bacterium (α and β) 

Hydrogenobacter thermophilus TK-6 were used as the query sequences for BLAST-p 

analysis. The resulting sequences were prioritized based on their similarity to the query and 

the growth conditions of the bacterial source organism (mesophilic and oxygen tolerant). The 

sequences, which came from appropriate organisms, were then analyzed for conserved 

residues indicated in the literature and in the Conserved Domains Database (CDD) to be 

associated with substrate and co-factor binding. The KOR from Bacillus sp. M3-13, from 

here on referred to as BaM3-KOR, was identified and used for all experiments. 

 

3.2.3 Molecular Modeling and Simulations  

PDBs of the α and β subunits were obtained through submission of the amino acid 

sequences in intensive mode to the Phyre 2 server (Kelley et al., 2015). The PDBs were 

duplicated and overlaid with the biologically active unit of 5b47 (Yan et al., 2016) within 

PyMol (The PyMOL Molecular Graphics System, version 1.7.4; Schrödinger, LLC). TPP, 

MG and SF4 from 5b47 were retained while PYR was removed and 2-oxoglutrate (created in 

ChemDraw (ChemDraw; PerkinElmer Informatics)) was placed in a similar conformation to 

that of the removed PYR.  

The molecular dynamic (MD) simulations were performed with the GROMACS 5.0.1 

software package utilizing 6 CPU cores and one NVIDIA Tesla K80 GPU to provide a 
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solution representation of the heterodimeric complex of 2- α /2- β:TPP, MG, and 2-

oxoglutarate. MD simulations were performed with the AMBER 99sb-ildn force field and the 

flexible simple point-charge water model (Lindorff-Larsen et al., 2010). TPP and 2-

oxoglutarate topology and parameter files were generated through the use of AMBER 

Antechamber (Wang et al., 2006). The initial structures (simple overlay with 5b47 without 

SF4 ligands) were immersed in a periodic water box with a dodecahedron shape that 

extended 1 nm beyond the protein in any dimension and neutralized with counterions. Energy 

minimization was accomplished through use of the steepest descent algorithm with a final 

maximum force below 100 kJ/mol/min (0.01 nm step size, cutoff of 1.2 nm for neighbor list, 

Coulomb interactions, and Van der Waals interactions). After energy minimization, the 

system was subjected to equilibration at 300 K and normal pressure for 1 ns. All bonds were 

constrained with the LINCS algorithm and virtual sites were used to allow a 4 fs time step 

(cutoff of 1.4 nm neighbor list, Coulomb interactions, and Van der Waals interactions). After 

temperature stabilization, pressure stabilization was obtained by utilizing the v-rescale 

thermostat to hold the temperature at 300K and the Berendsen barostat was used to bring the 

system to 1 bar pressure. Production MD calculations (500 ns) were performed under the 

same conditions, except that the position restraints were removed and the simulation was run 

for 100 ns (cutoff of 1.1, 0.9, and 0.9 nm for neighbor list, Coulomb interactions, and Van 

der Waals interactions). GROMACS built-in and homemade scripts were used to analyze the 

MD simulation results. In general, the last 100 ns of each simulation was used for analysis 

which included clustering of similar conformational states into an average structure defined 

as the middle structure of the r.m.s.d matrix. All images were produced with PyMOL (The 

PyMOL Molecular Graphics System, version 1.7.4; Schrödinger, LLC). 
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3.2.4 Cloning and Expression  

As is commonly the case for heterodimer proteins, the genes encoding the KOR 

subunits are located adjacent to one another in the Bacillus sp. M3-13 genome with a single 

promoter driving their . For generating the recombinant expression vector, the intergenic 

space was preserved between the two KOR sunuit genes, and both subunit gene sequences 

were synthesized as one contiguous piece, allowing the genes to be expressed in E. coli as a 

cistron. The sequences were synthesized by Genscript with codon optimization for 

expression in E. coli and were ligated into the pUC57 vector at the EcoRV restriction site.  

The pUC57 vector containing both of the KOR genes was used for PCR amplification 

with iProof High-fidelity DNA polymerase (Bio-Rad, Hercules, CA) according to the 

manufacturer instructions. Forward primers encoded an NdeI restriction site, and reverse 

primers included the XhoI restriction site for directional cloning into pET21b and pET28a    

(F: 5’-GCATCTAGATGACCCCATATGATTAAC-3’; R: 5’-ATCCGATGACTCGAGTCC 

CATAAATTCC-3’). The pET21b and pET28a vectors were chosen for the high level of 

expression and enabled in-frame fusion of C-or N-terminal His-tags, respectively.  As the 

genes were encoded sequentially, the N-terminal His-tag is fused to the α subunit and the C-

terminal His-tag is fused to the β subunit. A schematic of the expression cassettes is provided 

in Figure 3-1. The NdeI and XhoI digested PCR products were ligated into restriction 

enzyme-digested pET21b and pET28a using T4 DNA ligase overnight at 16°C. The ligation 

mix was used to transform E. coli strain XL-1 blue. Plasmid DNA was isolated and used for 

sequence confirmation. Confirmed constructs were used to transform the E. coli T7 

expression strain BL21(DE3). 
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Figure 3-1. BaM3-KOR His-tag position. The BaM3-KOR gene was cloned into pET28a 
with an N-terminal his-tag on the α subunit, and into pET21b with a C-terminal his-tag on the 
β subunit. Both subunit genes were expressed as an operon under control of the T7 promoter 
of the vector. 

 

Soluble Bacillus sp.M3-13 KOR expression was achieved by growing BL21(DE3) 

cells in Luria Bertani (LB) broth to exponential phase at 37 °C (OD600nm 0.6-0.8), inducing 

them with 0.1 mM IPTG, and decreasing the temperature to 18 °C for expression for 16 h. In 

order to ensure that the KOR enzyme would contain the required Fe-S clusters and TPP, 1 

mM thiamine was added upon culture inoculation and 0.1 mM FeSO4 was added at the time 

of induction.  

 

3.2.5 Purification 

Microaerobic handling was required for KOR enzymes, which involved de-gassing 

and sparging with argon of all purification buffers, and anaerobic collection of elution 

fractions. 1 L cell cultures were pelleted by centrifugation, 4,780 rpm for 45 min at 4°C. The 

pellets were resuspended in 50 mM NaPO4 (pH7.5), 30 mM imidazole, 500 mM NaCl, 1 mM 

benzamidine–HCl, and 0.01% Triton X100. The cells were lysed using a French pressure cell 

(1,100 lb/in2). The lysed suspension was centrifuged at 14,000 x g for 40 min at 4°C to 

remove cell debris. The supernatant was filtered using a 0.45 µm syringe filter prior to 

loading on the column.  
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FPLC purification was conducted using a BioRad DuoFlow system. The filtered 

extract was applied to a 5 ml HisTrap HP Nickel Sepharose™ affinity column (GE 

Healthcare Life Sciences) and washed with five column volumes of binding buffer (50 mM 

NaPO4, 500 mM NaCl, 30 mM imidazole, 0.01% Triton x 100, pH 7.5). The elution buffer 

was 50 mM NaPO4, 500 mM NaCl, 250 mM imidazole, 0.01% Triton X100, pH 7.5.  Protein 

was eluted using a linear gradient with 0% to 100% elution buffer over a 40 ml elution 

volume. All fractions were analyzed on 12.5% SDS-PAGE.  

Fractions containing the BaM3-KOR protein were either desalted into buffer 

containing 20 mM Tris-HCl, 0.01% Triton x-100, pH 8, using centrifugation filters with a 30 

kDa MWCO (Millipore), or combined and stored without desalting as further manipulation 

caused a reduction in enzyme activity. The enzymes were stored under Argon in stoppered 

vials with 10% glycerol at -80°C. 

3.2.6 Size Exclusion HPLC 

BaM3-KOR protein was purified by nickel affinity chromatography as described 

previously. To prepare the protein for size-exclusion chromatography (SEC), the protein was 

desalted on a Hiprep 26/10 desalting column (GE Healthcare Life Sciences) into 20 mM Tris 

(pH 8), 150 mM NaCl, and 0.01% Triton x-100. The desalted BaM3-KOR was then run on a 

Hiprep 16/60 Sephacryl S-200 HR SEC column (GE Healthcare Life Sciences). Both 

purification steps were conducted on a BioRad Duoflow system using anaerobic buffers and 

sample collection.  

The purified sample was analyzed by SEC HPLC on a Shimadzu (Columbia, MD) 

Prominence HPLC system with an Agilent (Santa Clara, CA) Advance Bio SEC 300 column 

(250 mm x 2.6 mm). The injection volume was 10 µL at 0.35 mL/min. The mobile phase was 
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phosphate buffered saline (pH 7.4), with a column temperature of 30 °C. Elution was 

monitored with a photodiode array detector at 280 nm. The molecular weight standard was 

the Aqueous SEC 1 standard from Phenomenex (Torrance, CA). 

3.2.7 Spectrophotometric Analysis 

Purified BaM3-KOR was analyzed by UV spectrophotometry for the presence of 

[4Fe-4S] clusters, which have an absorbance at approximately 410 nm. The absorbance 

spectrum of 0.5 mg/mL BaM3-KOR samples in 100 µL was analyzed with a spectral scan 

measuring in 1 nm increments from 255-500 nm using a Thermo Scientific BioMate 3S, UV-

Vis spectrophotometer.  

 

3.2.8 Activity Assays 

KOR activity was detected in a continuous spectrophotometric assay following the 

enzyme-, substrate-, and time-dependent reduction of oxidized benzyl viologen at 600 nm. 

