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Abstract 

C4 photosynthesis, a carbon concentrating mechanism, evolved as an adaptation to improve 

photosynthetic CO2 assimilation in terrestrial plants under conditions of low CO2, increased 

temperatures and varying rainfall patterns. Understanding the C4 photosynthetic cycle could 

prove invaluable when trying to engineer C3 crop species with better photosynthetic rates or to 

improve the photosynthetic rates of C4 crop species. Phosphoenolpyruvate carboxylase 

(PEPC), the primary carboxylase of the C4 photosynthetic cycle, operates without any 

oxygenase activity, and at catalytic rates 3-8 times that of Rubisco. PEPC is responsible for 

catalysing the irreversible β-carboxylation of PEP by HCO3
- to form oxaloacetate (OAA), 

which is then converted to a either malate or aspartate, depending on the C4 photosynthetic 

subtype to which the plant belongs. Regardless of C4 subtype, these organic acids contribute to 

the cytosolic mesophyll environment, where PEPC is located, and are important in driving the 

carbon flux to the bundle sheath cells (BSC). In this thesis numerous properties of the C4 PEPC 

enzyme have been examined and this research has provided valuable insights into avenues for 

redesigning PEPC for improved catalysis in C4 photosynthesis. 

 

Firstly, a method of PEPC expression and purification using Escherichia coli as an expression 

system was established and optimised. Establishing and optimising this method showed that 

PEPC purified from E. coli purifies as a dimer and raised questions about whether the 

tetrameric form of the PEPC enzyme is more prone to dissociation than often presented in the 

literature. 

 

A C4 subtype-specific sequence that confers differences in PEPC kinetic properties was 

identified. This sequence, although not directly involved in allosteric regulator binding, has 

been shown to affect inhibition of PEPC activity by malate. Purification of C4 PEPCs and 

chimera PEPCs expressed in E. coli, have allowed for a direct comparison between the kinetic 
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properties of different PEPC enzymes and the effect of this C4 subtype-specific sequence. As 

well as insights into the function of this subtype-specific region, this work also has shown that 

the Urochloa panicoides PEPC enzyme has superior catalytic properties, with Vmax and kcat 

values far greater than any of those reported in the literature for PEPC enzymes from C3 or C4 

plants. This thesis has also shown that oxaloacetate might be a more important C4 PEPC 

inhibitor, and aspartate a less important inhibitor, than reported in the literature.  

 

Lastly, an attempt was made to overexpress PEPC in the model plant C4 grass, Setaria viridis 

and to investigate the effects of expressing a malate-insensitive PEPC enzyme in S. viridis. 

Although the PEPC overexpression experiments were ultimately unsuccessful due to range of 

unforeseen factors, including cross reactivity of the AcV5 antibody in the MEO34V S. viridis 

ecotype and the large variability in wild-type PEPC activity, this research has provided 

valuable information on how to redesign this experiment for future PEPC overexpression 

studies. The attempts to investigate the expressing a malate-insensitive PEPC enzyme in 

Setaria viridis were also unsuccessful for the same reasons. Given the recent success of the 

CRISPR/Cas9 technology in many plant species, however, revisiting this experiment using the 

CRISPR/Cas9 technology will allow for a more sophisticated approach.  

 

The overall results of this thesis have shown that there is still more to learn about the regulatory 

properties of the C4 PEPC enzyme. This thesis has also highlighted that there are C4 PEPC 

enzymes with superior catalytic properties available for transformation into plants. Therefore, 

increasing photosynthesis through PEPC modification is a prime opportunity and will allow 

plants to function more efficiently in an increasingly hot, dry climate. 
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Chapter 1: General Introduction 

1.1 The need for increased food production 

With an estimated global population of 9.7 billion in 2050, it is expected that a 70 – 110% 

increase in global food production will be required by 2050 to maintain global food security 

(Long et al., 2006; Tilman et al., 2011; Ray et al., 2013; United Nations, 2019). Current 

projections for key crop yield in the years leading up to 2050, however, fall far short of required 

production (Figure 1.1; Ray et al., 2013). Yield increases in key crop plants are insufficient to 

keep up with our increasing global population and increasing global food demand, especially 

when it is considered that the current gains in yield of the major crop plants has plateaued (Zhu 

et al., 2010; Ziska et al., 2012; Long et al., 2015).  

Figure 1.1. Observed global yields, global yield projections and required global yield for four 

crops.  Observed global yield tons/hectare from 1961 – 2008 are shown as circles for maize 

(black), rice (blue), wheat (pink), and soybean (green). Solid lines show global yield 

projections from 2010 – 2050 and corresponding dashed lines show global yield required to 

achieve a doubling in yield without any additional land being recruited for cultivation (Image 

from Ray et al., 2013). 
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The yield potential of crops can be defined as: 

Yield potential = PAR x α x ε x HI, 

determined by the product of parameters of available photosynthetically active radiation 

available to the crop (PAR), the efficiency of light interception (α), the efficiency of conversion 

of captured light into biomass (ε), and the proportion of total biomass partitioned into grain 

(HI) (Long et al., 2006; Long, 2014). The Green Revolution focussed on measures to improve 

harvest index (HI), and through selective breeding successfully brought HI close to its 

theoretical biological limits with little possibility for further increases (Zhu et al., 2010; Long, 

2014). The huge success realised by Green Revolution, through the implementation of selective 

breeding and increased fertilisation, saw more than doubling of global crop yields (South et al., 

2018; Furbank et al., 2020). As HI nears its theoretical maximum, however, the exhaustion of 

traditional breeding programs trying to exploit natural variations in HI has become apparent 

(Long, 2014; Sharwood, 2017; Sharwood et al., 2022). The efficiency of conversion of 

intercepted light to biomass (ε) is a promising avenue for improving yields of crop plants as it 

is currently only at one-third of the calculated theoretical maximum (Zhu et al., 2010; Conaty 

and Constable, 2020). As ε is primarily determined by photosynthetic capacity minus losses 

from respiration, increasing photosynthetic efficiency should be one of the main focusses of 

the attempt to increase plant yield (Long et al., 2006; Long et al., 2015; South et al., 2018; 

Conaty and Constable, 2020).   

 

Increasing nitrogen fertilisation has been shown to increase yield by increasing ε, which 

contributed to the success of the Green Revolution (Zhu et al., 2010; South et al., 2018). 

Unfortunately, the application of nitrogen and other chemicals has long reached a maximum.  

Improvements in nitrogen-use efficiency (NUE) of crop plants would allow more sustainable 

production, and investigating methods to improve water-use efficiency (WUE) of crops would 

be beneficial as water availability becomes limiting (Carmo‐Silva et al., 2015; Sharwood, 

2017). It has been demonstrated, however, that improving photosynthetic efficiency without 

increasing other factors will still lead to an increase in yield (Long et al., 2006). Ideally, a 
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combination of improvements in NUE, WUE and photosynthetic efficiency would increase 

crop production with a more sustainable use of limited resources. 

 

Loss of agricultural land due to urbanisation, soil degradation, and unsustainable irrigation, 

means that increases in yield must be achieved with reductions in arable land and water 

availability (Foley et al., 2011; Ziska et al., 2012). Even if we weren’t currently at peak 

agricultural land space, land clearing to achieve such an output would have huge environmental 

costs in terms of greenhouse gas emissions (Tilman et al., 2011; Sharwood et al., 2022). 

Agricultural expansion and intensification have had incredible environmental impacts on 

habitat, biodiversity, pollution, soil conditions and water degradation and disruptions of 

phosphorus and nitrogen cycles.  (Foley et al., 2011; Tilman et al., 2011). It is also a major 

contributor to climate change, with between 25 – 35% of global greenhouse gas emissions able 

to be attributed to agricultural activities (Foley et al., 2011; Tilman et al., 2011). Climate change 

will provide significant challenges for and have huge impacts on crop plant productivity 

(Carmo‐Silva et al., 2015). Increasing atmospheric CO2 concentrations and the resulting 

increase in global average ambient air temperatures, will cause more extreme weather and 

climate events such as heat waves, drought, increases in the frequency of heavy rainfalls and 

unpredictable rainfall patterns (IPCC, 2012; Sharwood, 2017; IPCC, 2021; BOM and CSIRO, 

2022). Average ambient temperatures are modelled to substantially increase by 2 – 5 °C by the 

late 21st century, with Australia’s climate having warmed by 1.47 °C since 1910 and global 

temperatures gave risen by over 1 °C since 1850  (BOM and CSIRO, 2022). Given these 

increasing impacts of climate change, a challenge is to increase agricultural output while 

decreasing the environmental footprint of agricultural activities (Foley et al., 2011).  

 

Therefore, increasing plant yield through improvements to photosynthetic efficiency is one of 

the few viable methods available to meet the challenge of ensuring food security without the 

large environmental costs associated with land clearing and increased fertiliser use. Improving 

photosynthetic efficiency has already shown promising results, with studies by Kromdijk et al. 
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(2016) and De Souza et al. (2022) reporting 15 % and 33 % increases in plant biomass, 

respectively, by accelerating responses to changes in light.  

 

1.2 C4 crop plant productivity  

C4 photosynthetic species make up only 3 % of terrestrial plant species, despite this they are 

responsible for almost a quarter of global primary productivity (Lloyd and Farquhar, 1994; 

Sage et al., 1999).  The improved water use efficiency (WUE) and nitrogen use efficiency 

(NUE) of C4 plants compared to their C3 counterparts, as well as higher CO2 assimilation rates 

above 25 °C, means that in an increasingly hot, dry climate C4 crop species may become 

increasingly important in meeting global food demands (Sage and Pearcy, 1987, 1987; Hatch, 

1992; Long, 1999; Ghannoum et al., 2011; IPCC, 2012, 2021). Compared with the most 

productive C3 species, the most productive C4 species have yields 40 – 50 % greater (Sage, 

2016). C4 species also have a theoretical maximum of efficiency of conversion of captured 

light (ε) of 6 % of full spectrum solar radiation or 12.3 % for PAR compared to 4.6 % and 

9.4 % for C3 species (Zhu et al., 2010). 

According to crops statistics from the Food and Agriculture Organization of the United Nations 

(FAO), worldwide four important C4 grass crops, maize, sorghum, millet and sugar cane 

account for 12.40 % of total global agricultural production and 4.20 % of total Australian 

production (Table 1.1, Table 1.2). Five C3 grass crops important to Australian agriculture, 

barley, oats, rye, triticale and wheat make up 3.88 % of total global agricultural production and 

4.27 % of total Australian production (Table 1.1, Table 1.2; Food and Agriculture Organization 

of the United Nations (FAO), 2020). 

In Australia, the area dedicated to farming these C3 grass crops (1.80 x 107 hectares) is much 

greater than the collective area dedicated to farming the C4 grass crops (1.10 x 106 hectares), 

for similar production values of 3.41 x 107 tonnes and 3.35 x 107 tonnes for C3 and C4 crops, 

respectively (Table 1.2; Food and Agriculture Organization of the United Nations (FAO), 

2020). This raises the question whether Australian farmland could be better utilised farming C4 
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grass crops. This appears to be the case when comparing yield between C3 and C4 grass species, 

as all C4 species bar millet had a greater yield than all of the C3 grasses (Table 1.2, Figure 1.2; 

Food and Agriculture Organization of the United Nations (FAO), 2020). This demonstrates, 

therefore, the potential in Australia for C4 crops to produce high output for given space of land. 

Improving C4 photosynthetic efficiency would further increase plant yield, responsibly 

utilising the diminishing available agricultural land.   

Table 1.1 Yield (tonnes/ha), production (tonnes) and area harvested (ha) for four major C4 grass 

crops (maize and maize (green), sorghum, millet and sugar cane) and five major C3 grass crops 

(barley, oats, rye, triticale and wheat), in a global context. Data shown are averages from the 

period between 2008 and 2018 inclusive. The percentages of each individual crop, as well as 

the sum of groups of the C3 and C4 crops, compared to total global crop area harvested, and 

production are shown. The yield of each crop is compared to the global average yield of all 

crops across the period between 2008-2018 of 4265.41 tonnes/ha. Table was constructed using 

crops data sets from the Food and Agriculture Organization of the United Nations (Food and 

Agriculture Organization of the United Nations (FAO), 2020). 

 

  

 World (averages from 2008 -2018) 

 Area 
harvested 

% of total 
global area 
harvested 

Yield 
% of global 
yield of all 

crops 
Production 

% of total 
global 

production 

 hectare  tonne/ha  tonnes  

Maize 1.81 x 108 8.08 x 10-1 6.61 1.27 x 10-1 9.83 x 108 4.21 

Maize, green 1.14 x 106 5.11 x 10-3 1.20 x 101 2.28 x 10-1 1.11 x 107 4.75 x 10-2 

Millet 3.28 x 107 1.47 x 10-1 1.01 2.06 x 10-2 2.88 x 107 1.23 x 10-1 

Sorghum 4.27 x 107 1.91 x 10-1 3.16 3.36 x 10-2 6.13 x 107 2.63 x 10-1 

Sugar cane 2.57 x 107 1.15 x 10-1 8.07 x 101 1.66 1.82 x 109 7.79 

All above C4 2.83 x 108 1.27 2.07 x 101 4.14 x 10-1 2.90 x 109 12.40 

Barley 4.99 x 107 2.23 x 10-1 2.09 6.69 x 10-2 1.42 x 108 6.10 x 10-1 

Oats 9.90 x 106 4.43 x 10-2 1.54 5.51 x 10-2 2.32 x 107 9.96 x 10-2 

Rye 5.23 x 106 2.34 x 10-2 6.55 x 10-1 6.53 x 10-2 1.45 x 107 6.23 x 10-2 

Triticale 2.20 x 108 9.82 x 10-1 1.67 8.62 x 10-2 1.48 x 107 6.35 x 10-2 

Wheat 2.20 x 108 9.82 x 10-1 1.87 7.59 x 10-2 7.10 x 108 3.04 

All above C3 5.04 x 108 2.26 1.56 6.99 x 10-2 9.05 x 108 3.88 
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Table 1.2 Yield (tonnes/ha), production (tonnes) and area harvested (ha) in Australia for four 

major C4 grass crops (maize and maize (green), sorghum, millet and sugar cane) and five major 

C3 grass crops (barley, oats, rye, triticale and wheat). Data shown are averages from the period 

between 2008 and 2018 inclusive. The percentages of each individual crop, as well as the sum 

of groups of the C3 and C4 crops, compared to total crop area harvested and production in 

Australia are also shown. The yield of each crop is compared to the Australian average yield 

of all crops across the period between 2008-2018 of 16.06 tonnes/ha. Table was constructed 

using crops data sets from the Food and Agriculture Organization of the United Nations (Food 

and Agriculture Organization of the United Nations (FAO), 2020). 

 

  

 Australia (averages from 2008 -2018) 

 Area 
harvested 

% of total 
Australian 

area 
harvested 

Yield 

% of average  
Australian 
yield of all 

crops 

Production 
% of total 
Australian 
production 

 hectare  tonne/ha  tonnes  

Maize 6.25 x 104 3.03 x 10-2 6.61 41.18 4.10 x 105 5.14 x 10-2 

Maize, green 6.55 x 103 3.18 x 10-3 11.97 74.50 7.59 x 104 9.52 x 10-3 

Millet 3.58 x 104 1.74 x 10-2 1.01 6.29 3.62 x 104 4.54 x 10-3 

Sorghum 6.15 x 105 2.98 x 10-1 3.16 19.67 1.99 x 106 2.50 x 10-1 

Sugar cane 3.85 x 105 1.87 x 10-1 80.69 502.42 3.10 x 107 3.89 

All above C4 1.10 x 106 5.36 x 10-1 20.69 128.81 3.35 x 107 4.20 

Barley 4.21 x 106  2.04 2.09 13.03 8.75 x 106 1.10 

Oats 8.67 x 105  4.20 x 10-1  1.54 9.56 1.33 x 106 1.66 x 10-1 

Rye 4.82 x 104  2.34 x 10-2 0.66 4.08 3.13 x 104 3.93 x 10-3 

Triticale 1.60 x 105  7.74 x 10-2 1.67 10.39 2.43 x 105 3.04 x 10-2 

Wheat 1.27 x 107 6.16 1.87 11.66 2.37 x 107 2.97 

All above C3 1.80 x 107 8.73 1.57 9.74 3.41 x 107 4.27 
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Figure 1.2. The yield (tonnes/hectare) of major C3 and C4 crops in Australia.  Displayed are 

data for four major C4 crops, maize, maize (green), millet, sorghum, and sugar cane and five 

major C3 crops, barley, oats, rye, triticale and wheat. Figure was constructed using crops data 

sets from the Food and Agriculture Organization of the United Nations (Food and Agriculture 

Organization of the United Nations (FAO), 2020). 
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When comparing yield of these C4 and C3 crop grasses in Australia to global yield, in Australia 

all C3 species underperform when compared to average yields for their respective species 

globally (Figure 1.3; Food and Agriculture Organization of the United Nations (FAO), 2020). 

The Australian yields for all C4 species outperform the global yield average for their respective 

species (Figure 1.3; Food and Agriculture Organization of the United Nations (FAO), 2020). 

This highlights that Australian farmland is used more efficiently to farm C4 rather than C3 grass 

species and that to combat global food shortages, C4 crops may become more important to the 

Australian economy. When looking at the average Australian domestic prices per tonne for the 

five grass crops maize (C4), sorghum (C4), wheat (C3), barley (C3) and oats (C3) it is apparent 

that C4 crops could become quite lucrative to the Australian economy.  The C4 crop maize has 

consistently sold for the average highest price per tonne, with only short periods of 

outperformance by other crops (Figure 1.4; ABARES, 2021). As of the end of the first quarter 

Figure 1.3. The percentage of yield (tonnes/hectare) of each crop in Australia compared to global 

figures for each of the categories. Displayed are data for four major C4 crops, maize, maize (green), 

millet, sorghum, and sugar cane and five major C3 crops, barley, oats, rye, triticale and wheat. 

Black line indicates where Australian yield would equal global yield.  Figure was constructed using 

crops data sets from the Food and Agriculture Organization of the United Nations (Food and 

Agriculture Organization of the United Nations (FAO), 2020). 
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(January – March) 2021, both the C4 crops, sorghum and maize are selling for higher prices 

per tonne than any of the C3 crops (Figure 1.4; ABARES, 2021). 

 

Given that C4 crops have improved water use efficiency (WUE) and nitrogen use efficiency 

(NUE) compared to C3 plants, as well as higher CO2 assimilation in hotter climates, C4 crops 

are already more well suited to the unique challenges of a changing Australian climate than C3 

plants. Improving C4 photosynthesis will improve the future of Australian agriculture, helping 

to increase the yield of grass crops that already outperform C3 crops in the Australian climate.  

 

 

 

 

Figure 1.4. Average Australian domestic prices for the crops wheat (C3), maize, barley (C3), 

sorghum (C4), maize (C4) and oats (C3) during the quarters 1 (January-March), 2 (April – June), 

3 (July – September), and 4 (October – December). The dates listed on the horizontal axis 

indicate the final date of the quarter. Prices are shown from Q1 1996 to Q1 2021. Figure was 

constructed using a subset of data (Table 17 Grain, oilseed and pulse prices) in  the Australian 

crop report: June 2021 No.198, published by the Australian Bureau of Agricultural and 

Resource Economics and Sciences (ABARES, 2021). 
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1.3 Photosynthesis 

Plants provide the energy on which so much life on earth ultimately relies through the vital 

process of photosynthesis. Photosynthesis harnesses energy from sunlight and converts it into 

biochemical energy. There are three main mechanisms of photosynthesis, C3, C4 and 

crassulacean acid metabolism (CAM), however, CAM is beyond the scope of this study 

(Ehleringer et al., 1991). The C3 photosynthetic pathway is the most ancestral form of 

photosynthesis, evolving early in the history of life, at a time where there was high CO2 

concentration in the atmosphere (Sage, 2004). The evolution of C4 photosynthesis, between 

24-35 million years ago, was driven by changing environmental factors, specifically low 

atmospheric CO2 concentrations and increased temperatures (Jordan and Ogren, 1984; 

Ehleringer et al., 1991; Ehleringer et al., 1997; Sage, 2004; Christin et al., 2008; Edwards and 

Ogburn, 2012; Christin et al., 2013). 

 

1.4 C3 Photosynthesis and the Limitations of Rubisco 

Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the principal enzyme 

responsible for CO2 fixation, and the sole enzyme capable of carbon assimilation that leads to 

carbohydrate production and biomass gain (von Caemmerer and Evans, 2010; Carmo‐Silva et 

al., 2015). Its kinetic properties underpin C3 photosynthesis, determining the efficiency of CO2 

assimilation, and the efficiency of the use of water, nutrients and light (Farquhar et al., 1980; 

Whitney et al., 2001). The reactions involved in C3 photosynthetic mechanism take place in 

the mesophyll cells of the leaf, where Rubisco is located (Figure 1.5B). Rubisco catalyses the 

carboxylation of ribulose 1,5-bisphospate (RuBP) by CO2, producing two molecules of 3-

phosphoglycerate (3-PGA) (Figure 1.5A; Bassham and Calvin, 1957). This carboxylation is 

one of the many reactions in the photosynthetic carbon reduction cycle, which results  
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in the assimilation of inorganic atmospheric carbon, producing organic carbon compounds 

(Bassham and Calvin, 1957; Parry et al., 2007). Photosynthetic inefficiencies stem from the 

bifunctional nature of the Rubisco enzyme, which has both carboxylase and oxygenase 

capabilities. Competition of O2 at the active site of Rubisco can lead to the oxygenation of 

Figure 1.5. The anatomy and biochemistry of plants operating a C3 and C4 photosynthetic 

pathway. A) C3 photosynthesis involves the fixation of CO2 by Rubisco in the mesophyll cells 

to produce carbohydrates. B) Transverse light microscopy image of a rice leaf (C3). C) C4 

photosynthesis involves two specialised cell types, the mesophyll and the bundle sheath, as 

well as differential expression of enzymes between the two cell types. The initial fixation of 

CO2 by PEPC occurs in the mesophyll cells, creating a 4-carbon organic acid. This 4-carbon 

organic acid is used to shuttle CO2 to the bundle sheath cell where Rubisco is located.   D) 

Transverse light microscopy image of a sorghum leaf (C4). Image from von Caemmerer et al. 

(2012) 
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RuBP, producing one molecule each of 3-PGA and 2-phosphoglycolate (2-PG) (Figure 1.6; 

Bowes et al., 1971). The 2-PG produced cannot be used in the PCR1 cycle, nor can it be directly 

used in carbohydrate synthesis (Laing et al., 1974; Wingler et al., 2000). The toxic 2-PG must 

be recycled to 3-PGA via the photorespiratory pathway (Hall et al., 1987; Bauwe et al., 2010). 

This multi-step pathway requires the coordination of many cellular compartments and results 

in carbon loss in the form of CO2, NH3 release, and the consumption of energy (Tolbert, 1971; 

Farquhar et al., 1980; Keys, 1986). The carbon lost in the photorespiratory process accounts 

for between 26 – 30 % of fixed carbon in C3 plants (Monteith and Moss, 1977; Sharkey, 1988). 

Excessive photorespiration can, therefore, cause a significant decrease in the photosynthetic 

efficiency and plant productivity (Zelitch, 1973; Ehleringer and Monson, 1993; Sharwood, 

2017). The oxygenase activity of Rubisco is favoured under elevated temperatures as its 

specificity for CO2 decreases relative to O2 and low CO2 environments. Carboxylase activity 

decreases with rising temperatures and under water stress due to a decrease stomatal 

conductance and therefore a decrease in the availability of CO2 to Rubisco (Figure 1.6; Jolliffe 

and Tregunna, 1968; Jolliffe and Tregunna, 1973; Laing et al., 1974;  Parry et al., 2002; Walker 

et al., 2016). In such environments the cost of photorespiration becomes more pronounced. 

 

Not only does Rubisco have both carboxylase and oxygenase activity, it has an incredibly slow 

carboxylation catalytic turnover rate (kcat
c) with an average of two to three turnovers per second 

in vascular plants. A recent study by Davidi et al. (2020) found a highly active rubisco with a 

kcat
c value of 22 s-1, however, 95 % of Rubisco kcat

c values falling between 1 s-1 and 10 s-1 

(Bainbridge et al., 1995; Flamholz et al., 2019). This is far below the average catalytic turnover 

rate (kcat) of 80 s-1 of other central metabolic enzymes (Bainbridge et al., 1995; Flamholz et al., 

2019). Due to Rubisco’s slow kcat
c, large amounts of the enzyme are required in order to achieve 

sufficient amount of photosynthesis (Mann, 1999). In C3 leaves, up to 30 % of leaf nitrogen is 

partitioned into Rubisco, in some cases accounting for up to half the soluble leaf protein (Kung, 
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1976; Evans and Seemann, 1984; Evans, 1989; Bainbridge et al., 1995; Evans and Clarke, 

2019). This huge investment in nitrogen accounts for the low nitrogen use efficiency in C3 

plants. 

 

Rubisco catalysis is inhibited by a variety of sugar phosphate molecules, including its substrate 

RuBP, that bind to the catalytic sites of Rubisco not activated with both Mg2+ and a non-

substrate CO2 molecule (Lorimer et al., 1976; Jordan and Chollet, 1983; Andrews, 1996). In 

order to restore catalytic competence and maintain Rubisco activity, an enzyme, Rubisco 

activase (RCA), is required to remove inhibitory sugar phosphate molecules (Portis et al., 

1986). 

 

Figure 1.6. The consequences of the bifunctional nature of the Rubisco enzyme. Fixation 

of CO2, through the carboxylation action of Rubisco, produces two molecules of 3-

phosphoglycerate. The 3- phosphoglycerate enters the photosynthetic carbon reduction 

cycle, producing carbohydrates necessary for crop growth and yield.  Low CO2, drought 

and increasing temperatures increase the oxygenation action of Rubisco. The fixation of 

O2 rather than CO2 produces one molecule each of 3-phosphoglycerate and 2-

phosphoglycolate. The 2-phosphoglycolate cannot be used to synthesise carbohydrates 

directly and must be converted to 3-phosphoglycerate through the photorespiratory 

pathway. This pathway consumes energy and releases CO2, reducing plant productivity. 

Image from Sharwood (2017) 
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Overcoming the limitations of Rubisco have long been a focus as a way to improve 

photosynthesis (Carmo‐Silva et al., 2015). In higher plants, Rubisco is comprised of large and 

small subunits, encoded in the chloroplast and the nucleus, respectively, which has complicated 

Rubisco engineering attempts (Sharwood, 2017). Engineering attempts have been made to 

modify Rubisco to increase the kcat
c, which would increase the number of CO2 molecules fixed 

per Rubisco, and therefore increase photosynthesis (von Caemmerer and Evans, 2010). 

Another engineering focus has been increasing the specificity of Rubisco for CO2 relative to 

O2 (SC/O) to improve carboxylation efficiency. This would increase CO2 fixation, decrease the 

oxygenation of RuBP and subsequent photorespiration, and increase photosynthesis when 

RuBP regeneration is limiting (von Caemmerer and Evans, 2010). It has been widely theorised 

that there was a trade-off where increasing kcat
c leads to a decrease in SC/O and vice versa (Savir 

et al., 2010). Recent studies, however, have found that a minor catalytic trade-off exists 

between SC/O and kcat
c when surveying Rubisco from a large number of species or when 

phylogenetic signals are accounted for (Flamholz et al., 2019; Bouvier et al., 2021). 

Engineering attempts focussing on these targets have had limited success (Carmo‐Silva et al., 

2015).  

 

Naturally occurring Rubisco with desirable kinetic properties, such as those with better CO2 

specificity relative to O2 from red algal species, have been identified as prime candidates for 

transplantation into C3 crop plants (Whitney et al., 2001; von Caemmerer and Evans, 2010; 

Zhou and Whitney, 2019). Rubisco requires a suite of chaperone proteins to correctly assemble, 

including Cpn60/20, Raf1, Raf2, BSDII, and RbcX (Aigner et al., 2017). However, the 

chaperone suite required to assemble red algal Rubisco has not been elucidated and this 

impediment prevents red algal Rubisco from assembling in tobacco chloroplasts (Whitney et 

al., 2001; Sharwood, 2017; Lin et al., 2018). C4 Rubisco has a higher catalytic turnover rate 

than C3 Rubisco, and incorporating C4 Rubisco into C3 species could provide significant 

increases in photosynthesis (von Caemmerer and Evans, 2010). The same chaperone 

incompatibility exists, however, with the large subunits of monocots, heterologous plants and 
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cyanobacteria unable to fold and assemble in tobacco chloroplasts (Sharwood et al., 2016; Zhou 

and Whitney, 2019). 

 

Given the catalytic limitations of Rubisco and the difficulties faced in Rubisco engineering, the 

CO2 concentrating mechanism (CCM) of the C4 photosynthetic pathway provides an efficient 

solution to the catalytic shortcomings of Rubisco. Research into the C4 pathway could not be 

more timely as climate change causes an increasingly hot, dry climate, which will exacerbate 

many of the issues with Rubisco and therefore the photosynthetic inefficiencies of C3 

photosynthesis (IPCC, 2012, 2021).   

 

1.5 C4 Photosynthesis 

C4 photosynthesis evolved as an integration of both anatomical and biochemical adaptations to 

improve photosynthetic CO2 assimilation in terrestrial plants under conditions of low CO2 and 

increased temperatures (Jordan and Ogren, 1984; Ehleringer et al., 1991; Ehleringer et al., 

1997; Sage, 2004). C4 species are also able to grow in environments across a wide gradient of 

rainfall patterns, and thrive in hot, semi-arid climates (Ellis et al., 1980; Ehleringer and 

Monson, 1993; Long, 1999; Taub, 2000; Cabido et al., 2008). C4 plants operate a CO2 

concentrating mechanism that has evolved independently more than 61 times from C3 ancestors 

to elevate the CO2 concentration around the active sites of Rubisco to near saturating levels of 

CO2 (von Caemmerer, 2000; Christin et al., 2007; Sage et al., 2012; Sage, 2016). These high 

levels of CO2, in some instances up to twenty times greater than in C3 plants, are achieved by 

the close collaboration of mesophyll (MC) and bundle-sheath cells (BSC) with cell-specific 

expression of photosynthetic enzymes, and suppresses photorespiration (Figure 1.5D; 

Haberlandt, 1914; Hatch et al., 1971; Furbank and Hatch, 1987; Hatch, 1987; Jenkins et al., 

1989; Kanai and Edwards, 1999).  Photorespiration is a process responsible for the reduction 

in efficiency of carbon fixation of up to 30 % in C3 plants (Raines, 2011; Bräutigam and Gowik, 

2016). 
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In most C4 plants the MC and BSC exhibit a characteristic arrangement, ‘Kranz anatomy’, with 

the BSC surrounding the vascular tissue, and the MC radially distributed around the BSC 

(Figure 1.5B,D; Haberlandt, 1914). C4 plants also exhibit a redistribution and orientation of 

chloroplasts and mitochondria between the MC and BSC when compared to C3 plants, as well 

as a decrease in leaf interveinal distance (Black and Mollenhauer, 1971; Kawamitsu et al., 

1985). 

 

As atmospheric CO2 diffuses from intercellular airspaces into the MC, it is hydrated by 

carbonic anhydrase (CA) to produce bicarbonate (HCO3
-), before being used as a substrate in 

the carboxylation phosphoenolpyruvate (PEP) in an irreversible reaction catalysed by 

phosphoenolpyruvate carboxylase (PEPC) (Hatch et al., 1971; Tashian, 1989). The resulting 

oxaloacetate (OAA) is then converted into a 4-carbon organic acid (either malate or aspartate), 

which diffuses down a concentration gradient into the bundle sheath cell (BSC), through the 

plasmodesmata, which facilitate the connection between the MC and BSC (Kortschak et al., 

1965; Hatch and Slack, 1966; Hatch, 1987). Subsequent decarboxylation of this carboxylic 

acid by a decarboxylase in the BSC releases CO2, resulting in a high concentration of CO2 

around Rubisco, which is exclusively expressed in the BSC chloroplasts (Link et al., 1978; 

Furbank and Hatch, 1987; Jenkins et al., 1989; Kanai and Edwards, 1999; von Caemmerer, 

2000). The three-carbon organic acid released in the decarboxylation reaction diffuses into the 

MC, where it is used to regenerate PEP, continuing the cycle (Hatch et al., 1971). C4 plants can 

be classified into three subtypes based on the most prevalent decarboxylating enzyme present 

in the BSC (Kanai and Edwards, 1999). These three subtypes, the NADP-malic enzyme 

(NADP-ME), NAD-malic enzyme (NAD-ME), and PEP carboxykinase (PEPCK) subtypes are 

not mutually exclusive, as decarboxylation by the most abundant decarboxylating enzyme does 

not exclude low-level activity of another (Kanai and Edwards, 1999; Furbank, 2011). The 4-

carbon carboxylic acid (malate or aspartate) used to shuttle CO2 to the BSC varies depending 

on the subtype, as does the 3-carbon compound released from the decarboxylation reaction 

(Kanai and Edwards, 1999). This will be discussed in greater depth in Chapter 4 of this thesis. 
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Due to the elevated concentration of CO2 around the active site of Rubisco, C4 plants can 

commit less soluble protein to Rubisco protein than their C3 counterparts (Ku et al., 1979). C4 

plants have leaves, therefore, with 3- to 6-fold lower Rubisco concentrations than those in 

leaves of C3 plants (Ku et al., 1979). A study by Ghannoum et al. (2005) found that under high 

nitrogen supply in the soil, plants belonging to the NAD-ME subtype invest on average only 

6.1 % of total leaf nitrogen to Rubisco, and plants belonging to the NADP-ME subtype invest 

even less with Rubisco accounting for an average of only 5.6 % of total leaf nitrogen. This is a 

vastly reduced commitment of leaf nitrogen to Rubisco when compared to the 30 % investment 

of leaf nitrogen to Rubisco in C3 plants (Kung, 1976; Evans and Seemann, 1984; Evans, 1989; 

Bainbridge et al., 1995; Evans and Clarke, 2019). This is responsible for the increased nitrogen 

use efficiency (NUE) of C4 compared to C3 plants (Sage and Pearcy, 1987, 1987). In light-

saturating environments, C3 photosynthesis is limited by both RuBP regeneration and Rubisco 

quantity (Long, 1999).  Due to the concentration of  CO2 around Rubisco in C4 plants, higher 

rates of photosynthesis can be observed when compared to C3 plants in light-saturating 

environments (Long, 1999).  

 

1.6 An introduction to phosphoenolpyruvate carboxylase  

PEPC (EC 4.1.1.31) is a ubiquitous enzyme in plants, and can also be found in cyanobacteria, 

green algae, non-photosynthetic bacteria and archaea (O'Leary, 1982; O'Leary et al., 2011). It 

catalyses the irreversible β-carboxylation of PEP by HCO3
-, to form oxaloacetate (OAA) and 

inorganic phosphate (Pi), requiring either Mg2+ or Mn2+ as an obligatory cofactor (Hatch et al., 

1971). Plant genes encoding PEPC are members of a small multi-gene family and have evolved 

from a shared ancestral gene, duplications of which have allowed for the evolution of different 

isoforms (O'Leary et al., 2011; Christin et al., 2014). PEPC is involved in numerous and diverse 

non-photosynthetic cellular metabolic processes including a contribution to stomatal opening 

by mediating malate production in the guard cells, anaplerotic replenishment of the 
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tricarboxylic acid (TCA) cycle, as well as seed development and germination, and fruit ripening 

(Outlaw et al., 2002; O'Leary et al., 2011). PEPC also provides the malate required by 

bacteroids in the root nodules of N2-fixing legumes, supplying the carbon source which allows 

for the assimilation of NH4
+ into amino acids (Zhang et al., 1995). In addition to the myriad of 

non-photosynthetic roles, PEPC is also the primary carboxylase of the C4 cycle, responsible 

for the initial fixation of CO2 in the mesophyll cytosol.  

 

1.6.1 Important residues for a functional phosphoenolpyruvate carboxylase 

Phosphoenolpyruvate carboxylase exists as a tetramer, comprised of four identical monomers, 

assembled as a ‘dimer-of-dimers’ (Figure 1.7; Izui et al., 2004). Salt bridging between E493 

and R498 of opposite dimers at the interface of dimer contact establishes tetramer formation 

(Figure 1.8; Kai et al., 1999). Partial dissociation of the tetramer was demonstrated by R498C 

site-directed mutagenesis, which disrupted the ion pair (Kai et al., 1999). The overall secondary 

structure of PEPC monomers is highly conserved between maize and E. coli, with monomers 

comprised of 42 alpha-helices and eight β-strands (Matsumura et al., 2002; Izui et al., 2004). 

Figure 1.7. Crystal structure of PEPC from Zea mays. Asterisks indicate the active site located 

in the β-barrel of each monomer. Image from Matsumura et al. (2002) 
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In the tertiary structure, these eight β-strands fold to form a β-barrel, the C-terminal region of 

which forms the catalytic site (Figure 1.7, Figure 1.9; Izui et al., 2004). The PEPC reactants  

 

 

 

 

Figure 1.8. Important residues for a functional phosphoenolpyruvate carboxylase. All 

numbering shown in the figure corresponds to the C4 Zea mays PEPC monomer. Residues 

necessary for PEP-binding or creating the hydrophobic pocket are shown in red (288, 456, 564, 

598, 647 and 773). Residues required for Mg2+-binding are shown in orange (566, 603) and 

HCO3
- -binding residues are indicated in yellow (606, 762, 763, 764). Important catalytic 

residues are indicated in pink (177, 970), with the two residues involved in tetramer formation 

indicated in purple (493, 498). Residues in green are necessary for aspartate/malate allosteric 

inhibitor interactions (647, 835, 894, 968). Residues involved in glucose-6-phospate binding 

are shown in blue (183, 184, 231, 372). 

 

Figure 1.9. Location of PEPC functional residues on the crystal structure of a folded monomer 

of PEPC. PEP-binding residues are indicated in red, catalytic residues in pink, Mg2+-binding 

residues in orange, and bicarbonate-binding residues in yellow. Residues involved in binding 

the allosteric activator, glucose-6-phosphate, are shown in blue, and the malate/aspartate 

binding residues are shown in green.  Crystal structure from  Matsumura et al. (2002)(JQ0 on 

Protein Data Bank) 
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bind in a sequential manner, with Mg2+/divalent cation binding occurring first, followed by 

PEP- and finally HCO3
--binding (Janc et al., 1992). The side-chain carboxylate oxygens of 

residues E566 and D603 facilitate the binding of the Mg2+
 cation (Figure 1.8), and thus is co-

ordinated to the active site at the C-terminal end of the β-barrel of PEPC (Figure 1.9; 

Matsumura et al., 1999). Divalent cation binding is essential for catalytic activity, as the 

conformational changes induced by Mg2+-binding facilitates the interaction of the side chains 

of R456, R773 and R759, with the phosphoryl group of PEP necessary to accommodate the 

negatively charged phosphate (Figure 1.8; Bandurski, 1955; Matsumura et al., 1999; 

Matsumura et al., 2002). The role of R456 and R773 in PEP binding have been confirmed 

through site-directed mutagenesis studies (Gao and Woo, 1996) . The hydrophobic pocket 

created by the side chains of residues W288, L564 and M598, surround the methyl group of 

PEP (Figure 1.8; Matsumura et al., 2002; Kai et al., 2003). This hydrophobic environment is 

theorised to be vital to the protection of the highly reactive intermediates and sequesters the 

CO2 cleaved from the carboxyphosphate, preventing its escape from the catalytic site (Yano et 

al., 1995; Matsumura et al., 2002). Residues K606, K762, R763, and R764 are involved in 

binding bicarbonate, and are highly conserved, with residues 762 and 764 conserved as either 

an arginine or a lysine (Figure 1.8; Kai et al., 1999; Kai et al., 2003). Residues K762, R763 and 

R764 belong to a flexible loop (residues 761-768; Loop II), both binding HCO3
-, and 

subsequently forming a protective lid to the β-barrel, isolating the susceptible catalytic 

intermediates from surrounding water (Figure 1.8; Kai et al., 1999). Site-directed mutagenesis 

studies have confirmed the bicarbonate-binding role of K606, R763 and R764 (Gao and Woo, 

1995; Kai et al., 1999). 
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Site-directed mutagenesis studies support H639 being involved in PEP binding, as mutations 

of the residue cause a drastic increase in KmPEP of the enzyme, while some percentage of 

carboxylase activity is retained (Figure 1.8; Terada et al., 1991).   

 

The PEPC reaction mechanism consists of three steps. Firstly, a transfer of phosphate from 

PEP to HCO3
- results in the formation of carboxyphosphate and the enolate anion of pyruvate 

coordinated to the metal cation (Figure 1.10; Chollet et al., 1996; Matsumura et al., 2002; Izui 

et al., 2004). Secondly, H177, a basic enzyme residue, deprotonates the carboxyl group of 

carboxyphosphate, which is followed by its cleavage into CO2 and Pi (Figure 1.8, Figure 1.10; 

Chollet et al., 1996; Izui et al., 2004). The enolate anion of pyruvate isomerises, bringing CO2 

into close proximity with its carbon 3. CO2 is then able to electrophillically attack the metal-

stabilised enolate to produce oxaloacetate and Pi, which are subsequently released from the 

enzyme (Figure 1.10; Chollet et al., 1996; Izui et al., 2004). The involvement of H117 in the 

carboxylation of the enolate form of pyruvate by the carboxyphosphate intermediate was 

supported by experiments carried out by Terada & Izui in 1991. A H177N mutation resulted in 

a mutant enzyme with no carboxylase activity, but the enzyme retained the ability to catalyse 

the bicarbonate-dependent dephosphorylation of PEP (Terada and Izui, 1991). Thus, the 

conclusion was drawn that H177 is involved in the carboxylation partial reactions. 
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1.6.2 Post-translational control of PEPC 

PEPC is subjected to allosteric control, the molecules involved, however, are dependent on the 

species to which the organism belongs (Izui et al., 2004). Bacterial PEPC can be subject to 

activation by numerous molecules depending on the species. Subsets of the molecules acetyl 

CoA, fructose-1,6,-bisphosphate, 3-phosphoglycerate, glucose-6-phosphate and glucose-1-

phosphate, glutamine, long chain fatty acids have been shown to be activators (Izui, 1970; Izui 

et al., 1981; Chen et al., 2002; Kai et al., 2003).  Some bacterial species, such as Coccochloris 

peniocystis and Thiobacillus thioparus, have no known activators (Hoban and Lyric, 1975; 

Owttrim and Colman, 1986). Inhibitors of bacterial PEPC include malate, aspartate, fumarate, 

cysteine, tartrate, and oxaloacetate (Izui, 1970; Gold and Smith, 1974; Owttrim and Colman, 

1986). In higher plants PEPC is activated by glucose-6-phosphate and inhibited by L-malate 

and, in some plants, aspartate (Andreo et al., 1987; Izui et al., 2004). The C4 photosynthetic 

Figure 1.10. Proposed catalytic mechanism of PEPC, including the three-step model. Figure 

from (Izui et al., 2004) 
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PEPC isoform from the monocots Z. mays and S. vulgare have been demonstrated to be 

activated by glycine, however the C4 PEPC from dicots and the C3 PEPC isoform are not 

activated by glycine (Nishikido and Takanashi, 1973; Uedan and Sugiyama, 1976; Kai et al., 

1999; Tovar-Méndez et al., 2000). 

 

Residues K835, R894, N968 and R647 are involved in binding the allosteric inhibitors malate 

and aspartate (Figure 1.7; Kai et al., 1999). Formation of hydrogen bonds and salt bridges 

between the main chain of aspartate and R647 and N968 and salt bridge formation between the 

carboxyl group of aspartate and K835 and R894 accommodate this interaction (Chen et al., 

2014). R647 is not only involved in inhibitor binding, but is a catalytically crucial residue. 

R647 belongs to a mobile loop, and moves the 20 Å between inhibitor-binding and catalytic 

site depending on the activity status of the enzyme (Matsumura et al., 2002; Izui et al., 2004). 

In the absence of malate or aspartate, the interaction between the strictly conserved C-terminal 

G970 carboxyl group and R647, moves R647 to the catalytic site of the enzyme (Dong et al., 

1999; Izui et al., 2004). Site-directed mutagenesis studies, changing K835G and R894G result 

in mutant enzymes with reduced in vitro sensitivity to malate, whilst retaining catalytic activity 

(Endo et al., 2008).  

 

Residues R183, R184, R231, and R372 form a pocket 15 Å away from the active site, involved 

in the binding of allosteric activator G6P (Figure 1.7; Matsumura et al., 2002). The region 301-

443 (Zea mays numbering) has been shown to be important for PEPC activation by G6P, 

supporting the involvement of R372 in G6P binding (Bläsing et al., 2000; Engelmann et al., 

2002). Site-directed mutagenesis studies support the involvement of these four residues in the 

binding of G6P (Takahashi-Terada et al., 2005). Replacing each arginine residue with a 

glutamine resulted in complete desensitisation of the PEPC enzyme to G6P in the case of 

R183Q, R184Q, R183Q/R184Q (double mutant), and R372Q mutations. A significant 
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desensitisation to G6P was also observed with a R372Q mutation (Takahashi-Terada et al., 

2005). Using the kinetic and structural data available, it is hypothesised that the phosphate 

group of G6P interacts directly with R183 and R231, with R184 and R372 interacting indirectly 

(Takahashi-Terada et al., 2005). 

 

Regulatory monoubiquitination of PEPC at a conserved lysine residue, K624 (Sorghum bicolor 

numbering), occurs in germinating castor oil (Ricinus communis) seeds, germinating sorghum 

(Sorghum bicolor) seeds, and in the developing proteoid roots of Hakea prostrata  (Uhrig et 

al., 2008; Shane et al., 2013; Ruiz-Ballesta et al., 2014). This K624 is conserved in all bacterial-

type and plant-type PEPCs (O'Leary et al., 2011).  Monoubiquitination at this lysine residue 

reduces PEPC enzymatic activity by increasing the Km for PEP, as well as increasing sensitivity 

to allosteric inhibitors (Uhrig et al., 2008; Shane et al., 2013; Ruiz-Ballesta et al., 2014). 

Subsequent deubiquitination, however, will reverse these changes (Uhrig et al. 2008).  

 

1.6.3 C4 PEPC v C3 PEPC 

In higher plants, photosynthetic C4 PEPC has different kinetic and regulatory properties when 

compared to non-photosynthetic C3 isoforms, including a reduction in sensitivity towards 

inhibitors, increased activation by G6P, differences in substrate saturation constants. C4 PEPC 

also is expressed at greater levels than C3 isoforms, is expressed in a cell-specific manner and 

is induced by light (Westhoff and Gowik, 2004; Heimann et al., 2013).  

 

1.6.3.1 Regulation of C4 phosphoenolpyruvate gene function 

While non-photosynthetic PEPC is expressed in a variety of tissues, C4 PEPC expression is 

confined to the mesophyll cytosol of the leaf (Hatch, 1987; Svensson et al., 2003). This cell-
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specific expression is controlled at both the epigenetic and transcription level through PEPC 

gene regulation.  

 

Epigenetic regulatory mechanisms have been demonstrated to be involved in both the cell-

specific expression of C4 PEPC and the upregulation of the C4 PEPC gene in response to 

illumination (Langdale, 2011; Reeves et al., 2017). Within the promoter regions of the C4 PEPC 

gene, histone methylation and acetylation are involved in the regulation of C4 PEPC gene 

function. Histone H3 lysine 4 tri-methylation (H3K4me3), associated with actively transcribed 

genes, has shown to be associated with the mesophyll specific expression of PEPC (Heimann 

et al., 2013). Enrichment of H3K4me3 of the promoter regions of the C4 PEPC gene in 

mesophyll cells when compared with bundle sheath cells has been demonstrated (Heimann et 

al., 2013). H3K4me3 of the C4 PEPC gene is controlled by mesophyll specific signals, 

independent of illumination (Danker et al., 2008; Heimann et al., 2013). Enrichment of histone 

H3 lysine 9 acetylation (H3K9ac) and histone H4 lysine 9 acetylation (H4K5ac), was shown 

to be stimulated by illumination and independently of cell-type in the promoter regions of the 

C4 PEPC gene (Offermann et al., 2006; Offermann et al., 2008; Heimann et al., 2013). Histone 

acetylation is highly correlated with gene transcription levels (Heimann et al., 2013). It appears, 

therefore, that acetylation of histones H3K9 and H4K5 are involved in the activation of C4 

PEPC gene expression in response to light stimuli (Reeves et al., 2017). 

