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Propositions 

 

1. Non-canonical redox cofactors are the step forward in designing 

the next microbial cell factories.  

(this thesis) 

 

2. Fermentative production of low-cost chemicals by energetically 

efficient microbial cell factories can compete with petrochemical-

based processes.  

(this thesis) 

 

3. In science, expectations lead to biased results.  

 

4. Reducing the level of complexity of an intricate idea is harder than 

making a simple concept complex.  

 

5. Besides anticipated advantages, social media have a negative 

impact on the emotional health and well-being of its users.  

 

6. An opinion should not be accepted as an alternative truth.  
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1.1. Microbial bioconversion 
Microbial bioconversion is an ancient technique that has gained interest in the 

last decades as alternative to petrochemical-based processes. These microbial 

processes are now used for the production of a wide range of compounds 

including bulk chemicals, food ingredients and pharmaceutical compounds 

���������� ����;� ����� ���� ����� ����;� ������������ ����;� ��� et al.�� ����;�

Huang et al.������;����� et al., 2013b;���������� et al.�������. 

Microbial cell factories can realize complex sets of reactions with high selectivity 

and high catalytic efficiency under relatively mild conditions. The availability of 

whole-genome sequencing and omics techniques has increased in the last 

decades allowing a deeper understanding of microbial metabolism and 

providing new targets for metabolic engineering ���������� ����;� ��� et al., 

�����. Escherichia coli is the most studied bacterium and is applied for the 

production of many compounds like succinate, 1,4-butanediol, 2-fucosyl lactose, 

enzymes, etc ������� et al.������;���� et al.������;������ et al.������;���� et 

al.�� ����;� ������� et al.�� ����;� �� et al.�� �����. It was one of the first 

microorganisms to have its genome fully sequenced. Consequently, it was used 

as model organism for genetic tool development. The emergence of synthetic 

biology and new genome-���������������������������������-Cas9 (Jiang et 

al.������;����� et al.������� have contributed to the fast development of new 

microbial cell factories through metabolic engineering and broaden the range of 

products that can be formed ���� et al.������;���������������;���� et al.������;�

�� et al.������;������-�������������������������;����� et al.�������. 

 

1.2. Yield 
Microbial production of low-cost chemicals such as biofuels and bulk chemicals 

requires a high titer, rate and especially yiel�����������������������������������

petrochemical-based processes. 
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The maximum theoretical yield of product formation (YE) represents the 

maximum amount of product that can be formed from a specific substrate. This 

YE can be determined based on the ratio of the degree of reduction of substrate 

and product (Cueto-Rojas et al.�� ����;��������� et al., 2016). The degree of 

reduction (γ) corresponds to the number of electrons in a molecule available for 

chemical reactions. For instance, YE of ethanol from glucose is 24/12 = 2 

mol/mol as γethanol is 12 and γglucose is 24.  

Substrate is converted into a product by a combination of metabolic pathways 

or a metabolic network. The pathway yield (YP) depends on the metabolic 

reactions involved and how cofactors are regenerated. To reach YP equals YE, 

the metabolic pathway(s) involved in product formation should be redox-

balanced to ensure that all electrons present in the substrate end up in the 

product (Weusthuis et al., 2011). 

The conversion of sugars into bulk chemicals and fuels often have a negative 

Gibbs free energy change (ΔG’). Ideally, the metabolic network used should not 

dissipate all this energy but should conserve a part of it in a metabolically 

available form which can be used to sustain growth and maintenance. In this 

way the use of auxiliary energy-producing pathways, that require additional 

substrate input and as such lower the yield, can be avoided. 

In the past, before genome-editing techniques became available, industrial 

microbial biotechnology often depended on native pathways in microorganisms 

with an innate ability to produce the desired compounds. In some cases – the 

production of e.g. ethanol and lactic acid – the pathways were redox-balanced 

and conserved energy, resulting in high yields. This type of metabolism is called 

fermentation. More often however, these pathways were not redox-balanced 

and/or did not conserve metabolic energy, e.g. for the production of citrate, 

fumarate, L-glutamate and L-lysine. In those cases, aerobic respiration was 

used to fulfil the energetic requirements of the cells and to balance the cofactors 

involved in product formation. Nevertheless, aerobic processes achieve lower 

productivities than anaerobic fermentations due to the limiting oxygen transfer 
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rate in the reactors (Garcia-Ochoa and Gomez, 2009). These processes 

generate a large amount of heat and therefore require high cooling capacity 

which makes them more cost-intensive than anaerobic fermentations. Electrons 

are transferred from substrate to oxygen, allowing the full oxidation of substrate 

to CO2, resulting in decreased yields. This allows the synthesis of ATP, which is 

used for biomass formation also called assimilation. Both phenomena – full 

oxidation of substrate and biomass formation – reduce the availability of 

substrate for product formation and thereby decrease the overall product yield. 

Respiration should therefore be prevented, and fermentation processes are the 

preferred option to reach high yield and productivity for the microbial production 

of chemicals (Weusthuis et al., 2011).  

 

1.3. Energy conservation 
During fermentations, the conversion of substrates into products has a negative 

Gibbs free energy ΔG0’ by definition. The energy available is for a small part 

used to generate metabolic energy and largely dissipated to avoid chemical 

equilibrium ((Cueto-Rojas et al., 2015), Table 1). 

Increasing the amount of metabolic energy conserved would – in principle – 

allow microorganisms to reach a higher biomass yield and grow under 

conditions leading to high maintenance requirement. Increasing energy 

efficiency is also beneficial for product formation. Three situations can be 

considered (Figure 1): 1) processes with a positive ΔG0’, requiring the input of 

metabolic energy, 2) processes with a negative ΔG0’, where the energy is partly 

used to synthetize ATP for maintenance and growth and in which the rest is 

dissipated to avoid chemical equilibrium and 3) processes with a negative ΔG0’, 

where the metabolic energy is dissipated and not harvested (metabolic energy-

neutral processes).  
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Table 1. Energy fate in redox-neutral microbial bioconversions. The Gibbs free 
energy ΔGm’ values were calculated with eQuilibrator 2.2 using 1 mM concentrations for 
the species involved. The compounds were taken as aqueous for the calculations 
(Flamholz et al.������;����� et al.������;����� et al.������;����� et al., 2014). EMP: 
Embden-Meyerhof-Parnas pathway, ED: Entner-Doudoroff pathway, PDC: pyruvate 
decarboxylase, ADH: alcohol dehydrogenase, PEP carboxylase: phosphoenolpyruvate 
carboxylase, OGOR: 2-oxoglutarate: ferredoxin oxidoreductase. 

Conversion Pathway 

ΔGm ’ 
dissipated 
(kJ/mol 
glucose) 

ΔGm ’ 
conserved 
(kJ/mol 
glucose) 

Glucose = 2 Ethanol + 

2 CO2 

EMP, PDC, ADH1 -178 87 

ED, PDC, ADH2 -222 44 

Glucose + 2 CO2 =  

2 Fumarate + 2 H2O 

EMP, PEP 

carboxylase, 

reductive TCA 

branch 

-136 0 

Glucose + 2 CO2 =  

4/3 Citrate + 2/3 H2O 

 

EMP, reductive 

and oxidative TCA 

branches including 

OGOR 

-163 0 

1. As occurs in S. cerevisiae 
2. As occurs in Z. mobilis 

In the first case, substrate is burnt to generate the energy required for product 

formation. Examples of such a situation are the synthesis of proteins and 

vitamins. Increasing the energetic efficiency would therefore allow the 

microorganisms to synthetize higher amounts of these compounds. In the 

second situation, a higher energetic efficiency could be advantageous when 

microorganisms are exposed to conditions leading to high maintenance 

requirements such as high cell density cultivations and high product titers. In the 

third case, the harvest of additional metabolic energy during product formation 

would be beneficial since it will lower the fraction of substrate converted by other 

processes such as respiration to fulfil the energetic requirement of the cells for 

maintenance and growth. 
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Figure 1. Three situations for microbial product formation. (A) Energy-requiring 
pathway for product formation. (B) Pathway for product formation with a negative ΔG0' 
where the metabolic energy generated is used for cell growth and maintenance. (C) 
Product pathway with a negative ΔG0’ where energy is dissipated. 

1.3.1. Conservation of metabolic energy for fermentative 
product formation 

Harvesting additional metabolic energy is therefore a promising strategy to 

increase product formation and product yield. However, the energetic efficiency 

of a microbial conversion varies with the metabolic pathways used. Therefore, 

the following challenge arises: how can we harvest the Gibbs free energy in the 

form of metabolic energy (ATP)? 

This requires a thorough understanding of the mechanisms used by 

microorganisms to conserve energy. Ideally, we aim at using a generally 

applicable mechanism to harvest the Gibbs free energy and not a product-

specific process so that it can be applied to a wide range of products. 

In Chapter 2, we provide an overview of the different mechanisms available in 
microorganisms to harvest the Gibbs free energy as metabolic energy during 

fermentative product formation from glucose. A brief description of the glycolytic 

and fermentative pathways that bacteria can employ is given with respects to 

ATP synthesis and cofactor regeneration. The main energy-generating 

mechanisms – substrate-level phosphorylation and generation of an ion-motive 

force – are described, as well as energy-conserving systems. The suitability and 

application of these mechanisms for the microbial production of chemicals are 

discussed. 
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Microorganisms can generate metabolic energy via two different mechanisms 

depending on the energy available in a reaction: direct ATP synthesis via 

substrate-level phosphorylation or generation of an ion-motive force (Decker et 

al., 1970). During microbial fermentation processes all reactions involved in the 

conversion of substrate into product contribute to the overall Gibbs free energy. 

However, only a few reactions have a sufficient low Gibbs free energy to harvest 

it as metabolic energy. Direct ATP synthesis requires ΔG’ around 40 kJ/mol and 

generation of an ion-motive force around 20-30 kJ/mol (100-150 mV).  

Substrate-level phosphorylation (SLP) allows direct ATP synthesis by coupling 

a chemical reaction to the phosphorylation of ADP. This mechanism requires 

the reaction to have a Gibbs free energy ΔG’ equal or lower than the energy 

necessary to form a molecule of ATP (-44 ± 1 kJ/mol, value for ATP synthesis 

from ADP and Pi). An example of such reaction is the conversion of acetyl-

phosphate and ADP to acetate and ATP by the acetate kinase.  

Although some reactions contributing to SLP can be a generally applicable 

mechanism e.g. the reaction catalyzed by glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), most of them are specific to certain pathways or 

products. Consequently, other methods that can be applied to a wider range of 

products should be considered.  

1.3.2. Redox cofactors: NADH and NADPH 
The use of the energy difference of redox cofactor couples is a promising option 

as they are widely used across the different metabolic networks. For instance, 

some acetogenic bacteria conserve metabolic energy using the Rnf complex. 

This membrane-bound enzyme couples the oxidation of reduced ferredoxin to 

the reduction of NAD+ and uses the difference in redox potential of the two redox 

couples to create an ion gradient across the membrane (Herrmann et al., 2008). 

This transmembrane ion gradient is then used by an ATP synthase to 

phosphorylate ADP.  
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Cofactors such as NAD+ and NADP+ have a central role in microbial metabolism 

where they act as electron carriers. Therefore, they are generally applicable 

options to harvest metabolic energy. Both cofactors fulfil very distinct functions 

in the cells and are involved in different sets of reactions albeit their chemical 

structures only differ from a phosphate group. NAD+ is essentially used in 

oxidation reactions and is regenerated via fermentation or respiration. While 

NAD+ is used for both anabolic and catabolic processes, NADPH is primarily 

involved in anabolic reactions for reduction reactions. NADPH is regenerated in 

the oxidative part of the pentose phosphate pathway (PPPox) and in the TCA 

cycle by the isocitrate dehydrogenase.  

Although NAD+/NADH and NADP+/NADPH have identical standard redox 

potentials (E0’ = -320 mV), their actual redox potential in the cells varies 

substantially due to their distinct functions. NAD+/NADH is maintained in an 

oxidized state while NADP+/NADPH is in a reduced state �������������;������� 

et al.�� ����;���������� et al., 2020). The values of these ratios vary greatly 

between organisms and growth conditions (Andersen and von Meyenburg, 

����;������� et al.������;�������� et al.������;�������-Noguez et al., 2011). 

For instance, NAD+/NADH values range from 3.74 to 1820 while NADP+/NADPH 

values range from 0.017 to 0.95 ������� et al., 2015). Considering the extreme 

ratios of both cofactors, the difference in redox potential corresponds to a ΔG ’ 

of –30 ± 1 kJ/mol. The Gibbs free energy is sufficient to capture energy in the 
metabolic pathways in the form of an ion-motive force.  

 

1.4. Aim  
The aim of this thesis is to develop an Escherichia coli strain with increased 

energetic efficiency during fermentative growth on glucose.  
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1.5. Strategy 
Substrates used in microbial fermentations mostly utilize the metabolic 

pathways of the central carbon metabolism. Consequently, we will focus on 

these pathways to harvest additional metabolic energy.  

The conversion of glucose into ethanol and CO2 has a Gibbs free energy ΔGm’ 

of -265 ± 13 kJ/mol. Part of the energy available in this conversion is harvested 

in the reaction catalyzed by the glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), which allows the formation of 2 ATP per glucose by the 

phosphoglycerate kinase. The rest of the energy available (-178 ± 13 kJ/mol, 

Table 1) is dissipated. To harvest additional metabolic energy, we first need to 
identify reactions involved in the pathway that exhibit a sufficient low Gibbs free 

energy. 

In Chapter 2, the conversion of pyruvate into acetyl-CoA catalyzed by the 
pyruvate dehydrogenase (PDH) complex was found to be a good candidate to 

capture metabolic energy as it presents a very negative ΔGm ’ of -40 ± 3 kJ/mol. 
This reaction is part of the central metabolism of E. coli and acetyl-CoA is a 

precursor of numerous metabolites in the cells. So, coupling this reaction to 

energy conservation would benefit a wide range of products. The ΔG of this 

reaction is however insufficient to directly generate ATP via SLP and no ADP-

dependent enzyme was reported in literature to catalyze this reaction. Energy 

should therefore be harvested in the form of an ion-motive force (IMF).  

As such the natural PDH complex of E. coli cannot be used to generate an IMF. 

Several steps are therefore required to achieve a strategy in which the energy 

present in the reaction catalyzed by PDH is converted to metabolic energy. 

Here, we propose to change the cofactor dependency of PDH from NAD+ to 

NADP+ in E. coli. A high flux through the NADP+-dependent PDH could 

potentially increase further the difference in redox potential between 

NAD+/NADH and NADP+/NADPH in the cells as it would increase the 

NADPH/NADP+ ratio and decrease the NADH/NAD+ ratio. If electrons are 

transferred from the relatively low redox potential of NADP+/NADPH to the 
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relatively high redox potential of NAD+/NADH, and the difference between their 

redox potentials is lower than the 100-150 mV of the membrane potential, the 

released energy could be harvested as an IMF. In this scenario, metabolic 

energy would be conserved by forcing NADPH reoxidation through the 

membrane-bound transhydrogenase PntAB. This enzyme couples the 

conversion of NADP+ and NADH into NADPH and NAD+ to an inward proton-

motive force under physiological conditions. The reverse action of this enzyme 

would allow NADPH reoxidation as well as an outward proton translocation, 

which could be, in turn, used by the ATP synthase for ATP synthesis. The 

proposed strategy is described in Figure 2. 

First, the cofactor dependency of the PDH complex must be changed from NAD+ 

to NADP+ as described in Chapter 3. The multienzyme PDH complex is 
encoded by three genes: aceE, aceF and lpd (Guest et al., 1989). The single 

copy lpd gene encodes the dihydrolipoyl dehydrogenase (LPD) where the NAD+ 

and NADH binding sites are located. Bocanegra et al. (1993) reported the 

change of cofactor specificity of the PDH complex from NAD+ to NADP+ by 

introducing seven amino acid mutations in the lpd gene.  

Aerobically, PDH is a key enzyme in the central carbon metabolism of E. coli 

however it exhibits limited or no activity anaerobically due to NADH inhibition 

(Schmincke-������������������������;�����������������������������;���������

�������������������. Introduction of an amino acid mutation in lpd was shown 

to reduce NADH inhibition and allowed anaerobic activity of the complex (Kim  

et al., 2008). As we aim at expressing the NADP+-dependent PDH complex 

anaerobically, mutations will be introduced in the lpd gene to lower its sensitivity 

towards NADH. Characterization of the different NADP+-dependent PDH 

complexes will be realized by enzymatic assays – including inhibition assays – 

as well as by performing aerobic and anaerobic fermentations. 

During anaerobic growth of E. coli, pyruvate formate-lyase (PFL) takes over the 

role of PDH and catalyzes the conversion of pyruvate to acetyl-CoA, 

coproducing formate (Knappe et al.������;������������;��������������������
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1990). The gene encoding PFL (pflB) must be knocked out to ensure that PDH 

is the only enzyme responsible for the reaction. In Chapter 4, the impact of an 
NADP+-dependent PDH complex on the anaerobic metabolism of E. coli is 

investigated by disrupting the pflB gene encoding PFL. Growth and product 

formation are investigated under both aerobic and anaerobic conditions. In 

addition, a genome-scale metabolic model is used to predict the behavior of the 

mutant strains and to compare the results to the fermentation data.  

To achieve the desired scenario, the excess NADPH – produced during the 

reaction catalyzed by the NADP+-dependent PDH complex – must be converted 

into a proton gradient via the sole action of the membrane-bound 

transhydrogenase PntAB. E. coli is one of the few microorganisms to possess 

two transhydrogenases: an energy-independent soluble transhydrogenase 

(STH) and a membrane-bound, proton-translocating transhydrogenase (PntAB) 

������������������������;������� et al.������;��������� et al., 1999). STH is 

known to convert NADPH and NAD+ into NADP+ and NADH during growth of E. 

coli on glucose (Sauer et al., 2004) and therefore must be knocked out to force 

NADPH reoxidation through PntAB. In Chapter 5, we describe the behavior of 
an E. coli strain lacking both pflB and sthA genes and carrying an NADP+-

dependent PDH complex under aerobic and anaerobic conditions. Under 

fermentative conditions, E. coli can convert glucose to lactate by the action of 

the lactate dehydrogenase (LDH) as its formation allows regeneration of the 

cofactors consumed in glycolysis. Lactate formation would therefore circumvent 

flux through the NADP+-PDH. In this chapter, another strain will be created 

carrying the additional ldhA knock-out to force the carbon flux through the PDH 

complex. Growth and metabolites profile of the resulting E. coli Δlpd ΔpflB ΔsthA 

ΔldhA strain exhibiting an NADP+-dependent DH will be characterized under 

aerobic, anaerobic and oxygen-limited conditions. The data will be compared to 

the predictions of a genome-scale metabolic model for all strains. 

C
ha
pt
er
 1
 



Chapter 1 

18 
 

 

Figure 2. Proposed strategy for the generation of metabolic energy by forcing 
NADPH reoxidation through the membrane-bound transhydrogenase PntAB in E. 
coli. Here, the cofactor dependency of PDH (green) is modified to function with NADP+. 
NADPH produced during this reaction is reoxidized through PntAB, which translocates 
one proton per NADPH reoxidized. The electrochemical proton gradient can in turn be 
used by the ATP synthase to drive ATP synthesis (green dotted line). Competing 
enzymes e.g. pyruvate formate-lyase (PFL), soluble transhydrogenase (STH) and lactate 
dehydrogenase (LDH) must be knocked out (red cross) to realize this scenario. The light 
blue dashed lines represent reactions sequence. 

The strategy described in this thesis would theoretically allow the conservation 

of an additional 0.5 mol ATP per mol glucose. In E. coli, ethanol formation from 

glucose leads to the production of 2 moles of ATP per mole of glucose. 

Implementation of this strategy would increase the ATP yield – and analogously 

the biomass yield – by 25% under anaerobic conditions. Under aerobic 

conditions this improvement is relatively smaller as respiration generates 36-38 

moles ATP per mole glucose. 
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1.6. Non-canonical redox cofactors 
Successful implementation of this strategy would allow the capture of metabolic 

energy in the central carbon metabolism and could be used for the production 

of acetyl-CoA-based products. However, this approach relies on the use of 

redox cofactors – NAD(H) and NADP(H). These cofactors do not only transfer 

electron from substrate to product but to hundreds of other reactions. This might 

prevent us from reaching the maximum theoretical yield of product formation YE. 

Nicotinamide mononucleotide (NMN) and nicotinamide cytosine dinucleotide 

(NCD) can be used as non-canonical redox cofactors (NRC). Using such 

molecules as redox cofactors would prevent the unwanted diffuse distribution of 

electrons over the whole metabolic network and as such, allow us to approach 

the maximum theoretical yield of product formation YE. 

In Chapter 6, we propose to improve the yield of microbial processes by 
applying non-canonical redox cofactors in metabolic pathways. We provide an 

introduction to synthetic cofactors and describe how their implementation can 

enhance significantly microbial product formation. 

Finally, Chapter 7 summarizes the main results obtained in this work and 
addresses the next engineering steps required to successfully achieve the goal 

scenario. Furthermore, we provide an overview of the future challenges and 

perspectives regarding both the approach considered in this thesis as well as 

microbial fermentation in general.  
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Metabolic energy conservation for 

fermentative product formation 
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Summary 
Microbial production of bulk chemicals and biofuels from carbohydrates 

competes with low-cost fossil-based production. To limit production costs, high 

titers, productivities and especially high yields are required. This necessitates 

metabolic networks involved in product formation to be redox-neutral and 

conserve metabolic energy to sustain growth and maintenance. Here, we review 

the mechanisms available to conserve energy and to prevent unnecessary 

energy expenditure. First, an overview of ATP production in existing sugar-

based fermentation processes is presented. Substrate-level phosphorylation 

(SLP) and the involved kinase reactions are described. Based on the 

thermodynamics of these reactions, we explore whether other kinase-catalyzed 

reactions can be applied for SLP. Generation of ion-motive force is another 

means to conserve metabolic energy. We provide examples how its generation 

is supported by carbon-carbon double bond reduction, decarboxylation and 

electron transfer between redox cofactors. In a wider perspective, the 

relationship between redox potential and energy conservation is discussed. We 

describe how the energy input required for coenzyme A (CoA) and CO2 binding 

can be reduced by applying CoA-transferases and transcarboxylases. The 

transport of sugars and fermentation products may require metabolic energy 

input, but alternative transport systems can be used to minimize this. Finally, we 

show that energy contained in glycosidic bonds and the phosphate-phosphate 

bond of pyrophosphate can be conserved. This review can be used as a 

reference to design energetically efficient microbial cell factories and enhance 

product yield. 

 

Keywords 
Energy conservation, fermentation, metabolic energy, metabolic networks, 

product yield  
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2.1. Introduction 
Metabolic engineering has been extensively used in the past decades to 

improve the production of chemicals by microorganisms (Atsumi et al.������;�

��������������;�Singh et al.������;����� et al., 2013a;��������� et al., 2015). 

Recent advances in omics and genetic techniques have allowed fast and 

efficient modifications of microorganisms ��������������������������;����� 

et al., 2015), broadening the spectrum of both substrates and products ������ 

et al.������;����� et al.������;��������� et al.������;���� et al., 2011). 

Fermentation is a well-studied metabolic concept in which a substrate is 

oxidized to an intermediate – resulting in the reduction of redox cofactors – after 

which the intermediate is reduced – regenerating the oxidized cofactors. 

Microbial fermentation has been used to produce biofuels and bulk chemicals 

��������� �������������;���������� et al.������;������-Rahman et al.�� ����;�

Wang et al., 2016). These chemicals compete with petrochemical-derived 

���������;�therefore, their manufacture requires high targets for productivity, 

titer and – most importantly – substrate efficiency. In microbial processes, the 

carbon and energy-source is generally used for maintenance, growth and 

product formation. To maximize product yield, growth must be minimized, and 

product formation should ideally conserve sufficient metabolic energy to fulfil the 

energy requirements of the cells (Figure 1). If not, a part of the substrate is 
dissimilated to CO2 and H2O by respiration to fulfil the energy requirement of the 

cell. In addition, the yield of the meta�������������� ��P) designed to convert 

substrate into product should be equal or very close to the maximum theoretical 

������ ��E��� ���� �E can be determined based on the ratio of the degree of 

reduction of substrate and product (Cueto-Rojas et al.�� ����;��������� et al., 

2016). The degree of reduction represents the number of electrons in a molecule 

���������� ������������� ���������������������E, metabolic pathways should be 

designed such that all electrons present in the substrate end up in the product 

and therefore be redox-neutral. The use of external electron acceptors, like in 

respiration, deviates electrons away from the product and is therefore a less 

C
ha
pt
er
 2
 



Chapter 2 

24 
 

preferred option because it decreases the network yield (Weusthuis et al., 

2020).  

 

Figure 1. Conservation of additional metabolic energy in the product pathway to 
improve product yield. On the left, classical aerobic bioconversion where part of the 
substrate is diverted away from product formation by dissimilation to fulfil the cells energy 
requirement. On the right, improved product formation by capturing metabolic energy in 
the product-forming pathways. 

Ethanol and lactic acid are synthesized from glucose by redox-neutral pathways 

that generate ATP, explaining why their practical yields approach YE. It is not 

straightforward to find such pathways for other substrate/product combinations. 

Obtaining redox balance often requires a metabolic network consisting of at 

least two pathways – one resulting in cofactor reduction, the other resulting in 

cofactor oxidation – that together act in a redox-balanced way. For instance, two 

parallel pathways combining oxidative and non-oxidative glycolysis have been 

implemented in Corynebacterium glutamicum to create a near redox-neutral 

metabolic network for the production of L-glutamate (Chinen et al., 2007). This 

approach allowed to reach a practical yield of 90% of the maximum theoretical 

yield on glucose. Another example is the redox-neutral combination of oxidative 

and reductive branches of TCA cycle for the production of succinate, citrate, 

itaconate (Sánchez et al.������;��������� et al., 2016) and 1,4-butanediol (Yim  

et al., 2011).  

Mass flows Energy flows

Sub-
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Sub-
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These metabolic networks ideally should also provide energy for maintenance 

and growth. Table 1 shows the chemical conversion equations and 
thermodynamics of the previously described metabolic networks. The Gibbs 

free energy ΔG0’ of these reactions is comparable to the ones of ethanol and 

lactic acid production from glucose (Table 1). These negative ΔG0’ values show 

that – in principle – sufficient free energy is liberated to be conserved as 

metabolic energy (Cueto-Rojas et al., 2015). Metabolic reactions, however, in 

which energy can be conserved, are not common. Consequently, it is not 

straightforward to realize net ATP formation in these metabolic networks. In 

these cases, respiration is used to conserve metabolic energy, which has 

negative consequences for yield and productivity (Weusthuis et al., 2011). 

This review focuses on the available mechanisms for the conservation of 

metabolic energy, – excluding those involved in respiration – and how 

unnecessary metabolic energy expenditure can be avoided, as well as how to 

implement them into product-forming metabolic networks based on 

carbohydrates.  
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Table 1. Thermodynamics of microbial processes using redox-neutral pathways. 
The ΔG0’ were calculated using eQuilibrator 2.2 with CO2 as gas (g) and aqueous (aq) 
for all other compounds (Flamholz et al.������;����� et al.������;����� et al.������;����� 
et al., 2014). For ATP formation, the EMP pathway and energy-neutral substrate uptake 
and product efflux were used. 