The assay measures the ability of KOR to donate an electron to benzyl viologen, indicating 

its decarboxylation of 2-oxoglutarate. The reaction mix contained 50 mM Tris (pH 8), 1 mM 

benzyl viologen, 2.5 mM 2-oxoglutarate, 0.5 mM coenzyme A, 4 mM MgCl2, and 0.025 mM 

sodium dithionite. Optimal reaction conditions were determined empirically by varying pH 

and temperature. The following buffers were used for pH evaluation: MES (pH 6), NaPO4 

(pH 7-7.5), Tris (pH 8-8.5), and CAPS (pH 9). For kinetic measurements, the substrate 

amounts were varied (CoA: 0.5mM – 5 µM and 2-oxoglutarate: 3mM – 10 µM). The 

reaction mixture was prepared without the 2-oxoglutarate, de-gassed, and sparged with 

argon. The assay was performed in anaerobic gas-tight glass cuvettes. The KOR enzyme was 

treated with 5 mM DTT for 15 min prior to adding the enzyme to the reaction mix. The 
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reaction was started by the addition of 2-oxoglutarate using gas-tight glass syringes. Activity 

was read continuously at 600 nm on a Shimadzu UV-2401PC UV-visible spectrophotometer 

with a thermostatted cuvette holder. An extinction coefficient for reduced benzyl viologen of 

8.3 mM-1 cm-1 was used for calculating the activity, and the activity unit is defined as µmol 

min-1 (Adams and Hall, 1979). 

In addition to oxidative decarboxylation activity, some KOR enzymes have 

carboxylation activity leading to the synthesis of 2-oxoglutarate. To evaluate the activity of 

BaM3-KOR for this reverse reaction, assays were conducted measuring the oxidation of 

benzyl viologen. The reaction mixture contained 50 mM Tris (pH 8), 4 mM MgCl2, 1 mM 

benzyl viologen, 100 mM NaHCO3, and 0.5 mM succinyl CoA. Prior to the addition of the 

enzyme, the benzyl viologen was reduced by the addition of dithionite until an A600 of 0.5-

0.6 was reached. The approximate final concentration of dithionite in the reaction was 6 mM. 

The reaction was started with the addition of 6 µg of KOR enzyme through a gas tight 

syringe. Due to the sensitivity of benzyl viologen to oxidation, all reaction components were 

maintained under anaerobic conditions by sparging with argon. Reactions were performed in 

glass cuvettes with rubber stoppers. The reaction was monitored continuously on a Shimadzu 

UV-2401PC UV-visible spectrophotometer with a thermostatted cuvette holder maintaining a 

temperature of 35 °C.  

 

3.2.9 Genbank Accession Numbers  

The nucleotide sequence for the Hydrogenobacter thermophilus TK-6 KOR is 

available through Genbank, with accession number AB046568.1. The E. coli codon 
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optimized Bacillus sp.M3-13 KOR nucleotide sequence is available through Genbank as well 

with the accession number MG552118. 

 

3.3 Results and Discussion 

3.3.1 Sequence Selection/Alignment 

The Hydrogenobacter thermophilus TK-6 KOR amino acid sequences for the α and β 

subunits were used to identify candidate KOR proteins using BLAST-p. The H. thermophilus 

TK-6 KOR was chosen as the template due to its increased affinity for succinyl-CoA, which 

drives the reaction toward carboxylation to produce 2-oxoglutarate (Yamamoto et al., 2010).  

While the BLAST-p analysis yielded a large number of potential KOR enzymes, the list was 

further refined to organisms which preferred mesophilic growth conditions and were able to 

tolerate oxygen. These characteristics were desirable in a host organism to ensure that the 

chosen enzymes would be functional in a mesophilic, aerobic system, such as the plant 

chloroplast.  

Once the host organism growth conditions were met, the sequences were evaluated 

for sequence identity and the presence of conserved motifs. The sequence identity between 

the H. thermophilus TK-6 sequences and those for the candidate genes were fairly low, 

between 31-48%. Low sequence identity among OFOR family enzymes is common, though 

structure is more conserved (Gibson et al., 2016, 2015; Yan et al., 2016). The Bacillus sp. 

M3-13 KOR was identified with approximately 38% identity for the α subunit, and 43% 

identity for the β subunit. As mentioned previously, Bacillus sp. M3-13 was isolated from a 

desiccation lagoon in Cuatro Cienegas, Coahuila, Mexico and is mesophilic, oxygen tolerant, 

and moderately halophilic (Alcaraz et al., 2010). While this organism has been isolated, its 
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growth and metabolism have not been characterized in depth outside of genomic annotation 

(Alcaraz et al., 2011).  

In addition to sequence identity, there are several conserved motifs, which were 

evaluated. Of structurally characterized OFOR enzymes, the most similar to BaM3-KOR is 

the (αβ)2 POR/KOR from Sulfolobus tokodaii (Yan et al., 2016). Alignments of the amino 

acid sequences of the S. tokodaii, H. thermophilus TK-6, and BaM3-KOR subunits can be 

seen in Figure 3-2.  The YPITP motif located on the α subunit is highly conserved in the 

OFOR family and is involved in 2-oxoacid and TPP binding (Chabrière et al., 1999; Gibson 

et al., 2015; Yan et al., 2016). Additional residues associated with 2-oxoacid binding are 

found in both the α and β subunits, indicated with asterisks in Figure 3-2 (Yan et al., 2016). 

Interestingly, the BaM3-KOR has 100% identity for the active site residues identified for the 

S. tokodaii POR/KOR, but has low activity with pyruvate as the substrate (Figure 3-11). This 

may suggest that there are additional residues responsible for this shift in substrate 

preference. Despite attempts at structural characterization of OFORs, there is still little 

information known about the binding site for CoA in OFOR enzymes (Chabrière et al., 1999; 

Gibson et al., 2016; Yan et al., 2016). Other important residues are the four cysteine residues 

in the β subunit responsible for Fe-S cluster binding, indicated with diamonds in Figure 3-2. 

The presence of the four cysteine residues, suggests that BaM3-KOR maintains one [4Fe-4S] 

cluster, similar to other (αβ)2 OFOR enzymes. 
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Figure 3-2. Alignment of (αβ)2 OFOR amino acid sequences. Alignment of OFOR amino 
acid sequences for the α subunit (A.) and the β subunit (B.) from Bacillus sp. M3-13, 

Hydrogenobacter thermophilus TK-6, and Sulfolobus tokodaii. Amino acid sequences were 
obtained from NCBI. Active site residues based on the S. tokodaii structure are indicated 

with a (*), and cysteine residues responsible for binding the 4Fe-4S cluster are indicated (w). 
Alignments were created using T-Coffee (Notredame et al., 2000). 
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3.3.2 Structural Comparison of BaM3-KOR and S. tokodaii  

To further evaluate the structural differences between BaM3-KOR and the S. tokadaii 

POR/KOR, molecular modeling and molecular dynamic simulations were conducted. The 

Phyre 2 server was utilized in intensive mode to obtain homology modeled PDB files for the 

α and β subunits of the BaM3-KOR. The structure with the highest scoring alignment in 

Phyre 2 to BaM3-KOR was the structure from S. tokodaii (PDB: 5b47) (Yan et al., 2016). 

The S. tokodaii structure was then used as a model for the construction of the BaM3-KOR 

heterodimer complex containing Mg, TPP and replacing pyruvate with 2-oxoglutarate. In 

order to generate a more accurate model for the BaM3-KOR in solution, molecular dynamic 

(MD) simulations were conducted to find the minimal energy state. These simulations also 

enabled analysis of the KOR structure in the presence of the larger 2-oxoglutarate substrate. 

The full MD modeled BaM3-KOR complex can be seen in Figure 3-3.  
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Figure 3-3. Molecular dynamics modeled BaM3-KOR complex structure. The structure was 
modeled using the S. tokodaii crystal structure containing pyruvate (PDB:5b47). The 
pyruvate was replaced with 2-oxoglutarate for the BaM3-KOR, and molecular dynamic 
simulations were conducted to allow the structure to relax to the lowest energy state around 
the new substrate. The chains in yellow and cyan each represent one β subunit, and the chains 
in magenta and green each represent one α subunit. The α1 and the β1 form one of the two 
heterodimers with the α2 and β2 forming the second one. The binding pocket is located 
between the α and β subunits.     
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As mentioned previously, it was noted that despite having different substrate 

preferences, that the BaM3-KOR sequence had 100% identity for the substrate (pyruvate) 

binding residues identified in S. tokodaii (Yan et al., 2016). DoGSiteScorer (Volkamer et al., 

2012) was used to characterize the binding pockets for the BaM3-KOR model and the S. 

tokodaii structure. This analysis provides a predicted measure of the volume (Å3), surface 

area (Å2), and depth (Å) of the binding pocket. The average pocket (A and B) volume for the 

S. tokodaii structure is 1526.1 Å3 with an average surface area of 1334.7 Å2 and a depth of 

27.3 Å. The BaM3-KOR MD model has an average binding pocket volume of 2511.57 Å3, a 

surface area of 2360.5 Å2, and a depth of 36.1 Å. The difference between these values for the 

two structures likely stems from the comparison of an X-ray crystal structure and a MD 

simulation model. MD simulations remove crystal contacts, allowing for dynamic 

conformational changes of the subunits under solution like conditions. The added volume, 

surface area, and depth found in the BaM3-KOR MD model is likely due to the “tunnels” 

leading to the TPP/pyruvate/2-oxoglutarate binding pocket. An example of a “tunnel” leading 

to the 2-oxoglutarate can be seen in Figure 3-4. The dynamics of these “tunnels” could serve 

as gates, determining which ligands can enter, playing a vital role in substrate specificity for 

these enzymes. A visual comparison of the two binding pockets can be seen in Figure 3-5.  
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Figure 3-4. BaM3-KOR MD model binding pocket “tunnel.” The binding pocket is depicted 
as a grey surface. The “tunnel” is located at the center of the image with the 2-oxoglutarate in 
red at the end of the “tunnel.” The coloring scheme for the subunits is consistent with that 
used in Figure 3-3.  
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Figure 3-5. Analysis of TPP and pyruvate/2-oxoglutarate binding pockets of S. tokodaii and 
BaM3. Panel A and panel B are cartoon depictions of the S. tokodaii structure and the BaM3 
average MD structure, respectively. The coloring scheme is the same as used in Figures 3-3 

and 3-4. The binding pockets are shown as a white surface. On the right are zoomed in 
images of the binding pockets with the subunits labeled and the residues involved shown in 

stick format and colored according to the subunit. Panel C shows a sequence alignment of the 
residues that comprise the binding pocket. The top sequence is the BaM3 KOR, and the 

bottom sequence is for the S. tokodaii enzyme. The colored residues denote the following: 
red = identical residues, green = strongly similar residues, blue = somewhat similar residues, 
and black = dissimilar residues. The (⦁) symbol denotes residues within 5 Å of the TPP, the 