 

There has been much interest locating cis-regulatory elements responsible for mesophyll-cell 

specific expression of C4 PEPC, but few have been sufficiently proven to be necessary and 

sufficient for the observed cell-specific expression (Hibberd and Covshoff, 2010; Langdale, 

2011; Reeves et al., 2017). In silico comparative genetic analyses of promoter regions of genes 

encoding C4-associated proteins in maize (C4) and their orthologues in rice (C3) identified 

putative cis-regulatory elements recruited to drive mesophyll cell-specific expression of these 

genes in C4 plants (Wang et al., 2014). These putative cis-regulatory elements have not been 

tested experimentally. In the genus Flaveria, cis-regulatory elements vital for the high-level 

mesophyll cell-specificity of C4 PEPC have been identified (Gowik et al., 2004; Akyildiz et 
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al., 2007). The so-called mesophyll expression module 1 (MEM1) of the distal promoter region 

(-1565 to -2188) is responsible for the mesophyll cell-specific expression of PEPC (Gowik et 

al., 2004; Akyildiz et al., 2007). The MEM1 element and a proximal promoter region (-570 to 

-1) act in concert to direct the high levels of expression observed in C4 species of Flaveria 

(Gowik et al., 2004; Akyildiz et al., 2007; Engelmann et al., 2008). 

 

Putative trans-factors regulating cell-specific gene expression and light regulation of the C4 

pepc gene have been identified through in vitro experiments (Kano-Murakami et al., 1991; 

Taniguchi et al., 2000; Windhövel et al., 2001; Reeves et al., 2017). The DOF1 and DOF2 

transcription factors, from the DNA binding with one finger (DOF) family, has been proposed 

to have a role in the regulation expression of the pepc gene in maize in a light-dependent and 

cell-specific manner (Cavalar et al., 2007; Langdale, 2011). DOF1 is a transcriptional activator, 

constitutively expressed in maize plant tissue, was shown to bind to the regulatory region of 

the C4 pepc gene in Z. mays, and activate expression in a light-regulated manner (Yanagisawa 

and Sheen, 1998). Tissue specificity of C4 PEPC is achieved by the expression of DOF2, a 

transcriptional repressor, which binds to the same site as DOF1. DOF2 is expressed in the roots 

and the stems of maize plants (Yanagisawa and Sheen, 1998). It was later suggested that DOF1 

was responsible for transcriptional activation of another C4 gene, pyruvate phosphate dikinase 

(PPDK), as well as other non-photosynthetic genes in maize (Yanagisawa, 2000). Using 

transposon mutagenesis, Cavalar et al. (2007) found that not only was DOF1 unnecessary for 

light induced expression of PEPC, but five other C4 photosynthetic genes, including PPDK also 

do not require DOF1 for expression.   

 

1.6.3.2 C4 phosphoenolpyruvate carboxylase protein kinetic and regulatory properties 

C3 and C4 PEPCs have differences in substrate saturation constants (Km) for both of its 

substrates, PEP and bicarbonate. C4 PEPCs have increased Km for PEP with respect to C3 PEPC 

isoforms, usually about 10 times greater than non-photosynthetic isoforms (Ting and Osmond, 

1973b; Ting and Osmond, 1973c). In contrast, C4 PEPC isoforms have a lower Km for 
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bicarbonate than C3 isoforms (Bauwe, 1986; DiMario and Cousins, 2019; DiMario et al., 2021). 

An invariant mutation at amino acid position 780 (Zea mays numbering) from alanine in the 

C3 PEPC isoforms to serine in all C4 isoforms plays an important role in the increased PEP 

saturation kinetics in the C4 PEPCs (Bläsing et al., 2000; Christin et al., 2007). In the genus 

Flaveria, site directed mutagenesis studies of this residue, have highlighted the impact of this 

A780S mutation on the Km for PEP (Bläsing et al., 2000; Engelmann et al., 2002). Site-directed 

mutagenesis of the C4 S780 to an alanine in the otherwise C4 PEPC of Flaveria trinervia, 

resulted in a substantially decreased Km for PEP, and this S780A mutation coupled with the 

addition of a C3 region 2 (amino acids 296 to 437, Flaveria numbering), created a PEPC with 

a Km for PEP analogous to C3 PEPC isoforms.  When the C3 A780 was mutated to a serine in 

the otherwise C3 PEPC of Flaveria pringleii, the Km for PEP increased but not to levels 

equivalent to that of a C4 isoform. With the A780S mutation coupled with the addition of a C4 

region 2 the Km for PEP was even lower than with the A780S mutation alone (Engelmann et 

al., 2002). Therefore, although the C4 S780 is important for the increase in the Km for PEP, 

other residues in the C4 PEPC sequence must be acting in concert, resulting in the combined 

increase. The same invariant mutation at amino acid position 780, from alanine in the C3 PEPC 

isoforms to serine in all C4 isoforms, plays a role in the difference in KmHCO3
- seen between 

C3 and C4 plants (DiMario and Cousins, 2019). The KmHCO3
- was determined for the species 

Flaveria trineria (C4) and Flaveria pringleii (C3), as well as Flaveria trineria (C4) PEPC with 

a S780A mutation and Flaveria pringleii (C3) PEPC with a A708S mutation. There was a 

significant increase in the KmHCO3
- of the Flaveria trineria (C4) PEPC when the S780 was 

mutated to an alanine, from 26.6 µM to 38 µM (DiMario and Cousins, 2019). Given that the 

KmHCO3
-
 of Flaveria trineria (C4) PEPC with a S780A mutation did not reach the same value 

of 64 µM recorded for the Flaveria pringleii (C3), it suggests that additional amino acid 

residues may also be contributing to this change in KmHCO3
-. This is also supported by the 
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fact that there was no significant change in KmHCO3
- of Flaveria pringleii (C3) PEPC when 

the A780 was mutated to a serine (DiMario and Cousins, 2019). A study by DiMario et al. 

(2021) substituted the PEPC region contain amino acids 528-880 from Echinochloa esculenta, 

a C4 plant with a high KmHCO3
-, with the corresponding region from Panicum virgatum, a C4 

plant a low KmHCO3
-. This substitution increased the affinity of the E. esculenta PEPC, 

reducing the KmHCO3
-
 to a value comparable to that of the P. virgatum KmHCO3

- (DiMario et 

al., 2021). Therefore, it appears to be a region, rather than a single amino acid difference that 

controls the KmHCO3
- of PEPC enzymes. 

 

Phylogenetic research investigating grass PEPCs, using only nearly neutral sites, identified 

twenty-one amino acids thought to have evolved under positive selection in C4 grasses (Christin 

et al., 2007). It is hypothesised that individually each of these 21 amino acids would have small 

effects differences in kinetic properties of PEPC enzyme, but together result in the distinct 

properties of C4 isoforms (Christin et al., 2007). 

 

As well as the differences in substrate saturation constants between C3 and C4 PEPC isoforms, 

differences sensitivities to allosteric inhibitors, malate and aspartate, and activators, glucose-

6-phosphate (G6P) and glycine, have been demonstrated (Svensson et al., 2003). 

Photosynthetic C4 PEPC enzymes generally demonstrate a greater activation by G6P when 

compared to C3 isoforms (Ting and Osmond, 1973c; Svensson et al., 2003). C4 PEPC isoforms 

have a reduction in sensitivity to malate (Dong et al., 1998; Bläsing et al., 2002; Engelmann et 

al., 2003; Jacobs et al., 2008). In the genus Flaveria, it was demonstrated that this decrease in 

sensitivity toward malate is the result of a single point mutation resulting in an amino acid 

change, from arginine (R) at position 884 (R884 Flaveria trinervia numbering; R890 Zea mays 

numbering) in the C3 isoform, to glycine (G) in the C4 isoform (Paulus et al., 2013). The C3 

arginine at this position is close to the essential malate binding residues and provides extra 
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hydrogen bonds with the malate, resulting in strong repressor binding in C3 PEPCs (Paulus et 

al., 2013). Removal of the glycine reduces the affinity of the C4 PEPC isoform for malate 

(Paulus et al., 2013). Further alignments demonstrated that in C4 species of the Poaceae family, 

the C3 R884 present in all species examined is replaced with either glycine, serine, glutamine or 

glutamate (Paulus et al., 2013). 

 

Photosynthetic C4 PEPC is subject to regulatory phosphorylation in response to 

photosynthetically active radiation (PAR). Photoactivation of C4 PEPC, following illumination 

of leaves, results in a 2- to 3-fold increase in PEPC activity, a reduction in malate inhibition, 

and an increase in activation of the enzyme by G6P (Huber and Sugiyama, 1986; Nimmo et 

al., 1987; Jiao and Chollet, 1988; Jiao and Chollet, 1990). This photoactivation, which occurs 

in many but not all C4 species, results from the reversible phosphorylation of a conserved N-

terminus serine residue (S15, Zea mays numbering) catalysed by PEPC protein kinase 

(Karabourniotis et al., 1983; Jiao and Chollet, 1990). PAR upregulates the activity of the PEPC 

protein kinase by a complex transduction cascade (McNaughton et al., 1991; Vidal and Chollet, 

1997). There is a rapid diurnal turnover of the PEPC protein kinase, with activity levels 

dropping due to degradation via the ubiquitin-proteosome pathway (Agetsuma et al., 2005). 

Once levels of PEPC protein kinase have dropped through degradation, the phosphorylation of 

S15 is reversible by dephosphorylation by a protein phosphatase 2A, which remains at steady 

levels (Chollet et al., 1996; Agetsuma et al., 2005). 

 

1.7 Thesis Aims 

The main aims of this thesis are to: 

1. Investigate the catalytic properties of PEPC from different species of the Paniceae by 

recombinant expression in E. coli. This aim is addressed in Chapters 3 and 4. 
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2. Investigate the effects of a PEPCK-specific six amino acid deletion on PEPC enzyme 

kinetics by recombinant expression in E. coli. 

3. Modify the PEPC enzyme and investigate in vivo effects in the C4 plant, Setaria viridis. 

This aim is addressed in Chapter 5. 

4. Investigate effects of increased PEPC expression in the C4 plant, Setaria viridis. This 

aim is addressed in Chapter 5. 
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Chapter 2: General Methods 

2.1 Gene synthesis 

After preparation for synthesis, sequences were synthesised by GenScript 

(https://www.genscript.com/gene_synthesis.html?src=pullmenu) and provided in pUC57 

vector with ampicillin resistance. 

 

2.2 Production of thermally competent E. coli TOP10 competent cells 

E. coli TOP10 cells were used to inoculate 3 mL of LB media. The culture was incubated at 

37 °C and 220 rpm overnight. 1 mL of the overnight culture was used to inoculate 100 mL of 

fresh LB media and this was incubated at 37 °C and 220 rpm until an OD600 within the range 

of 0.4-0.6 was reached. The culture was incubated on ice for 5 minutes before the cells were 

collected by centrifugation for 10 minutes at 5,000 rpm. The supernatant was removed and the 

pellet was resuspended in filter-sterilised TFBI (30 mM potassium acetate, 100 mM RbCl, 10 

mM CaCl2, 50 mM MnCl2, 15 % glycerol, pH 5.8). Cells were collected by centrifugation for 

10 minutes at 5,000 rpm, supernatant was removed and cells were resuspended in filter-

sterilised TFBII (10 mM MOPS (C7H15NO4S), 75 mM CaCl2, 10 mM RbCl, 15 % glycerol, 

pH 6.5). Cells were aliquoted before being immediately frozen in liquid nitrogen. 

 

2.3 Heat shock transformation of E. coli TOP10, E. coli XL-1 Blue, and E. 

coli BL21 (DE3) competent cells 

Competent E. coli TOP10 cells (50 µl), E. coli XL-1 Blue (200 µl), or E. coli BL21 (DE3) 

(Agilent; 40 µl) were transformed using the heat shock as described by Sambrook et al. (1989). 

Competent cells were thawed on ice. 1 µl of synthesised or isolated plasmid was added to the 

competent cells and incubated on ice for 30 minutes. Cells were then heat shocked at 42 °C for 

90 seconds and immediately incubated on ice for 5 minutes. LB media was then added to the 

https://www.genscript.com/gene_synthesis.html?src=pullmenu


59 

 

cells, followed by incubation at 37 °C and 300 rpm for 60 minutes. After incubation, 50 µl of 

the culture was plated onto LB-agar plates containing 100 µg/ml of ampicillin and incubated 

overnight at 37 °C. A single colony from the transformation plate was used to inoculate LB 

media containing 100 µg/ml of ampicillin and the culture was incubated at 37 °C and 220 rpm 

overnight. 

 

2.4 Plasmid isolation 

Plasmids were isolated using the ISOLATE II Plasmid Mini Kit (Bioline) as per the 

manufacturer’s specifications.  

 

2.5 General protein expression in E. coli 

Three single colonies from a BL21(DE3) E. coli cells (Agilent) transformation plate was used 

to inoculate a single 5 mL starter culture of LB media containing 100 µg/mL of ampicillin. 

Three colonies were used in an attempt to reduce any variation in protein production between 

cultures due to differences in bacterial colony quality. Starter cultures were grown overnight at 

37 °C and 160 rpm. The 5 mL starter cultures were then used to inoculate LB media containing 

100 µg/mL of ampicillin. The volumes of the LB media for inoculation ranged from 50 mL to 

1 L depending on the quantity of protein required. The cultures were then grown at 37 °C and 

160 rpm until an OD600 of within the range of 0.45-0.65 was reached.  Protein expression was 

induced by the addition of IPTG (final concentration 0.5 mM) and the cultures were incubated 

overnight at room temperature and 160 rpm. 
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2.6 SDS-PAGE analysis 

Recombinant protein samples, prepared as described in Chapter 3, supplemented with 1 X SDS 

reducing buffer (10% glycerol, 62.5 mM Tris/HCl, 2 % (w/v) SDS OR 69.35 mM SDS, 

0.0025 % (w/v) Bromophenol blue, 0.3575 M β-mercaptoethanol) were boiled for five minutes, 

and then centrifuged for 5 minutes at 10,000 rpm. Leaf extracts, prepared as described in 

section 5.2.9, were supplemented with 1 X XT sample buffer (BioRad). Samples were 

incubated at 65 °C for 10 minutes then centrifuged at 16 000 x g for one minute.  

 

10 μl of each sample was loaded onto a NuPAGE 4-12 % Bis-Tris Gel (Invitrogen), with 

Precision Plus Protein All Blue Standards (BioRad). Gels were run in MES running buffer (50 

mM MES, 50 mM Tris base, 3.5 mM SDS, 1 mM EDTA) at 4 °C and 200 V. 

 

SDS-PAGE gels were then fixed using a solution containing 50 % (v/v) methanol, 10 % (v/v) 

acetic acid and 40% (v/v) H2O for 45 minutes with continuous, gentle agitation on an orbital 

shaker (50 rpm). Fixing was followed by three 15-minute wash steps in H2O, before staining 

with Gelcode Blue Stain Reagent (Thermo Scientific) and subsequent de-staining in H2O. Gels 

were visualised on a ChemiDoc (Bio-Rad). 

 

2.7 Western blot analysis 

After separation by SDS-PAGE, as described in section 2.6, proteins were transferred to a 

nitrocellulose membrane. The gel was placed in between filter paper and pads soaked in 

transfer buffer (25 mM N,N-Bis(2-hydroxyethyl)glycine (Bicine), 25 mM Bis-Tris, 1 mM 

EDTA, 10 % v/v methanol). The transfer was performed in a XCell II™ Blot Module 

(Thermofisher) and 25 V for 1.5 hours at 4 °C. 
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The membrane was removed from the apparatus and washed in TBS (20 mM Tris-HCl pH 7.5, 

150 mM NaCl) for five minutes on an orbital shaker. The membrane was then blocked in TBS 

(20 mM Tris-HCl pH 7.5, 150 mM NaCl) supplemented with 10 % (w/v) skim milk powder at 

4°C overnight. After blocking, the membrane was washed in TBS (20 mM Tris-HCl pH 7.5, 

150 mM NaCl) at room temperature once for ten minutes on an orbital shaker. The membrane 

was then washed in TBS two more times, each for three minutes on an orbital shaker. Either 

an anti-PEPC antibody (AS09 458, Agrisera) was diluted 1:10,000 in TBST (20 mM Tris-HCl 

pH 7.5, 150 mM NaCl , 0.05 % (v/v) TWEEN 20) or an anti-AcV5 tag antibody (ab49581, 

Abcam) was diluted 1:5,000 (20 mM Tris-HCl pH 7.5, 150 mM NaCl , 0.05 % (v/v) TWEEN 

20). The membrane was incubated in the appropriate antibody at room temperature for one 

hour on an orbital shaker. The membrane was then washed three times for 10 minutes in TBS 

(20 mM Tris-HCl pH 7.5, 150 mM NaCl). A HRP-conjugated anti-mouse or a HRP-conjugated 

anti-rabbit secondary antibody diluted 1:10,000 in TBST (20 mM Tris-HCl pH 7.5, 150 mM 

NaCl , 0.05 % (v/v) TWEEN 20) was used for the anti-AcV5 tag antibody and the anti-PEPC 

antibody, respectively. The membrane was incubated in the secondary antibody solution for 45 

minutes at room temperature on an orbital shaker. The membrane was then washed three times 

for 10 minutes in TBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl). 

 

Membranes were developed using the Western Lightning Plus-ECL, enhanced 

chemiluminescence substrate (Perkin Elmer) according to the manufacturer’s specifications, 

and imaged using the ChemiDoc (BioRad). 

 

2.8 PEPC activity assay and data analysis 

PEPC activity was assayed at 25 °C following the NADH-coupled spectrophotometric assay 

as described by Ashton et al. (1990) with the rate of NADH oxidation monitored at 340 nm 

(one of the absorption maxima for NADH) using a Cary 60 UV-Vis spectrophotometer 
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(Agilent). The assay buffer contained 50 mM EPPS-NaOH, pH 8, 10 mM MgCl2, 0.5 mM 

EDTA, 1 mM NaHCO3, 5 mM PEP, 0.2 mM NADH, and 2 U malate dehydrogenase. Glucose-

6-phosphate (5 mM) was either present or absent in the buffer. The reaction was initiated with 

the addition of PEP. 

A slope running average was determined using three absorbance data points and the 

corresponding time points. Using the highest running average points spanning a time of at least 

60 seconds, the slope of the change in absorbance vs the change in time was calculated. PEPC 

activity (µmol CO2 m
-2 sec-1) was determined using the following equation:  

PEPC activity (µmol CO2 m-2 sec-1) = [(|ΔOD340| × total assay volume × total extract 

volume)/(6.22 × 10-3 ×volume of leaf extract used ×leaf area)]  

Where 6.22 × 10-3 is the extinction coefficient of NADH (6.22 × 10-3 mM-1 cm-1) and absolute 

value of the change in absorbance at 340 nm per second (|ΔOD340|).  

 

2.9 Statistical analysis 

Statistical analyses were carried out using Origin software (Version 2020, OriginLab 

Corporation). One-way and two-way ANOVAs with posthoc Tukey honestly significant 

difference (HSD) tests were performed to determine statistically significant differences (P < 

0.05) between the kinetic properties of PEPC (KmPEP, KmHCO3
-, kcat, Vmax). One-way 

ANOVAs with posthoc Tukey HSD tests were also used to determined statistically significant 

differences (P < 0.05) between wild type and transgenic lines for various parameters (PEPC 

activity, Rubisco activity, soluble protein, total protein, fresh weight, dry weight, modelled 

Vpmax, modelled Vcmax, modelled PEPC activity and modelled Rubisco activity). 

 

2.10 Gas Exchange 

Net CO2 assimilation rate was measured over a range of intercellular CO2 partial pressure (Ci) 

values on the uppermost, fully expanded leaf of 14-day old (± 2 days) Setaria viridis plants 
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using a LI-COR 6400XT portable gas exchange system (LI-COR Biosciences). Measurements 

were made after leaves had equilibrated at 400 µbar, a leaf temperature of 25 °C, an irradiance 

of 1,800 µmol photons m-2 s-1, and a flow rate 500 µmol s-1. CO2 response curves were 

measured in a stepwise increase (3-minute intervals) in CO2 partial pressure as follows: 400, 

0, 50, 74, 100, 200, 300, 400, 600, 800, 1000, 1200, 1500, 400 µbar whilst maintaining a leaf 

temperature of 25 °C and an irradiance of 1,800 µmol photons m-2 s-1.  

 

2.11 Protein quantification by Bradford assay 

Proteins were quantified by Bradford assay based on Bradford (1976). A bovine serum albumin 

(BSA) standard was created with BSA concentrations of 0, 5, 10, 15, 20, 26.6 µg/ml. The 

protein sample/leaf extract was diluted until it was well within the range of the BSA standards. 

150 µl of each standard and 150 µl of protein sample or 145 µl of ddH2O + 5 µl of leaf extract  

 was pipetted into a 96 well microtitre plate in triplicate. 150 µl of Coomassie Plus Assay 

Reagent (ThermoFisher Scientific) was added to each well. Absorbance of the samples was 

measured at 595 nm on a BioRad plate reader. The average absorbance of the three readings 

for each BSA concentration was calculated. Excel was used to fit a linear trendline to the BSA 

standard curve, and this equation was used to calculate the concentration of the protein sample. 

 

2.12 Protein structure prediction 

Predictions for the tertiary structure of various PEPC proteins were obtained using I-TASSER 

(Iterative Threading ASSEmbly Refinement) (Yang et al., 2015; Yang and Zhang, 2015). 

PEPC sequences were submitted to I-TASSER at https://zhanggroup.org/I-TASSER/ , and 

predicted protein structures were obtained for the PEPC proteins. Panicum coloratum and 

Urochloa panicoides C4 PEPC sequences were provided by Alex Watson-Lazowski and the C4 

S. viridis PEPC sequence (Sevir.4G143500.1, Phytozome) was obtained from Phytozome 

(https://phytozome-next.jgi.doe.gov/). 

https://zhanggroup.org/I-TASSER/
https://phytozome-next.jgi.doe.gov/
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2.13 DNA gel electrophoresis 

DNA samples were supplemented with 4X gel loading dye (NEB) to a final concentration of 

1X and run at 80 V on a 1 % agarose/ 1X TAE (40 mM trisaminomethane (Tris), 20 mM acetic 

acid, 1 mM EDTA) gel with 1X SYBR™ Safe DNA Gel Stain (Thermofisher) for visualisation 

and visualised using a blue light transilluminator or a ChemiDoc (BioRad). 
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Chapter 3: Establishment and optimisation of PEPC 

expression and purification using Escherichia coli as an 

expression system 

3.1 Introduction 

The aim of this chapter is to establish a PEPC expression system in E. coli and to optimise the 

purification of PEPC protein expressed in this system. This will allow PEPC kinetics for 

different species to be determined in vitro, as well as allowing the investigation of the effects 

of PEPC residues and regions on PEPC kinetics. 

 

3.1.1 Histidine-tagged ubiquitin expression (pHUE) vector for protein expression in E. 

coli 

Expression of heterologous proteins in bacterial systems is shown to be enhanced when the 

protein is expressed as a ubiquitin fusion protein (Baker, 1996). The histidine-tagged ubiquitin 

expression (pHUE) vector, allows proteins to be expressed in E. coli as poly-histidine-tagged 

ubiquitin fusion proteins, and results in high expression levels associated with ubiquitin fusion 

proteins (Figure 3.1; Catanzariti et al., 2004). Fusion proteins consist of six N-terminal histidine 

residues followed by a ubiquitin moiety and then the protein of interest (Catanzariti et al., 

2004). The histidine residues allow for purification of the fusion protein using immobilised 

metal affinity chromatography (IMAC) (Catanzariti et al., 2004). After purification by IMAC, 

the ubiquitin moiety can be cleaved and removed from the protein by ubiquitin specific 

proteases (USP), which are advantageous as they exhibit no non-specific cleavage and cleave 

precisely at the C-terminus of the ubiquitin moiety, leaving no unwanted N-terminal amino 

acids in the protein of interest (Baker, 1996; Catanzariti et al., 2004; Baker et al., 2005). 

Cleavage of the ubiquitin moiety also removes the histidine residues at the N-terminus of the 

fusion protein, leaving just the protein of interest (Catanzariti et al., 2004). A mouse 

deubiquitylating protein (Usp2) has been engineered to be expressed in E. coli as a 
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polyhistidine-tagged recombinant protein, allowing purification of the Usp2 by IMAC (Baker 

et al., 2005). The ubiquitin protease can be utilised to cleave the polyhistidine-ubiquitin from 

the fusion proteins, separating the tag and the protein of interest (Baker et al., 2005).  

Subsequently, the his-tagged proteins, any uncleaved fusion protein and contaminating E. coli 

proteins that have multiple histidines can be removed from the recombinant protein of interest 

by affinity chromatography using Ni-NTA resin (Baker et al., 2005).  

Expression of the fusion protein is driven by a T7 RNA polymerase promoter, inducible by 

IPTG (Figure 3.1; Catanzariti et al., 2004). A multiple cloning site follows the 3' end of the 

ubiquitin coding region to allow cloning of the protein coding sequence (Figure 3.1). A SacII 

restriction enzyme site is encoded into the 3' end of the ubiquitin coding sequence (Figure 3.1; 

Baker et al., 1994; Catanzariti et al., 2004). Utilisation of this SacII restriction enzyme site 

during cloning ensures that no extra N-terminal residues are left on the protein of interest 

(Baker et al., 1994; Catanzariti et al., 2004). For this investigation, cloning of PEPC coding 

sequences was carried out between the SacII and HindII restriction enzyme cloning sites. 

Figure 3.1. The histidine-tagged ubiquitin expression (pHUE) vector. (A) A map of the pHUE 

vector, with the T7 RNA polymerase promoter (indicated by a black triangle), the poly-

histidine tag (ATG-His(6)), the ubiquitin coding sequence (indicated by a black box), the 

multiple cloning site (MCS), ampicillin resistance gene (AmpR), the origin of replication (ori) 

and the lacI repressor gene (lacI). (B) The fusion protein, containing a polyhistidine tag 

(His(6)), and the ubiquitin moiety. Also featured are the 5' and 3' ends of the DNA sequence 

encoding the ubiquitin moiety. The SacII restriction enzyme site (CCGCGG) encoded into the 

3' end of the ubiquitin coding sequence is underlined. Image from Catanzariti et al. (2004) 
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The pHUE expression system has been successfully used to purify many proteins, including 

many found in plants or involved in photosynthesis, including form II Rubisco, rubisco 

activase, red-type Rubisco activase Cbbx, rubisco-assembly chaperone Raf1, the β-

carboxysome scaffolding protein CcmM, and Essential Pyrenoid Component 1 (EPYC1) 

(Whitney and Sharwood, 2008; Mueller-Cajar et al., 2011; Hauser et al., 2015; Tsai et al., 2015; 

Peterson-Forbrook et al., 2017; Serban et al., 2018; Wang et al., 2018; Wunder et al., 2018; 

Wang et al., 2019; He et al., 2020; Zang et al., 2021).  

 

3.1.2 Review of buffers used in previous papers for PEPC purification 

From a review of the published literature, a number of buffers have been used to purify PEPC 

enzymes from Zea mays and Flaveria species from E. coli (Table 3.1). All buffers had a pH 

between 7.3 – 7.6, and most contained a reducing agent (DTT or β-mercaptoethanol), a protease 

inhibitor (PMSF or EDTA), and glycerol for protein stabilisation. The EDTA and DTT 

included in many of the Flaveria PEPC extraction buffers are not compatible with IMAC 

purification. EDTA, a strong chelating agent, is incompatible with nickel-nitriloacetic acid (Ni-

NTA) matrices as it binds the nickel ions and strips it from the NTA resin (Novagen; QIAGEN, 

2011; Life Technologies Corporation, 2012). DTT, a strong reducing agent, reduces the nickel 

ions and prevents them from binding polyhistidine-tagged proteins (Novagen; QIAGEN, 2011; 

Life Technologies Corporation, 2012). Therefore, β-mercaptoethanol and PMSF were selected 

as the reducing agent and protease inhibitor buffer components for PEPC purification from E. 

coli. 

 

 

 

 



68 

 

Table 3.1 Buffers used to purify PEPC expressed in E. coli. Buffer composition and the role of 

buffer components are listed. Abbreviations of buffer components are as follows: 

phenylmethylsulfonyl fluoride (PMSF), dithiothreitol (DTT), and ethylenediamine tetraacetic 

acid (EDTA). 

Buffer composition Role of buffer component Reference 

100 mM Tris-HCl (pH 7.6), 
10% ethylene glycol,  
5% glycerol,  
1 mM PMSF, 
10 mM β -mercaptoethanol. 

Buffer  
Protein stabilisation 
Protein stabilisation 
Protease inhibitor 
Reducing agent 

(Dong et al., 1997) 
(Dong et al., 1998) 

100 mM Tris-HCl (pH 7.6),  
20% (v/v) glycerol,  
1 mM PMSF, 
14 mM β -mercaptoethanol 

Buffer 
Protein stabilisation 
Protease inhibitor 
Reducing agent 

(Takahashi-Terada et 
al., 2005) 

100 mM Tris, (pH 7.6), 
10 mM MgCl2,  
5 mM DTT,  
1 mM EDTA,  
20% glycerol 

Buffer 
PEPC cofactor 
Reducing agent 
Chelating agent to prevent protease activity 
Protein stabilisation 

(Gao and Woo, 1995) 

50mM Tris (pH 7.5),  
10mM MgCl2,  
150mM NaCl,  
DNase,  
lysozyme 

Buffer 
PEPC cofactor 
Increase ionic strength of buffer 
Digest DNA 
Digest cell debris 

(Paulus et al., 2013) 

100 mM Mops/KOH (pH 7.3) 
10 mM MgCl2,  
10 mM DTT,  
1 mM EDTA,  
1 mM PMSF 

Buffer 
PEPC cofactor 
Reducing agent 
Chelating agent to prevent protease activity 
Protease inhibitor 

(Svensson et al., 1997) 
(Bläsing et al., 2002) 
(Engelmann et al., 2003) 
(Gowik et al., 2006) 

0.5 M (NH4)2SO4,  
20 mM Tris–HCl (pH 7.5), 
0.1 mM DTT,  
1 mM EDTA (pH 8.0) 
 5% (v/v) glycerol,  
1 mM PMSF. 

 
Buffer 
Reducing agent 
Chelating agent to prevent protease activity 
Protein stabilisation 
Protease inhibitor 

(DiMario and Cousins, 
2019) 

 

3.1.3 PEPC structure 

PEPC has been purified from bacterial, C3, C4 and single celled C4 plant species in the more 

active tetrameric form, less active dimeric form, and a mixture of the two (Ting and Osmond, 

1973c; Miziorko et al., 1974; Nott and Osmond, 1982; Huber et al., 1986; Iglesias et al., 1986; 

Owttrim and Colman, 1986; Stiborová and Leblová, 1986; Walker et al., 1986; Podesta and 

Andreo, 1989; Willeford et al., 1990; Arrio-Dupont et al., 1992; Svensson et al., 1997; Takai 
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et al., 1997; Chen et al., 2002; Lara et al., 2006). It has been suggested that the structure of the 

PEPC tetramer, with only the salt bridges between the Arg 438 of one subunit and Glu433 of 

another subunit holding the tetramer together, explains the inherent tendency of the enzyme to 

dissociate into dimers (Kai et al., 1999). In order to investigate if the purification form of the 

PEPC enzyme is permanent, or more transient depending on the conditions of the solution in 

which it is contained, a literature review was conducted. 

A number of studies have found that whether the PEPC enzyme is a dimer or a tetramer depends 

on the conditions of the solution containing the PEPC. Gel filtration has been used to 

investigate the effect of PEPC protein concentration on the quaternary structure of the enzyme 

in a number of plant species.  High concentrations of PEPC protein loadings (1 mg/ml) result 

in the elution of the PEPC enzyme as a tetramer. Conversely, low concentrations of PEPC 

protein loadings of the enzyme result in the elution of the PEPC enzyme as a dimer. This has 

been observed in a number of plant species including Bryophyllum fedtschenkoi (CAM), 

Bryophyllum pinnatum (CAM), and Zea mays (C4, NADP-ME) (Jones et al., 1978; Nott and 

Osmond, 1982; McNaughton et al., 1989; Wu et al., 1990). Therefore, there appears to be a 

concentration-dependent dissociation of the PEPC enzyme into dimers at low protein 

concentration (Jones et al., 1978; Nott and Osmond, 1982; Nimmo et al., 1987; Wu et al., 

1990). This concentration-dependent dissociation of the PEPC enzyme into dimers at low 

protein concentration has also been demonstrated by native-PAGE analysis on the Crassula 

argentea (CAM) PEPC enzyme and dynamic light scattering on the Zea mays PEPC enzyme 

(Willeford et al., 1990; Wu et al., 1990; Meyer et al., 1991; Willeford and Wedding, 1992).  

 

Gel filtration has been used to investigate the effects of the presence of malate on PEPC 

quaternary structure. It has been found that in the presence of malate, dissociation of the PEPC 

tetramer to the dimer is induced (Wu and Wedding, 1985; Nimmo et al., 1986; Willeford et al., 

1990). This has been observed in a number of plant species including Bryophyllum fedtschenkoi 

(CAM), Crassula argentea (CAM), and Zea mays (C4, NADP-ME)  (Wu and Wedding, 1985; 
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Nimmo et al., 1986; Willeford et al., 1990). In addition, incubation of the dimer-tetramer 

mixture form of the PEPC enzyme with malate has been shown to drive the equilibrium toward 

the dimeric form of the enzyme (Wu and Wedding, 1987). It has been shown, however, that 

preincubation of the Crassula argentea (CAM) PEPC enzyme with PEP can stop the 

conversion of the PEPC tetramer into dimers on exposure to 1.5 mM of malate (Wu and 

Wedding, 1985). Using dynamic laser-light scattering, it has been demonstrated that incubation 

of the Crassula argentea and Zea mays PEPC enzyme with malate caused dimer formation 

(Willeford et al., 1990; Wu et al., 1990; Meyer et al., 1991). Gel filtration has also been used 

to investigate the effect of the presence of NaCl on PEPC quaternary structure. NaCl has been 

shown to cause the PEPC tetramer of Zea mays to dissociate into dimers (Wagner et al., 1987; 

McNaughton et al., 1989; Podesta and Andreo, 1989). The extent of dissociation was dependent 

on protein concentration, with increasing dissociation observed with decreasing PEPC protein 

concentration (Wagner et al., 1987). The extent of dissociation was also dependent on 

preincubation time with the NaCl, with increasing in dissociation observed with increasing 

preincubation time (Wagner et al., 1987). 

 

Gel filtration has also been used to investigate the effect of the presence of Mg2+, PEP, and 

G6P on PEPC quaternary structure. Incubation of the dimeric form of the PEPC enzyme with 

Mg2+ has been shown to induce the formation of PEPC tetramers (Wu and Wedding, 1985). 

Incubation of the dimer-tetramer mixture form of the PEPC enzyme with PEP has been shown 

to drive the equilibrium toward the tetrameric form (Wu and Wedding, 1987). It was shown 

that preincubation of dilute Crassula argentea PEPC enzyme with PEP or G6P resulted in 

tetramer formation using dynamic laser-light scattering (Meyer et al., 1991). Dynamic laser 

light scattering in conjunction with gel filtration has shown similar results, with tetramer 

formation of the Zea mays PEPC enzyme being induced in the presence of PEP, Mg2+, a 

combination of PEP and Mg2+, and interestingly also HCO3
- (Willeford et al., 1990; Wu et al., 

1990; Wedding et al., 1994). Light scattering has also shown that the presence of PEP or G6P 
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stabilises the Zea mays PEPC in tetrameric form, even when the PEPC enzyme is subject to 

increasing levels of dilution (Willeford and Wedding, 1992).  

 

From the findings of the literature review it was concluded that purification of either the 

dimeric or tetrameric form of the enzyme was acceptable as the tetrameric form could be 

induced after purification by altering the components of the solution it was contained in. 

 

3.1.4 Experimental Objectives 

The experimental objective is to establish and optimise a PEPC expression and purification 

method using E. coli as an expression system and pHUE as the expression vector. 

 

3.2 Methods 

3.2.1 Buffers for PEPC recombinant protein extraction from E. coli 

3.2.1.1 Expression test extraction buffer 

The extraction buffer for the expression test contained 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) 

glycerol, supplemented with 1 mM PMSF and 10 mM β-mercaptoethanol. 

3.2.1.2 Starting buffers for PEPC recombinant protein extraction from E. coli 

Given that Zea mays and the other C4 enzymes to be purified were monocots, the starting 

extraction buffer was chosen to be 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 10 mM 

imidazole supplemented with 1 mM PMSF and 10 mM β-mercaptoethanol.  

The starting elution buffer was 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 300 mM 

imidazole, the starting equilibration buffer was 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 
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mM imidazole and the starting wash buffer was 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 

10 mM imidazole supplemented with 10 mM β-mercaptoethanol. 

3.2.1.3 Optimisation of imidazole concentration in extraction/wash buffer 

The extraction buffer was as described in 3.1.1.2 (0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 

10 mM imidazole supplemented with 1 mM PMSF and 10 mM β-mercaptoethanol), as was the 

equilibration buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole) and the 

elution buffer (0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 300 mM imidazole). All wash 

buffers contained 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, supplemented with 10 mM β-

mercaptoethanol, with either 10 mM, 20 mM, 30 mM, or 40 mM imidazole. 

3.2.1.4 Addition of MgCl2 and glucose-6-phosphate to the extraction and wash buffers 

MgCl2 can be used in the Ni-NTA affinity chromatography purification process in 

concentrations up to 4M (QIAGEN, 2011). Given that 10 mM MgCl2 has been used in 

extraction buffers for the purification of Flaveria PEPC proteins, and that the PEPC activity 

assay protocol (General Methods 2.8) contains 10 mM MgCl2 in the reaction buffer, a 

concentration of 10 mM MgCl2 was chosen for buffer supplementation (Gao and Woo, 1995; 

Svensson et al., 1997; Bläsing et al., 2002; Engelmann et al., 2003; Gowik et al., 2006; Paulus 

et al., 2013). A concentration of 5 mM G6P was chosen for buffer supplementation as this is 

the concentration used in the PEPC activity assay protocol (General Methods 2.8). 

The extraction and wash buffers described in 3.1.1.2 were supplemented with either 10 mM 

MgCl2, 5 mM G6P, or 10 mM MgCl2 and 5 mM G6P. 

The elution buffer was as described in 3.1.1.2 (0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 

300 mM imidazole), as was the equilibration buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 

10 mM imidazole). 
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3.2.1.5 Addition of 300 mM NaCl to the extraction and wash buffers 

The inclusion of NaCl in buffers prevents non-specific ionic interaction between proteins, 

preventing copurification, and it is recommended that at least 300 mM NaCl  is used for protein 

purification using Ni-NTA matrices (Novagen; QIAGEN, 2011). 

The extraction buffer described in 3.1.1.2 was supplemented with 300 mM NaCl, with the 

resulting extraction buffer for testing consisting of 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 

300 mM NaCl supplemented with 1 mM PMSF and 10 mM β-mercaptoethanol. The wash 

buffer described in 3.1.1.2 was supplemented with 300 mM NaCl (0.1 M Tris-HCl, pH 7.4, 

10 % (v/v) glycerol, 10 mM imidazole, 300 mM NaCl, supplemented with 10 mM β-

mercaptoethanol). 

The elution buffer was as described in 3.1.1.1 (0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 

300 mM imidazole), as was the equilibration buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 

10 mM imidazole). 

 

3.2.1.6 DNase in the larger culture extraction buffer 

When larger bacterial cultures were grown in order to scale up the PEPC protein for extraction 

and purification, DNase was included in the extraction buffer to digest the large amounts of 

DNA present in the lysate. 1 µg DNase per mL of resuspended cells was added to the extraction 

buffer. 

 

3.2.2 Protein expression 

3.2.2.1 Test for recombinant PEPC expression in E.coli 

The process to create the transformed BL21 (DE3) cells used for the establishment and 

optimisation of PEPC expression and purification using E. coli as an expression system is 

described in Chapter 4. LB media (100 mL) containing 100 µg/ml of ampicillin was inoculated 
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with 100 μl of the glycerol stock of transformed BL21 cells. One culture was made for each of 

the seven plasmids to be tested for PEPC expression. As the control, 50 mL of LB containing 

no antibiotic was inoculated with 50 μl of untransformed BL21 (DE3) cells (Agilent). The 

cultures were then grown at 37 °C and shaken at 200 rpm until an OD600 within the range of 

0.40-0.60 was reached. 

Once an OD600 within this range was reached, 15 mL of each culture was separated to represent 

the non-induced culture corresponding to each plasmid. For the control, 25 mL of the culture 

was separated to be the non-induced control. Protein expression was induced by the addition 

of IPTG (final concentration 0.5 mM), no IPTG was added to the non-induced cultures or the 

non-induced control. All cultures were incubated overnight at 25 °C and 200 rpm.  

After overnight incubation, cells (15 mL per culture) were then harvested by centrifugation at 

5,000 x g for 7 minutes at 4 °C. Cell pellets were resuspended in 4 mL extraction buffer (0.1 

M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, supplemented with 1 mM PMSF and 10 mM β-

mercaptoethanol). Cell lysis was achieved by three sequential passes through a French pressure 

cell (Aminco) precooled to 4 °C at 1000 psi. 150 µl of the lysate for each culture was retained 

for SDS-PAGE gel analysis (3.1.2 SDS-PAGE gel analysis). 

1 mL of the lysis solution for each culture was centrifuged for 5 minutes at 21,000 x g and 

4 °C. After centrifugation the supernatant was removed and retained for purification, and 150 

µl of the supernatant for each culture was retained for SDS-PAGE gel analysis (3.1.3 SDS-

PAGE gel analysis).  

3.2.2.2 Expression and extraction of recombinant PEPC protein for use in purification 

optimisation 

The process to create the transformed BL21 (DE3) cells used for the establishment and 

optimisation of PEPC expression and purification using E. coli as an expression system is 

described in Chapter 4. These cells were used in the optimisation of the PEPC purification 

process. Three single colonies from the various BL21 transformation plates were used to 
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inoculate 5 mL starter cultures of LB media containing 100 µg/mL of ampicillin. These starter 

cultures were grown overnight at 37 °C and 160 rpm. After overnight incubation, the 5 mL 

starter cultures were used to inoculate LB media containing 100 µg/mL of ampicillin. The 

volumes of the LB media for inoculation ranged from 50 mL to 1 L depending on the quantity 

of protein required. The cultures were then grown at 37 °C and 160 rpm until an OD600 of 

within the range of 0.45-0.65 was reached.  Protein expression was induced by the addition of 

IPTG (final concentration 0.5 mM) and the cultures were incubated overnight at room 

temperature and 160 rpm. Cells were then harvested by centrifugation at 6,000 x g for 10 

minutes using a Hitachi R9A rotor. The supernatant was discarded. The cells were snap frozen 

in liquid nitrogen and stored at -20 °C until purification.  

For protein purification, cell pellets were resuspended in 15 mL extraction buffer per 200 mL 

cell culture. The composition of the extraction buffer differed through the optimisation process 

(see 3.1.1). Cell lysis was achieved by three sequential passes through a French pressure cell 

(Aminco) pre-cooled to 4 °C at 1000 psi. 150 µl of the lysate for each culture was retained for 

SDS-PAGE gel analysis, added to 50 μl of 4X SDS reducing buffer, snap frozen in liquid 

nitrogen and stored at -20 °C until SDS-PAGE analysis (3.1.3 SDS-PAGE gel analysis). The 

lysis solution for each culture was centrifuged for 5 minutes at 15,000 rpm and 4 °C. After 

centrifugation the supernatant was removed and retained for purification. 150 µl of the 

supernatant for each culture was retained for SDS-PAGE gel analysis, added to 50 μl of 4X 

SDS reducing buffer, snap frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE 

analysis (3.1.3 SDS-PAGE gel analysis).  

 

3.2.3 SDS-PAGE and Western blot analysis. 

SDS-PAGE analysis was carried out as described in the General Methods section of this thesis 

(2.6 SDS-PAGE gel analysis). Western blotting was carried out as described in the General 

Methods section 2.7 of this thesis using an anti-PEPC primary antibody and a HRP-conjugated 

anti-rabbit secondary antibody. 
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3.2.4 Ubiquitin protease expression and purification 

Ubiquitin protease was expressed in and extracted from E. coli as described in 3.1.2.2 using 

ubiquitin protease extraction buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM 

imidazole) supplemented with 1 mM PMSF (Baker et al., 2005). Lysates containing the 

ubiquitin protease were loaded onto chromatography columns with a 4 ml Ni-NTA agarose 

(Qiagen) solid phase, which had been pre-equilibrated with 10 x bed volumes of ubiquitin 

protease extraction buffer. The columns were washed with 20 x bed volumes of ubiquitin 

protease extraction buffer. Proteins were eluted from the column with elution buffer (50 mM 

Tris-HCl, pH 8.0, 300 mM NaCl, 200 mM imidazole), and collected as four fractions using 0.4 

x bed volumes for fraction one and 1 x bed volume for the remaining three fractions. A dye-

bind assay was used to determine that the eluted protein was contained in fractions two and 

three.  The purified ubiquitin protease samples were placed into dialysis tubing (16 mm 

diameter, 25 mm flat width, Sigma-Aldrich) and into 1.8 L dialysis buffer (50 mM EPPS, pH 

8.0, 20 % (v/v) glycerol). The dialysis reaction was incubated at 4 °C overnight. After dialysis 

the ubiquitin protease was quantified as described in General Methods section 2.11. Purified 

ubiquitin protease was stored in 20 % (v/v) glycerol at -80 °C after snap freezing in liquid 

nitrogen. 

 

3.2.5 Protein purification using Ni-NTA agarose columns 

The following purification was carried out at 4 °C. Soluble protein samples were loaded onto 

chromatography columns with a 4 ml Ni-NTA agarose (Qiagen) solid phase, which had been 

pre-equilibrated with 10 x bed volumes of extraction buffer. The composition of the extraction 

buffer differed through the optimisation process (see 3.1.1). 150 µl of the column eluant for 

each culture was retained for SDS-PAGE gel analysis, added to 50 μl of 4X SDS reducing 

buffer (components in General Methods section 2.6), snap frozen in liquid nitrogen and stored 
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at -20 °C until SDS-PAGE analysis (3.1.3 SDS-PAGE gel analysis). The columns were then 

washed with 20 x bed volumes of wash buffer. Proteins were eluted from the column with 

elution buffer (0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 300 mM imidazole), and collected 

as four fractions. For fraction one (FR1), 0.4 bed volumes of elution buffer were layered onto 

the Ni-NTA resin, the eluent was collected (FR1). 150 µl of FR1 for each culture was retained 

for SDS-PAGE gel analysis, added to 50 μl of 4X SDS reducing buffer, snap frozen in liquid 

nitrogen and stored at -20 °C until SDS-PAGE analysis (3.1.3 SDS-PAGE gel analysis). The 

column was capped and left for 5 minutes before proceeding with the elution. For each of 

fractions two, three and four (FR2, FR3, FR4), one bed volume of elution buffer was layered 

onto the Ni-NTA resin, and the resulting eluent was collected. 150 µl of FR2, FR3 and FR4 for 

each culture was retained for SDS-PAGE gel analysis, added to 50 μl of 4X SDS reducing 

buffer, snap frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE analysis (3.1.3 

SDS-PAGE gel analysis). A protein dye-bind assay was conducted by removing 5 µl samples 

of the four fractions (FR1, FR2, FR3 and FR4). The 5 µl fraction sample was combined with 

145 μl of H2O and finally 150 μl of Pierce™ Coomassie Plus (Bradford) Assay Reagent 

(Thermo Scientific). The fractions that contained protein (FR2 and FR3) were combined into 

one sample ready for cleavage of the polyhistidine-ubiquitin tag. 