Overall conversions ATPa 
ΔG0' 
(kJ/mol 
glucose) 

Redox-neutral fermentation processes   

Glucose(aq) + 2 CO2(g) = 4/3 Citrate(aq) + 2/3 H2O -2/3 to 0b -175 ± 12 

Glucose(aq) = 12/11 1,4-Butanediol(aq) + 18/11 CO2(g) 
+ 6/11 H2O 

-8/11c -216 ± 10d 

Glucose(aq) + 6/7 CO2(g) = 12/7 succinate(ag) + 6/7 
H2O 

4/7e -257 ± 8 

ATP generation in existing fermentation processes  
 

Glucose(aq) = 2 Ethanol(aq) + 2 CO2(g) 2 -230 ± 13 

Glucose(aq) = 2 Lactate(aq) 2 -187 ± 4 

Glucose(aq) + H2O = Acetate(aq) + Ethanol(aq) + 2 
Formate(aq) 

3 -211 ± 6 

Glucose(aq) = Butyrate(aq) + 2 CO2(g) + 2 H2(g) 3 -266 ± 18 

Glucose(aq) + CO2(g) = Succinate(aq) + Formate(aq) + 
Acetate(aq) 

3 -249 ± 8 

������������������3(aq) = 2 Alanine(aq) + 2 H2O 2 -209 ± 4 

a. Amount of ATP produced (positive sign) or consumed (negative sign). 
b. Calculated as described by Vuoristo et al. (2016). The –2/3 ATP was obtained by 

using the reversed glyoxylate cycle, the 0 ATP was obtained by combining the 
reductive and oxidative TCA shunts to reach redox-neutral conversion. 

c. Calculated using the pathway described by Yim  et al. (2011) assuming that both 
reductive and oxidative TCA shunts were applied to obtain redox-neutral conversion 
and that the acetate formed was recovered to acetyl-CoA by means of an acetyl-
CoA synthase at the expense of two ATP equivalents.  

d. The eQuilibrator database does not contain data on 1,4-butanediol. The Gibbs free 
energy was estimated by using the value for (S,S)-butane-2,3-diol instead. 

e. Calculated with a combined reductive and oxidative TCA shunts to reach redox-
neutral conversion. The same result was obtained with a combined reductive TCA 
cycle and glyoxylate cycle. 

 



Metabolic energy conservation for fermentative product formation 

27 
 

2.2. Energy in a biological context 
Organisms convert carbon and energy-sources into the desired products to 

conserve energy for growth and maintenance purposes. This conversion has – 

by definition – a negative Gibbs free energy. A part of the Gibbs free energy can 

be conserved as metabolically available energy, and a part is dissipated to avoid 

chemical equilibrium. 

The overall conversion is performed by a vast number of chemical reactions. 

Again, by definition, these reactions have negative Gibbs free energies under 

physiological conditions, with prevalent concentrations of substrates, products, 

intermediates and cofactors. The exact concentrations are mostly unknown, and 

the Gibbs free energy is therefore often expressed under normalized conditions. 

For product/substrate combinations ΔG0’ is most convenient, using 1 M 

concentrations for solutes, and 1 bar concentrations for gasses at pH 7.0. The 

actual concentrations of metabolic intermediates are however often much lower 

and therefore ΔGm’ is often applied for single reactions, using 1 mM 

concentrations for solutes instead (Flamholz et al.������;�Noor et al.������;����� 

et al.������;����� et al., 2014). Expressing the Gibbs free energy as either ΔG0’ 

or ΔGm’ may result in positive values for reactions actually running under 

physiological conditions. Redox reactions can be expressed using either ΔG or 

the redox potential E’. The relationship between ΔG’ and E’ is 19.4 kJ/100 mV 

when 2 electrons are transferred. The redox potential E’ can be expressed as 

E0’ normalized for 1 M concentrations of solutes and 1 bar concentrations for 

gasses or as Em’ normalized for 1 mM concentrations of solutes.  

Energy can be conserved in two interchangeable forms: as energy-rich bonds 

(for example via substrate-level phosphorylation, SLP) or as electrochemical 

gradients over membranes (via ion-motive force, IMF) (Decker et al., 1970). 

Phosphate bonds used in e.g. ATP, GTP and polyphosphates are an important 

class of energy-rich bonds available in cells. Table 2 lists the ΔGm’ values for 

the hydrolysis of the phosphate-phosphate bonds in a number of energy 

carriers.  
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Table 2. Hydrolysis of phosphate-phosphate bonds of different energy carriers. 

Reactions ΔGm ’ (kJ/mol) 
ATP + H2O = ADP + Pi -44 ± 1 

ATP + H2O = AMP + PPi -52 ± 1 

ATP + 2 H2O = AMP + 2 Pi -85 ± 1 

ADP + H2O = AMP + Pi -41 ± 1 

GTP + H2O = GDP + Pi -41 ± 3 

PPi + H2O = 2 Pi -33 ± 0 

 

The electrochemical gradient often exists in the form of a proton-motive force or 

a sodium ion-motive force. Its energy level is expressed as redox potential (E’ 

(volt)). Typical values for the IMF of fermenting microorganisms are between -

40 and -170 mV (Kashke������������������;������-Teysset et al.������;������� 

et al.������;����������� et al., 2013). Ion-motive force (IMF) is generated from 

the energy released by the difference in redox potentials of the compounds 

involved or the hydrolysis of phosphate-phosphate bonds. Bacteria use IMF for 

chemical conversions (e.g. drive endergonic ADP phosphorylation to ATP), for 

osmotic work (e.g. active transport of molecules across the membrane) and 

mechanical work (e.g. cell motility).  

IMF consists of a chemical gradient ΔpX (difference in intracellular and 

extracellular ion concentrations) and an electrical gradient ΔΨ (membrane 

potential), and it involves the transfer of protons (proton-motive force, PMF) or 

sodium ions (Na+ ion-motive force) across the membrane (Equation 1). 

𝛥𝛥𝛥𝛥𝑋𝑋+ =  − 2.3𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛 𝛥𝛥𝛥𝛥𝑋𝑋 +  𝛥𝛥𝛥𝛥     (Equation 1) 

In this equation, Δμ represents the ion-motive force, X+ the cation (H+ or Na+), 

ΔpX the chemical concentration gradient of cations over the membrane, ΔΨ the 

membrane potential (V), n the charge of the species translocated (e.g. n=1 for 

a proton), F the Faraday constant, T the temperature (K) and R the gas constant. 
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The energy contained in an IMF can be used to create phosphate-phosphate 

bonds by ATP synthase. This form of phosphorylation is called electron 

transport phosphorylation (ETP). Redox reactions with a redox potential larger 

than 43.5/19.4x100 = 224 mV have therefore sufficient Gibbs free energy to 

phosphorylate ADP to ATP.  

Although all reactions are contributing to the overall ΔG’, only a few reactions 

have a sufficiently negative Gibbs free energy to harvest it in a metabolically 

available form: more than ~40 kJ/mol for ATP synthesis and ~100-150 mV 

(equals ~ 20-30 kJ/mol) for ion-motive force.  

 

2.3. ATP generation in existing fermentation 
processes 
Table 1 gives a non-exhaustive overview of product formation from glucose by 
fermentation processes and their ΔG0’ values. The ΔG0’ values are between -

187 and -266 kJ/mol glucose, and sufficient to deliver the ΔGm’ necessary to 

create energy-rich phosphate-phosphate bonds once, twice or even three times.  

2.3.1. Glycolytic pathways 
The process in which C6 sugars are converted into oxidized intermediates is 

called glycolysis. Several different glycolytic pathways are used by fermenting 

microorganisms to generate metabolic energy. The pathways can be 

characterized by the way they split sugar phosphates and differ with respect to 

the amount of energy harvested and reduced redox cofactors produced (Figure 
2). Thereby these pathways provide options for metabolic engineers to realize 
production of a certain compound. Below, we describe them in order of most to 

least ATP generation. 

The pentose-phosphate pathway (PPP) is essentially an anabolic pathway able 

to generate NADPH and building blocks for biosynthetic purposes (Kruger and 

von Schaewen, 2003). In the PPP ribulose-5-phosphate is split and 7/3 ATP 
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generated per glucose. The co-production of CO2 results in more reduced 

NAD(P)+ than from other glycolytic pathways. This limits its function as glycolytic 

pathway for fermentation processes to reduced products.  

The Embden-Meyerhof-Parnas (EMP) pathway (Kresge et al., 2005) is 

characterized by the split of fructose-1,6-bisphosphate into dihydroxyacetone-

phosphate and D-glyceraldehyde-3-phosphate. It generates 2 ATP per glucose 

with the concomitant reduction of 2 NAD+.  

The Entner-Doudoroff (ED) pathway is characterized by the cleavage of 2-keto-

3-deoxy-6-phosphogluconate into pyruvate and D-glyceraldehyde-3-phosphate. 

It generates 1 ATP per glucose. Instead of reducing 2 NAD+, it is also able to 

reduce 1 NADP+ and 1 NAD+ (Conway, 1992).  

In the heterolactic pathway xylulose-5-phosphate is split into acetyl-phosphate 

and D-glyceraldehyde-3-phosphate, which is subsequently oxidized to pyruvate 

�������������������������;������ et al.������;���������������. It produces 1 

ATP per glucose and reduces 3 NAD(P)+. The acetyl-phosphate can be 

converted into acetyl-CoA and – as such – be used for the synthesis of other 

compounds. This has e.g. been applied to produce L-glutamate by 

Corynebacterium glutamicum (Chinen et al., 2007). 

The Bifidobacterium shunt (de Vries et al., 1967) is hallmarked by splitting 

fructose-6-phosphate and xylulose-5-phosphate. The final products are acetyl-

phosphate and pyruvate, with the concomitant synthesis of 1 ATP and 1 NADH 

per glucose.  

A glycolytic pathway we dubbed the “Calvin shunt” is a modification of the 

pentose-phosphate pathway in which two enzymes of the Calvin cycle are 

included: phosphoribulokinase and ribulose-1,5-bisphosphate carboxylase. It is 

not generating ATP and as such its application in fermentation processes is 

limited. It has been used to replace the pentose-phosphate cycle, to prevent 

glycerol production in Saccharomyces cerevisiae, resulting in increased ethanol 

formation (Guadalupe-Medina et al., 2013). 
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Non-oxidative glycolysis (NOG) is an artificial pathway based on the 

Bifidobacterium shunt but has only acetyl-phosphate as product (Bogorad et al., 

2013). It has been developed especially for its excellent carbon yield (1 

Cmol/Cmol). It however requires ATP input and can therefore only be used in 

combination with other ATP-generating glycolytic pathways or ATP-generating 

product pathways (Lin et al., 2018).  

In Pseudomonas putida the D-glyceraldehyde-3-phosphate produced by the ED 

pathway can be converted back to glucose-6-phosphate by gluconeogenesis 

(Nikel et al., 2015). This ED-EMP cycle requires ATP input and generates 

NAD(P)H. 

          

 

Figure 2. Microbial glycolytic pathways (A) and their overall reaction equations (B). 
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All the glycolytic pathways lead to the formation of the fermentation 

intermediates acetyl-phosphate, phospho-enol-pyruvate and/or pyruvate. 

2.3.2. Fermentation pathways 
Glycolysis is followed by reactions that convert phospho-enol-pyruvate (PEP), 

pyruvate and/or acetyl-phosphate into the final fermentation products (Figure 
3). Product formation has to regenerate the redox cofactors used in glycolysis. 
The redox reactions are either the reduction of oxo-groups to hydroxy groups 

(acetaldehyde to ethanol, pyruvate to lactate, acetoacetyl-CoA to 3-

hydroxybutyryl-CoA, oxaloacetate to malate), the reduction of 2-oxoacids into 

amino acids (e.g. pyruvate into alanine) or the reduction of carbon-carbon 

double bonds (fumarate to succinate, crotonyl-CoA to butyryl-CoA). 

 

Figure 3. Conversion of PEP, pyruvate and acetyl-phosphate into final products of 
fermentation processes. 
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����;� ���� et al., 19��;� �������� et al.�� ����;� �� et al., 2008) and the 

conversions of acetyl-phosphate and butyryl-phosphate into respectively 

������������������������������������������������������������������� 

���� ����������� ��� ���������� ������� ��� ������ ������ ��� ���������� ��� ����

production of a specific compound and therefore – as such – cannot be used for 

���� ����������� ��� ������ ����������� ��� ���������� �������� ���� �����������

behind these cases of energy conservation to find out whether they can also be 

applied for harvesting metabolic energy in the production of oth������������� 

 

2.4. Substrate-level phosphorylation (SLP) 
2.4.1. Reactions involved in substrate-level phosphorylation 
2.4.1.1. 1,3-bisphosphoglycerate + ADP = 3-phosphoglycerate + ATP, ΔGm’ 
= -19 ± 1 kJ/mol 
��������������������������������������������������������������������������������

the energy released in the oxidation of D-glyceraldehyde-3-phosphate to 3-
phosphoglycerate (Figure 4A�����������������������������m’ of -524 mV and its 

��������������������������������+���������������������tential E’ of -��������

�������������������������������������������������������������������+���������

���������������������������������������������������������������������������������

���������������������������������������-glyceraldehyde-3-phosphate is converted 

into 1,3-bisphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase 

�������� ��� ����������� ������� ���� ��������� ������ ��� ��������������-��� ���

��������� ��� �� ��������� ������ ���� ���+ ��� �������� ��� ������ ����� ���������

involves the formation of a high-energy thioester intermediate, which allows 

attachment of a phosphate group to D-glyceraldehyde-3-phosphate creating 

1,3-��������������������� ���� ������� ��� ������������� ���������� ����� ��-

���������������������������������������������������������������� 

�����������������������������������������������������������������������������������

����� ��������� ��� ��������� ��� ���������� ���� ���� ������-phosphate – and is 
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therefore the main contributor to ATP production in existing and new 

fermentation processes. 

2.4.1.2. PEP + ADP = pyruvate + ATP, ΔGm’ = -28 ± 1 kJ/mol 
Although the conversion of PEP to pyruvate via pyruvate kinase (EC 2.7.1.40) 

is mentioned as part of SLP, this reaction does not actually lead to de novo ATP 

synthesis. In fact, the reaction enables the recovery of previously invested 

energy during phosphorylation of sugar to fructose-1,6-bisphosphate (Figure 
4B).  

2.4.1.3. Carbamoyl-phosphate + ADP = carbamate + ATP, ΔGm’ = -17 ± 4 
kJ/mol 
This reaction is catalyzed by carbamate kinase (EC 2.7.2.2). It harvests the 

energy released during the degradation of L-arginine into L-ornithine, CO2 and 

ammonium (Figure 4C). Three sub reactions are used to harvest the energy.  

First, L-arginine is hydrolyzed into L-citrulline and ammonia by arginine 

deiminase (EC 3.5.3.6). This reaction has a ΔGm’ of -52 ± 7 kJ/mol and the 

energy released is used to drive the following reaction. Ornithine 

carbamoyltransferase (EC 2.1.3.3) catalyzes the phosphoroclastic cleavage of 

L-citrulline into L-ornithine and carbamoyl-phosphate (ΔGm’ of 29 ± 6 kJ/mol). 

Then, carbamate kinase cleaves the thioester bond in the energy-rich 

carbamoyl-phosphate and releases the energy necessary to form ATP from 

ADP. Carbamate is usually spontaneously converted into CO2 and ammonium. 

Using this reaction for ATP production aiming to synthesize products other than 

L-ornithine is limited as it leads to CO2 and ammonium. 

Carbamoyl-phosphate is – to our knowledge – also produced in two other 

reactions: the conversion of oxalureate into oxamate by carbamoyl-

phosphate:oxamate carbamoyltransferase (EC 2.1.3.5) (Vander Wauven et al., 

1986) and the hydrolysis of glutamine to glutamate by carbamoyl-phosphate 

synthase (EC 6.3.5.5) (Thoden et al., 1999). Both reactions seem not easily 

applicable for the production of chemicals or fuels. 
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2.4.1.4. N10-formyl THF + ADP + Pi = formate + THF + ATP, ΔGm’ = +5 ± 1 
kJ/mol 
This reaction is catalyzed by formyltetrahydrofolate synthetase (EC 6.3.4.3). 

This enzyme is found in numerous bacteria in which it however functions in the 

ATP-consuming direction, forming N10-formyltetrahydrofolate. The positive ΔGm’ 

indicates that high substrate concentrations and low product concentrations are 

required to make SLP possible. To date, this reaction has only been mentioned 

to contribute to SLP in Clostridium cylindrosporum growing on purines (Curthoys 

et al., 1972). Consequently, it is not a suitable general option for conservation 

of metabolic energy using more conventional substrates. 

2.4.1.5. Adenylyl sulfate + PPi = sulfate + ATP, ΔGm’ = -47 ± 2 kJ/mol 
This reaction is catalyzed by sulfate adenylyltransferase (EC 2.7.7.4). Energy is 

harvested during the oxidation of sulfite to sulfate.  

First, the adenylyl-sulfate reductase (EC 1.8.99.2) catalyzes the AMP-

dependent oxidation of sulfite to adenylyl sulfate. Electrons from sulfite are 

transferred to a cofactor, however the nature of the cofactor remains elusive. 

Then, sulfate adenylyltransferase cleaves adenylyl sulfate forming sulfate and 

AMP. The energy released in the reaction is used to attach a PPi group to AMP 

and form ATP (Krämer and Cypionka, 1989). In most bacteria, this system is 

used in sulfate activation for sulfonation, using oxygen as electron acceptor and 

consuming ATP (Gregory and Robbins, 1960). This reaction should therefore 

not be considered as a strategy for energy conservation for microbial production 

processes. 

2.4.1.6. Acyl-phosphate + ADP = fatty acid + ATP 
The reactions listed in Table 3 fall in this category. 
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Table 3. Reactions coupling the conversion of an acyl-phosphate to a fatty acid to 
ADP phosphorylation to ATP. The values for ΔGm’ were calculated using eQuilibrator 
2.2. 

Reactions Enzymes 
ΔGm ’ 
(kJ/mol) 

Enzyme activities contributing to SLP 
Acetyl-phosphate + ADP = Acetate + ATP Acetate kinase  

(EC 2.7.2.1) 

Propionate/acetate 

kinase 

-13 ± 1 

Propionyl-phosphate + ADP = Propionate + ATP Propionate/acetate 

kinase 

Butyrate kinase 

-32 ± 6 

Butyryl-phosphate + ADP = Butyrate + ATP Butyrate kinase -29 ± 7 

Isovaleryl-phosphate + ADP = Isovalerate + ATP Branched-chain 

fatty acid kinase 

Butyrate kinase 

n.a. 

2-methylbutyryl-phosphate + ADP = 2-methylbutyrate 

+ ATP 

Branched-chain 

fatty acid kinase 

n.a. 

Isobutyryl-phosphate + ADP = Isobutyrate + ATP Branched-chain 

fatty acid kinase 

Butyrate kinase 

n.a. 

Additional enzyme activities 
Valeryl-phosphate + ADP = Valerate + ATP Butyrate kinase n.a. 

Vinyl-acetyl-phosphate + ADP = Vinyl-acetate + ATP Butyrate kinase n.a. 

Isopropionyl-phosphate + ADP = Isopropionate + ATP Branched-chain 

fatty acid kinase 

n.a. 

n.a. = not available 

Acetate kinase 

The reaction catalyzed by acetate kinase (EC 2.7.2.1) is member of a reaction 

sequence that harvests part of the energy released in the conversion of pyruvate 

into acetate (Figure 4D). Two options are available in the cells: by oxidative 
decarboxylation or by co-production of formate. The latter is not discussed here 

because electrons end up in the by-product formate and not in the desired 

product. 
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The pyruvate/acetate redox couple has an Em’ of -785 mV. The electrons can 

be transferred to the NAD+/NADH redox couple with E’ around -300 mV or to 

the Fdox/Fdred redox couple with Em’ around -418 mV. The difference in redox 

potential between pyruvate/acetate and NAD+/NADH or Fdox/Fdred is 485 mV 

and 367 mV, respectively, both of which are larger than the 224 mV required to 

phosphorylate ADP to ATP.  

Harvesting energy is realized in three sub reactions. During the oxidation 

reaction (dehydrogenation reaction), electrons from pyruvate are transferred to 

either NAD+ catalyzed by the pyruvate dehydrogenase (PDH) complex, or 

ferredoxinox catalyzed by pyruvate:ferredoxin oxidoreductase (PFOR, EC 

1.2.7.1). CO2 is released, and CoA is bound to create acetyl-CoA. The energy 

released in this reaction is stored in the energy-rich compound acetyl-CoA. 

Then, phosphate acetyltransferase (PTA, EC 2.3.1.8) catalyzes the exchange 

of CoA with a phosphate group to form acetyl-phosphate. Finally, acetyl-P is 

converted into acetate, transferring the phosphate group to ADP, forming ATP.  

This reaction results in one specific fermentation product – acetate – and its 

contribution to SLP can therefore not be used to produce other compounds. 

Propionate/acetate kinase 

The reaction catalyzed by propionate/acetate kinase (EC 2.7.2.15) harvests the 

energy generated by the conversion of L-threonine into propionate (ΔGm’ of -

102 ± 7 kJ/mol, Figure 4E). L-threonine is deaminated to 2-ketobutyrate, which 
is concomitantly converted into propionyl-CoA and formate by a pyruvate 

formate-lyase type of enzyme. The propionyl-CoA is converted into propionyl-

phosphate, which donates its phosphate group to convert ADP into ATP 

(Heßlinger et al., 1998).  

This reaction depends on a non-conventional substrate – L-threonine – and can 

only be applied for the production of propionate. Application of this reaction to 

generate ATP in other fermentation processes is therefore unlikely. 
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Butyrate kinase 

The reaction catalyzed by butyrate kinase (EC 2.7.2.7) harvests the energy 

released in the oxidation of 2 pyruvate into butyrate, 2 CO2 and 2 H2 (Figure 
4G). The Em’ of the 2 pyruvate + 4 e- / butyrate + 2 CO2 + 2 H2 redox couple is 

35 ± 37 mV. The difference in redox potentials with NAD+/NADH is sufficient to 

harvest energy in the form of ATP. The reduction reactions are performed by 

acetoacetyl-CoA reductase (EC 1.1.1.36) and butyryl-CoA dehydrogenase (EC 

1.3.8.1). The energy released in the reduction reaction is harvested by a 

sequence of reactions in which butyryl-CoA is first converted into butyryl-

phosphate, which is concomitantly used for the phosphorylation of ADP, 

producing butyrate. 

Butyrate kinase is an example of an enzyme involved in SLP with broad 

substrate specificity. It is also able to produce isobutyrate, valerate, isovalerate, 

propionate or vinyl-acetate �����������������������;�����������������. 

Branched-chain fatty acid kinase 

The reactions carried out in Spirocheata sp. by the branched-chain fatty acid 

kinase (EC 2.7.2.14) harvest the energy generated by the oxidative 

decarboxylation of a 2-keto organic acid into an organic acid, e.g. 2-

ketoisocaproic acid into isovaleric acid, similar to the case described below for 

succinyl-CoA. During starvation, this organism conserves the energy required 

for its maintenance by fermenting branched-chain amino acids e.g. L-valine, L-

leucine and L-isoleucine (although these compounds are not utilized as growth 

substrates) (Harwood and Canale-Parola, 1981a;�������������������-Parola, 

1981b). ATP is formed via SLP using branched-chain fatty acid kinase. The 

branched-chain fatty acid kinase has been shown to accept a wide range of 

compounds such as 2-methylpropionyl-phosphate, 2-methylbutyryl-phosphate, 

butyryl-phosphate, valeryl-phosphate, propionyl-phosphate as well as different 

NTP (ATP, GTP, CTP) (Harwood and Canale-Parola, 1982). 
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2.4.1.7. Acyl-CoA + ADP + Pi = fatty acid + CoA + ATP 
The reactions mentioned in Table 4 fall into this category. 

Table 4. Reactions coupling conversion of an acyl-CoA to a fatty acid to ADP 
phosphorylation to ATP. The values for ΔGm’ were calculated using eQuilibrator 2.2. 
ACS, acetyl-��������������;����, succinyl-CoA synthetase. 

Reactions Enzymes 
ΔGm ’ 
(kJ/mol) 

Enzyme activities contributing to SLP 
Acetyl-CoA + ADP + Pi = Acetate + CoA + ATP ACS -4 ± 1 

Succinyl-CoA + ADP + Pi = Succinate + CoA + ATP SCS -2 ± 3 

 
Additional enzyme activities 
Itaconyl-CoA + ADP + Pi = Itaconate + CoA + ATP SCS 5 ± 15 

3-sulfinopropionyl-CoA + ADP + Pi =  

3-sulfinopropionate + CoA + ATP 

SCS n.a. 

Oxalyl-CoA + ADP + Pi = Oxalate + CoA + ATP SCS 11 ± 7 

Propionyl-CoA + ADP + Pi = Propionate + CoA + ATP SCS -14 ± 6 

Butyryl-CoA + ADP + Pi = Butyrate + CoA + ATP SCS -8 ± 16 

Adipyl-CoA + ADP + Pi = Adipate + CoA + ATP SCS 5 ± 15 

Glutaryl-CoA + ADP + Pi = Glutarate + CoA +ATP SCS 5 ± 3 

n.a. = not available 

Acetyl-CoA synthetase (EC 6.2.1.13) combines the actions of 

phosphotransacetylase and acetate kinase (Labes and Schönheit, 2001). It also 

shows activity for propionate, (iso)butanoate, (iso)pentanoate, hexanoate, 

octanoate, imidazole-4-acetate, phenyl acetate, succinate and thioglycolate 

(Musfeldt et al.������;�����������������-Smith, 2014). The reaction catalyzed 

by succinyl-CoA synthetase (EC 6.2.1.5) harvests the energy generated by the 

oxidative decarboxylation of 2-oxoglutarate to succinate (Figure 4F). This redox 
couple has an Em’ of -715 mV. Electrons are either transferred to the 

NAD+/NADH or Fdox/Fdred redox couples. The differences in redox potential 

between the redox couples are large enough to allow ATP synthesis. 

Two sub reactions are used to harvest the energy. In an oxidation reaction, CoA 

is bound to form succinyl-CoA. This reaction is an oxidative decarboxylation that 
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can be catalyzed by either by the 2-oxoglutarate dehydrogenase complex 

(ODH) or the 2-oxoglutarate: ferredoxin oxidoreductase (OGOR). Succinyl-CoA 

is used as an energy-rich intermediate, and cleavage of the thioester bond 

releases the energy required to drive ADP phosphorylation to form ATP 

(catalyzed by the succinyl-CoA synthetase). 

This reaction is part of the citric acid cycle. Fermentative product formation 

relying on intermediates of the TCA cycle – between succinyl-CoA and 

oxaloacetate – can therefore benefit from this reaction to generate ATP. 