(‡) symbol denotes residues within 5 Å of pyruvate/2-oxoglutarate, and the � denotes 
residues within 5 Å of the Mg2+ ion. Lastly, the residues shown in reduced font are residues 

involved in the creation of the “tunnel” to the binding pocket.
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Additionally, the binding pockets for S. tokodaii and BaM3 have a similar amino acid 

composition: apolar ratio of 0.28 and 0.31, polar ratio of 0.41 and 0.39, positive ratio of 0.15 

and .018, and a negative ratio of 0.16 and 0.12, respectively. Alignments of the binding 

pocket resides are presented in Figure 3-5. From the alignments, it can be seen that the 

binding pockets between the two structures are quite similar with identical residues at a 

majority of the positions. This similarity likely accounts for the ability of the S. tokodaii 

POR/KOR, and to a smaller extent the BaM3-KOR, to use both pyruvate and 2-oxoglutarate 

as substrate. However, there are a number of residue differences which likely account for the 

specificity shown, particularly for the BaM3-KOR. A particularly interesting residue 

difference in the β subunit is the difference from the Arg residue in BaM3-KOR and the Lys 

residue in S. tokodaii (Figure 3-5 C). In the S. tokodaii structure this residue is located near 

the methyl group of the pyruvate and near the TPP (Yan et al., 2016). Mutation of this Lys 

residue to Arg in S. tokodaii led to an increase in activity with pyruvate as substrate and a 

coordinate decrease in activity with 2-oxoglutarate (Fukuda and Wakagi, 2002). It is 

interesting that in BaM3-KOR an Arg exists in the same position, but the enzyme has high 

affinity for 2-oxoglutarate not pyruvate. Additionally, the Met to His residue mutation 

between BaM3-KOR and S. tokodaii β subunits is interesting. His residues are common 

catalytic residues as they are capable of carrying out a number of roles due to their ability to 

be charged or neutral at physiologically relevant pHs, while Met is not commonly associated 

with active sites (Bartlett et al., 2002). It is possible this change could be affecting the 

catalytic activity of the BaM3-KOR. Further analysis and mutational studies could help in 

determining which residues are vital for substrate specificity.  
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3.3.3 Cloning, Expression, and Purification of Recombinant BaM3-KOR 

After selection of the BaM3-KOR enzyme, the korA and korB genes from Bacillus sp. 

M3-13 were codon optimized for expression in E. coli and synthesized. The korA and korB 

genes were adjacent in the genome, with the stop codon of korA immediately followed by the 

ATG of the korB gene. Upstream of the korA stop codon is a potential ribosome binding site 

for korB. As it appeared that the genes are expressed as an operon in Bacillus sp. M3-13, the 

same strategy was used for their expression in E. coli, and both genes were synthesized as a 

contiguous DNA piece. The synthesized DNA encoding the korA/korB genes was amplified 

using PCR and inserted into the expression vectors pET21b and pET28a under the control of 

the T7 promoter. The pET21b vector allowed for the fusion of a C-terminal 6x His-tag on the 

β subunit, while the pET28a vector fused an N-terminal 6x His-tag on the α subunit. A 

diagram of the vector design is provided in Figure 3-1.  

Recombinant expression was conducted using E.coli BL21(DE3) transformed with 

pET21b:BaM3-KOR (B21p-KOR) or pET28a:BaM3-KOR (B28p-KOR). Cells were grown 

in LB media supplemented with 1 mM thiamine and appropriate antibiotic (100 µg/mL 

ampicillin for pET21b; 50 µg/mL kanamycin for pET28a) at 37 °C until mid-log (OD600nm 

0.6-0.8). Once the cells reached mid-log phase the temperature was reduced to 18 °C to 

enhance soluble protein expression. To induce expression 0.1 mM IPTG was added, and the 

media was further supplemented with 0.1 mM FeSO4 to provide sufficient iron for Fe-S 

cluster formation. The expression was allowed to continue for 16 h. Despite the anaerobic 

nature of the KOR enzyme, anaerobic expression was not necessary, suggesting that the 

protein is stable in the reducing intracellular environment.  
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Recombinant expression of B21p-KOR or B28p-KOR was conducted in a 1 L volume 

for purification. After expression, the cells were pelleted by centrifugation and lysed 3 times 

using a French pressure cell.  The lysate was then centrifuged to separate soluble protein 

from debris and filtered prior to FPLC purification. In order to limit KOR enzyme contact 

with oxygen, all buffers used for purification were degassed and sparged with argon. B21p-

KOR and B28p-KOR were purified using nickel affinity chromatography. Additionally, all 

fractions were collected in gas tight serum bottles containing 90% nitrogen, 10% hydrogen. 

After fraction collection, all fractions were sparged with argon immediately. Fractions 

containing the BaM3-KOR were yellow/brown in color. The purity of the enzyme was 

confirmed by SDS-PAGE (Figure 3-6). A slight shift in size of the α subunit for B28p-KOR 

and the β subunit for B21p-KOR is seen as a result of the location of the His-tag. The 

enzyme was desalted using centrifugation filters, but was found to result in decreased KOR 

activity, likely due to increased oxygen contamination. The presence of similar amounts of 

the α and β subunits for the BaM3-KOR suggests that E. coli was able to successfully express 

both genes from the bicistronic sequence.  
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Figure 3-6. SDS-PAGE analysis of purified, recombinant KOR enzymes. 1 µg of each 
purified BaM3-KOR protein was loaded per well. The expected size for the B21p α BaM3-
KOR subunit is 63.4 kDa, and B21p β subunit is 32.5 kDa. The expected size for the B28p α 
subunit is 65.6 kDa, and the B28p β subunit is 31.4 kDa. Enzymes are estimated to be >90% 
pure. 
 

To confirm the subunit composition of the KOR holoenzyme, the B21p-KOR protein 

was evaluated by SEC HPLC. Prior to conducting the HPLC analysis, the B21p-KOR protein 

was purified as described above with an additional FPLC SEC step. HPLC SEC was able to 

confirm that the B21p-KOR is a dimer of heterodimers, (αβ)2 (Figure 3-7). This is the same 

subunit structure as the S. tokadaii POR/KOR (Yan et al., 2016). 
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Figure 3-7. Chromatograph showing BaM3-KOR subunit composition. The BaM3-KOR was 
confirmed to have an (αβ)2 subunit composition by SEC HPLC. The red line is the BaM3-
KOR sample, and the black line is the molecular weight standard. MW standard sizes are 670 
kDa (1), 300 kDa (2), 150 kDa (3), 44 kDa (4), 17 kDa (5), and 0.244 kDa (6).  
 

3.3.4 Comparison of B21p-KOR and B28p-KOR Enzyme Properties 

Enzymes containing iron-sulfur clusters display characteristic UV/Vis absorption 

spectra (Kerscher and Oesterhelt, 1981). In order to determine whether the clusters were 

successfully incorporated into the recombinant BaM3-KORs, the spectrum of each of the 

BaM3-KOR proteins was evaluated after purification. In addition to the A280 peak, the 

spectra showed a shoulder at 410 nm. This shoulder is characteristic for [4Fe-4S] cluster 

containing proteins, and is a noted feature of OFOR enzymes (Yan et al., 2014). The 

shoulder at 410nm is smaller for the B28p-KOR, which could suggest that the B28p-KOR 

contains fewer bound [4Fe-4S] clusters than the B21p-KOR enzyme (Figure 3-8). 
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Figure 3-8. Absorption spectra of B21p-KOR and B28p-KOR. Protein concentration was 
normalized to 0.5 mg/mL for both B21p-KOR and B28p-KOR.   

 

B21p-KOR and B28p-KOR oxidoreductase activities were evaluated using a benzyl 

viologen reduction assay. It was found that the B21p-KOR had nearly 3-fold higher activity 

than the B28p-KOR (Figure 3-9). Given the decreased absorbance at 410 nm in the spectrum 

(Figure 3-8), it is possible that the His-tag position (Figure 3-1) may have affected the 

activity of the B28p-KOR. From the S. tokadaii structure, the C-terminus of the β subunit 

wraps around the protein surface, whereas the N-terminus of the α subunit is more buried 

(Yan et al., 2016).  Additionally, the N-terminus of the α subunit is in close proximity to 

residues responsible for interactions with TPP and ferredoxin, which are vital for activity 

(Yan et al., 2016). This is supported in the BaM3-KOR model. Figure 3-10 depicts the 

heterodimer highlighting the location of the C-terminus of the β subunit as well as the N-

terminus of the α subunit. Due to the increased activity, the B21p-KOR was utilized for 

further characterization. 
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Figure 3-9. Comparison of benzyl viologen reduction activity. Activity was evaluated by 
measuring benzyl viologen reduction at 600 nm at 35°C and pH 8 to compare the activity of 
B28p-KOR and B21p-KOR. Reactions were started with the addition of 3 mM 2-
oxoglutarate. Data represent an average of three replicates; error bars indicate the standard 
error. 
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Figure 3-10. Ribbon diagram highlighting the location of the BaM3-KOR termini for 
accessibility. The C-terminus of the β subunit is extended around the outside of the structure, 
whereas the N-terminus of the α subunit is less accessible. Structure images were created 
using Chimera (Pettersen et al., 2004). 
 