 

Purified His-tagged PEPC proteins were then digested with ubiquitin protease.  For each mL 

of eluent (combined FR2 and FR3), 3 μl of 1.5 M mercaptoethanol and 40 μg of purified 

6xHis-ubiquitin protease was added (3.1.4). The samples were incubated at 30°C for 60 

minutes. After digestion, the purified protein samples were placed into dialysis tubing (16 

mm diameter, 25 mm flat width, Sigma-Aldrich) and into 1.8 L dialysis buffer (50 mM 

EPPS, pH 8.0, 20 % (v/v) glycerol). The dialysis reaction was incubated at 4 °C overnight, 

with gentle stirring with a magnetic stir bar. 

After dialysis the purified proteins were layered onto a pre-equilibrated Ni-NTA column (see 

above) and the cleaved purified PEPC protein was collected in the eluant. 0.4 bed volumes of 



78 

 

elution buffer were layered onto the Ni-NTA resin, the eluent was collected and retained with 

the eluent from the previous step, as it also contained the purified, de-tagged PEPC protein. 

150 µl of the collected PEPC protein for each culture was retained for SDS-PAGE gel 

analysis, added to 50 μl of 4X SDS reducing buffer, snap frozen in liquid nitrogen and stored 

at -20 °C until SDS-PAGE analysis (3.1.3 SDS-PAGE gel analysis). The column was capped 

and left for 5 minutes before proceeding with the elution. Two bed volumes of elution buffer 

were layered onto the Ni-NTA resin, and the resulting eluent was collected (PEPC-FR1). A 

further two bed volumes of elution buffer were layered onto the Ni-NTA resin, and the 

resulting eluent was collected (PEPC-FR2). 150 µl of both PEPC-FR1 and PEPC-FR2 for 

each culture was retained for SDS-PAGE gel analysis, added to 50 μl of 4X SDS reducing 

buffer, snap frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE analysis (3.1.3 

SDS-PAGE gel analysis). A protein dye-bind assay was conducted by removing 5 µl samples 

of the three samples (PEPC, PEPC-FR1, PEPC-FR2). The 5 µl sample was combined with 

145 μl of H2O and finally 150 μl of Pierce™ Coomassie Plus (Bradford) Assay Reagent 

(Thermo Scientific). The purified PEPC protein was supplemented with 20 % (v/v) glycerol, 

snap frozen in liquid nitrogen and stored at -80 °C. 

 

Protein samples were concentrated to 100 µl by centrifugation at 4 °C and 4,500 x g using a 

Thermo Scientific TX-150 Swinging Bucket rotor and Amicon Ultra-4 Centrifugal filters (100 

kDa cut-off) in preparation for size-exclusion chromatography.  
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3.2.6 Gel filtration  

3.2.6.1 Superdex 200 increase 10/300 GL 

For purification of small volumes of protein, a Superdex 200 increase 10/300 GL column (GE 

Healthcare Life Sciences) was equilibrated with 20 mM HEPES, pH 7.5, 150 mM NaCl. 

Protein samples were separated at 0.6 ml/min with a Delta column pressure of 2.8 MPa, and 

0.5 ml fractions were collected.  

 

3.2.6.2 Highload 16/600 Superdex 200 Prep Grade 

For purification of larger volumes of protein, a HiLoad 16/600 Superdex 200 Prep Grade 

(Amersham Biosciences) gel filtration column was equilibrated with 20 mM HEPES, pH 7.5, 

150 mM NaCl. Protein samples were separated at 1 ml/min with a Delta column pressure of 

0.3 MPa, and 1 ml fractions were collected. 

 

3.2.7 Protein quantification 

3.2.7.1 Bradford Assay 

Proteins were quantified using a Bradford assay as described in General Methods section 2.11. 

In order to assess the accuracy of the Bradford method of correctly quantifying just the purified 

recombinant PEPC protein, 1 µg of each protein sample (Panicum coloratum, S. viridis, 

Urochloa panicoides, Rhodothermus obamensis, P. coloratum PEPC backbone + S. viridis 

PEPC insert, U. panicoides PEPC backbone + P. coloratum PEPC insert, and S. viridis PEPC 

backbone + U. panicoides PEPC insert) was loaded onto a SDS-PAGE gel. SDS-PAGE 

analysis was carried out as described in 3.1.3 SDS-PAGE gel analysis to assess the accuracy 

of the Bradford assay in quantifying the purified PEPC proteins. 
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3.2.7.2 SYPRO Ruby quantification with BSA protein standard 

Protein samples, along with 100, 200, 400, 600, and 800 ng of BSA for a protein standard, were 

loaded onto a NuPAGE 4-12 % Bis-Tris Gel (Invitrogen) with Precision Plus Protein All Blue 

Standards (BioRad) and separated by SDS-PAGE. Gels were run in MES running buffer (50 

mM MES, 50 mM Tris base, 3.5 mM SDS, 1 mM EDTA) at 4 °C and 200 V.  

Gels were fixed in a solution containing 50 % (v/v) methanol and 7 % (v/v) acetic acid for 30 

minutes with agitation on an orbital shaker (50 rpm). The wash step was repeated with fresh 

fixing solution. The gels were then stained overnight in SYPRO Ruby Protein Gel Stain 

(Invitrogen) with agitation on an orbital shaker (50 rpm). The staining step was completed 

keeping both gels and the SYPRO Ruby staining solution in darkness.  After overnight staining, 

the gels were washed in a solution containing 10 % (v/v) methanol and 7 % (v/v) acetic acid 

for 30 minutes with agitation on an orbital shaker (50 rpm), keeping the gels in the dark. Before 

imaging, the gels were rinsed 3 times for 5 minutes in ultrapure water with agitation on an 

orbital shaker (50 rpm), keeping the gels in the dark. Gels were visualised on a ChemiDoc 

(Bio-Rad), using the inbuilt settings for SYPRO Ruby. Protein bands were quantified using the 

Quantity One software package (Bio-Rad) via the standard curve generated from 200, 400, 

600, and 800 ng BSA samples. If a protein sample was outside of the 200 – 800 ng range of 

the BSA protein sample, the sample concentration was adjusted accordingly and another 

SYPRO ruby gel was run. 

 

3.2.8 PEPC activity assays 

In order to determined which gel filtration fractions contained active purified PEPC protein, 

PEPC activity assays were carried out as described in General Methods section 2.8. 
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3.3 Results 

3.3.1 Test for recombinant PEPC expression in E.coli 

Recombinant PEPC proteins were expressed in E. coli. (25 °C and 200 rpm) following 

induction by IPTG (0.5 mM final concentration). SDS-PAGE analysis of lysate and soluble 

protein samples showed protein bands corresponding to recombinant PEPC proteins in in both 

the induced lysate and induced soluble protein samples of Panicum coloratum, S. viridis, 

Urochloa panicoides, and R. obamensis (Figure 3.2). Protein bands corresponding to 

recombinant PEPC protein chimeras were also present in both the induced lysate and induced 

soluble protein samples P. coloratum PEPC backbone + S. viridis PEPC insert, U. panicoides 

PEPC backbone + P. coloratum PEPC insert, and S. viridis PEPC backbone + U. panicoides 

PEPC insert (Figure 3.2). PEPC protein was lost, however, between the lysate and the soluble 

protein steps as evidenced by the reduction in the size of the band corresponding to the PEPC 

protein (Figure 3.2). Protein samples from both induced and non-induced non-transformed E. 

coli cultures were collected for use as a negative control, although expression of PEPC was not 

seen in either induced or non-induced samples (Figure 3.2). Therefore, recombinant PEPC 

proteins were successfully expressed in E. coli. 
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 Figure 3.2. SDS-PAGE of lysate and soluble protein samples. Recombinant PEPC proteins 

from Panicum coloratum, S. viridis, Urochloa panicoides, and R. obamensis were successfully 

expressed in E. coli. Recombinant PEPC protein chimeras P. coloratum PEPC backbone + S. 

viridis PEPC insert (P. coloratum + S. viridis), U. panicoides PEPC backbone + P. coloratum 

PEPC insert (U. panicoides + P. coloratum), and S. viridis PEPC backbone + U. panicoides 

PEPC insert (S. viridis + U. panicoides) were also successfully expressed. After expression, 

cells were lysed and samples taken for SDS-PAGE (Lys). After centrifugation, the supernatant 

was removed, and samples taken for SDS-PAGE (Sol). PEPC expression was seen in induced 

samples, with protein being lost between the lysate and the soluble protein steps. Protein 

samples from both induced and non-induced E. coli cultures were collected (BL21), with no 

samples showing PEPC expression. The band corresponding to the ubiquitin tagged-PEPC 

peptide is between the 100 kDa and 150 kDa markers on the Precision Plus Protein All Blue 

Standards (BioRad) ladder. 
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3.3.2 Digestion of PEPC protein with ubiquitin protease 

Recombinant PEPC proteins were expressed in E. coli. (25 °C and 200 rpm) following 

induction by IPTG (0.5 mM final concentration). SDS-PAGE analysis of fraction protein 

samples showed protein bands corresponding to recombinant PEPC proteins in fractions two 

and three of the elution after Ni-NTA purification of Panicum coloratum, S. viridis, and R. 

obamensis (Figure 3.3). Protein bands corresponding to recombinant PEPC protein chimeras 

were also present in fractions two and three of the elution after Ni-NTA purification of P. 

coloratum PEPC backbone + S. viridis PEPC insert, U. panicoides PEPC backbone + P. 

coloratum PEPC insert, and S. viridis PEPC backbone + U. panicoides PEPC insert (Figure 

3.3). As expected, dye-bind assays showed that considerable protein was only present in 

fractions two and three and not fractions one and four (Figure 3.3). After digestion by ubiquitin 

protease to remove the poly-histidine tag, the purified PEPC protein was collected in the non-

bind fraction that eluted off the Ni-NTA column (Figure 3.3). This can be seen as there is a 

considerable band corresponding to the PEPC protein in the PEPC protein (non-bind) lane of 

the SDS-PAGE gels between the 100 kDa and the 150 kDa markers of the Precision Plus 

Protein All Blue Standards (BioRad) (Figure 3.3). Some PEPC protein can still be seen in 

fraction 2 after digestion with ubiquitin protease (Figure 3.3). This protein would represent 

PEPC protein where the poly-histidine tag was not properly digested by ubiquitin protease.  
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Figure 3.3. SDS-PAGE gels of lysate, soluble protein, non-bind protein, fractions 2, 3 and 4 of elution 

after Ni-NTA purification, PEPC protein after ubiquitin digestion, and fractions 2 and 3 after 

ubiquitin digestion. Dye bind assays are also shown for fraction 1, 2, 3, and 4 of elution after Ni-

NTA purification. SDS-PAGE gels and dye bind assays are shown for recombinant PEPC proteins 

from Panicum coloratum, S. viridis, R. obamensis and recombinant PEPC protein chimeras P. 

coloratum PEPC backbone + S. viridis PEPC insert, U. panicoides PEPC backbone + P. coloratum 

PEPC insert, and S. viridis PEPC backbone + U. panicoides PEPC insert. The band corresponding 

to PEPC is between the 100 kDa and 150 kDa markers on the Precision Plus Protein All Blue 

Standards (BioRad) ladder. 
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3.3.3 Optimisation of buffers 

3.3.3.1 Optimisation of imidazole concentration in wash buffer 

In order to try and reduce the protein contaminants that were eluting with the purified 

recombinant PEPC proteins in fractions 2 and 3 of the Ni-NTA purification process, different 

concentrations of imidazole were tested in the wash buffer. Increasing the concentration of 

imidazole in the wash buffer can reduce the amount of non-specific protein binding to the Ni2+ 

matrix (Bornhorst and Falke, 2000). Four concentrations of imidazole were tested in the wash 

buffer (10, 20, 30, and 40 mM), and the amount of non-specifically bound protein contaminants 

that eluted with the recombinant PEPC protein was assessed. Protein contaminants were 

present with the recombinant PEPC protein at all imidazole concentrations tested (Figure 3.4). 

Protein contaminant levels appeared to be relatively similar between the 10 mM imidazole and 

the 20 mM imidazole tests (Figure 3.4). A slight reduction in protein contaminants was seen in 

the 40 mM imidazole test, but this also seemed to come with a reduction in the recovered 

recombinant PEPC protein (Figure 3.4). It was decided to continue the purification with the 

wash buffer containing 10 mM imidazole.  
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3.3.3.2 Addition of MgCl2 and glucose-6-phosphate to the extraction and wash buffers 

In order to try and reduce the protein contaminants that were eluting with the purified 

recombinant PEPC proteins, MgCl2 and G6P were added to the extraction and wash buffers. 

Three different additions to the extraction and wash buffers were trialled, 10 mM MgCl2, 5 

mM G6P, and 10 mM MgCl2 with 5 mM G6P (Figure 3.5). After the final purification step, 

the amount of non-specifically bound protein contaminants that was present with the purified 

recombinant PEPC protein was assessed. Protein contaminants were present with the 

recombinant PEPC protein in all of the three extraction and wash buffers tested (Figure 3.5). 

The addition of 10 mM MgCl2 to the extraction and wash buffer resulted in the largest purified 

Figure 3.4. U. panicoides PEPC protein expressed in E. coli was used to test the ability of 

different concentrations of imidazole (10 mM, 20 mM, 30 mM, 40 mM) in the wash buffer to 

remove other protein contaminants. Fractions 2 and 3 (FR2, FR3), which contain the purified 

recombinant PEPC protein, are shown for each test concentration of imidazole. The band 

corresponding to the recombinant PEPC is between the 100 kDa and 150 kDa markers on the 

Precision Plus Protein All Blue Standards (BioRad) ladder. 



87 

 

PEPC band, (Figure 3.5). The addition of 10 mM MgCl2 with 5 mM G6P to the extraction and 

wash buffer appeared to result in the least amount of protein contaminants present with the 

purified recombinant PEPC, although much less PEPC was present than when just 10 mM 

MgCl2 was included (Figure 3.5). Given the results of the test and the cost of G6P, it was 

decided to continue the purification with the extraction and wash buffer containing 10 mM 

MgCl2. 

 

3.3.3.3 Addition of 300 mM NaCl to the extraction and wash buffers 

In order to try and reduce the protein contaminants that were eluting with the purified 

recombinant PEPC proteins, 300 mM of NaCl was added to the extraction and wash buffers. 

Including NaCl in the extraction and wash buffers can reduce the amount of non-specific 

protein binding to the Ni2+ matrix (Bornhorst and Falke, 2000). After the final purification step, 

Figure 3.5. S. viridis PEPC protein expressed in E. coli was used to test the addition of 10 mM 

MgCl2, 5 mM glucose-6-phosphate (G6P), and 10 mM MgCl2 with 5 mM G6P in the extraction 

and wash buffers. The band corresponding to the purified PEPC with the ubiquitin tag removed 

is between the 100 kDa and 150 kDa markers on the Precision Plus Protein All Blue Standards 

(BioRad) ladder. 
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the amount of non-specifically bound protein contaminants that were present with the purified 

recombinant PEPC protein was assessed. Protein contaminants were present with the 

recombinant PEPC protein in the extraction and wash buffers with and without 300 mM NaCl 

(Figure 3.6). The extraction and wash buffer containing 300 mM NaCl seemed to result in there 

being less contaminating protein present with the purified recombinant PEPC than when there 

was no NaCl present (Figure 3.6). Given the results of the test it was decided to continue the 

purification with the extraction and wash buffer containing 300 mM NaCl. 

 

Figure 3.6. S. viridis and S. viridis PEPC backbone + U. panicoides PEPC insert (S. viridis + 

U. panicoides) PEPC proteins expressed in E. coli was used to test the addition of 300 mM 

NaCl in the extraction and wash buffers. The band corresponding to the purified PEPC with 

the ubiquitin tag removed is between the 100 kDa and 150 kDa markers on the Precision Plus 

Protein All Blue Standards (BioRad) ladder. 
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3.3.4 Western blot of PEPC protein samples 

In order to confirm that the band between the 100 kDa and the 150 kDa band on the Precision 

Plus Protein All Blue Standards (BioRad) was PEPC, Western blotting was carried out on all 

protein samples. The purified recombinant PEPC protein samples from R. obamensis, P. 

coloratum, S. viridis, U. panicoides, and purified recombinant PEPC protein chimeras P. 

coloratum PEPC backbone + S. viridis PEPC insert, U. panicoides PEPC backbone + P. 

coloratum PEPC insert, and S. viridis PEPC backbone + U. panicoides PEPC insert all showed 

a signal between the 100 kDa and the 150 kDa band when using the anti-PEPC primary 

antibody (Figure 3.7). After protein samples were concentrated by centrifugation using Amicon 

Figure 3.7. Western blot of recombinant PEPC proteins samples and their corresponding flow 

throughs after centrifugation with Amicon Ultra-4 centrifugal filters (100 kDa cut-off). 

Recombinant PEPC protein samples from Panicum coloratum, S. viridis, Urochloa 

panicoides, and R. obamensis and recombinant PEPC protein chimeras samples from P. 

coloratum PEPC backbone + S. viridis PEPC insert (Pcol+Svir), U. panicoides PEPC 

backbone + P. coloratum PEPC insert (Upan+Pcol), and S. viridis PEPC backbone + U. 

panicoides PEPC insert (Svir+Upan) all showed signals between the 100 kDa and 150 kDa 

markers on the Precision Plus Protein All Blue Standards (BioRad) ladder when the 

membrane was treated with an anti-PEPC primary antibody. After protein samples were 

concentrated by centrifugation using Amicon Ultra-4 Centrifugal filters (100 kDa cut-off), 

the flow-throughs (with no PEPC protein) were used as negative controls. No PEPC signal 

was seen for any of these flow-through samples.  
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Ultra-4 Centrifugal filters (100 kDa cut-off), the flow-throughs, which would not contain the 

PEPC protein, were used as negative controls. As expected, no PEPC signal was seen for any 

of these flow-through samples (Figure 3.7). 

 

3.3.5 Gel filtration – Superdex 200 increase 10/300 

A gel filtration step was added in after the purification of the PEPC protein by Ni-NTA IMAC 

in order to remove any inactivated PEPC protein aggregates and to reduce any other protein 

contaminants in the purified PEPC samples. Gel filtration was carried out using a Superdex 

200 increase 10/300 column. In all recombinant PEPC protein samples (Panicum coloratum, 

S. viridis, Urochloa panicoides, P. coloratum PEPC backbone + S. viridis PEPC insert, U. 

panicoides PEPC backbone + P. coloratum PEPC insert, and S. viridis PEPC backbone + U. 

panicoides PEPC insert), two peaks were present (Figure 3.8, Figure 3.9). The first peak had 

no PEPC activity, although the SDS-PAGE analysis showed bands corresponding to PEPC 

protein in the fractions making up the first peak (Figure 3.8, Figure 3.9, 3.10). The SDS-PAGE 

analysis of the fractions making up the first peak also showed a lot of contaminating protein 

(Figure 3.10). This inactive PEPC and contaminating protein could be removed by gel filtration 

by not collecting the fractions associated with the first peak. The second peak had PEPC 

activity, and the SDS-PAGE analysis showed bands corresponding to PEPC protein in the 

fractions making up this second peak (Figure 3.8, Figure 3.9, 3.10). Some contaminating 

protein bands are still present in the fractions corresponding to the active PEPC protein (Figure 

3.10). The second peak corresponded to proteins with an Mr consistent with the dimer form of 

the PEPC protein, estimated using the chromatogram provided in the manufacturer’s column 

literature (Cytiva, 2020). Therefore, the active PEPC protein dimers are contained within the 

second peak, and the fractions corresponding to the second peak were collected for further 

studies. 
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Figure 3.8. Results of gel filtration using a Superdex 200 increase 10/300 column and PEPC 

activity assay of gel filtration fractions for recombinant PEPC proteins from Panicum 

coloratum, S. viridis, Urochloa panicoides. The blue line shows the UV absorbance at 280 nm 

(mAU) of successive volumes eluting from the column. Faction numbers are indicated with 

lines (A.1-Waste). PEPC activity assays were conducted on the fractions, and PEPC activity 

(U/mL) are indicated with orange dots. In all cases, PEPC activity corresponded to the second 

peak. 
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s Figure 3.9. Results of gel filtration using a Superdex 200 increase 10/300 column and PEPC 

activity assay of gel filtration fractions for recombinant PEPC proteins from P. coloratum 

PEPC backbone + S. viridis PEPC insert, U. panicoides PEPC backbone + P. coloratum PEPC 

insert, and S. viridis PEPC backbone + U. panicoides PEPC insert.  The blue line shows the 

UV absorbance at 280 nm (mAU) of successive volumes eluting from the column. Faction 

numbers are indicated with lines (A.1-Waste). PEPC activity assays were conducted on the 

fractions, and PEPC activity (U/mL) are indicated with orange dots. In all cases, PEPC activity 

corresponded to the second peak. 
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 Figure 3.10. SDS-PAGE of gel fractions from gel filtration of purified PEPC proteins from P. 

coloratum, S. viridis, U. panicoides, P. coloratum PEPC backbone + S. viridis PEPC insert, U. 

panicoides PEPC backbone + P. coloratum PEPC insert, and S. viridis PEPC backbone + U. 

panicoides PEPC insert.  The band corresponding to the purified PEPC with the ubiquitin tag 

removed is between the 100 kDa and 150 kDa markers on the Precision Plus Protein All Blue 

Standards (BioRad) ladder. 
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3.3.6 Quantification methods 

3.3.6.1 Bradford assay for purified PEPC protein quantification 

The results of the SDS-PAGE analysis of 1 µg of each protein sample based on the Bradford 

assay are shown in Figure 3.11. The size of the band corresponding to the purified PEPC protein 

in not the same in each of the samples, even though the same amount of protein per sample 

was loaded. Therefore, the contaminating proteins interfere with the quantification of PEPC 

protein when the Bradford assay is used as the quantification method. This is logical as the 

Bradford assay is an assay of total protein in a sample. Thus, the Bradford assay is not suitable 

for quantifying the amount of PEPC protein in a purified recombinant PEPC sample. 

Figure 3.11. SDS-PAGE of 1 µg (based on Bradford assay) of purified PEPC proteins from P. 

coloratum, S. viridis, U. panicoides, R. obamensis, P. coloratum PEPC backbone + S. viridis 

PEPC insert, U. panicoides PEPC backbone + P. coloratum PEPC insert, and S. viridis PEPC 

backbone + U. panicoides PEPC insert.  The band corresponding to the purified PEPC with 

the ubiquitin tag removed is between the 100 kDa and 150 kDa markers on the Precision Plus 

Protein All Blue Standards (BioRad) ladder. This band is not of equal size for each protein 

sample. 
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3.3.6.2 SYPRO Ruby assay for purified PEPC protein quantification 

SYPRO Ruby was used to quantify PEPC proteins as it was possible to quantify only the bands 

corresponding to the PEPC proteins (Figure 3.12). Any contaminating bands present were 

deselected using the Quantity One software package (Bio-Rad) to make sure that they were not 

included in the PEPC quantification calculation.  

 

3.3.7 Scaling up the production 

In order to scale up the production of PEPC protein expression and purification, DNase was 

included in the extraction buffer to digest the large amounts of DNA present in the lysate. 1 µg 

DNase per mL of resuspended cells was added to the extraction buffer. A HiLoad 16/600 

Superdex 200 Prep Grade gel filtration column was also used when purifying larger samples 

of protein as the Superdex 200 increase 10/300 GL was not able to cope with larger protein 

samples.  

Figure 3.12. SYPRO Ruby gel showing selection of bands for quantification using the Quantity 

One software package (Bio Rad).  The BSA protein standard (200, 400, 600, and 800 ng) can 

be seen on the left, with the leftmost band corresponding to the 200 ng band of BSA protein 

and the rightmost band corresponding to the 800 ng band of BSA protein. Signal from a 

contaminating protein is indicated on the gel, and this signal can be deselected so as to not 

influence the quantification of the PEPC protein.  
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3.3.8 Final method based on the optimisation of the purification protocol  

Extraction buffer (PEPC) and IMAC Wash Buffer 

The extraction buffer is comprised of 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 10 mM 

imidazole, 300 mM NaCl, 10 mM MgCl2, supplemented with 10 mM β-mercaptoethanol, 1 

mM PMSF and 1 µg DNase per mL of resuspended cells just before cell lysis. 

The IMAC wash buffer is comprised of 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, 10 mM 

imidazole, 300 mM NaCl, 10 mM MgCl2, supplemented with 10 mM β-mercaptoethanol just 

before use. 

Elution Buffer 

The extraction buffer is comprised of 0.1 M Tris-HCl, pH 7.4, 10 % (v/v) glycerol, and 300 

mM Imidazole. 

Dialysis Buffer  

The dialysis buffer contains 0.5 M EPPS-OH, pH 8.0, 20 % (v/v) glycerol. 

Pre-extraction preparation  

 

1. IMAC columns were prepared by adding two bed volumes of the Ni-NTA agarose 

(Qiagen) resin slurry into a plastic column. For equilibration, ten bed volumes of wash 

buffer onto the Ni-NTA resin.  

2. Abbreviations used in the following method and descriptions of what each protein sample 

contains are as follows: 

Abbreviation Protein sample 

LYS lysate 

SOL soluble protein 

NB non-bind protein 

FR1 No Ni-NTA purified H6Ub-PEPC protein 

FR2 Ni-NTA purified H6Ub-PEPC protein 

FR3 Ni-NTA purified H6Ub-PEPC protein 

FR4 No/little Ni-NTA purified H6Ub- PEPC protein 

PEPC Ni-NTA pure PEPC protein 

PEPC-FR1 Protein left bound to the column (including ubiquitin protease and any undigested 

PEPC protein) 
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PEPC-FR2 Protein left bound to the column (including ubiquitin protease and any undigested 

PEPC protein) 

 
 

Polyhistidine-ubiquitin-PEPC fusion protein extraction 

3. E. coli cell pellets were resuspended in 15 mL extraction buffer per 200 mL cell culture 

and 1 mM PMSF and 1 µg DNase per mL of resuspended cells was added to the solution. 

Cell lysis was achieved by three sequential passes through a French pressure cell (Aminco) 

precooled to 4 °C at 1000 psi. 75 μl of lysate was added to 25 μl of 4X SDS reducing buffer 

(LYS), samples were snap frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE 

analysis. 

4. The lysed cells were centrifuged for 5 minutes at 15,000 rpm and 4 °C 

5. The supernatant, containing soluble protein, was removed from the pellet and 75 μl of the 

supernatant was added to 25 μl of 4X SDS reducing buffer (SOL), samples were snap 

frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE analysis. 

6. From this point forward, the following steps were carried out at 4 °C. 

7. The soluble protein was layered onto the equilibrated Ni-NTA resin and 75 μl of the 

column eluent was added to 25 μl of 4X SDS reducing buffer (NB), samples were snap 

frozen in liquid nitrogen and stored at -20 °C until SDS-PAGE analysis. The remaining 

column eluent was discarded.  

8. Next, twenty bed volumes of wash buffer was run through the Ni-NTA resin, the column 

eluent was discarded. 

Eluting the polyhistidine-ubiquitin-PEPC fusion protein  

9. 0.4 bed volumes of elution buffer were layered onto the Ni-NTA resin, the eluent was 

collected (FR1). From the collected fraction 1, 75 µl was added to 25 μl of 4X SDS 

reducing buffer, samples were snap frozen in liquid nitrogen and stored at -20 °C until 
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SDS-PAGE analysis. The column was capped and left for 5 minutes before proceeding 

with the elution. 

10. One bed volume of elution buffer was layered onto the Ni-NTA resin, and the resulting 

eluent was collected (FR2). From the collected fraction 2, 75 µl was added to 25 μl of 4X 

SDS reducing buffer, samples were snap frozen in liquid nitrogen and stored at -20 °C 

until SDS-PAGE analysis. 

11. One bed volume of elution buffer was layered onto the Ni-NTA resin, and the resulting 

eluent was collected (FR3). From the collected fraction 3, 75 µl was added to 25 μl of 4X 

SDS reducing buffer, samples were snap frozen in liquid nitrogen and stored at -20 °C 

until SDS-PAGE analysis. 

12. One bed volume of elution buffer was layered onto the Ni-NTA resin, and the resulting 

eluent was collected (FR4). From the collected fraction 4, 75 µl was added to 25 μl of 4X 

SDS reducing buffer, samples were snap frozen in liquid nitrogen and stored at -20 °C 

until SDS-PAGE analysis. 

13. A protein dye-bind assay was conducted by removing 5 µl samples of the four fractions 

(FR1, FR2, FR3 and FR4). The 5 µl fraction sample was combined with 145 μl of H2O 

and finally 150 μl of Pierce™ Coomassie Plus (Bradford) Assay Reagent (Thermo 

Scientific) 

14. The fractions that contained protein (FR2 and FR3) were combined into one sample ready 

for cleavage of the polyhistidine-ubiquitin tag. 

Cleaving the polyhistidine-ubiquitin tag 

15. For each mL of eluent (combined FR2 and FR3), 3 μl of 1.5 M mercaptoethanol and 40 

μg of purified 6xHis-ubiquitin protease was added (3.1.4).  

16. The samples were incubated at 30°C for 60 minutes. 
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Dialysis 

17. After digestion, the purified protein samples were placed into dialysis tubing (16 mm 

diameter, 25 mm flat width, Sigma-Aldrich) using dialysis clips to stop the sample 

escaping. The dialysis tubes with purified protein samples were placed into 1.8 L dialysis 

buffer (50 mM EPPS, pH 8.0, 20 % (v/v) glycerol).. The dialysis reaction was incubated at 

4 °C overnight, with gentle stirring with a magnetic stir bar.  

18. Dialysed protein samples were collected from dialysis tubing ready for removal of the 

cleaved polyhistidine-ubiquitin tag. 

Collecting the pure PEPC protein 

19. IMAC columns were prepared by adding two bed volumes of the Ni-NTA agarose 

(Qiagen) resin slurry into a plastic column. For equilibration, ten bed volumes of wash 

buffer onto the Ni-NTA resin.  

20. The dialysed protein sample was layered onto the onto the equilibrated Ni-NTA resin, the 

eluent was collected and retained as it contained the purified, de-tagged PEPC protein 

(PEPC).  

21. 0.4 bed volumes of elution buffer were layered onto the Ni-NTA resin, the eluent was 

collected and retained with the eluent from the previous step, as it contained the purified, 

de-tagged PEPC protein (PEPC). From the collected PEPC sample, 75 µl was added to 25 

μl of 4X SDS reducing buffer, samples were snap frozen in liquid nitrogen and stored at -

20 °C until SDS-PAGE analysis. The column was capped and left for 5 minutes before 

proceeding with the elution. 

22. Two bed volumes of elution buffer were layered onto the Ni-NTA resin, and the resulting 

eluent was collected (PEPC-FR1). From the collected fraction, 75 µl was added to 25 μl 

of 4X SDS reducing buffer, samples were snap frozen in liquid nitrogen and stored at -20 

°C until SDS-PAGE analysis. 
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23. A further two bed volumes of elution buffer were layered onto the Ni-NTA resin, and the 

resulting eluent was collected (PEPC-FR2). From the collected fraction, 75 µl was added 

to 25 μl of 4X SDS reducing buffer, samples were snap frozen in liquid nitrogen and 

stored at -20 °C until SDS-PAGE analysis. 

24. A protein dye-bind assay was conducted by removing 5 µl samples of the three samples 

(PEPC, PEPC-FR1, PEPC-FR3). The 5 µl sample was combined with 145 μl of H2O and 

finally 150 μl of Pierce™ Coomassie Plus (Bradford) Assay Reagent (Thermo Scientific). 

25. The purified PEPC protein was supplemented with 20 % (v/v) glycerol, snap frozen in 

liquid nitrogen and stored at -80 °C. 

Protein concentration 

26. Protein samples were concentrated to 100 µl by centrifugation at 4 °C and 4,500 x g using 

a Thermo Scientific TX-150 Swinging Bucket rotor and Amicon Ultra-4 Centrifugal filters 

(100 kDa cut-off) in preparation for size-exclusion chromatography. 

Gel filtration 

27. As described in section 3.2.4 Gel filtration, using either a Superdex 200 increase 10/300 

GL column (GE Healthcare Life Sciences) as described in 3.2.6.1 or a Highload 16/600 

Superdex 200 Prep Grade (Amersham Biosciences) as described in 3.2.6.2 depending on 

protein sample size. 

Protein Quantification 

28. Protein concentrations were quantified using the SYPRO Ruby method as described in 

section 3.2.7.2 SYPRO Ruby quantification with BSA protein standard. 
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3.4 Discussion 

A method for the expression, purification and quantification of PEPC protein using E. coli as 

an expression system has been successfully established and optimised. This method will be 

used in Chapter 4 to investigate differences in kinetic properties between enzymes expressed 

in and purified from E. coli. 

 

3.4.1 PEPC protein purified as a dimer 

The PEPC protein from many plant species have been purified in the more active tetrameric 

form, although it has also been shown to purify as a mixture of dimers and tetramers (Ting and 

Osmond, 1973c; Miziorko et al., 1974; Nott and Osmond, 1982; Huber et al., 1986; Iglesias et 

al., 1986; Stiborová and Leblová, 1986; Walker et al., 1986; Podesta and Andreo, 1989; 

Willeford et al., 1990; Arrio-Dupont et al., 1992; Svensson et al., 1997). The PEPC enzyme 

has an inherent tendency to dissociate into dimers, as it only has salt bridges between the Arg 

438 of one subunit and Glu433 of another subunit holding the tetramer together (Kai et al., 

1999). Given that 150 mM NaCl was included in the gel filtration buffer, it is not surprising 

that the PEPC protein eluted from the gel filtration columns as a dimer. NaCl has been shown 

to cause the PEPC tetramer to dissociate into dimers (Wagner et al., 1987; McNaughton et al., 

1989; Podesta and Andreo, 1989). The fact that the Paniceae PEPCs were purified as a dimer 

is not concerning as a number of studies have found that whether the PEPC enzyme is a dimer 

or a tetramer depends on the conditions of the solution containing the PEPC. However, this 

may also suggest a further element of regulation of activity of PEPC isoforms from Paniceae 

C4 grasses. When the dimeric PEPC is placed into a PEPC assay buffer which includes 5 mM 

MgCl2, 1 mM KHCO3, and 5 mM G6P, the dimeric PEPC protein will be induced to form 

tetramers. Mg2+, G6P and HCO3
- have all been shown to induce PEPC dimer to form PEPC 

tetramers (Wu and Wedding, 1985; Willeford et al., 1990; Wu et al., 1990; Meyer et al., 1991; 

Wedding et al., 1994). Therefore, it is likely that once the PEPC enzyme is in the PEPC activity 

buffer the enzyme will be in tetrameric form, even before PEP is added to initiate the reaction. 
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PEP, has also been shown to induce tetramer formation and stabilise the tetrameric form of the 

PEPC enzyme (Wu and Wedding, 1985, 1987; Willeford et al., 1990; Wu et al., 1990; Meyer 

et al., 1991; Willeford and Wedding, 1992; Wedding et al., 1994). Therefore, future 

experiments will be required to determine the significance of the recombinant PEPCs being 

purified in the dimer form. This will be important to unravel the mechanism for tetramer 

formation and how factors such as protein concentration, substrate, activator and inhibitor 

molecules influence PEPC quaternary structure both individually and in combination. 

 

3.4.2 PEPC-negative strain of E. coli 

A PEPC-negative strain of E. coli (PCR1) has been used for a handful of studies investigating 

PEPC kinetic and regulatory properties in the genus Flaveria and Alternanthera (Svensson et 

al., 1997; Westhoff et al., 1997; Bläsing et al., 2002; Gowik et al., 2006; DiMario and Cousins, 

2019). Utilising this PCR1 strain for expressing and purifying recombinant PEPC would be 

highly beneficial as there would be no chance that untagged monomers of endogenous bacterial 

PEPC could combine with monomers of tagged recombinant PEPC protein to form 

heterologous dimers. Determining whether or not it is possible to obtain the PCR1 strain for 

any future PEPC kinetic studies should be investigated. 

 

3.5 Conclusions 

As a result of the work completed in this chapter, a method for the expression, purification and 

quantification of PEPC protein using E. coli as an expression system has been successfully 

established and optimised. This method can be used by the lab to investigate the different 

properties of PEPC proteins. 
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 Chapter 4: PEPC Michaelis Menten kinetics in different C4 

photosynthetic subtypes 

4.1 Introduction 

4.1.1 C4 photosynthetic subtypes  

C4 plants can be classified into three subcategories based on the most prevalent decarboxylating 

enzyme present in the bundle sheath cells: NADP-malic enzyme-type, NAD-malic enzyme-

type or PEP carboxykinase-type (Kanai and Edwards, 1999). These subtypes are not mutually 

exclusive, however, as decarboxylation by the most abundant decarboxylating enzyme does 

not prevent low level activity of another (Furbank, 2011). Examples of this can be seen in the 

NADP-ME species sorghum, Zea mays, and Panicum antidotale, and the NAD-ME species 

Bienertia sinuspersici, Cleome angustifolia, and Panicum coloratum, all of which have PEPCK 

activity (Sharwood et al., 2016). Regardless of subtype, C4 photosynthesis in all C4 plants first 

involves the hydration of atmospheric CO2 by CA, forming bicarbonate (HCO3
-) (Figure 4.1; 

Tashian, 1989). This is followed by the carboxylation of PEP to form OAA, in a reaction 

catalysed by PEPC, in the mesophyll cytosol (Figure 4.1; Hatch et al., 1971; Kanai and 

Edwards, 1999). Given that each C4 subtype has a different mesophyll environment, the PEPC 

enzyme could have continued to evolve to adapt for each the specific mesophyll conditions 

present in each subtype. 
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Figure 4.1. Schematics of NADP-ME, NAD-ME and PEPCK C4 photosynthetic subtypes. 

Green boxes represent chloroplasts and orange boxes represent mitochondria. Metabolites 

are abbreviated as follows phosphoenolpyruvate (PEP), oxaloacetate (OAA), malate (Mal) 

aspartate (Asp), pyruvate (Pyr), and alanine (Ala). Enzymes involved in C4 photosynthesis 

reactions are indicated in blue and are abbreviated as follow: carbonic anhydrase (CA), 

phosphoenolpyruvate carboxylase (PEPC), NADP-malate dehydrogenase (NADP-MDH), 

NADP-malic enzyme (NADP-ME), pyruvate phosphate dikinase (PPDK), aspartate 

aminotransferase (AspAT), alanine aminotransferase (AlaAT) and phosphoenolpyruvate 

carboxykinase (PEPCK). Figure adapted from Ludwig (2016). 
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4.1.1.1 NADP-ME Subtype 

The OAA produced by the PEPC-catalysed carboxylation of PEP is transported into the 

mesophyll chloroplast where it is reduced to malate in a reaction catalysed by NADP-malate 

dehydrogenase (NADP-MDH) (Figure 4.1; Hatch and Slack, 1966; Kanai and Edwards, 1999). 

The malate diffuses into the bundle sheath cell and is transferred into the bundle sheath cell 

chloroplast where it is decarboxylated by NADP-ME, producing pyruvate and CO2 (Figure 4.1; 

Hatch et al., 1971; Hatch et al., 1975; Kanai and Edwards, 1999). The CO2 is fixed by Rubisco, 

entering the photosynthetic carbon reduction (PCR) cycle. The pyruvate diffuses into the 

mesophyll cell and is transported into the mesophyll chloroplast where it is phosphorylated to 

form PEP in a reaction catalysed by pyruvate phosphate dikinase (PPDK) (Figure 4.1; Kanai 

and Edwards, 1999). This regenerated PEP is transferred into the mesophyll cytosol, where it 

can then be carboxylated by PEPC to form OAA and the C4 cycle can continue (Figure 4.1; 

Kanai and Edwards, 1999). The NADP-ME subtype is the most prevalent of the C4 

photosynthetic subtypes and includes the agriculturally important crop grasses Zea mays 

(maize), sorghum, sugar cane, and two millet species Pennisetum glaucum and Setaria italica 

(Sage et al., 1999; Ludwig, 2016).  

  

4.1.1.2 NAD-ME Subtype 

The OAA produced by the PEPC-catalysed carboxylation of PEP is transaminated to aspartate 

in a reaction catalysed by aspartate aminotransferase (AspAT) in the mesophyll cytosol (Figure 

4.1; Kanai and Edwards, 1999). The resulting aspartate diffuses into the bundle sheath cell and 

enters the BSC mitochondrion where it is first converted back to OAA by AspAT (Figure 4.1;  

Hatch et al., 1975; Kanai and Edwards, 1999). The OAA is then reduced to malate in a reaction 

catalysed by NADP-MDH and the malate is then decarboxylated by NAD-ME producing 

pyruvate and CO2 (Figure 4.1; Hatch et al., 1975; Kanai and Edwards, 1999). The CO2 released 

by the decarboxylation of malate diffuses out of the bundle sheath cell mitochondrion and into 

the bundle sheath cell chloroplast, where Rubisco is located (Figure 4.1; Kanai and Edwards, 
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1999). The CO2 is fixed by Rubisco, entering the PCR cycle (Figure 4.1; Ludwig, 2016). The 

pyruvate diffuses out of the mitochondrion into the bundle sheath cytosol where it is 

transaminated by alanine aminotransferase (AlaAT) forming alanine (Figure 4.1; Kanai and 

Edwards, 1999; Ludwig, 2016). The resulting alanine diffuses into the mesophyll cell cytosol 

where it is converted back into pyruvate by AlaAT (Figure 4.1; Kanai and Edwards, 1999; 

Ludwig, 2016). The pyruvate is transferred into the mesophyll chloroplast where it is 

phosphorylated by PPDK to form PEP (Figure 4.1; Kanai and Edwards, 1999). This 

regenerated PEP is transferred into the mesophyll cytosol, where it can then be carboxylated 

by PEPC to form OAA and the C4 cycle can continue (Figure 4.1; Kanai and Edwards, 1999). 

The NAD-ME includes the agriculturally important crop grass Panicum miliaceum, one of the 

millet species (Sage et al., 1999). 

 

4.1.1.3 PEPCK subtype 

In the phosphoenolpyruvate carboxykinase (PEPCK subtype), the OAA produced by PEPC is 

converted to both malate and aspartate. The OAA produced by the PEPC-catalysed 

carboxylation of PEP is either transaminated to aspartate by AspAT in the mesophyll cytosol, 

or is transported into the mesophyll chloroplast where it is reduced to malate by NADP-MDH 

(Figure 4.1; Kanai and Edwards, 1999; Ludwig, 2016). The aspartate resulting from the former 

reaction diffuses into the bundle sheath cell, but instead of entering the mitochondrion it is 

deaminated back to OAA by AspAT in the bundle sheath cell cytosol (Figure 4.1; Kanai and 

Edwards, 1999; Ludwig, 2016). The OAA is then decarboxylated in a reaction catalysed by 

PEPCK, producing CO2 and PEP (Figure 4.1; Hatch et al., 1975). The CO2 released by the 

decarboxylation reaction diffuses into the bundle sheath cell chloroplast where it is fixed 

Rubisco, entering the PCR (Figure 4,1; Ludwig, 2016). The PEP diffuses into the mesophyll 

cell cytosol, where it can then be carboxylated by PEPC to form OAA and the C4 cycle can 

continue (Figure 4.1; Wang et al., 2014). The malate formed in the mesophyll chloroplasts is 

transported out of the organelle, diffuses into the bundle sheath cell and is then transported into 
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the mitochondrion (Figure 4,1; Ludwig, 2016). Here the malate is decarboxylated by NAD-

ME forming pyruvate and CO2 (Figure 4,1; Kanai and Edwards, 1999). The CO2 diffuses out 

of the bundle sheath cell mitochondrion and into the bundle sheath cell chloroplast, where it is 

fixed by Rubisco, entering the PCR cycle (Figure 4,1; Kanai and Edwards, 1999; Ludwig, 

2016). Similarly to the NAD-ME pathway, the pyruvate is transaminated by AlaAT to forming 

alanine (Figure 4,1; Kanai and Edwards, 1999; Ludwig, 2016). The resulting alanine diffuses 

into the mesophyll cell cytosol where it is converted back into pyruvate by AlaAT (Figure 4,1; 

Kanai and Edwards, 1999; Ludwig, 2016). The pyruvate is transferred into the mesophyll 

chloroplast where it is converted to PEP by PPDK (Figure 4,1; Kanai and Edwards, 1999). This 

regenerated PEP is transferred into the mesophyll cytosol, where it can then be carboxylated 

by PEPC to form OAA and the C4 cycle can continue (Figure 4,1; Kanai and Edwards, 1999).  

 

4.1.2 Mesophyll environment in C4 subtypes 

High concentrations of malate in the mesophyll cells compared with the bundle sheath cells 

create concentration gradients sufficient to drive rapid diffusion of malate into the bundle 

sheath cells (Stitt and Heldt, 1985), driving the photosynthetic carbon flux. With estimated 

mesophyll malate concentrations of 11.18 mM in the presence of light and CO2, and C4 plants 

having recorded in vitro Ki malate (pH 7.0 – 8.0; 25 - 30 °C) between approximately 0.24 mM 

and 5 mM, cytosolic malate in the mesophyll should affect PEPC activity (Table 4.1, Table 

4.3; Raghavendra and Das, 1975; McNaughton et al., 1989; Parvathi et al., 2000; Engelmann 

et al., 2003; Arrivault et al., 2017). Therefore, investigation of the inhibition of PEPCs enzymes 

by malate and aspartate will be investigated in this chapter of the thesis.  
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4.1.3 Deletion in PEPC sequence specific to PEPCK-subtype species 

When conducting a review of C4 PEPC sequences at the start of this thesis project, a PEPCK-

specific deletion was discovered toward the C-terminal end of the primary sequence of the 

PEPC enzyme. This deletion was not observed in the sequence of the PEPC enzyme from 

NADP-ME and NAD-ME species. In the PEPCK species, six amino acids were missing from 

the primary sequence of PEPCK PEPC enzymes when compared to the PEPC sequences of 

NADP-ME and NADP-ME species (Figure 4.2). This PEPCK subtype specific region is 

Table 4.1 Concentration of metabolites in the mesophyll and bundle sheath cells of Zea mays 

leaves.  Data taken from Arrivault et al. (2017). Metabolites were quantified with LC-MS/MS 

and GC-MS spiked with authentic standards. Metabolites quantified were malate, aspartate, 

pyruvate, alanine, phosphenolpyruvate (PEP), phosphoglycerates (PGAs), and 

dihydroxyacetone phosphate (DHAP). 

 

Figure 4.2. Section of the alignment of PEPC amino acid sequences from NADP-ME, NAD-ME 

and PEPCK subtypes showing six missing amino acids in the PEPCK PEPC sequences. The 

alignment includes the PEPC sequences of NADP-ME species Echinochloa crus-galli, Panicum 

antidotale, Setaria italica, and Setaria viridis, NAD-ME species Panicum coloratum, Panicum hallii, 

Panicum miliaceum, and Panicum virgatum and PEPCK species Panicum maximum (now 

Megathyrsus maximus) and Urochloa panicoides.  
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located amongst the malate and aspartate binding residues of the PEPC primary sequence  

(Figure 4.3). Therefore, the effect of this PEPCK-specific region on inhibition of the PEPC 

enzyme by malate and aspartate will be investigated in this chapter.  

 

The location of this PEPCK-specific deletion in the tertiary sequence was investigated using I-

TASSER (Yang et al., 2015; Yang and Zhang, 2015), according to General Methods section 

2.12. The PEPC sequences from Urochloa panicoides, a PEPCK species and Setaria viridis, a 

NADP-ME species were submitted to I-TASSER and tertiary structures were obtained (Figure 

4.4). When present in the PEPCs of NADP-ME and NAD-ME species, these six amino acid 

residues lie near the G6P-binding residues in the tertiary sequence (Figure 4.5). Although close 

to the malate/aspartate residues in the primary sequence, the six amino acids are not close to 

the malate/aspartate residues in the tertiary sequence (Figure 4.5). Therefore, the effect of this 

Figure 4.3. Location of the PEPCK-specific deletion with respect to the important residues for a 

functional phosphoenolpyruvate carboxylase. The subtype-specific region (indicated by a thick 

black line) is amongst the residues necessary for aspartate/ malate inhibitor interactions (shown in 

green). All numbering shown in the figure corresponds to the C4 Zea mays PEPC monomer. 
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PEPCK-specific region on activation of the PEPC enzyme by G6P will also be investigated in 

this chapter. 