Succinyl-CoA synthetase (EC 6.2.1.5) is able to catalyze the ADP-forming 

conversion of succinate analogues such as itaconate or 3-sulfinopropionate 

(Schürmann et al., 2011). Shikata et al. (2007) demonstrated that 

Thermococcus kodakarensis possesses an ADP-forming succinyl-CoA 

synthetase able to convert oxalate, propionate, butyrate, adipate and glutarate. 

It has not been proven that these additional reactions can contribute to SLP. 

The ΔGm’ values of the reactions involving itaconate, adipate and glutarate are 

relatively high indicating that substrate concentrations and low product 

concentration are required to contribute to SLP.  

2.4.1.8. Acetyl-CoA + oxaloacetate + H2O + ADP + Pi = citrate + CoA + ATP, 
ΔGm’ = +9 ± 1 kJ/mol 

This reaction is catalyzed by ATP citrate synthase (EC 2.3.3.8 formerly EC 

4.1.3.8). This enzyme usually works in the other direction: e.g. in oleaginous 

yeasts to make cytosolic acetyl-CoA available (Liu et al.������;�������� et al., 

2015). Möller et al. (1987) have reported the ATP-harvesting action of this 

enzyme in Desulfobacter postgatei. The high ΔGm’ indicates that high substrate 

concentrations and low product concentrations are required to make SLP 

possible. The energy-conserving action is the oxidation of acetate to 2 CO2 

(acetate + 2 H2O = 2 CO2 + 8 e-;��0’ = -272 ± 16 mV, Figure 4H) and concomitant 
transfer of the electrons to NADP+ and ferredoxin.  
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Figure 4. Reactions contributing to energy formation via substrate-level 
phosphorylation. Red arrows: reactions with strong negative ΔG0’, green arrows: 
���������������������������������;�����������������������������������������������������
�������������������������������������� 
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The conversion of oxaloacetate and acetyl-CoA into citrate is a metabolic step 

used in the production of citrate, itaconate, L-glutamate and other compounds 

that depend on the oxidative TCA cycle. Application of ATP citrate synthase 

instead of citrate synthase could enhance the ATP yield in these processes. 

2.4.2. Thermodynamic constraints to SLP 
As indicated above, some of the enzymes involved in SLP reactions are able to 

catalyze a range of additional reactions. It can be envisaged that this range can 

be increased further by protein engineering. The question remains whether 

these reactions can also contribute to SLP. Figure 5 shows the thermodynamic 
analysis of the hydrolysis of acyl-CoAs and carboxy-acyl-CoAs. It indicates that 

the hydrolysis of acetyl-CoA, propionyl-CoA and butyryl-CoA has a sufficiently 

low ΔGm’ to phosphorylate ADP, and that the reaction catalyzed by succinyl-

CoA synthetase is on the verge of thermodynamic feasibility.  

 

Figure 5. Gibbs free energy (ΔGm ’) of hydrolysis of (A) acyl-CoA and (B) carboxy-
acyl-CoA molecules of different carbon lengths. (A) C1: formyl-CoA + H2O = formate 
�����;�����������-CoA + H2�����������������;��������������-CoA + H2O = propionate 
�����;������������-CoA + H2������������������;������������-CoA + H2O = valerate + 
���;� ���� ��������-CoA + H2�� �� ���������� �� ���;� ���� ��������-CoA + H2O = 
���������������;��������������-CoA + H2O = decanoate + CoA. (B) C2: oxalyl-CoA + 
H2O = oxal���������;������������-CoA + H2������������������;�������������-CoA + 
H2�������������������;�������������-CoA + H2�������������������;�����������-CoA + 
H2�����������������;�������������-CoA + H2O = pimelate + CoA. The green lines show 
the ΔGm’ required to create phosphate-phosphate bonds to convert ADP into ATP and 2 
Pi into PPi. The values for ΔG�’ and ΔGm’ were calculated using eQuilibrator 2.2. 
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The graph shows that SLP using ADP/ATP may not be feasible for other acyl-

CoAs and dicarboxyl-CoAs, although it is difficult to draw a clear conclusion due 

to the large standard deviations of the ΔGm’ values. SLP based on 

pyrophosphate instead seems to be feasible for all carbon lengths and is worth 

investigating. 

 

2.5. Generation of an ion-motive force 
Reactions coupled to ion translocation over cellular membranes comprise 

decarboxylation reactions, reduction of carbon-carbon double bonds and 

transfer of electrons between redox cofactors. 

2.5.1. Reduction of carbon-carbon double bonds  
The redox potential of reactions in which carbon-carbon double bonds are 

reduced is between +70 and -40 mV (Table 5). The redox potential difference 
with other redox couples as NADH is in most cases sufficiently large to enable 

electron transport phosphorylation (ETP). Experimental values are also given in 

Table 5 as the values calculated using the group component contribution 
present large standard deviations. 

Table 5. Reactions involving the reduction of a carbon-carbon double bond and 
their redox potential. The non-referenced Em’ values are derived from eQuilibrator 
based on component contribution. The referenced values were determined 
experimentally. 

Redox reactions Em ’ (mV) 

Acrylyl-CoA + 2 e- = Propionyl-CoA 
-14 ± 87 

+69 (Sato et al., 1999) 

Fumarate + 2 e- = Succinate 
-5 ± 21 

+33 (Thauer et al., 1977) 

Crotonyl-CoA + 2 e- = Butyryl-CoA 
-37 ± 83 

-13 (Sato et al., 1999) 

Caffeoyl-CoA + 2 e- = 1,3-dehydrocaffeoyl-CoA n.a. 

n.a. = not available 
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2.5.1.1. Reduction of fumarate to succinate 
Due to the relatively high redox potential of the fumarate/succinate couple (ca. 

+30 mV), several electron donors can be used to oxidize fumarate e.g. H2, 

NADH, lactate, formate, malate and glycerol-1-phosphate (Hirsch et al., 19��;�

Thauer et al.������;�������������;����� et al., 1997). The two electrons released 

during these reactions are transferred to electron carriers e.g. menaquinone or 

demethylmenaquinone, which are reduced to menaquinol or 

demethylmenaquinol, respectively ��������� ����������� ����;� �������� ����

������� ����;� �������� ����;����������� et al., 1990). The reduced electron 

carriers transfer electrons to fumarate reduct���� ���� �������;� ��� ����������

allowing reduction of fumarate to succinate. Escherichia coli the electron 

transfer from NADH to fumarate is coupled to the formation of a transmembrane 

proton gradient by NADH dehydrogenase I (also called NDH-I or Complex I of 

the ETC), which is then used to synthetize ATP by ADP synthase (Tran et al., 

1997) (Figure 6A).  

The number of protons translocated per electron by NDH-I has been proposed 

to be between 1.5 and 2 (Bogachev et al.������;���������������������������. 

Assuming that the ATP synthase requires an inward translocation of 4 protons 

per ATP, fumarate reduction using NDH-I allows the synthesis of 0.75 to 1 mol 

ATP per mol succinate formed.  

This way of energy conservation can be applied for the production of succinate 

and succinate-derived chemicals such as 1,4-butanediol (Yim et al., 2011).  

2.5.1.2. Reduction of crotonyl-CoA to butyryl-CoA 
During butyrate fermentation, ATP i�������������������������������������������

�������������� ������������������������������������������������������������� 

additional energy can be harvested in the reaction catalyzed by butyryl-CoA 

dehydrogenase in which the carbon-carbon double bonds of crotonyl-CoA are 

reduced to form butyryl-CoA. This redox couple has an Em’ of -����������������

difference with the redox potential of NAD+/NADH is large enough to capture 

additional metabolic energy. In some bacteria such as Clostridia cytoplasmic 
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butyryl-CoA dehydrogenase/electron-������������� ������������� ��������;� ���

1.3.1.109) couples the reduction of crotonyl-CoA and ferredoxin with the 

oxidation of NADH (Herrmann et al.������;��� et al.������;�������� et al., 2008). 

In this reaction the Bcd/Etf complex transfers electrons from NADH (E0’= -320 

mV) to crotonyl-CoA (E0’= -10 mV), and the difference in redox potential is used 

to drive the reduction of ferredoxin (E0’= ca -400 mV) by a second NADH. This 

coupled electron transfer reaction is an example of electron bifurcation 

(Herrmann et al.������;��� et al.������;������������������������;������������

Thauer, 2018a). The reduced ferredoxin is then used to reduce NAD+ by a 

membrane-bound NAD+:ferredoxin oxidoreductase (or Rnf complex) (Herrmann 

et al., 2008) contributing to the generation of IMF (Figure 6B). Reduction of 
crotonyl-CoA to butyryl-CoA via Bcd/Etf in combination with Rnf complex can 

lead up to 0.5 ATP formed per butyryl-CoA formed.  

2.5.1.3. Reduction of caffeyl-CoA to dihydrocaffeyl-CoA 
The anaerobic acetogenic bacterium Acetobacterium woodii conserves energy 

during caffeate respiration via the reduction of caffeate to hydrocaffeate using 

H2 as electron donor ��������������������������;������� et al., 1988). During 

caffeate respiration in A. woodii, caffeate is activated to caffeyl-CoA prior being 

reduced (Hess et al., 2011). Once caffeate respiration reaches steady state, 

caffeate activation is replaced by caffeate CoA-transferase (CarA, EC 2.8.3.23) 

which transfers a CoA moiety from hydrocaffeyl-CoA to caffeate forming caffeyl-

CoA (Hess et al., 2013a). The electron-bifurcating caffeyl-CoA reductase 

(CarCDE) reduces caffeyl-CoA and ferredoxin with NADH (Bertsch et al., 2013). 

The reduced ferredoxin is then used to reduce NAD+ via the Rnf complex with 

the concomitant transfer of Na+ ions across the membrane (Hess et al., 2013b). 

In caffeate respiration, the electron-bifurcating hydrogenase HydABC uses H2 

as electron donor to reduce Fdox and NAD+. The reduced ferredoxin produced 

in this reaction can in turn be used by the Na+-dependent Rnf complex (Figure 
6C). The conversion of caffeate to hydrocaffeate leads to the production of 0.9 
mol ATP per mol caffeate reduced (Bertsch et al., 2013). 
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2.5.1.4. Reduction of acrylyl-CoA to propionyl-CoA 
Not all carbon-carbon reduction reactions result in the creation of an IMF. An 

example is the reduction of acrylyl-CoA to propionyl-CoA (Baldwin and Milligan, 

����;� �������� et al., 2002). Bacteria can ferment lactate to acetate and 

propionate via the succinate pathway (methylmalonyl-CoA) or via the acrylate 

pathway (acrylyl-CoA). The latter involves the reduction of acrylyl-CoA to 

propionyl-CoA catalyzed by a non-bifurcating EtfAB-propionyl-CoA 

dehydrogenase (also called acrylyl-CoA reductase) (Hetzel et al., 2003). This 

reaction – which is present in anaerobic bacteria such as Clostridium 

homopropionicum – is not coupled to energy generation via IMF (Baldwin and 

��������������;��������� et al., 2002). According to ���� et al. (1999), this is due 

to the relatively low redox potential of this redox couple (see Table 5). For more 
information, see �������� et al. (2002) and Buckel and Thauer (2018a). 

 

Figure 6. Examples of carbon-carbon double bond reductions. (A) Fumarate 
reduction in E. coli using NADH dehydrogenase I as electron donor, (B) Reduction of 
crotonyl-CoA to butyryl-CoA in Clostridium kluyveri and (C) Reduction of caffeyl-CoA to 
hydrocaffeyl-CoA in Acetobacterium woodii using H2 as electron donor. 
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Oxidative decarboxylation reactions contribute to e������������������������;�
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A B
in out

4 H+ 4 H+

���

��������
ATP
ase

4 H+ 4 H+
Com
plex

I

NADH

NAD+

Fumarate

���������
FR

M
Q
H
2

M
Q

C

2 NADH

in out

Crotonyl-CoA

Butyryl-CoA

2 Fdred

2 Fdox

2 NAD+

2 H+ 2 H+Rnf

1 NAD+

1 NADH

B/E

4 H+ 4 H+
��������

���

ATP
ase

3 Na+ 3 Na+
��������

���

ATP
ase

Caffeyl-CoA

Hydrocaffeyl-CoA

2 Fdred

2 Fdox

2 NAD+

2 NADH
1 NAD+

1 NADH

2 Na+ 2 Na+Rnf

1 Na+ 1 Na+Rnf
0.5 Fdox

0.5 Fdred

0.5 NAD+

0.5 NADH

0.5 NAD+ 0.5 NADH

0.5 Fdred

0.5 FdoxH2

2H+

HydABC

in out

C/E



Metabolic energy conservation for fermentative product formation 

47 
 

also be coupled to the generation of IMF as the energy released during such 

steps is comparable to the one required for generating an ion-motive force (~20-

30 kJ/mol, equivalent to 100-150 mV). This mechanism is called 

decarboxylation phosphorylation ���������� ����;� �������� ����;� �������� ����

���� ���������� ����� and can be used for ATP formation or transport of 

molecules across the membrane against concentration gradients. The transport 

of molecules across the membrane can be realized electrogenically, where a 

net charge is translocated, or electroneutrally, where no net charge is 

translocated, depending on the carrier. 

Table 6. Reactions involved in decarboxylation phosphorylation. The ΔGm’ values 
were calculated using eQuilibrator 2.2 with aqueous for all compounds and do not take 
into account the translocation of ions across the membrane. 

Reactions Enzymes 
ΔGm ’  
(kJ/mol) 

Ion 
translocated 

Oxaloacetate + H+ = Pyruvate + 

CO2  

Oxaloacetate 

decarboxylase 

(EC 7.2.4.2)  

-34 ± 6 2 Na+ 

(S)-methylmalonyl-CoA + H+ = 

Propionyl-CoA + CO2  

Methylmalonyl-CoA 

decarboxylase  

(EC 7.2.4.3) 

-37 ± 12 1 Na+ 

Glutaconyl-CoA + H+ = Crotonyl-

CoA + CO2  

Glutaconyl-CoA 

decarboxylase  

(EC 7.2.4.5) 

-36 ± 17 1 Na+ 

Malonate + H+ = Acetate + CO2  
Malonate decarboxylase 

(EC 7.2.4.4) 
-44 ± 7 1 Na+ 

 

Several anaerobic bacteria produce ATP exclusively through this mechanism 

such as Propionigenium modestum and Malonomonas rubra (Dimroth and Hilbi, 

1997). In this process, the energy released during decarboxylation reactions is 

converted into a Na+ electrochemical gradient, which is later used to drive ADP 

phosphorylation via ATP synthase. These Na+-translocating decarboxylases are 

protein complexes consisting of soluble and membrane-bound subunits. They 

are biotin-dependent enzymes found in a limited number of microorganisms 
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grown under anaerobic conditions ��������� ���� ������� ����;� ��������� ����;�

������� ���� ��������� ����;� ��������� ����b;� �������� ���� ��������� �����. 

��������������� ������ ��� ����������� ��� ���������������� ���������������� ����

������������� ��������������� �������������-���� ��������������� ����������-

����������������������������������������������Table 6��� 

������������������������������-step processes. First, ������������������������

���� ���������� ��� ������������ ��� ������� ��� �����+-�������������������� ��������

�������������������������������������������������������������������������������+ 

�������������������������������������������������������������������������rs 

��������� �������������������������������������������������������������������

���������� ������ ���������������� ������ �������������� ������������ �����������

������������������������������������������������������������������������������

���� ����� �������� ������ ���� ����������� ���� ����������� ��� ��+-translocating 

���������������� ������������ ����������(�����, Buckel (�����, ������� et al. 

(�����, �������������������������(����� �����������������������  

2.5.2.1. Oxaloacetate decarboxylase 
������������� �������������� ���� ����� �������������� ��� �������-�����������

Klebsiella aerogenes and Klebsiella pneumoniae ���������� ����;� ���������

1982a;��������������b;�������� et al.������� as well as in citrate- and tartrate-

�����������Salmonella typhymurium ��������������������������;�������� et al., 

����;� �������� ���� ��������� ������� ������� �������� ������������� ��� K. 

pneumoniae�� ��������������� ��� ��������������+-dependent citrate carrier CitS. 

��������������������������������������������������������������������������������

������ ��+-�������� ������������� �������������� ��������� ��������tate to 

���������������2�� ���� ���� ������������ ����� ����� ���������������� ��������� ���

������������������������+ �������������������������������������������������������-

�����������������������������������-�����������������������-���������������

�������� ����� �2 and CO2�� ������-���� ��� �������� ���������� ����� �������� ����

���������������������� ������ ���� �������� ������� ������ �������� �������������

������ ��� ���� ����������� ��� ������ ���� �������� �������� ����������������������

���������������������+ ion-��������������������+ ������������������������������
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electroneutral uptake of citrate using CitS (Pos and Dimroth, 1996) while the 

electrical component of the Na+ ion-motive force is presumed to contribute to 

ATP synthesis by ATP synthase.  

2.5.2.2. Methylmalonyl-CoA decarboxylase 
Methylmalonyl-CoA decarboxylase activity has been demonstrated in bacteria 

such as E. coli (Benning et al., 2000), lactate-fermenting Veillonella parvula 

��������� ���� ��������� ����;� ������� et al., 1984) or succinate-fermenting 

Propionigenium modestum (Hilpert et al.�� ����;� ���� et al., 1997). 

Decarboxylation of methylmalonyl-CoA is a vital step in succinate fermentation 

for P. modestum as it allows the organism to conserve the energy required for 

growth �������������������������;��������������������������. During succinate 

fermentation in P. modestum (Dimroth and Schink, 1998), succinate propionyl-

CoA transferase transfers a CoA group from propionyl-CoA to succinate leading 

to succinyl-CoA and propionate (ΔGm’ = -16 ± 6 kJ/mol). Succinyl-CoA is then 
converted into (R)-methylmalonyl-CoA by methylmalonyl-CoA mutase, and 

further isomerized to (S)-methylmalonyl-CoA by methylmalonyl-CoA isomerase. 

Methylmalonyl-CoA decarboxylase catalyzes the decarboxylation of (S)-

methylmalonyl-CoA to propionyl-CoA and CO2 and transfers 2 Na+ ions across 

the membrane – one electrogenically and one electroneutrally (Hilpert and 

�������������;����������������������oth, 1996). The membrane potential of 

this Na+ ion-motive force is then used by a Na+-dependent ATP synthase to 

drive ADP phosphorylation ����������������������������;�������� et al., 2000). 

The Na+-dependent F0F1 ATP synthase of P. modestum requires the inward 

translocation of 3.3 Na+ ions to synthetize 1 molecule of ATP (Stahlberg et al., 

����;������������������������. 

2.5.2.3. Glutaconyl-CoA decarboxylase 
Glutaconyl-CoA decarboxylase catalyzes a key reaction for energy conservation 

during L-glutamate fermentation (via (R)-2-hydroxyglutarate) in several 

anaerobic bacteria including Acidaminococcus fermentans (Buckel and 

�������������;�������������������������;������� et al., 1999), Fusobacterium 

nucleatum (Beatrix et al., 1990) and Clostridium symbiosum (Buckel and 
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Semmler, 1983) and during glutarate degradation in Pelospora glutarica 

(Matthies and Schink, 1992a;� ��������� ���� �������� ����b;� �������� et al., 

2000).  

During glutarate degradation, glutarate is first activated to glutaryl-CoA by 

glutaconate CoA-transferase which transfers CoA from acetyl-CoA to glutarate. 

Glutaryl-CoA is converted to glutaconyl-CoA by glutaryl-CoA 

dehydrogenase/Etf. Subsequently, glutaconyl-CoA decarboxylase catalyzes the 

decarboxylation of glutaconyl-CoA to crotonyl-CoA with the concomitant transfer 

of Na+ ions across the membrane. Crotonyl-CoA is further reduced to butyryl-

CoA with NADH, allowing regeneration of the NAD+ used in the conversion of 

glutaryl-CoA to glutaconyl-CoA. Then, acetate CoA-transferase transfers the 

CoA moiety from butyryl-CoA to acetate thereby forming acetyl-CoA, which is 

required for glutarate activation. 

In A. fermentans, 5 L-glutamate are converted to 5 ammonia, 5 CO2, H2, 6 

acetate and 2 butyrate (Buckel and Thauer, 2013). L-glutamate is first converted 

to 2-oxoglutarate by NAD+-dependent glutamate dehydrogenase. The latter is 

then reduced to (R)-2-hydroxyglutarate by 2-oxoglutarate reductase. (R)-2-

hydroxyglutarate CoA-transferase transfers a CoA moiety from acetyl-CoA to 

(R)-2-hydroxyglutarate, forming (R)-2-hydroxyglutaryl-CoA and acetate. Then, 

(R)-2-hydroxyglutaryl-CoA dehydratase catalyzes the conversion of (R)-2-

hydroxyglutaryl-CoA to glutaconyl-CoA. Glutaconyl-CoA decarboxylase couples 

the decarboxylation of glutaconyl-CoA to crotonyl-CoA to the translocation of 2 

Na+ ions across the membrane (Buckel, 2001). Of each five crotonyl-CoA 

formed from five L-glutamate by A. fermentans, two are converted to butyrate 

via butyryl-CoA and three are converted to acetate via (S)-3-hydroxybutyryl-

CoA, acetoacetyl-CoA and acetyl-CoA. In this latter pathway, the NADH formed 

during the conversion of (S)-3-hydroxybutyryl-CoA to acetoacetyl-CoA are used 

in the reduction of crotonyl-CoA to butyryl-CoA. Furthermore, 1 ATP is 

generated per crotonyl-CoA converted to acetate by the action of acetate-CoA 

ligase (ADP-forming). In A. fermentans, Bcd/Etf catalyze the conversion of 

crotonyl-CoA to butyryl-CoA (See section 5.1.2). The reduced ferredoxin 
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produced in this reaction is partly reoxidized by the Rnf complex and thereby 

contributing to the generation of an ion-motive force (Herrmann et al., 2008). 

The remaining reduced ferredoxin is converted to H2 by the action of a 

hydrogenase. Finally, acetate CoA-transferase transfers the CoA moiety from 

butyryl-CoA to acetate thereby forming acetyl-CoA and butyrate. The Na+ ions 

translocated outside the cell can either be used for ATP synthesis or to take up 

L-glutamate by a sodium-glutamate symporter (Chang et al., 2010). Buckel and 

Thauer (2013) calculated that 0.95 ATP can be formed per L-glutamate 

consumed in A. fermentans. 

2.5.2.4. Malonate decarboxylase system 
Malonate decarboxylation has been shown to be the sole energy-conserving 

route for anaerobic growth of some bacteria such as Malonomonas rubra and 

Sporomusa malonica �������������������������;�������� et al., 1989). The 

malonate decarboxylase system consists of several enzymes catalyzing distinct 

reactions to ultimately convert malonate into acetate and CO2 with the 

concomitant generation of a sodium electrochemical gradient.  

During malonate fermentation, malonate uptake is realized by a Na+-dependent 

symporter (MadL-MadM) (Schaffitzel et al., 1998). Prior to decarboxylation, 

malonate is activated by one of the malonate decarboxylase system modules 

that transfers an acyl carrier protein (ACP) moiety from acetate to malonate 

thereby generating acetate and malonyl-ACP (Hilbi et al.�� ����;� ���� et al., 

����;����� et al.������;����������������������97). The free carboxyl group of 

malonyl-ACP is then transferred to a biotin protein, allowing regeneration of 

acetyl-ACP for activation of malonate (Berg and Dimroth, 1998). Subsequently, 

a membrane-bound decarboxylase couples the decarboxylation of 

carboxybiotin to the outward translocation of 2 Na+ ions. In this reaction, one 

Na+ is transported electroneutrally and one Na+ is translocated electrogenically. 

The electrogenic export of Na+ ions can be used for ATP synthesis. During 

malonate fermentation in M. rubra, around three decarboxylation reactions are 

necessary to synthetize 1 mol of ATP (Dimroth and von Ballmoos, 2007). 

C
ha
pt
er
 2
 



Chapter 2 

52 
 

2.5.3. Electron transfer between redox cofactors 
2.5.3.1. Transfer of electrons between NAD+/NADH and 

ferredoxinox/ferredoxinred 
The NAD+/NADH redox couple is generally kept in an oxidized form, and 

therefore the E’ is usually higher than the Em’. The actual value depends on 

organism and growth conditions and may vary between -310 and -240 mV. 

Ferredoxins are a class of redox cofactor with a wide range of redox potentials. 

The ones used in fermentative metabolism have a lower redox potential than 

NAD+/NADH. eQuilibrator uses an Em’ for ferredoxinox/ferredoxinred of -418 mV. 

The difference in redox potential between both redox cofactors is sufficient to 

translocate protons or sodium ions over the cell membrane and as such 

contribute to the formation of an IMF, which in turn can be used to drive ADP 

phosphorylation by ATP synthase. The Rnf complex most likely translocates 

one H+ or Na+ per electron (Buckel and Thauer, 2018b). Association of Bcd/Etf 

complex and Rnf complex to produce ATP (see Figure 6B) has been 
demonstrated during ethanol-acetate fermentation by Clostridium kluyveri 

(PMF) (Li et al.������;�������� et al., 2008) and during L-glutamate fermentation 

to butyrate and acetate in Clostridium tetanomorphum and Acidaminococcus 

fermentans (Na+ ion-motive force) (Boiangiu et al.������;��������� et al.������;�

��������������������� ����;���������� et al., 2016). For more details, see 

Buckel and Thauer (2013), Buckel and Thauer (2018a) and references therein. 

2.5.3.2. Transfer of electrons between NAD+/NADH and NADP+/NADPH 
Although NAD+/NADH and NADP+/NADPH have identical E0’ values, their 

actual redox potentials differ considerably. NAD+/NADH is kept in the oxidized 

state to perform oxidation reactions for catabolic and anabolic purposes while 

NADP+/NADPH is kept in the reduced state to perform reduction reactions 

������� et al.������;���������� et al., 2020) in biosynthetic pathways. Values 

reported for NAD+/NADH ratios range from 3.74 to 1820, whereas 

NADP+/NADPH ratios range from 0.017 to 0.95 ������� et al., 2015). At the 

mentioned extreme ratios, the redox potential difference between both cofactors 

is 149 mV (-240 mV for NAD+/NADH and -389 mV for NADP+/NADPH, which in 
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principle is sufficient to contribute to the build-up of an IMF). Several reactions 

of central metabolism are able to generate NADPH (Table 7). Their redox 
potentials are lower than the 100-150 mV of the membrane potential, and 

therefore in principal low enough to contribute to the generation of IMF.  

Table 7. Reactions involved in NADPH regeneration. 