3.3.5 B21p-KOR Substrate Specificity and Kinetics 

Most OFOR enzymes have high specificity for a particular substrate, 2-oxoacid. The 

Hydrogenobacter thermophilus TK-6 KOR has been shown to have a high specificity for 2-

oxoglutarate (Yamamoto et al., 2003). However, other heterodimeric OFOR enzymes have 

been characterized, which can decarboxylate 2-oxoglutarate and pyruvate (Fukuda and 

Wakagi, 2002). To evaluate the specificity of B21p-KOR, benzyl viologen reduction assays 

were conducted utilizing either 2-oxoglutarate or pyruvate as the 2-oxoacid substrate. B21p-

KOR was found to be 100-fold more active with 2-oxoglutarate than pyruvate, confirming 

B21p-KOR is a 2-oxoglutarate ferredoxin oxidoreductase (Figure 3-11).  
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Figure 3-11. 2-Oxoacid substrate preference of B21p-KOR. Substrate preference was 
evaluated by measuring the reduction of benzyl viologen at 600 nm with either 3 mM 2-
oxoglutarate or 3 mM pyruvate at 35°C and pH 8. The specific activity for 2-oxoglutarate is 
10.8 ± 0.243 U mg-1, and the specific activity for pyruvate is 0.107 ± 0.029 U mg-1. Data 
represent an average of three replicates; error bars indicate the standard error. 
 

The ability of B21p-KOR to reduce benzyl viologen was dependent on the presence 

of CoA and 2-oxoglutarate. The Km  and Vmax values for 2-oxoglutarate at 35°C and pH 8 

were 29.4 µM and 11.29 µmol min-1 mg-1, respectively. For CoA, the Km and Vmax were 

found to be 17.8 µM and 11.14 µmol min-1 mg-1, respectively. The Km values show an 

extremely high affinity for these two substrates compared to the H. thermophilus TK-6 KOR 

(2-oxoglutarate Km 1.4 mM, and CoA Km 80 µM) (Yamamoto et al., 2003). The Km for 2-

oxoglutarate is the lowest reported for KOR enzymes (Table 3-1).  
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Table 3-1.  Comparison of Km values for 2-oxoglutarate and CoA for KOR enzymes.  
 
Organism 2-oxoglutarate, Km CoA, Km Citation 

Bacillus sp. M3-13 
KOR 

29.4 µM 17.8 µM This work. 

Hydrogenobacter 
thermophilus  TK-6, 
KOR and FOR 

1.4 mM 80 µM (Yamamoto et al., 
2003) 

2.9 mM 26 µM (Yamamoto et al., 
2003) 

Thauera aromatica 110 µM 290 µM (Dörner and Boll, 
2002) 

Azoarcus evansii 1.2 mM 32 µM (Ebenau-Jehle et al., 
2003) 

Sulfolobus tokadaii 720 µM 17 µM (Fukuda et al., 2001) 
Thermococcus 
litoralis 

250 µM 40 µM (Mai and Adams, 
1996) 

 

3.3.6 Effects of pH and Temperature on BaM3-KOR Activity 

The effect of temperature was evaluated using the benzyl viologen reduction assay 

where the temperature was varied between 25 °C and 55 °C. The highest specific activity 

was found at 35 °C, 10.8 µmol mg-1, while B21p-KOR had approximately 100-fold less 

activity at 55 °C (Figure 3-12A). The lower relative activity at higher temperatures 

demonstrates that the enzyme selection strategy was successful in identifying a mesophilic 

KOR enzyme.  

The effect of pH was also evaluated using the benzyl viologen reduction assay. The 

pH was evaluated within a range of 6 to 9. Optimal pH was determined to be 8-8.5, which 

had very similar specific activities, 10.8 U mg-1 and 10.6 U mg-1, respectively (Figure 3-

12B). This pH optimum is similar to  the H. thermophilus TK-6 KOR (Yamamoto et al., 

2003). B21p-KOR has a fairly narrow pH range, between 7-8.5, with little to no activity 

being detected at pH 6 or pH 9 (Figure 3-12B). 
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Figure 3-12. Effect of temperature (A) and pH (B) on recombinant B21p-KOR activity. 
Oxidoreductase activity was evaluated by the reduction of benzyl viologen at 600 nm. Data 
represent an average of three replicates; error bars indicate the standard error. 
  

3.3.7 Evaluation of Carboxylation Activity  

Many OFOR enzymes are hypothesized to possess carboxylation activity for the 

synthesis of their respective 2-oxoacids, though few have been characterized (Yamamoto et 

al., 2010). For KOR, this carboxylation activity would lead to the production of 2-
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oxoglutarate. This reaction is key for the function of the rTCA cycle (Fuchs, 2011). 

Carboxylation activity was evaluated for B21p-KOR by measuring the oxidation of benzyl 

viologen. An evaluation of the rate of oxidation between reactions containing the B21p-KOR 

enzyme and negative control reactions containing no enzyme revealed that B21p-KOR was 

not capable of oxidizing benzyl viologen sufficiently under the reaction conditions. The 

oxidation of the negative control exceeded that of the reactions containing B21p-KOR.  

There are a number of potential reasons for these results. Due to the high affinity of 

B21p-KOR for 2-oxoglutarate, in the reaction as 2-oxoglutarate is produced it may be rapidly 

converted back into succinyl CoA. This would further reduce benzyl viologen, leading to a 

perceived decrease in benzyl viologen oxidation. Additionally, the high amount of dithionite 

required for this reaction may also be inhibitory of B21p-KOR carboxylation activity. 

Further evaluation with more sensitive assay methods is required for more effective 

characterization of carboxylation activity.  

 

3.4 Conclusion 

KOR enzymes play a vital role in metabolism as participants in the rTCA cycle, and 

as a source of reduced ferredoxin for energetically challenging reactions (Dörner and Boll, 

2002; Ebenau-Jehle et al., 2003; Yamamoto et al., 2010). While the OFOR enzyme family 

has been discussed in the literature for many years, only a few KOR enzymes have been 

characterized, with the vast majority of these enzymes coming from extremophilic sources 

(Dörner and Boll, 2002; Ebenau-Jehle et al., 2003; Mai and Adams, 1996; Tersteegen et al., 

1997; Yamamoto et al., 2003). As interest increases in metabolic engineering of alternative 
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carbon fixation pathways in photosynthetic and other organisms, the characterization of 

enzymes capable of performing these reactions grows (Bar-Even et al., 2010).  

In this work, a thermophilic KOR amino acid sequence from H. thermophilus TK-6 

was used to perform a BLAST-p search to identify a mesophilic KOR enzyme. The KOR 

from Bacillus sp. M3-13 was identified, cloned, and recombinantly expressed in E. coli. The 

structure of the enzyme was evaluated using molecular modeling and molecular dynamic 

simulations. The binding pocket was identified and analysis suggests that both difference in 

residue composition and dynamics likely account for the substrate preferences for the BaM3-

KOR. BaM3-KOR showed the greatest activity at pH 8 and 35 °C. This enzyme had a very 

high affinity for its substrates, particularly 2-oxoglutarate, which has the lowest Km reported 

to date. The mesophilic activity observed for BaM3-KOR suggests that it could be a good 

candidate for metabolic engineering in plants and bacteria. Further characterization and 

mutational studies of the KOR to enhance carboxylation function, would enable to BaM3-

KOR to be utilized in synthetic CO2 fixation cycles in plants (Bar-Even et al., 2010). 

Additionally, the ability of KOR enzymes, like BaM3-KOR, to provide reduced ferredoxin is 

useful in the metabolic engineering of bacteria for bioremediation of aromatic compounds 

(Carmona et al., 2009). 
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Abstract 

Expression of the crTCA cycle in plants requires the addition of a biotin protein 

ligase for efficient biotinylation of the 2-oxoglutarate carboxylase and a ferredoxin to act as 

the electron donor for the 2-oxoglutarate:ferredoxin oxidoreductase. In order to ensure that 

phenotypes ascribed to the function of the crTCA cycle are not due to the expression of these 

accessory proteins, transgenic lines expressing Escherichia coli biotin protein ligase (birA), 

Hydrogenobacter thermophilus TK-6 ferredoxin (fdx), or both genes were created. These 

transgenic lines were evaluated for changes in morphology, biotinylation, and resistance to 

methyl viologen-induced oxidative stress. While no differences in growth and morphology 

were noted, preliminary data suggest potential differences in biotinylation for plants 

expressing birA and in oxidative stress under certain conditions for plants expressing fdx.  
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4.1 Introduction 

Plant biomass and productivity are limited by the amount of carbon the plant is 

capable of incorporating through the Calvin Benson-Bassham cycle (Bar-Even et al., 2010; 

Long et al., 2015). To augment carbon fixation in the chloroplast, it has been suggested that 

alternative carbon fixation cycles could be employed (Bar-Even et al., 2010). A promising 

cycle for this application is the condensed, reverse tricarboxylic acid (crTCA) cycle. This 

cycle is a shortened version of the reverse TCA cycle and consists of 4-5 enzymatic steps. 

The cycle begins with succinate, which is converted to succinyl-CoA by succinyl-CoA 

synthetase. The succinyl-CoA is then converted to 2-oxoglutarate with the fixation of CO2 

and the oxidation of a ferredoxin by the enzyme 2-oxoglutarate:ferredoxin oxidoreductase 

(KOR). The 2-oxoglutarate is then carboxylated by either 2-oxoglutarate carboxylase or 

isocitrate dehydrogenase to form oxalosuccinate or isocitrate, respectively. The isocitrate is 

then cleaved by isocitrate lyase into succinate to continue the cycle and glyoxylate, which 

exits the cycle. The crTCA cycle was demonstrated in vitro, and the individual enzymes have 

been functionally expressed in plants.  