 

Figure 4.5. The six amino acids of the subtype-specific sequence lie near the G6P-binding 

residues in the PEPC tertiary sequence. The S. viridis PEPC structure shows the location of the 

six amino acids present in the NADP-ME sequence in blue and G6P-binding residues in yellow. 

The malate/aspartate-binding residues are indicated in green. 

 

 

Figure 4.4. Location of the PEPCK-specific six amino acid deletion in the tertiary sequence of 

the PEPC enzyme. The tertiary structures of U. panicoides, a PEPCK species, and S. viridis, a 

NADP-ME species, are shown. The location of the PEPCK-specific six amino acid deletion is 

indicated by a red box on the U. panicoides PEPC structure. A corresponding red box on the 

S. viridis PEPC structure shows the location of the six amino acids present in the NADP-ME 

sequence. Structures were obtained from I-TASSER (Yang et al., 2015; Yang and Zhang, 

2015). 
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4.1.4 Experimental Objectives 

The experimental objective of this chapter is to investigate the effects of the PEPCK-specific 

region on PEPC enzyme kinetics. This will be achieved by using the method established in 

Chapter 3 to express and purify PEPC proteins using E. coli as an expression system and pHUE 

as the expression vector. PEPC constructs designed to investigate the effects of the PEPCK 

deletion on PEPC kinetic properties can be seen in Figure 4.6. 

 

 

  

Figure 4.6. Constructs designed for E. coli expression to investigate the effects of the PEPCK-

specific deletion on PEPC kinetic properties.  S. viridis was chosen as the NADP-ME 

representative, P. coloratum was chosen as the NAD-ME representative, and U. panicoides as 

the PEPCK species. Three protein chimeras were also designed P. coloratum PEPC backbone 

+ S. viridis PEPC insert of the region of interest, U. panicoides PEPC backbone + P. coloratum 

PEPC insert of the region of interest, and S. viridis PEPC backbone + U. panicoides PEPC 

insert of the region of interest. 
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4.2 Methods 

4.2.1 Meta-analysis of PEPC kinetic and inhibition data 

A meta-analysis of PEPC kinetic properties from a variety of different plant, bacterial and 

archaeal species was conducted. Available information regarding KmPEP, KmMg2+, KmHCO3
-, 

Vmax, kcat, and pH and temperature optimums were analysed. A meta-analysis of PEPC 

inhibition kinetic properties from a variety of different plant, bacterial and archaeal species was 

also conducted. Information regarding Ki of inhibitors malate and aspartate, I50 of inhibitors 

malate and aspartate were analysed. 

 

4.2.2 Preparation of PEPC genes for synthesis 

The sequences of Rhodothermus obamensis (X99379.1), Setaria viridis (Sevir.4G143500.1, 

Phytozome), Panicum coloratum (sequence provided by Alex Watson-Lazowski) and 

Urochloa panicoides (sequence provided by Alex Watson-Lazowski) were optimised for 

expression in Escherichia coli using Geneious. A SacII restriction site was added at the 5' end 

of the PEPC sequence and a HindIII restriction site was added at the 3' end of the PEPC 

sequence for insertion into the pET-28a (+) ubiquitin vector pHUE (Catanzariti et al., 2004). 

All SacII and HindIII sites within the PEPC sequences were removed by changing the 

nucleotide sequence whilst keeping the protein sequence unaltered. The S. viridis, P. coloratum 

and U. panicoides nucleotide sequences were altered to introduce a BamHI restriction site 3' 

to the area of interest and a BmtI restriction site 5' to the area of interest without altering the 

protein sequence. The 5' end of the S. viridis, P. coloratum and U. panicoides nucleotide 

sequences had a 12 bp linker sequence added followed by the nucleotide sequence for the 

region to be exchanged. The exchange regions had a 3' BamHI restriction site and a 5' BmtI 

restriction site. The P. coloratum sequence had a 5' linker sequence followed by the nucleotide 

sequence for the S. viridis exchange region. The S. viridis sequence had a 5' linker sequence 

followed by the nucleotide sequence for the U. panicoides exchange region. The U. panicoides 
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sequence had a 5' linker sequence followed by the nucleotide sequence for the P. coloratum 

exchange region. The sequences were synthesised by GenScript and provided in pUC57 vector 

with ampicillin resistance.  

 

4.2.3 Creation of thermally competent E. coli TOP10 competent cells 

Thermally competent E. coli TOP10 cells were created using the method outlined in General 

Methods section 2.2.  

 

4.2.4 Heat shock transformation of E. coli TOP10, E. coli XL-1 Blue, and E. coli BL21 

(DE3) competent cells 

Heat shock transformation of E. coli TOP10, E. coli XL-1 Blue, and E. coli BL21 (DE3) 

competent cells was carried out using the method described in General Methods section 2.3. 

 

4.2.5 Plasmid isolation 

Plasmids were isolated as described in General Methods section 2.4. 

 

4.2.6 Restriction enzyme cloning of PEPC gene into pHUE 

SacII and HindIII double digests, and SacII, HindIII and ScaI triple digests were conducted on 

the pHUE vector and the four pUC57-PEPC plasmids, respectively. The 30 µl reaction volumes 

for the four PEPC sequence plasmids contained 1X CutSmart Buffer (NEB), 10 U SacII (NEB), 

10 U HindIII (NEB), 10 U ScaI (NEB) and 6 µl of pUC57-PEPC plasmid preparation. The 30 

µl reaction volume for the pHUE plasmid contained 1X CutSmart Buffer (NEB), 10 U SacII 

(NEB), 10 U HindIII (NEB), and 10 µl of pHUE plasmid preparation. The digestion reactions 
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were incubated overnight at 37 °C. 20 U of alkaline phosphatase (Promega) was added to the 

pHUE plasmid digests, and the reactions were incubated at 37 °C for a further 1.5 hours. Digest 

products were supplemented with 4X gel loading dye (NEB) and were run at 80 V on a 1 % 

agarose/ 1X TAE (40 mM Tris Base, 20 mM acetic acid, 1 mM EDTA) gel with 1X SYBR™ 

Safe DNA Gel Stain (Thermofisher) for visualisation and were visualised using a blue light 

transilluminator. The gel bands corresponding to the 5,900-base pair pHUE vector backbone, 

and the 2824 – 2908 base pair PEPC sequences were excised and DNA extracted using the 

Wizard® SV Gel and PCR Clean-Up System (Promega). Manufacturer’s specifications were 

followed when using the Wizard® SV Gel and PCR Clean-Up System (Promega), except for 

the elution step where 40 µl of nuclease free water heated to 65 °C was used, centrifugation 

was conducted for 2 minutes instead of 1, and the modified elution step was repeated. Samples 

were vacuum concentrated for 40 minutes.  

 

Ligation reactions were conducted with 1X T4 DNA ligase buffer (NEB), 400 U T4 DNA ligase 

(NEB), 2 µl linearised and de-phosphorylated pHUE vector, and 6 μl of linearised PEPC 

sequence, in a final volume of 10 µl. A reaction with 6 µl of ddH2O instead of a linearised 

PEPC sequence was included as a control. The ligation reactions were incubated overnight at 

15 °C. The entire 10 µl of the reaction mixture was used to transform 200 µl E. coli XL-1 Blue 

competent cells as described in the General Methods section 2.3.  

 

Cells were plated on LB-agar plates, containing 100 μg/mL ampicillin. The plates were 

incubated overnight at 37 °C. Colonies were used to inoculate LB media containing 100 μg/mL 

ampicillin, and incubated overnight at 37 °C and 220 rpm. Plasmids were isolated as described 

in 4.1.4. SacII and HindIII restriction enzyme double digests were conducted to confirm 

successful cloning. The 20 μl reactions contained 1X CutSmart Buffer (NEB), 10 U SacII 

(NEB), 10 U HindIII (NEB) and 2 μl of plasmid. The digests were incubated at 37 °C for one 

hour before being supplemented with 4X gel loading dye (NEB) and run at 80 V on a 1 % 
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agarose/ 1X TAE gel with 1X SYBR™ Safe DNA Gel Stain (Thermofisher) for visualisation 

and visualised using a blue light transilluminator. 

 

4.2.7 Restriction enzyme cloning region swapping to create protein chimeras 

SacII, HindIII and AloI triple digests were conducted on the pUC57-PEPC vectors of P. 

coloratum and U. panicoides. the 30 µl reaction volumes contained 1X CutSmart Buffer 

(NEB), 1X Buffer R (Fermentas), 10 U SacII (NEB), 10 U HindIII (NEB), 1 U AloI 

(Fermentas) and 6 µl of the pUC57-PEPC plasmid preparation. A SacII, HindIII and NaeI triple 

digest was conducted on the pUC57-PEPC vector of S. viridis. The 30 µl reaction volume 

contained 1X CutSmart Buffer (NEB), 10 U SacII (NEB), 10 U HindIII (NEB), 5 U NaeI 

(NEB) and 6 µl of the pUC57-PEPC plasmid preparation. The reactions were incubated 

overnight at 37 °C. Digest products were supplemented with 4 X gel loading dye (NEB) and 

run at 80 V on a 1 % agarose/ 1X TAE gel with 1X SYBR™ Safe DNA Gel Stain 

(Thermofisher) for visualisation and were visualised using a blue light transilluminator. The 

gel bands corresponding to the 2801 - 2820 nucleotide pUC57+exchange segment backbone 

were excised and DNA extracted using the Wizard SV Gel and PCR Clean-Up System 

(Promega). Samples were vacuum concentrated for 60 minutes.  

20 µl reaction contained 1 X NEBuffer 2 (NEB), 40 µM dNTPs, 5 U Klenow fragment (NEB) 

and 2.5 µl of linearised pUC57 + exchange segment. The reaction was incubated at room 

temperature for 10 minutes before being heated at 75 °C for 10 min to terminate the reaction. 

Ligation reactions were conducted with 1 X T4 DNA ligase buffer (NEB), 600 U T4 DNA 

ligase (NEB), and 20 µl Klenow reaction in a final volume of 25 µl. The ligation reactions were 

incubated overnight at 15 °C. The entire 25 µl of the reaction mixture was used to transform 

200 µl E. coli XL-1 Blue competent cells, using the heat shock method as described in 4.1.3. 

Cells were plated on LB-agar plates, containing 100 μg/mL ampicillin. The plates were 

incubated overnight at 37 °C. Single colonies were used to inoculate LB media containing 100 

μg/mL ampicillin, and incubated overnight at 37 °C and 220 rpm. Plasmids were extracted 
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using the Isolate II Plasmid Mini Kit (Bioline), as per the manufacturer’s specifications. BmtI 

and BamHI double digests were conducted to confirm successful cloning. The 20 μl reactions 

contained 1X CutSmart Buffer (NEB), 10 U BmtI (NEB), 10 U BamHI (NEB) and 2 μl of 

plasmid. The digests were incubated at 37 °C for one hour before being supplemented with 4X 

gel loading dye (NEB) and run at 80 V on a 1-% agarose/ 1X TAE gel with 1X SYBR™ Safe 

DNA Gel Stain (Thermofisher) for visualisation and were visualised using a blue light 

transilluminator. 

 

BmtI and BamHI double digests were conducted on the pHUE-PEPC backbones and the 

pUC57-exchange segment plasmids, for P. coloratum, S. viridis and U. panicoides. The 30 µl 

reaction volumes for the three pUC57-exchange segment plasmids contained 1X CutSmart 

Buffer (NEB), 10 U BmtI (NEB), 10 U BamHI (NEB) and 6 µl of the pUC57-exchange 

segment plasmid preparation. The 30 µl reaction volume for the three pHUE-PEPC backbones 

contained 1X CutSmart Buffer (NEB), 10 U BmtI (NEB), 10 U BamHI (NEB), and 10 µl of 

the pHUE-PEPC backbone preparation. The reactions were incubated overnight at 37 °C. 20 

U alkaline phosphatase (Promega) was added to the pHUE-PEPC backbone digestions, and the 

reactions were incubated for a further 1.5 hours at 37 °C. Digest reactions were supplemented 

with 4X gel loading dye (NEB) and run at 80 V on a 1 % agarose/ 1X TAE gel with 1X SYBR™ 

Safe DNA Gel Stain (Thermofisher) for visualisation and were visualised using a blue light 

transilluminator. The gel bands corresponding to the 8,715 nucleotide pHUE-PEPC backbones, 

and the 79 - 97 nucleotide PEPC exchange segment inserts were excised and DNA extracted 

using the Wizard SV Gel and PCR Clean-Up System (Promega). Samples were vacuum 

concentrated for 40 minutes. Ligation reactions were conducted with 1X T4 DNA ligase buffer 

(NEB), 400 U T4 DNA ligase (NEB), 2 µl linearised and de-phosphorylated pHUE-PEPC 

backbone, and 6 μl of linearised PEPC exchange segment insert, in a final volume of 10 µl. 

Reactions with 6 µl of ddH2O in place of the linearised PEPC exchange segment insert were 

included as a control with each of the pHUE-PEPC backbones. The combinations of pHUE-

PEPC backbone and PEPC exchange segment insert were as follows: P. coloratum pHUE-
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PEPC backbone with the S. viridis PEPC exchange segment insert, U. panicoides pHUE-PEPC 

backbone with the P. coloratum PEPC exchange segment insert, and S. viridis pHUE-PEPC 

backbone with the U. panicoides PEPC exchange segment insert. The ligation reactions were 

incubated overnight at 15 °C. The entire 10 µl of the reaction mixture was used to transform 

200 µl E. coli XL-1 Blue competent cells as described in 4.1.3.  Cells were plated on LB-agar 

plates, containing 100 μg/mL ampicillin. The plates were incubated overnight at 37 °C. 

Colonies were used to inoculate LB media containing 100 μg/mL ampicillin, and incubated 

overnight at 37 °C and 220 rpm. Plasmids were extracted using the Isolate II Plasmid Mini Kit 

(Bioline), as per the manufacturer’s specifications. 

 

Samples were sent to The Biomolecular Resource Facility (BRF) at The John Curtin School of 

Medical Research for Sanger sequencing to confirm successful region swapping was confirmed 

using a primer with the sequence 5' - CGTACATCACCACCCTGAACG -3'. 

 

4.2.8 Protein expression 

Transformations of E. coli BL21(DE3) cells (Agilent) with plasmids P. coloratum PEPC- 

pHUE plasmid, S. viridis PEPC-pHUE plasmid, U. panicoides PEPC-pHUE plasmid, P. 

coloratum PEPC backbone + S. viridis PEPC insert-pHUE plasmid, U. panicoides PEPC 

backbone + P. coloratum PEPC insert-pHUE plasmid, and S. viridis PEPC backbone + U. 

panicoides PEPC insert-pHUE plasmid were conducted according to the 4.1.4. Glycerol stocks 

were made of the E. coli BL21(DE3) cells containing each of the plasmids above. Protein 

expression was carried out according to the method described in the General Methods section 

2.5. Cells were then harvested by centrifugation at 6,000 x g for 10 minutes using a Hitachi 

R9A rotor. The supernatant was discarded, and the cells were snap frozen in liquid nitrogen 

and stored at -20 °C until purification. 
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4.2.9 Protein purification using Ni-NTA agarose columns 

Proteins were purified using Ni-NTA agarose columns using the optimised method described 

in Chapter 3 of this thesis (3.2.6).  

 

4.2.10 SDS-PAGE gel analysis 

SDS-PAGE analysis was carried out as described in the General Methods section 2.6. 

 

4.2.11 Gel filtration 

Proteins for kcat, Vmax, KmPEP, and KmHCO3
- analyses were purified using a HiLoad 16/600 

Superdex 200 Prep Grade (Amersham Biosciences) gel filtration column as described Chapter 

3 of this thesis (3.1.6.2). Proteins for I50 malate and aspartate determination were purified using 

a Superdex 200 increase 10/300 GL column (GE Healthcare Life Sciences) as descried in 

Chapter 3 of this thesis (3.1.6.1). 

 

4.2.12 Protein quantification 

Proteins were quantified using SYPRO Ruby as described in the optimised method outlined in 

Chapter 3 of this thesis (3.2.6). 

 

4.2.13 KmPEP, kcat, and Vmax determination in the presence and absence of glucose-6-

phosphate 

PEPC activity was assayed as described in the General Methods section 2.8, with G6P (5 mM) 

either present or absent in the buffer. was included n Instead of initiating the reaction with 5 
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mM of PEP, the PEP concentration was varied. For each PEPC enzyme, sixteen activity assays 

were conducted with PEP final concentrations of 20 mM, 17.5 mM, 15 mM, 12.5 mM, 10 mM, 

7.5 mM, 5 mM, 2.5 mM, 2 mM, 1.5 mM, 1 mM, 0.75 mM, 0.5 mM, 0.25 mM, 0.125 mM, 

0.0625 mM. This range of PEP concentrations was used given the results of the meta-analysis 

of KmPEP of C4 PEPC enzymes in section 4.3.1 and Appendix 1. For each enzyme, three 

different enzyme preparations were used and each kinetic measurement was repeated three 

times. Analysis of PEPC kinetics data was performed as described in the General Methods 

section 2.8. In order to determine the kinetic parameters of KmPEP and Vmax, non-linear 

regression analysis was conducted using the Origin software package (Version 2020, 

OriginLab Corporation). To calculate kcat, the Vmax values (µmol min-1 mg-1) calculated in origin 

were used. The molecular weight for each protein was calculated using sequence information 

and the ExPASy (the Expert Protein Analysis System) tool at 

https://web.expasy.org/compute_pi/ (Swiss Institute of Bioinformatics; Gasteiger et al., 2005). 

 

4.2.14 KmHCO3
- determination 

To determined KmHCO3
-, HCO3

--dependent PEPC activity assays were conducted at 25 °C in 

a 600 µl cuvette linked to mass-spectrometer using the MIMS PEPC assay protocol as 

described by DiMario and Cousins (2019). CO2 calibrations were conducted as described by 

(DiMario and Cousins, 2019) prior to each HCO3
- curve. The assay buffer (100 mM HEPES-

KOH, pH 7.6, 10 mM MgCl2) was bubbled with N2 gas for at least one hour before the assays 

were performed to remove CO2. After the assay buffer was placed in the cuvette, 1 mM DTT, 

50 µg ml−1 carbonic anhydrase, 5 mM G6P, 5 mM PEP and one of seven different 

concentrations of NaHCO3 (1000, 750, 500, 350, 200, 100, and 50 µM) were added. Reactions 

were initiated by the addition of the PEPC protein. In order to determine the kinetic parameter 

of KmHCO3
-, the HCO3

- response curve data was fitted to the Hill equation: 

V =   _     Vmax x [HCO3
-]h          

                (KmHCO3
-)h

 + [HCO3
-]h

 

https://aus01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fweb.expasy.org%2Fcompute_pi%2F&data=05%7C01%7Crowarne.leith%40anu.edu.au%7C51dcf3b1ca1f4195ba5608da3242462b%7Ce37d725cab5c46249ae5f0533e486437%7C0%7C0%7C637877557468791268%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=C4Y%2FDCMgw96ZpB2IXh2OMcOHs53ECNVV%2FLT9CWETgz0%3D&reserved=0
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 using Excel’s Solver function.  

 

4.2.15 IC50 malate and aspartate determination in the presence and absence of glucose-6-

phosphate 

PEPC activity was assayed as described in the General Methods section 2.8, with G6P (5 mM) 

either present or absent in the buffer. For each PEPC enzyme, fifteen activity assays were 

conducted with 6.5 mM, 5 mM, 4.5 mM, 4 mM, 3 mM, 2.5 mM, 2 mM, 1.5 mM, 1.25 mM, 1 

mM, 0.75 mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM malate included in the assay 

mixture. For each enzyme, one enzyme preparation was used and each kinetic measurement 

was repeated two or three times. Analysis of PEPC kinetics data was performed as described 

in the General Methods section 2.8. In order to determine the kinetic parameter of IC50 malate, 

non-linear regression analysis was conducted using the Origin software package (Version 

2020, OriginLab Corporation). 

 

4.2.16 Statistical analyses 

Statistical analyses were carried out as described in the General Methods section 2.9. 
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4.3 Results 

4.3.1 Meta-analysis of PEPC kinetic and inhibition data 

4.3.1.1 Michaelis Menten kinetics for PEPC 

The results of an extensive literature review of PEPC kinetic properties from a variety of 

different plant, bacterial and archaeal species are displayed in Appendix 1. Available 

information regarding KmPEP, KmMg2+, KmHCO3
-, Vmax, kcat, and pH and temperature 

optimums is collated (Appendix 1). 

G6P has been shown to reduce the KmPEP across C3, C3-C4 intermediate, C4-like and C4 species 

(Ting and Osmond, 1973a; Ting and Osmond, 1973c; Huber and Edwards, 1975; Uedan and 

Sugiyama, 1976; Nakamoto et al., 1983; Bauwe and Chollet, 1986; Bandarian et al., 1992; Law 

and Plaxton, 1995; Svensson et al., 1997; Westhoff et al., 1997; Bläsing et al., 2000; Frank et 

al., 2001; Bläsing et al., 2002; Engelmann et al., 2003; Takahashi-Terada et al., 2005; Gowik 

et al., 2006; Endo et al., 2008). One exception has been reported, the KmPEP for PEPC from 

the C3-C4 intermediate species increased slightly in the presence of G6P from 0.006 mM to 

0.008 mM. Other metabolites, such as Acetyl-CoA, glutamine, and fructose-1,6-bisphosphate, 

have been shown to reduce the KmPEP of bacterial species (Wohl and Markus, 1972; Izui et 

al., 1981; Terada and Izui, 1991; Rivoal et al., 1996; Rivoal et al., 1998). 

 

The PEPC from bacterial, C3, C3-C4 intermediate, C4-like, and C4 species, have shown changes 

in KmPEP with changing pH both in the presence and absence of G6P (Uedan and Sugiyama, 

1976; Holaday and Black, 1981; Nakamoto et al., 1983; Law and Plaxton, 1995; Gao and Woo, 

1996; Rivoal et al., 1996; Dong et al., 1998; Rivoal et al., 1998; Frank et al., 2001; Bläsing et 

al., 2002; Chen et al., 2002; Engelmann et al., 2003). The PEPC from CAM species 

Bryophyllum fedtschenkoi has shown changes in KmPEP with changing temperatures, with 

KmPEP values of 1.7 mM at 11 °C , 0.7 mM at 25 °C, and 2.4 mM at 40 °C (Jones et al., 1978).  
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C3 species have PEPCs with reported KmPEP in the range of 0.008 - 0.08 mM (pH 7.0 - 8.0; 

25 – 30 °C) in the presence of G6P and 0.013 – 0.4 mM (pH 7.0 – 8.3; 25 – 30 °C) in the 

absence of G6P  (Maruyama et al., 1966; Ting and Osmond, 1973b; Ting and Osmond, 1973c; 

Miziorko et al., 1974; Holaday and Black, 1981; Nakamoto et al., 1983; Bauwe and Chollet, 

1986; Law and Plaxton, 1995; Svensson et al., 1997; Westhoff et al., 1997; Bläsing et al., 2000; 

Bläsing et al., 2002; Engelmann et al., 2003; Gowik et al., 2006; Jacobs et al., 2008). C4 species, 

on the other hand, have PEPCs with reported KmPEP in the range of 0.02 – 0.6 mM (pH 7.0 – 

8.0; 22 – 37 °C) in the presence of G6P and 0.09 – 7.9 mM (pH 7.0 – 9.0; 22 – 37 °C) in the 

absence of G6P (Ting and Osmond, 1973a, 1973b; Ting and Osmond, 1973c; Huber and 

Edwards, 1975; Raghavendra and Das, 1975; Uedan and Sugiyama, 1976; Raghavendra and 

Vallejos, 1980; Bauwe and Chollet, 1986; Iglesias et al., 1986; Samaras et al., 1988; Bandarian 

et al., 1992; Janc et al., 1992; Gao and Woo, 1996; Svensson et al., 1997; Westhoff et al., 1997; 

Dong et al., 1998; Bläsing et al., 2000; Hamel and Simon, 2000; Frank et al., 2001; Bläsing et 

al., 2002; Engelmann et al., 2003; Pierre et al., 2004; Takahashi-Terada et al., 2005; Gowik et 

al., 2006; Lara et al., 2006; Endo et al., 2008; Jacobs et al., 2008). 

The KmHCO3
- values for PEPCs are not as well studied as the KmPEP values. C3 species have 

PEPCs with reported KmHCO3
- in the range of 0.018 – 0.8 mM (pH 7.5 – 8.0; 25 – 30 °C) in 

the absence of G6P (Maruyama et al., 1966; Ting and Osmond, 1973c; Miziorko et al., 1974; 

Holaday and Black, 1981; Law and Plaxton, 1995). One KmHCO3
- in the presence of G6P has 

been reported to be 0.064 mM (pH 7.6; 30 °C) for the C3 species Flaveria pringleii (DiMario 

and Cousins, 2019). C4 species have PEPCs with reported KmHCO3
- in the range of 0.0266 – 

0.8 mM (pH 7.6 – 8.0; 27 – 30 °C) in the presence of G6P and 0.011 – 2 mM (pH 7.3 – 9.0; 25 

– 30 °C) in the absence of G6P (Coombs et al., 1973; Ting and Osmond, 1973c; Bauwe, 1986; 

Iglesias et al., 1986; Janc et al., 1992; Gao and Woo, 1996; Dong et al., 1998; Parvathi et al., 

2000; Boyd et al., 2015; DiMario and Cousins, 2019). 
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The presence of G6P has been shown to increase or have no effect on the Vmax and kcat values 

of PEPCs from C3, C3-C4 intermediate, C4-like and C4 species (Uedan and Sugiyama, 1976; 

Nakamoto et al., 1983; Law and Plaxton, 1995; Bläsing et al., 2000; Frank et al., 2001; Bläsing 

et al., 2002; Engelmann et al., 2003; Takahashi-Terada et al., 2005; Gowik et al., 2006). Two 

exceptions have been reported, Zea mays PEPC Vmax decreased slightly from 16.4 µM PEP 

min-1 mg-1 to 15.1 µM PEP min-1 mg-1 (pH 7.0; 25 °C) in the presence of G6P, although other 

studies on Zea mays PEPC have not found the same trend (Uedan and Sugiyama, 1976; Frank 

et al., 2001; Takahashi-Terada et al., 2005). The other exception was the PEPC of 

Alternanthera sessilis, where the reported kcat value decreased slightly from 22 s-1 to 20 s-1 

(25 °C) in the presence of G6P, although this decrease was not seen in the Vmax value in the 

presence of G6P (Gowik et al., 2006). 

 

Investigating the natural variation in the Vmax values of PEPCs from archaeal, bacterial, and 

plant species could highlight PEPCs with fast catalytic activity that could possibly outperform 

the PEPCs in C4 crop species. Given that the Vmax values are measured in numerous different 

units, only those that could be accurately converted to the form µmol min-1 mg-1 were 

considered in this summary, although Vmax values with other units can be found in Appendix 

1. 

 

Vmax values for two archaeal species have been reported in the absence of G6P. Clostridium 

perfringens has a Vmax value of 40 µmol min-1 mg-1 (37 °C) and Sulfolobus solfataricus has a 

Vmax value of 2.1 µmol min-1 mg-1 (pH 8.0; 80 °C) (Ettema et al., 2004; Dharmarajan et al., 

2011). The Vmax values for bacterial species have been reported within the range of 0.32 – 60 

µmol min-1 mg-1 (pH 7.5 – 9.5; 22 – 30 °C) (Hoban and Lyric, 1975; Owttrim and Colman, 

1986; Terada and Izui, 1991; Charles and Sykora, 1992; Rivoal et al., 1996; Chen et al., 2002; 

Park et al., 2015; Del Prete et al., 2016). One bacterial species, Rhodothermus obamensis, 
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outperformed the rest with a particularly high Vmax value of 100 µmol min-1 mg-1 (pH 8.0) 

(Takai et al., 1997). 

 

C3 species have PEPCs with reported kcat values in the range of 20 – 60 s-1 (pH 7.6 – 8.0; 25 °C) 

in the presence of G6P and 22 – 51 s-1 (pH 7.6 – 8.0; 25 °C) in the absence of G6P (Bläsing et 

al., 2000; Bläsing et al., 2002; Gowik et al., 2006). C3 species have PEPCs with reported Vmax 

values in the range of 5.1– 32 µmol min-1 mg-1 (pH  7.0 – 8.0; 25 – 30 °C) in the presence of 

G6P and 0.09 - 31 µmol min-1 mg-1 (pH 7.0 – 8.0;  25 – 30 °C) in the absence of G6P (Law 

and Plaxton, 1995; Svensson et al., 1997; Bläsing et al., 2000; Bläsing et al., 2002; Engelmann 

et al., 2003; Gowik et al., 2006; Lara et al., 2006; DiMario and Cousins, 2019) 

 

One C3-C4 intermediate species, Alternanthera tenella, has a PEPCs with reported kcat values 

of 33 s-1 (25 °C) in the presence of G6P and 33 s-1 (25 °C) in the absence of G6P (Gowik et al., 

2006). C3-C4 intermediate species and C4-like species have PEPCs with reported Vmax values 

in the range of 18 – 27 s-1 (pH 7.6 – 8.0; 25 °C) in the presence of G6P and 17.64 – 26 s-1 (pH 

7.6 – 8.0; 25 °C) in the absence of G6P  (Engelmann et al., 2003; Gowik et al., 2006). The 

single-cell C4 species Bienertia sinuspersici and Suaeda aralocaspica have Vmax values in the 

absence of G6P of 1.96 µmol min-1 mg-1 and 1.67 µmol min-1 mg-1 respectively (Lara et al., 

2006).  

 

C4 species have PEPCs with reported kcat values in the range of 38 – 55 s-1 (pH 7.6 – 8.0; 25 °C) 

in the presence of G6P and 38 – 49 s-1 (pH 7.6 – 8.0; 25 °C) in the absence of G6P (Bläsing et 

al., 2000; Bläsing et al., 2002; Gowik et al., 2006).  C4 species have PEPCs with reported Vmax 

values in the range of 8.1 – 31.9 µmol min-1 mg-1 (pH  7.3 – 8.0; 25 – 30 °C) in the presence 

of G6P and 0.64 –29 µmol min-1 mg-1 (pH 7.0 – 9.0; 25 – 30 °C) in the absence of G6P (Iglesias 

et al., 1986; Gao and Woo, 1996; Svensson et al., 1997; Dong et al., 1998; Bläsing et al., 2000; 



125 

 

Parvathi et al., 2000; Bläsing et al., 2002; Engelmann et al., 2003; Takahashi-Terada et al., 

2005; Gowik et al., 2006; Lara et al., 2006; Endo et al., 2008; DiMario and Cousins, 2019). 

Although no C3, C3-C4 intermediate, C4-like species has a PEPC whose Vmax value obviously 

exceeds the Vmax values of PEPCs from C4 species, the bacterial species, Rhodothermus 

obamensis, with the Vmax value of 100 µmol min-1 mg-1 (pH 8.0) far exceeds the Vmax values of 

PEPCs from C4 species (Takai et al., 1997). The Rhodothermus obamensis PEPC was chosen 

to assess its performance at 25 °C to see if it is a good candidate for introduction into C4 plants. 

 

4.3.1.2 Inhibition of the PEPC enzyme 

An extensive literature review was conducted into PEPC inhibition kinetic properties from a 

variety of different plant, bacterial and archaeal species. The results regarding Ki of inhibitors 

malate and aspartate, IC50 of inhibitors malate and aspartate are displayed in Appendix 2 and 

interesting points are summarised below. 

 

Across CAM, C3, and C4 species, changes in pH have been shown to drastically change the 

sensitivity of the PEPC enzyme to its inhibitors malate and aspartate (Jones et al., 1978; Jones 

et al., 1981; Nott and Osmond, 1982; Iglesias et al., 1986; Law and Plaxton, 1995; Frank et al., 

2001).  

 

G6P has been shown to alleviate the inhibitory effects of aspartate on PEPC in a bacterial 

species and alleviate the inhibitory effects of malate on PEPC in C3, C3-C4 intermediate and C4 

species (Dong et al., 1998; Chen et al., 2002; Engelmann et al., 2003; Pierre et al., 2004; 

Takahashi-Terada et al., 2005; Jacobs et al., 2008). Two notable exceptions exist in Flaveria 

brownii, a C4-like species, and Flaveria trinervia, a C4 NADP-ME species, where the presence 

of G6P resulted in a decrease in the Ki-malate and therefore an increase in sensitivity of the 
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PEPC enzyme to malate (Engelmann et al., 2003; Jacobs et al., 2008). This increase in 

sensitivity of the PEPC enzyme to malate in the presence of G6P does not appear to be subtype 

specific as is not observed in Digitaria sanguinalis and Zea mays, other NADP-ME species 

(Dong et al., 1998; Pierre et al., 2004; Takahashi-Terada et al., 2005). 

 

C3 species have PEPCs with reported IC50 malate in the absence of G6P in the range of 0.015 

– 8.0 mM (pH 7.0-8.0; 25 - 30 °C) and one reported IC50 malate of 5.5 mM the presence of 

G6P (pH 7.6; 25 °C) (Law and Plaxton, 1995; Svensson et al., 1997; Westhoff et al., 1997; 

Bläsing et al., 2002; Lara et al., 2006; Jacobs et al., 2008; Paulus et al., 2013; Paulus et al., 

2013). An IC50 aspartate of 0.054 mM in the absence of G6P was reported for the PEPC of 

Musa cavendishii (pH 7.0; 30 °C) (Law and Plaxton, 1995). The Musa cavendishii PEPC lost 

all sensitivity to aspartate in the absence of G6P when the pH was 8.0 (Law and Plaxton, 1995). 

The PEPC from the C3 species Flaveria pringleii has a reported Ki malate of 1.4 mM in the 

presence of G6P (pH 7.6; 25 °C) and 0.2 mM in the absence of G6P (pH 7.6; 25 °C) 

(Engelmann et al., 2003).  

 

C4 species have PEPC enzymes with reported IC50 malate in the presence of G6P in the range 

of 4 – 22 mM (pH 7.3-7.6; 25 - 30 °C) and IC50 malate in the absence of G6P in the range of 

0.82 – 10 mM (pH 7.0-8.0; 25 - 30 °C) (Iglesias et al., 1986; Svensson et al., 1997; Westhoff 

et al., 1997; Dong et al., 1998; Bläsing et al., 2002; Pierre et al., 2004; Takahashi-Terada et al., 

2005; Lara et al., 2006; Endo et al., 2008; Jacobs et al., 2008; Paulus et al., 2013; Paulus et al., 

2013) Ki malate in the presence of G6P have been reported in the range of 0.8 – 0.95 mM for 

C4 PEPC enzymes (pH 7.0-7.6; 25 °C). (McNaughton et al., 1989; Engelmann et al., 2003). In 

the absence of G6P, C4 PEPCs have Ki malate reported in the range of 0.24 –5 mM (pH 7.3-

8.0; 25 - 30 °C) (Raghavendra and Das, 1975; Parvathi et al., 2000; Engelmann et al., 2003). 

Inhibition of C4 PEPC enzymes has been demonstrated with IC50 aspartate in the absence of 
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G6P falling between 0.74 mM to greater than 20 mM (pH 7.0-8.0; 30 °C) (Iglesias et al., 1986; 

Endo et al., 2008).  

4.3.2 KmPEP of PEPC and PEPC chimeras in the presence and absence of glucose-6-

phosphate 

The R. obamensis PEPC enzyme was not active at 25 °C and only started to show some activity 

when assay temperatures were over 40°C (data not shown) so no further analysis was 

performed on this enzyme.  

 

All enzymes had a lower KmPEP when in the presence of 5 mM G6P compared to without G6P 

(Figure 4.7; Table 4.2). This difference, however, was only statistically significant for the P. 

coloratum PEPC enzyme and the P. coloratum PEPC with the sequence from a NADP-ME 

species enzyme (Table 4.2). This lowering of KmPEP when in the presence of G6P has been 

reported for a number of plant PEPC enzymes, regardless of photosynthetic type or C4 

photosynthetic subtype (Appendix 1; Ting and Osmond, 1973a; Ting and Osmond, 1973c; 

Table 4.2 KmPEP of Setaria viridis, Urochloa panicoides, and Panicum coloratum PEPC 

enzymes, and PEPC chimeras in the presence and absence of glucose-6-phosphate (G6P).  Each 

value is the average of 3 biological replicates, with the standard error between these replicates 

indicated. Values were determined using a NADH-linked spectrophotometric assay at 25 °C 

with 1 μg PEPC protein, initiated with the addition of phosphoenolpyruvate (0 – 20 mM final 

concentration). Two-way ANOVA was conducted for statistical analyses with posthoc Tukey 

honestly significant difference (HSD) tests performed to determine statistically significant 

differences (P < 0.05). Different letters indicate statistically significant differences at P<0.05.  
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Huber and Edwards, 1975; Uedan and Sugiyama, 1976; Nakamoto et al., 1983; Bauwe and 

Chollet, 1986; Bandarian et al., 1992; Law and Plaxton, 1995; Svensson et al., 1997; Westhoff 

et al., 1997; Bläsing et al., 2000; Frank et al., 2001; Bläsing et al., 2002; Engelmann et al., 

2003; Takahashi-Terada et al., 2005; Gowik et al., 2006; Endo et al., 2008). KmPEP values are 

very well documented for NADP-ME PEPC enzymes, with less reported values for PEPC 

enzymes from NAD-ME species and only two reported KmPEP values for PEPCK species 

(Appendix 1, Figure 4.7). The KmPEP values determined for the S. viridis enzyme in the 

presence and absence of G6P, 0.31 mM ± 0.02 and 0.66 mM ± 0.01, respectively, fall within 

Figure 4.7. KmPEP (mM) ranges in the presence and absence of glucose-6-phosphate (G6P) for 

C3, and NADP-ME, NAD-ME and PEPCK species compared to the KmPEP values determined 

for Setaria viridis (S. vir), Urochloa panicoides (U. pan), and Panicum coloratum (P. col) 

PEPC enzymes. KmPEP values determined in the presence of G6P are indicated by + G6P, 

KmPEP values determined in the absence of G6P are indicated by - G6P. 12 reported values 

make up the C3 + G6P boxplot, 29 for the C3 - G6P, 17 for NADP-ME + G6P, 32 for NADP-

ME - G6P, 2 for NAD-ME + G6P, 10 for NAD-ME – G6P, and 2 for PEPCK – G6P.
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the ranges reported for KmPEP values in the presence and absence of G6P for NADP-ME 

species (Table 4.2, Figure 4.7). 

The KmPEP of U. panicoides was determined to be 0.18 mM ± 0.00 in the presence of 5 mM 

G6P and 0.42 mM ± 0.01 in the absence of G6P (Table 4.2). Whilst no data for KmPEP in the 

presence of G6P for a PEPCK species was found in the literature, two reported KmPEP values 

in the absence of G6P have been reported. The KmPEP determined for U. panicoides in the 

absence of G6P is lower than the KmPEP values reported for both the PEPCK species Panicum 

maximum and Chloris gayana (Figure 4.7; Ting and Osmond, 1973c). This indicates that the 

PEPC enzyme of Urochloa panicoides has a greater affinity for PEP in the absence of G6P 

than any other measured PEPCK species. The KmPEP determined for U. panicoides in the 

presence of G6P is the first reported KmPEP value for a PEPCK species.  

 

The KmPEP of P. coloratum was determined to be 2.92 mM ± 0.10 in the presence of 5 mM 

G6P and 7.32 mM ± 0.49 in the absence of G6P (Table 4.2). The KmPEP of the P. coloratum 

(NAD-ME) enzyme in the presence of 5 mM G6P is considerable larger considerably larger 

than the two reported KmPEP values in the presence of G6P of NAD-ME species (Figure 4.10; 

Ting and Osmond, 1973a; Ting and Osmond, 1973c). The larger the KmPEP of the PEPC 

enzyme, the less affinity it has for PEP. Even the activated KmPEP of P. coloratum is far greater 

than the KmPEP values reported for unactivated PEPC enzymes from NAD-ME species (Figure 

4.10). The KmPEP value of the P. coloratum enzyme in the absence of G6P is also significantly 

larger than any reported KmPEP values for NAD-ME species in the absence of G6P (Figure 

4.10; Ting and Osmond, 1973a, 1973b; Ting and Osmond, 1973c; Raghavendra and Vallejos, 

1980; Iglesias et al., 1986; Lara et al., 2006). 
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Two-way ANOVA showed that the KmPEP of both S. viridis and U. panicoides were 

statistically different from the KmPEP of P. coloratum PEPC both in the presence and absence 

of G6P. 

 

The KmPEP of the S. viridis PEPC with the sequence from a PEPCK species was determined 

to be 0.29 mM ± 0.01 in the presence of 5 mM G6P and 0.55 mM ± 0.02 in the absence of G6P 

(Table 4.2). Two-way ANOVA showed no statistical significance between the KmPEP of S. 

viridis PEPC with the sequence from a PEPCK species in the presence and absence of G6P. 

The KmPEP of U. panicoides PEPC with the sequence from a NAD-ME species was determined 

to be 0.20 mM ± 0.01 in the presence of 5 mM G6P and 0.30 mM ± 0.02 in the absence of G6P 

(Table 4.2). Two-way ANOVA showed that the difference between KmPEP of U. panicoides 

PEPC with the sequence from a NAD-ME species in the presence and absence of G6P had no 

statistical significance. The KmPEP of P. coloratum PEPC with the sequence from a NADP-

ME species was determined to be 2.76 mM ± 0.43 in the presence of 5 mM G6P and 6.84 mM 

± 0.18 in the absence of G6P (Table 4.2). Two-way ANOVA confirmed that there was a 

statistically significant difference between KmPEP in the presence and absence of G6P for the 

P. coloratum PEPC with the sequence from a NADP-ME species enzyme. 

 

Two-way ANOVA confirmed that there was no statistically significant difference between 

KmPEP of PEPC for any of the species when compared to their respective enzyme chimeras, 

either in the presence or absence of G6P.  
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4.3.3 KmHCO3
- of PEPC and PEPC chimeras in the presence glucose-6-phosphate. 

The results described for Table 4.3 relate to experiments conducted by Dr Robert Di Mario in 

collaboration with Asaph Cousins’ lab at Washington State University. The KmHCO3
- of the S. 

viridis PEPC enzyme was determined to be 23.26 µM ± 0.74 in the presence of 5 mM G6P 

(Figure 4.8; Table 4.3). The KmHCO3
-
 of the U. panicoides was determined to be 26.18 µM ± 

1.04 in the presence of 5 mM G6P (Table 4.3). The KmHCO3
- of the P. coloratum enzyme was 

determined to be 41.27 µM ± 1.38 in the presence of 5 mM G6P (Figure 4.8; Table 4.3). One-

way ANOVA showed that the KmPEP of both S. viridis and U. panicoides were statistically 

different from the KmPEP of P. coloratum PEPC. 

 

The KmHCO3
-
 of the S. viridis PEPC with the sequence from a PEPCK species was determined 

to be 20.75 µM ± 0.24 in the presence of 5 mM G6P (Figure 4.8; Table 4.3). The KmHCO3
-
 of 

the U. panicoides PEPC with the sequence from a NAD-ME species was determined to be 

22.32 µM ± 1.22 in the presence of 5 mM (Figure 4.8; Table 4.3). The KmHCO3
-
 of the P. 

Table 4.3 KmHCO3
- of Setaria viridis, Urochloa panicoides, and Panicum coloratum PEPC 

enzymes, and PEPC chimeras in the presence of glucose-6-phosphate (G6P). Each value is the 

average of 3 biological replicates, with the standard error between these replicates indicated. 

Values were determined using MIMS assay at 25 °C, initiated by the addition of PEPC protein. 

One-way ANOVA was conducted for statistical analyses with posthoc Tukey honestly 

significant difference (HSD) tests performed to determine statistically significant differences 

(P < 0.05). Different letters indicate statistically significant differences at P<0.05. The data in 

this table was obtained by Robert Di Mario from Asaph Cousins’ lab.  
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coloratum PEPC with the sequence from a NADP-ME species was determined to be 36.35 µM 

± 2.01 in the presence of 5 mM G6P (Figure 4.8; Table 4.3).  

 

One-way ANOVA confirmed that there was no statistically significant differences between 

KmHCO3
- of PEPC for any of the species when compared to their respective enzyme chimeras, 

in the presence of 5 mM G6P. The KmHCO3
-
  for the P. coloratum PEPC and the P. coloratum 

PEPC with the sequence from a NADP-ME species were both statistically different to the 

PEPCs from the other species.  

Figure 4.8. KmHCO3
- (µM) ranges in the presence and absence of glucose-6-phosphate (G6P) 

for C3 and C4 species compared to the KmHCO3
- values determined for Setaria viridis (S. vir), 

Urochloa panicoides (U. pan), and Panicum coloratum (P. col) PEPC enzymes in the presence 

of G6P. KmHCO3
- values determined in the presence of G6P are indicated by + G6P, KmHCO3

- 

values determined in the absence of G6P are indicated by - G6P. 1 reported value makes up the 



133 

 

C3 + G6P boxplot, 6 for the C3 - G6P, 2 for C4 + G6P (all NADP-ME species) and 14 for C4 – 

G6P (8 NADP-ME species, 5 NAD-ME species and 1 PEPCK species). 
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Figure 4.9. Setaria viridis PEPC activity as determined by membrane inlet mass spectrometry. 

Assays contained one of seven different concentrations of NaHCO3 (1000, 750, 500, 350, 200, 

100, and 50 µM), and were initiated by the addition of PEPC protein. Initiation of the assay is 

indicated by the red arrows. HCO3
- was consumed as the reaction progressed, therefore, 

movement from left to right across the [HCO3
-] axes of the graphs indicate progression of the 

PEPC activity assay. Figures show a lag after initiation with the PEPC protein before the S. 

viridis PEPC enzyme activity reaches maximal rate. 
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Figure 4.10. Panicum coloratum PEPC activity as determined by membrane inlet mass 

spectrometry. Assays contained one of seven different concentrations of NaHCO3 (1000, 750, 

500, 350, 200, 100, and 50 µM), and were initiated by the addition of PEPC protein. Initiation 

of the assay is indicated by the red arrows. HCO3
- was consumed as the reaction progressed, 

therefore, movement from left to right across the [HCO3
-] axes of the graphs indicate 

progression of the PEPC activity assay. Figures show rapid reduction in PEPC enzyme activity 

after initiation with PEPC protein.  
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Figure 4.11. Urochloa panicoides PEPC activity as determined by membrane inlet mass 

spectrometry. Assays contained one of seven different concentrations of NaHCO3, five of 

which are shown here (1000, 750, 500, 350, and 200 µM), and were initiated by the addition 

of the PEPC protein. Initiation of the assay is indicated by the red arrows. HCO3
- was consumed 

as the reaction progressed, therefore, movement from left to right across the [HCO3
-] axes of 

the graphs indicate progression of the PEPC activity assay. Figures show rapid reduction in 

PEPC enzyme activity after initiation with the PEPC protein. 
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4.3.4 Vmax and kcat of PEPC and PEPC chimeras in the presence and absence of glucose-

6-phosphate 

The Vmax of S. viridis PEPC was determined to be 30.72 µmol min-1 mg-1 ± 0.74 in the presence 

of 5 mM G6P and 29.60 µmol min-1 mg-1 ± 1.78 in the absence of G6P (Table 4.4). Two-way 

ANOVA showed no statistical significance between the Vmax of S. viridis PEPC in the presence 

and absence of G6P. The Vmax of U. panicoides was determined to be 47.29 µmol min-1 mg-1 ± 

1.98 in the presence of 5 mM G6P and 34.75 µmol min-1 mg-1 ± 3.41 in the absence of G6P 

(Figure 4.12, Table 4.4). Two-way ANOVA showed that the difference between U. panicoides 

PEPC Vmax in the presence and absence of G6P had no statistical significance. The Vmax of P. 

coloratum was determined to be 22.98 µmol min-1 mg-1 ± 3.24 in the presence of 5 mM G6P 

and 20.00 µmol min-1 mg-1 ± 2.93 in the absence of G6P (Figure 4.12, Table 4.4). Two-way 

ANOVA confirmed that there was no statistically significant difference between Vmax in the 

presence and absence of G6P for the P. coloratum PEPC enzyme. 