Reaction Enzyme E0’ (mV) 
Pyruvate + CO2 + 2 e- = Malate Malic enzyme -379 ± 10 

Ribose-5-phosphate + CO2 + 2 e- =  

6-phosphogluconate 

6-phosphogluconate 

dehydrogenase 
-404 ± 12 

2-oxoglutarate + CO2 + 2 e- = Isocitrate  
Isocitrate 

dehydrogenase 
-419 ± 10 

6-phosphogluconate + 2 e- =  

Glucose-6-phosphate + H2O 

Glucose-6-phosphate 

dehydrogenase 
-458 ± 11 

3-phosphoglycerate + 2 e- =  

D-glyceraldehyde-3-phosphate 

Glyceraldehyde-3-

phosphate 

dehydrogenase (non-

phosphorylating) 

-425 ± 7 

Pyruvate + CoA + 2 e- = Acetyl-CoA + CO2 

Pyruvate 

dehydrogenase 

(NADP+-dependent) 

-541 ± 16 

 

Many anaerobic bacteria such as Clostridium kluyveri and Moorella 

thermoacetica can transfer electrons from NADPH to oxidized ferredoxin and 

NAD+ via an NAD+-dependent ferredoxin NADPH oxidoreductase (Nfn). This 

enzyme couples the reversible reduction of 2 ferredoxin with 2 NADPH to the 

reduction of 1 NAD+ (Wang et al., 2010). The reduced ferredoxin can 

subsequently be used by the Rnf complex to generate NADH and an 

electrochemical Na+ ion gradient over the membrane. Such a mechanism leads 

to the overall conversion of 2 NADPH and 2 NAD+ into 2 NADP+, 2 NADH and 

the translocation of 2 Na+ ions. 
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Microorganisms can use a membrane-bound proton-translocating 

transhydrogenase to transfer electrons from NADH to NADPH. The enzyme 

uses the electrochemical proton gradient across the membrane to drive the 

following reaction: NADH + NADP+ + H+out = NAD+ + NADPH + H+in. The reaction 

was shown to be reversible in vitro (Van de Stadt et al.������;�������������������

����;� ������� et al., 2011). The reversed in vivo action of the 

transhydrogenase would result in proton translocation over the cytoplasmic 

membrane which could in turn be used for ATP formation via ATP synthase. 

Nonetheless, this mechanism for energy conservation is purely theoretical, it 

has not been observed yet. 

2.5.4. End-product efflux 
The group of Konings (Otto et al.������;����� et al.������;��������������;�����

����� et al., 1985) has shown that Streptococcus cremoris is able to generate 

�������������-product efflux. The gradient of the end-product lactic acid over 

the plasma membrane was used as driving force by means of a lactate-proton 

symporter. Consequentially, the intracellular lactate concentration has to be 

larger than the extracellular concentration. van Maris et al. (2004) calculated 

that the intracellular concentration has to be approximately thousand times 

higher at pH 7, and about a million times higher at pH 2, to drive the translocation 

of one proton per lactate ion. This shows that although build-����������������

means of product efflux may have benefits in natural habitats with low product 

concentration, this mechanism seems irrelevant for industrial application at high 

product concentrations. 

2.5.5. ATPase: converting IMF into ATP and vice versa 
���������������������������������������������������������������������������

vice versa by means of membrane-bound ATPases. Based on structure and 

physiological role, these ion-pumping ATPases can be divided into three 

������������ ���� ������� �-type and V-type ATPases that consist of multiple 

subunits and the much simpler P-���������������������������������-type and V-

type ATPases have several similarities and may share a common evolutionary 
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origin with archaeal (A-type) ATPases (Grüber et al., 2001). Their function, in 

general, is however opposite. F-type ATPases, found in eukaryotes and 

prokaryotes, mostly produce ATP. In contrast, the V-type ATPases, mainly 

located in organellar membranes such as the vacuolar membrane, couple ATP 

hydrolysis to proton pumping across the membrane (Beyenbach and 

Wieczorek, 2006). Similarly, the P-type plasma membrane H+/ATPase of plants 

and fungi is mostly involved in proton extrusion at the expense of ATP (recently 

reviewed by Palmgren and Morsomme (2019)). As such, the V-type and plasma-

membrane P-type H+/ATPases are mostly involved in generation of IMF used to 

transport substrates or ions over the plasma or organellar membrane, 

respectively (Russnak et al.������;������������������������������;�����������

��������������;������� et al., 2018). Together they are vital for the regulation of 

intracellular and intra-organellar pH ������� et al., 2018). Seen the importance 

of the V- and P-type ATPase activity for several biological processes in 

eukaryotes, there seems little room for engineering opportunities with respect to 

energy conservation. The biological role of the F-type ATPases is, as mentioned 

before, overall different and mostly in ATP synthesis from IMF. These ATPases 

are found in the plasma membrane of prokaryotes, the inner-mitochondrial 

membrane or thylakoid membranes. The F0F1-types H+/ATPases of prokaryotes 

were recently reviewed by Neupane et al. (2019). The H+/ATP ratio is of 

importance, as it shows how efficiently both forms of energy can be 

interconverted. The H+/ATP stoichiometries of the F0F1-ATPase in E. coli is 

between 3 and 4 (Jiang et al., 2001b;��������� et al., 2002). For yeasts and 

chloroplasts, the H+/ATP rate was found to differ with nearly one proton per ATP: 

for yeast mitochondrial F-ATPase the ratio was 3, for spinach chloroplasts this 

ratio was 4 (Petersen et al., 2012). Such differences in ratio for F-type ATP 

synthases are mostly attributed to differences in subunit stoichiometry and may 

offer an opportunity to alter metabolic energy conservation from IMF (Tomashek 

������������������;��������� et al., 2012). For V-type ATPases the H+/ATP 

ratio is established at 2 protons extruded per ATP hydrolyzed (Grabe et al., 

����;����������������������������� whereas the ratio for plasma-membrane 

P-type H+/ATPase is even lower at 1 ��������������;�������������������. These 
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lower H+/ATPase ratios are directly coupled to their biological function as proton 

extrusion mechanisms against a chemical gradient. 

 

2.6. Relationship between redox potential and 
energy generation 

The redox potentials of most redox couples mentioned in this manuscript are 

plotted in Figure 7 and – as such – offer the opportunity to reflect on SLP and 
IMF build-up based on redox potentials. The redox couples can be subdivided 

into several chemical categories based on their redox potential.  

The oxidative decarboxylation of 2-oxoacids – pyruvate and 2-oxoglutarate to 

acetate and succinate respectively – represents the redox couples with the 

lowest redox potentials. The redox potential difference with NAD+/NADH is 

larger than the 224 mV required for SLP. SLP is realized by binding CoA, the 

exchange of CoA with inorganic phosphate (Pi) and the concomitant 

phosphorylation of ADP (See section 4). Even when the reactions are combined 

with binding CoA, for instance, oxidizing pyruvate and 2-oxoglutarate to acetyl-

CoA and succinyl-CoA respectively, there is still a sufficient redox potential 

difference with NAD+/NADH. The difference may not be enough to support SLP, 

but certainly sufficient to potentially contribute to the build-up of an IMF. An 

example is the fermentation of L-glutamate (Herrmann et al., 2008). The 

reduced ferredoxin formed during this process can be used to reduce NAD+ and 

generate a Na+ ion-motive force. Recently, Orsi et al. (2020) inferred that Rnf is 

involved at high substrate concentration while it is not necessary at 

concentrations below 1 mM as the reaction becomes more exergonic. 

The next group represents the organic acid/aldehyde redox couples. The ones 

with the lowest redox potential – acetate/acetaldehyde, butyrate/butyraldehyde 

and 3-phospho-glycerate/glyceraldehyde-3-phosphate – support SLP. When 

these oxidations involve binding CoA or Pi, so resulting in the formation of 

acetyl-CoA, butyryl-CoA or 1,3-bisphosphoglycerate respectively, the redox 
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potential difference with NAD+/NADH becomes too small to contribute to the 

generation of additional IMF. The redox potentials of gluconate/glucose and 6-

phosphogluconate/glucose-6-phosphate are relatively high for this class of 

redox couples and these therefore not contribute to either SLP or the build-up 

of IMF but can reduce NADP+. 

The next group represents the oxidative decarboxylation of organic acids 

without an oxo-group on the 2-carbon position. The redox potential difference 

with NAD+/NADH is not enough to support SLP. The redox potential is however 

low enough to regenerate NADPH. 

The redox cofactors NAD+/NADH, NADP+/NADPH and Fdox/Fdred represent a 

group with intermediate redox potentials. The redox potential difference 

between Fdox/Fdred and NAD+/NADH is sufficient to contribute to generating an 

IMF. The redox potential difference between NADP+/NADPH and NAD+/NADH 

could in theory be sufficient to support IMF generation, but this has not been 

shown yet (See section 5). 

The groups representing the reduction of aldehydes to alcohols and 2-oxoacids 

to amino acids are able to receive electrons from NAD+/NADH. The redox 

potential difference Em’ of some redox couples with NAD+/NADH seems to be 

large enough to support the build-up of an IMF but, in reality, this does – as far 

as we know – not occur. This may be caused by the fact that the alcohols and 

amino acids are often end products at high concentrations, which rises the redox 

potential. 

The reduction of carbon-carbon double bonds is the class with the highest redox 

potential. The Em’ difference with the redox cofactors is sufficient to support SLP, 

but this is not described in literature. Instead, the transfer of electrons from 

NAD+/NADH to this class of redox couples is used to contribute to IMF build-up.  
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Figure 7. Redox potential profile of various couples as a function of the oxidation 
percentage. The colors depict the type of chemical reaction in the redox couples. Dark 
blue: reduction of carbon-carbon double bonds, orange: reduction of aldehydes to 
alcohols, green: reduction of 2-oxo acids into amino acids, red: reduction and oxidation 
of redox cofactors, purple: oxidative decarboxylation of organic acids, light blue: oxidation 
of aldehydes into organic acids and black: oxidative decarboxylation of 2-oxo acids. The 
graph is limited to a maximum redox potential of 0.1 V since redox couples with higher 
potentials are involved in respiration. The values were calculated using eQuilibrator 2.2. 

 

These observations with respect to redox potential of classes of redox couples 

and the mechanism of energy conservation they support, are a valuable tool for 

the design of metabolic networks for product formation. 
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Acetate+ CO2 + 2 e-= pyruvate + H2O
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2.7. Energy-saving systems 
Increasing energy efficiency of cells can be achieved by implementing energy-

conserving reactions as mentioned in SLP and IMF sections. On the other hand, 

preventing loss of energy during energy-requiring processes is equally 

important. Energy-intensive reactions are, for instance, binding of CoA and Pi, 

carboxylation reactions and transport of solutes inside and outside the cells. 

2.7.1. Preventing energy input for binding of CoA and CO2 
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and propionate to propionyl-CoA have a very high ΔGm’ of 47 ± 1 and 58 ± 6 

kJ/mol, respectively, and therefore require the input of ATP. Preventing energy 

input to bind CoA is a viable strategy to increase energy efficiency in cells. 

Enzymes such as CoA-transferases can be implemented in the product pathway 

to conserve energy. 

2.7.1.1. Saving energy input for CoA binding using CoA-transferases 
CoA-transferases can limit the energy input as they catalyse the reversible 

transfer of a CoA moiety from an acyl-CoA thioester to a free carboxylic acid. 

These reactions do not require any cofactor nor activation of the carboxylic acid. 

CoA-transferases are usually divided in three classes based on substrate 

specificity, acyl transfer mechanisms and sequences. The Class I CoA-

transferases consist of enzymes found primarily in fatty acid metabolism that act 

on 3-oxo acids, short-chain fatty acids and (E)-gluconate and use succinyl-CoA 

and acetyl-CoA as primary CoA donors. The Class II only comprises two 

enzymes: acetyl-CoA:citrate CoA-transferase (EC 2.8.3.10) and acetyl-

CoA:citramalate CoA-transferase (EC 2.8.3.11). These enzymes are the 

homodimeric α subunits of citrate and citramalate lyases (EC 4.1.3.6 and EC 

4.1.3.22), respectively. The Class III enzymes transfer CoA in a highly substrate-

, stereo-specific manner. They are found in the 3-hydroxypropionate cycle of 
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aromatic compounds. A non-exhaustive list of the reactions catalyzed by CoA-

transferases is given in Table 8. These enzymes are able to catalyze more 
reactions than given in the table with various levels of activities. More details 

can be found in the Brenda database based on the EC number of the enzymes. 

Protein engineering can be employed to increase activities of enzymes towards 

certain reactions and also low activities are therefore of interest for cell factory 

design.  
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2.7. Energy-saving systems 
Increasing energy efficiency of cells can be achieved by implementing energy-

conserving reactions as mentioned in SLP and IMF sections. On the other hand, 

preventing loss of energy during energy-requiring processes is equally 

important. Energy-intensive reactions are, for instance, binding of CoA and Pi, 

carboxylation reactions and transport of solutes inside and outside the cells. 

2.7.1. Preventing energy input for binding of CoA and CO2 
The energy released during hydrolysis of CoA and Pi bonds can be used for 

ATP formation by the action of a kinase. However, creation of such bonds 

requires the input of energy. For instance, conversions of acetate to acetyl-CoA 

and propionate to propionyl-CoA have a very high ΔGm’ of 47 ± 1 and 58 ± 6 

kJ/mol, respectively, and therefore require the input of ATP. Preventing energy 

input to bind CoA is a viable strategy to increase energy efficiency in cells. 

Enzymes such as CoA-transferases can be implemented in the product pathway 

to conserve energy. 

2.7.1.1. Saving energy input for CoA binding using CoA-transferases 
CoA-transferases can limit the energy input as they catalyse the reversible 

transfer of a CoA moiety from an acyl-CoA thioester to a free carboxylic acid. 

These reactions do not require any cofactor nor activation of the carboxylic acid. 

CoA-transferases are usually divided in three classes based on substrate 

specificity, acyl transfer mechanisms and sequences. The Class I CoA-

transferases consist of enzymes found primarily in fatty acid metabolism that act 

on 3-oxo acids, short-chain fatty acids and (E)-gluconate and use succinyl-CoA 

and acetyl-CoA as primary CoA donors. The Class II only comprises two 

enzymes: acetyl-CoA:citrate CoA-transferase (EC 2.8.3.10) and acetyl-

CoA:citramalate CoA-transferase (EC 2.8.3.11). These enzymes are the 

homodimeric α subunits of citrate and citramalate lyases (EC 4.1.3.6 and EC 

4.1.3.22), respectively. The Class III enzymes transfer CoA in a highly substrate-

, stereo-specific manner. They are found in the 3-hydroxypropionate cycle of 

CO2 fixation and in the metabolism of oxalate, toluene, carnitine and other 
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aromatic compounds. A non-exhaustive list of the reactions catalyzed by CoA-

transferases is given in Table 8. These enzymes are able to catalyze more 
reactions than given in the table with various levels of activities. More details 

can be found in the Brenda database based on the EC number of the enzymes. 

Protein engineering can be employed to increase activities of enzymes towards 

certain reactions and also low activities are therefore of interest for cell factory 

design.  
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2.7. Energy-saving systems 
Increasing energy efficiency of cells can be achieved by implementing energy-

conserving reactions as mentioned in SLP and IMF sections. On the other hand, 

preventing loss of energy during energy-requiring processes is equally 

important. Energy-intensive reactions are, for instance, binding of CoA and Pi, 

carboxylation reactions and transport of solutes inside and outside the cells. 

2.7.1. Preventing energy input for binding of CoA and CO2 
The energy released during hydrolysis of CoA and Pi bonds can be used for 

ATP formation by the action of a kinase. However, creation of such bonds 

requires the input of energy. For instance, conversions of acetate to acetyl-CoA 

and propionate to propionyl-CoA have a very high ΔGm’ of 47 ± 1 and 58 ± 6 

kJ/mol, respectively, and therefore require the input of ATP. Preventing energy 

input to bind CoA is a viable strategy to increase energy efficiency in cells. 

Enzymes such as CoA-transferases can be implemented in the product pathway 

to conserve energy. 

2.7.1.1. Saving energy input for CoA binding using CoA-transferases 
CoA-transferases can limit the energy input as they catalyse the reversible 

transfer of a CoA moiety from an acyl-CoA thioester to a free carboxylic acid. 

These reactions do not require any cofactor nor activation of the carboxylic acid. 

CoA-transferases are usually divided in three classes based on substrate 

specificity, acyl transfer mechanisms and sequences. The Class I CoA-

transferases consist of enzymes found primarily in fatty acid metabolism that act 

on 3-oxo acids, short-chain fatty acids and (E)-gluconate and use succinyl-CoA 

and acetyl-CoA as primary CoA donors. The Class II only comprises two 

enzymes: acetyl-CoA:citrate CoA-transferase (EC 2.8.3.10) and acetyl-

CoA:citramalate CoA-transferase (EC 2.8.3.11). These enzymes are the 

homodimeric α subunits of citrate and citramalate lyases (EC 4.1.3.6 and EC 

4.1.3.22), respectively. The Class III enzymes transfer CoA in a highly substrate-

, stereo-specific manner. They are found in the 3-hydroxypropionate cycle of 

CO2 fixation and in the metabolism of oxalate, toluene, carnitine and other 
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Implementation of CoA-transferases in product pathways has been used to 

increase product titer, rate and yield (Yang et al.������;���� et al.������;����� 

et al.������;����� et al., 2015b;��� et al.������;����� et al., 2018). ���� et al. 

(2015) replaced the native butyryl-CoA:acetate CoA transferase of Thermobifida 

fusca by an exogenous one with higher activity to increase butyrate titers. Yang 

et al. (2010) successfully engineered E. coli ������������������������������������

expressing a heterologous pathway containing propionyl-CoA transferase from 

Clostridium propionicum and polyhydroxyalkanoate (PHA) synthase 1 from 

Pseudomonas ���������-19. The enzyme activities were further enhanced by 

random and directed mutagenesis.  

Some CoA-transferases have been shown to transfer CoA to a wide range of 

substrates from various CoA donors in vitro. These enzymes could therefore be 

used to increase pathway yield and conserve energy for other reactions than 

the ones they perform in vivo. Nevertheless, CoA-transferases show different 

levels of activity depending on the substrates used. Mutagenesis and adaptive 

����������� ���������� ������ ������ ��� ����� ��� ��������� ������ ����������� ����

activity. 

2.7.1.2. Preventing energy input for binding CO2 to increase energy 
efficiency of microorganisms – examples of fatty acid synthesis 

Fatty acid synthesis (Figure 8A) from sugars is thermodynamically feasible 
without energy input as indicated by a ΔG0’ of the conversion of glucose into 

dodecanoate of -856 ± 31 kJ/mol dodecanoate. However, at a metabolic level 

ATP input is required. Glycolysis yields one ATP per fatty acid elongation, but 

the activation of acetyl-CoA to malonyl-���� ���� ���� ����������� ��� �����

������������������������������������������������������nthesis requires a total 

input of 2 ATP. The breakdown pathway of fatty acids, β-oxidation, is very similar 

to the fatty acid synthesis pathway (Figure 8B). The algae Euglena gracilis is 

able to reverse this β-oxidation pathway to convert paramylon into wax esters, 

so in the fatty acid synthesis direction. It is able to do so because it uses an 

����-dependent enoyl-CoA reductase instead of a combination of acyl-CoA 

dehydrogenase and Etf. This reverse β-oxidation pathway is able to use acetyl-
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CoA instead of malonyl-CoA, bypassing an ATP-requiring carboxylation step 

(Inui et al., 1984a) (Figure 8C). Dellomonaco et al. (2011) have applied reverse 

β-oxidation successfully in E. coli and production of fatty acids has improved 

over the last years (Mehrer et al., 2018). In general, this shows that biosynthetic 

pathways, like the fatty acid synthesis, are not necessarily operating at the 

highest energetic efficiency, and that more efficient pathways can be designed 

for product formation. 

 

Figure 8. Fatty acid synthesis pathways. (A) Fatty acid chain elongation by the fatty 
acid synthesis pathway requires ATP input in the conversion of acetyl-CoA into malonyl-
CoA and for the upgrade of NADH produced in glycolysis to NADPH required for fatty 
acid synthesis. (B) The β-oxidation pathway is chemically very similar. The acyl-CoA 
dehydrogenase/Etf determine the direction of the cycle towards fatty acid breakdown. 
(C) Reversal of the β-oxidation pathway is possible by introducing an NADH-dependent 
trans-enoyl-CoA reductase (red arrow) and results in a pathway that generates 1 ATP 
per chain elongation. 

 

2.7.2. Energy conservation by transcarboxylation 
Carboxylation reactions are often considered bottlenecks in metabolic pathways 

as they require energy input. This is of particular importance in CO2-fixing 

bacteria such as Clostridia. Most of these reactions are coupled – directly or 

indirectly – to ATP hydrolysis, which provides the energy necessary for the 
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carboxylation step (Bar-Even et al., 2012). The energy loss during such 

conversions can be avoided using transcarboxylases. 

Transcarboxylases or carboxyl transferases transfer a carboxyl group between 

compounds, allowing the reactions to run near equilibrium and preventing high 

energy input. Replacing carboxylases by transcarboxylases would reduce the 

energetic cost of such reaction and allow microorganisms to dedicate a higher 

amount of ATP for other purposes. Such an example is the fermentation of 

lactate to propionate. 

Propionibacteria convert lactate into propionate and acetate. The conversion of 

lactate into acetate yields one ATP, but also results in net reduction of NAD+. 

The conversion of lactate into propionate is used to regenerate NAD+. The 

pathway used can conserve metabolic energy via proton translocation at the 

reduction of succinate to fumarate (see paragraph 2.5.1.1). It also requires the 

carboxylation of pyruvate to oxaloacetate and the decarboxylation of (S)-methyl-

malonyl-CoA to propionyl-CoA. If these reactions would be performed 

separately by pyruvate carboxylase (EC 6.4.1.1) and methylmalonyl-CoA 

decarboxylase (EC 7.2.4.3) this would require the input of ATP, severely 

reducing the overall energy yield (Figure 9A). Instead, the carboxylation of 
pyruvate to oxaloacetate is coupled to the decarboxylation of (S)-methyl-

malonyl-CoA to propionyl-CoA (Figure 9A). This transcarboxylation reaction, 
performed by methylmalonyl-CoA carboxytransferase (EC 2.1.3.1), has a ΔG0’ 

of -2 ± 10 kJ/mol, close to equilibrium. This enzyme has a relaxed specificity as 

it is also able to perform the following transcarboxylations: acetoacetyl-CoA + 

oxaloacetate = 3-oxoglutaryl-���� �� ��������;� ������-CoA + oxaloacetate = 

malonyl-CoA + pyruvate and butyryl-CoA + oxaloacetate = ethylmalonyl-CoA + 

pyruvate (Swick and Wood, 1960). As far as we are aware this way of energy 

conservation has not been used to design efficient metabolic networks for 

product formation yet. 
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Figure 9. (A) Hydrolysis and phosphorylation of sugars. (B) Conversion of pyruvate to 
propionyl-CoA via either a combination of pyruvate decarboxylase and methylmalonyl-
CoA decarboxylase or via methylmalonyl-CoA carboxytransferase. 

2.7.3. Preventing energy input for extracellular transport 
(nutrient uptake and product excretion) 

Transport of substrates and products over the microbial plasma membrane is 

an integral part of fermentation processes. In many studies homologous and 

heterologous transporters have been expressed to modify substrate specificity, 

growth and product formation (Zaslavskaia et al.������;����������-Montalvo et 

al.������;���������� et al.������;�������� et al.������;������� et al.������;�

������� ����������� ����;� ����� et al.�� ����;����� et al., 2015a;� ���� et al., 

2018). Several transport mechanisms are available which differ with respect to 

the requirement of metabolic energy input (Jahreis et al., 2008). Equipping the 

microbial cell factories with energy-independent transport systems is evidently 

important if fermentation processes have a negative ΔG’, but the metabolic 

network is unable to harvest this energy.  

2.7.3.1. Substrate influx  
The substrate concentration in fermentation processes can be controlled by 

applying fed-batch or chemostat cultivation and by limiting concentrations of 

nutrients other than the carbon source. The substrate concentration can then be 

high enough to use its concentration gradient over the membrane as driving 

force. Input of metabolic energy is in such case not necessary.  

Proton and Na+ ion symporters use the ion-motive force to drive solute transport. 

��������� et al. (1993) determined the ATP costs of proton symport of maltose 

in S. cerevisiae, in comparison with glucose transported by means of facilitated 
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diffusion. Proton symport required the input of 1 ATP per maltose. ATP-binding-

cassette transporters (ABC-transporters) also require the input of ATP. 

ATP/substrate stoichiometries from 1 to 50 have been reported (Patzlaff et al., 

2003). Both mechanisms are therefore able to drive solute translocation against 

the concentration gradient, but at the expense of metabolic energy.  

Facilitated sugar transporters (Barrett et al.������;�������� et al.������;�������� 

et al., 2011) use the concentration gradient of the solute over the plasma 

membrane as driving force, and therefore do not require the input of metabolic 

energy. Phosphoenolpyruvate:sugar phosphotransferase systems (PTS) use 

the energy released in the conversion of phosphoenolpyruvate to pyruvate to 

phosphorylate sugars and simultaneously import the sugar �������� et al., 

2008). PTS systems are classified as active transport systems �������� ����;�

��������������������������, but do not require energy that would be otherwise 

available for metabolism. Instead, energy that would be dissipated as heat is 

used to transport the sugar.  

Facilitated sugar transporters and PTS are therefore the mechanisms of choice 

to engineer fermentation processes with net ATP output. Because PTS systems 

require the conversion of phosphoenolpyruvate into pyruvate, their application 

for products relying on phosphoenolpyruvate but not pyruvate is limited (Floras 

et al.������;����������-Montalvo et al.������;��������������������������;����

Anda et al.�� ����;� ���� et al.�� ����;� ���� et al., 2018). Sugar facilitator 

transporters have been identified in mammals, yeasts and bacteria ���������� 

et al.������;�������� et al.������;�������� et al., 2011). Several groups have 

successfully expressed the glucose facilitator of Zymomonas mobilis in E. coli 

strains (Snoep et al.������;������� et al.������;�������� et al., 1995) and human 

glucose facilitators in S. cerevisiae ���������� et al., 2003).  

PTS systems occur in eubacteria, a few archaebacteria but not in plants and 

animals ������������ ���� ������ �����. They consist of two cytoplasmic 

������������������� ��������� ���� ���� ����� ���� �� ��������� ������� ��� ����� 

specific enzyme II complexes. Thompson et al. (2001) and ����� et al. (2006) 
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have introduced homologous enzymes II proteins to change the substrate 

specificity of Klebsiella pneumoniae and E. coli, respectively. 

2.7.3.2. Product efflux 
Efflux systems in bacteria and their metabolic engineering applications have 

recently been reviewed by Jones et al. (2015) and Kell et al. (2015). They play 

a critical role in alleviating feedback inhibition and product toxicity. 

Overexpression of the transporters generally results in titer improvements 

(Jones et al., 2015), also in fungi (Steiger et al., 2019). Most of these studies 

however cover aerobic production systems in which sufficient metabolic energy 

is available to use active transport systems. The role of efflux systems in 

fermentative metabolism has received less attention. 

The selling price of a product is inversely correlated with the final titer of a 

product (Hoek et al., 2003). Fermentation processes often aim at the production 

of low value, bulk products. The desired final titer is therefore high and is 

generally between 50 and 200 g/L. This implies that the intracellular 

concentration is even higher when facilitated diffusion is used. Active forms of 

transport will be able to maintain lower intracellular concentrations and as such 

could alleviate product inhibition and toxicity. To date however identification of 

all exporters involved in organic acids excretion remains challenging as 

illustrated by the work of Mans et al. (2017) on lactic acid excretion in yeasts. 