To ensure efficient function of the crTCA cycle in plants, additional genes are 

required for two of the steps. Specifically, a 4Fe-4S ferredoxin from Hydrogenobacter 

thermophilus TK-6 and a biotin protein ligase (BirA) from Escherichia coli ( Ikeda et al. 

2005, Barker and Campbell 1981). The H. thermophilus TK-6 ferredoxin (HyTh-FDX) is 

important as the selected KOR is also from H. thermophilus TK-6 and has been shown to 

have some specificity for its endogenous ferredoxin (Yoon et al., 1996). The BirA is used to 

enhance biotinylation of the 2-oxoglutarate carboxylase, which is a necessary post-

translational modification required for enzyme activity.  While the introduction of these 
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additional genes was not intended to directly affect plant phenotypes in the absence of the 

crTCA cycle, both could influence the function of important plant metabolic pathways. 

Ferredoxins are key iron sulfur (Fe-S) proteins responsible for electron transfer 

reactions. Depending on their structure and Fe-S cluster, ferredoxins have different redox 

potentials (Meyer, 2008). The redox potential of a ferredoxin influences which proteins and 

reactions it can participate in due to its ability to donate or accept electrons. Bacterial-type 

ferredoxins contain one or two 4Fe-4S clusters. These ferredoxins have particularly low 

redox potentials between -150 and -700 mV (Meyer, 2008). This low potential allows them 

to play critical roles in anaerobic metabolism and reducing reactions of the electron transport 

chain. The ferredoxin from H. thermophilus  TK-6 contains a single 4Fe-4S cluster and has 

the lowest reduction potential of any reported single cluster ferredoxin at -485 mV (Ikeda et 

al., 2005; Li and Elliott, 2016). This ferredoxin is the endogenous ferredoxin which 

participates in electron transfer with H. thermophilus  TK-6 KOR (Yoon et al., 1996).  

Plant-type ferredoxins have a 2Fe-2S cluster with a redox potential between -350 and 

-450 mV (Hanke et al., 2004). These ferredoxins can be subdivided into root and shoot-type 

ferredoxins, which participate in different reactions depending on their location. While these 

proteins may be expressed in different tissues, the ferredoxins are all expressed in plastids 

(Hanke et al., 2004). The most well characterized role for ferredoxin is in the leaf 

chloroplast. Here ferredoxins accept electrons from photosystem I (PSI) and transfer them to 

ferredoxin:NADP+ reductase (FNR), which produces NADPH for the Calvin Benson-

Bassham cycle (Hanke and Mulo, 2013; Hase et al., 2006). While this activity is essential to 

plant survival, ferredoxin also engages in electron transfer with enzymes involved in lipid 
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metabolism, reactive oxygen species (ROS) detoxification, and nitrogen and sulfur 

metabolism, among others (Hase et al., 2006; Zurbriggen et al., 2008).  

Ferredoxin plays a role in a number of vital metabolic reactions; however, under 

stress conditions ferredoxin is down regulated (Tognetti et al., 2006). The decrease in the 

amount of ferredoxin present in the chloroplast to accept electrons from PSI, allows PSI to 

instead transfer those electrons to oxygen and create ROS (Allen, 1995; Apel and Hirt, 

2004). Previous work has attempted to alleviate this problem through the expression of a 

cyanobacterial flavodoxin (Blanco et al., 2011; Giró et al., 2011; Tognetti et al., 2007, 2006). 

This strategy created plants with broad stress tolerance and a reduction in ROS build up 

under stressed conditions (Tognetti et al., 2006). Another attempted strategy was to express a 

cyanobacterial 2Fe-2S ferredoxin in the chloroplast (Ceccoli et al., 2011). However, this 

strategy failed to elicit stress tolerance from the plants, potentially due to the ability of the 

plant to regulate the cyanobacterial ferredoxin (Ceccoli et al., 2011). While the expression of 

the cyanobacterial ferredoxin was not successful, it is possible that the expression of a 

ferredoxin that is unregulated by the plant, such as a bacterial-type ferredoxin, would 

increase stress tolerance. Expression of the HyTh-FDX in the plant chloroplast could 

increase plant stress tolerance, particularly tolerance of oxidative stress.  

Enzymatic biotinylation is a vital post-translational modification, primarily for 

carboxylase enzymes. In E.coli, BirA only biotinylates the enzyme acetyl-CoA carboxylase 

(ACCase), more specifically the biotin carboxyl carrier protein (BCCP) subunit of the 

ACCase (Barker and Campbell, 1981; Chapman-Smith and Cronan, 1999).  BirA biotinylates 

BCCP by covalently attaching a biotin moiety to a specific lysine residue with an amide bond 

(Chapman-Smith and Cronan, 1999). This biotin binds bicarbonate, which is then transferred 
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onto an acetyl-CoA, allowing the ACCase to produce malonyl-CoA, which is an essential 

building block for fatty acids (Polakis et al., 1974).  

In Arabidopsis thaliana, the protein responsible for biotinylation is holocarboxylase 

synthetase (HCS). While there are two HCS proteins described in the literature, HCS1 and 

HCS2, it has been shown that HCS1 is responsible for biotinylation in Arabidopsis thaliana 

(Puyaubert et al., 2008). Unlike E. coli, plants have several biotinylated carboxylase enzymes 

including heteromeric ACCase in plastids, monomeric ACCase in the cytosol, 

methylcrotonyl-CoA carboxylase (MCCase) in mitochondria, and geranoyl-CoA carboxylase 

in plastids (Puyaubert et al., 2008). In addition to organellar specificity, the expression of 

these carboxylase enzymes is also tissue and developmentally specific (Puyaubert et al., 

2008). In Arabidopsis there are two BCCP proteins, BCCP1 and BCCP2, with BCCP1 being 

widely expressed in most plant tissues, whereas BCCP2 is primarily expressed in developing 

seed (Thelen et al., 2001). Both BCCP proteins fulfill a role as the biotin-containing subunit 

of the heteromeric ACCase in plastids. Recombinant expression of Arabidopsis BCCP1 and 

BCCP2 in E. coli demonstrated that the endogenous E. coli BirA is also capable of 

biotinylating these proteins (Thelen et al., 2001). It is hypothesized that transgenic plants 

expressing E. coli BirA in the chloroplast could have increased biotinylation of BCCP.  

As mentioned, the expression of HyTh-FDX and BirA could lead to changes in plant 

phenotype. It is important to evaluate the effect these genes have when expressed alone or in 

combination in plants to achieve a better understanding of the phenotypes displayed by 

crTCA expressing plants. Arabidopsis thaliana was used as the model plant to evaluate the 

effect of expression of BirA, HyTh-FDX, and BirA/HyTh-FDX. Transgenic Arabidopsis 

lines were generated and evaluated for differences in growth. Additionally, the plants were 



 153 

evaluated for specific phenotypes hypothesized for each gene. For BirA, biotinylation 

patterns were evaluated, and for ferredoxin, response to oxidative stress was studied.  

 

4.2 Materials and Methods 

4.2.1 Plant Growth Conditions and Measurement 

Arabidopsis thaliana (Columbia ecotype) plants were grown in Pro-Mix PGX soil 

and received Miracle-GRO nutrient once a week. The plants were grown with a 12 h 

photoperiod at 23 °C and approximately 80  µmol m-2 s-1 of PAR light as measured by the 

MultispeQ Beta and PhotosynQ  (Kuhlgert et al., 2016). Rosette leaf area from 5 week old 

plants was measured using Image J with the measure rosette area tool 

(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Measure_Rosette_Area_Tool).  

 

4.2.2 Gene Synthesis and Cloning 

The E. coli birA and H. thermophilus TK-6 fdx genes were synthesized by GenScript 

(Piscataway, NJ) with codon optimization for Arabidopsis thaliana. In addition to the coding 

sequence, each gene was synthesized with a promoter, a chloroplast targeting sequence, 

terminator, and restriction digestion sites for cloning. The synthesized birA gene was fused to 

the constitutive EntCUP4 promoter (Malik et al., 2002),  an OCS terminator (De Greve et al., 

1982), and the restriction digestion sites for EcoRI and KpnI were encoded on the ends. The 

synthesized HyTh-fdx gene was fused to the constitutive Actin2 promoter (An and Meagher, 

2010), a NOS terminator (Bevan et al., 1983), and the restriction digestions sites for BamHI 

and HindIII were included. Both genes were also fused to the RuBisCO small subunit (rbcs) 

transit peptide sequence for targeting of the proteins to the chloroplast (Lee et al., 2008) and 
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contained a Kozak consensus sequence. The synthesized genes were ligated into separate 

pUC57 vectors by GenScript.  

Synthesized genes were utilized to create three different constructs containing either 

the birA gene (pCAMBIA2300-BAR:birA), the fdx gene (pCAMBIA2300-BAR:HyTh-fdx), 

or both genes (pCAMBIA2300-BAR:birA:HyTh-fdx). The vector constructs can be seen in 

Figure 4-1. These constructs were generated using the pCAMBIA2300-BAR plasmid as a 

backbone allowing for selection with the herbicide BASTA (Dalal et al., 2015). The 

synthesized genes in pUC57 were digested with restriction enzymes (New England Biolabs, 

Ipswich, MA, USA) corresponding to the synthesized restriction sites (EcoRI and KpnI for 

birA and BamHI and HindIII for fdx), and gel extracted using the QIAquick Gel Extraction 

Kit (Qiagen, Frederick, MD, USA). T4 DNA ligase (New England Biolabs) was used for 

ligation reactions between digested vector and insert. The ligation reactions were used to 

transform E. coli XL-1 Blue (Novagen; EMD Biosciences, San Diego, CA, USA) and plated 

on media containing kanamycin for selection. The dual gene construct was created by 

sequentially cloning first the birA gene and then the HyTh-fdx gene into pCAMBIA-BAR. 