 

Table 4.4 Vmax of Setaria viridis, Urochloa panicoides, and Panicum coloratum PEPC 

enzymes, and PEPC chimeras in the presence and absence of glucose-6-phosphate (G6P). Each 

value is the average of 3 biological replicates, with the standard error between these replicates 

indicated. Values were determined using a NADH-linked spectrophotometric assay at 25 °C 

with 1 μg PEPC protein, initiated with the addition of phosphoenolpyruvate (0 – 20 mM final 

concentration). Two-way ANOVA was conducted for statistical analyses with posthoc Tukey 

honestly significant difference (HSD) tests performed to determine statistically significant 

differences (P < 0.05). Different letters indicate statistically significant differences at P<0.05 
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The Vmax of S. viridis PEPC with the sequence from a PEPCK species was determined to be 

28.94 µmol min-1 mg-1 ± 1.67 in the presence of 5 mM G6P and 29.88 µmol min-1 mg-1 ± 1.22 

in the absence of G6P (Figure 4.12, Table 4.4). Two-way ANOVA showed no statistical 

significance between the Vmax of S. viridis PEPC with the sequence from a PEPCK species in 

the presence and absence of G6P. The Vmax of U. panicoides PEPC with the sequence from a 

NAD-ME species was determined to be 67.48 µmol min-1 mg-1 ± 9.57 in the presence of 5 mM 

G6P and 52.12 µmol min-1 mg-1 ± 8.89 in the absence of G6P (Figure 4.12, Table 4.4). Two-

way ANOVA showed that the difference between U. panicoides PEPC with the sequence from 

Figure 4.12. Vmax (µmol min-1 mg-1) ranges in the presence and absence of glucose-6-phosphate 

(G6P) for C3 and C4 species compared to the Vmax values determined for Setaria viridis (S. vir), 

Urochloa panicoides (U. pan), and Panicum coloratum (P. col) PEPC enzymes in the presence 

of G6P. Vmax values determined in the presence of G6P are indicated by + G6P, Vmax values 

determined in the absence of G6P are indicated by - G6P. Nine reported values makes up the 

C3 + G6P boxplot, 11 for the C3 - G6P, 11 for C4 + G6P (all NADP-ME species) and 19 for C4 

– G6P (3 NAD-ME species, 16 NADP-ME species). 
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a NAD-ME species Vmax in the presence and absence of G6P had no statistical significance. 

The Vmax of P. coloratum PEPC with the sequence from a NADP-ME species was determined 

to be 15.21 µmol min-1 mg-1 ± 1.15 in the presence of 5 mM G6P and 14.46 µmol min-1 mg-1 

± 0.83 in t he absence of G6P (Figure 4.12, Table 4.4). Two-way ANOVA confirmed that there 

was no statistically significant difference between Vmax in the presence and absence of G6P for 

the P. coloratum PEPC with the sequence from a NADP-ME species enzyme. 

Two-way ANOVA confirmed that there was no statistically significant difference between Vmax 

of PEPC for any of the species when compared to their respective enzyme chimeras, either in 

the presence or absence of G6P. 

 

The kcat of S. viridis PEPC was determined to be 56.31 s-1 ± 1.35 in the presence of 5 mM G6P 

and 54.26 s-1 ± 3.26 in the absence of G6P (Table 4.5). Two-way ANOVA showed no statistical 

significance between the kcat of S. viridis PEPC in the presence and absence of G6P. The kcat of 

U. panicoides was determined to be 85.62 s-1 ± 3.56 in the presence of 5 mM G6P and 62.92 s-

1 ± 6.18 in the absence of G6P (Figure 4.13, Table 4.5). Two-way ANOVA showed that the 

difference between U. panicoides PEPC kcat in the presence and absence of G6P had no 

statistical significance. The kcat of P. coloratum was determined to be 41.79 s-1 ± 5.89 in the 

presence of 5 mM G6P and 36.37 s-1 ± 5.32 in the absence of G6P (Figure 4.13, Table 4.5). 

Two-way ANOVA confirmed that there was no statistically significant difference between kcat 

in the presence and absence of G6P for the P. coloratum PEPC enzyme. 
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The kcat of S. viridis PEPC with the sequence from a PEPCK species was determined to be 

52.70 s-1 ± 3.04 in the presence of 5 mM G6P and 54.39 s-1 ± 2.22 in the absence of G6P (Figure 

4.13, Table 4.5). Two-way ANOVA showed no statistical significance between the kcat of S. 

viridis PEPC with the sequence from a PEPCK species in the presence and absence of G6P. 

The kcat of U. panicoides PEPC with the sequence from a NAD-ME species was determined to 

be 123.07 s-1 ± 17.46 in the presence of 5 mM G6P and 95.05 s-1 ± 16.21 in the absence of G6P 

(Table 4.5). Two-way ANOVA showed that the difference between U. panicoides PEPC with 

the sequence from a NAD-ME species kcat in the presence and absence of G6P had no statistical 

significance. The kcat of P. coloratum PEPC with the sequence from a NADP-ME species was 

determined to be 27.67 s-1 ± 2.09 in the presence of 5 mM G6P and 26.28 s-1 ± 1.50 in the 

absence of G6P (Table 4.5). Two-way ANOVA confirmed that there was no statistically 

significant difference between kcat in the presence and absence of G6P for the P. coloratum 

PEPC with the sequence from a NADP-ME species enzyme. 

Table 4.5 kcat of Setaria viridis, Urochloa panicoides, and Panicum coloratum PEPC enzymes, 

and PEPC chimeras in the presence and absence of glucose-6-phosphate (G6P). Each value is 

the average of 3 biological replicates, with the standard error between these replicates 

indicated. Values were determined using a NADH-linked spectrophotometric assay at 25 °C 

with 1 μg PEPC protein, initiated with the addition of phosphoenolpyruvate (0 – 20 mM final 

concentration). Two-way ANOVA was conducted for statistical analyses with posthoc Tukey 

honestly significant difference (HSD) tests performed to determine statistically significant 

differences (P < 0.05). Different letters indicate statistically significant differences at P<0.05 
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Two-way ANOVA confirmed that there was no statistically significant difference between kcat 

of PEPC for any of the species when compared to their respective enzyme chimeras, either in 

the presence or absence of G6P. 

 

 

 

Figure 4.13. kcat (s
-1) ranges in the presence and absence of glucose-6-phosphate (G6P) for C3 

and C4 species compared to the kcat values determined for Setaria viridis (S. vir), Urochloa 

panicoides (U. pan), and Panicum coloratum (P. col) PEPC enzymes in the presence of G6P. 

kcat values determined in the presence of G6P are indicated by + G6P, kcat values determined in 

the absence of G6P are indicated by - G6P. Three reported values makes up the C3 + G6P 

boxplot, 3 for the C3 - G6P, 4 for C4 + G6P (all NADP-ME species) and 4 for C4 – G6P (all 

NADP-ME species). 
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4.3.5 I50 malate and I50 aspartate 

 

The I50 malate of S. viridis PEPC enzyme was determined to be 5.00 mM ± 0.11 in the presence 

of 5 mM G6P and 4.63 mM ± 0.09 in the absence of G6P (Figure 4.14, Table 4.6). The I50 

malate of the U. panicoides PEPC enzyme was not inhibited across the malate range tested in 

the presence of 5 mM G6P and its I50 value in the absence of G6P was determined to be 6.11 

mM ± 0.05 (Table 4.6). The I50 malate of the P. coloratum PEPC enzyme was determined to be 

1.20 mM ± 0.01 in the presence of 5 mM G6P and 1.02 mM ± 0.01 in the absence of G6P 

(Figure 4.14, Table 4.6).  

The S. viridis PEPC enzyme with the sequence from a PEPCK species was not inhibited in the 

presence of 5 mM G6P and the I50 malate in the absence of G6P was 5.25 ± 0.19 (Figure 4.14, 

Table 4.6). The I50 malate of the U. panicoides PEPC with the sequence from a NAD-ME 

species was determined to be 5.13 mM ± 0.69 in the presence of 5 mM G6P and 4.51 ± 0.12 in 

the absence of G6P (Figure 4.14, Table 4.6). The I50 malate of the P. coloratum PEPC with the 

Table 4.6 I50 malate of Setaria viridis, Urochloa panicoides, and Panicum coloratum PEPC 

enzymes, and PEPC chimeras in the presence and absence of glucose-6-phosphate (G6P). 

Each value is the average of two or three technical replicates, with the standard error between 

these replicates indicated. Values were determined using a NADH-linked 

spectrophotometric assay at 25 °C with 1 μg PEPC protein, initiated with the addition of 

phosphoenolpyruvate (5 mM final concentration). Malate concentrations of  mM, 5 mM, 4.5 

mM, 4 mM, 3 mM, 2.5 mM, 2 mM, 1.5 mM, 1.25 mM, 1 mM, 0.75 mM, 0.5 mM, 0.25 mM, 

0.125 mM, 0.0625 mM were used in assays to determine I50 malate.
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sequence from a NADP-ME species was determined to be 1.20 mM ± 0.01 in the presence of 

5 mM G6P and 1.02 ± 0.01 in the absence of G6P (Figure 4.14, Table 4.6). 

None of the PEPC enzymes of any of the species tested nor the enzyme chimeras showed any 

inhibition by aspartate in the 0 – 6 mM range tested.  

 

Figure 4.14. I50 (mM) ranges in the presence and absence of glucose-6-phosphate (G6P) for C3 

and C4 species compared to the I50 values determined for Setaria viridis (S. vir), Urochloa 

panicoides (U. pan), and Panicum coloratum (P. col) PEPC enzymes in the presence of G6P. 

I50 values determined in the presence of G6P are indicated by + G6P, I50 values determined in 

the absence of G6P are indicated by - G6P. One reported value makes up the C3 + G6P boxplot, 

8 for the C3 - G6P, 4 for C4 + G6P (all NADP-ME species) and 16 for C4 – G6P (3 NAD-ME 

species, 13 NADP-ME species). The Urochloa panicoides (U. pan) enzyme was not inhibited 

in the 0 – 6.5 mM range tested, so has been omitted from the boxplot. 
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4.4 Discussion 

The aim of this chapter was to investigate the effects of the PEPCK-specific six amino acid 

deletion on PEPC enzyme kinetics. This was investigated by determining carboxylation and 

inhibition kinetics data for one NADP-ME species, one NAD-ME species and one PEPCK 

species and three enzyme chimeras with shuffled PEPCK-specific regions. The results and 

possible effect of this region on KmPEP, KmHCO3
-, kcat, Vmax, and inhibition by malate and 

aspartate are discussed here. 

 

4.4.1 KmPEP  

4.4.1.1 Is P. coloratum PEPC an efficient enzyme? 

The KmPEP data obtained for P. coloratum indicates that it has an unusually low affinity for 

the substrate PEP. When comparing the value of KmPEP in the absence of G6P of P. coloratum 

(7.32 mM ± 0.49) across all plant species regardless of photosynthetic type, only a handful of 

species come anywhere close to the high KmPEP value of P. coloratum. Bryophyllum 

fedtschenkoi (CAM species) and Setaria verticillata (NADP-ME) have reported KmPEP values 

of 2.4 mM and 1.9 mM, respectively, and Zea mays (NADP-ME)  has a particularly wide range 

of reported KmPEP values in the absence of G6P of between 0.1 – 7.9 mM, respectively 

(Appendix 1; Ting and Osmond, 1973b; Ting and Osmond, 1973c; Uedan and Sugiyama, 1976; 

Mukerji, 1977; Jones et al., 1978; Samaras et al., 1988; Bandarian et al., 1992; Janc et al., 1992; 

Dong et al., 1998; Frank et al., 2001; Takahashi-Terada et al., 2005; Endo et al., 2008). The P. 

coloratum PEPC appears to have a such a poor affinity for its substrate PEP, which raises 

questions as to the overall performance of this PEPC enzyme in photosynthesis. A study 

measuring PEPC activity of leaf extracts from a variety of C4 grasses found that P. coloratum 

had the second lowest PEPC activity across the species investigated, seemingly supporting the 
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finding that the P. coloratum PEPC enzyme may not be an efficient PEPC (Figure 4.16; Pinto 

et al., 2014).  

 

Figure 4.16. PEPC activity (µmol m-2 s-1) from a number of C4 grass species. Data taken from 

Pinto et al. (2014). PEPC activity was determined using leaf extracts and a NADH-coupled 

spectrophotometric assay. 

 

4.4.1.2 Effect of PEPCK deletion on KmPEP? 

Although there was no statistically significant difference between KmPEP of PEPC for any of 

the species when compared to their respective enzyme chimeras, either in the presence or 

absence of G6P, further testing needs to be performed (more replicates and repeated 

experimentation) before a conclusion can be reached about the effect that the sequence under 

examination has on KmPEP of the PEPC enzymes (Table 4.2).  
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4.4.2. KmHCO3
-  

It has been hypothesised that during the evolution from C3 to C4 photosynthesis, C4 PEPCs 

were under selective pressure to have a greater affinity for bicarbonate, and thus smaller 

KmHCO3
- value than those of the C3 enzymes (Jacobs et al., 2008; DiMario and Cousins, 2019). 

Comparisons of the KmHCO3
- values determined for the S. viridis, U. panicoides, and P. 

coloratum PEPC enzymes to reported KmHCO3
- values for C3 PEPC enzymes, appear, for the 

most part, to support this hypothesis (Figure 4.8, Appendix 1, Table 4.3). The S. viridis, U. 

panicoides, and P. coloratum PEPC enzymes all have KmHCO3
- values in the presence of G6P 

smaller than the only reported C3 KmHCO3
- value (0.064 mM) for the activated enzyme of 

Flaveria pringlei (Figure 4.8, Appendix 1, Table 4.3; DiMario and Cousins, 2019). The 

activated PEPC enzymes from S. viridis, U. panicoides, and P. coloratum also have KmHCO3
- 

values lower than all but one of the reported KmHCO3
- values for the unactivated PEPC 

enzymes for C3 species, with the PEPC from Atriplex hastata being the notable exception 

(Figure 4.8, Appendix 1, Table 4.3; Maruyama et al., 1966; Ting and Osmond, 1973c; Miziorko 

et al., 1974; Holaday and Black, 1981; Law and Plaxton, 1995). The only reported KmHCO3
- 

value in the presence of G6P falls within the range of activated C4 PEPC enzymes, but given 

that there were only two reported values for KmHCO3
- in the presence of G6P, it is difficult to 

make any kind of comment on the validity of the hypothesis (Coombs et al., 1973; DiMario 

and Cousins, 2019). There is a large overlap between the unactivated KmHCO3
- values of C3 

and C4 species, although overall the range of unactivated KmHCO3
- values are greater for C3 

PEPCS than C4 PEPCs (Figure 4.8, Appendix 1; Maruyama et al., 1966; Coombs et al., 1973; 

Ting and Osmond, 1973c; Miziorko et al., 1974; Holaday and Black, 1981; Bauwe, 1986; 

Iglesias et al., 1986; Janc et al., 1992; Law and Plaxton, 1995; Gao and Woo, 1996; Dong et 

al., 1998; Parvathi et al., 2000; Boyd et al., 2015; DiMario and Cousins, 2019). This appears 

to provide some support for the hypothesis, however, it is clear that to properly investigate the 
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hypothesis that C4 PEPCs were under selective pressure to have a greater affinity for 

bicarbonate, KmHCO3
- values from more PEPC enzymes from both C3 and C4 species need to 

be determined. 

 

The PEPCs of S. viridis, U. panicoides, and P. coloratum PEPC also have lower KmHCO3
- 

values than two C3-C4 intermediate species, Coleataenia prionitis with a KmHCO3
- of 300 µM 

(30°C), and Panicum milioides with a KmHCO3
- of 400 – 800 µM (30°C) (Holaday and Black, 

1981). Again, however, both values were determined in the absence of G6P. Therefore, the 

hypothesis that C4 PEPCs were under selective pressure to have a greater affinity for 

bicarbonate requires more targeted research. There is one C3 species which appears to 

undermine this hypothesis. Atriplex hastata has a KmHCO3
- of 18 µM (pH 7.8; 30°C) in the 

absence of G6P (Ting and Osmond, 1973c). It would appear that, in this case, the unactivated 

PEPC enzyme of A. hastata has a higher affinity for bicarbonate than the activated C4 PEPC 

enzymes of S. viridis, U. panicoides, and P. coloratum. In fact, when considering the KmHCO3
- 

values of C4 species (Appendix 1) only the PEPC from Amaranthus hypochondriacus has a 

lower KmHCO3
- value (11 µM), and thus a higher affinity for bicarbonate that the unactivated 

PEPC enzyme of A. hastata. (Coombs et al., 1973; Ting and Osmond, 1973c; Mukerji, 1977; 

O'Leary, 1982; Bauwe, 1986; Iglesias et al., 1986; Janc et al., 1992; Gao and Woo, 1996; Dong 

et al., 1998; Parvathi et al., 2000; Boyd et al., 2015; DiMario and Cousins, 2019).  

 

From the data obtained for this thesis, the KmHCO3
- of the S. viridis PEPC enzyme assayed in 

the presence of G6P (23.26 µM ± 0.74), was lower than Boyd et al. (2015) reported KmHCO3
- 

of S. viridis PEPC enzyme assayed in the absence of G6P (60.2 µM). This suggests an 

activation of the S. viridis enzyme by G6P resulting in a lowering of the KmHCO3
-. This 
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lowering of the KmHCO3
- in the presence of G6P is also seen in the NADP-ME species 

Pennisetum purpureum (Appendix 1; Coombs et al., 1973). Pennisetum purpureum is the only 

species in the literature with reported KmHCO3
- values both in the presence and absence of 

G6P.  

4.4.2.1 Could OAA or pyruvate interfere the KmHCO3
- MIMS assays? 

The Setaria viridis PEPC showed a lag in activity after initiation of the assay with the PEPC 

protein before the S. viridis PEPC enzyme reached a maximal rate (Figure 4.9). This indicates 

that the enzyme took time to be activated by one of the assay buffer components. Samaras et 

al. (1988) hypothesised that PEP could be the in vivo activator of Setaria verticillata PEPC. In 

this case, any one of MgCl2, G6P, PEP or NaHCO3 could be responsible for the activation 

observed.  

 

The PEPC enzymes from Panicum coloratum and Urochloa panicoides showed rapid 

reduction in activity after the initiation of the assay (Figure 4.10, Figure 4.11). This indicates 

the presence of a potent inhibitor in the reaction. This same rapid inhibition was not observed 

in the spectrophotometric PEPC enzymes assays. Therefore, something present in the MIMS 

PEPC assay, but absent in the NADH-coupled spectrophotometric assay, must have caused this 

inhibition. The NADH-coupled spectrophotometric assay consists of two reactions (Figure 

4.17). Firstly, PEPC catalyses the carboxylation of PEP by bicarbonate to form OAA (Figure 

4.17). Secondly, malate dehydrogenase (MDH) catalyses the reduction of OAA formed in the 

first reaction to malate (Figure 4.17). In the MIMS reaction, however, only the PEPC-catalysed 
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carboxylation of PEP by bicarbonate to form OAA occurs. This OAA remains in the reaction 

solution and is not converted to malate. Therefore, it seems likely that it is the OAA remaining 

in the reaction solution in the MIMS assay that is responsible for the rapid inhibition of both 

the Panicum coloratum and Urochloa panicoides PEPC enzymes. The hydration of CO2 to 

form bicarbonate also occurs in the MIMS reaction, but given that HCO3
- is a substrate of PEPC 

and no substrate inhibition of PEPC enzymes has been reported, it is not likely to be the cause 

of PEPC inhibition (Figure 4.17). 

 

OAA inhibition of the PEPC enzyme has been reported in a number of plant species including 

Setaria italica, Pennisetum purpureum and Amaranthus viridis (Coombs et al., 1973; 

Raghavendra and Das, 1975; Iglesias et al., 1986), as well as in the bacterial species C. 

peniocystis (Owttrim and Colman, 1986). The study by (Raghavendra and Das, 1975) reported 

a Ki for OAA of 1 mM (Appendix 1), with OAA being an even more potent inhibitor of the 

Setaria italica PEPC enzyme than malate (Ki malate: 5 mM). This was also seen in Amaranthus 

viridis, with I50 OAA of 1.0 mM (pH 7.0; 30 °C) and 0.5 mM (pH 8.0; 30 °C) compared to I50 

malate of 2.5 mM (pH 7.0; 30 °C) and 10 mM (pH 8.0; 30 °C) (Iglesias et al., 1986). OAA was 

Figure 4.17. Reactions of the NADH-coupled spectrophotometric assay and the MIMS PEPC 

assay.  In reaction 1, PEPC catalyses the carboxylation of phosphoenolpyruvate (PEP) by 

bicarbonate (HCO3
-) to form oxaloacetate (OAA) and inorganic phosphate (Pi). In reaction 2, 

malate dehydrogenase (MDH) catalyses the reduction of OAA formed in reaction 1 to malate. 

This reaction requires energy in the form of NADH. In reaction 3, carbonic anhydrase catalyses 

the hydration of CO2 to form bicarbonate. Reactions 1 and 2 are occur in the 

spectrophotometric assay measuring PEPC activity and reactions 1 and 3 occur in the MIMS 

PEPC activity assay. 

 



150 

 

also reported to be a more effective inhibitor of the C4 Pennisetum purpureum PEPC enzyme 

than malate (Coombs et al., 1973). Therefore, it is probable that OAA is a potent inhibitor of 

the Panicum coloratum and Urochloa panicoides PEPC enzymes. An investigation into the 

inhibitory effects of OAA on the PEPC enzymes investigated warrants further investigation. 

 

Pyruvate inhibition has been observed in numerous plant species including Amaranthus viridis 

(C4), Atriplex spongiosa (C4), Atriplex hastata (C3), Gossypium hirsutum (C3) (Mukerji and 

Ting, 1971; Ting and Osmond, 1973c; Iglesias et al., 1986). Although OAA does convert to 

pyruvate in solution, its half-life to convert to pyruvate at 25 °C in biological aqueous solution 

is 14 hours (Yu and Sivitz, 2020). Therefore, it is highly unlikely that the rapid reduction in 

activity observed is a result of inhibition by pyruvate. 

 

 

Although there was no statistically significant difference between KmHCO3
-
 of PEPC for any 

of the species when compared to their respective enzyme chimeras in the presence of 5 mM 

G6P, further testing needs to be performed (more replicates and repeated experimentation) 

before a conclusion can be reached about the effect that the sequence under examination has 

on KmHCO3
- of the PEPC enzymes. 

 

4.4.4 kcat and Vmax 

P. coloratum, S. viridis, and U. panicoides PEPC enzymes had lower kcat values in the absence 

of G6P than in the presence of G6P, although none of these differences were statistically 

significant (Table 4.5). kcat values reported for Flaveria pringleii (C3 species) and Flaveria 

trinervia (NADP-ME species) also show slightly lower kcat values for their PEPC enzyme in 
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the absence of G6P (Appendix 1; Bläsing et al., 2000; Bläsing et al., 2002). On the other hand, 

reported kcat values for Alternanthera pungens (NADP-ME species) and Alternanthera tenella 

(C3-C4 intermediate species) were identical in the presence and absence of G6P (Appendix 1; 

Gowik et al., 2006). Given the relatively few species investigated, it is difficult to make a 

generalisation on the impact of G6P on the kcat values of PEPC enzymes. The kcat values of 

PEPC enzymes from a greater number of species needs further investigation. 

 

The kcat values for C4 PEPC enzymes have only been reported for NADP-ME species, so the 

the kcat values obtained for both U. paniocides (PEPCK) and P. coloratum (NAD-ME) are a 

first in the literature. The kcat values determined for the S. viridis enzyme in the presence and 

absence of G6P fall just above the ranges reported for kcat values in the presence and absence 

of G6P for C4 species (Figure 4.14, Appendix 1, Table 4.5). The kcat values determined for the 

P. coloratum enzyme in the presence of G6P falls within the C4 range, and the value determined 

in the absence of G6P falls just below the C4 range (Figure 4.14, Appendix 1, Table 4.5). The 

kcat values determined for the U. panicoides enzyme in the presence and absence of G6P fall 

considerably above the ranges reported for kcat values in the presence and absence of G6P for 

C4 species (Figure 4.14, Appendix 1, Table 4.5). Urochloa panicoides, therefore, appears to 

have a superior kcat value. 

 

Although there was no statistically significant difference between kcat PEPC for any of the 

species when compared to their respective enzyme chimeras in the presence and absence of 

G6P, further testing needs to be performed (more replicates and repeated experimentation) 

before a conclusion can be reached about the effect that the sequence under examination has 

on kcat of the PEPC enzymes. 
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Only NADP-ME and NAD-ME species have recorded Vmax values in the form µmol min-1 mg-

1 recorded in the absence of G6P, and only NADP-ME species have recorded Vmax values in 

the form µmol min-1 mg-1 recorded in the presence of G6P (Appendix 1; Iglesias et al., 1986; 

Gao and Woo, 1996; Svensson et al., 1997; Dong et al., 1998; Bläsing et al., 2000; Parvathi et 

al., 2000; Bläsing et al., 2002; Engelmann et al., 2003; Takahashi-Terada et al., 2005; Gowik 

et al., 2006; Lara et al., 2006; Endo et al., 2008; DiMario and Cousins, 2019). Given that no 

Vmax values in the form µmol min-1 mg-1 have been reported for PEPCK species, the Vmax values 

obtained for the U. panicoides PEPC enzyme are a first in this regard. The Vmax values of P. 

coloratum PEPC fall within the range of Vmax values for C4 PEPC, whilst the Vmax values of S. 

viridis PEPC fall just above C4 range (Figure 4.12, Appendix 1, Table 4.4). The Vmax of U. 

panicoides fall well above the C4 range. Given that only NAD-ME and NADP-ME species had 

Vmax values reported in µmol min-1 mg-1, it might seem that PEPCK species as a group might 

have superior Vmax values. This isn’t the case, however, as is elucidated when examining Vmax 

values reported µmoles per minute per mg of chlorophyll. The Vmax values reported for PEPCK 

species examined were no greater than those of the NAD-ME and NADP-ME species (Ting 

and Osmond, 1973b; Ting and Osmond, 1973c). Thus, it seems that U. panicoides has superior 

catalytic properties that aren’t characteristic of the PEPCK subtype as a whole. Thus, the 

Urochloa panicoides enzyme would be an interesting enzyme for further study and an exciting 

candidate to transform into a NADP-ME model species, such as Setaria viridis to examine its 

impact on photosynthesis. 

 

Given that there was no statistically significant difference between Vmax of PEPC for any of the 

species when compared to their respective enzyme chimeras in the presence of 5 mM G6P, 

further testing needs to be performed (more replicates and repeated experimentation) before a 

conclusion can be reached about the effect that the sequence under examination has on Vmax of 

the PEPC enzymes. 
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4.4.5 Inhibition by malate 

P. coloratum, S. viridis, and U. panicoides PEPC enzymes had lower I50 values in the absence 

of G6P than in the presence of G6P (Table 4.6, Figure 4.14). Although the difference between 

the I50 values of the Panicum coloratum enzyme in the presence of absence of G6P was very 

small (Table 4.6, Figure 4.14). G6P has been shown to alleviate the inhibitory effects of malate 

on PEPC in C3, C3-C4 intermediate and C4 species (Dong et al., 1998; Chen et al., 2002; 

Engelmann et al., 2003; Pierre et al., 2004; Takahashi-Terada et al., 2005; Jacobs et al., 2008). 

Two notable exceptions exist in Flaveria brownii, a C4-like species, and Flaveria trinervia, a 

C4 NADP-ME species, where the presence of G6P resulted in a decrease in the Ki-malate and 

therefore an increase in sensitivity of the PEPC enzyme to malate (Engelmann et al., 2003; 

Jacobs et al., 2008).  

 

When the S. viridis PEPC enzyme is given the six-base deletion from the U. panicoides PEPCK 

sequence, the PEPC enzyme goes from having an I50 malate of 5.00 mM to being uninhibited 

by malate (Table 4.6). Alternatively, when the PEPCK deletion in the U. panicoides enzyme 

is replaced by the six amino acids from the NAD-ME P. coloratum PEPC enzyme, the U. 

panicoides enzyme goes from being uninhibited by malate, to having an I50 malate of 5.13 mM 

(Table 4.6). This indicates that this PEPCK-specific six-base deletion might affect the extent 

to which PEPC enzymes are inhibited by malate. In order to investigate this further, more 

species need to be investigated and reciprocal region swaps between protein pairs need to be 

conducted. Danila et al. (2018) conducted an investigation into C4 subtype-specific density of 

plasmodesmata using 13 C4 species in the PACMAD clade covering 4 independent origins of 

C4 photosynthesis. These grass species examined included 4 NAD-ME species (Leptochloa 

fusca, Astrebla lappacea, Panicum coloratum, and Panicum miliaceum), 6 NADP-ME species 

(Paspalum dilatatum, Sorghum bicolor, Zea mays, Setaria viridis Cenchrus ciliaris, and 

Panicum antidotale), and 3 PEPCK species (Chloris gayana, Panicum maximum, and 

Urochloa panicoides). To properly investigate whether this PEPCK-specific six-base deletion 
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might affect the extent to which PEPC enzymes are inhibited by malate taking PEPCs from a 

sample of representative species such as this and performing region swaps would be highly 

recommended. 

 

Given that C4 species have a I50 malate in the range of 0.82 – 10.0 mM, further studies are 

needed covering this range. Also, given that only 2 or three technical replicates were used to 

generate the current initial data, kinetic analysis on three biological replicates across a malate 

range of 0 – 15 mM is recommended. 

 

4.5  Conclusions 

In conclusion, KmPEP, KmHCO3
-, kcat and Vmax values were obtained for the S. viridis, P. 

coloratum, and U. panicoides PEPC enzymes. The kcat values obtained for both U. paniocides 

(PEPCK) and P. coloratum (NAD-ME) are a first in the literature as no kcat values have been 

published for PEPCK or NAD-ME species. No Vmax values in the form µmol min-1 mg-1 have 

been reported for PEPCK species, so Vmax value obtained for the U. panicoides PEPC enzyme 

is a first in this regard. KmPEP, KmHCO3
-, kcat and Vmax values were also obtained for the three 

PEPC enzyme chimeras. None of the PEPC enzymes or PEPC enzyme chimeras were inhibited 

by aspartate over the 0 – 6 mM range tested. I50 malate values were calculated for the S. viridis, 

P. coloratum, and U. panicoides PEPC enzymes and the enzyme chimeras. From the data 

obtained, it appears that the PEPCK-specific six amino acid deletion affects the extent to which 

PEPC enzymes are inhibited by malate. In order to further investigate this, more species need 

to be investigated and reciprocal region swaps between protein pairs need to be conducted. The 

kinetic analysis needs to be conducted on three biological replicates across a malate range of 0 

– 15 mM.  
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Chapter 5: PEPC overexpression in Setaria viridis and the 

reduction in malate sensitivity of the PEPC enzyme in 

Setaria viridis 

5.1 Introduction 

5.1.1 What PEPC overexpression in C4 plants could tell us about limiting steps of C4 

photosynthesis 

Modelling of the C4 biochemical pathway has shown that differences in maximal PEPC activity 

(Vpmax) will impact the initial slope of the CO2 response curve (CO2 assimilation rate (A) v CO2 

partial pressure in the intercellular airspace (Ci)), with a proportional relationship between 

Vpmax and the initial slope  (Figure 5.1; von Caemmerer, 2000). When modelled, the saturated 

rate of the CO2 response curve is proportional to the maximal Rubisco activity (Vcmax). This 

may not be the case in vivo, however, where PEP regeneration capacity may be limiting, and 

leakiness and bundle-sheath CO2 partial pressures may not continue to increase with increasing 

CO2 concentrations (von Caemmerer, 2000). Rubisco activity is just one of a number of factors 

Figure 5.1. CO2 response curve with various maximum PEPC activities (Vpmax). In this model 

there is no limitation by PEP regeneration. The initial slope of the curve is affected by the 

Vpmax. (1 = Vpmax of 180 µmol m-2 s-1; 2 = Vpmax of 120 µmol m-2 s-1; 3 = Vpmax of 80 µmol m-2 

s-1). Figure from von Caemmerer (2000).
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thought to influence the saturated rate of the CO2 response curve, with substrate regeneration 

of the C3 and C4 cycles and chloroplast electron transport also influencing the saturated rate 

(von Caemmerer and Furbank, 2016). Modelling has elucidated that when PEPC expression is 

very low in a CO2 saturated environment, a corresponding reduction in the saturated rate of 

CO2 assimilation would be observed, as Rubisco would no longer be saturated with CO2 in the 

bundle sheath cells (von Caemmerer, 2000). It has been hypothesised that PEPC ‘is unlikely to 

be a key limiting step at ambient CO2’ (von Caemmerer and Furbank, 2016). Investigating 

PEPC overexpression in C4 plants will determine whether or not PEPC is limiting CO2 

assimilation rate. The results from such an investigation would help to inform future C4 

modelling and provide valuable in vivo information. 

 

5.1.2 PEPC overexpression in C3 plants 

There has been much effort aimed at overexpressing PEPC in C3 plants in order to improve C3 

plant productivity through the introduction of a single-cell C4 pathway, such as that seen in 

aquatic species Hydrilla verticillata and Orcuttia viscida, or terrestrial species Suaeda 

aralocaspica and Bienertia sinuspersici into the mesophyll of C3 plants (Taniguchi et al., 2008; 

von Caemmerer et al., 2014; Kandoi et al., 2016). To work towards this goal, PEPC has often 

been expressed in tandem with other C4 photosynthetic genes, such as PPDK, NADP-ME, 

PEPCK, NADP-malate dehydrogenase (MDH) (Häusler et al., 2001; Taniguchi et al., 2008; 

Zhang et al., 2014). Recently, introducing a two-cell C4 pathway into rice (C3) has become the 

focus of the international C4 rice project, in order to improve yield (Ermakova et al., 2020).  

Overexpression of PEPC in C3 plants has also helped to characterise its role in various 

physiological pathways (Jeanneau et al., 2002). Following is a summary of the findings of 

PEPC overexpression in C3 plants. 

 

C4 PEPCs have been overexpressed in a variety of C3 plants in multiple attempts to improve 

C3 plant productivity. The overexpression of Zea mays (C4) PEPC in Nicotiana tabacum (C3) 

resulted in higher PEPC activity of transgenics compared to the wild type, as well as higher 

levels of malate. The CO2 compensation point and photosynthetic rate of these transgenics was 
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not significantly affected (Hudspeth et al., 1992).  Another study investigating the 

overexpression of Zea mays (C4) PEPC in Nicotiana tabacum under the control of a constitutive 

promoter (CaMV 35S) found that the increased PEPC activity in the transgenic plants resulted 

in decreased growth rate compared to wild-type plants, decreased chlorophyll content per leaf 

area compared to wild-type, and ‘the quantum yield of photosynthesis in the transgenic plants 

was not affected by changes in leaf temperature’ (Kogami et al., 1994). 

  

Overexpression of Zea mays (C4) PEPC in rice (C3) resulted in enhanced drought tolerance of 

transgenic plants compared to wild type, caused by an increase in intercellular CO2 

concentration which, protected peptides, photosynthetic complexes and thylakoid membranes 

against oxidative damage (Shen et al., 2015). Another study of Zea mays (C4) PEPC 

overexpression in rice (C3) with increased PEPC activity reported no change to photosynthetic 

rates of transformants compared to wild-type, but a reduction in the inhibition of 

photosynthesis by O2 (Ku et al., 1999). Further study of these transformants revealed enhanced 

respiration in the transgenic plants compared to wild-type (Agarie et al., 2001), and higher 

aluminium tolerance when compared to wild-type (Begum et al., 2009). Furthermore, Ku et al. 

(1999) showed that PEPC transgenics showed greater dry weight accumulation in the panicle, 

sheath, stem and leaves when compared to wild-type. These plants also had significantly higher 

levels of soluble sugar and protein found in the grain, but a decrease in starch (Xia and Cao, 

2013). Another study of Zea mays (C4) PEPC overexpression in rice (C3) found a slight 

reduction in photosynthetic rates of the transgenic rice plants compared to the wild-type 

(Taniguchi et al., 2008). 

 

An overexpression of PEPC from maize (C4) in wheat (C3), led to an increase in PEPC activity 

resulting in higher maximum net photosynthetic rates, as well as an increase in overall diurnal 

photosynthesis when compared to the control (Zhang et al., 2014). Overexpression of maize 

PEPC in wheat has also been reported to cause enhanced drought tolerance, conferred by an 

increase in soluble sugar and protein, proline, and enhanced water use efficiency, as well as 

increase grain yield under drought stress (Qin et al., 2016).  
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Overexpression of Zea mays (C4) PEPC in Arabidopsis thaliana (C3) under control of a 

constitutive promoter, and the resulting increase in PEPC enzymatic activity, led to an increase 

in protein content. This is hypothesised to have been caused by the anaplerotic function of 

PEPC, providing an increase in 4-carbon carboxylic acids. The transgenic plants were reported 

to have enhanced electron transport rate, higher chlorophyll content, reduced non-

photochemical quenching, and enhanced salt stress tolerance. Also reported were increases in 

CO2 assimilation rate, dry weight and starch content of the transgenic PEPC overexpressors 

compared to the wild-type (Kandoi et al., 2016). An attempt to overexpress Sorghum (C4) 

PEPC in Arabidopsis thaliana under control of a constitutive promoter, actually caused a 

decrease in both PEPC content and activity in the leaves, when compared to the wild-type. This 

caused malate, glutamine, and fumarate expression to be significantly reduced with no change 

in sucrose and glucose content. The reduction of PEPC content and activity had no effect on 

growth under normal conditions but did cause diminished growth under salt stress (Lebouteiller 

et al., 2007). 

 

As can be seen from the multitude of studies regarding C4 PEPC overexpression in C3 species, 

an increase in PEPC activity can have a wide variety of effects in C3 transgenics. Some results 

appear to be contradictory, with an increase in PEPC activity having no effect on 

photosynthetic rates in rice, but an increase in photosynthetic rates in wheat and Arabidopsis 

thaliana. 

 

Bacterial PEPCs have also been the focus of overexpression studies in C3 plants. Studies 

investigating the overexpression of a bacterial PEPC (Corynebacterium glutamicum) in the C3 

species Solanum tuberosum and corresponding increased PEPC activity has reported to be 

linked to a decrease in growth rate, increased malate, starch, and sucrose levels, accelerated 

stomatal opening, a lower CO2 compensation point (Γ*), and enhanced respiration in the light 

and dark when compared to wild-type plants. No difference in steady state CO2 assimilation or 

CO2 incorporation into leaf discs was observed between wild-type and transformants (Gehlen 
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et al., 1996; Häusler et al., 1999). Overexpression of PEPC genes from Corynebacterium 

glutamicum or Solanum tuberosum in Nicotiana tabacum or Solanum tuberosum resulted in an 

induction of a NADP-ME, as well as an increase in the activity of a variety of other enzymes, 

although this was less pronounced in the tobacco transformants. The Γ* varied amongst the 

different transformants (Häusler et al., 2001).  

 

Synechococcus vulcanus, a cyanobacterial species, has a PEPC with almost no sensitivity to 

feedback inhibition. This PEPC was overexpressed in Arabidopsis thaliana (C3) under a 

constitutive promoter and resulted in poor growth and no true leaf development, accompanied 

by a significant decrease in levels of phenylalanine (Phe) and tyrosine (Tyr), and increases in 

asparagine, glutamine and arginine (Chen et al., 2004). Solanum tuberosum (C3) PEPC was 

modified at either the N-terminal phosphorylation site or a portion of the PEPC was replaced 

with a homologous PEPC sequence from Flaveria trinervia (C4), both modified PEPCs had 

decreased sensitivity to feedback inhibition by malate and lower Km PEP. Overexpression of 

these modified PEPCs in Solanum tuberosum resulted in inhibition of plant growth and 

diminished tuber yield, stemming from a decrease in soluble sugars and starch in favour of 

malate and amino acid production (Rademacher et al., 2002).  

 

Overexpression of Jatropha curcas C3-type PEPC in Nicotiana tabacum (C3), resulting in 

increased PEPC enzymatic activity, led to an alteration in fatty acid composition and total fatty 

acid content in transgenic Nicotiana tabacum compared to wild-type (Fan et al., 2013). 

An investigation into the overexpression of PEPC from Solanum tuberosum (C3) in 

Arabidopsis thaliana (C3), both under constitutive and dark-induced control, showed increases 

in stomatal conductance, CO2 assimilation rates, dark respiration, and transpiration, compared 

to wild-type plants (Kebeish et al., 2012). 

 

Given that PEPC overexpression in C3 plants has resulted in highly variable results, the 

overexpression of PEPC in plants is an interesting area of research. As C3 photosynthesis does 

not involve PEPC, introducing the C4 photosynthetic isoform of PEPC into C3 species could be 
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expected to result in variable results, and could be influenced by the identity of the C4 PEPC, 

the promoter utilised for C4 PEPC expression, the C3 recipient species, and any other genes 

introduced in tandem with the C4 PEPC. It is clear that there is still much to discover in this 

area. The lack of published PEPC overexpression studies in C4 plants makes this a promising 

avenue for research to investigate the influence of increased PEPC expression on C4 

photosynthesis. 

 

 

Figure 5.2. CO2 response curve (CO2 assimilation rate (µmol m-2 s-1) v intercellular CO2 

concentration (µbar)) of the leaves of wild-type and individual T0 Setaria viridis plants. White 

symbols represent plants with wild-type levels of PEPC activity and black symbols indicate 

plants with significantly reduced PEPC activity. Measurements were made at 1500 µmol 

quanta m-2 s-1, 21 % oxygen and a leaf temperature of 25 °C. Image from Alonso-Cantabrana 

et al. (2018). 
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5.1.3 Reduction of PEPC expression 

The results of unpublished data regarding the overexpression of cDNA for a sorghum C4 PEPC 

in maize was presented in the review paper of Jeanneau et al. (2002). Photosynthetic PEPC 

levels were increased 2.2-fold causing pleiotropic physiological effects, including improved 

water use efficiency under drought conditions. Although PEPC overexpression in C4 plants has 

not been published, PEPC reduction in C4 plants is more widely published. RNA interference 

was used to create S. viridis mutants with very low C4 PEPC activities (Alonso-Cantabrana et 

al., 2018). These transgenics had very low CO2 assimilation rates (Figure 5.2), increased 

plasmodesmata density, due to increase in pit fields, at the mesophyll-bundle sheath cell 

interface. Measurements of these transgenics allowed the bundle sheath conductance to CO2 

diffusion (gbs) to be calculated (Alonso-Cantabrana et al., 2018). 

 

Figure 5.3. CO2 response curve (CO2 assimilation rate (µmol m-2 s-1) v internal CO2 

concentration (µmol mol-1)) of wild-type (●), heterozygous (○) and homozygous (■) PEPC 

mutant plants. Measurements were made at a photosynthetic proton flux density of 2000 µmol 

m-2 s-1. Image from Dever et al. (1997). 
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A study using 3,3-dichloro-2-(dihydroxyphosphinoylmethyl)-propenoate (DCDP) to inhibit 

PEPC activity in excised leaves of seven C4 species found that PEPC inhibition in C4 plants 

strongly eliminated CO2 assimilation (Jenkins, 1989). 

 

Mutants of the C4 NAD-ME plant, Amaranthus edulis, with reduced PEPC activity were 

created using sodium azide (Dever et al., 1995). A reduction in the maximum CO2 assimilation 

rate was observed for those mutants when compared to the wild-type, with mutants having a 

lower carboxylation efficiency (Figure 5.3; Dever et al., 1997). Further studies on these 

Amaranthus edulis PEPC mutants, examining both heterozygous and homozygous individuals, 

showed a reduction of CO2 assimilation in air compared to wild-type plants (Cousins et al., 

2007). Similar stomatal conductance between the wild-type and heterozygote mutant was 

observed, however, the homozygous mutant displayed differences in steady-state stomatal 

conductance and stomatal opening, leading to the conclusion that C4 PEPC isoform has a role 

in stomatal opening (Cousins et al., 2007). Another study involving heterozygous mutant 

Amaranthus edulis plants with reduced PEPC activity showed a decrease in the initial slope of 

CO2 response curves (CO2 assimilation rate versus intercellular CO2 concentration) when 

compared to wild-type plants (Figure 5.4; Bailey et al., 2000). Mutant plants also had reduced 

photosynthetic rates at high light intensities (Bailey et al., 2000).  

 

As can be seen from these studies, a reduction in maximal PEPC activity does indeed appear 

to reduce the initial slope of the CO2 response curve (CO2 assimilation rate (A) v CO2 partial 

pressure in the intercellular airspace (Ci)), as predicted by biochemical modelling of the C4 

pathway. Combining PEPC overexpression data with the available PEPC reduction data would 

provide valuable insights into the effects of PEPC activity in C4 photosynthesis.  
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5.1.4 Setaria viridis – a model C4 species 

C4 photosynthesis has arisen independently 22 to 24 times within the grasses (Poaceae), with 

independent lineages in the subfamilies Panicoideae, Chloridoideae, Aristidoideae and 

Micrairoideae (Grass Phylogeny Working, 2012; Sage, 2016). With the major C4 grass crops 

belonging to the Panicoideae (Figure 5.5), including sugarcane (Saccharum officinarum 

(NADP-ME)), sorghum (Sorghum bicolor (NADP-ME)), maize (Zea mays (NADP-ME)), 

millets (proso millet (Panicum miliaceum (NAD-ME)), pearl millet (Pennisetum glaucum 

(NADP-ME)), foxtail millet (Setaria italica (NADP-ME))), and switchgrass (Panicum 

virgatum (NAD-ME)), it is important to have a closely related C4 model from within the same 

subfamily (Sage et al., 1999; Brutnell et al., 2010).  

 

Setaria viridis (NADP-ME) is closely related to the major C4 crops, also belonging to the 

Panicoideae clade (Figure 5.5), and has become a model for C4 crop. Its relatively small diploid 

genome (approximately 515 Mb), short stature, rapid 6-to-9-week generation time, self-

pollination and high-volume seed production make S. viridis ideal as a model (Defelice, 2002; 

Figure 5.4. CO2 response curve (CO2 assimilation rate (µmol m-2 s-1) v intercellular CO2 

concentration (µl l-1)) of wild-type and heterozygous PEPC mutant plants. Measurements were 

made at a proton flux density of 1200 µmol m-2 s-1. Image from Bailey et al. (2000). 
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Brutnell et al., 2010; Li and Brutnell, 2011; Van Eck, 2018). The genome sequence for S. viridis 

available (Bennetzen et al., 2012), and this coupled with the   Agrobacterium-mediated 

transformation that has been developed, through both seed-derived callus and floral dip 

methods, has facilitated genetic engineering studies in this model C4 grass (Martins et al., 2015; 

Martins et al., 2015; Van Eck and Swartwood, 2015; Van Eck, 2018; Nguyen et al., 2020). 

 

As Setaria viridis has become a model C4 species with many features making it ideal for study, 

it was chosen as the species in which to investigate the role of PEPC activity in C4 

photosynthesis. 

 



165 

 

 

 

Figure 5.5. Phylogenetic relationships of the grass family. Setaria viridis is indicated in bold. 

C4 NADP-ME species are indicated with a dark blue bar, C4 NAD-ME species are indicated 

with a green bar, C4 PEPCK species indicated with a pink bar. C3 species are indicated with a 

black bar, and light blue bars indicate C3-C4 intermediate species. Image from Brutnell et al. 

(2010). 
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5.1.5 Inhibition of the PEPC enzyme by malate 

As discussed in Chapter 4 of this thesis, high concentrations of malate in the mesophyll cells  

compared to the bundle sheath cells create concentration gradients sufficient to drive rapid 

diffusion of malate into the bundle sheath cells (Stitt and Heldt, 1985), driving the 

photosynthetic carbon flux. With estimated mesophyll malate concentrations of 11.18 mM in 

the presence of light and CO2, and C4 plants having recorded in vitro Ki malate (pH 7.0 – 8.0; 

25 - 30 °C) between approximately 0.24 mM and 5 mM, cytosolic malate in the mesophyll 

should affect PEPC activity (Table 4.1, Table 4.3; Raghavendra and Das, 1975; McNaughton 

et al., 1989; Parvathi et al., 2000; Engelmann et al., 2003; Arrivault et al., 2017). Therefore, 

investigation of the inhibition of PEPCs enzymes by malate and aspartate will be investigated 

in this chapter of the thesis.  