Table 1 shows that in natural fermentation processes in general 1 ATP is 
generated per mole of product. Consequently, product efflux has to rely on 

mechanisms that require substantially less than 1 mol ATP to transport 1 mol of 

product. Diffusion of small uncharged molecules or facilitated diffusion and 

symporters are therefore the mechanisms of choice. 

The relationship between the input of Gibbs free energy and the gradient of 

product that can be reached over the plasma membrane has been assessed by 

van Maris et al. (2004) for the production of lactic acid and 3-hydroxypropionic 

acid in S. cerevisiae.  
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2.7.4. Using the energy available in glycosidic bonds 
Disaccharides and oligosaccharides belong to the main sugar sources used in 

biotechnological applications. The ΔG0’ of the hydrolysis of the glycosidic bonds 

connecting the constituent monosaccharides is about -22 to -38 kJ/mol. 

Microorganisms like Saccharomyces cerevisiae and E. coli typically apply sugar 

hydrolases in order to use these carbon sources, and the ΔG’ is dissipated as 

heat (Figure 9B). The monosaccharides are subsequently phosphorylated, e.g. 
by hexokinase, glucokinase or the PTS system, requiring the input of ATP. Other 

microorganisms are able to use sugar phosphorylases: e.g. maltose is 

converted into glucose-1-P and glucose by incorporation of inorganic 

phosphate. This reaction has a ΔG0’ of -8 ± 2 kJ/mol. The glucose-1-phosphate 

is subsequently isomerized to glucose-6-phosphate by phosphoglucomutase 

(Figure 9B). Consequently, the ΔG0’ available in the glycosidic bond is used to 

phosphorylate the sugar and as such reduces the input of ATP. This has been 

realized for cellobiose (Sadie et al., 2011; Ha et al., 2013), maltose (de Kok et 

al., 2011), and sucrose (Marques et al., 2018) in Saccharomyces cerevisiae as 

well as for maltodextrin and cellodextrin (Puchart, 2015). The increased 

energetic efficiency was reflected by higher biomass yields obtained under 

anaerobic conditions in the maltose and sucrose cases. 

2.7.5. Pyrophosphate 
Pyrophosphate (PPi) is released in the production of DNA, RNA, proteins, 

membrane lipids, etc. (Gutiérrez-Luna et al., 2018). It is concomitantly 

hydrolyzed to inorganic phosphate by inorganic pyrophosphatase, rendering the 

PPi-releasing reactions virtually irreversible (Kornberg, 1957). The phosphate-

phosphate bond of PPi is energy-rich (Table 2). If product formation involves 
the release of PPi, conservation of this energy may proof to be beneficial. 

Two types of inorganic pyrophosphatases have been recognized: soluble and 

membrane-bound versions (Gutiérrez-Luna et al., 2018). The membrane-bound 

versions translocate protons or Na+ ions over the membrane, generating an IMF, 

and could as such contribute to conserving energy (Figure 10A). Such a step 
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is present during caffeate respiration in A. woodii. Prior being reduced, caffeate 

is first activated to caffeyl-CoA by AMP-, PPi-forming caffeyl-CoA synthetase 

(Hess et al., 2011). Then, PPi is hydrolyzed by a membrane-bound 

pyrophosphatase which couples the hydrolysis to Na+ ions translocation (Biegel 

and Müller, 2011). 

 

Figure 10. Energy conservation using PPi hydrolysis by (A) membrane-bound 
pyrophosphatases and (B) PPi-dependent phosphofructokinases. 

In some microorganisms PPi is a central energy carrier (Bielen et al., 2010). 

They harbor a pyrophosphate-dependent phosphofructokinase. This opens 

another energy-conserving option: if product formation involves PPi release, PPi 

can serve instead of ATP to phosphorylate fructose-6-phosphate (See Figure 
10B).  

A third option is the reaction catalyzed by pyruvate phosphate dikinase (PPDK), 

converting phosphoenolpyruvate and AMP with pyrophosphate into pyruvate 

and ATP (Cui et al., 2020). Sufficient AMP should be present in the cell in order 

to conserve the energy in PPi by the PPDK reaction. A way to generate this 

required amount of AMP is by employing the enzyme adenylate kinase (EC 

2.7.4.3).  

Consequently, the soluble pyrophosphatase activity must be low or absent in 

order for these two energy-conserving options to be successful. 
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2.8. Concluding remarks and future perspectives 
Conservation of metabolic energy is one of the limiting factors during 

fermentative product formation. Here, we reviewed the mechanisms available in 

microorganisms to conserve energy as well as to reduce unnecessary energy 

expenditure. We distinguished general and product-specific methods to 

conserve metabolic energy. General methods like energy-independent 

transporters, mechanisms that use the difference in redox potential between 

redox couples or using disaccharides are the most interesting because they can 

be applied in many fermentation processes regardless the product of interest. 

Substrate-level phosphorylation is one of the main sources of energy under 

fermentative conditions. It is however usually a product-specific method (with 

the exception of the reaction catalyzed by phosphorylating glyceraldehyde-3-

phosphate dehydrogenase) and therefore cannot be applied in general. Some 

enzymes contributing to SLP have a broad substrate specificity in vitro and 

appear to be a good option. However, the thermodynamics of such reactions 

may not allow SLP to function under physiological conditions and should 

therefore be considered carefully. 

The options to increase energy conservation described in this review should not 

be applied to maximize energy conservation per se but be used to optimize 

product formation. Just as too little energy conservation has detrimental effect 

on product formation, the same holds for too much energy conservation, as it 

moves the overall reaction to a thermodynamical equilibrium and may result in 

decreased product yield caused by excess biomass formation. 

Nowadays, a lot of research is directed towards improving product titer, 

productivity and yield by either overexpressing enzymes involved in product 

pathways, knocking out competing pathways or using redox neutral metabolic 

networks. However, little research is done on using metabolic energy in a more 

efficient way. Energy conservation is a means to achieve high titer, productivity 

and yield during microbial processes. Understanding and applying the various 
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mechanisms available in microorganisms to conserve energy is therefore a key 

step towards improving fermentative product formation.
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Abstract 
Biosynthesis of various industrially relevant compounds such as terpenoids or 

amino acids requires the input of NADPH. Sufficient NADPH supply can be 

challenging as its regeneration capacity is low in the cells. Different strategies 

have been applied in the past to increase NADPH production such as redirecting 

the flux towards NADPH-producing pathways or engineering NADP+-dependent 

enzymes. The dihydrolipoyl dehydrogenase (LPD) contributes significantly to 

NAD+ reduction under aerobic conditions therefore engineering its cofactor 

specificity towards NADP+ is a valuable strategy for the production of NADPH-

requiring compounds.  

In this study, we introduced modifications in lpd gene of E. coli to change the 

cofactor specificity of PDH and ODH from NAD+ to NADP+. The modified PDH 

complex showed a 7.6-fold higher apparent activity with NADP+ than NAD+ but 

showed to be inhibited by NADPH and – to a lesser extent – NADH. Therefore, 

another mutation (E354K) was introduced in the lpd gene to overcome NAD(P)H 

limitation. The resulting LPD enzyme showed to be less sensitive to both NADH 

and NADPH. After successful engineering of the LPD specificity, fermentations 

were performed to assess the impact of changing cofactor specificity on E. coli 

metabolism. Anaerobically, no differences were observed as the pyruvate 

formate-lyase (PFL) was active. However, under aerobic conditions E. coli 

strains carrying an NADP+-dependent PDH complex were able to grow albeit 

they showed lower growth rates than strains carrying an NAD+-dependent PDH 

and accumulated pyruvate. Our results indicate that introduction of an NADP+-

dependent PDH caused a surplus of NADPH and there is insufficient 

regeneration of NADP+.  
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3.1. Introduction 
NAD+, NADP+ and their reduced forms have a crucial role in the metabolism of 

microorganisms by acting as electron carriers. Even though they have a similar 

chemical structure, they have divergent functions. In heterotrophic 

microorganisms, NAD+ is primarily involved in oxidation reactions – for both 

anabolic and catabolic processes - and is regenerated by respiration or 

fermentation. NADPH is used for reduction reactions – primarily, but not 

exclusively – in anabolic reactions. NADPH is mainly regenerated by the 

oxidative part of the pentose phosphate pathway (PPPox), by the TCA cycle 

enzyme isocitrate dehydrogenase and transhydrogenases (Sauer et al., 2004). 

NADP+ can be produced from NAD+ by NAD+ kinase (Kawai et al., 2001). 

Various natural products formed during biosynthetic processes such as 

terpenoids, amino acids, antibiotics and polymers are of industrial importance 

(Kabus et al.������;����� et al.������;���� et al., 2015). Their synthesis often 

relies on NADPH-dependent enzymes. Moreover, the efficiency of microbial 

production of such compounds depends on the availability of precursors and 

cofactors. The anabolic NADPH regeneration capacity is however relatively low 

compared to the catabolic capacity to reduce NAD+. Therefore, enhancing 

NADPH availability in microorganisms has gained interest (Lee et al.�� ����;�

Wang et al., 2013c;������� et al.������;���������������������. Many groups 

have reported successful increase in NADPH production by either diverting the 

flux through the oxidative PPP (Lim  et al.������;�������� et al.������;���� et al., 

2010), by changing the cofactor dependency of NAD+-dependent enzymes 

towards NADP+ (Bocanegra et al.�� ����;��������� et al.�� ����;����� et al., 

2013a) or by engineering/overexpressing enzymes involved in cofactor 

regeneration and synthesis, e.g. transhydrogenases and NAD+ kinase 

(Canonaco et al.������;������ et al.������;��� et al.������;���� et al.�� ����;�

Bastian et al., 2011). For example, �������� et al. (����� replaced the native 

GAPDH of E. coli by an NADP+-GAPDH from C. acetobutylicum and 

successfully increased the production of lycopene and ε–caprolactone. 
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Dihydrolipoyl dehydrogenase (LPD) catalyzes NAD+ reduction in the pyruvate 

dehydrogenase complex (PDH) and the oxoglutarate dehydrogenase complex 

(ODH) �������� ���� ������ ����;� ������ ���� ���������� ����;� ������ ����

Creaghan, 1973). PDH catalyzes the irreversible conversion of pyruvate and 

CoA into acetyl-CoA and CO� while reducing NAD+ to NADH. ODH catalyzes a 

�������� ���������� ���������������� ���������� ����������� �-oxoglutarate into 

succinyl-CoA. PDH and ODH are multi-enzyme complexes consisting of three 

���������� ���������� ��������� ��� �-oxoglutarate dehydrogenase (E1), 

dihydrolipoyllysine-residue acetyltransferase or succinyltransferase ����� ����

LPD (E3). 

LPD carries the NAD+ binding site and is subjected to allosteric NADH inhibition 

(Schmincke-������������������������;�����������������������������;���������

������������������� with a Ki of 0.009-0.016mM in case of the PDH complex 

(Schmincke-Ott and Bisswanger, 1981). As a consequence, PDH and ODH are 

highly expressed and active under aerobic conditions. Under anaerobic 

conditions the NADH concentration is higher, resulting in diminished PDH and 

ODH activities. Anaerobically, the role of the PDH complex is taken over by 

pyruvate formate-lyase (PFL) ������������;������ et al., 1993a;������ et al., 

����;� ��� et al.�� �����. ODH is repressed and succinyl-CoA synthetase 

generates succinyl-CoA from succinate for anabolic reactions (Amarasingham 

���������������;����� et al.������;���est et al.�������. 

Under aerobic conditions LPD contributes significantly to the reduction of NAD+. 

Changing the cofactor dependency of LPD towards NADP+ is therefore a viable 

strategy for enhancing NADPH bioavailability in the cells. Bocanegra et al. 

(1993) successfully created an NADP+-dependent LPD by introducing 7 amino 

acid mutations in the lpd ������������������������������������������������

�������������������������������������������������������������������������E. 

coli metabolism. Furthermore, ��� et al. (����� lowered the NADH sensitivity 

by introd�������������������������������������lpd gene. This change resulted in 

a 10-times higher Ki, allowing the PDH complex to be more active under 

anaerobic conditions. As NADH and NADPH have very similar structures, it 
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cannot be excluded that the PDH complex is also inhibited by NADPH and that 

the same E354K mutation could potentially reduce this NADPH sensitivity. 

In this study, we investigated the impact of an NADP+-dependent LPD on E. coli 

metabolism under both aerobic and anaerobic conditions. To this end, we first 

created and introduced different lpd variants in E. coli Δlpd to change the 

cofactor dependency and lower the sensitivity of PDH towards NADH. We 

performed enzymatic assays to confirm that the introduced mutations resulted 

in a change of cofactor specificity. Moreover, NADH and NADPH inhibition 

assays were conducted to assess if an NADP+-dependent PDH complex was 

subjected to either NADH or NADPH inhibition. Finally, we analyzed the impact 

of an NADP+-dependent LPD on growth and formation of fermentation products 

by cultivating the strains under aerobic and anaerobic conditions on minimal 

medium. 

 

3.2. Material and methods 
3.2.1. Bacterial strains and plasmids 
The bacterial strains and plasmids used in this study are listed in Table 1. All 
strains are derivatives of wild-type E. coli BW25113. 
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Table 1. Strains and plasmids used in this study. 

aColi Genetic Stock Centre 

bkan���������������������������;�tet������������������������������;�bla: ampicillin resistance 
����;� cm�� ���������������� ����������� ����;� spec�� �������������� ����������� ����;� ����
���������������������;�ParaB-gam-bet-exo: Lambda-Red recombinase gene under arabinose 
������������������;�������������������������������;�flp���������������������������������������� 

3.2.2. Creation of knock-out strains 
����sthA gene encoding the soluble transhydrogenase was knocked out using 

the Lambda-Red mediated recombination according to the protocol described 

by Datsenko and Wanner (2000)� 

E. coli BW25113 ΔpflB (Baba et al., 2006) ���� ��������med with the pKD46 

�����������������������������������������������-arabinose to induce Lambda-

Strains and plasmids Characteristicsb References 
Strains   

������� �-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
rph-1, Δ(rhaD-rhaB)568,hsdR514 

CGSCa 

Δlpd BW25113 Δlpd-734::kan CGSCa 

ΔpflB BW25113 ΔpflB727::kan CGSCa 

ΔldhA Δlpd BW25113 ΔpflB ΔsthA ΔldhA Δlpd ����������� ���������� 

������������� ����������������������������� Vuoristo et 
al. ������ 

BW25113 (DE3) ΔldhA ��������ΔldhA ����������������������
����������� 

���������� 
   

Plasmids 
  

������-��� p15A, Ptet - kan, tet, mRFP1 Lee et al. 
������ 

������������ p15A, Ptet - kan, tet ���������� 

���������-lpd �������������������������Plpd - lpd, Tlpd ���������� 

����������low inhib �������������������������Plpd - lpd 1AA, Tlpd ���������� 

�������������� �������������������������Plpd - lpd 17A, Tlpd ���������� 

������������������������ �������������������������Plpd - lpd 8AA, Tlpd ���������� 

����� oriR6K gamma, tL3LAM, bla, rrnB, kan, FRT CGSCa 

pKD46 repA101����� ParaB-gam-bet-exo, oriR101, bla, 
araC 

CGSCa 

����� repA101������bla, cm, flp CGSCa 

pCas9 repA101�����kan Pcas-cas9 ParaB-gam-bet-exo 
lacIq Ptrc-sgRNA-pMB1 

Jiang et al. 
������ 

��������-lpd pMB1, spec, gRNA ���������������������lpd gene, 
200 bp ���������lpd 

���������� 

��������-ldhA pMB1, spec, gRNA ���������������������ldhA 
gene, 200 bp ���������ldhA 

���������� 
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Red recombinase expression. The gene of interest sthA was then replaced by 

a cassette containing a kanamycin resistance gene flanked by two flippase 

recognition sites (FRT). To do so, the cassette was PCR amplified from pKD13 

using Phusion high-fidelity DNA polymerase (Thermo Scientific) and primers 

including 50 bp homologous flanking regions of the sthA gene and 20 bp of the 

FRT site. The cells were then electroporated with the deletion cassette and 

transformants were screened by applying kanamycin selection pressure and 

performing colony PCR using DreamTaq DNA polymerase (Thermo Scientific). 

The colonies harboring the correct genotype were subsequently transformed 

with pCP20, plasmid encoding the flippase recombinase gene, to remove the 

kanamycin resistance gene. The temperature sensitive plasmid pCP20 was 

cured by culturing the strains on liquid LB medium at 42°C overnight. The strain 

was checked by sequencing. The sequences used to disrupt the sthA gene are 

listed in Table S1.  

The genes encoding lactate dehydrogenase (ldhA) and lipoamide 

dehydrogenase (lpd) were knocked out using the method previously described 

by Jiang et al. (2015). The pCas and pTargetF plasmids were a gift from Sheng 

Yang (Addgene plasmid #62225 and #62226) (Jiang et al., 2015). The flanking 

regions used for deletion of ldhA and lpd are listed in Table S1. 

All steps were carried out at 30°C unless stated otherwise to maintain the 

temperature sensitive plasmid pCas9. E. coli BW25113 ΔpflB ΔsthA was 

transformed with temperature sensitive pCas9 plasmid. The strain harboring 

pCas9 was subsequently transformed with pTargetF-ldhA plasmid carrying an 

ldhA knock-out specific cassette. The cassette consisting of SpeI promoter, 

target sequence, gRNA and 200 bp flanking regions of the ldhA gene was 

synthesized as gBlock (IDT) and assembled with pTargetF using Hifi DNA 

Assembly kit (NEB). Cells were screened by selecting for kanamycin and 

spectinomycin resistances and by colony PCR using DreamTaq DNA 

polymerase (Thermo Scientific) and primers targeting the flanking regions of the 

ldhA gene. The pTargetF-ldhA plasmid was then cured by plating the correct 

transformants on kanamycin plate containing 0.5 mM IPTG. E. coli BW25113 
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ΔpflB ΔsthA ΔldhA pCas9 was transformed with pTargetF-lpd plasmid to knock 

out lpd gene according the same protocol. E. coli BW25113 ΔpflB ΔsthA ΔldhA 

pCas9 and E. coli BW25113 ΔpflB ΔsthA ΔldhA Δlpd pCas9 were cultured at 

42°C in liquid LB medium to cure pCas9. Both strains were verified by PCR for 

loss of the plasmid and sequenced for all knock-outs introduced. The target 

sequences used for targeting ldhA and lpd genes are 5’-

CGATCCGTATCCAAGTGCAG-3’ and 5’-GCGATTGTCGGTACTAACGG-3’, 

respectively. In both cases, we used 200 bp flanking regions upstream and 

downstream the genes for recombination. 

3.2.3. Plasmid construction  
The expression vector pBbA2k-RFP was a gift from Jay Keasling (Addgene 

plasmid # 35327) (Lee et al., 2011). The expression vector pBbA2k-RFP was 

used to express the four different versions of the lpd gene under the native lpd 

promoter, Plpd, and terminator of E. coli. The four versions of the gene include: 

native lpd gene from E. coli BW25113, lpd carrying one amino acid mutation 

E354K (Kim  et al., 2008), lpd carrying 7 amino acid mutations G185A, G189A, 

E203V, M204R, F205K, D206H, P210R (Bocanegra et al., 1993) and lpd 

carrying 8 amino acid mutations E354K, G185A, G189A, E203V, M204R, 

F205K, D206H, P210R. All cassettes including promoter, lpd gene and 

terminator were synthesized by GenScript, USA. The cassettes were PCR 

amplified to introduce EcoRI and XhoI restriction sites using a forward primer 5'-

GCCTGAGAATTCTAGACAAATCGGTTGCCGTTTGTTG-3’ and a reverse 

primer 5'-GCCATCCTCGAGTTACTTCTTCTTCGCTTTCGGGTTC-3’, 

respectively. Cassettes and pBbA2k-RFP plasmid were digested using 

FastDigest enzymes EcoRI and XhoI (Thermo Scientific) and ligated using T4 

DNA ligase (Thermo Scientific). The ligated plasmids were checked by PCR and 

sequencing.  

3.2.4. Culture media 
For plasmid construction and gene expression analysis, E. coli strains were 

grown on Luria Bertani (LB) agar plates or liquid medium at either 30°C or 37°C. 
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All recombinant strains harboring temperature sensitive plasmids were grown at 

30°C whereas curing of the pCP20 and pCas9 were performed at 42°C. 

3.2.5. Cultivation in shake flasks and anaerobic flasks 
All cultivations were performed in a Kuhner shaker at 37°C and agitation rate of 

250 rpm. The strains were grown overnight in 50 mL LB medium supplemented 

����� ������������������� ��� ����������������������� ���������������������� ����

overnight preculture was transferred to 45 mL M9 minimal medium in 250 mL 

����������������������������������������������������������������ight preculture 

was transferred to 95 mL M9 minimal medium in 250 mL Erlenmeyer flasks. The 

���������������������������������������������������������������������4��

1 mM CaCl2������������� trace elements (Bühler et al.������� �������������

kanamycin. The medium was buffered to a pH of 6.9 with 44 mM KH2��4 and 

47.5 mM Na2���4���������������������������������������������������������������

�����������������������������������������������������������������������600nm 

of 0.2 in either 250 mL shake flasks for aerobic cultivation or 200 mL serum 

bottle for anaerobic cultivation. The anaerobic serum bottles were previously 

flushed with nitrogen to ensure strict anaerobic conditions. 

3.2.6. Cell free extract preparation 
Biological duplicates were grown on LB medium and cells were harvested from 

exponentially growing shake flasks cultures by centrifugation at 4700 rpm for 10 

min at 4°C and stored at -�������������������������������������������������������

were thawed on ice and resuspended in ice-cold 50 mM potassium phosphate 

buffer ������������������������������������������������������� ����������

fresh). Cell free extracts were prepared using a tissue homogenizer (Precellys 

������������������������������������������� sec at 6500 rpm in a 2 mL lysis 

Matrix E tube (MP Biomedicals). The �������������������������������������������

rpm for 10 min at 4°C to remove cells and debris. The supernatant was collected 

and used for protein determination and enzymatic assays. 
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3.2.7. Protein determination 
Protein concentration of the cell free extracts was determined by using the Total 

Protein Kit, Micro Lowry, Onishi and Barr Modification (Sigma-Aldrich) according 

to manufacturer’s instructions. 

3.2.8. Pyruvate dehydrogenase activity assays and inhibition 
assays 

Pyruvate dehydrogenase activity was measured at room temperature on an 

Infinite M200 microplate reader (Tecan) by monitoring the reduction of either 

NAD+ or NADP+ �����������������������������������������������������������

phosphate buffer pH 8.0, 1 mM MgCl2, 0.2 mM thiamine pyrophosphate, 2 mM 

dithiothreitol (prepared fresh), 0.2 mM coenzyme A, 2 mM L-cysteine (prepared 

���������������������+�������������������������������������������������������������

��������������������������������������������������������. The results shown 

are data from biological duplicates and technical triplicates. The activity of the 

pyruvate dehydrogenase complex was calculated using the linear initial rates of 

reactions. The pyruvate dehydrogenase activity is expressed as nmoles 

NAD(P)H produced per min per mg protein. 

Inhibition assays were performed as described for the pyruvate dehydrogenase 

activity assays. Different concentrations of NADH or NADPH were added to the 

reaction mixtures to obtain NAD(P)H/NAD(P)+ �����������������������������������

0.1 and 0.2. NADH and NADPH sensitivity were assessed for both NAD+- and 

NADP+-dependent PDH complexes. 

3.2.9. Analytical methods 
The cell density was monitored by measuring the absorbance at 600 nm. 

Glucose and organic acids concentrations were determined using an Agilent 

1290 Infinity (U)HPLC equipped with a UV detector operated at 210 nm and a 

���������������������������������������������������������������������������

(Security Guard Cartridge System, Phenomenex) and a Rezex ROA-Organic 
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acid H+ (8%) column (Phenomenex) at 55°C, using 0.5 mL/min 0.005 M H2SO4 

as eluent. 250 mM propionic acid was used as internal standard. 

 

3.3. Results 
3.3.1. Construction of the LPD variants 
To create an NADP+-dependent LPD, we introduced mutations for both changes 

in cofactor specificity and lower NADH sensitivity. To do so, we knocked out the 

genomic lpd gene from E. coli WT BW25513 and introduced the lpd variants on 

a pBbA2k expression vector. All versions of the gene were expressed on the 

plasmid under the native lpd promoter Plpd and terminator. The lpd variants 

include: LPDlow inhib carrying one amino acid mutation E354K reported by Kim et 

al. (2008) to reduce inhibition by NADH, LPDNADP carrying 7 amino acid 

mutations G185A, G189A, E203V, M204R, F205K, D206H, P210R reported by 

Bocanegra et al. (1993) to change the cofactor dependency from NAD+ to 

NADP+ and LPDNADP+low inhib carrying the combined 8 amino acid mutations. 

Moreover, we also introduced the native lpd gene of E. coli WT BW25113 on 

the pBbA2k plasmid as a control (LPDWT). The assembly of the plasmids was 

checked by PCR and sequencing prior and after transformation in E. coli Δlpd 

strain. The lpd knock-out strain formed smaller colonies on LB plates than the 

wild-type strain. Strains carrying the plasmid-based NAD+-dependent LPD 

variants grew like wild-type strains on LB plates, whereas the NADP+-dependent 

ones showed intermediate behavior (data not shown).  

3.3.2. Testing the cofactor dependency and reduced 
inhibition to NAD(P)H of the LPD variants 

After successful transformation of the four strains, enzymatic assays were 

performed to assess if the mutations introduced in the lpd gene resulted in the 

correct properties. Cell-free extracts (CFE) obtained from shake flask cultures 

with LB medium were tested in presence of NAD(P)+ and pyruvate. Controls 

without cells, sodium pyruvate or NAD(P)+ did not show any increase in 
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absorbance at 340 nm (data not shown). Figure 1A shows how the absorption 
at 340 nm, reflecting the increase in NAD(P)H concentration caused by PDH 

activity, develops during time. The absorbance with CFE of E. coli BW25113 

maximally reached 0.07, and slowly decreased thereafter. The initial apparent 

PDH activity was around 350 nmol NADH.min-1.mg protein-1 (Figure 1C). The 
apparent PDH activities in cell-free extracts obtained from the lpd knock-out 

strains E. coli Δlpd and E. coli Δlpd + empty pBbA2k were 20-fold lower. 