Constructs were confirmed using DNA sequencing (Eurofins MWG Operon, Huntsville, AL, 

USA).  
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Figure 4-1. Plasmid map of pCAMBIA-BAR constructs. All constructs were cloned using 
the pCAMBIA2300-BAR binary vector, which contained a kanamycin selectable marker 

(Kan) for bacterial selection as well as the Basta selectable marker (BAR) under the control 
of the CaMV 35s promoter for selection in plants. A.) The pCAMBIA2300-

BAR:birA:HyTh-fdx vector contains both the birA and HyTh-fdx genes. The birA gene is 
under the control of the Entcup4 constitutive promoter and uses the OCS terminator. The 

HyTh-fdx gene is under the control of the Actin2 (Act2) promoter and uses the NOS 
terminator. Both genes are fused to the RuBisCO small subunit transit peptide for chloroplast 

expression and have Kozak consensus sequences (not pictured). B.) pCAMBIA2300-
BAR:HyTh-fdx contains the HyTh-fdx gene for individual expression. All additional 

elements for expression are as described for pCAMBIA2300-BAR:birA:HyTh-fdx. C.) 
pCAMBIA2300-BAR:birA contains the birA gene for individual expression. All additional 

elements for expression are as described for pCAMBIA2300-BAR:birA:HyTh-fdx. 
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4.2.3 Arabidopsis thaliana Transformation and Selection 

The sequence verified constructs and an empty vector control were transformed into 

Agrobacterium tumefaciens GV3101 using the freeze-thaw method (Chen et al., 1994). 

Transformed Agrobacterium was used to transform Arabidopsis thaliana (ecotype Columbia) 

by floral dip (Clough and Bent, 1998). Briefly, a culture of A. tumefaciens GV3101 was 

grown to an optical density of 1 in YEP, and then pelleted by centrifugation. The pellet was 

resuspended in 5% sucrose, with 0.01% Silwet L-77 (Phytotechnology Laboratories, Lenexa, 

KS, USA). Arabidopsis thaliana flowers from approximately 6-week old plants were dipped 

in the A. tumefaciens solution for approximately 1 min. Plants were then laid horizontally and 

covered in plastic in the dark overnight. Plants were returned to the growth chamber and 

continued to grow until seed was set.  

Seed harvested from the transformed plants was plated on 1X Murashige and Skoog 

basal salts media (MP Biomedicals, Solon, OH, USA ) containing 1% sucrose, 0.8% plant 

cell culture tested agar (Sigma Aldrich, St. Louis, MO, USA), and 15 µg ml-1 DL-

Phosphinothricin (BASTA) (Phytotechnology Laboratories) for selection. To obtain 

homozygous Arabidopsis transgenic lines, successive generations of plants were grown and 

segregation ratios were calculated. Homozygous parental plants at the T2 generation were 

considered to be those that produced 100% BASTA resistant seed.  

 

4.2.4 PCR Analysis of Transgenic Plants 

To isolate crude genomic DNA, Arabidopsis leaf tissue was excised and ground in 

buffer composed of 200 mM Tris-HCl (pH 8), 400 mM LiCl, 25 mM EDTA, and 1% SDS. 

Samples were then subjected to centrifugation at 14,000 rpm, and the resultant supernatant 
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was mixed 1:1 with isopropanol. This mixture was subjected to centrifugation again at 

14,000 rpm. The supernatant was removed and the pellet containing the DNA was allowed to 

air dry before being resuspended in molecular biology grade water.  

DNA samples were used as the template for PCR using Qiagen TopTaq Master Mix 

to confirm transgene insertion. The primers used for each gene are as follows: birA (Entcup4 

F:5’-CAGCCTCTCATCATCCTCAC-3’; birA R:5’-ATTCAGCGATACACGCATCTC-3’); 

fdx (Actin2 F:5’-GGATTTGTAGTGTCGTACGTTG-3’; fdx R:5’-GGAAGGACACTCATC- 

AGTAAC-3’). Insertion for the empty vector control was confirmed using primers for the 

35S promoter (5’-CTATCCTTCGCAAGACCTTC-3’) and bar gene (5’-

GAAGTCCAGCTGCCAGAAAC-3’). PCR reactions were run on a Bio-Rad C1000 Touch 

Thermalcycler. The following PCR conditions were used: 95 °C, 3 min; 2. 95 °C, 30 sec; 3. 

55 °C, 1 min; 4. 72 °C, 1 min; 5. Repeat steps 2-4 30x; and 6. 72 °C, 10 min. Following 

PCR, all samples were separated on 1% agarose gels and visualized with ethidium bromide 

staining on a BioRad GelDoc.  

 

4.2.5 Reverse Transcription PCR Analysis 

Harvested tissue was ground in liquid nitrogen to a fine powder. Aliquots of 100 mg 

were made for RNA isolation. RNA was isolated using the Qiagen RNeasy Plant Mini Kit. 

Isolated RNA was treated to remove contaminating DNA using the TURBO DNA-free Kit 

(Thermo Fisher Scientific). RNA was quantified using a Nanodrop (Thermo Fisher 

Scientific), and the concentration was normalized so that the same amount of starting 

material was added to each cDNA synthesis reaction. cDNA synthesis was conducted using 

the Qiagen Omniscript RT kit with Random Primers (Invitrogen; Thermo Fisher Scientific) 
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and RNase Inhibitor (Thermo Fisher Scientific). The reaction was incubated at 37 °C for 1 h 

followed by 2 min at 93 °C in a Bio-Rad C1000 Touch Thermal Cycler.  

The synthesized cDNA was used as the template for PCR using Qiagen TopTaq 

Master Mix. The gene specific primers used for each gene are as follows: birA F (5’-

CTTGGAATGTCTAGGGCTGC-3’); birA R (5’-ATTCAGCGATACACGCATCTC-3’); fdx 

F (5’-TGGCTCTTAGGACGATGGTC-3’); and fdx R (5’-GGAAGGACACTCATCAG- 

TAAC-3’). Actin 2 was used as a positive control with the following primers; act2 F (5’- 

GCAAGTCATCACGATTGGTGC-3’) and act2 R (5’-GCAACGACCTTAATCTTCAT- 

GCTG-3’). PCR was conducted in a Bio-Rad C1000 Touch Thermalcycler with the 

following cycles: 1. 95 °C, 3 min; 2. 95 °C, 30 sec; 3. 50 °C, 1 min; 4. 72 °C, 1 min; 5. 

Repeat steps 2-4 30x; and 6. 72 °C, 10 min. After PCR all samples were evaluated on 1% 

agarose gel electrophoresis. 

 

4.2.6 Western Blot Analysis 

Plant tissue was ground in liquid nitrogen to a fine powder and 200 mg aliquots were 

made. The 200 mg of tissue was resuspended in buffer containing 50 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 2.5 mM DTT, and 1:100 Protease 

Inhibitor Cocktail (Sigma Aldrich).  As the proteins were targeted to the chloroplast, the 

increased Triton X-100 was necessary for chloroplast lysis. The tissue and buffer were 

vortexed vigorously, and subjected to centrifugation at 14,000 rpm to remove debris. 

Centrifugation was repeated until all debris was removed. The protein concentration of the 

lysate was determined using the Bradford Assay reagent (Bio-Rad) and a BSA standard 

curve. 
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The lysate was mixed with 4X Laemmli buffer (with 2-mercaptoethanol) 3:1. 

Samples containing equal amounts of total protein were separated on 4-15% gradient SDS-

PAGE (Bio-Rad, Hercules, CA, USA) and transferred onto 0.2 µm PVDF membrane using 

the Bio-Rad Transblot Turbo Transfer system. Membranes were blocked overnight in TBS-T 

with 2.5% (w/v) nonfat dry milk. For detection of BirA and HyTh-FDX, rabbit polyclonal 

peptide antibodies were prepared by GenScript using protein specific peptide sequences 

(BirA: CQQAGRGRRGRKWFS; HyTh-FDX: NRGDGIAEVVSPGPC) as the antigens. 

After blocking, membranes were washed and incubated in TBS-T with 1% casein and the 

appropriate primary antibody (1:5,000) for at least 1 hour. The secondary antibody was a 

goat anti-rabbit antibody conjugated with horseradish peroxidase (Thermo Fisher Scientific, 

Waltham, MA, USA) diluted at 1:20,000 in TBS-T with 2.5% nonfat dry milk. The blot was 

visualized by chemiluminescence using the Bio-Rad Clarity Western ECL Substrate and 

exposure to X-ray film.  

 

4.2.7 Streptavidin-HRP Western Blot  

Arabidopsis lysates were prepared and separated by SDS-PAGE as described above.  

Proteins were then transferred to 0.2 PVDF membrane using the Bio-Rad Transblot Turbo 

Transfer system. Membranes were blocked overnight in TBS-T with 5% (w/v) nonfat dry 

milk. After blocking, membranes were washed and incubated for 1 hour in HRP conjugated 

streptavidin (Thermo Fisher Scientific) at a dilution of 1:20,000 in TBS-T with 2.5% (w/v) 

nonfat dry milk. The blot was washed in TBS-T prior to visualization by chemiluminescence 

as described previously.  
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4.2.8 Methyl Viologen Plate Assay 

Seeds were surface sterilized by treatment with 70% EtOH for 30 s, followed by a 12 

min incubation in 40% (v/v) commercial bleach with periodic agitation, and washed with 

sterile deionized water seven times. Sterilized seeds were kept for 48 h at 4 °C to stratify. 

Seeds were plated aseptically on 1X Murashige and Skoog basal salts media (MP 

Biomedicals) with 1% sucrose and 0.8% plant cell culture tested agar (Sigma). Media were 

made to contain 0, 0.25, 0.5, or 1 µM methyl viologen. Sterile transgenic seeds were plated 

individually onto the different media, and incubated horizontally on a light shelf at 

approximately 23 °C. For the first experiment, the plants were exposed to continuous light at 

45 µmol m-2 s-1. For the second experiment, the plants were exposed to 80 µmol m-2 s-1 light 

with a 12 hour photoperiod. Surviving seedlings were classified as green seedlings, and were 

counted on days 4, 7, and  11 post plating. 