 

Site-directed mutagenesis studies by (Endo et al., 2008), investigated the effects of mutating 

two malate-binding residues in the Zea mays PEPC enzyme. These malate binding residues, 

K835 and R894 were both mutated to glycine residues. This drastically increased the I50 malate 

of the Zea mays PEPC enzyme from 1.6 mM in the wild-type enzyme to >20 mM in both the 

K835G and the R894G mutant enzymes (Table 5.1; Endo et al., 2008). Whilst the malate 

sensitivity of the Zea mays PEPC enzyme was significantly reduced in the mutant enzymes, 

Table 5.1 IC50 of wild-type (WT) Zea mays PEPC enzyme and two mutant PEPC enzymes 

K835G and R894G, mutated at malate-binding residues.  Data taken from Endo et al. (2008).  

PEPC activity was measured by NADH-coupled spectrophotometric assay. 



167 

 

catalytic activity remained unchanged (Endo et al., 2008). To address if malate inhibition of 

PEPC has any in vivo effects on photosynthesis, a PEPC enzyme will be modified at these 

malate-binding residues and expressed in the C4 plant Setaria viridis. 

 

5.1.6 Experimental objectives 

One of the experimental objectives of this chapter is to investigate the effects of overexpression 

of the PEPC protein on photosynthesis using Setaria viridis as a model C4 species. Combining 

any PEPC overexpression data obtained with previously reported PEPC reduction data would 

provide valuable insights into the effects of PEPC activity in C4 photosynthesis. The second 

experimental objective of this chapter is to investigate if malate inhibition of PEPC has any in 

vivo effects on photosynthesis. This will be accomplished by modifying a PEPC enzyme to 

abolish malate sensitivity and expressing the mutant enzyme in Setaria viridis. 

 

 

5.2 Methods 

5.2.1 Design and assembly of the PEPC overexpression Golden Gate plasmid 

5.2.1.1 N-terminal tags and PEPC protein function 

Previous studies have shown that an N-terminal tag of up to 159 amino acids does not affect 

PEPC kinetic properties (Takahashi-Terada et al., 2005; Endo et al., 2008). Therefore, an AcV5 

tag will be used on the N-terminus of the PEPC protein to distinguish the endogenous PEPC 

from the transgenic PEPC. 
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5.2.1.2 PEPC overexpression plasmid design 

A PEPC overexpression plasmid was designed with a Zea mays PEPC promoter for mesophyll-

specific expression of the PEPC enzyme, and a nosT terminator (Figure 5.6). These were 

Golden Gate modules available in the Furbank and von Caemmerer labs. A N-terminal AcV5 

tag was included in order to distinguish between the native S. viridis PEPC enzyme and the 

ectopic PEPC enzyme (Figure 5.6). The AcV5 tag was chosen as it had been successfully used 

to tag proteins that were subsequently expressed in the A10 ecotype of S. viridis in the von 

Caemmerer lab.  

 

5.2.1.3 Preparation of PEPC gene for synthesis 

PEPCs from Setaria viridis were identified on Phytozome (https://phytozome-

next.jgi.doe.gov/) using the BLAST function (Phytozome accessions: Sevir.4G143500.1, 

Sevir.1G020600.1, Sevir.2G179400.1, Sevir.5G328100.2, Sevir.5G328100.1, 

Sevir.5G145500.1, and Sevir.5G072900.1). Nucleotide and protein alignments were made of 

these sequences on Geneious. All protein sequences were scrutinised to ensure that all essential 

residues for PEPC function were present. The C4 sequence was identified by the presence of a 

serine residue at position 780 (Zea mays numbering). 

 

Figure 5.6. Planned PEPC overexpression construct. The plasmid has a Zea mays PEPC 

promoter for mesophyll-specific expression of the PEPC enzyme, and a nosT terminator. A N-

terminal AcV5 tag was included in order to distinguish between the native S. viridis PEPC 

enzyme and the heterologous PEPC enzyme. 

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
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An alignment of C4 NADP-ME grass PEPC sequences was made, both at the nucleotide and 

the protein level. The C4 NADP-ME grass PEPC sequences used were Setaria viridis 

(Sevir.4G143500.1, Phytozome), Setaria italica (Seita.4G175200.1, Phytozome), Sorghum 

bicolor (Sobic.010G160700.1, Phytozome), Saccharum officinarum (CAC08829.1, NCBI), 

Saccharum spontaneum (CAC85930.1, NCBI) and Zea mays (GRMZM2G083841_T01, 

Phytozome). From a percent identity matrix, the Sorghum bicolor sequence (Accession 

number: Sobic010G160700.1 (Phytozome)) was chosen for PEPC overexpression in Setaria 

viridis as it had the lowest percent identity to the Setaria viridis C4 PEPC protein sequence. A 

codon usage table for Setaria viridis was created using the nuclear-encoded, highly expressed 

Rubisco activase (Phytozome accession: Sevir.3G024200.1) using the Countcodon program 

available at https://www.kazusa.or.jp/codon/countcodon.html (Nakamura et al., 2000).  

 

A nucleotide alignment was made of the PEPCs from Setaria viridis (Phytozome accessions: 

Sevir.4G143500.1, Sevir.1G020600.1, Sevir.2G179400.1, Sevir.5G328100.2, 

Sevir.5G328100.1, Sevir.5G145500.1, and Sevir.5G072900.1) and the Sorghum bicolor C4 

PEPC sequence (Accession number: Sobic010G160700.1 (Phytozome). The Sorghum bicolor 

sequence was codon modified to reduce the nucleotide similarity to all of the S. viridis PEPC 

sequences and keeping, where possible, the same overall usage as the codon usage table 

indicated (Figure 5.8). 

 

5.2.1.4 Golden Gate linker sequences 

The L0 Golden Gate linker sequences specific to an N-terminal tag were added to the 5´ (5´-

CACTCTGTGAAGACAAAATG´3) and 3´ (5´-GGAGGTTGGTCTTCGAAGTG´3) ends of 

the AcV5 sequence. The L0 Golden Gate linker sequences specific to an gene for expression 

were added to the 5´ (5´-CACTCTGTGAAGACAAAGTG´3) and 3´(5´-

GCTTTGGTCTTCACGAAGTG´3) ends of the codon modified S. bicolor sequence. 

 

https://www.kazusa.or.jp/codon/countcodon.html
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5.2.1.5 Gene synthesis 

Genes were sent for synthesis according to General Methods section 2.1. 

 

5.2.1.6 Golden Gate cloning reactions to construct the PEPC overexpression plasmid 

The following is the general reaction used in the golden gate cloning process. Each 15 mL 

Golden Date reaction contained 1X T4 buffer (NEB), 1 μl of BpiI (Thermofisher; Level 0 and 

Level 2) or 10 U BsaI (NEB; Level 2), 400 U T4 DNA ligase (NEB) 3 μg BSA, 100 ng each 

of the plasmid backbone, promoter, coding sequence (CDS), terminator, and any tags. The 

Golden Gate cloning reaction was carried out with thermocycler conditions of: 25 cycles of 

[37°C for 3 min and 16 °C for 4 min]; 1 cycle of [50 °C for 5 min]; 1 cycle of [80 °C for 5 

min]. 

 

For the level 0 reaction of the N-terminal AcV5 tag the reaction included 100 ng of EC41258 

(L0 plasmid acceptor; spectinomycin resistance), 100 ng of AcV5 tag and 1 μl BpiI 

(Thermofisher). 

For the level 0 reaction of the codon modified S. bicolor PEPC sequence the reaction included 

100 ng of EC41264 (L0 plasmid acceptor; spectinomycin resistance), 100 ng of S. bicolor 

PEPC and 1 μl BpiI (Thermofisher). 

 

For the level 1 reaction to create the PEPC overexpression level 1 vector the reaction included 

EC17017 (Zea mays PEPC promoter), EC17018 (Zea mays PEPC promoter 5´ UTR), EC34016 

(AcV5 tag), EC34017 (Sorghum bicolor PEPC), EC41421 (tnos terminator), EC47742 (L1 

acceptor plasmid; ampicillin resistance) and 10 U BsaI (NEB). 

 

For the level 2 reaction to create the PEPC overexpression level 2 vector the reaction included 

PEPC overexpression L1 vector, EC17100 (Hygromycin resistance L1 vector), ELE2 EC41744 
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(End linker for after a position 2 in a multigene construct), pISCL4723 (L2 acceptor plasmid; 

kanamycin resistance) and 1 μl BpiI (Thermofisher). 

 

5.2.1.7 Heat shock transformation of E. coli TOP10 competent cells with the Golden Gate 

reaction products 

After the reaction, 1 µl of the reaction mix was used to transform 50 µL E. coli TOP10 

competent cells, using the heat shock as described in the General Methods section 2.3 of this 

thesis with the following exceptions. Cells were plated on LB-agar plates, containing 100 

μg/mL of the appropriate antibiotic, along with 1 mg isopropyl thiogalactopyranoside (IPTG) 

and 2.04 mg 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) for blue-white 

selection. White colonies were used to inoculate LB media containing 100 μg/mL 

spectinomycin, and incubated overnight at 37 °C and 220 rpm.  

 

5.2.1.8 Colony PCRs 

Colony PCRs were carried out on white colonies from the transformation plates to confirm the 

presence of the transformed plasmid. Reactions contained 1 X Promega mastermix (Promega), 

1 μM forward primer, and 1μM reverse primer. Primer combinations to confirm the presence 

of the Level 1 PEPC overexpression and the Level 2 PEPC overexpression vectors can be found 

in Table 5.2. The reaction mixtures were inoculated with cells from a colony. The colony PCR 

reactions were carried out with thermocycler conditions of: 1 cycle of [95 °C for 3 min], 30 

cycles of [95 °C for 20 sec, 56°C for 20 sec, 72 °C for 1 min], and one cycle of [72 °C for 5 

min]. 

Table 5.2 Primers used in colony PCR reactions to confirm the presence of the transformed 

PEPC overexpression plasmid.   
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From each colony PCR reaction, 10 μl was analysed by gel electrophoresis according to the 

protocol in the General Methods section 2.13. Overnight cultures were made using colonies 

with confirmed presence of the transformed plasmid by inoculating 5 ml of LB supplemented 

with the appropriate antibiotic. These cultures were incubated overnight at 37 °C and 220 rpm. 

 

5.2.1.9 Plasmid isolation 

Plasmids were extracted using the Isolate II Plasmid Mini Kit (Bioline) as described in the 

General Methods section 2.4. 

 

5.2.1.10 Confirmation of correctly assembled PEPC overexpression Level 2 vector by 

sequencing 

Samples were sent to The Biomolecular Resource Facility (BRF) at The John Curtin School of 

Medical Research for Sanger sequencing to confirm that the PEPC overexpression Level 2 

vector was correctly assembled. Sequencing primers used in the Sanger sequencing reactions 

can be found in Table 5.3.  
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5.2.2 Design and assembly of the plasmid to carry both a S. viridis C4-PEPC RNAi 

silencing construct and a heterologous PEPC expression construct containing modified 

PEPC with abolished malate sensitivity 

5.2.2.1 Plasmid design 

An RNAi PEPC plasmid designed consisting of two main parts a S. viridis C4-PEPC RNAi 

silencing construct and a heterologous PEPC expression construct containing modified PEPC 

with abolished malate sensitivity. The RNAi section consists of two 109 base pair sequences, 

identical to a section of the C4-specific S. viridis PEPC sequence, in opposite orientations. 

These 109 base pair sequences are separated by a linker sequence to create a hairpin. Driving 

expression of this S. viridis C4-PEPC RNAi silencing construct was a Panicum miliaceum 

PEPC promoter for mesophyll-specific expression of the C4-PEPC RNAi hairpin, and a nosT 

terminator (Figure 5.7). This was to reduce the expression of endogenous S. viridis PEPC 

Table 5.3 Sequencing primers used to confirm that the PEPC overexpression Level 2 vector 

was correctly assembled. 
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enzyme. The second part of the plasmid was designed to introduce a PEPC with abolished 

malate sensitivity. This consisted of a Zea mays PEPC promoter for mesophyll-specific 

expression of the PEPC enzyme, and a nosT terminator (Figure 5.6). A N-terminal AcV5 tag 

was included in order to distinguish between native S. viridis PEPC enzymes and the ectopic 

PEPC enzyme (Figure 5.7). 

 

5.2.2.2 Preparation of modules for synthesis 

The seven S. viridis PEPC sequences were scrutinised to find an approximately 100 base pair 

long sequence from the C4 PEPC gene that had the greatest dissimilarity to the non-C4 PEPC 

sequences. A 109 base pair sequence specific to the C4 PEPC from S. viridis was chosen (Figure 

5.8). An intronic sequence was chosen and the 109 base pair RNAi sequence at its reverse 

complement were added to the 5´ and 3´ ends. The intron was then divided in half creating two 

sequences, one with a 5´ RNAi sequence and half the intronic sequence, and one with the 

intronic sequence and a 3´ reverse complement RNAi sequence. 

Figure 5.7. Planned S. viridis C4-PEPC RNAi silencing and heterologous malate-binding PEPC 

mutant expression plasmid. The former construct comprises of two 109 base pair sequences, 

identical to a section of the C4-specific S. viridis PEPC sequence, in opposite orientations 

separated by a linker sequence. Expression of this PEPC RNAi sequence is driven by a 

Panicum miliaceum (Pm) promoter and terminated by a nosT terminator sequence. The second 

part of the plasmid contains a Zea mays (Zm) PEPC promoter for mesophyll-specific 

expression of the PEPC enzyme, and a nosT terminator. A N-terminal AcV5 tag was included 

in order to distinguish between the native S. viridis PEPC enzyme and the heterologous PEPC 

enzyme. 
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5.2.2.3 Golden Gate linker sequences 

The L0 Golden Gate linker sequences specific to an open reading frame with a C-terminal tag 

were added to the 5´ (5´-CACTCTGTGAAGACAAAATG´3) and 3´ (5´-

GGGGTGTGGTCTTCGAAGTG´3) ends of the RNAi and 5´ intron sequence. The L0 Golden 

Gate linker sequences specific to a C-terminal tag were added to the 5´ (5´-

CACTCTGTGAAGACTCGGTG´3) and 3´(5´-GCTTAGGTCTTCGAAGTG´3) ends of the 

RNAi and 3´ intron sequence. 

 

5.2.2.4 Gene synthesis 

Genes were sent for synthesis according to General Methods section 2.1. 

 

Figure 5.8. Alignment of the seven S. viridis PEPC sequences (Sevir.4G143500.1 (C4), 

Sevir.1G020600.1, Sevir.2G179400.1, Sevir.5G328100.2, Sevir.5G328100.1, 

Sevir.5G145500.1, and Sevir.5G072900.1) showing the 109 base pair sequence chosen for 

RNAi.  The sequence highlighted on the Sevir.4G143500.1 (C4) sequence is the sequence that 

was used for the RNAi sequence. 
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5.2.2.5 Site-directed mutagenesis of the codon modified S. bicolor PEPC sequence 

The codon modified S. bicolor enzyme described above (5.2.1.1) was the PEPC sequence used 

to undergo site-directed mutagenesis. Site-directed mutagenesis was carried out using the 

QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies) according to the 

manufacturer’s specifications. Mutagenic primers were designed according to the guidelines 

specified in the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies) protocol 

(Table 5.4). To create the K835G single mutation in the PEPC S. bicolor sequence, a 

mutagenesis reaction was conducted on the S. bicolor PEPC sequence using primers RL13 and 

RL14 (Table 5.4). To create the K835G/R894G double mutation, a mutagenesis reaction was 

conducted on the K835G PEPC mutant using primers RL15 and RL16 (Table 5.4). 

 

Samples were sent to The Biomolecular Resource Facility (BRF) at The John Curtin School of 

Medical Research for Sanger sequencing to confirm the presence of either the K835G (RL55, 

5´-ATGGCCCTTCTTTCGCGTTA-3´) or the R894G mutation (RL26; 5´-

GAAAGTTGATGGAGGAAATGGC-3´).  

 

Table 5.4 Primers used to create the K835G PEPC malate-binding mutant and the 

K835G/R894G PEPC malate-binding double mutant.Primers RL13 and RL14 were used to 

create the K835G point mutation and primers RL15 and RL16 were used to create the R894G 

point mutation. 
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5.2.2.6 Golden Gate cloning reactions to construct RNAi+K835G and RNAI+K835G/R894G 

plasmids 

Golden Gate cloning reactions were carried out as specified in 5.2.1.4.  

 

For the level 0 reaction of the 5´ RNAi + half intron sequence the reaction included 100 ng of 

EC15456 (L0 plasmid acceptor; spectinomycin resistance), 100 ng of 5´ RNAi + half intron 

and 1 μl BpiI (Thermofisher). 

For the level 0 reaction of the 3´ RNAi + half intron sequence the reaction included 100 ng of 

EC15458 (L0 plasmid acceptor; spectinomycin resistance), 100 ng of 3´ RNAi + half intron 

and 1 μl BpiI (Thermofisher). 

 

For the level 1 reaction to create the RNAi PEPC level 1 vector the reaction included EC17063 

(Panicum miliaceum PEPC promoter), EC34018 (5´ RNAi + half intron sequence), EC34019 

(3´ RNAi + half intron sequence), EC41421 (tnos terminator), EC47742 (L1 acceptor plasmid; 

ampicillin resistance) and 10 U BsaI (NEB). 

For the level 1 reaction to create the K835G PEPC level 1 vector the reaction included EC17017 

(Zea mays PEPC promoter), EC17018 (Zea mays PEPC promoter 5´ UTR), EC34016 (AcV5 

tag), EC34028 (K835G Sorghum bicolor PEPC), EC41421 (tnos terminator), EC47742 (L1 

acceptor plasmid; ampicillin resistance) and 10 U BsaI (NEB). 

For the level 1 reaction to create the K835G/R894G PEPC level 1 vector the reaction included 

EC17017 (Zea mays PEPC promoter), EC17018 (Zea mays PEPC promoter 5´ UTR), EC34016 

(AcV5 tag), EC34029 (K835G/R894G Sorghum bicolor PEPC), EC41421 (tnos terminator), 

EC47742 (L1 acceptor plasmid; ampicillin resistance) and 10 U BsaI (NEB). 

 

For the level 2 reaction to create the PEPC overexpression level 2 vector the reaction included 

RNAi Level 1 vector, either the K835G PEPC level 1 vector or the K835G/R894G PEPC level 
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1, EC17100 (Hygromycin resistance L1 vector), ELE3 EC41766 (End linker for after a position 

2 in a multigene construct), pISCL4723 (L2 acceptor plasmid; kanamycin resistance) and 1 μl 

BpiI (Thermofisher). 

 

Heat shock transformation of E. coli TOP10 competent cells with the Golden Gate reaction 

products was performed as described in 5.2.1.5 of this Chapter’s Methods section. 

 

5.2.2.7 Restriction enzyme digestion and Colony PCR 

For the K835G PEPC level 1 vector and the K835G/R894G PEPC level 1 vector, colony PCRs 

were carried out on white colonies from the transformation plates to confirm the presence of 

the transformed plasmid. Colony PCRs were carried out as described in Methods section 

5.2.1.6 of this chapter using the primers in Table 5.5  

 

For the RNAi Level 1 vector, colony PCRs could not be carried out because of the hairpin that 

would be formed under PCR conditions. Therefore, colonies from the transformation plate 

were used to inoculate aliquots of LB media containing 100 µg/ml of ampicillin and the culture 

was incubated at 37 °C and 220 rpm overnight. Plasmids were extracted using the Isolate II 

Plasmid Mini Kit (Bioline) as described in the General Methods section 2.4. DraIII and ScaI 

double digests were carried out on the plasmid preparations. The 20 µl reaction volumes for 

the four PEPC sequence plasmids contained 1X CutSmart Buffer (NEB), 10 U ScaI (NEB), 10 

U DraIII (NEB), 10 U ScaI (NEB) and 2 µl of Level 1 RNAi plasmid preparation. The reaction 

Table 5.5 Primers used in colony PCR reactions to confirm the presence of the transformed the 

K835G PEPC level 1 and the K835G/R894G PEPC level 1 plasmids.   
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mixtures were incubated for 2 hours at 37 °C. From each restriction enzyme reaction, 12 μl 

was analysed by gel electrophoresis according to the protocol in the General Methods section 

2.13 to confirm the presence of bands 4588 bp, 1324 bp, and 3001 bp in size. 

 

5.2.2.8 Confirmation of correctly assembled S. viridis C4-PEPC RNAi silencing and K835G 

PEPC, and S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC Level 2 vectors 

Samples were sent to The Biomolecular Resource Facility (BRF) at The John Curtin School of 

Medical Research for Sanger sequencing to confirm that the S. viridis C4-PEPC RNAi silencing 

and K835G PEPC, and S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC Level 2 

vectors were correctly assembled. Sequencing primers used in the Sanger sequencing reactions 

can be found in Table 5.6.  
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5.2.3 Preparation and transformation of chemically competent Agrobacterium 

tumefaciens cells 

5.2.3.1 Preparation of chemically competent Agrobacterium tumefaciens cells 

Chemically competent cells Agrobacterium tumefaciens strain AGL1 were prepared according 

to the protocol by Weigel and Glazebrook (2006). Agrobacterium AGL1 cells were streaked 

for single colonies on a LB-agar (1.5%) plate containing 50 mg/L of rifampicin. Plates were 

then incubated at 28 °C for 48 hours. A single colony was used to inoculate 3 ml of LB media 

containing 25 mg/L of rifampicin, the culture was incubated at 28 °C and 150 rpm overnight. 

Table 5.6 Sequencing primers used to confirm that the S. viridis C4-PEPC RNAi silencing and 

K835G PEPC, and S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC Level 2 

vectors were correctly assembled. 
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A 1 ml aliquot of the overnight culture was used to inoculate 200 ml of LB media containing 

25 mg/L of rifampicin. The culture was incubated at 28 °C and 150 rpm until an OD600 of 

between 0.5 and 0.8 was reached. Cells were collected by centrifugation at 5000 rpm for 10 

minutes at room temperature. The cell pellet was washed with sterile TE buffer (10 mM Tris-

Cl, pH 7.5 1 mM EDTA), resuspended in LB media, aliquoted and snap frozen in liquid 

nitrogen. 

 

5.2.3.2 Transformation of Agrobacterium tumefaciens 

Chemically competent Agrobacterium tumefaciens (AGL1) cells were transformed with the 

PEPC overexpression plasmid, the S. viridis C4-PEPC RNAi silencing and K835G PEPC 

plasmid, or the S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC plasmid 

according to the freeze-thaw protocol by (Weigel and Glazebrook, 2006). Chemically 

competent Agrobacterium tumefaciens (AGL1) cells were thawed on ice. After thawing 10 μl 

of purified plasmid DNA was added to the cells and the mixture was incubated on ice for a 

further 5 minutes. The mixture was then transferred to liquid nitrogen and incubated for 5 

minutes. The cells were then quickly transferred to a 37 °C water bath and incubated for 5 

minutes. After incubation, 1 ml of LB was added to the mixture and the tube was placed on a 

rocking table for between 2 to 4 hours at room temperature. The cells were collected by brief 

centrifugation and plated onto LB-agar plates contaning 10 μg/ml of rifampicin and and 50 

μg/ml of kanamycin. The plates were incubted for two days at 28 °C. One colony was taken 

from each plate and streaked for single colonies on a new LB-agar plates contaning 10 μg/ml 

of rifampicin and and 50 μg/ml of kanamycin. The plate was incubated for two days at 28 °C. 

Small liquid cultures of the restreaked colonies were grown and colony PCR was performed to 

verify the presence of plasmid DNA. 

 

In order to assess whether the PEPC overexpression plasmid was successfully transformed 1 

μl of resuspended Agrobacterium cells were included in a PCR reaction mixture containing 0.4 

X Taq polymerase mastermix (New England Bioloabs), 1 μM RL8 and 1 μM Seq pOsActin1-

RP (Table 5.2). In order to assess whether the S. viridis C4-PEPC RNAi silencing and K835G 
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PEPC plasmid, or the S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC plasmid 

were successfully transformed 1 μl of resuspended Agrobacterium cells were included in a 

PCR reaction mixture containing 0.4 X Taq polymerase mastermix (New England Bioloabs), 

1 μM seq-ZmPEPC-FP and 1 μM RL18 (Table 5.5). The thermocylcer settings for the PCR 

reaction were: 95  °C for 3 mins, 30 cycles of [95 °C for 20 seconds, 58 °C for 20 seconds and 

72 °C for 2.5 seconds], and finally 72 °C for 5 minutes. The PCR reactions were supplemented 

with 4X gel loading dye (NEB) and run at 80 V on a 1 % agarose/ 1X TAE gel with 1X SYBR™ 

Safe DNA Gel Stain (Thermofisher) for visualisation and visualised using a ChemiDoc 

(BioRad). Glycerol stocks were made of the appropriate clones and stored at – 20 °C. 

 

5.2.4 Initiation of Setaria viridis callus and callus subculture 

S. viridis callus initiation and subculture was conducted according to the protocol by Van Eck 

et al. (2017). S. viridis callus was initiated by mechanically removing the seed coats from S. 

viridis seeds. Seeds were sterilised by a 3-minute incubation in a solution containing 10 % 

sodium hypochlorite with 0.1 % TWEEN 20. Seeds were rinsed three times in sterile water. 

Seeds were left to dry before being placed on callus induction medium (CIM) plates (4.3 g/L 

MS salts, 10 ml/L 100X MS vitamins stock, 40 g/L maltose, 35 mg/L ZnSO4.7H2O, 0.6 mg/L 

CuSO4.5H20, pH 5.8, 4 g/L Gelzan (Caisson Labs), 0.5 mg/L kinetin and 2 mg/L 2,4-D). The 

cultures were incubated at 24 °C in the dark. After 4-5 weeks the callus was subcultured onto 

fresh CIM plates. Any gelatinous callus or seedling structures were removed at this time and 

callus was placed back at 24 °C in the dark. After a further 2-3 weeks callus was subcultured. 

This involved removing any gelatinous callus and dissecting the remaining callus into 2 – 3 

mm pieces. The divided callus was placed onto fresh CIM plates and was placed back at 24 °C 

in the dark for 1-2 weeks at which time Agrobacterium tumefaciens-mediated transformation 

of the callus was performed. 
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5.2.5 Agrobacterium tumefaciens-mediated transformation of Setaria viridis callus.  

Stable Agrobacterium tumefaciens-mediated transformation of the Setaria viridis callus was 

carried out as described by Van Eck et al. (2017). Agrobacterium tumefaciens AGL1 which 

contained the PEPC overexpression plasmid, the S. viridis C4-PEPC RNAi silencing and 

K835G PEPC plasmid, or the S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC 

plasmid was streaked onto LB-agar plates contaning 10 μg/ml of rifampicin and and 50 μg/ml 

of kanamycin for selection. Plates were incubated at 28 °C for 48 hours. Four single colonies 

were then selected and used to inoculate 50 mL of LB media supplemented with 10 μg/ml of 

rifampicin and and 50 μg/ml of kanamycin. The LB media was incubated for at least 18 hours 

at 28 °C and 125 rpm until an OD600 of 0.6 was reached. The culture was centrifuged to collect 

the cells. The supernatant was then discarded and the cells were resuspended in 50 mL CIM 

(4.3 g/L MS salts, 10 ml/L 100X MS vitamins stock, 40 g/L maltose, 35 mg/L ZnSO4.7H2O, 

0.6 mg/L CuSO4.5H20, pH 5.8) and supplemented with 0.2 mM acetosyringone and 0.1% (v/v) 

synperonic. Calli were incubated in excess Agrobacterium suspension for 5 minutes with gentle 

rocking. The Agrobacterium suspension was removed from the calli.  

 

5.2.6 Callus after transformation 

S. viridis callus subculture after transformation was conducted according to the protocol by 

Van Eck et al. (2017). After the Agrobacterium tumefaciens-mediated transformation of the 

Setaria viridis callus was performed, calli were placed onto CIM plates topped with sterile 

filter paper. The plates were sealed with parafilm and incubated at 22 °C in the dark. After 

three days, the callus was transferred to selective CIM plates (4.3 g/L MS salts, 10 ml/L 100X 

MS vitamins stock, 40 g/L maltose, 35 mg/L ZnSO4.7H2O, 0.6 mg/L CuSO4.5H20, pH 5.8, 4 

g/L Gelzan (Caisson Labs), 0.5 mg/L kinetin and 2 mg/L 2,4-D, 150 mg/L timentin, 40 mg/L 

hygromycin). Plates were then incubated at 24 °C in the dark for 16 days. Callus was then 

transferred to selective plant regeneration media (PRM) (4.3 g/L MS salts, 10 ml/L 100X MS 

vitamins stock, 20 g/L sucrose, pH 5.8, 7 g/L Phytoblend (Caisson Labs), 2 mg/L kinetin 150 

mg/L timentin, 15 mg/L hygromycin), and incubated at 24 °C under the light conditions of 16-
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hour photoperiod with a light intensity of 60 μmol m-2 s-1. The callus was transferred to fresh 

PRM selective every 2-3 weeks. Once shoots had developed and were approximately 8 mm 

tall, they were transferred to selective rooting media (RM) (2.15 g/L MS salts, 10 ml/L 100X 

MS vitamins stock, 30 g/L sucrose, pH 5.7, 7 g/L Phytoblend (Caisson Labs), 150 mg/L 

timentin, 20 mg/L hygromycin) in Magenta GA7 vessels. Once the shoots had well-developed 

secondary roots systems and the shoots were approximately 4 cm, they were transferred to 1.7 

L pots filled with Seed Raising and Superior Germinating Mix (Debco) supplemented with 

Osmocote slow-release fertiliser (Scotts). The seedlings were grown in conditions mentioned 

in 5.2.7 Growth of Setaria viridis plants.  

 

5.2.7 Growth of Setaria viridis plants 

T1, T2, and wild-type seeds were germinated on rooting media (as described in 5.2.6) to 

encourage germination. Wild-type plants were grown from seed that had not been through the 

tissue culture process. After germination, germinated seeds were transferred to 1.7 L pots filled 

with Seed Raising and Superior Germinating Mix (Debco) supplemented with Osmocote slow-

release fertiliser (Scotts).  Pots were watered daily. For all experiments, more plants were 

grown than necessary and the largest, healthiest plants were chosen for experimentation. 

 

T0, T1, T2, and wild-type plants were grown in controlled environment growth chambers with 

the following conditions: 16-hour photoperiod with a light intensity of 500 µmol m-2 s-1, a 

daytime temperature of 28 °C, and a 20 °C night temperature. Daytime relative humidity was 

55% with a 70 % relative humidity at night.  

 

5.2.8 Digital PCR 

In order to determine the hygromycin copy number of the transformant seedlings, leaf samples 

were sent to IDna Genetics Ltd. (Centrum, Norwich Research Park, Colney lane, Norwich, 

NR4 7U, Norfolk, UK) for droplet digital PCR analysis.  
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5.2.9 Extraction of PEPC and Rubisco from leaf discs 

Extractions were performed at room temperature with either a mortar and pestle (T1 and T2 leaf 

samples) or a glass homogeniser (T0 leaf samples). T1 and T2 leaf samples were taken from 14-

day old (± 2 days) plants between 8:30 am and 2:30 pm. Leaf discs were punched from 

approximately half-way along the length of the uppermost, fully expanded leaf using a 6.55 

mm diameter leaf punch. Samples were either frozen in liquid nitrogen for later analysis or 

immediately extracted. Samples extracted by glass homogeniser were extracted in 500 µl 

extraction buffer (50 mM HEPES, pH 7.8, 1 mM EDTA, 10 mM DTT and 1% (w/v) PVPP) 

with 25 µl of protein inhibitor cocktail (Sigma). Samples extracted by mortar and pestle were 

extracted in 990 µl extraction buffer (50 mM HEPES, pH 7.8, 1 mM EDTA, 10 mM DTT and 

1% (w/v) PVPP) with 25 µl of protein inhibitor cocktail (sigma) and were ground in a mortar 

and pestle with acid-washed sand. The extracts were pipetted into 1.5 ml microcentrifuge tubes, 

heated at 65 °C for 10 minutes and centrifuged at 21 000 x g for 1 minute. 

 

5.2.10 SDS-PAGE and Western Blots 

SDS-PAGE analysis was carried out as described in the General Methods section 2.6 of this 

thesis. Western blotting was carried out as described in the General Methods section 2.7 of this 

thesis using either an anti-PEPC antibody (AS09 458, Agrisera) or an anti-AcV5 tag antibody 

(ab49581, abcam) as the primary antibody. A HRP-conjugated anti-mouse or a HRP-

conjugated anti-rabbit secondary antibody was used for the anti-AcV5 tag antibody and the 

anti-PEPC antibody, respectively. 

 

5.2.11 PEPC and Rubisco spectrophotometric activity assays of leaf extracts and data 

analysis 

PEPC activity was assayed and data analysed as described in the General Methods section 2.8 

with 20 μl of leaf extract used per assay. 
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Rubisco activity was assayed at 25 °C following the NADH-coupled spectrophotometric assay 

with the rate of NADH oxidation monitored at 340 nm using a Cary 60 UV-Vis 

spectrophotometer (Agilent)(Kubien et al., 2011). The assay buffer contained 100 mM EPPS-

NaOH, pH 8, 20 mM MgCl2, 1mM EDTA, 20 mM NaHCO3, 0.2 mM NADH, 1 mM ATP, 5 

mM phosphocreatine and 0.01% (v/v) coupling enzyme mix and 0.4 mM RuBP. The reaction 

was initiated with the addition of the RuBP. Leaf extract (40 μl) was activated for 10 – 15 

minutes in assay buffer before initiating the reaction (Sharwood et al., 2016). 

 

A slope running average was determined using three absorbance data points and the 

corresponding time points. Using the highest running average points spanning a time of at least 

60 seconds, the slope of the change in absorbance vs the change in time was calculated. The 

Rubisco activity rate was determined using the following equation:  

Rubisco activity (µmol CO2 m-2 sec-1) = [(|ΔOD340| × total assay volume × total extract 

volume)/(4 ×6.22 × 10-3 ×volume of leaf extract used ×leaf area)]  

Where 6.22 × 10-3 is the extinction coefficient of NADH (6.22 × 10-3 mM-1 cm-1) and absolute 

value of the change in absorbance at 340 nm per second (|ΔOD340|). Given for every one 

molecule of RuBP that is carboxylated by Rubisco, four molecules of NADH oxidised there is 

a 4 in the equation.  

 

5.2.12 Total soluble protein determination of leaf extracts 

Total soluble protein determination of leaf extracts was carried out using the Bradford method 

as described in the General Methods section 2.11 of this thesis. 

 

5.2.13 Fresh weight and dry weight 

For the T2 generation, fresh weight and dry weight was calculated for 17-day old plants, five 

plants per line of 15-1 (15 = T0 line, 1 = T1 plant), 15-2 (15 = T0 line, 2 = T1 plant), 15-26 (15 

= T0 line, 26 = T1 plant) and wild-type. Plants were harvested at soil level and weighed 
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immediately to determine fresh weight. Plants were then dried at 60 °C for seven days and 

weighed again to determine dry weight. A fresh weight to dry weight ratio was calculated.  

 

5.2.14 Gas Exchange measurements of S. viridis plants 

Gas exchange measurements of S. viridis plants was performed as described in the General 

Methods section 2.10 of this thesis.  

 

5.2.15 Analysis of Gas exchange data and fitting C4 photosynthesis model 

The net CO2 assimilation rate measurements made over a range of intercellular CO2 partial 

pressure (Ci) using a LI-COR 6400XT portable gas exchange system (LI-COR Biosciences) 

(5.2.14), were used to fit the enzyme limited rate equations given by von Caemmerer (2000) in 

excel. Fitting the C4 photosynthesis model allowed modelled values for Vpmax and Vcmax to be 

obtained for the plants measured by gas exchange analysis. 

 

5.2.16 Statistical tests 

Carried out as specified in the General Methods section 2.9. 

 

5.3 Results 

5.3.1 Identifying the PEPCs of Setaria viridis  

Setaria viridis PEPC nucleotide and corresponding protein sequences were identified using 

Phytozome. These PEPC sequences, Sevir.4G143500.1, Sevir.1G020600.1, 

Sevir.2G179400.1, Sevir.5G328100.2, Sevir.5G328100.1, Sevir.5G145500.1, and 

Sevir.5G072900.1 were found to have all of the essential residues for PEPC function (Table 

5.7). All protein sequences had residues required for G6P-binding (R183, R184, R231, R372), 

Mg2+-binding (E566, D603) and HCO3
--binding (K606, K762, R763, R/K764) (Table 5.7). All 
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protein sequences had residues necessary for PEP-binding or creating the hydrophobic pocket 

(W288, R456, L564, M598, R647 and R773) and all had the important catalytic residues 

(H177, G970) (Table 5.7). All protein sequences had the two residues involved in tetramer 

formation (E493, R498) as well as all residues necessary for aspartate/malate allosteric 

inhibitor interactions (R647, K835, R894, N968) (Table 5.7). Given that all PEPCs identified 

had all residues necessary for proper PEPC function, all were considered when designing the 

nucleotide sequence for the PEPC for overexpression. Sevir.4G143500.1 was determined to be 

the C4 PEPC isoform as it was the only protein sequence with a serine present at position 780 

(Zea mays numbering) (Table 5.7). Sevir.1G020600.1, Sevir.2G179400.1, Sevir.5G328100.2, 

Table 5.7 Setaria viridis PEPCs (Sevir.4G143500.1, Sevir.1G020600.1, Sevir.2G179400.1, 

Sevir.5G328100.2, Sevir.5G328100.1, Sevir.5G145500.1, and Sevir.5G072900.1) identified 

from Phytozome using the BLAST function . Table shows the presence (indicated by “Y”) of 

all essential residues (Zea mays numbering) for PEPC function in each S. viridis PEPC protein 

sequence. The presence of either an alanine (A) or a serine (S) at position 780 (Zea mays 

numbering) for each protein sequence is indicated. 
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Sevir.5G328100.1, Sevir.5G145500.1, and Sevir.5G072900.1 all had the non-C4 alanine at this 

position (Table 5.7). 

 

5.3.2 Codon modifying S. bicolor C4 PEPC for expression in S. viridis  

From the protein alignment of the C4 NADP-ME grass PEPC sequences Setaria viridis 

(Sevir.4G143500.1, Phytozome), Setaria italica (Seita.4G175200.1, Phytozome), Sorghum 

bicolor (Sobic.010G160700.1, Phytozome), Saccharum officinarum (CAC08829.1, NCBI), 

Saccharum spontaneum (CAC85930.1, NCBI) and Zea mays (GRMZM2G083841_T01, 

Phytozome), the Sorghum bicolor sequence (Accession number: Sobic010G160700.1 

(Phytozome)) was identified as having the lowest percent identity to the Setaria viridis PEPC 

protein sequence (Table 5.8).  

 

 

 

 

 

Table 5.8 Percent identity of the C4 NADP-ME PEPC protein sequences from Setaria italica 

(Seita.4G175200.1, Phytozome), Sorghum bicolor (Sobic.010G160700.1, Phytozome), 

Saccharum officinarum (CAC08829.1, NCBI), Saccharum spontaneum (CAC85930.1, NCBI) 

and Zea mays (GRMZM2G083841_T01, Phytozome), compared to the Setaria viridis 

(Sevir.4G143500.1, Phytozome) PEPC sequence 
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An alignment of the seven Setaria viridis PEPCs (Sevir.4G143500.1, Sevir.1G020600.1, 

Sevir.2G179400.1, Sevir.5G328100.2, Sevir.5G328100.1, Sevir.5G145500.1, and 

Sevir.5G072900.1), the original S. bicolor PEPC sequence was used as a guide for the selection 

of the codon for each amino acid in codon modified PEPC of S. bicolor. Where possible, a 

codon that was not used in one of the seven S. viridis PEPC sequences was selected (Appendix 

3). The codon usage table for Setaria viridis Rubisco activase (Phytozome accession: 

Sevir.3G024200.1) was generated (Figure 5.9) and, where possible, the rough ratio of codons 

used in the S. bicolor codon modified PEPC was kept the same as in Setaria viridis Rubisco 

activase. The codon usage of the codon modified S. bicolor PEPC was generated (Figure 5.10).  

Figure 5.9. Codon usage table for Setaria viridis Rubisco activase (Phytozome accession: 

Sevir.3G024200.1) using the Countcodon program. This program is available at 

https://www.kazusa.or.jp/codon/countcodon.html . 
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Figure 5.10. Codon usage table for the codon modified Sorghum bicolor PEPC using the 

Countcodon program. This program is available at 

https://www.kazusa.or.jp/codon/countcodon.html (Nakamura et al., 2000). 
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5.3.2 S. viridis C4-PEPC RNAi silencing and K835G PEPC, and S. viridis C4-PEPC RNAi 

silencing and K835G/R894G PEPC T0 plant screens 

All T0 transformants were the result of a unique transformation event as each plant originated 

form a separate transformed callus. In order to determine the number of copies of the 

hygromycin gene in the apparent transformants, leaf samples were sent for droplet digital PCR 

analysis (IDna Genetics Ltd.). Analysis of the 54 T0 K835G transformants showed that 18 were 

single copy transformants, and 9 were null mutants, where no copies of the hygromycin gene 

from the S. viridis C4-PEPC RNAi silencing and heterologous malate-binding PEPC mutant 

expression plasmid were detected (Table 5.9). Analysis of the 40 T0 K835G + R894G 

transformants showed that 15 were single copy transformants, and 9 were null mutants, where 

no copies of the hygromycin gene from the S. viridis C4-PEPC RNAi silencing and 

heterologous malate-binding PEPC mutant expression plasmid were detected (Table 5.10). 

 

 

Table 5.9 Droplet digital PCR results for T0 K835G plants identifying the number of copies of 

the hygromycin gene.  Leaf samples from apparent T0 transformants were sent to IDna Genetics 

Ltd. for analysis. 
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Unfortunately, Western Blot analysis using an anti-ACV5 antibody of protein extracted from 

leaf samples from the transgenic plants and the wild-type MEO34V returned signals in both 

the wild-type and null mutants (results not shown). This was also seen in the PEPC 

overexpression experiments. Therefore, these plants could not be easily screened by Western 

blot analysis in the T1 generation as planned, and the experiment was ended here. 

Table 5.10 Droplet digital PCR results for T0 K835 + R894G plants identifying the number of 

copies of the hygromycin gene.  Leaf samples from apparent T0 transformants were sent to 

IDna Genetics Ltd. for analysis. 
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5.3.3 PEPC overexpression T0 plant screens 

All T0 transformants were the result of a unique transformation event as each plant originated 

form a separate transformed callus. In order to determine the number of copies of the 

hygromycin gene in the apparent transformants, leaf samples were sent for droplet digital PCR 

analysis (IDna Genetics Ltd.). Analysis of the of the 37 T0 transformants showed that 14 were 

single copy transformants, and 8 were null mutants, where no copies of the hygromycin gene 

from the PEPC overexpression plasmid were detected (Table 5.11). 

 

Table 5.11 Droplet digital PCR results for T0 plants identifying the number of copies of the 

hygromycin gene.  Leaf samples from apparent T0 transformants were sent to IDna Genetics 

Ltd. for analysis. 
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T0 screens were conducted by Western blotting with an anti-AcV5 antibody (Abcam), to 

determine which transgenic plants has the greatest amount of ectopic PEPC expression (Figure 

5.12). All T0 transgenic plants had an AcV5 signal when samples were analysed by Western 

Blot (Figure 5.11), including T0 plants 3, 8, 13, 14, and 20, identified as null mutants by digital 

PCR. In order to assess if the hygromycin gene was actually present in these T0 plants, plants 

3, 8, 13, 14, and 20 were analysed by PCR (Figure 5.12; PCR conducted by Dr. Xueqin Wang). 

PCR analysis determined that the hygromycin gene was present in all of T0 plants 3, 8, 13, 14, 

and 20 and these plants were not null mutants as digital PCR analysis suggested (Figure 5.12). 

Excluding the falsely identified null mutants, lines with the strongest AcV5 signal and one 

copy of the hygromycin gene were selected for screening in the T1 generation. Therefore, lines 

2, 12, 15, 21, 23, and 27 were chosen for further analysis in the T1 generation. 

 

Western Blot analysis using an anti-ACV5 antibody of protein extracted from wild-type 

MEO34V returned a signal in the wild-type samples (results not shown). Therefore, the anti-

AcV5 antibody cross-reacts with the S. viridis MEO34V wild-type.  

Figure 5.11. Western Blot of 28 T0 Setaria viridis plants using an anti-AcV5 tag antibody 

(Abcam).  The signal corresponding to PEPC tagged with AcV5 is between the 100 kDa and 

150 kDa markers on the Precision Plus Protein All Blue Standards (BioRad) ladder. Null 

mutants identified by digital PCR are indicated by asterisks (*) and were used as negative 

controls. Unfortunately, all of the apparent null mutants have a signal corresponding to the anti-

AcV5. Numbers indicate the T0 transgenic plant number. Loading was based on leaf area. 
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5.3.4 T1 plant screens for increased PEPC activity 

In order to screen large numbers of T1 plants for increased PEPC activity, the method of 

screening by total PEPC activity was chosen. This was deemed the best way to determine if 

there was greater expression of active PEPC protein rather than just greater expression of 

inactive PEPC protein. Each batch of T1 plants grown were screened for PEPC activity per leaf 

area. This was compared to the wild-type S. viridis plant with the greatest PEPC activity per 

leaf area (Figure 5.13). Although lines 2 and 12 appeared promising in the T0 generation, the 

T1 plants tested all had activities lower than the wild-type S. viridis plant with the greatest 

PEPC activity per leaf area (Figure 5.13). Lines 15, 21, 23 and 27 all had some individual plants 

with PEPC activities greater than the wild-type S. viridis plant with the greatest PEPC activity 

per leaf area (Figure 5.13). These lines, however, also had individual plants that were greatly 

outperformed in terms of PEPC activity than the wild-type S. viridis plant with the greatest 

PEPC activity per leaf area (Figure 5.13). This suggests incredible variation in PEPC activity 

between the progeny of a single T0 individual. Plants with at least 10% greater PEPC activity 

than the highest performing wildtype were selected to continue into the T2 generation (Table 

5.12). T0 lines 15, 21, 23, 27 had between four and nine T1 individual plants that had 11-30% 

greater PEPC activity per leaf area than the best performing wild-type (Table 5.12).  

 

Figure 5.12. Polymerase Chain Reaction (PCR) on A.10 ecotype of Setaria viridis (used as the 

wildtype negative control) and samples from the T0 null mutant 3, 8, 13, 14, and 20 (identified 

by digital PCR).  Primers were used to amplify a 419 base pair section of the hygromycin gene 

from the PEPC overexpression construct. The PCR was conducted by Dr. Xueqin Wang. 
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Table 5.12 Percentage by which T1 mutant plants outperformed the wild-type S. viridis plant 

with the greatest PEPC activity per leaf area with respect to PEPC activity. PEPC activity was 

measured in μmol HCO3
- m2- min -1. 
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5.3.5 T2 plant analysis 

To begin with, 5 biological replicates of progeny from each T1 plant was decided as sufficient 

for the T2 analyses. When it was apparent that there was no statistical difference between 

mutant lines and wild-type plants, this number was increased to 10 biological replicates to 

reduce variability in the data.  

Figure 5.13. Ratio of T1 mutant PEPC activity compared to wild-type PEPC activity. PEPC 

activity was measured in μmol HCO3
- m2- min -1. The black line on each graph indicates the 

PEPC activity level of the wild-type with the greatest PEPC activity. Individuals that were 

identified as having greater than 1.1 times the PEPC activity of the best performing wild type 

were taken forward for experiments in the T2 generation 
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5.3.5.1 T2 plant PEPC activity 

PEPC activity was determined for PEPC plants from the original T0 line 21 (Figure 5.14, Table 

5.13). From the T1 generation, individual plants 21-17, 21-18 and 21-20 had 28 %, 23 % and 

29 % greater PEPC activity per leaf area, respectively, than the best performing wild-type 

(Table 5.12). Plants were grown from seeds of each of these T1 individuals, and PEPC activity 

(µmol HCO3 m
-2 sec-1) was determined for 4 wild-type plants and 5 or 6 plants in the 21-17 

line, the 21-18 line, and the 21-20 line (Figure 5.14, Table 5.13). Statistical analysis by one 

way ANOVA showed no difference in PEPC activity between any of the groups. The gas 

exchange measurements made using a LI-COR 6400XT portable gas exchange system (LI-

COR Biosciences), were used to fit the enzyme limited rate equations given by von Caemmerer 

Figure 5.14. PEPC activity (µmol HCO3 m
-2 sec-1) in wild-type, line 21-17, line 21-18, and line 

21-20 plants.  Dots indicate the PEPC activity for individual plants included in the bar graph. 