Introducing lpd on a plasmid restored the apparent PDH activity to 

approximately 75% of the wild-type value (Figure 1C). With both CFEs similar 
maximal absorbances were reached, 0.071 ± 0.009 for WT and 0.073 ± 0.008 

for PDHWT (Figure 1A). The pBbA2k plasmid is a medium copy plasmid 
therefore more LPD subunits are expressed in LPDWT than in BW25113. This 

increased number of LPD subunits does not entail more functional PDH complex 

as the two other subunits AceE and AceF were not overexpressed. Since the 

assays were performed with CFE, the amount of PDH present in LPDWT was 

lower than in BW25113 for the same amount of total proteins: the increased 

number of LPD had a diluting effect, explaining the lower PDH activity. The initial 

apparent activity in the cell-free extract of E. coli Δlpd + LPDlow inhib was similar 

compared to that of E. coli Δlpd + LPDWT (Figure 1C), but 50% higher maximum 
absorbances were reached (Figure 1A). 
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Figure 1. Absorbances profiles and activities of the PDH complexes. (A) 
������������������������������������������������������������������������������E. coli 
WT BW25113, E. coli Δlpd + LPDWT and E. coli Δlpd + LPDlow inhib. (B) Absorbances 
����������������������������������������������������������������E. coli ΔldhA + pCas9 
(WT), E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPDWT and E. coli ΔpflB ΔsthA ΔldhA Δlpd + 
LPDlow inhib. (C) PDH activities measured using 1.5 mM NAD+ or NADP+ as cofactor. The 
values are expressed as nmoles NAD(P)H produced.min-1.mg protein-1 and are 
calculated as the average of biological duplicates and technical triplicates. The error bars 
represent the standard deviations. 

The CFE of E. coli WT BW25113 (WT), E. coli Δlpd + LPDWT and E. coli Δlpd + 

LPDlow inhib exhibited 5.6-, 4.5- and 5.8-times higher apparent PDH activity when 

NAD+ was used as cofactor. E. coli Δlpd + LPDNADP and E. coli Δlpd + 

LPDNADP+low inhib presented 7.6- and 6.7-times higher apparent PDH activity using 

NADP+ as cofactor, respectively (Figure 1C). Moreover, both LPDNADP and 
LPDNADP+low inhib showed higher apparent PDH activities than the NAD+-

dependent PDH complexes. Even though LPDWT and LPDlow inhib presented 

similar initial rates during the assays, the maximum A340nm for LPDlow inhib was 
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40% higher than the one for LPDWT (Figure 1A). Enzymatic assays were also 
performed to test the cofactor dependency of the ODH complex and similar 

results were obtained (data not shown). 

A decrease in absorbance was observed at the end of the assays (Figure 1A), 
suggesting the presence of enzymes consuming pyruvate and the NADH 

formed by PDH. This may have obscured the effect of lower NAD(P)H inhibition. 

To test the presence of an enzyme reducing pyruvate which could interfere with 

the NAD(P)H sensitivity assays, we performed an NAD(P)H consumption 

experiment in the presence of pyruvate. To do so, we used the CFE of our 

negative control strains E. coli Δlpd and E. coli Δlpd + empty pBbA2k which 

showed very low apparent PDH activity. A decrease in absorbance would 

therefore indicate that one or more other enzymes are using NAD(P)H and 

pyruvate. 

With an initial NADH concentration of 0.3 mM NADH in the assay, the 

absorbance dropped from 1.1 to 0.2 (Figure 2A). This decrease demonstrates 
the presence of an NADH-utilizing enzyme in the CFE. The most likely candidate 

is lactate dehydrogenase (LDH) which catalyzes the conversion of pyruvate and 

NADH into lactate and NAD+. On the other hand, only a small decrease in 

absorbance (0.05) was observed when adding NADPH to the reactions (Figure 
2B). In E. coli, LDH can only function using NADH as cofactor (Tarmy and 

�������� ����;� ������ 1989). Therefore, this small decrease indicates the 

presence of other enzymes using NADPH.  

For the reasons mentioned above, we decided to determine the apparent PDH 

activities of the LPD variants expressed in a ΔldhA Δlpd strain. The cultivation 

of these strains under anaerobic conditions did not result in lactate formation. 

All the initial apparent PDH activities measured were not significantly different 

from the ones determined in E. coli Δlpd strains (Figure 1C). However, 
differences in the final A340nm were observed. For a same lpd variant, all curves 

obtained with strain ΔldhA Δlpd reached higher final A340nm than the ones with 

E. coli Δlpd strains and did not decrease thereafter (Figure 1A and 1B). 
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Furthermore, the apparent activity of LPDlow inhib did not show significant levelling 

off and exhibited a more linear absorbance increase in time (Figure 1B).  

 

Figure 2. NADH (A) and NADPH (B) consumption profiles based on the 
absorbances measured at 340 nm. The assays were performed using 5 mM pyruvate, 
1.5 mM NAD+ and 0.3 mM NAD(P)H as substrates. The values shown represent the 
average of biological duplicates and technical triplicates with standard deviations. 

3.3.3. NAD(P)H inhibition assays 
The sensitivity towards NADH and NADPH of the mutated PDH complexes was 

determined using cell-free extract of aerobically grown E. coli ΔldhA Δlpd, 5 mM 

of sodium pyruvate, 1.5 mM of NAD(P)+ and varying the concentration ratio of 

NADH and NADPH. The different ratios used were 0.005, 0.01, 0.02, 0.05, 0.1 

and 0.2 (mol/mol). Moreover, we used the oxidized cofactor which proved to 

work during the PDH activity assays: NAD+ for WT, LPDWT and LPDlow inhib and 

NADP+ for LPDNADP and LPDNADP+low inhib. The results are shown in Figure 3, in 
which the change of absorbance in time is plotted. The experiments were 

performed using biological duplicates and technical triplicates. Figure 3 shows 
the results without error bars, Figure 1 and Figure 2 of the supplementary 
material section show the results with error bars of the inhibition assays for 
NAD+-dependent PDH and NADP+-dependent PDH complex, respectively. WT 

and LPDWT gave identical results, the WT results can be found in the Figure S1.  
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Figure 3. Inhibition assays for different NAD(P)H/NAD(P)+ ratios. On the left, the 
graphs obtained during NADH inhibition assays and on the right, the graphs obtained 
during NADPH inhibition assays. NAD+ was used as a cofactor for E. coli ΔpflB ΔsthA 
ΔldhA Δlpd + LPDWT and E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPDlow inhib whereas NADP+ 
was used as cofactor for E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPDNADP and E. coli ΔpflB 
ΔsthA ΔldhA Δlpd + LPDNADP+low inhib. The values shown were corrected for the initial 
A340nm and expressed as ΔA340nm. The same graphs with standard deviations can be 
found in Figure S1 and Figure S2. 
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At NADH/NAD(P)+ ratios 0.1 and 0.2, a decrease in absorbance (< 0.18) was 

visible for all CFE tested (Figure 3). However, NADH was consumed at a much 
lower rate than reported in Figure 2. Although the introduced knock-outs 
reduced the consumption of NADH significantly, one or more enzymes were still 

present and consumed the NADH formed by the NAD+-dependent PDH 

complexes. LPDlow inhib results showed less pronounced differences caused by 

the increasing initial NADH concentrations compared to LPDWT: the conversions 

did not reach a plateau and higher absorbance differences were reached. 

Regarding NADPH inhibition assays, all strains exhibited apparent PDH 

activities even at NADPH/NAD(P)+ ratios of 0.1 and 0.2. LPDWT and LPDlow inhib 

showed a similar behavior than the one observed with increased NADH 

concentrations but to a lesser extent. Surprisingly, at the lower NADPH 

concentrations significantly higher absorbance differences were reached.  

Both LPDNADP and LPDNADP+low inhib reached much higher absorbance differences 

than the NAD+-dependent LPD during both assays. Regarding NADPH 

inhibition assays, LPDNADP and LPDNADP+low inhib showed similar patterns as 

LPDWT and LPDlow inhib during NADH inhibition assays. Increased 

NADPH/NADP+ ratios resulted in lower slopes and lower absorbance 

differences, but LPDNADP+low inhib was less affected.  

3.3.4. Effect of LPD variants on E. coli metabolism during 
aerobic cultivations 

During aerobic cultivation on M9 medium, both E. coli Δlpd and E. coli Δlpd + 

empty pBbA2k did not show any sign of growth (not shown), confirming that a 

functional LPD is indispensable for aerobic growth on mineral medium. 

Expressing the four lpd variants on a plasmid restored growth. E. coli WT 

BW25113 and E. coli Δlpd + LPDWT showed similar growth profiles and specific 

growth rates (Figure 4A and 4B, and Table 2), indicating that expression of the 
lpd gene on a plasmid does not have consequences for aerobic growth of the 

strains. The strain carrying LPDlow inhib showed similar growth profiles and growth 

rates to the strain expressing LPDWT. On the other hand, both E. coli Δlpd + 
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LPDNADP (Figure 4D) and E. coli Δlpd + LPDNADP+low inhib (Figure 4E) exhibited 
significantly lower growth rates than strains carrying an NAD+-dependent LPD 

(Table 2). 

Table 2������������������������������������������������������������������. The values 
are expressed in h-1 and represent the average of the specific growth rates calculated 
from two biological replicates with standard deviations. 

������ Aerobic ��������� 

E. coli BW25113 WT 0.63 ± 0.00 0.36 ± 0.02 

E. coli Δlpd NAa 0.28 ± 0.02 

E. coli Δlpd + empty plasmid NAa 0.22 ± 0.00 

E. coli Δlpd + LPDWT 0.60 ± 0.00 0.38 ± 0.01 

E. coli Δlpd + LPDlow inhib 0.61 ± 0.00 0.37 ± 0.01 

E. coli Δlpd + LPDNADP 0.29 ± 0.01 0.37 ± 0.01 

E. coli Δlpd + LPDNADP+low inhib 0.24 ± 0.01 0.38 ± 0.00 
       aNA, Not applicable. 

Metabolite production by E. coli WT BW25113 and E. coli Δlpd strains carrying 

either LPDWT, LPDlow inhib, LPDNADP or LPDNADP+low inhib was determined (Figure 
4). The metabolite profiles of E. coli Δlpd and E. coli Δlpd + empty pBbA2k are 

not shown because the strains did not grow aerobically. The presence of 

fermentation products during aerobic cultivations in shake flasks such as 

ethanol, lactate and formate (Figure 4) indicates that oxygen limitation occurred 
in the aerobic cultivations. 

As for growth, E. coli WT and E. coli Δlpd + LPDWT have very similar 

fermentation profiles. E. coli WT and E. coli Δlpd + LPDWT produced up to 22.2 

and 21.2 mM of acetate and up to 5.7 mM and 4.1 mM of ethanol, respectively. 

On the other hand, E. coli Δlpd + LPDlow inhib produced less acetate (13.1 mM) 

and more ethanol (7.9 mM). 

Both strains carrying an NADP+-dependent LPD did not produce ethanol (or 

negligible) but produced acetate in much higher concentrations than their NAD+-

dependent counterparts. E. coli Δlpd + LPDNADP and E. coli Δlpd + LPDNADP+low 

inhib produced 1.31- and 2-times more acetate than WT, respectively. 
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Furthermore, pyruvate accumulated up to 23 mM for E. coli Δlpd + LPDNADP and 

up to 41.1 mM for E. coli Δlpd + LPDNADP+low inhib, after which it was consumed. 

The same pattern can be seen for lactate, which E. coli Δlpd + LPDNADP+low inhib 

accumulated up to 5.7 mM and consumed it completely. When glucose was 

completely consumed, all the pyruvate was converted into acetate. Formate was 

produced by all strains up to 10 mM (WT produced 10 mM formate whereas the 

other strains did not produce more than 6 mM). Finally, succinate was produced 

up to 1.2 mM for NAD+-dependent LPD strains whereas NADP+-dependent LPD 

strains showed no or little production. 

 

Figure 4. Aerobic cultivations on M9 medium. Both growth and fermentation profiles 
are shown per strain. The values represent the average of biological duplicates with 
standard deviations. 
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3.3.5. Effect of LPD variants on E. coli metabolism during 
anaerobic cultivations 

Under anaerobic conditions, both E. coli Δlpd and E. coli Δlpd + empty plasmid 

strains presented a lower growth rate (Table 2) and reached lower final OD600nm 
(Figure 5F and 5G) than strains carrying an lpd variant. Furthermore, E. coli 

Δlpd + empty plasmid presented a lower biomass concentration than E. coli Δlpd 

which might reflect the cost of plasmid maintenance. All strains carrying an lpd 

gene presented similar growth profiles and growth rates, regardless whether the 

gene was expressed at genome level or on a plasmid. 

Regarding fermentation products, all strains showed similar but not identical 

metabolite profiles (Figure 5). E. coli WT and E. coli Δlpd + empty plasmid 

produced 38.4 mM and 38.2 mM formate, respectively. Strains carrying an lpd 

variant – regardless of the cofactor specificity – produced up to 28.4 mM 

formate. Moreover, E. coli WT produced up to 33.4 mM lactate and all the strains 

exhibiting a pBbA2k plasmid produced between 26.2 and 29.4 mM lactate. On 

the other hand, E. coli Δlpd only produced 11.7 mM lactate. Furthermore, LPDlow 

inhib produced up to 28.4 mM ethanol while all other strains produced around 20 

mM ethanol. All strains produced about 20 mM of acetate. Traces of pyruvate 

up to 3.4 mM were detected after 12 h of cultivation and pyruvate was consumed 

again, except for E. coli Δlpd. 
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Figure 5. Anaerobic cultivations on M9 medium. Growth and fermentation profiles are 
presented per strain. The values shown represent the average of biological duplicates 
with standard deviations. 
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3.4. Discussion 
The biotechnological production of many compounds requires reduction 

reactions in which NADPH is used as reducing cofactor. Several studies 

describe how the availability of NADPH can be increased by forcing the flux over 

the oxidative pentose phosphate pathway (Lim  et al.������;���� et al.������;�

Chemler et al.�� ����;� ��� et al., 2010), or by using an NADP+-dependent 

GAPDH (Martínez et al.������;����� et al., 2013c). LPD contributes significantly 

to the reduction of NAD+, and could provide an alternative means to increase 

NADPH bioavailability if NADP+ would be reduced. ��������������������������

in LPD to change the cofactor specificity from NAD+ to NADP+ based on 

Bocanegra et al. (1993). Furthermore, the PDH complex is known to be highly 

sensitive to NADH and therefore exhibits a very low activity under anaerobic 

conditions (Schmincke-���� ���� ������������ ����;� ���������� ���� ����������

����;������ et al., 1993a). An NADP+-specific LPD may be inhibited by NADH 

���� ����������� ��� ������ ��� ������ ������ ��� ��� ���������� ���������� ���

therefore also introduced an E354K mutation reported to suppress the NADH 

inhibition of LPD (Kim et al., 2008) and verified whether this also reduced 

putative NADPH inhibition. 

To verify whether the mutations introduced in LPD result in the desired PDH 

properties, enzyme assays were performed using cell-free extracts of E. coli 

Δlpd carrying the LPD variants. The presence of LDH made it difficult to identify 

putative inhibition by NAD(P)H, therefore ΔldhA strains were used. ���

demonstrated that the seven amino acids introduced in the LPD result in a 

change of cofactor specificity from NAD+ to NADP+, confirming the results of 

Bocanegra et al. (1993). LPD�� showed to be highly inhibited by NADH and – 

to a lesser extent – by NADPH. Our results confirmed that the E354K mutation 

results in lower NADH inhibition (Kim et al., 2008), and also demonstrated lower 

NADPH inhibition. The lpd carrying the combined 8 amino acid replacements 

showed to be less sensitive to both NADH and NADPH. In E. coli, NADH inhibits 

LPD by competitive inhibition and by over-reducing the enzyme from a 

catalytically active state to an inactive state (Schmincke-Ott and Bisswanger, 
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����;�����������������������������;����������������������������. Kim et al. 

(����� showed that introduction of the E354K mutation reduced the apparent Ki 

of LPD for NADH by 10-��������������� ������������������������������������

identified as part of the NAD+ binding site. It is located in the central domain of 

�������������������������� et al. (����� proposed that the E354K mutation 

lowers NADH sensitivity of LPD by restraining NADH to reach the NAD+ binding 

������ ���������� ������ ������������ ���� ��������� ������ ����� ���� ��� ������ ���

������������������������������+ binding site.  

LPD is involv��� ��� ������ ������� ����������� ����� ���� ���� ���� ��������

cleavage system ����������������������;�������������������������;�����������

���������������;�������� et al.�������. Changing the cofactor specificity of LPD 

will inevitably change the cofactor specificity of these enzyme complexes and 

this may affect growth. The glycine cleavage system is involved in the 

catabolism of glycine therefore we do not expect it to be affected under our 

growth conditions �����������������������;��������� et al.�����������������������

under aerobic conditions as it catalyzes �� ���� ����� ��� ���� ���� ������ ����

provides succinyl-CoA for amino acid synthesis ������ et al.�� �����. 

�������������� ��� ����+-���������� ���� ��� ������� ��� ����������� ��� ������

generation during aerobic production of succinyl-CoA. Under anaerobic 

������������ ������� ���� ��� ��������� ���������� ���� ��������-CoA synthetase 

�����������������������������-CoA from succinate �������������������������

����;����� et al.������;������ et al.����������������������������������������

not expected to play a role anaerobically.  

To create E. coli �������� ����� ���� �������� ������ ���� �������� lpd gene was 

�����������������������-based lpd genes were introduced. Expression of lpd 

on a plasmid did not result in phenotypic changes under aerobic and anaerobic 

conditions (Table 2�� 

E. coli Δlpd was �������������������������������������������������������������

showing LPD activity is indispensable for aerobic growth. Under anaerobic 

conditions E. coli Δlpd is able to grow because PFL is active (Knappe et al.��
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����;����������������������;������������������������� ������������-CoA 

����������� ���������� ��������-���� ����� ���������� ���� ��������� ����������

����� et al.������;������ et al.�������. ������������������������������������-�����

������ ������� �������� ����� ���� ����� ����������� ��� ������� ������ ����������

����������� �� ����������� �������� ������ ���������� ����� ���� ���� ����������� ���

��������������������-�������������������������������������� ������������������

������������������������������������������ ������������������������������������

��������������������������������������������������� ������ et al.������a;����

����� et al.�� ������� ������������ ���� �������� ��������� ���� ���� ����������� ����

��������������������������������������������� 

��������������������������������������������������������������������������������

�������� ����� ������� ����������� ����� ���� ������� ����������� ������� ������-

��������� ����������� �������� ����� ��� ����� ���� ���� ��������

����������������������� �������������� ������ ����� ��������� ������� The 

����������� ������� ����� ��������� ��� ������ �������������������������������� ���

�������WT �����������������������������������������������������������������������

������������ ���� ������� ����� �������� ���� ���� ���� ������������� ����������

����������������+ �������������������� ���������� ������������������������ ���

������������������� 

���������������������������������������������������������������������������

�������������������������������������������+-��������������������E. coli Δlpd 

������������������������������������������������������������������������������

����������������������������������������������������������������������������������

������������ ��� ������������� ��� ���������� ���� ���������� ��� ����� �����

����������������������������������������������������������������������������

��� ���������������������������������������������������������������� ���� ����

����+-������������������������������+-���������������������������������

��������������������������������������������������������� ������������������

E. coli ����� �� �������� ����������������� ��� ��������� ���������� �����

����+�������������+��������������� et al.������;������ et al.������� ����

����������������������������������������������������������������������������+ �����
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of course be less significant when NADPH-dependent product formation is 

applied. 

The accumulated pyruvate was rapidly converted into acetate when glucose 

was depleted from the medium. Apparently, glucose depletion triggered the 

derepression or induction of the transhydrogenase or pyruvate oxidase (POX). 

POX catalyzes the oxidative decarboxylation of pyruvate into acetate and CO2. 

It has been reported to significantly contribute to acetate formation when E. coli 

enters stationary phase (Dittrich et al., 2005) and under oxygen-limited 

conditions where both PDH and PFL are less functional (Chang et al., 1994). 

Consequently, POX is very likely to be responsible for the fast formation of 

acetate.  

Both strains carrying an NADP+-dependent LPD showed strongly reduced 

production of fermentation products. Formation of these compounds require 

input of NADH, and the availability of this cofactor may be limited under these 

conditions. This provides additional proof that the NADP+-dependent complexes 

indeed have the cofactor specificity determined in the enzyme assays. 

Under anaerobic conditions, less pronounced effects on growth and product 

formation were found. PDH is only carrying a small flux, as PFL is the main 

contributor to the conversion of pyruvate to acetyl-CoA under these conditions. 

Moreover, the flux to lactate and succinate bypasses PDH. 

 

3.5. Conclusion 
We were able to modify the LPD of E. coli in such a way that its cofactor 

specificity was changed from NAD+ to NADP+, and that it was less susceptible 

to NAD(P)H inhibition. The modified LPD was able to sustain growth, albeit at a 

lower growth rate and with concomitant accumulation of pyruvate. This indicates 

that the active NADP+-dependent LPD creates an excess of NADPH in E. coli 

which the cells struggle to dissipate.  
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To further characterize the impact of an NADP+-PDH complex on E. coli 

metabolism, a comparison of the redox flux going through each LPD would be 

of great interest. However, it was not possible to accurately determine such 

fluxes in this study. Aerobically, respiration occurs and the pathway leading to 

acetate production in the strains carrying an NADP+-LPD is unknown. 

Anaerobically, presence of enzymes such as PFL and LDH do not allow proper 

estimation of the carbon flux going through PDH. Moreover, if NADPH excess 

cannot be recovered, production of lactate will occur in order to regenerate the 

NADH produced during glycolysis. Therefore, further work is needed to assess 

the impact of an NADP+-dependent PDH on E. coli metabolism under anaerobic 

conditions. A first step would be the deletion of pflB gene encoding the pyruvate 

formate-lyase.  
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To further characterize the impact of an NADP+-PDH complex on E. coli 

metabolism, a comparison of the redox flux going through each LPD would be 

of great interest. However, it was not possible to accurately determine such 

fluxes in this study. Aerobically, respiration occurs and the pathway leading to 

acetate production in the strains carrying an NADP+-LPD is unknown. 

Anaerobically, presence of enzymes such as PFL and LDH do not allow proper 

estimation of the carbon flux going through PDH. Moreover, if NADPH excess 

cannot be recovered, production of lactate will occur in order to regenerate the 

NADH produced during glycolysis. Therefore, further work is needed to assess 

the impact of an NADP+-dependent PDH on E. coli metabolism under anaerobic 

conditions. A first step would be the deletion of pflB gene encoding the pyruvate 

formate-lyase.  
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Figure S1. Inhibition assays for different NAD(P)H/NAD(P)+ ratios on NAD+-
dependent PDH complexes with standard deviations. On the left, the graphs 
obtained during NADH inhibition assays and on the right, the graphs obtained during 
NADPH inhibition assays. NAD+ was used as a cofactor for E. coli (DE3) ΔldhA (WT), E. 
coli ΔpflB ΔsthA ΔldhA Δlpd + LPDWT (LPDWT) and E. coli ΔpflB ΔsthA ΔldhA Δlpd + 
LPDlow inhib (LPDlow inhib). The values represent the average of biological duplicates and 
technical triplicates with standard deviations. The values shown were corrected for the 
initial A340nm and expressed as ΔA340nm. 
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Figure S2. Inhibition assays for different NAD(P)H/NAD(P)+ ratios on NADP+-
dependent PDH complexes with standard deviations. On the left, the graphs 
obtained during NADH inhibition assays and on the right, the graphs obtained during 
NADPH inhibition assays. NADP+ was used as cofactor for both E. coli ΔpflB ΔsthA 
ΔldhA Δlpd + LPDNADP (LPDNADP) and E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPDNADP+low inhib 
(LPDNADP+low inhib). The values represent the average of biological duplicates and technical 
triplicates with standard deviations. The values shown were corrected for the initial A340nm 
and expressed as ΔA340nm.  
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Abstract 
Several industrially relevant compounds such as amino acids or fatty acids 

require NADPH for their synthesis. However, NADPH supply can be challenging 

as NADPH regeneration is limited in the cells. Various groups reported 

successful enhancement of NADPH bioavailability by either forcing the flux 

through the oxidative pentose phosphate pathway (oxPPP) or by expressing 

heterologous NADP+-dependent enzymes. Another valuable strategy is 

changing the cofactor dependency of NAD+-dependent enzymes towards 

NADP+. Dihydrolipoyl dehydrogenase (LPD) is responsible for the reduction of 

NAD+ in the pyruvate dehydrogenase (PDH) and 2-oxoglutarate dehydrogenase 

(ODH) complexes, and as such contributes significantly to the availability of 

NADH. Changing its cofactor specificity from NAD+ to NADP+ could enhance the 

NADPH regeneration capacity. 

We previously engineered the cofactor specificity of LPD to reduce NADP+, 

knocked out the genomic lpd gene and introduced the NADP+-LPD variants on 

a medium copy plasmid. Aerobically, the strains accumulated pyruvate due to 

the surplus of NADPH produced. Anaerobically, no conclusions could be drawn 

as the pyruvate formate-lyase (PFL) was active, bypassing PDH to convert 

pyruvate into acetyl-CoA. 

In this study, we knocked out both lpd and pflB genes of E. coli and introduced 

the different LPD variants. Aerobically, deletion of pflB had little influence and 

the results obtained for E. coli Δlpd ΔpflB strains carrying the different lpd 

variants were similar to the ones reported in Chapter 3 of this thesis. 

Anaerobically, PDH was shown to support growth of a strain lacking a functional 

PFL – regardless of its cofactor specificity. However, the strains carrying an 

NADP+-PDH exhibited poor growth and presented a high yield of lactate. Our 

results indicate that the cells struggle in regenerating the excess NADPH 

produced. We hypothesized that the activity of the soluble transhydrogenase 

was limited under this condition.  
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4.1. Introduction 
Cofactors such as NAD+ and NADP+ have a central role in microbial metabolism. 

They act as electron carriers but are involved in distinct sets of reactions. NAD+ 

is used in oxidation reactions and is regenerated by respiration or fermentation. 

NADPH is involved in anabolic reduction reactions and is mainly regenerated in 

the pentose phosphate pathway (PPP) and in the TCA cycle by isocitrate 

dehydrogenase. NADPH is required for the production of many compounds like 

amino acids or terpenoids (Wang et al., 2013c;����� et al.������;���� et al., 

����;��� et al., 2015). To improve product formation, the availability of NADPH 

fluxes has been increased by forcing the flux over the oxidative pentose 

phosphate pathway (Lim  et al.������;�������� et al.������;���� et al., 2010), or 

by applying an NADPH-dependent glyceraldehyde-3-phosphate 

dehydrogenase in the Embden-Meyerhoff-Parnass (EMP) pathway (Martínez et 

al.�� ����;� ���� et al., 2013a). Dihydrolipoyl dehydrogenase (LPD) is 

responsible for the reduction of NAD+ in the pyruvate dehydrogenase (PDH) and 

2-oxoglutarate dehydrogenase (ODH) complexes, and as such contributes 

significantly to the availability of NADH. Consequently, engineering the cofactor 

specificity of LPD to reduce NADP+ would be beneficial for the production of 

these compounds whose synthesis requires NADPH input.  

PDH catalyzes the irreversible conversion of pyruvate and CoA into acetyl-CoA 

and CO2, using NAD+ as cofactor. This complex consists of multiple copies of 

three catalytic subunits: pyruvate dehydrogenase (E1), dihydrolipoyllysine-

residue acetyltransferase (E2) and lipoamide dehydrogenase (E3) encoded by 

aceE, aceF and lpd, respectively (Guest et al., 1989). The promoter Pace controls 

both aceE and aceF genes, whereas lpd is under the control of its own promoter 

Plpd. All three genes are regulated by PdhR, which represses their transcription 

(Quail et al.������;�����������������������. This regulator is inactivated in the 

presence of pyruvate, allowing expression of PDH (Quail et al., 1994). 