 

4.3 Results  

4.3.1 Generation of Transgenic Arabidopsis thaliana 

Arabidopsis thaliana plants were transformed by Agrobacterium tumefaciens 

mediated floral dip. Plants were transformed with each construct pCAMBIA2300-BAR:birA 

(birA), pCAMBIA2300-BAR:HyTh-fdx (HyTh-fdx), and pCAMBIA2300-BAR:birA:HyTh-

fdx (birA/HyTh-fdx) and with pCAMBIA2300-BAR alone (EV) to be used as a control. The 

plants were selected on MS media containing the herbicide Basta. Three independent 

homozygous transgenic lines were maintained for each construct with one EV line. 

Integration of the DNA was confirmed first by genotyping using forward primers specific for 

the promoter and reverse primers internal to the gene, either birA, HyTh-fdx, or bar (for EV).  
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The presence of the transcript was confirmed using RT-PCR. These reactions used 

primers internal to either birA or HyTh-fdx, and the EV was used as a negative control. The 

Actin2 gene was used as a positive control as well as a loading control. The expression level 

of the transcript is similar for the independent lines. An agarose gel image can be seen in 

Figure 4-2, depicting the RT-PCR results.    

 

 

 

Figure 4-2. RT-PCR of independent HyTh-fdx, birA, and birA/HyTh-fdx  transgenic lines.  
RNA was isolated from 2 week old seedlings and DNase treated prior to cDNA synthesis. 
After cDNA synthesis, PCR was conducted using gene specific internal primers. EV was 
used as a negative control for gene specific reactions. Actin2 was used as a positive control as 
well as a loading control. Images are of 5 µL of each reaction run on a 1% agarose gel and 
stained with ethidium bromide. A.) RT-PCR reactions for HyTh-fdx and birA/HyTh-fdx, the 
transcript was detected in all lines at similar levels. B.) RT-PCR reactions for birA and 
birA/HyTh-fdx; the transcripts were detected in all lines at similar levels.  
 

Confirmation of protein expression was sought next through the use of Western blots. 

As these proteins should have been localized to the chloroplast, an increased amount of 

Triton X-100 was used to aid in chloroplast lysis and membrane solubilization. Lysates 

prepared with the additional Triton X-100 had a bright green color, whereas lysates without 
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SDS-PAGE and transferred to PVDF membranes for western blotting. The primary 
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antibodies for the western blots were designed to be specific for a particular peptide epitope 

of either BirA or HyTh-FDX. Prior to their use on plant lysates, the ability of these 

antibodies to bind to their antigens was confirmed using purified polyhistidine tagged HyTh-

FDX and E. coli lysates for BirA. BirA was readily detected by western blot in all birA and 

birA/HyTh-fdx plants, while no band was seen in EV plants (Figure 4-3). However, despite 

numerous attempts, the HyTh-FDX could not be identified in either the HyTh-fdx plants or 

the birA/HyTh-fdx plants.   

 

Figure 4-3. BirA Western blot. Western blot analysis confirms that BirA is expressed in 
transgenic Arabidopsis and is not present in EV. BirA was detected with a primary antibody 
raised against a BirA peptide epitope. Equal amounts of total soluble protein were added per 
lane (50 µg). The molecular weight for BirA is approximately 33 kDa. Additional bands are 
non-specific interactions with plant lysate proteins. 
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4.3.2 Growth Characteristics 

All lines were grown to evaluate any morphological differences. Seeds were started 

on MS plates and transplanted into soil after 1 week. At 5 weeks, the plants were evaluated 

for differences in rosette area. The rosette area was measured using the measure rosette area 

tool in Image J. It was found that there were no statistically significant differences between 

EV and transgenic lines. Figure 4-4 summarizes these data. Additionally, throughout the 

growth cycle the plants were observed for any differences in morphology. No obvious 

morphological differences were observed. Figure 4-5 is an image of the plants at 5 weeks.  

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Rosette area of transgenic lines compared to EV. 5 week old plants were 
photographed individually, and the images were analyzed using the measure rosette tool in 
Image J. The area is measured in pixels and thus is unitless. Each bar represents the average 
area for 4 plants (5 plants for EV). No statistically significant differences were found as 
analyzed by t-test. Error bars represent one standard deviation. 
 
 
 
 

EV

birA
/H

yT
h-fd

x 1
-1

birA
/H

yT
h-fd

x 4
-1

birA
/H

yT
h-fd

x 7
-4

HyT
h-fd

x 1
-1

HyT
h-fd

x D
-1

HyT
h-fd

x 3
-4

birA
 2-

4

birA
 7-

3

birA
 8-

6
0

500000

1000000

1500000

2000000

Rosette Area



 165 

 
Figure 4-5. Morphology of 5-week old transgenic Arabidopsis thaliana lines. Plants were 

grown on a light shelf at 23°C with 80 µmol m-2 s-1 light and a 12 h photoperiod. Plants were 
rotated during growth to minimize positional effects. Plants display normal growth and 

phenotype comparable to the EV transformed plants. A.) birA/HyTh-fdx and  EV Arabidopsis 
lines; B.) birA and  EV Arabidopsis lines; C.) HyTh-fdx and  EV Arabidopsis lines.
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4.3.3 Biontinylation Comparison 

Evaluation of the biotinylation profile of birA expressing plants was conducted using 

HRP-conjugated streptavidin. The EV plants were used as a negative control. As described in 

the introduction, Arabidopsis has a number of biotinylated carboxylases which could be 

detected by a streptavidin blot. As expected due to abundance and tissue specificity, the 

proteins detected in the Western blot are MCCase and BCCP1 of the heteromeric ACCase 

(Figure 4-6). BirA was targeted to chloroplasts, making the BCCP1 of particular interest as it 

is localized to the chloroplast as well. Arabidopsis BCCP1 has also been shown previously to 

be biotinylated by E. coli BirA when expressed recombinantly (Thelen et al., 2001). From the 

Western blot image in Figure 4-6, BCCP1 appears to have increased biotinylation in some 

lines compared to the EV control.  
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Figure 4-6. Biotinylation of birA/HyTh-fdx and birA. Lysate samples prepared from 2-week 
old seedlings were separated by 4-15% gradient SDS-PAGE. The blot was probed with HRP-
conjugated streptavidin to detect biotinylated proteins. An equivalent amount of total soluble 
protein (75 µg) was added per lane. The blot detected the presence of MCCase at 
approximately 80 kDa and BCCP1 at approximately 35 kDa. Some samples appear to have 
increased biotinylation of BCCP1 relative to the EV control. 
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of HyTh-FDX could limit this activity and reduce damage to plant macromolecules from 

ROS. 

Seeds from HyTh-fdx and birA/HyTh-fdx Arabidopsis plants were plated on MS 

media containing 0, 0.25, 0.5, or 1 µM MV. The plates were maintained under continuous 

light and the number of surviving seedlings was counted at days 4 and 7. While plant growth 

was inhibited with increasing amounts of MV in all lines, as seen in Figure 4-7, seedling 

survival and germination were not significantly inhibited until 1 µM MV. The survival data 

for 1 µM MV can be seen in Figure 4-8; no significant differences were found with the other 

concentrations of MV. At the day 4 time point, HyTh-fdx lines 1-1 and 3-4 show a 

statistically significant increase in percent survival compared to EV (Figure 4-8C). However, 

line D-1 has a significant decrease in survival compared to EV and the other two HyTh-fdx 

lines. It is hypothesized that this difference is likely due to a positional effect of gene 

insertion in the genome. The early difference seen for the HyTh-fdx plants is no longer 

observed by day 7 (Figure 4-8D). The birA/HyTh-fdx lines displayed a different pattern 

where at day 4 there was no significant difference between EV and birA/HyTh-fdx lines 

(Figure 4-8A). However, by day 7 all birA/HyTh-fdx lines showed a statistically significant 

decrease in percent survival compared to EV as determined using a one-way ANOVA 

(Figure 4-8B). This difference was not anticipated and could signify a decrease in oxidative 

stress tolerance as a result of the birA.  It is important to note that the HyTh-FDX protein was 

not detected by Western blot for any of the transgenic lines.  
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Figure 4-7. Methyl viologen plate assay images. Sterilized seeds were sown on MS media 
plates containing 0, 0.25, 0.5, and 1 µM MV. While growth was inhibited with increasing 
MV, germination was not inhibited until 1 µM MV. 20 seeds were plated of each line per 

plate. Three replicates were conducted for each condition. Images were taken on day 7. A.) 
Images are of representative plates containing EV, and the three independent lines of 

bira/HyTh-fdx Arabidopsis seedlings. B.) Images are of representative plates containing EV, 
and the three independent lines of HyTh-fdx Arabidopsis seedlings. 
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Figure 4-8. Percent survival of transgenic lines on 1 µM MV plates. Seeds of transgenic 
birA/HyTh-fdx and HyTh-fdx Arabidopsis were plated on MS media containing 1 µM MV. 
The number of seedlings surviving, those that were green, were counted at day 4 and day 7. 
The percent survival was calculated by dividing the number of surviving seedlings by the 
total number of seeds plated (20). Three biological replicates were conducted. Differences of 
statistical significance (p<0.05) are indicated with an asterisk as calculated using a one-way 
ANOVA. Error bars represent one standard deviation. A.) Day 4 counts for EV and 
birA/HyTh-fdx (1-1, 4-1, and 7-4). B.) Day 7 counts for EV and birA/HyTh-fdx (1-1, 4-1, and 
7-4). C.) Day 4 counts for EV and HyTh-fdx (1-1, D-1, and 3-4). D.) Day 7 counts for EV 
and HyTh-fdx (1-1, D-1, and 3-4). 
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To further evaluate this phenotype, this experiment was conducted a second time to 

include all of the transgenic lines, birA, HyTh-fdx, and birA/HyTh-fdx. In this second 

experiment, all of the previous conditions were the same, except that the light intensity was 

increased from 45 µmol m-2 s-1 to 80 µmol m-2 s-1, and the duration of light was changed from 

continuous to a 12 h photoperiod. Unlike the previous experiment, in this experiment no clear 

trends were seen. The only significant differences were for birA lines 2-4 and 8-6 at 1 µM on 

day 4, and HyTh-fdx 1-1 at 0.5 µM on day 7. The data are shown in Figure 4-9.  
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Figure 4-9. Percent survival of transgenic lines on various concentrations of MV with a 12 
hour photoperiod. Seeds of transgenic birA/HyTh-fdx, HyTh-fdx, and birA Arabidopsis were 
plated on MS media containing 0, 0.25, 0.5, and 1 µM MV. The plants were grown with 80 