Error bars denote SE, n=5 or 6 for transgenic lines and n=4 for wild-type, plants were 13- and 

14-day old plants. Statistical analysis by one way ANOVA showed no difference between any 

of the groups. 
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(2000). Fitting the C4 photosynthesis model allowed modelled values for Vpmax to be obtained 

for the plants measured by gas exchange analysis (Table 5.13). 

 

PEPC activity was also determined for PEPC plants from the original T0 line 15 (Figure 5.15, 

Table 5.14). From the T1 generation, individual plants 15-1, 15-2 and 15-3 had 33 %, 21 % and 

28 % greater PEPC activity per leaf area, respectively, than the best performing wild-type 

(Table 5.12). Plants were grown from seeds of each of these T1 individuals, and PEPC activity 

(µmol HCO3 m
-2 sec-1) was determined for 4 wild-type plants and 5 or 6 plants in the 15-1 line, 

the 15-2 line, and the 15-26 line (Figure 5.15, Table 5.14). Statistical analysis by one way 

ANOVA showed no difference in PEPC activity between any of the groups. Similarly to line 

21, the gas exchange measurements made were used to fit the enzyme limited rate equations 

given by von Caemmerer (2000). Fitting the C4 photosynthesis model allowed modelled values 

for Vpmax to be obtained for the plants measured by gas exchange analysis (Table 5.14). 

Table 5.13 PEPC activity (µmol HCO3 m
-2 sec-1) and modelled Vpmax (µmol CO2 m

-2 sec-1) in 

wild-type, line 21-17, line 21-18, and line 21-20 plants. Plants were 13- and 14-day old plants, 

n=5 or 6 for transgenic lines and n=4 for wild-type. 
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Figure 5.15. PEPC activity (µmol HCO3 m
-2 sec-1) in wild-type, line 15-1, line 15-2, and line 

15-26 plants.  Dots indicate the PEPC activity for individual plants included in the bar graph. 

Error bars denote SE, n=5 for transgenic lines and n=4 for wild-type, plants were 13- and 14-

day old plants. Statistical analysis by one way ANOVA showed no difference between any 

of the groups. 

Table 5.14 PEPC activity (µmol HCO3 m
-2 sec-1) and modelled Vpmax (µmol CO2 m

-2 sec-1) in 

wild-type, line 15-1, line 15-2, and line 15-26 plants. Plants were 13- and 14-day old plants, 

n=5 or 6 for transgenic lines and n=4 for wild-type. 

 

 



202 

 

From Figure 5.15 it can be seen that lines 15-1, 15-2 and 15-26 look like they might have 

greater PEPC activity than the wild-type. As there was no statistical difference between mutant 

lines and wild-type plants, the number of biological replicates was increased to 10 in order to 

reduce variability in the data between mutant lines and the wild-type S. viridis. Therefore, the 

experiment was repeated for PEPC plants from the original T0 line 15. Plants were grown from 

seeds of each of these T1 individuals, and PEPC activity (µmol HCO3 m
-2 sec-1) was determined 

for 10 wild-type plants and 10 plants in the 15-1 line, the 15-21 line, and the 15-26 line (Figure 

5.16, Table 5.15). Statistical analysis by one way ANOVA showed that lines 15-1 and 15-2 are 

significantly different, and that lines 15-1 and 15-26 are significantly different. No difference 

between the wild-type and any of the mutants was observed. The gas exchange measurements 
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Figure 5.16. PEPC activity (µmol HCO3 m
-2 sec-1) in wild-type, line 15-1, line 15-2, and line 

15-26 plants. Dots indicate the PEPC activity for individual plants included in the bar graph.  

Error bars denote SE, n=10, plants were 15- and 16-day old plants. Statistical analysis by one 

way ANOVA showed that 15-1 and 15-2 are significantly different, and 15-1 and 15-26 are 

significantly different. No difference between the wild-type and any of the mutants was 

observed. 
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made using a LI-COR 6400XT portable gas exchange system (LI-COR Biosciences), were 

used to fit the enzyme limited rate equations given by von Caemmerer (2000). Fitting the C4 

photosynthesis model allowed modelled values for Vpmax to be obtained for the plants measured 

by gas exchange analysis (Table 5.15). 

 

5.3.5.2 T2 plant Rubisco activity 

Rubisco activity was calculated for the each of the plants in the experiments above, but given 

that PEPC activity was not significantly increased from the wild-type, only the results for the 

experiment on line 15 with the 10 biological replicates is shown in this thesis. Rubisco activity 

(µmol CO2 m
-2 sec-1) was determined for 10 wild-type plants and 10 plants in the 15-1 line, the 

15-21 line, and the 15-26 line (Figure 5.17, Table 5.15). Statistical analysis by one way 

Table 5.15 PEPC activity (µmol HCO3 m-2 sec-1), modelled Vpmax (µmol CO2 m-2 sec-1), 

Rubisco activity (µmol CO2 m
-2 sec-1), and modelled Vcmax (µmol CO2 m

-2 sec-1) in wild-type, 

line 15-2, line 21-18, and line 21-20 plants. Plants were 15- and 16-day old plants. For activity 

measurements n=10 and for modelled values from gas exchange data n=5. ANOVA for the 

modelled values showed no significant difference between any of the groups. ANOVA for the 

PEPC activity data showed that 15-1 and 15-2 are significantly different; and 15-1 and 15-26 

are significantly different. 
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ANOVA showed no difference between any of the groups. The gas exchange measurements 

made using a LI-COR 6400XT portable gas exchange system (LI-COR Biosciences), were 

used to fit the enzyme limited rate equations given by von Caemmerer (2000). Fitting the C4 

photosynthesis model allowed modelled values for Vcmax to be obtained for the plants measured 

by gas exchange analysis (Table 5.15). 

 

5.3.5.3 T2 plant total protein 

Again, total protein was calculated for the each of the plants in the experiments described in 

5.3.4.1, but given that PEPC activity was not significantly increased from the wild-type, only 

the results for the experiment on line 15 with the 10 biological replicates is shown in this thesis. 

wild-type 15-1 15-2 15-26

0

10

20

30

40

 wild-type

 15-1

 15-2

 15-26

R
u

b
is

c
o
 a

c
ti
v
it
y
 (

µ
m

o
l 
C

O
2
 m

-2
 s

e
c

-1
)

Figure 5.17. Rubisco activity (µmol CO2 m
-2 sec-1) in wild-type, line 15-1, line 15-2, and line 

15-26 plants. Dots indicate the PEPC activity for individual plants included in the bar graph. 

Error bars denote SE, n=10, plants were 15- and 16-day old plants. Statistical analysis by one 

way ANOVA showed no difference between any of the groups. 
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Total protein (g m-2) was determined for 10 wild-type plants and 10 plants in the 15-1 line, the 

15-21 line, and the 15-26 line (Figure 5.18). Statistical analysis by one way ANOVA showed 

no difference between any of the groups. 

 

5.3.5.4 T2 plant ACi curve data 

ACi curves (CO2 assimilation rate (μmol m-2 s-1) vs intercellular CO2 (μbar)) were generated 

for plants from the original T0 line 21 and wild-type plants (Figure 5.19). ACi curves were 

generated using gas exchange data collected for 4 wild-type plants and 5 or 6 plants in the 21-

17 line, the 21-18 line, and the 21-20 line (Figure 5.19). ACi curves (CO2 assimilation rate 

(μmol m-2 s-1) vs intercellular CO2 (μbar)) were also generated for plants from the original T0 

line 15 and wild-type plants (Figure 5.19). ACi curves were generated using gas exchange data 
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Figure 5.18. Total protein (g m-2) in wild-type, line 15-1, line 15-2, and line 15-26 plants. Error 

bars denote SE, n=10, plants were 15- and 16-day old plants. Statistical analysis by one way 

ANOVA showed no difference between any of the groups. 
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collected for 5 wild-type plants and 5 plants in the 15-1 line, the 15-2 line, and the 15-26 line 

(Figure 5.20). 
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Figure 5.20. CO2 response curves of leaves of wild-type and T2 plants from the 15-1, 15-2, and 

15-26 lines. Plants were measured with a leaf temperature of 25 °C and an irradiance of 1,800 

µmol photons m-2 s-1. Error bars denote SE, n=5. 

 

Figure 5.19. CO2 response curves of leaves of wild-type and T2 plants from the 21-17, 21-

18, and 21-20 lines. Plants were measured with a leaf temperature of 25 °C and an 

irradiance of 1,800 µmol photons m-2 s-1. Error bars denote SE, n=5 or 6 for transgenic 

plants lines and n =4 for wild-type. 
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5.3.5.5 T2 fresh weight and dry weight 

Fresh and dry weight (g) were calculated for five wild-type plants and five plants in the 15-1 

line, the 15-21 line, and the 15-26 line (Figure 5.21, Figure 5.22). Statistical analysis by one 

way ANOVA showed no difference between any of the groups for both fresh and dry weight. 

The fresh weight and dry weight measurements were used to calculate the fresh weight/dry 

weight ratio for the wild-type plants and the 15-1 line, the 15-21 line, and the 15-26 line plants 

(Figure 5.23). Statistical analysis by one way ANOVA showed no statistical difference 

between any of the groups. 

 

Figure 5.21. Fresh weight (g) in wild-type, line 15-1, line 15-2, and line 15-26 plants. Error 

bars denote SE, n=5, plants were 17-day old plants. ANOVA showed no difference between 

any of the groups. 
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Figure 5.22. Dry weight (g) in wild-type, line 15-1, line 15-2, and line 15-26 plants. Error bars 

denote SE, n=5, plants were 17-day old plants. ANOVA showed no difference between any of 

the groups. 
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Figure 5.23. Fresh weight/dry weight in wild-type, line 15-1, line 15-2, and line 15-26 plants. 

Error bars denote SE, n=5, plants were 17-day old plants. ANOVA showed no difference 

between any of the groups. 
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5.3.5.6 T0 Western blotting analysis with equal total protein loading 

After the T2 analysis was completed, it was decided to see if SDS and Western blot analysis by 

equal total protein loading rather than by equal leaf area would tell a different story with respect 

to PEPC protein quantities (Figure 5.24). Single protein bands were present for all samples at 

Figure 5.24. T0 leaf protein samples loaded on a leaf protein basis.  3µg of protein was loaded 

for each leaf sample. Wild-type protein samples were loaded using 3, 4 and 5 µg of protein. 
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the expected molecular weight of PEPC monomer. The strong Western PEPC signals seen for 

lines 15, 12, 21, 23 and 27 compared to other transgenic lines when samples were loaded on a 

leaf area basis (Figure 5.11), did not appear to correlate to a strong Western PEPC signal when 

samples were loaded on a protein basis. 

 

5.4 Discussion 

The aims of this chapter were to investigate the effects of overexpression of the PEPC protein 

on photosynthesis using Setaria viridis as a model C4 species and to investigate if malate 

inhibition of PEPC has any in vivo effects on photosynthesis. The attempts to create S. viridis 

plants overexpressing the PEPC enzyme and S. viridis plants expressing a PEPC with reduced 

malate sensitivity are discussed here. 

 

5.4.1 MEO34V wild-type S. viridis plants and AcV5 signal 

The cross reactivity of the anti-AcV5 antibody with MEO34V wild-type S. viridis plant 

samples requires thorough investigation. Western Blot analysis experiments using the anti-

AcV5 antibody in this chapter resulted in consistent signals from protein extracted from the 

wild-type MEO34V leaf samples. AcV5 signal has also been seen consistently in the mesophyll 

cells of wild-type MEO34V plants (results from microscopy experiments conducted by other 

Furbank and von Caemmerer lab members). This is unusual given that the AcV5 tag was used 

successfully and no cross reactivity was seen in the A10 S. viridis ecotype. Two possibilities 

appear to exist here. Firstly, a transgene could be present in the MEO34V wild-type seed that 

was received by the von Caemmerer and Furbank labs and the seedstock is not from wild-type 

MEO34V S. viridis but from a transgenic MEO34V S. viridis. Secondly, the cross reactivity of 

the anti-AcV5 antibody with the MEO34V wild-type S. viridis is unique to this particular S. 

viridis ecotype. It is important to determine which of the two possibilities is actually happening 

as it will determine what steps need to be taken to resolve this issue. If, after investigation it is 
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proven that there is no evidence a transgene in the MEO34V wild-type, then the AcV5 tag 

should not be used with this ecotype of Setaria viridis. 

 

5.4.2 Redesigning the PEPC overexpression experiment  

From the experiments carried out in this chapter, it would seem that a number of issues need 

to be addressed in order to successfully obtain C4 plants that successfully overexpress PEPC. 

As seen from the results, there were no significant differences between the PEPC activity (µmol 

HCO3 m
-2 sec-1) of any of the transgenic lines and the wild-type S. viridis plants. When the 

natural variation in PEPC activity of the wild-type S. viridis plants is taken into consideration, 

this is hardly surprising. In just one experiment, the wild-type PEPC activity of ten S. viridis  

 

plants ranged from a low of 147.12 µmol HCO3 m
-2 sec-1 to 201.65 µmol HCO3 m

-2 sec-1. The 

lowest performing wild-type plant had only 73% of the PEPC activity of the highest performing 

wild-type plant (Figure 5.16). This natural genetic variation in PEPC activity was seen across 

many experiments when batches of wild-type S. viridis plants were assayed. Informal statistical 

analyses showed no statistically significant impact of time of day on PEPC activity. When 

examining the T1 plants from a single transformation event, huge variation in PEPC activity is 

also seen within each line. For example, looking at the T1 plants of line 15, the highest 

performer outperformed the wild-type in terms of PEPC activity by 33 %, whilst the lowest 

performing T1 plant had just 54 % of the wild-type PEPC activity (Figure 5.13, Table 5.12). 

For line 21 the highest performer outperformed the wild-type in terms of PEPC activity by 

29 %, whilst the lowest performing T1 plant had just 57 % of the wild-type PEPC activity 

(Figure 5.13, Table 5.12). For line 23 the highest performer outperformed the wild-type in 

terms of PEPC activity by 30 %, whilst the lowest performing T1 plant had just 62 % of the 

wild-type PEPC activity (Figure 5.13, Table 5.12). For line 27 the highest performer 

outperformed the wild-type in terms of PEPC activity by 26 %, whilst the lowest performing 
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T1 plant had just 47 % of the wild-type PEPC activity (Figure 5.13, Table 5.12). Looking at the 

PEPC activities of T2 plants all descendent from the single transformation event, the 30 plants 

covered a wide range of PEPC values from 106.03 µmol HCO3 m
-2 sec-1 right up to 229.61 

µmol HCO3 m-2 sec-1 (Figure 5.16). This is a huge range of PEPC activity values, best 

performing plant having more than double the PEPC activity of the lowest performing plant. 

Even looking at plants descendent from the same T1 individual there is massive variation in 

PEPC activity. In T2 plants descendent from T1 individual 15-1 the lowest performing 

individual had PEPC activity of 106.03 µmol HCO3 m-2 sec-1 and the best performing 

individual had PEPC activity of 200.71 µmol HCO3 m-2 sec-1 (Figure 5.27). In T2 plants 

descendent from T1 individual 15-2 the lowest performing individual had PEPC activity of 

157.39 µmol HCO3 m
-2 sec-1 and the best performing individual had PEPC activity of 220.72 

µmol HCO3 m
-2 sec-1 (Figure 5.16). In T2 plants descendent from T1 individual 15-26 the lowest 

performing individual had PEPC activity of 119.48 µmol HCO3 m-2 sec-1 and the best 

performing individual had PEPC activity of 229.61 µmol HCO3 m-2 sec-1 (Figure 5.16). 

Therefore, with such great natural variation in PEPC activity levels in S. viridis and so much 

variation within transgenic lines, the question needs to be asked as to whether S. viridis is an 

appropriate model for PEPC overexpression studies. 

 

In order to redesign this experiment, the natural variation in PEPC activity of wild-type C4 

grasses with established transformation protocols should be assessed. The plant with the 

smallest range of PEPC expression should be chosen for the model for future PEPC 

overexpression experiment. Both Zea mays and Sorghum C4 grasses have established 

transformation protocols and have successfully been transformed (Gurel et al., 2008; Salesse-

Smith et al., 2018). Therefore, these two grasses would be candidates for the model C4 grass 

for future PEPC overexpression experiments.  
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5.4.3 Redesigning the S. viridis C4-PEPC RNAi silencing and K835G PEPC, and S. viridis 

C4-PEPC RNAi silencing and K835G/R894G PEPC experiments 

The attempt to express the S. viridis C4-PEPC RNAi silencing and K835G PEPC, and S. viridis 

C4-PEPC RNAi silencing and K835G/R894G PEPC constructs to investigate the effects of a 

malate insensitive PEPC enzyme in planta in Setaria viridis was ultimately unsuccessful. The 

unforeseen cross reactivity of the anti-AcV5 antibody and the MEO34V S. viridis ecotype, 

meant that mutant plants could not be cheaply screened as planned. Given the recent success 

of the CRISPR/Cas9 technology in many plant species, however, revisiting this experiment 

using the CRISPR/Cas9 technology will allow for a more sophisticated approach. Since the 

start of these experiments in 2017, CRISPR/Cas9 technology has been used successfully in 

Setaria viridis (Weiss et al., 2020; Basso et al., 2021). Utilising CRISPR/Cas9 technology for 

this experiment would mean that expression of the native S. viridis C4 PEPC enzyme would 

not need to be knocked out. Site-specific mutations of the sequence coding for the C4 PEPC 

enzyme at malate-binding residues in the S. viridis genome would be possible using engineered 

guide RNAs. This would eliminate the complications associated with completely knocking out 

expression of the native S. viridis C4 PEPC enzyme, attempting to reach equivalent levels of 

expression with a transgene and possible co-suppression of other S. viridis PEPCs. Therefore, 

revisiting this experiment using CRISPR/Cas9 technology provides an exciting opportunity to 

investigate the effects of malate regulation of the C4 PEPC enzyme in planta. 

 

5.5 Conclusions 

The PEPC overexpression experiments and the S. viridis C4-PEPC RNAi silencing and K835G 

PEPC, and S. viridis C4-PEPC RNAi silencing and K835G/R894G PEPC experiments were 

ultimately unsuccessful due to range of unforeseen factors including cross reactivity of the 

AcV5 antibody in the MEO34V S. viridis ecotype. However, this research has provided 

valuable information on how to redesign these experiments for future studies.  
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General discussion and conclusions 

Based on published literature and the research and observations presented in this thesis, Figure 

6.1 is a current model of PEPC function. PEPC catalyses the irreversible β-carboxylation of 

PEP by HCO3
-, to form OAA and inorganic phosphate (Pi), requiring either Mg2+ or Mn2+ as 

an obligatory cofactor. Formation of the more active PEPC tetramer from the less active 

dimeric form is promoted by the presence of PEP, G6P, Mg2+, and HCO3
-, all of which are 

either substrates, necessary cofactors or activators of the enzyme. PEPC is activated by 

phosphorylation, G6P, triose phosphates and glycine and inhibited by OAA, malate and 

aspartate. This General Discussion will focus on PEPC oligomerisation, metabolic regulation, 

and the influence of the amount of PEPC on photosynthesis. 

 

6.1 PEPC oligomerisation 

From the results of Chapter 3, the PEPC enzymes from U. panicoides, P, coloratum, and S. 

viridis were purified as dimers after expression in E. coli. This was in direct contrast to many 

studies which report PEPC protein being purified in the more active tetrameric form, although 

some studies have reported a mixture of dimers and tetramers being purified (Ting and 

Figure 6.1. Current model of PEPC function based on published literature and the research 

and observations presented in this thesis. Abbreviations are as follows 

phosphoenolpyruvate (PEP), glucose-6-phosphate (G-6-P), triose phosphates (Triose P), 

oxaloacetate (OAA), malate dehydrogenase (MDH), aspartate aminotransferase (AspAT). 
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Osmond, 1973c; Miziorko et al., 1974; Nott and Osmond, 1982; Huber et al., 1986; Iglesias et 

al., 1986; Stiborová and Leblová, 1986; Walker et al., 1986; Podesta and Andreo, 1989; 

Willeford et al., 1990; Arrio-Dupont et al., 1992; Svensson et al., 1997). The PEPC enzyme 

has an inherent tendency to dissociate into dimers, as it only has salt bridges between the Arg 

438 of one subunit and Glu433 of another subunit holding the tetramer together (Kai et al., 

1999). When looking at the structure of the PEPC enzyme tetramer, it does seem implausible 

that the two large PEPC dimers would be held tightly together by these salt bridges alone. Some 

studies have looked into the effects of the conditions of the solution containing PEPC on the 

oligomerisation status of the PEPC enzyme. Incubation of the PEPC enzyme with Mg2+, PEP, 

G6P, and HCO3
- has been shown to induce the formation of PEPC tetramers or to stabilise the 

tetrameric form (Wu and Wedding, 1985; Wu and Wedding, 1987; Willeford et al., 1990; Wu 

et al., 1990; Meyer et al., 1991; Willeford and Wedding, 1992; Wedding et al., 1994). 

Incubation of the PEPC enzyme with malate or NaCl has been shown to induce the formation 

of dimers (Wu and Wedding, 1985; Nimmo et al., 1986; Wagner et al., 1987; Wu and Wedding, 

1987; McNaughton et al., 1989; Podesta and Andreo, 1989; Willeford et al., 1990; Wu et al., 

1990; Meyer et al., 1991). Studies have also demonstrated a concentration-dependent 

oligomerisation of the PEPC enzyme, with dissociation of the PEPC tetramer into dimers at 

low concentrations, and formation of the tetramer at high concentrations of PEPC protein 

(Jones et al., 1978; Nott and Osmond, 1982; Nimmo et al., 1987; McNaughton et al., 1989; 

Willeford et al., 1990; Wu et al., 1990; Meyer et al., 1991; Willeford and Wedding, 1992). 

 

While there have been a number of studies on PEPC oligomerisation, many of these were 

conducted using gel filtration. A synthesis of these studies using small angle X-ray scattering 

(SAXS) to investigate substrate-mediated oligomerisation and inhibitor-mediated 

oligomerisation would be a nice addition to the literature. SAXS is very effective at measuring 

the quaternary structure of proteins in a solution, and is especially effective when the crystal 

structure of the protein is known, as is the case with PEPC (Korasick and Tanner, 2018). 
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6.2 Metabolic regulation 

In Chapter 4 of this thesis, it was found that there is an influence of biochemical subtype on 

inhibition of the PEPC enzyme by malate. A six-amino acid deletion specific to the PEPCK 

subtype reduces the sensitivity of the PEPC enzyme to inhibition by malate. Examining how 

this region interacts with malate would be a very interesting area for research. This could be 

investigated by crystallising PEPC enzymes and enzyme chimeras in the presence of malate 

and solving their structures. Two crystallography studies by crystallising the PEPC enzymes 

of the C3 F. pringlei and the C4 F. trinervia with aspartate elucidated how the inhibitor molecule 

interacted with the PEPC enzymes give the C4 PEPC enzyme a greater tolerance to aspartate 

(Paulus et al., 2013; Paulus et al., 2013).  

 

In Chapter 4, the kcat values determined for the U. panicoides enzyme in the presence and 

absence of G6P were presented. When compared to the ranges reported for kcat values in the 

presence and absence of G6P for C4 and C3 species, the C4 PEPC enzyme from U. panicoides 

fell considerably above the range (Figure 4.14, Table 4.2, Table 4.7). U. panicoides, therefore, 

has a PEPC enzyme with a superior kcat value. Given the superior catalytic properties of the U. 

panicoides enzyme, exciting opportunities exist to express this PEPC enzyme in other C4 plants 

to improve photosynthesis. A recent study by members of the C4 Rice Project introduced a 

five-gene construct containing 5 coding regions for the Zea mays C4 photosynthetic genes of 

carbonic anhydrase, PEPC, NADP-malate dehydrogenase, PPDK, and NAD-ME into rice 

(Oryza sativa). This was done in an attempt to introduce the C4 photosynthetic mechanism into 

rice in order to improve photosynthetic efficiency among other things. C4 PEPC was 

successfully expressed resulting in an increase in CO2 flux through PEPC, albeit at 2 % of the 

flux seen in Zea mays wild-type plants. With its superior kcat values, the U. panicoides enzyme 

could be an exciting candidate for the PEPC enzyme to be introduced into rice as part of the 

C4 Rice Project in order to try and increase the CO2 flux through PEPC in the transformed rice 
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plant. CO2 flux through PEPC in transformed rice plants could be increased to required levels 

with less PEPC protein than would be required for the same flux through Zea mays PEPC. 

 

Chapter 4 of this thesis presented observations from MIMS experiments which suggest that 

OAA has potent inhibitory effects on the PEPC enzymes from both U. panicoides (PEPCK) 

and Panicum coloratum (NAD-ME). No such inhibitory effects were observed on the PEPC 

enzyme from Setaria viridis. As discussed previously, OAA inhibition of the PEPC enzyme 

has been reported in three plant species, Setaria italica (NADP-ME), Pennisetum purpureum 

(NADP-ME) and Amaranthus viridis (NAD-ME), but is not as well documented as the 

inhibitory effects of malate (Coombs et al., 1973; Raghavendra and Das, 1975; Iglesias et al., 

1986). Given that OAA has been reported to be an even more potent inhibitor of the PEPC 

enzyme than malate, an investigation into the inhibitory effects of OAA on a wide sample of 

PEPC enzymes should be conducted (Coombs et al., 1973; Raghavendra and Das, 1975; 

Iglesias et al., 1986). In order to determine the I50 of OAA or the Ki of OAA, PEPC activity 

could be measured by MIMS as described in the Methods section of Chapter 4, and the assay 

could be initiated with PEP. The assay mixtures would contain different concentrations of OAA 

and the I50 of OAA or the Ki of OAA could be determined. Using an NADH-coupled 

spectrophotometric assay to determine PEPC activity would not be appropriate as the assay 

relies on the OAA produced by PEPC being converted to malate by MDH, with NADH being 

consumed in the process. Thus, any OAA added to the assay solution to test inhibitory effects 

would be immediately converted by the MDH. Therefore, measuring PEPC activity by MIMS 

is recommended. Given that regardless of biochemical subtype, all C4 plants produce OAA 

from the carboxylation of PEP by PEPC, OAA would be present in the mesophyll environment. 

It would be interesting to investigate OAA as a possible feedback inhibitor of the C4 

photosynthetic cycle. An experiment by Leegood and Caemmerer (1988) measured OAA 

levels in Amaranthus edulis, and found increasing levels of OAA in the mesophyll cells with 

increasing irradiance. The PEPC amino acids involved in the inhibitory interactions with OAA 

are not documented, so this would be another area in which new research could be conducted. 
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Crystallography studies, similar to those conducted by Paulus et al. (2013), however, with 

PEPC being crystallised with OAA would elucidate the residues involved in OAA inhibition. 

After candidate residues have been identified, these residues could be mutated to abolish their 

chemical properties, and kinetic studies between mutant and wild-type PEPC enzymes could 

be conducted to confirm if the candidate residues are indeed involved in OAA inhibition of 

PEPC.  

 

Investigating the effects of malate, aspartate, and OAA inhibition on the C4 enzyme in planta 

would provide valuable insights into how the C4 PEPC enzyme is regulated in its natural 

environment. In Chapter 5 of this thesis the attempt to investigate the effects of a malate 

insensitive PEPC enzyme in planta in Setaria viridis was ultimately unsuccessful. As 

discussed, given the recent success of the CRISPR/Cas9 technology in many plant species, 

revisiting this experiment using the CRISPR/Cas9 technology will allow for a more 

sophisticated and hopefully successful approach (Weiss et al., 2020; Basso et al., 2021). 

Utilising CRISPR/Cas9 technology for this experiment would mean that expression of the 

native C4 PEPC enzyme in the C4 model plant species chosen would not need to be knocked 

out. Site-specific mutations of the sequence coding for the C4 PEPC enzyme at 

malate/aspartate-binding residues or at OAA-binding residues that are discovered in the future 

in the C4 plant genome would be possible using engineered guide RNAs. Therefore, 

investigating the effects of malate, aspartate, and OAA inhibition on the C4 enzyme in planta 

using CRISPR/Cas9 technology would provide an exciting opportunity to investigate the 

effects of inhibitor regulation of the C4 PEPC enzyme in planta. 

 

6.3 Influence of amount of PEPC on photosynthesis 

As discussed in Chapter 5, C4 PEPC protein expression has been successfully reduced in S. 

viridis using RNA interference (Alonso-Cantabrana et al., 2018). The reduction in C4 PEPC 

activity seen in the transgenics resulted in very low CO2 assimilation rates and increased 
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plasmodesmata density (Alonso-Cantabrana et al., 2018). Amaranthus edulis (NAD-ME) 

mutants with reduced PEPC activity, created using sodium azide, showed a reduction in the 

maximum CO2 assimilation rate and reduced carboxylation efficiency (Dever et al., 1995; 

Dever et al., 1997; Cousins et al., 2007). Another study involving heterozygous mutant 

Amaranthus edulis plants with reduced PEPC activity showed a decrease in the initial slope of 

CO2 response curves, with mutant plants exhibiting reduced photosynthetic rates at high light 

intensities (Bailey et al., 2000). A reduction in maximal PEPC activity does, therefore, appear 

to reduce the initial slope of the initial slope of the CO2 response curve, as predicted by 

biochemical modelling of the C4 pathway. Unfortunately, the attempts to obtain PEPC 

overexpression in Setaria viridis was unsuccessful and no PEPC overexpression data was 

obtained to combine with reduction data. The results from Chapter 5 of this thesis show that a 

lot of work still needs to be done to obtain C4 plants overexpressing PEPC and provided insights 

into how to successfully obtain PEPC overexpressing plants in the future. The natural variation 

present in PEPC activity of the wild-type S. viridis plants would make it hard to get transgenic 

plants with increased PEPC activity that is statistically different to the wild-type. As discussed 

in Chapter 5, a huge variation in PEPC activity was seen within single lines of transgenic plants 

as well. Therefore, with such great natural variation in PEPC activity levels in S. viridis and so 

much variation within transgenic lines, the question needs to be asked as to whether S. viridis 

is an appropriate model for PEPC overexpression studies. 

In order to redesign this experiment, the natural variation in PEPC activity of wild-type C4 

grasses with established transformation protocols should be assessed. The plant with the 

smallest range of PEPC expression should be chosen for the model for future PEPC 

overexpression experiment. Both Zea mays and Sorghum C4 grasses have established 

transformation protocols and have successfully been transformed (Gurel et al., 2008; Salesse-

Smith et al., 2018). Therefore, these two grasses would be candidates for the model C4 grass 

for future PEPC overexpression experiments.  
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The results from Chapter 5 also showed that there is cross reactivity of the anti-AcV5 antibody 

with the samples from the MEO34V wild-type S. viridis plant. The two possibilities that exist 

are that a transgene is present in the MEO34V wild-type seed that was received by the von 

Caemmerer and Furbank labs and the seedstock is not from wild-type MEO34V S. viridis but 

from a transgenic MEO34V S. viridis or the cross reactivity of the anti-AcV5 antibody with 

the MEO34V wild-type S. viridis is unique to this particular S. viridis ecotype. It is important 

to determine which of the two possibilities is actually happening as it will determine what steps 

need to be taken to resolve this issue. If, after investigation it is proven that there is no evidence 

a transgene in the MEO34V wild-type, then the AcV5 tag should not be used with this ecotype 

of Setaria viridis. A FLAG-tag would be recommended for use instead of the AcV5 tag (Hopp 

et al., 1988). 

 

6.4 Conclusions 

The overall results of this thesis have shown that there is still more to learn about the regulatory 

properties of the C4 PEPC enzyme. This thesis has also highlighted that there are C4 PEPC 

enzymes with superior catalytic properties available for transformation into plants. Therefore, 

increasing photosynthesis through PEPC modification is a prime opportunity and will allow 

plants to function more efficiently in an increasingly hot, dry climate. 
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Appendices 

Appendix 1: Meta-analysis of phosphoenolpyruvate carboxylase 

carboxylation kinetics data 

Phosphoenolpyruvate carboxylase (plant, bacterial and archaeal species) carboxylation kinetics 

data from published research papers. Available information regarding KmPEP, KmMg2+, 

KmHCO3
-, Vmax, kcat, and pH and temperature optimums has been included. C4 plant species 

subtype information is indicated (Sage and Sage, 1999). Archaeal species are indicated by grey 

shading, bacterial species are indicated by purple shading, CAM species are indicated by 

yellow shading, C3 species are indicated by green shading, C3-C4 intermediate and C4-like 

species are indicated by white shading, single-celled C4 species are indicated by brown shading, 

NAD-ME species are indicated by orange shading, NADP-ME species are indicated by blue 

shading, and PEPCK species are indicated by pink shading. 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

A
rc

h
ae

a 
 

Clostridium 
perfringens 

 0.06 (pH 7.2; 37 °C)      Vmax: 
40 µmol min-1 mg-1 

(37 °C) 
 

 (Dharmarajan et 
al., 2011) 

Methanothermobacter 
thermautotrophicus 

 0.46 (pH 8.0, 50 °C)    1.8 mM 
(pH 8.0, 
50 °C) 

  Optimum temperature: 62 °C 
Optimum pH: 6.8 

(Patel et al., 
2004) 

Methanothermus 
sociabilis 

 1.3 (pH 8.5, 85 °C)       Optimum temperature: 85 °C 
Optimum pH: 8.5  
Retained 80% of activity after 
incubation for 2 hours at 80 
°C; no loss of activity after 
incubation for 2 hours at 75 
°C. 
Known activators (acetyl-
CoA, glucose-6-phosphate, 
fructose 1,6-diphosphate) 
had no effect on enzyme 
activity.  

(Sako et al., 
1996) 
 

Sulfolobus solfataricus  0.09 (pH 8.0, 80 °C)      2.1 U mg-1 
(pH 8.0, 80 °C) 

Optimum pH: 8.0 (Ettema et al., 
2004) 

Sulfolobus 
acidocaldarius 

 0.2 
(pH 8.0, 80 °C) 

      Optimum temperature: 90 °C 
Optimum pH: 8.0 
Not activated by G6P 
No loss of activity after 
incubation for 2 hours at 80 
°C 

(Sako et al., 
1997) 

Bacteria 

B
ac

te
ri

a Anabaena sp BDU 
41811 

 0.10784  
(pH 7.5, 30 °C) 
 

     Vmax: 
0.242 unit mg-1 crude 
protein (pH 7.5, 30 
°C) 

 (Shylajanaciyar 
et al., 2015) 
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B
ac

te
ri

a 
Chlamydomonas 

reinhardtii 
 

2 mM glutamine 
PEPC1: 
0.28 (pH 7.4, 25 
°C) 
0.11 (pH 8.4, 25 
°C) 
PEPC2: 
0.15 (pH 7.4, 25 
°C) 
0.09 (pH 8.4, 25 
°C) 
2 mM 
dihydroxyacetone 
phosphate 
PEPC1: 
0.31 (pH 7.4, 25 
°C)0.21 (pH 8.4, 25 
°C) 
PEPC2: 
0.23 (pH 7.4, 25 
°C) 
0.11 (pH 8.4, 25 
°C) 

PEPC1:  
0.64 (pH 7.4, 25 °C) 
0.24 (pH 8.4, 25 °C) 
PEPC2:  
0.37 (pH 7.4, 25 °C) 
0.10 (pH 8.4, 25 °C) 

2 mM 2-
oxoglutarate 
PEPC1: 
0.76 (pH 7.4, 25 
°C) 
0.53 (pH 8.4, 25 
°C) 
PEPC2 
0.68 (pH 7.4, 25 
°C) 
0.27 (pH 8.4, 25 
°C) 
2 mM Glu 
PEPC1: 
1.21 (pH 7.4, 25 
°C) 
0.38 (pH 8.4, 25 
°C) 
PEPC2: 
0.58 (pH 7.4, 25 
°C) 
0.27 (pH 8.4, 25 
°C) 
2 mM Asp 
PEPC1: 
0.88 (pH 7.4, 25 
°C) 
0.38 (pH 8.4, 25 
°C) 
PEPC2: 
0.43 (pH 7.4, 25 
°C) 
0.36 (pH 8.4, 25 
°C) 
2 mM malate 
PEPC1: 
0.92 (pH 7.4, 25 
°C) 
0.80 (pH 8.4, 25 
°C) 
PEPC2: 
0.62 (pH 7.4, 25 
°C) 
0.23 (pH 8.4, 25 
°C) 

     PEPC1 and PEPC2 isoforms 
isolated from C. reinhardtii 
PEPC2 = major polypeptide 
chain (100kDa), several 
associated polypeptides (50-
70 kDa) 
PEPC1 optimum pH: 8.8 
PEPC2 optimum pH: 8.1 
 
Isoforms are activated by 
glutamine and 
dihydroxyacetone phosphate. 
 
 

(Rivoal et al., 
1998) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

B
ac

te
ri

a 
 

Coccochloris 
peniocystis 

 0.6 
(30 °C, pH 8.0) 

 0.27 mM 
(30 °C, pH 
8.0) 

 0.8 mM 
(30 °C, 
pH 8.0) 

 Vmax: 
8.84 µmol/mg of 
protein per min (30 
°C, pH 8.0). 

Optimum temperature: 40 °C 
Optimum pH: 8.0 

(Owttrim and 
Colman, 1986) 

Escherichia coli 
 

2.0 mM Acetyl-
CoA 1.4 (pH 8.5, 
25 °C) 
Saturating Acetyl-
CoA: 
0.6 (pH 8.5, 25 °C) 

200 (pH 8.5, 25 °C)     2.0 mM Acetyl CoA 
Vmax: 1.50 ΔA340/min 
 

Vmax: 1.54 ΔA340/min 
 

 (Wohl and 
Markus, 1972) 

Escherichia coli 
 

0.4 mM Acetyl-
CoA 
1.5 
(pH 7.3) 
0.2 mM Acetyl-
CoA + 2 mM 
fructose-1,6-
bisphosphate 
0.25 

15 (pH 7.3)       Activator: Acetyl-CoA, and 
fructose 1,6-bisphosphate 
(only when present in 
combination with Acetyl-
CoA) 

(Izui et al., 1981) 

 32 
(30 °C, pH 8.5) 

       (Teraoka et al., 
1972) 

2 mM Acetyl-CoA 
0.16 (pH 8.5; 30 
°C) 

16.0 (pH 8.5; 30 °C)  2 mM 
Acetyl CoA 
0.20 (pH 
8.5; 30 °C) 

2 mM 
Acetyl 
CoA 
0.15 
(pH 8.5; 
30 °C) 

 2 mM Acetyl CoA 
154 U/mg (pH 8.5; 
30 °C) 

Vmax: 
43.3 U/mg (pH 8.5; 
30 °C) 

 (Terada and Izui, 
1991) 

Myxosarcina sp BDU 
60881 

 0.01334  
(pH 7.5; 30 °C) 

     Vmax: 
0.159 unit per mg of 
crude protein (pH 
7.5; 30 °C) 

 (Shylajanaciyar 
et al., 2015) 

Nostoc calcicola BDU 
40302 

 0.05126  
(pH 7.5; 30 °C) 

     Vmax: 
0.205 unit per mg of 
crude protein (pH 
7.5; 30 °C) 

 (Shylajanaciyar 
et al., 2015) 

Oceanimonas 
smirnovii 

 

 1.22    0.139 
mM 

 Vmax: 
21.8 U/mg protein 

 (Park et al., 
2015) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

B
ac

te
ri

a 

Oscillatoria willei BDU 
130791 

 0.03644  
(pH 7.5; 30 °C) 

     Vmax: 
0.216 unit per mg of 
crude protein (pH 
7.5; 30 °C) 

 (Shylajanaciyar 
et al., 2015) 

Phormidium 
valderianum BDU 

30711 

 0.03608  
(pH 7.5; 30 °C) 

     Vmax: 
0.247 unit per mg of 
crude protein (pH 
7.5; 30 °C) 

 (Shylajanaciyar 
et al., 2015) 

Rhodothermus 
obamensis 

Thermophilic 

   Km Mg2+ 
0.25 mM 
Km Mn2+ 
0.1 mM 

  Relative activity of 
PEPC enzyme: 
Acetyl-CoA 
143.2% (1mM) 
155.8% (2mM) 
157.1% (5mM) 
F-1,6-P2 
126.6% (2mM) 
141.8% (5mM) 
143.7% (10mM) 

Vmax: 
100 µmol NADH/min 
per mg (pH 8.0) 

Optimum temperature: 75 °C 
pH optimum: 8.0 
Activated by fructose 1,6-
bisphosphate and actetyl-
CoA. 
Effectors affected the 
thermophilicity and 
thermostability of the 
enzyme. 

(Takai et al., 
1997) 
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B
ac

te
ri

a 
Selenastrum minutum 
Fresh water green alga 
 
 
 

dihydroxyacetone 
phosphate 
PEPC1 
3.20 (pH 7.4, 25 
°C) 
0.68 (pH 8.4, 25 
°C) 
PEPC2: 
0.72 (pH 7.4, 25 
°C) 
0.25 (pH 8.4, 25 
°C) 
PEPC3: 
1.81 (pH 7.4, 25 
°C) 
0.25 (pH 8.4, 25 
°C) 
PEPC4: 
pH 8.4 
0.21 (pH 8.4, 25 
°C) 
Glutamine 
PEPC1: 
2.33 (pH 7.4, 25 
°C) 
0.32 (pH 8.4, 25 
°C) 
PEPC2: 
0.65 (pH 7.4, 25 
°C) 
0.23 (pH 8.4, 25 
°C) 
PEPC3 
0.58 (pH 7.4, 25 
°C) 
0.19 (pH 8.4, 25 
°C) 
PEPC4: 
0.26 (pH 8.4, 25 
°C) 
 

PEPC1: 
9.29 (pH 7.4, 25 °C) 
1.56 (pH 8.4, 25 °C) 
PEPC2: 
0.87 (pH 7.4, 25 °C) 
0.3 (pH 8.4, 25 °C) 
PEPC3: 
0.72 (pH 7.4, 25 °C) 
0.28 (pH 8.4, 25 °C) 
PEPC4: 
0.86 (pH 7.4, 25 °C) 
0.31 (pH 8.4, 25 °C) 

2 mM malate 
PEPC1: 
11.7 (pH 7.4, 25 
°C) 
4.69 (pH 8.4, 25 
°C) 
PEPC2: 
1.10 (pH 7.4, 25 
°C)  
0.26 (pH 8.4, 25 
°C) 
PEPC3 
1.06 (pH 7.4, 25 
°C) 
0.33 (pH 8.4, 25 
°C) 
PEPC4: 
0.29 (pH 8.4, 25 
°C) 
2 mM 
aspartate 
PEPC1: 
18.0 (pH 7.4, 25 
°C) 
2.51 (pH 8.4, 25 
°C) 
PEPC2: 
2.23 (pH 7.4, 25 
°C) 
0.30 (pH 8.4, 25 
°C) 
PEPC3: 
2.11 (pH 7.4, 25 
°C) 
0.28 (pH 8.4, 25 
°C) 
PEPC4: 
0.35 (pH 8.4, 25 
°C) 
Glu  
PEPC1: 
15.7 (pH 7.4, 25 
°C) 
2.50 (pH 8.4, 25 
°C) 
PEPC2: 

    Vmax: 
PEPC1 
32.6 U/mg 
PEPC2 
26.6 U/mg 
PEPC3 
26.4 U/mg 
PEPC4 
14.2 U/mg 

Four PEPC isoforms: PEPC1, 
PEPC2, PEPC3, PEPC4. 
 
PEPC1 starts lose activity at 
30 °C and is completely 
denatured at 53 °C.  
 
PEPC2, PEPC3, and PEPC4 
remain fairly stable up to 
53°C and then rapidly 
denature between 53 °C and 
65 °C. 
 

(Rivoal et al., 
1996) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

2.66 (pH 7.4, 25 
°C) 
0.36 (pH 8.4, 25 
°C) 
PEPC3: 
2.54 (pH 7.4, 25 
°C) 
0.33 (pH 8.4, 25 
°C) 
PEPC4: 
0.30 (pH 8.4, 25 
°C) 

B
ac

te
ri

a 
 

Synechococcus 
elongatus BDU 30312 

 0.01313 (pH 7.5; 
30 °C) 
 

     Vmax: 
0.101 unit per mg of 
crude protein (pH 
7.5; 30 °C) 

 (Shylajanaciyar 
et al., 2015) 

Synechoccus vulcans 
Thermphilic 

cyanobacterium 
 

 0.58 (pH 7.5) 
0.53 (pH 9.0) 
 

 0.45 mM 
(pH 7.5) 
0.30 mM 
(pH 9.0) 
 

 0.48 
mM (pH 
7.5) 
 

 Vmax: 
17.30 unit mg-1 (pH 
7.5) 
25.30 unit mg-1 (pH 
9.0) 

Retained full activity after 
incubation at 50 °C for 50 
mins. 
Optimum temp: 42 °C (pH 
7.5) Optimum pH: 9.0 (30°C) 
Activated by fructose 1,6-
bisphosphate and slightly 
stimulated by 3-PGA, G6P, 
G1P, Glu and Gln. 
Acetyl CoA has no effect. 

(Chen et al., 
2002) 

Thermobacillus 
thiooxidans 

     1.2 mM 
(pH 7.4; 
30 °C) 

   (Suzuki and 
Werkman, 1957) 

Thermosynechococcus 
elongatus  

 0.55 (pH 8.5; 25 °C)      Vmax: 
22.5 unit mg-1 (pH 
8.5; 25 °C) 

Full activity at 40 °C, 84 % 
activity at 50 °C and 71 % 
activity at 60 °C. 

(Del Prete et al., 
2016) 

Thiobacillus novellus 0.1 mM Acetyl-
CoA 0.64 (pH 8.0; 
22 °C) 

  0.11 mM 
(pH 8.0; 22 
°C) 

   Vmax: 
60 µmol/min/mg 
protein (pH 8.0; 22 
°C) 

pH optimum: 8.0 
Acteyl-CoA is a potent 
activator 

(Charles and 
Sykora, 1992) 

Thiobacillus thioparus  0.44 (pH 7.3)  0.37 mM 
(pH 7.3) 

 0.89 
mM (pH 
7.3) 

 Vmax: 
0.320 units/mg 

No allosteric activators apart 
from dioxane.  