Furthermore, the PDH complex is highly inhibited by NADH and this allosteric 

inhibition takes place on the LPD subunit (E3) ��������������������� ����;�

Schmincke-O�����������������������;�����������������������������;���������
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and Williams, 1989), which is responsible for the transfer of electrons to the final 

acceptor NAD+. The PDH complex is strongly expressed and active under 

aerobic conditions. Anaerobically however, as a result of NADH inhibition, it is 

considerably less active and its role is taken over by pyruvate formate-lyase 

(PFL) ������������;��������� et al.������;���� et al., 2008).  

PFL catalyzes the non-oxidative conversion of pyruvate and CoA into acetyl-

CoA and formate ������� et al.������;������������;�������������������������. 

Unlike PDH, PFL does not require a cofactor such as NAD+. PFL is composed 

of a PFL activating enzyme I and a formate acetyltransferase I encoded by pflA 

and pflB, respectively ������������������������������������������������������

several promoters �������� ���� ������ �����. PFL is induced at anaerobic 

conditions at both transcriptional and post-translational levels. At transcriptional 

������������������������������������������������������������������������������

a 12- to 15-fold increase when cells are subjected to anaerobiosis ������������

����������;����������������������;�������������������������. Furthermore, 

the enzyme is active anaerobically since it requires an oxygen-sensitive radical 

for catalysis. As a consequence, the enzyme is interconverted between the 

active and inactive form in the absence or presence of oxygen, respectively 

������� et al.������;������������������������������;������� et al., 1992).  

ODH catalyzes the irreversible conversion of 2-oxoglutarate, CoA and NAD+ into 

succinyl-CoA, CO2 and NADH ������� ���� ���������� ����;� ������ ����

����������������. The ODH complex consists of three subunits: 2-oxoglutarate 

dehydrogenase (E1), dihydrolipoyllysine-residue succinyltransferase (E2) and 

LPD (E��������������sucA, sucB and lpd genes, respectively. Under aerobic 

conditions, ODH is highly active as it is a key step, rate-limiting enzyme of the 

TCA cycle. Anaerobically, ODH is repressed and succinyl-CoA transferase is 

switched on, providing succinyl-CoA from succinate for anabolic reactions 

�����������������������������;����� et al.������;������ et al., 1992). 

We previously engineered an E. coli strain carrying an NADP+-dependent PDH 

complex by knocking out the native lpd gene and expressing NADP+-dependent 
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lpd variants on a plasmid (Chapter 3 of thesis). The variants include a lower 

NAD(P)H sensitivity, a change of cofactor specificity from NAD+ to NADP+ and 

a combination of both ((Bocanegra et al.������;���� et al., 2008), Chapter 3). 

Enzymatic assays confirmed that the changes introduced in the lpd gene 

resulted in the desired phenotype (Chapter 3). We studied the metabolic 

changes induced by these PDH variants under both aerobic and anaerobic 

conditions. However, no significant differences could be observed under 

anaerobic conditions as the pflB gene was still active.  

In the present study, we introduced the different LPD variants on a plasmid in 

lpd-pflB knock-out strains. We performed fermentation studies under both 

aerobic and anaerobic conditions to assess the impact of the PDH variants on 

growth and product formation. A genome-scale metabolic model of E. coli was 

used to help explain how the change of cofactor specificity of LPD affects the 

strain metabolism, and more specifically, cofactor regeneration.  

 

4.2. Material and methods 
4.2.1. Bacterial strains and plasmids 
The bacterial strains and plasmids used in this study are listed in Table 1. All 
strains are derived from wild-type Escherichia coli BW25113. 
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Table 2. Bacterial strains and plasmids used in this study. 

aColi Genetic Stock Centre 

bkan���������������������������;� tet: tetracyclin ���������������;�bla: ampicillin resistance 
����;�ParaB-gam-bet-exo��������������������������������������������������������;����;�
��������������������������;�flp: flippase gene under thermal induction 

4.2.2. Deletion of pyruvate formate-lyase gene (pflB) 
����������������������������������-lyase (pflB) was knocked out by Lambda-

Red-��������������������������������������������������Datsenko and Wanner 

(2000).  

Briefly, E. coli BW25113 Δlpd (Baba et al., 2006) was transformed with the 

pKD46 plasmid and grown on LB medium containing 10 mM L-arabinose to 

induce the expression of Lambda-Red recombinase. Subsequently, the pflB 

����������������������������������������������������������������������������

������������������������������������������������������������������������������

Strains and plasmids Characteristics References 
Strains   

BW25113 �-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
rph-1, Δ(rhaD-rhaB)568, hsdR514 CGSCa 

BW25113 Δlpd BW25113 Δlpd-734::kan CGSCa 

BW25113 ΔpflB BW25113 ΔpflB727::kan CGSCa 

BW25113 Δlpd ΔpflB  BW25113 Δlpd ΔpflB marker free ���������� 
   

Plasmids   

pBbA2k-��� p15A, Ptet, kan, tet, mRFP1 
Lee et al. 
(2011) 

pBbA2k empty  p15A, Ptet, kan, tet Chapter 3  

������������ �������������������������Plpd, �������lpd, Tlpd Chapter 3  

����������low inhib �������������������������Plpd, lpd 1AA, Tlpd Chapter 3  

�������������� �������������������������Plpd, lpd 7A, Tlpd Chapter 3  

������������������������ �������������������������Plpd, lpd 8AA, Tlpd Chapter 3  

pKD13 oriR6K gamma, tL3LAM, bla, rrnB, kan, FRT CGSCa 

pKD46 repA101����� ParaB-gam-bet-exo, oriR101, 
bla, araC  

CGSCa 

����� repA101����������������flp CGSCa 
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the pKD13 plasmid using Phusion high-fidelity DNA polymerase (Thermo 

Scientific) and primers including 20 bp of the FRT sites and 50 bp homologous 

flanking sites of the pflB gene. The knock-out cassette was introduced by 

electroporation into the cells and transformants were screened on kanamycin 

selective plates and colony PCR using DreamTaq DNA polymerase (Thermo 

Scientific). The kanamycin resistance cassette was subsequently removed from 

the colonies harboring the desired genotype using the pCP20 plasmid. Curing 

of the pCP20 plasmid was performed by growing cells on liquid LB at 42°C under 

250 rpm agitation. The sequences for recombination, the primers used to check 

the insertion of the knock-out cassette and the loss of the kanamycin resistance 

cassette are given in Table S1. 

4.2.3. Cultivation conditions 
The cultivations were performed as described in Chapter 3 of this thesis. All 

fermentations were performed at 37°C in a Kuhner shaker with an agitation of 

���� ����� ���� ������� ���� ������������� ����� ��� ������ ���������� ���� ����

strains carrying pBbA2k plasmid. Precultures of all strains were performed 

overnight in 50 mL LB. 5 mL of the overnight preculture was transferred to either 

45 mL or 95 mL M9 minimal medium in 250 mL shake flasks for aerobic and 

anaerobic conditions, respectively. The minimal medium (MM) contained: 1 x 

M9 salts, 50 mM glucose, 2 mM MgSO4, 1 mM CaCl2��������������Fe trace 

elements (Bühler et al., 2002). The pH of the medium was buffered at 6.9 with 

44 mM KH2PO4 and 47.5 mM Na2HPO4. The following day, cells were harvested 

by centrifugation at 4700 rpm for 5 min at room temperature and inoculated into 

50 mL MM to an OD600nm of 0.2. Aerobic cultivations were carried out in 250 mL 

Erlenmeyer flasks whereas anaerobic cultivations were performed in 200 mL 

serum bottles previously flushed with nitrogen. 

4.2.4. Analytical methods 
The analytical methods used to determine growth and metabolite production are 

the same as in Chapter 3 of this thesis. Growth was followed by measuring the 

absorbance at 600nm using a Hach Lange DR6000 spectrophotometer. 
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Glucose, ethanol and organic acid concentrations were analyzed on an Agilent 

1290 Infinity (U)HPLC equipped with a UV detector (210 nm) and a RI detector 

(55°C). Separation of the samples was performed on a guard column (Security 

Guard Cartridge System, Phenomenex) and a Rezex ROA-Organic acid H+ 

(8%) column (Phenomenex) operated at 55°C. 0.005 M sulphuric acid was used 

as eluent with a flow of 0.5 mL/min and 250 mM propionic acid was used as 

internal standard. 

4.2.5. Carbon balances  
Based on the fermentation and growth profiles, carbon recovery was determined 

during anaerobic cultivations. The carbon balances account for glucose, 

pyruvate, ethanol, lactate, acetate, succinate, formate, CO2 and biomass. They 

are calculated based on the concentrations and number of carbons of each 

compound measured. We chose to express it as C-mmol present and not as a 

fraction of the glucose consumed to limit overestimations. 

Aerobically, carbon balances cannot be determined since the cultivations were 

performed in shake flasks and the CO2 produced could not be accounted for. 

Anaerobically, the CO2 concentrations were estimated from the fermentation 

products according to Equation 1:  

CO2 produced = ethanol produced + acetate produced – succinate produced -formate produced 

(Equation 1) 

The biomass was estimated from the OD600nm measurements. Based on the 

elemental stoichiometry of E. coli (Folsom and Carlson, 2015), we determined 

the percentage of carbon present in the cells (g/g). Moreover, the correlation 

between E. coli cell dry weight and OD600nm is 0.36 g/L (Ren et al., 2013). With 

this information, the measured OD600nm is translated into a cell concentration, 

according to Equation 2: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐 𝑝𝑝𝑐𝑐𝑝𝑝𝐵𝐵𝑝𝑝𝑐𝑐𝑝𝑝 (𝐵𝐵𝑚𝑚) = 𝑂𝑂𝑂𝑂600𝑛𝑛𝑛𝑛∗0.36∗carbon present in 𝐸𝐸.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛

∗ 1000  

(Equation 2) 
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Where the carbon present in E. coli is 0.504 g/g and the molecular weight of 

carbon is 12.01 g/mol. 

The carbon balances can be found in Table S2. The strains were grown on M9 
medium containing 50 mM glucose as sole carbon source therefore 300 C-mmol 

(50 mM * 6 carbon molecules per glucose) were introduced in the system. The 

carbon balances fluctuated between 277.1 ± 18.9 and 326.4 ± 0.4 C-mmol, 

which is within 10% deviation of 300 C-mmol. This indicates that the metabolites 

concentrations determined together with the estimations for biomass and CO2 

are accurate. 

4.2.6. Yields 
Yields of biomass and products formed on glucose were determined during 

anaerobic cultivations. Yields of fermentation products were calculated based 

on the HPLC measurements whereas yields of CO2 and biomass formed on 

glucose were determined from the calculations mentioned above. All yields are 

expressed as mol product formed per mol glucose consumed. The values 

displayed in the results section represent the average yields of biological 

replicates with standard deviations.  

4.2.7. Flux through PDH complex 
Fluxes through the PDH complex (JPDH, expressed in mM/h) were determined 

based on the metabolite profiles at the beginning of the stationary phase. Both 

the absolute flux through PDH (JPDH) and the fraction of flux going through PDH 

versus the possible maximum flux Jmax were calculated. Jmax corresponds to the 

maximum flux resulting from a complete conversion of glucose into acetyl-CoA 

based products only.  

The absolute flux going through PDH was calculated according to the Equation 
3, assuming that PDH and PFL are the only two enzymes able to convert 
pyruvate into acetyl-CoA in E. coli. Moreover, we also assumed that all acetate 

was only produced from acetyl-CoA and that direct production of acetate from 

pyruvate was negligible.  
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𝐽𝐽𝑃𝑃𝑃𝑃𝑃𝑃 = ∆[𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]+ ∆[𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒]−∆[𝑓𝑓𝑎𝑎𝑓𝑓𝑚𝑚𝑎𝑎𝑒𝑒𝑒𝑒]
∆𝑒𝑒   (Equation 3) 

The relative fraction of the flux going through PDH was determined by 

calculating the total flux through the system based on the glucose consumption 

rate. 

4.2.8. Genome-scale metabolic model 
The iML1515 genome-scale metabolic model of E. coli K-12 substr. MG1655 

was obtained from Monk et al. (2017). This model is suitable to predict the 

behavior of the strains used in this study because both are K-12 derivatives. 

This model is the most complete model for E. coli up to date and shows 

increased accuracy in predicting the effect of gene knock-outs. The model 

contains 1515 open reading frame, 2719 reactions and 1192 unique 

metabolites. It also includes three compartments – cytosol, periplasm and 

extracellular space – as well as gene-protein-reaction (GPR) relationships. 

The iML1515 metabolic model was modified to understand the impact of an 

NADP+-dependent LPD on E. coli Δlpd ΔpflB metabolism under both aerobic 

and anaerobic conditions.  

The pflB gene encoding the pyruvate formate-lyase (PFL) was knocked out by 

setting the upper and lower bounds of the PFL reaction to 0.  

For E. coli Δlpd ΔpflB carrying the native LPD gene, the bounds of the reactions 

catalyzed ��� ���� �������� ��������������� ��������� ��� �������� ������� ��;�

1000]. 

To predict the behavior of E. coli Δlpd ΔpflB carrying an NADP+-dependent LPD, 

the reactions catalyzed by PDH and ODH complex were modified. Both 

cofactors NAD+ and NADH were substituted for NADP+ and NADPH, 

respectively. The default bounds remained unchanged as PDH and ODH 

reactions are irreversible. 
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The upper and lower bounds for the oxygen exchange reaction were set at -

1000 and 0 mmol/gDW/h, respectively to simulate aerobic conditions. Anaerobic 

conditions were enabled by changing the lower bound to 0. 

The bounds for the glucose exchange reaction remained unchanged and were 

[-��;�1000]. 

Pyruvate production was included in the aerobic model by increasing the bounds 

of the pyruvate exchange reaction while keeping the glucose uptake rate at -10 

mmol/gDW/h. 

In this modified iML1515 GEM, biomass formation was used as objective to 

maximize using flux balance analysis (FBA). Reactions involved in NADH and 

NADPH metabolisms were identified in E. coli ΔpflB carrying either NAD+- or 

NADP+-dependent PDH and ODH complexes. 

 

4.3. Results and Discussion 
4.3.1. E. coli ΔpflB 
Prior to assessing the effect of changing the cofactor specificity of LPD on E. 

coli metabolism, we knocked out the pflB gene encoding pyruvate formate-lyase 

(PFL) and assessed the phenotype of the mutant strain under aerobic and 

anaerobic conditions. The aerobic cultures were oxygen-limited during a large 

period of the aerobic fermentation, as reported previously (Chapter 3). In E. coli 

WT BW25113 this resulted in the synthesis of fermentation products, including 

formate by PFL (Chapter 3, Figure 4A). Knocking out pflB reduced formate 

production by 70% (Figure 1 and Chapter 3, Figure 4A). The inability to use 
PFL reduced the strains capacity to convert pyruvate into acetyl-CoA under 

these conditions, resulting in a 12.7% decrease of the specific aerobic growth 

rate (Table 2). The conversion of pyruvate to acetyl-CoA by the exclusive action 
of PDH increased the availability of NADH for energy generation by respiration 

and the availability of CO2 for biomass formation, resulting in a 13.7% increase 
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in biomass concentration (Figure 1A and Chapter 3, Figure 4A) compared to E. 

coli WT BW25113.  

Table 2�� ��������� ������� ������ �� ����������� ������� �������� ���� ����������
�������������� The values are expressed in h-1 and correspond to the average of the 
specific growth rates determined for biological triplicates (or duplicates for E. coli ΔpflB 
grown aerobically and E. coli Δlpd ΔpflB + LPDNADP+low inhib grown anaerobically). 

������� Aerobic ��������c ���������� 

E. coli WT BW25113 0.63 ± 0.00 0.36 ± 0.02 Chapter 3 

E. coli Δlpd NAa 0.28 ± 0.02 Chapter 3 

E. coli Δlpd + empty plasmid NAa 0.22 ± 0.00 Chapter 3 

E. coli Δlpd + LPDWT 0.60 ± 0.00 0.38 ± 0.01 Chapter 3 

E. coli Δlpd + LPDlow inhib 0.61 ± 0.00 0.37 ± 0.01 Chapter 3 

E. coli Δlpd + LPDNADP 0.29 ± 0.01 0.37 ± 0.01 Chapter 3 

E. coli Δlpd + LPDNADP+low inhib 0.24 ± 0.01 0.38 ± 0.00 Chapter 3 

E. coli ΔpflB 0.55 ± 0.00 0.17 ± 0.00 This study 

E. coli Δlpd ΔpflB NAa NAa This study 

E. coli Δlpd ΔpflB + empty plasmid NAa NAa This study 

E. coli Δlpd ΔpflB + LPDWT 0.53 ± 0.00 0.15 ± 0.00 This study 

E. coli Δlpd ΔpflB + LPDlow inhib 0.54 ± 0.00 0.15 ± 0.00 This study 

E. coli Δlpd ΔpflB + LPDNADP 0.28 ± 0.01 0.11 ± 0.00 This study 

E. coli Δlpd ΔpflB + LPDNADP+low inhib 0.35 ± 0.01 0.02 - 0.10 ± 0.00 This study 
 aNA, Not applicable. The strains did not grow under the cultivation condition tested. 

Anaerobically, the strain grew without producing formate, which demonstrates 

that PDH is able to support anaerobic growth of E. coli. Previous research has 

shown that PDH activity of anaerobically grown E. coli cells was low or 

undetectable ��������������������������;������ et al., 1993a;��������� et al., 

1999). Our result supports the findings of Murarka et al. (2010) where the native 

PDH was shown to support anaerobic growth of E. coli ΔpflB strains grown on 

minimal medium supplemented with glucuronate. They showed that knocking 

out pflB resulted in increased flux through PDH and transhydrogenases. They 

hypothesized that NADPH was regenerated from the excess NADH produced 

during the reaction catalyzed by PDH to be further used for synthesis of building 
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blocks. Moreover, a decrease in acetyl-CoA-based products such as acetate 

and ethanol was observed. Knocking out pflB reduced the production of acetate 

by a factor of 10. The presence of an active PFL makes it possible to coproduce 

acetate/ethanol/2 formate in redox balance, with a generation of 3 mol ATP/mol 

glucose. A redox-balanced production of acetate is not possible with PDH 

because – unlike PFL – it requires the reduction of NAD+. Consequently, PDH 

can only be used to produce ethanol as a fermentation product. Ethanol 

production was however reduced 5-fold, indicating the low capacity of PDH 

under anaerobic conditions. Instead, inactivation of PFL resulted in a 2.5-fold 

increase in lactate production. Both ethanol and lactate production have an 

associated ATP yield of 2 mol ATP/mol glucose. The reduced ATP yield resulted 

in a 58% decrease in specific growth rate (Table 2) and 20.6% lower cell 
densities than E. coli WT BW25113 (Figure 2A and Chapter 3, Figure 5A). In 
comparison, deletion of lpd only resulted in a decrease in specific growth rate 

and biomass formation of 22% and 12.7%, respectively (Table 2 and Chapter 
3, Figure 5F and 5G). 

4.3.2. E. coli Δlpd ΔpflB 
Prior to introducing the different LPD variants, we first knocked out the genomic 

lpd gene in E. coli ΔpflB and we determined the impact on E. coli metabolism 

aerobically and anaerobically on minimal medium. An overview of the changes 

introduced in the carbon metabolism of E. coli can be found in Figure S1. E. coli 

Δlpd ΔpflB did not show any sign of growth on glucose under both aerobic and 

anaerobic conditions (Figure S2). However, the strain was able to form small 
colonies on LB plates when plated at the end of both experiments. The same 

phenomenon was observed for E. coli Δlpd ΔpflB strain carrying the empty 

pBbA2k, demonstrating that the strains remained metabolically active albeit no 

growth was detected. As both strains lack functional PDH and PFL, no acetyl-

CoA can be generated which results in a growth defect on minimal medium. 

Nevertheless, the strains consumed glucose and formed lactate as main 

fermentation product (Figure S2), allowing the generation of 2 mol ATP/mol 
glucose which can be used for maintenance. In addition, E. coli Δlpd ΔpflB and 
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E. coli Δlpd ΔpflB + empty pBbA2k grew on LB medium. LB is a rich medium in 

which the complex molecules can be used by the strains for growth and do not 

require the conversion of pyruvate to acetyl-CoA. However, the strains only 

formed small colonies since they rely on fermentation for energy generation and 

growth. 

4.3.3. E. coli Δlpd ΔpflB + LPDWT 
The native lpd gene of E. coli was introduced in E. coli Δlpd ΔpflB strain on a 

medium copy plasmid (pBbA2k) under the control of its native promoter and 

terminator. This strain was used as a control for the expression of the modified 

lpd genes on plasmid.  

Aerobically, E. coli Δlpd ΔpflB + LPDWT exhibited very similar growth profiles and 

growth rates as E. coli ΔpflB (Figure 1 and Table 2). Furthermore, E. coli Δlpd 

ΔpflB + LPDWT and E. coli ΔpflB reached comparable biomass concentrations 

with 5.34 ± 0.08 and 5.10 ± 0.07 as maximum OD600nm (Figure 1A and 1B). The 
metabolite profiles obtained for both strains were also similar since they both 

accumulated up to 15.0 mM acetate and 7.1 mM lactate. Traces of pyruvate, 

succinate, ethanol and formate were also observed, with concentrations below 

4.0 mM. 

Under anaerobic conditions, E. coli Δlpd ΔpflB + LPDWT exhibited an 11.8% 

lower specific growth rate (Table 2) and 14.4% lower cell density than E. coli 

ΔpflB (Figure 2A and 2B). This decrease in both growth rate and cell density 
most likely results from the cost of maintaining the plasmid in the cells. 

Moreover, it is likely that LPD subunits are overexpressed relative to the other 

PDH/ODH complex subunits, not contributing to PDH and ODH activity but 

adding to ATP costs. This phenomenon was not observed aerobically as higher 

amounts of metabolic energy (ATP) were available. As a consequence, E. coli 

Δlpd ΔpflB + LPDWT exhibited higher fluxes through PDH compared to E. coli 

ΔpflB with an increase of 34.8% and 42.1% in JPDH and JPDH/Jmax, respectively 

(Table 3). 
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Although a higher flux through PDH is observed, PDH activity is still limited 

anaerobically due to NAD(P)H inhibition. Our results show that the flux going 

through PDH in this strain is mainly used for anabolic reactions, and not 

catabolism. 

 

Figure 1. Aerobic fermentations on M9 medium. Growth and metabolites profiles are 
shown per strain. The values represent the average of biological triplicates (or duplicates 
for E. coli ΔpflB) with standard deviations. 

4.3.4. E. coli Δlpd ΔpflB + LPDlow inhib 
As NADH inhibition restricts the anaerobic activity of LPD, an E354K mutation 

was introduced in the lpd gene of E. coli Δlpd ΔpflB based on the findings of Kim  

et al. (2008). They reported that this mutation lowered the Ki for NADH by 10-
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fold, allowing the PDH complex to be active anaerobically. Furthermore, we 

previously reported that this mutation not only reduces NADH inhibition but also 

NADPH inhibition in E. coli strains (Chapter 3, Figure 3).  

The strain exhibiting a PDH complex with reduced inhibition by NAD(P)H 

presented similar specific growth rates to E. coli Δlpd ΔpflB + LPDWT under both 

aerobic and anaerobic conditions. However, E. coli Δlpd ΔpflB + LPDlow inhib 

showed 6.7% and 9.6% higher maximum OD600nm under aerobic (Figure 1B and 
1C) and anaerobic conditions (Figure 2B and 2C), respectively.  

Aerobically, E. coli Δlpd ΔpflB + LPDlow inhib produced about 2.2 mM less acetate 

and 5.6 mM less lactate than E. coli Δlpd ΔpflB + LPDWT, and the ethanol 

concentration increased by 2.7-fold (Figure 1C). These data are in accordance 
with previous results reported in Chapter 3, Figure 4C. Introduction of the 

mutation for reduced NAD(P)H inhibition increased the production of ethanol 

under anaerobic conditions, at the expense of lactate production. E. coli Δlpd 

ΔpflB + LPDlow inhib exhibited about 2.5- and 4.6-times higher flux through its PDH 

than E. coli Δlpd ΔpflB + LPDWT and E. coli WT BW25113, respectively. 

Additionally, E. coli Δlpd ΔpflB + LPDlow inhib showed 3.7 times higher JPDH/Jmax 

than the one of E. coli WT BW25113 with 18.7 ± 0.6% (Table 3). The increased 
flux as well as the anaerobic fermentation profiles confirm the findings of Kim  et 

al. (2008). The increased ethanol concentration indicates that the additional flux 

through PDH in this strain was used for catabolic as well as anabolic reactions. 

Nonetheless, E. coli Δlpd ΔpflB + LPDlow inhib still produced lactate as main 

fermentation product, demonstrating that the E354K mutation does not entirely 

relieve NAD(P)H inhibition and/or that inhibition is not the only factor limiting the 

anaerobic activity of PDH.  
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Figure 2. Anaerobic fermentations on M9 medium. Growth and metabolite profiles are 
shown per strain. The values represent the average of biological triplicates (or duplicates 
for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib) with standard 
deviations. 

4.3.5. E. coli Δlpd ΔpflB + LPDNADP 
In Chapter 3, E. coli Δlpd + LPDNADP showed reduced growth rate and biomass 

concentration compared to E. coli Δlpd + LPDWT under aerobic conditions 

(Chapter 3, Table 2 and Figure 4B and 4D). Furthermore, the strain accumulated 

pyruvate up to 20.1 ± 0.0 mM during growth on glucose. Once glucose was 

depleted from the medium, pyruvate was further converted to 29.1 ± 0.3 mM 

acetate, presumably by using pyruvate oxidase activity (Chapter 3 of this thesis, 
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Figure 4D). The results obtained in this study for E. coli Δlpd ΔpflB + LPDNADP 

(Table 2, Figure 1D and 2D) are in accordance with the findings of Chapter 3, 
Figure 4D. However, no formate was detected in the cultures (Figure 2D).  

Aerobically, E. coli Δlpd ΔpflB + LPDNADP exhibited a 1.9-fold lower growth rate 

than E. coli Δlpd ΔpflB + LPDWT (Table 2) and reached lower cell densities 
(Figure 1D). As the strain exhibits an NADP+-PDH complex, pyruvate, CoA and 
NADP+ are converted to acetyl-CoA, CO2 and NADPH, which can be further 

used for anabolic processes such as growth. However, less NADH is produced 

in E. coli Δlpd ΔpflB + LPDNADP compared to a strain carrying an NAD+-PDH. 

Consequently, less NADH is available for energy generation by respiration, 

which results in lower growth rates and biomass concentrations. In addition, the 

strain accumulated 41.4 ± 0.2 mM pyruvate and 13.8 ± 0.5 mM lactate during 

exponential growth on glucose. After entering the stationary phase, both 

metabolites were subsequently converted to 24.5 mM acetate (Figure 1D).  