µmol m-2 s-1 light with a 12 h photoperiod. The number of seedlings surviving, those that 
were green, were counted at days 4 and 7. The percent survival was calculated by dividing 

the number of surviving seedlings by the total number of seeds plated (20). Three biological 
replicates were conducted. Differences of statistical significance (p<0.05) are indicated with 

an asterisk as calculated using a one-way ANOVA. Error bars represent one standard 
deviation. A.) Day 4 and 7 counts for EV and birA/HyTh-fdx (1-1, 4-1, and 7-4). B.) Day 4 
and 7 counts for EV and HyTh-fdx (1-1, D-1, and 3-4). C.) Day 4 and 7 counts for EV and 

birA (2-4, 7-3, and 8-6).



 176 

 

 

 

 

 

 

 

 

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150
Pe

rc
en

t S
ur

vi
va

l
birA/HyTh-fdx D4

EV
birA/HyTh-fdx 1-1
birA/HyTh-fdx 4-1
birA/HyTh-fdx 7-4

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

birA/HyTh-fdx D7

EV
birA/HyTh-fdx 1-1
birA/HyTh-fdx 4-1
birA/HyTh-fdx 7-4

A.	

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

HyTh-fdx D4

EV
HyTh-fdx 1-1
HyTh-fdx D-1
HyTh-fdx 3-4

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

HyTh-fdx D7

EV
HyTh-fdx 1-1
HyTh-fdx D-1
HyTh-fdx 3-4

*

B.	

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

birA D4

EV
birA 2-4
birA 7-3
birA 8-6

*
*

0 µ
M

0.2
5 µ

M
0.5

 µM
1 µ

M
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

birA D7

EV
birA 2-4
birA 7-3
birA 8-6

*

C.	



 177 

4.4 Discussion 

The transformation of any gene into another organism has the potential to have 

unpredicted effects. For efficient function of the crTCA cycle in plants, additional genes 

were needed. In order to evaluate the effect that expression of H. thermophilus TK-6 

ferredoxin or E. coli biotin protein ligase may have on Arabidopsis thaliana plants, 

transgenic lines expressing each of these genes individually or together were created. After 

transformation, the plants were selected and underwent segregation to obtain three 

independent, homozygous transgenic lines expressing either birA, HyTh-fdx, or birA/HyTh-

fdx. Expression of the transcripts were confirmed by RT-PCR (Figure 4-2). However, only 

the expression of BirA could be confirmed by Western blot.  

Multiple attempts were made to identify the HyTh-fdx protein in the plants. Detection 

of the HyTh-fdx is complicated by the fact that the protein is very small, approximately 8 

kDa, and is very acidic (pI 4). The detection of the protein was attempted using both the 

soluble and insoluble fraction plant tissue extract fractions, and numerous technical 

optimizations were performed, including heat treatment of the lysate (Ikeda et al., 2005), 

membrane fixation with paraformaldehyde (Suzuki et al., 2008), and various optimizations of 

transfer and blotting conditions. However, no expression of the transgenic ferredoxin was 

detected using any of the methods. As transcript was detected by RT-PCR (Figure 4-2), it is 

possible that the HyTh-fdx was subjected to proteolysis after translation. Despite the inability 

to detect the HyTh-fdx protein, the plants were still evaluated for phenotypic differences.  

Plants were grown for 5 weeks and during that time observed for morphological and 

phenotypic differences. All plants appeared to grow normally, with no clear differences 

(Figure 4-5). Additionally, the rosette areas for the plants were measured, and no significant 



 178 

differences were found. These data suggest that the expression of the genes alone or in 

combination does not produce significant changes in plant growth that would interfere with 

observation of phenotypes resulting from in planta function of the crTCA cycle.  

Alterations in biotinylation in birA/HyTh-fdx and birA plants were evaluated using 

western blotting with HRP-conjugated streptavidin. The results suggest that mild increases in 

biotinylation of the Arabidopsis thaliana BCCP1 in 2-week old seedlings (Figure 4-6). The 

data demonstrate that the BirA was successfully transported to the chloroplast and is active in 

vivo. In order to quantify and assess this difference further assays are needed. Increases in 

biotinylation of BCCP1 could lead to changes in fatty acid metabolism in the chloroplast. 

Evaluation of the amount of malonyl-CoA would enable a better understanding of the effect 

birA expression has on Arabidopsis ACCase activity in the chloroplast.   

The different results seen for the two methyl viologen assays raise some questions. 

These data clearly show that the difference in lighting and photoperiod led to different 

phenotypes. As MV stress is less effective in the dark (Scarpeci et al., 2008), it is possible 

that the continuous light experiment provided a more chronic stress condition despite the 

lower light intensity. Under this more chronic, and presumably strenuous stress, phenotypic 

differences were observed. The HyTh-fdx lines 1-1 and 3-4 demonstrated increased survival 

at 1 µM MV in the continuous light experiment at Day 4. This result is particularly 

interesting as no HyTh-fdx protein was detected in these plants. It is possible that despite the 

failure to detect the protein by western blot, a small amount of expression may be occurring 

or the detection is being impeded by the small size and acidic nature of the protein. 

Additionally, the birA/HyTh-fdx plants were more effected by the 1 µM MV at Day 7. This 

could suggest that the expression of BirA may cause sensitivity to oxidative stress. The 
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mechanism for this sensitivity is unclear. Additional experiments need to be conducted 

including the birA plants under continuous light to fully understand the implications of birA 

expression on Arabidopsis thaliana.  

 Collectively these data demonstrate that expression of E. coli birA and H. 

thermophilus  TK-6 fdx individually or together do not greatly effect plant morphology or 

growth. However, the expression of birA may increase biotinylation while expression of 

HyTh-fdx may increase oxidative stress tolerance under certain conditions. Further analysis 

and characterization is needed for evaluation of these phenotypes.  
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This work sought to develop a carbon fixation cycle derived from the microbial 

reverse/reductive TCA (rTCA) cycle to augment carbon fixation in plants. To eliminate some 

of the oxygen sensitive rTCA cycle enzymes, the proposed cycle was shortened to five 

enzymatic steps. The shortened cycle was designated the condensed, reverse TCA (crTCA) 

cycle. Development of the cycle began with the identification of candidate enzymes from 

microbes preferring mesophilic and aerobic conditions, followed by the expression and 

characterization of the enzymes in E. coli. Candidate enzymes with the best activity were 

combined and evaluated for full crTCA cycle function using LC-MS. The in vitro LC-MS 

assays demonstrated the carbon fixation capability of the crTCA cycle. Further investigation 

of the crTCA cycle led to the discovery that the cycle functions primarily with four steps 

instead of five. To demonstrate the feasibility of this approach in plants, the four crTCA 

cycle enzymes were individually expressed transiently in tobacco and shown to be active.  

Chapter 3 describes the characterization of a candidate 2-oxoglutarate:ferredoxin 

oxidoreductase (KOR) from Bacillus sp. M3-13. KOR is one of the carbon fixing enzymes of 

the crTCA cycle. The Bacillus sp. M3-13 KOR (BaM3-KOR) was demonstrated to have 

activity at mesophilic temperature, which is beneficial for activity in plants. However, the 

enzyme was also shown to have high affinity for 2-oxoglutarate and no detectable 

carboxylation activity under the assay conditions used. While the BaM3-KOR was not 

utilized in the final composition of the crTCA cycle, further characterization of this enzyme’s 

structure could allow the enzyme to be engineered to prefer carboxylation and make it an 

ideal candidate for the crTCA cycle.  

Additional proteins, other than those performing the crTCA cycle reactions, were 

required to ensure cycle function in plants. Those proteins included Hydrogenobacter 
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thermophilus TK-6 ferredoxin (FDX), and E. coli biotin protein ligase (BirA). Chapter 4 

sought to evaluate what effect the expression of these proteins would have in Arabidopsis 

thaliana. This work is vital to ensure that any phenotypes seen in plants expressing the 

crTCA cycle are not caused by the expression of these accessory proteins. This research led 

to the creation of homozygous Arabidopsis lines expressing FDX, BirA, FDX/BirA, and an 

empty vector control. The results suggested that the expression of BirA may lead to increased 

biotinylation. The expression of FDX by western blot was not successful, and the phenotypes 

of these plants under stress were conflicting. Further research is required to gain an in depth 

understanding of the phenotypic effect the expression of the proteins may have.  

The research presented in this work establishes the first synthetic carbon fixation 

cycle derived from the rTCA cycle. The crTCA cycle is the shortest carbon fixation cycle 

demonstrated, and the only one to have its enzymes evaluated in planta. Future work should 

seek to further refine the cycle to optimize its activity. This could include attempting to 

increase the carboxylation function of the BaM3-KOR through protein engineering driven by 

structural characterization and analysis. Additionally, the full crTCA cycle is currently being 

expressed in plants. Analysis of the phenotypes of plants expressing the full cycle will 

provide information on the ability of this approach to increase plant biomass.   

 