(Hoban and 
Lyric, 1975) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

B
ac

te
ri

a Plasmodium berghei  2.6 (pH 7.8; 25 °C)  1.3 mM 
(pH 7.8) 

 2 mM 
(pH 7.8) 

  Acetyl-CoA and fructose 1,6-
diphosphate had no effect on 
activity. 
PH optimum: 7.4 

(McDaniel and 
Siu, 1972) 

Plants 

P
la

n
ts

 

Bryophyllum 
fedtschenkoi 
CAM species 

 0.7 (pH 7.8, 25 °C) 
 
1.7 (pH 7.8, 11 °C)  
2.4 (pH 7.8, 40 °C) 

     Vmax: 
26 units/mg of 
protein (pH 7.8, 25 
°C) 
 

Relatively small 
variations in Vmax between pH 
5.5 and 9.0. Double optimum 
at pH 5.6 and 7.8. 
Inactivated between 30 and 
45 °C 

(Jones et al., 
1978) 

Bryophyllum pinnatum  
CAM species 

 0.14      Vmax: 
4.1 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Bryophyllum 
tubiflorum 

CAM species 

 0.22      Vmax: 
20.2 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Kalanchoe 
daigremontiana 

CAM species 

 0.13 (pH 7.4)      Vmax: 
12.5 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

     16.2 µM 
(pH 6.2; 
10 °C) 
11 µM 
(pH 7.5; 
10 °C) 
20 µM 
(pH 8.0; 
10 °C) 

   (Nott and 
Osmond, 1982) 

Optunia inermis 
CAM species 

 0.12 (pH 7.4)      Vmax: 
14.9 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

Sedum praealtum 
CAM species 

 0.33 (pH 7.4)      Vmax: 
39.6 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Alternanthera sessilis 
C3 species 

0.013 (25 °C) 0.036 (25 °C)     Vmax: 
17.4 µmol min-1 mg-

1 (25 °C) 
kcat: 
20 s-1 (25 °C) 

Vmax: 
12 µmol min-1 mg-1 
(25 °C) 
kcat: 
22 s-1 (25 °C) 

 (Gowik et al., 
2006) 

Arachis hypogaea 
C3 species 

 0.3 – 0.4 (pH 7.9; 
30 °C) 

 0.5 – 0.6 
mM (pH 
7.9; 30 °C) 

 0.31 
mM (pH 
7.9; 30 
°C) 

   (Maruyama et 
al., 1966) 

Atriplex hastata 
C3 species 

 0.08 (pH 7.8; 30 °C)  0.017 mM 
(pH 7.8; 30 
°C) 

 0.018 
mM (pH 
7.8; 30 
°C) 

 Vmax: 
1.48 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C)  

 (Ting and 
Osmond, 1973c) 

Atriplex patula 
C3 species 

 0.11 (pH 7.4)      Vmax: 
0.92 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Avena sativa 
C3 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
108 % 

  (Nishikido and 
Takanashi, 1973) 

Flaveria cronquistii  
C3 species 

0.008 
(pH 8.0; 25 °C) 

0.013 
(pH 8.0; 25 °C) 

       (Bauwe and 
Chollet, 1986) 

5 mM G6P 
0.04 (pH 7.0; 25 
°C) 
0.08 (pH 8.0; 25 
°C) 

0.32 (pH 7.0; 25 °C) 
0.13 (pH 8.0; 25 °C) 

    5 mM G6P 
12 µmol·mg Chl-
1·hr-1 (pH 7.0; 25 °C) 
19 µmol·mg Chl-
1·hr-1 (pH 8.0; 25 °C) 

Vmax: 
12 µmol·mg Chl-1·hr-1 
(pH 7.0; 25 °C) 
17 µmol·mg Chl-1·hr-1 
(pH 8.0; 25 °C) 

 (Nakamoto et 
al., 1983) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

Flaveria pringlei 
C3 species 

 

5 mM G6P 
0.017 (pH 8.0; 25 
°C) 
0.015 (pH 7.6; 25 
°C) 

0.029 (pH 8.0; 25 
°C) 
0.041 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
32 U/mg (pH 8.0; 25 
°C)  
26 U/mg (pH 7.6; 25 
°C) 

Vmax: 
31 U/mg (pH 8.0; 25 
°C) 
24 U/mg (pH 7.6; 25 
°C) 

 (Engelmann et 
al., 2003) 

0.019 (pH 8.0; 25 
°C) 

0.029 (pH 8.0; 25 
°C) 

    Vmax: 
32 U/mg (pH 8.0; 25 
°C) 
kcat:  
60 s-1 (pH 8.0; 25 °C) 

Vmax: 
28 U/mg (pH 8.0; 25 
°C) 
kcat:  
51 s-1 (pH 8.0; 25 °C) 

 (Bläsing et al., 
2000) 

5 mM G6P 
0.021 (pH 8.0; 25 
°C) 

0.061 (pH 8.0; 25 
°C) 

     Vmax: 
27 U/mg protein (pH 
8.0; 25 °C) 

 (Svensson et al., 
1997) 

    64.0 
µM (pH 
7.6; 30 
°C) 

 Vmax: 
5.1 µmol mg 
protein-1 min-1 (pH 
7.6; 30 °C) 

  (DiMario and 
Cousins, 2019) 

0.020 0.060        (Westhoff et al., 
1997) 

5 mM G6P 
0.019 (pH 8.0; 25 
°C) 
0.016(pH 7.6; 25 
°C) 

0.029 (pH 8.0; 25 
°C) 
0.038 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
32 U/mg (pH 8.0; 25 
°C) 
28 U/mg (pH 7.6; 25 
°C) 
kcat: 
60 s-1 (pH 8.0; 25 °C) 
51 s-1 (pH 7.6; 25 °C) 

Vmax: 
28 U/mg (pH 8.0; 25 
°C) 
24 U/mg (pH 7.6; 25 
°C) 
kcat: 
51 s-1  (pH 8.0; 25 °C) 
44 s-1 (pH 7.6; 25 °C) 

 (Bläsing et al., 
2002) 

 0.039 (pH 7.6; 
25°C) 

       (Jacobs et al., 
2008) 

Gossipium hirsutum 
C3 species 

 0.18 (pH 7.8; 30 °C)  0.180 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
1.15 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

 PCI: 0.0368 
PCII: 0.057 
PCIII: 0.0407 
(pH 8.5 [PEP] in the 
range 0.05 – 2.5 
mM) 
 

 PCI: 0.0095 
mM 
PCII: 
0.0735 
mM 
PCIII: 
0.125 mM 
(pH 8.5) 

 PCI: 144 
µM 
PCII: 
53.4 µM 
PCIII: 
55.5 µM 
(pH 8.5) 

  Isolated three isozymes of 
PEPC (PCI, PCII, and PCIII) 
from cotton leaf 
PCI pH optimum: 7.7  
PCII pH optimum: 8.5  
PCIII pH optimum: 8.5  
 

(Mukerji and 
Ting, 1971) 

Helianthus annus 
C3 species 

 0.11 (pH 7.8; 30 °C)  0.11 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
1.10 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Hordeum vulgare 
C3 species 

      5 mM Glycine 
Inhibition of PEPC 
(% activity 
compared to 
control) 
90.0 % 

  (Nishikido and 
Takanashi, 1973) 

Musa cavendishii L. 
Heterotetramer 

Banana  
C3 species 

0.030 (pH 7.0; 30 
°C) 

0.140 (pH 7.0; 30 
°C) 
0.078 (pH 8.0; 30 
°C) 
 

   pH 8.0 
0.064 
mM 

1 mM G6P  
Vmax: 
28 units/mg of 
protein 
(pH 7.0; 30 °C) 

Vmax: 
16 units/mg of 
protein 
(pH 7.0; 30 °C) 
31 units/mg of 
protein 
(pH 8.0; 30 °C) 
 

 (Law and 
Plaxton, 1995) 

Nicotiana glutinosa 
C3 species 

 0.08 (pH 7.8; 30 °C)      Vmax: 
2.72 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Nicotiana tabacum 
C3 species 

      5 mM Glycine 
Inhibition of PEPC 
(% activity 
compared to 
control) 
88.1 % 

  (Nishikido and 
Takanashi, 1973) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

Oryza sativa  
C3 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
102 % 

  (Nishikido and 
Takanashi, 1973) 

Panicum laxum 
C3 species 

 0.06 (pH 8.3; 30 °C) 
0.16 (pH 7.3; 30 °C) 

   0.4 – 0.8 
mM (30 
°C) 

 Vmax: 
21-39 µmol CO2/mg 
Chl·h (30 °C) 
Vmax: 
21 µmol CO2/mg 
Chl·h (pH 8.3; 30 °C)  
23 µmol CO2/mg 
Chl·h (pH 7.3; 30 °C) 

No activation by G6P was 
observed in the range of 0.1 
– 5 mM G6P 

(Holaday and 
Black, 1981) 

Phaseolus vulgaris 
C3 species 

 0.30 (pH 7.8; 30 °C)  0.128 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
1.52 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Phytolacca americana 
C3 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
100 % 

  (Nishikido and 
Takanashi, 1973) 

Spinacea oleracea 
(spinach) 
C3 species 

 0.108 mM 
(pH 7.5; 25 °C) 

 KmMn2+: 
0.037 mM 
(pH 7.5; 25 
°C),  
KmMg2+: 
0.079 mM 
(pH 7.5; 25 
°C) 

 0.11 
mM (pH 
7.5; 25 
°C) 

   (Miziorko et al., 
1974) 

 0.13 (pH 7.8; 30 °C)      Vmax: 
1.54 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 
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      5 mM Glycine 
Inhibition of PEPC 
(% activity 
compared to 
control) 
94.5 % 

  (Nishikido and 
Takanashi, 1973) 

Suaeda linifolia 
C3 species 

 0.05 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
0.09 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Triticum aestivum 
C3 species 

      5 mM Glycine 
Inhibition of PEPC 
(% activity 
compared to 
control) 
94.7 % 

  (Nishikido and 
Takanashi, 1973) 

Triticum vulgare 
C3 species 

 0.09 (pH 7.8; 30 °C)  0.053 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
0.82 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Vicia faba 
C3 species 

 0.11 (pH 7.8; 30 °C)  0.095 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
1.63 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Alternanthera tenella 
C3-C4 intermediate 

species 

0.025 (25 °C) 0.042 (25 °C)     Vmax: 
18 µmol min-1 mg-1 
(25 °C) 
kcat: 
33 s-1 (25 °C) 

Vmax: 
17.64 µmol min-1 mg-

1 (25 °C) 
kcat: 
33 s-1 (25 °C 

 (Gowik et al., 
2006) 

Coleataenia prionitis 
(Formerly Panicum 

prionitis) 
C3-C4 intermediate 

species 

 0.22 (pH 8.3; 30 °C) 
0.93 (pH 7.3; 30 °C) 

   0.3 mM 
(30 °C) 

 Vmax: 
1374 µmol CO2/mg 
Chl·h (30 °C) 
Vmax: 
952 µmol CO2/mg 
Chl·h (pH 8.3; 30 °C)  
1176 µmol CO2/mg 
Chl·h (pH 7.3; 30 °C) 

No activation by G6P was 
observed in the range of 0.1 
– 5 mM G6P 

(Holaday and 
Black, 1981) 
(Tashima et al., 
2021) 
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Flaveria anomala 
C3-C4 intermediate 

species 

 0.015 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Flaveria chloraefolia 
C3-C4 intermediate 

species 

0.008 (pH 8.0; 25 
°C) 

0.006 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Flaveria floridana 
C3-C4 intermediate 

species 

0.009 (pH 8.0; 25 
°C) 

0.013 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Flaveria linearis 
C3-C4 intermediate 

species 

 0.012 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

5 mM G6P 
0.14 (pH 7.0; 25 
°C) 
0.19 (pH 8.0; 25 
°C) 

0.50 (pH 7.0; 25 °C) 
0.83 (pH 8.0; 25 °C) 

    5 mM G6P 
Vmax: 
204 µmol·mg Chl-
1·hr-1 (pH 7.0; 25 °C) 
204 µmol·mg Chl-
1·hr-1 (pH 8.0; 25 °C) 

Vmax: 
187 µmol·mg Chl-
1·hr-1 (pH 7.0; 25 °C) 
204 µmol·mg Chl-
1·hr-1 (pH 8.0; 25 °C) 

 (Nakamoto et 
al., 1983) 

Flaveria pubescens 
C3-C4 intermediate 

species 

5 mM G6P 
0.020 (pH 8.0; 25 
°C) 
0.014 (pH 7.6; 25 
°C) 

0.053 (pH 8.0; 25 
°C) 
0.060 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
26 U/mg (pH 8.0; 25 
°C)  
22 U/mg (pH 7.6; 25 
°C) 

Vmax: 
25 U/mg (pH 8.0; 25 
°C) 
20 U/mg (pH 7.6; 25 
°C) 

 (Engelmann et 
al., 2003) 

5 mM G6P 
0.09 (pH 7.0; 25 
°C) 
 

0.42 (pH 7.0; 25 °C) 
0.19 (pH 8.0; 25 °C) 

    5 mM G6P 
385 µmol·mg Chl-
1·hr-1 (pH 7.0; 25 °C) 

Vmax: 
364 µmol·mg Chl-
1·hr-1 (pH 7.0; 25 °C) 
513 µmol·mg Chl-
1·hr-1 (pH 8.0; 25 °C) 

 (Nakamoto et 
al., 1983) 

0.008 (pH 8.0; 25 
°C) 

0.014 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Panicum decipens 
C3-C4 intermediate 

species 

 0.09 (pH 8.3; 30 °C)      Vmax: 
61 µmol CO2/mg 
Chl·h (pH 8.3; 30 °C) 

No activation by G6P was 
observed in the range of 0.1 
– 5 mM G6P 

(Holaday and 
Black, 1981) 
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Panicum miliodes 
C3-C4 intermediate 

species 

 0.9-1.10) 
0.07 (pH 8.3; 30 °C) 
0.24 (pH 7.3; 30 °C) 

   0.4 – 0.8 
mM (30 
°C) 

 Vmax: 
57-69 µmol CO2/mg 
Chl·h (30 °C) 
Vmax: 
75 µmol CO2/mg 
Chl·h (pH 8.3; 30 °C)  
73 µmol CO2/mg 
Chl·h (pH 7.3; 30 °C) 

No activation by G6P was 
observed in the range of 0.1 
– 5 mM G6P 

(Holaday and 
Black, 1981) 

Panicum schenckii 
C3-C4 intermediate 

species 

 0.07 (pH 8.3; 30 °C)      Vmax: 
66 µmol CO2/mg 
Chl·h (pH 8.3; 30 °C) 

No activation by G6P was 
observed in the range of 0.1 
– 5 mM G6P 

(Holaday and 
Black, 1981) 

Flaveria brownii 
C4-like species 

5 mM G6P 
0.017 (pH 8.0; 25 
°C) 
0.015 (pH 7.6; 25 
°C) 

0.108 (pH 8.0; 25 
°C) 
0.128 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
27 U/mg (pH 8.0; 25 
°C)  
21 U/mg (pH 7.6; 25 
°C) 

Vmax: 
26 U/mg (pH 8.0; 25 
°C) 
18 U/mg (pH 7.6; 25 
°C) 

 (Engelmann et 
al., 2003) 

0.029 (pH 8.0; 25 
°C) 

0.088 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Bienertia sinuspersici 
Single-cell C4 species 

 0.06 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
1.96 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Suaeda aralocaspica 
Single-cell C4 species 

 0.10 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
1.67 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Amaranthus edulis 
(NAD-ME) 
C4 species 

 0.19 (pH 7.8; 30 °C)  0.21 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
38.5 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 
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Amaranthus 
hypochondriacus 

(NAD-ME) 
C4 species 

 

     IL: 0.011 
mM 
(pH 7.3; 
30 °C) 
D-AL: 
0.031 
mM (pH 
7.3; 30 
°C) 
 

 Vmax: 
IL: 0.64 µmol min-1

 

(mg protein)-1 (pH 
7.3; 30 °C) 
D-AL: 0.16 µmol min-1

 

(mg protein)-1 (pH 
7.3; 30 °C) 

Illuminated leaves = IL 
Dark-adapted leaves = D-AL 

(Parvathi et al., 
2000) 

Amaranthus palmeri 
(NAD-ME) 
C4 species 

 0.19 (pH 7.8; 30 °C)  0.18 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
19.2 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Amaranthus 
retroflexus  
(NAD-ME) 
C4 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
108 % 

  (Nishikido and 
Takanashi, 1973) 

Amaranthus tricolor 
(NAD-ME) 
C4 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
103 % 

  (Nishikido and 
Takanashi, 1973) 

Amaranthus viridis 
(NAD-ME) 
C4 species 

 0.29 (pH 8.0; 30 °C) 
 

   0.17 
mM (pH 
8.0; 30 
°C) 

 17.1 µmol·(mg 
protein)-1 ·min-1 (pH 
8.0; 30 °C) 

Activated by G6P (Iglesias et al., 
1986) 

 0.35 (pH 8.0; 30 °C)  0.22 mM 
(pH 8.0; 30 
°C) 

     (Raghavendra 
and Vallejos, 
1980) 

Atriplex nummularia 
(NAD-ME) 
C4 species 

 0.63 (pH 7.8; 30 °C)  0.50 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
39.6 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 
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Atriplex rosea  
(NAD-ME) 
C4 species 

 0.62 (pH 7.4)      Vmax: 
39.0 µmoles per 
minute per mg of 
chlorophyll (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Atriplex spongiosa 
(NAD-ME) 
C4 species 

2 mM G6P 
0.12 (pH 7.8; 30 
°C) 

0.49 (pH 7.8; 30 °C)  0.33 mM 
(pH 7.8; 30 
°C) 

 0.022 
mM (pH 
7.8; 30 
°C) 

 Vmax: 
38.0 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

2 mM G6P 
0.13 (pH 7.8) 

0.48 (pH 7.8)        (Ting and 
Osmond, 1973a) 

Eleusine coracana 
(NAD-ME) 
C4 species 

     26 µM 
(pH 8.0; 
30 °C) 

   (Bauwe, 1986) 

Eleusine indica  
(NAD-ME)  
C4 species 

     24 µM 
(pH 8.0; 
30 °C) 

   (Bauwe, 1986) 

Panicum miliaceum 
(NAD-ME) 
C4 species 

 1.40 (pH 7.8; 30 °C)  0.95 
mM(pH 
7.8; 30 °C) 

   Vmax: 
13.0 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Portulaca oleracea 
(NAD-ME) 
C4 species 

      5 mM Glycine 
Inhibition of PEPC 
(% activity 
compared to 
control) 
90.8 % 

  (Nishikido and 
Takanashi, 1973) 

Suaeda eltonica  
(NAD-ME) 
C4 species 

 0.09 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
0.83 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Alternanthera 
pungens 

 (NADP-ME) 
C4 species 

0.020 (25 °C) 0.157 (25 °C)     Vmax: 
21.36 µmol min-1 
mg-1 (25 °C) 
kcat: 
38 s-1 (25 °C) 

Vmax: 
21 µmol min-1 mg-1 
(25 °C) 
kcat: 
38 s-1 (25 °C) 

 (Gowik et al., 
2006) 
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Digitaria sanguinalis 
(NADP-ME) 
C4 species 

 In situ: 
0.4  (pH 7.3; 30 °C) 
In vitro: 
0.6 (pH 7.3; 30 °C) 

      In situ = from darkened 
leaves 
In vitro = enzyme extracted in 
vitro.  

(Pierre et al., 
2004) 

2 mM G6P 
0.40 (pH 7.6; 37 
°C) 

0.75 (pH 7.6; 37 °C) 1 mM malate 
1.23 (pH 7.6; 
37 °C) 
1 mM 
aspartate 1.42 
(pH 7.6; 37 °C) 

      (Huber and 
Edwards, 1975) 

Echinochloa cruz-galli 
(NADP-ME) 
C4 species 

 0.77 (pH 8.3; 30 °C)        (Hamel and 
Simon, 2000) 

Flaveria australasica 
(NADP-ME) 
C4 species 

0.055 (pH 8.0; 25 
°C) 

0.187 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

Flaveria trinervia 
(NADP-ME) 
C4 species 

5 mM G6P 
0.053 (pH 8.0; 25 
°C) 
0.141 (pH 7.6; 25 
°C) 

0.269 (pH 8.0; 25 
°C) 
0.393 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
27 U/mg (pH 8.0; 25 
°C)  
24 U/mg (pH 7.6; 25 
°C) 

Vmax: 
26 U/mg (pH 8.0; 25 
°C) 
24 U/mg (pH 7.6; 25 
°C) 

 (Engelmann et 
al., 2003) 

5 mM G6P 
0.362 (pH 8.0; 25 
°C) 

0.652 (pH 8.0; 25 
°C) 

     Vmax: 
29 U/mg protein (pH 
8.0; 25 °C) 

 (Svensson et al., 
1997) 

0.047 (pH 8.0; 25 
°C) 

0.215 (pH 8.0; 25 
°C) 

       (Bauwe and 
Chollet, 1986) 

    26.6 
µM (pH 
7.6; 30 
°C) 

 Vmax: 
8.1 µmol mg 
protein-1 min-1 (pH 
7.6; 30 °C) 

  (DiMario and 
Cousins, 2019) 

0.360 0.650        (Westhoff et al., 
1997) 



258 

 

  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

5 mM G6P 
0.058 (pH 8.0; 25 
°C) 
0.096(pH 7.6; 25 
°C) 

0.278 (pH 8.0; 25 
°C) 
0.375 (pH 7.6; 25 
°C) 

    5 mM G6P 
Vmax: 
30 U/mg (pH 8.0; 25 
°C) 
29 U/mg (pH 7.6; 25 
°C) 
kcat: 
55 s-1 (pH 8.0; 25 °C) 
52 s-1 (pH 7.6; 25 °C) 

Vmax: 
27 U/mg (pH 8.0; 25 
°C) 
26 U/mg (pH 7.6; 25 
°C) 
kcat: 
49 s-1 (pH 8.0; 25 °C) 
48 s-1 (pH 7.6; 25 °C) 

 (Bläsing et al., 
2002) 

0.058 (pH 8.0; 25 
°C) 

0.278 (pH 8.0; 25 
°C) 

    Vmax: 
30 U/mg (pH 8.0; 25 
°C) 
kcat:  
55 s-1 (pH 8.0; 25 °C) 

Vmax: 
27 U/mg (pH 8.0; 25 
°C) 
kcat:  
49 s-1 (pH 8.0; 25 °C) 

 (Bläsing et al., 
2000) 

 0.76 (pH 7.3; 30°C) 
0.44 (pH 8.0; 30°C) 

 0.95 mM 
(pH 7.3; 
30°C) 
0.18 mM 
(pH 8.0; 
30°C) 

 0.072 
mM (pH 
7.3; 
30°C) 
0.081 
mM (pH 
8.0; 
30°C) 

 Vmax: 
11.36 U mg-1 protein 
min-1 (pH 7.3; 30°C) 
11.98 U mg-1 protein 
min-1 (pH 8.0; 30°C) 

 (Gao and Woo, 
1996) 

 0.313 
(pH 7.6; 25°C) 

       (Jacobs et al., 
2008) 

Gomphrena globosa 
(NADP-ME) 
C4 species 

     27 µM 
(pH 8.0; 
30 °C) 

   (Bauwe, 1986) 

Haloxylon persicum 
(NADP-ME) 
C4 species 

 0.12 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
1.27 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Miscanthus sinensis 
(NADP-ME) 
C4 species 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
164 % 

  (Nishikido and 
Takanashi, 1973) 
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Pennisetum 
purpureum  
(NADP-ME) 
C4 species 

   0.14 mM 
(pH 8.0; 27 
°C) 
5 mM G6P 
0.4 mM 
(pH 8.0; 27 
°C) 

0.8 mM 
(pH 8.0; 
27 °C) 

2 mM 
(pH 8.0; 
27 °C) 

   (Coombs et al., 
1973) 

Saccharum 
officinarum  
(NADP-ME) 
C4 species 

 0.80 (pH 7.8; 30 °C)  1.00 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
50.0 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
139 % 

  (Nishikido and 
Takanashi, 1973) 

Saccharum hybrid  2.9 (pH 7.7)  0.27 (pH 
7.7) 

     (Goatly and 
Smith, 1974) 

Salsola richteri (NADP-
ME) 

 C4 species 

 0.21 (pH 8.0; 20 % 
glycerol) 

     Vmax: 
0.93 units/mg protein 
(pH 8.0; 20 % 
glycerol) 

 (Lara et al., 
2006) 

Setaria italica (NADP-
ME) 

C4 species 

 0.53 (pH 8.0; 30 °C)        (Raghavendra 
and Das, 1975) 

Setaria verticillata 
(NADP-ME) 
C4 species 

 1.9 (pH 7.2; 30 °C)        (Samaras et al., 
1988) 

Setaria viridis (NADP-
ME) 

C4 species 

     60.2 µM 
(25 °C) 

 Vmax: 
450 µmol HCO3

- m-2 s-

1 (25 °C) 

 (Boyd et al., 
2015) 

Sorghum bicolor 
(NADP-ME) 
C4 species 

 0.63 (pH 7.8; 30 °C)  0.50 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
25.6  µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 
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      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
183 % 

  (Nishikido and 
Takanashi, 1973) 

Zea mays  
(NADP-ME) 
C4 species 

 

 1.48 mM (pH 7.3; 
30 °C) 
0.59 mM (pH 9.0; 
30 °C) 
 

 1.79 mM 
(pH 7.3; 30 
°C) 
0.58 mM 
(pH 9.0; 30 
°C) 

 0.12 
mM (pH 
7.3; 30 
°C) 
0.10 
mM (pH 
9.0; 30 
°C) 
 

 Vmax: 
18.20 unit mg-1 (pH 
7.0; 30 °C) 
23.00 unit mg-1 (pH 
9.0; 30 °C) 
 

 (Dong et al., 
1998) 

 0.35 (pH 7.8; 30 °C)  0.46 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
12.9 µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Zea mays  
(NADP-ME) 
C4 species 

0.089 mM (25 °C) 
 

0.93 mM (25 °C)     Vmax: increased 56 % 
in the presence of 
G6P (25 °C) 

  (Bandarian et al., 
1992) 

 0.34 mM (pH 7.4)      Vmax: 
19.2 9 µmoles per 
minute per g of fresh 
weight (pH 7.4) 

 (Ting and 
Osmond, 1973b) 

Zea mays (NADP-ME) 
C4 species 

0.53 (pH 7.0, 25 
°C) 
0.14 (pH 8.0, 25 
°C) 
 

7.9 (pH 7.0, 25 °C) 
0.94 (pH 8.0, 25 °C) 

    Vmax: 
15.1 µM PEP min-1 
mg-1 (pH 7.0, 25 °C) 
27.05 µM PEP min-1 
mg-1  (pH 8.0, 25 °C) 
 

Vmax: 
16.4 µM PEP min-1 
mg-1  (pH 7.0, 25 °C) 
25.1 µM PEP min-1 
mg-1 (pH 8.0, 25 °C) 
 

 (Frank et al., 
2001) 

5 mM G6P: 0.49 
(pH 7.3) 

1.92 (pH 7.3)  1.75 mM 
(pH 7.3) 

  Vmax: 
16.6 U mg-1 protein 
(pH 7.3) 

  (Endo et al., 
2008) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

 3.6 mM 
(pH 7.8; 26 °C) 

   0.18 
mM (pH 
7.8; 26 
°C) 

   (Janc et al., 
1992) 

Zea mays (NADP-ME) 
C4 species 

5 mM G6P 
0.6 (pH 7.0; 22 °C) 
 

2.6 (pH 7.0; 22 °C) 
1.16 (pH 8.0; 22 °C) 

    Vmax: 
245.2 munits (pH 
7.0; 22 °C) 

Vmax: 
80.6 munits (pH 7.0; 
22 °C) 
193.6 (pH 8.0; 22 °C) 

 (Uedan and 
Sugiyama, 1976) 

 PCI: 0.1 (pH 8.5) 
PCII: 0.047 (pH 8.5) 

 PCI: 0.032 
mM (pH 
8.5) 
PCII: 0.015 
mM (pH 
8.5) 

 PCI: 
1.45 
mM (pH 
8.5) 
PCII: 
1.28 (pH 
8.5) 

  Two isozymes were isolated, 
PCI and PCII 
Temperature optimum: 
PCI: 40 °C 
 

(Mukerji, 1977) 

5 mM G6P 
Phosphorylated:  
0.4 (pH 7.3; 30 °C) 
Non-
phosphorylated: 
1.1 (pH 7.3; 30 °C) 

Phosphorylated:  
0.5 (pH 7.3; 30 °C) 
Non-
phosphorylated: 
1.8 (pH 7.3; 30 °C) 

    5 mM G6P 
Phosphorylated:  
Vmax: 
26.4 units mg-1 (pH 
7.3; 30 °C) 
Non-
phosphorylated: 
Vmax: 
31.9 units mg-1 (pH 
7.3; 30 °C) 

Phosphorylated:  
Vmax: 
18.0 units mg-1 (pH 
7.3; 30 °C) 
Non-phosphorylated: 
Vmax: 
19.8 units mg-1 (pH 
7.3; 30 °C) 

 (Takahashi-
Terada et al., 
2005) 

     27 µM 
(pH 8.0; 
30 °C) 

   (Bauwe, 1986) 

      5 mM Glycine 
Activation of PEPC 
(% activity 
compared to 
control) 
161 % 

  (Nishikido and 
Takanashi, 1973) 

   3.3 mM 
(pH 8.0; 25 
°C) 

   Vmax: 
8.2 µM/min (pH 8.0; 
25 °C) 

 (O'Leary et al., 
1981) 
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  PEPC carboxylation kinetics  

  KmPEP (mM) 
 

Km Mg2+ KmHCO3
- Vmax or kcat 

 
Notes Reference 

 Species + G6P or other 
activator where 

mentioned  

- G6P + inhibitor  + G6P - G6P + G6P or other 
activator where 

mentioned 

- G6P 

P
la

n
ts

 

Chloris gayana  
(PEPCK) 

C4 species 

 0.73 (pH 7.8; 30 °C)  0.14 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
15.6  µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

Panicum maximum 
(PEPCK) 

C4 species 

 0.53 (pH 7.8; 30 °C)  0.07 mM 
(pH 7.8; 30 
°C) 

   Vmax: 
37.6  µmoles per 
minute per mg of 
chlorophyll (pH 7.8; 
30 °C) 

 (Ting and 
Osmond, 1973c) 

     27 µM 
(pH 8.0; 
30 °C) 

   (Bauwe, 1986) 
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Appendix 2: Meta-analysis of phosphoenolpyruvate carboxylase inhibition 

kinetics data 

Phosphoenolpyruvate carboxylase (plant, bacterial and archaeal species) inhibition kinetics 

data from published research papers. Available information regarding Ki of inhibitors malate 

and aspartate, IC50 of inhibitors malate and aspartate, and other inhibitor data has been 

included. C4 plant species subtype information is indicated (Sage and Sage, 1999). Archaeal 

species are indicated by grey shading, bacterial species are indicated by purple shading, CAM 

species are indicated by yellow shading, C3 species are indicated by green shading, C3-C4 

intermediate and C4-like species are indicated by white shading, single-celled C4 species are 

indicated by brown shading, NAD-ME species are indicated by orange shading, NADP-ME 

species are indicated by blue shading, and PEPCK species are indicated by pink shading.  
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

A
rc

h
ae

a 
 

Clostridium perfringens  Ki aspartate: 0.2 mM (pH 7.2; 37 °C)  (Dharmarajan et al., 2011) 

Methanothermobacter 
thermautotrophicus 

 Inhibition by aspartate observed Highly inhibited by NaCl and KCl (Patel et al., 2004) 

Methanothermus 
sociabilis 

L-aspartate, and L-malate had no effect on enzyme activity. 
 

Strong sensitivity to oxygen (Sako et al., 1996) 

Sulfolobus solfataricus Inhibited by malate and aspartate  (Ettema et al., 2004) 

Sulfolobus 
acidocaldarius 

 I50 malate:  
10 mM 
I50  aspartate: 
1.2 mM 
(pH 8.0, 80 °C) 

 (Sako et al., 1997) 

Bacteria 

B
ac

te
ri

a 
 

Anabaena sp BDU 
41811 

 51 % inhibition by 1 mM aspartate  (Shylajanaciyar et al., 2015) 

Chlamydomonas 
reinhardtii 

 

  PEPC1 and PEPC2 isoforms isolated from C. 
reinhardtii 
 
Isoforms are inhibited by malate, aspartate 
glutamate, and 2-oxoglutarate. 

(Rivoal et al., 1998) 

Coccochloris peniocystis  Ki OAA: 5 mM (30 °C, pH 8.0) 
Inhibited by malate (90%), aspartate (25%) and 
OAA (70%) 

 (Owttrim and Colman, 1986) 

Escherichia coli 
 

1 mM acetyl CoA I0.5 malate: 2.2 mM (20 
°C) 
Ki malate: 0.23 mM (20 °C) 
I0.5 aspartate: 3.5 mM (20 °C) 
Ki aspartate: 0.31 mM (20 °C) 

  (Gold and Smith, 1974) 

0.4 mM Acetyl-CoA 
I0.5 malate: 0.14 mM 
I0.5 aspartate: 0.13 mM 
Acetyl CoA + 2 mM fructose-1,6-
bisphosphate 
I0.5 malate: 0.52 mM 
I0.5 aspartate: 0.51 mM 

 Malate and aspartate severely inhibited the enzyme (Izui et al., 1981) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

B
ac

te
ri

a 

Escherichia coli 
 

 Ki-aspartate: 0.2 mM (30 °C, pH 8.5)  (Teraoka et al., 1972) 

1 mM acetyl-CoA 
I0.5 malate: 1.8 mM (pH 8.5) 
I0.5 aspartate: 1.7 mM 
(pH 8.5) 

  (Endo et al., 2008) 

Myxosarcina sp BDU 
60881 

 4.18 % inhibition by 1 mM aspartate (pH 7.5; 30 °C)  (Shylajanaciyar et al., 2015) 

Nostoc calcicola BDU 
40302 

 41.28 % inhibition by 1 mM aspartate (pH 7.5; 30 
°C) 

 (Shylajanaciyar et al., 2015) 

Oscillatoria willei BDU 
130791 

 26.75 % inhibition by 1 mM aspartate (pH 7.5; 30 
°C) 

 (Shylajanaciyar et al., 2015) 

Phormidium 
valderianum BDU 30711 

 26.02 % inhibition by 1 mM aspartate (pH 7.5; 30 
°C) 

 (Shylajanaciyar et al., 2015) 

Rhodothermus 
obamensis 

Thermophilic 

 I50 malate: 
0.3 mM 
100% inhibition: 2.0 mM malate 
I50-aspartate: 
0.7 mM 
100% inhibition: 2.5 mM aspartate 

Inhibited by aspartate and malate. 
Effectors affected the thermophilicity and 
thermostability of the enzyme. 

(Takai et al., 1997) 

Synechococcus 
elongatus BDU 30312 

 2.76 % inhibition by 1 mM aspartate (pH 7.5; 30 °C)  (Shylajanaciyar et al., 2015) 

Synechoccus vulcans 
Thermphilic 

cyanobacterium 
1,011 AA, 116.4 kDa 

At pH 7.5 G6P alleviated inhibition by 
aspartate.  
 

Ki aspartate: 
0.025 mM (pH 9.0, 30 °C) 
2 mM (pH 9.0, 30 °C) 
 
Relative activity of PEPC (pH 7.5, 30 °C): 
10 mM malate: 96.6 % 
10 mM aspartate: 37.1% 
10 mM 3-PGA: 192.0 % 
10 mM G1P: 167.0 % 
10 mM G6P 
140% 
10 mM F-1,6-P2: 564.0% 

Inhibited by aspartate 
 

(Chen et al., 2002) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

B
ac

te
ri

a 

Thiobacillus novellus  20 mM malate:  
100 % inhibition 
3.0 mM OAA: 100% inhibition 
Aspartate: little effect on enzyme activity. 

 (Charles and Sykora, 1992) 

Thiobacillus thioparus Ki malate: 
1 mM 
Ki aspartate: 
1 mM 

  (Hoban and Lyric, 1975) 

Plasmodium berghei I50 chloroquine: 0.18 mM  
Change from the initial rate 
OAA: -30 % 

 Aspartate had no effect on activity. 
 

(McDaniel and Siu, 1972) 

Plants 

P
la

n
ts

 
 

Bryophyllum 
fedtschenkoi 
CAM species 

 I50 malate:   
13 mM (pH 7.8, 25 °C) 

 (Jones et al., 1978) 

 I50 malate:   
0.3 mM (pH 7.0; 25 °C) 

 (Jones et al., 1981) 

Kalanchoe 
daigremontiana 

CAM species 

 Ki-malate: 
0.3 mM (pH 6.2) 
6.6 mM (pH 8.0) 

 (Nott and Osmond, 1982) 

Atriplex hastata 
C3 species 

  Inhibited by citrate and pyruvate. (Ting and Osmond, 1973c) 

Avena sativa 
C3 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
25.7 % 

 (Nishikido and Takanashi, 1973) 

Flaveria pringlei 
C3 species 

 
 

5 mM G6P 
Ki-malate  
1.4 mM (pH 7.6; 25 °C) 

Ki-malate  
0.2 (pH 7.6; 25 °C) 

 (Engelmann et al., 2003) 

Flaveria pringlei 
C3 species 

 

 I0.5 malate: 0.08 mM (pH 7.6; 25 °C)  (Svensson et al., 1997) 

 I0.5 malate: 0.08 mM   (Westhoff et al., 1997) 

 I0.5 malate: 0.57 mM (pH 7.6; 25 °C)  (Bläsing et al., 2002) 

 IC50 malate: 2.6 mM 
(pH 7.6; 25°C) 

 (Paulus et al., 2013) 

 IC50 malate: 2.9 mM 
(pH 7.6; 25°C) 

 (Paulus et al., 2013) 

IC50 malate: 5.5 mM 
(pH 7.6; 25°C) 

IC50 malate: 1.1 mM 
(pH 7.6; 25°C) 

 (Jacobs et al., 2008) 



267 

 

  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

Gossipium hirsutum 
C3 species 

 Relative activity when 5mM of metabolites are 
present. 
L-malate: 
PCI: 0.94 
PCII: 0.39 
PCIII: 0.88 
L-aspartate: 
PCI: 0.99 
PCII: 2.14 
PCIII: 1.10 
Pyruvate: 
PCI: 1.06 
PCII: 0.11 
PCIII: 0.80 
Citrate: 
PCI: 1.12 
PCII: 0.78 
PCIII: 0.83 

Isolated three isozymes of PEPC (PCI, PCII, and PCIII) 
from cotton leaf 
 

(Mukerji and Ting, 1971) 

Hordeum vulgare 
C3 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
35.2 % 

 (Nishikido and Takanashi, 1973) 

Musa cavendishii L. 
Banana  

C3 species 

 I50-malate: 
0.015 mM (pH 7.0; 30 °C) 
8.0 mM (pH 8.0; 30 °C) 
 
I50-aspartate: 
0.054 mM (pH 7.0; 30 °C) 
No effect (pH 8.0; 30 °C) 

 (Law and Plaxton, 1995) 

Nicotiana tabacum 
C3 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
0 % 

 (Nishikido and Takanashi, 1973) 

Oryza sativa  
C3 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
19.5 % 

 (Nishikido and Takanashi, 1973) 

Phytolacca americana 
C3 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
8.3 % 

 (Nishikido and Takanashi, 1973) 

Spinacea oleracea 
(spinach) 

  Inhibitors: L-phospholactate, D-phospholactate and 
phosphoglycolate (PEP analogs) 

(Miziorko et al., 1974) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

C3 species  5 mM malate 
Inhibition of PEPC (% activity compared to control) 
20.8 % 

 (Nishikido and Takanashi, 1973) 

Suaeda linifolia 
C3 species 

 I50-malate  
3.93 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 

Triticum aestivum 
C3 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 94 % (pH 7.6; 37 °C) 
5mM malate: 91 % (pH 7.6; 37 °C) 
1 mM aspartate: 
91 % (pH 7.6; 37 °C) 
5 mM aspartate: 
85 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
21.3 % 

 (Nishikido and Takanashi, 1973) 

Flaveria pubescens 
C3-C4 intermediate 

species 

5 mM G6P 
Ki-malate  
1.2 mM (pH 7.6; 25 °C) 

Ki-malate  
0.6 (pH 7.6; 25 °C) 

 (Engelmann et al., 2003) 

Flaveria brownii 
C4-like species 

5 mM G6P 
Ki-malate  
1.1 mM (pH 7.6; 25 °C) 

Ki-malate  
1.5 (pH 7.6; 25 °C) 

 (Engelmann et al., 2003) 

Bienertia sinuspersici 
Single-cell C4 species 

 I50-malate  
2.22 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 

Suaeda aralocaspica 
Single-cell C4 species 

 I50-malate  
0.69 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 

Amaranthus 
hypochondriacus 

(NAD-ME) 
C4 species 

 KI malate:  
IL: 0.24 mM 
(pH 7.3; 30 °C) 
D-AL: 0.07 mM (pH 7.3; 30 °C) 

Illuminated leaves = IL 
Dark-adapted leaves = D-AL 

(Parvathi et al., 2000) 

Amaranthus retroflexus 
(NAD-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
26.0 % 

 (Nishikido and Takanashi, 1973) 

Amaranthus tricolor 
(NAD-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
42.7 % 

 (Nishikido and Takanashi, 1973) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

Amaranthus viridis 
(NAD-ME) 
C4 species 

 I50:  
I50 Aspartate: 
2.0 mM (pH 7.0; 30 °C) 
>20 mM (pH 8.0; 30 °C) 
I50 Malate: 
2.5 mM (pH 7.0; 30 °C) 
10 mM (pH 8.0; 30 °C) 
I50 OAA: 
1.0 mM (pH 7.0; 30 °C) 
0.5 mM (pH 8.0; 30 °C) 
I50 Pyruvate: 
>20 mM (pH 7.0; 30 °C) 
5.0 mM (pH 8.0; 30 °C) 

 (Iglesias et al., 1986) 

Atriplex spongiosa 
(NAD-ME) 
C4 species 

  Inhibited by citrate and pyruvate. (Ting and Osmond, 1973c) 

Eleusine indica  
(NAD-ME)  
C4 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 56 % (pH 7.6; 37 °C) 
5mM malate: 26 % (pH 7.6; 37 °C) 
1 mM aspartate: 
81 % (pH 7.6; 37 °C) 
5 mM aspartate: 
59 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 

Panicum miliaceum 
(NAD-ME) 
C4 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 62 % (pH 7.6; 37 °C) 
5mM malate: 25 % (pH 7.6; 37 °C) 
1 mM aspartate: 
75 % (pH 7.6; 37 °C) 
5 mM aspartate: 
41 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 

Portulaca oleracea 
(NAD-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
33.2 % 

 (Nishikido and Takanashi, 1973) 

Suaeda eltonica  
(NAD-ME) 
C4 species 

 I50-malate  
0.89 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

Digitaria sanguinalis 
(NADP-ME) 
C4 species 

IC50 :  
In situ: 
22 mM (pH 7.3; 30 °C) 
In vitro: 
4 mM(pH 7.3; 30 °C) 

IC50 : 
In situ: 
8 mM (pH 7.3; 30 °C) 
In vitro: 
1.5 mM (pH 7.3; 30 °C) 

In situ = from darkened leaves 
In vitro = enzyme extracted in vitro.  

(Pierre et al., 2004) 

Digitaria sanguinalis 
(NADP-ME) 
C4 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 
66 % (pH 7.6; 37 °C) 
1 mM aspartate: 
 70 % (pH 7.6; 37 °C) 

Total inhibition at 10 mM malate 
Total inhibition at 10 mM aspartate 
 

(Huber and Edwards, 1975) 

Flaveria trinervia 
(NADP-ME) 
C4 species 

5 mM G6P 
Ki-malate  
0.8 mM (pH 7.6; 25 °C) 

Ki-malate  
2.5 (pH 7.6; 25 °C) 

 (Engelmann et al., 2003) 

 I0.5 malate: 1.2 mM (pH 7.6; 25 °C)  (Svensson et al., 1997) 

 I0.5 malate: 1.2 mM  (Westhoff et al., 1997) 

 I0.5 malate: 9.4 mM (pH 7.6; 25 °C)  (Bläsing et al., 2002) 

 IC50 malate: 8.7 mM 
(pH 7.6; 25°C) 

 (Paulus et al., 2013) 

 IC50 malate: 8.4 mM 
(pH 7.6; 25°C) 

 (Paulus et al., 2013) 

IC50 malate: 6.5 mM 
(pH 7.6; 25°C) 

IC50 malate: 8.2 mM 
(pH 7.6; 25°C) 

 (Jacobs et al., 2008) 

Haloxylon persicum 
(NADP-ME) 
C4 species 

 I50-malate  
1.91 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 

Miscanthus sinensis 
(NADP-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
26.0 % 

 (Nishikido and Takanashi, 1973) 

Pennisetum purpureum 
(NADP-ME) 
C4 species 

  Malate was a less effective inhibitor than OAA (Coombs et al., 1973) 

Saccharum officinarum 
(NADP-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
17.7 % 

 (Nishikido and Takanashi, 1973) 

Salsola richteri  
(NADP-ME) 
 C4 species 

 I50-malate  
2.17 mM (pH 7.2, 0.1 mM PEP) 

 (Lara et al., 2006) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

Setaria italica  
(NADP-ME) 
C4 species 

 Ki malate: 5 mM (pH 8.0; 30 °C) 
Ki OAA: 1 mM (pH 8.0; 30 °C) 
Ki malonate: 2.15 mM (pH 8.0; 30 °C) 

 (Raghavendra and Das, 1975) 

Sorghum bicolor  
(NADP-ME) 
C4 species 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
35.2 % 

 (Nishikido and Takanashi, 1973) 

Zea mays  
(NADP-ME) 
C4 species 

 

10 mM G6P 
I0.5 L malate: 
10 mM (pH 7.3, 30 °C) 

I0.5 L malate: 
0.82 mM (pH 7.3, 30 °C) 

 (Dong et al., 1998) 

5 mM G6P: 
Ki malate: 
0.95 mM (illuminated leaves) 
0.32 mM (darkened leaves)  
(pH 7.0) 
Dimer/tetramer form had no effect on Ki 

  (McNaughton et al., 1989) 

 Inhibition of PEPC (% of control) 
1 mM malate: 58 % (pH 7.6; 37 °C) 
5mM malate: 27 % (pH 7.6; 37 °C) 
1 mM aspartate: 
45 % (pH 7.6; 37 °C) 
5 mM aspartate: 
34 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 

 2 mM L-malate: 
KmPEP: 37.1 mM; Vmax: 11.4 µM PEP min-1 mg-1 (pH 
7.0, 25 °C) 
KmPEP: 1.06 mM; Vmax: 19.4 µM PEP min-1 mg-1 (pH 
8.0, 25 °C) 
 
2 mM L-aspartate: KmPEP: 59.4 mM; Vmax: 10.8 µM 
PEP min-1 mg-1 (pH 7.0, 25 °C) 
KmPEP: 0.89 mM; Vmax: 16.8 µM PEP min-1 mg-1 (pH 
8.0, 25 °C) 
 

 (Frank et al., 2001) 

 I0.5 malate: 1.60 mM (pH 7.3) 
I0.5 aspartate: 0.74 mM 
(pH 7.3) 

 (Endo et al., 2008) 
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  PEPC inhibition kinetics  

  Inhibition by L-malate and/or L-aspartate 
 

Notes Reference 

 Species + G6P or other activator where 
mentioned 

- G6P 

P
la

n
ts

 

Zea mays  
(NADP-ME) 
C4 species 

 

5 mM G6P 
I0.5 malate 
Phosphorylated: ` 
10.2 mM (pH 7.3; 30 °C) 
Non-phosphorylated: 
6.6 mM (pH 7.3; 30 °C) 

I0.5 malate: 
Phosphorylated:  
8.1 mM (pH 7.3; 30 °C) 
Non-phosphorylated: 
1.8 mM (pH 7.3; 30 °C) 

 (Takahashi-Terada et al., 2005) 

 5 mM malate 
Inhibition of PEPC (% activity compared to control) 
25.5 % 

 (Nishikido and Takanashi, 1973) 

Panicum maximum 
(PEPCK) 

C4 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 71 % (pH 7.6; 37 °C) 
5mM malate: 54 % (pH 7.6; 37 °C) 
1 mM aspartate: 
61 % (pH 7.6; 37 °C) 
5 mM aspartate: 
56 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 

Urochloa panicoides 
(PEPCK) 

C4 species 

 Inhibition of PEPC (% of control) 
1 mM malate: 78 % (pH 7.6; 37 °C) 
5mM malate: 38 % (pH 7.6; 37 °C) 
1 mM aspartate: 
77 % (pH 7.6; 37 °C) 
5 mM aspartate: 
68 % (pH 7.6; 37 °C) 

 (Huber and Edwards, 1975) 
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Appendix 3: Alignment of seven Setaria viridis PEPC, Sorghum bicolor 

PEPC and codon modified PEPC sequences. 

Alignment of the seven Setaria viridis PEPC sequences (Sevir.4G143500.1, 

Sevir.1G020600.1, Sevir.2G179400.1, Sevir.5G328100.2, Sevir.5G328100.1, 

Sevir.5G145500.1, and Sevir.5G072900.1), the original S. bicolor PEPC sequence and the 

codon modified S. bicolor PEPC sequence.  The codons of the Setaria viridis PEPCs were used 

as a guide for the selection of the codon for each amino acid in codon modified PEPC of S. 

bicolor. Where possible, a codon that was not used in one of the seven S. viridis PEPC 

sequences was selected. Where possible the rough ratio of codons used in the S. bicolor codon 

modified PEPC was kept the same as in Setaria viridis Rubisco activase (Figure 5.9). 
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