Accumulation of both pyruvate and lactate indicates that the change of cofactor 

specificity created a bottleneck at the PDH node since formation of both 

metabolites does not involve PDH. PDHNADP was shown to have higher in vitro 

activity than PDH complexes using NAD+ as cofactor (Chapter 3, Figure 1C). 

Consequently, it seems that cells have difficulty to regenerate NADP+. In 

addition, formate and ethanol were not detected in the cultures and the strain 

presented a 13 h delay prior exponential growth which was not observed for E. 

coli Δlpd + LPDNADP (Chapter 3, Figure 4D). This longer lag phase must be a 

consequence of a lack of functional PFL at the beginning of the fermentations. 

The impact of changing the cofactor specificity of PDH under anaerobic 

conditions could not be characterized well in Chapter 3 of this thesis since PFL 

was present and carried most of the flux for the conversion of pyruvate to acetyl-

CoA. E. coli Δlpd ΔpflB + LPDNADP grew anaerobically demonstrating that an 

NADP+-PDH complex supports anaerobic growth of an E. coli strain lacking a 

functional PFL. Although the strain exhibited a similar specific growth rate to 

strains carrying an NAD+-dependent PDH (Table 2), it reached a 2.1-fold lower 
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maximum OD600nm which corresponds to a 1.6-fold decrease in biomass yield 

on glucose (Table 4). 

Table 3. Calculated catabolic fluxes through the PDH complex of all strains grown 
under anaerobic conditions. Absolute flux through PDH (JPDH) and fraction of the flux 
through PDH compared to the total possible flux (JPDH/Jmax). The values shown are the 
average of biological triplicates (or duplicates for E. coli WT BW25113, E. coli ΔpflB and 
E. coli Δlpd ΔpflB + LPDNADP+low inhib) with standard deviations. The fluxes were not 
determined for E. coli Δlpd ΔpflB and E. coli Δlpd ΔpflB + empty plasmid since they did 
not grow. 

Strains JPDH (mM pyruvate/h) JPDH/Jmax (%) 

E. coli WT BW25113 0.34 ± 0.10 5.0 ± 1.6 

E. coli ΔpflB  0.46 ± 0.02 5.7 ± 0.2 

E. coli Δlpd ΔpflB  NDa NDa 

E. coli Δlpd ΔpflB + empty plasmid NDa NDa 
E. coli Δlpd ΔpflB + LPDWT 0.62 ± 0.04 8.1 ± 0.4 
E. coli Δlpd ΔpflB + LPDlow inhib 1.55 ± 0.05 18.7 ± 0.6 
E. coli Δlpd ΔpflB + LPDNADP 0.00 ± 0.00 0.0 ± 0.0 
E. coli Δlpd ΔpflB + LPDNADP+low inhib 0.00 ± 0.00 0.0 ± 0.0 
aND, Not determined. The strains did not grow. 

Unlike strains exhibiting an NAD+-dependent PDH complex, E. coli Δlpd ΔpflB 

+ LPDNADP did not consume all glucose in 24 h of cultivation. The strain produced 

lactate as main fermentation product with 76.3 ± 0.5 mM (Figure 2D). Even 
though the absolute amount of lactate is lower than the one reported for E. coli 

Δlpd ΔpflB + LPDWT, E. coli Δlpd ΔpflB + LPDNADP showed an increase in lactate 

yield on glucose of 18.8% (Table 4). E. coli Δlpd ΔpflB + LPDNADP did not 

produce any formate, ethanol or acetate but it did form traces of pyruvate up to 

1.9 mM (Figure 2D). Deletion of the pflB gene led to an increase in the flux 

through PDH as it is the only enzyme available in the cells for acetyl-CoA 

formation. Nevertheless, no catabolic flux through the PDH complex of E. coli 

Δlpd ΔpflB + LPDNADP was observed anaerobically (Table 3) as the strain did 
not produce ethanol or acetate. 
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Figure 4D). The results obtained in this study for E. coli Δlpd ΔpflB + LPDNADP 

(Table 2, Figure 1D and 2D) are in accordance with the findings of Chapter 3, 
Figure 4D. However, no formate was detected in the cultures (Figure 2D).  

Aerobically, E. coli Δlpd ΔpflB + LPDNADP exhibited a 1.9-fold lower growth rate 

than E. coli Δlpd ΔpflB + LPDWT (Table 2) and reached lower cell densities 
(Figure 1D). As the strain exhibits an NADP+-PDH complex, pyruvate, CoA and 
NADP+ are converted to acetyl-CoA, CO2 and NADPH, which can be further 

used for anabolic processes such as growth. However, less NADH is produced 

in E. coli Δlpd ΔpflB + LPDNADP compared to a strain carrying an NAD+-PDH. 

Consequently, less NADH is available for energy generation by respiration, 

which results in lower growth rates and biomass concentrations. In addition, the 

strain accumulated 41.4 ± 0.2 mM pyruvate and 13.8 ± 0.5 mM lactate during 

exponential growth on glucose. After entering the stationary phase, both 

metabolites were subsequently converted to 24.5 mM acetate (Figure 1D).  

Accumulation of both pyruvate and lactate indicates that the change of cofactor 

specificity created a bottleneck at the PDH node since formation of both 

metabolites does not involve PDH. PDHNADP was shown to have higher in vitro 

activity than PDH complexes using NAD+ as cofactor (Chapter 3, Figure 1C). 

Consequently, it seems that cells have difficulty to regenerate NADP+. In 

addition, formate and ethanol were not detected in the cultures and the strain 

presented a 13 h delay prior exponential growth which was not observed for E. 

coli Δlpd + LPDNADP (Chapter 3, Figure 4D). This longer lag phase must be a 

consequence of a lack of functional PFL at the beginning of the fermentations. 

The impact of changing the cofactor specificity of PDH under anaerobic 

conditions could not be characterized well in Chapter 3 of this thesis since PFL 

was present and carried most of the flux for the conversion of pyruvate to acetyl-

CoA. E. coli Δlpd ΔpflB + LPDNADP grew anaerobically demonstrating that an 

NADP+-PDH complex supports anaerobic growth of an E. coli strain lacking a 

functional PFL. Although the strain exhibited a similar specific growth rate to 

strains carrying an NAD+-dependent PDH (Table 2), it reached a 2.1-fold lower 
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4.3.6. E. coli Δlpd ΔpflB + LPDNADP+low inhib 
A final lpd variant was introduced in E. coli Δlpd ΔpflB which carries both 

changes of cofactor dependency of the PDH and reduced inhibition towards 

NAD(P)H.  

Aerobically, E. coli Δlpd ΔpflB + LPDNADP+low inhib reached a similar biomass 

concentration as E. coli Δlpd ΔpflB + LPDNADP (Figure 1E) however it exhibited 
a 25% higher specific growth rate (Table 2). Remarkably, E. coli Δlpd ΔpflB + 

LPDNADP+low inhib showed a 45.8% increased specific growth rate compared to its 

counterpart exhibiting a functional PFL (Table 2). The strain presented a delay 
prior exponential growth as reported earlier for E. coli Δlpd ΔpflB + LPDNADP 

(Figure 1E). The strain carrying an NADP+-PDH with reduced NADH inhibition 
showed comparable metabolite profiles to E. coli Δlpd ΔpflB + LPDNADP. 

Pyruvate and lactate accumulated during growth on glucose and were 

subsequently converted into acetate after entering the stationary phase. 

Nonetheless, E. coli Δlpd ΔpflB + LPDNADP+low inhib produced less lactate and 

more pyruvate and acetate than E. coli Δlpd ΔpflB + LPDNADP with 6.5 mM, 57 

mM and 43 mM, respectively. The results obtained in this study are in 

accordance with the aerobic profiles obtained with E. coli Δlpd + LPDNADP+low inhib 

(Chapter 3, Figure 4E). 

Changing the cofactor dependency of LPD from NAD+ to NADP+ decreased the 

specific growth rate of the strain from 0.53 ± 0.00 h-1 (Table 2, E. coli Δlpd ΔpflB 

+ LPDWT) to 0.28 ± 0.01 h-1 (Table 2, E. coli Δlpd ΔpflB + LPDNADP). 

Nevertheless, E. coli Δlpd ΔpflB carrying an NADP+-dependent LPD less 

sensitive to NAD(P)H inhibition showed a 25% increase in specific growth rate, 

which indicates that higher flux went through both PDH and ODH complexes. 

Anaerobically, E. coli Δlpd ΔpflB + LPDNADP+low inhib barely grew and only reached 

a final OD600nm of 0.34 ± 0.01 (Figure 2E and Table 2). Furthermore, the strain 
only consumed 20.5 ± 0.6 mM glucose within 28 h of cultivation and formed 

lactate as main fermentation metabolite with concentrations up to 42.5 ± 1.1 mM 

(Figure 2E). The lactate yield on glucose exhibited by E. coli Δlpd ΔpflB + 
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LPDNADP+low inhib was 5.6% higher than the one obtained for E. coli Δlpd ΔpflB + 

LPDNADP (Table 4). As observed during anaerobic growth of E. coli Δlpd ΔpflB 

+ LPDNADP, no formate, succinate or acetate were formed but traces of pyruvate 

were detected (Figure 2E). Both strains carrying an NADP+-dependent LPD 
reduce NADP+ instead of NAD+ during the conversion of pyruvate to acetyl-CoA 

and CO2. Because NAD+ is now only reduced by glyceraldehyde-3-phosphate 

dehydrogenase, lactic acid production is the only redox-neutral way to 

regenerate NAD+ under anaerobic conditions. Formation of other fermentation 

products like ethanol, acetate and succinate cannot be performed in a redox-

neutral manner. In addition, the change of cofactor of LPD from NAD+ to NADP+ 

results in a higher availability of NADPH in the cells. NADP+ cannot be 

regenerated by the dehydrogenases involved in the formation of fermentation 

products as they are all specific for NAD+. NADP+ regeneration therefore 

depends on NADPH-specific enzymes involved in anabolic reactions, or on 

transhydrogenases. E. coli possesses two transhydrogenases which transfer 

electrons between NADH and NADPH, allowing the cells to maintain viable 

NADH/NAD+ and NADPH/NADP+ ratios. The membrane-bound, energy-

dependent transhydrogenase PntAB catalyzes the conversion of NADH and 

NADP+ to NADPH and NAD+ (Clarke and Bragg, 1985a;� ������� ���� �������

1985b). This enzyme was reported to contribute to NADPH production during 

aerobic growth of E. coli on glucose (Clarke and Bragg, 1985a;��������� et al., 

����;� ����� et al.�� ����;����� et al., 2015). The second transhydrogenase 

��������������������������catalyzing the transfer of electrons from NADPH to 

NADH at physiological conditions in which the NADPH/NADP+ ratio is high, and 

the NADH/NAD+ ratio is low (Voordouw et al.�� ����;��������� et al.�� ����;�

����� et al.������;������������������������������������������������������������

was required for growth under metabolic conditions leading to NADPH excess 

(Canonaco et al.������;������ et al.������;����� et al.������;�������������������

2009). Overexpression of sthA ��������� ���� ���� ������ ��� �������� ������

balance in strains overproducing NADPH (Boonstra et al.������;��������� et 

al.�� ����;��� et al., ����;� ������� ����� et al., 2015). Lindner et al. (2018) 

reported aerobic growth of an NADPH-auxotrophic E. coli strain carrying an 
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NADP+-dependent PDH on M9 medium supplemented with glucose. Therefore, 

introduction of an NADPH-requiring pathway should be sufficient to solve the 

redox balance problem. 

PDHNADP+low inhib was reported to have high activity and reduced sensitivity 

towards both NADH and NADPH (Chapter 3, Figure 1C and Figure 3). 

Therefore, the complex is more likely to be active anaerobically in the cells than 

PDHNADP. In this work, E. coli Δlpd ΔpflB + LPDNADP+low inhib produced 2.5 + 0.6 

mM ethanol at the end of the fermentations. Contrary to E. coli Δlpd ΔpflB + 

LPDNADP, the flux through PDHNADP+low inhib was not exclusively used for growth 

but for catabolic processes as well. Ethanol formation shows that higher flux 

went through PDHNADP+low inhib as a result of lower NAD(P)H inhibition and that 

NADPH was converted into NADH, probably by STH.  

4.3.7. Genome-scale metabolic model iML1515 
In a normal situation, E. coli produces NADPH via the pentose phosphate 

pathway and the isocitrate dehydrogenase present in the TCA cycle. Therefore, 

1 NADPH is produced per processed acetyl-CoA. The change of cofactor 

dependency of both PDH and ODH in E. coli Δlpd ΔpflB + LPDNADP leads to the 

formation of 3 NADPH per processed acetyl-CoA. This increase probably 

exceeds the NADPH requirement for cell growth. Growth of E. coli Δlpd ΔpflB + 

LPDNADP on glucose indicates that there is flux through the PDH complex (and 

ODH complex) since the cells require acetyl-CoA for growth. Nevertheless, 

pyruvate accumulation suggests that the surplus of NADPH formed is not 

sufficiently reoxidized. Biomass formation requires a certain amount of ATP, 

NAD+ and NADPH and, changing the cofactor dependency of LPD might upset 

the NADH/NADPH ratio in the cells. E. coli possesses a soluble 

transhydrogenase (STH) that is able to convert the excess NADPH into NADH 

to restore the balance. As the cultivations performed in this study were 

conducted in batch mode, accurate calculations for fluxes were not possible. 

Therefore, the modified iML1515 genome-scale metabolic model was used to 

understand how the change of cofactor specificity of LPD affected E. coli 

metabolism, and more specifically, identify enzymes involved in NADH and 
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NADPH metabolisms. To do so, two scenarios were tested in the model: E. coli 

ΔpflB carrying the native PDH and ODH complexes (NAD+-dependent) and E. 

coli ΔpflB carrying NADP+-dependent PDH and ODH complexes. 

4.3.7.1. E. coli Δlpd ΔpflB + LPDWT 
A glucose uptake rate of 10 mmol/gDW/h allowed E. coli Δlpd ΔpflB + LPDWT to 

reach a specific growth rate of 0.877 h-1 and 0.116 h-1 under aerobic and 

anaerobic conditions, respectively (Table 5). The model predicts the production 
of 17.8 mmol/gDW/h of lactate as well as 0.493 mmol/gDW/h of succinate under 

anaerobic conditions (Table 5). The enzymes predicted to be involved in NADH- 
and NADPH-dependent reactions under both aerobic and anaerobic conditions 

are presented in Table 6.  

The model shows that NADPH is produced in the TCA cycle via isocitrate 

dehydrogenase (IDH) (55%) and the oxidative branch of the PPP (19%) (Table 
6). The model predicted that 60% of the flux for NADPH consumption was 
carried out by the NADP+-dependent glutamate dehydrogenase. This enzyme 

catalyzes the conversion of 2-oxoglutarate, ammonium and NADPH into 

glutamate and NADP+ (Sakamoto et al.������;��������� et al., 1975), and it is 

expressed during growth on glucose with excess ammonium �������� ����

����������������;�����������������;���������������. Glutamate dehydrogenase 

(NADP) is predicted to carry such a high flux since L-glutamate has a central 

role in E. coli metabolism, being a major constituent of proteins, being a 

precursor for other amino acids (L-glutamine, L-proline, L-arginine) (Reitzer, 

����;� ��������� ����� and it regenerates L-glutamate used in transaminase 

reactions. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) carries most 

of the flux for NADH production with 41%. PDH, malate dehydrogenase (MDH) 

and ODH contribute to NADH formation by 23%, 17% and 14%, respectively. 

NADH is mainly consumed by the electron transport chain (ETC), allowing ATP 

generation. The model predicted that 91% of the flux for NADH consumption is 

carried by NADH dehydrogenase I – also known as complex I of the ETC. 
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Table 5. Solutions obtained with the modified iML1515 GEM for E. coli Δlpd ΔpflB 
carrying either NAD+- or NADP+-dependent PDH and ODH complexes. The values 
for in and out fluxes are expressed in mmol/gDW/h. The values for biomass correspond 
to the specific growth rates and are expressed in h-1. 

Fluxes 
E. coli Δlpd ΔpflB + LPDWT E. coli Δlpd ΔpflB + LPDNADP 
Aerobic Anaerobic Aerobic Anaerobic 

In fluxes     
O2 22.1 NAa 22 NAa 
Glucose 10 10 10 10 
NH4

+ 9.47 1.25 9.51 1.32 
Pi 0.846 0.112 0.85 0.118 
SO4

2- 0.221 0.0292 0.222 0.0308 

K+ 0.171 0.0226 0.172 0.0239 
Fe2+ 0.0141 0.000956 0.0141 0.00101 
Fe3+ NAa 0.000905 NAa 0.000956 
Mg2+ 0.00761 0.00101 0.00764 0.00106 
Ca2+ 0.00456 0.000603 0.00458 0.000637 
Cl- 0.00456 0.000603 0.00458 0.000637 
Cu2+ 0.000622 8.22E-05 0.000624 8.68E-05 
Mn2+ 0.000606 8.01E-05 0.000609 8.46E-05 
Zn2+ 0.000299 3.95E-05 0.0003 4.18E-05 
Ni2+ 0.000283 3.74E-05 0.000284 3.96E-05 
     
Out fluxes     
H2O 47.2 3.55 47.1 3.76 
CO2 24 0.00121 23.8 0.973 
H+ 8.06 19.8 8.09 18.8 
Lactate NAa 17.8 NAa 16.7 
Succinate NAa 0.493 NAa 0.521 
Ethanol NAa NAa NAa 0.972 
     
Objective     
Biomass 0.877 0.116 0.881 0.122 

            aNA, Not applicable. 

During anaerobic cultivation, the model predicts that NADPH is mainly produced 

by the membrane-bound transhydrogenase, which carries 86% of the NADPH 

flux and uses 7% of the NADH flux. The NADP+-dependent glutamate 

dehydrogenase carries 60% of the flux. According to the model, GAPDH and 

PDH carry 97% and 2% of the flux for NADH formation, respectively. As lactate 
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is the main fermentation product formed under anaerobic conditions, lactate 

dehydrogenase is responsible for 87% of NADH consumption.  

Differences between the predictions of the modified iML1515 genome-scale 

metabolic model and the experimental data obtained in this study can be 

observed. Aerobically, the model predicts a much higher specific growth rate 

than determined experimentally during aerobic cultivations. As the model 

maximizes for growth, no fermentation products were formed. However, in 

reality, E. coli Δlpd ΔpflB + LPDWT produced acetate as main fermentation 

product as well as lactate, formate, ethanol and succinate (Figure 1B). 
Production of fermentation products decreases the amount of glucose available 

for biomass formation and reduces the amount of ATP formed, therefore a lower 

specific growth rate was observed experimentally. Similarly, ethanol formation 

was not predicted anaerobically. Although the model is a powerful tool to 

understand the bacterium metabolism, it is limited as it does not take into 

account kinetics such as regulation and inhibition of enzymes. 

4.3.7.2. E. coli Δlpd ΔpflB + LPDNADP 
Using the same glucose uptake rate of 10 mmol/gDW/h, the model predicted that 

E. coli Δlpd ΔpflB carrying NADP+-dependent PDH and ODH complexes 

reaches slightly higher growth rates than a strain carrying native enzymes. The 

growth rates predicted for E. coli Δlpd ΔpflB + LPDNADP were 0.881 h-1 and 0.122 

h-1 under aerobic and anaerobic conditions, respectively (Table 5).  

Aerobically, similar solutions to the ones found for E. coli Δlpd ΔpflB carrying 

native PDH and ODH were predicted by the model, and no fermentation 

products were formed. Under aerobic conditions, the model predicts that a strain 

carrying NADP+-dependent PDH and ODH complexes produces NADPH mainly 

through the PDH complex (41%). The two TCA cycle enzymes – IDH and ODH 

– are carrying 30% and 26% of the flux, respectively. Contrary to E. coli Δlpd 

ΔpflB + LPDWT, no enzymes from the oxidative branch of the pentose phosphate 

pathway (oxPPP) were listed in the NADPH producing reactions, indicating that 

PDH and ODH – together with IDH - supply sufficient amount of NADPH for 
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anabolic reactions. Furthermore, E. coli Δlpd ΔpflB + LPDNADP requires the 

soluble transhydrogenase (STH) to regenerate NADH from NADPH, carrying 

51% and 32% of the flux for NADPH consumption and NADH production, 

respectively. Experimentally, E. coli Δlpd ΔpflB + LPDNADP accumulated 

pyruvate under aerobic conditions. Pyruvate accumulation prevents the flux to 

go through the PDH complex and therefore decreases the amount of NADPH 

produced in the cells. These experimental results indicate that the strain is not 

able to convert NADPH into NADH by means of STH activity. Therefore, another 

simulation was performed using the modified iML1515 GEM in which the 

reaction catalyzed by STH was knocked out. The model however always found 

a solution by combining reactions in which NADPH was converted into NADH, 

mimicking transhydrogenase activity (data not shown). However, these 

reactions are not feasible in vivo.  
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is the main fermentation product formed under anaerobic conditions, lactate 

dehydrogenase is responsible for 87% of NADH consumption.  

Differences between the predictions of the modified iML1515 genome-scale 

metabolic model and the experimental data obtained in this study can be 

observed. Aerobically, the model predicts a much higher specific growth rate 

than determined experimentally during aerobic cultivations. As the model 

maximizes for growth, no fermentation products were formed. However, in 

reality, E. coli Δlpd ΔpflB + LPDWT produced acetate as main fermentation 

product as well as lactate, formate, ethanol and succinate (Figure 1B). 
Production of fermentation products decreases the amount of glucose available 

for biomass formation and reduces the amount of ATP formed, therefore a lower 

specific growth rate was observed experimentally. Similarly, ethanol formation 

was not predicted anaerobically. Although the model is a powerful tool to 

understand the bacterium metabolism, it is limited as it does not take into 

account kinetics such as regulation and inhibition of enzymes. 

4.3.7.2. E. coli Δlpd ΔpflB + LPDNADP 
Using the same glucose uptake rate of 10 mmol/gDW/h, the model predicted that 

E. coli Δlpd ΔpflB carrying NADP+-dependent PDH and ODH complexes 

reaches slightly higher growth rates than a strain carrying native enzymes. The 

growth rates predicted for E. coli Δlpd ΔpflB + LPDNADP were 0.881 h-1 and 0.122 

h-1 under aerobic and anaerobic conditions, respectively (Table 5).  

Aerobically, similar solutions to the ones found for E. coli Δlpd ΔpflB carrying 

native PDH and ODH were predicted by the model, and no fermentation 

products were formed. Under aerobic conditions, the model predicts that a strain 

carrying NADP+-dependent PDH and ODH complexes produces NADPH mainly 

through the PDH complex (41%). The two TCA cycle enzymes – IDH and ODH 

– are carrying 30% and 26% of the flux, respectively. Contrary to E. coli Δlpd 

ΔpflB + LPDWT, no enzymes from the oxidative branch of the pentose phosphate 

pathway (oxPPP) were listed in the NADPH producing reactions, indicating that 

PDH and ODH – together with IDH - supply sufficient amount of NADPH for 
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Consequently, another simulation was performed in which the pyruvate 
production rate was increased gradually/stepwise (increase of 2 mmol/gDW/h 
from 0 to 12 mmol/gDW/h) for a given glucose uptake rate (10 mmol/gDW/h). 
This allows the determination of the pyruvate production rate at which STH is 
not required anymore. Solutions for in and out fluxes as well as enzymes 
predicted by the model to contribute to NADH and NADPH metabolism can be 
found in Table S7 and Table S8. 

 

Figure 3. Impact of pyruvate accumulation on the contribution of the soluble 
transhydrogenase (STH) to the flux for NADPH consumption. The values shown are 
the solutions predicted by the modified iML1515 GEM. 

The model predicts that increasing pyruvate production rate decreases the 

specific growth rates of the strain as less glucose is available for biomass 

formation (Table S7). For instance, production of 10 mmol/gDW/h of pyruvate 
decreases the specific growth rate by 39.5% (0.533 h-1). Furthermore, 

increasing pyruvate production rates decrease the total flux for NADPH 

metabolism (Table S8). As pyruvate accumulates, less absolute flux is going 
through PDH and other NADPH-producing enzymes thereby decreasing 

NADPH production. Consequently, STH contribution to NADPH-consuming 

reactions decreases gradually (Figure 3). The model predicted that STH was 
carrying 51% of the flux (13.1 mmol/gDW/h) of the flux for NADPH consumption 

when no pyruvate was accumulated in the cells. However, this enzyme only 

carries 17% (1.6 mmol/gDW/h) of the flux when applying a pyruvate production 

rate of 10 mmol/gDW/h (Table S8). At 12 mmol/gDW/h of pyruvate, the strain did 
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not require the presence of STH. In addition, E. coli Δlpd ΔpflB carrying NADP+-

dependent PDH and ODH complexes requires the presence of enzymes from 

the oxPPP for NADPH production. This suggests that the amount of NADPH 

produced during the reactions catalyzed by PDH, IDH and ODH is not sufficient 

for anabolic processes. The predictions of the model regarding STH contribution 

with increasing pyruvate production rates support the hypothesis that the lower 

growth rate and pyruvate accumulation observed during aerobic cultivations on 

glucose for E. coli Δlpd ΔpflB + LPDNADP are a consequence of a lack of STH 

activity in the cells. 

Anaerobically, the model predicted the formation of lactate and succinate with 

16.7 and 0.521 mmol/gDW/h, respectively (Table 5). Contrary to the strain 
carrying a native PDH, E. coli Δlpd ΔpflB + LPDNADP produces 0.972 mmol/gDW/h 

of ethanol. Experimentally the strain did not show any ethanol production 

however its counterpart carrying an NADP+-dependent PDH complex with 

reduced NAD(P)H inhibition did. 

Under anaerobic conditions, the NADP+-dependent PDH complex is now 

responsible for 86% of the flux for NADPH formation (Table 7), which was 
supported by the membrane-bound transhydrogenase PntAB in E. coli Δlpd 

ΔpflB + LPDWT. Therefore, PDH generates sufficient NADPH in the cells for 

growth. The isocitrate dehydrogenase (IDH) carries the same flux as reported 

for the strain carrying the native PDH and ODH complexes (8%). All NADPH 

produced is exclusively used for anabolism. Regarding NADH metabolism, 

GAPDH is supporting 99% of the flux for NADH formation, indicating that the 

flux which was previously carried by GAPDH and PDH in E. coli Δlpd ΔpflB + 

LPDWT is now solely carried by GAPDH. As reported for E. coli Δlpd ΔpflB + 

LPDWT, lactate dehydrogenase carries 84% of the flux for NADH consumption 

since lactate is the main fermentation product in E. coli Δlpd ΔpflB + LPDNADP 

as well. Both enzymes involved in ethanol formation – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – carry 5% of the flux for NADH 

consumption. 
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Differences can be observed between the experimental data obtained in this 

study and the predictions of the model. During anaerobic cultivations, E. coli 

Δlpd ΔpflB + LPDNADP produced lactate as main fermentation product and traces 

of succinate and pyruvate were observed. However, the strain did not produce 

ethanol, which is the main difference predicted by the model between strains 

carrying a native PDH and an NADP+-dependent PDH. Nevertheless, E. coli 

Δlpd ΔpflB + LPDNADP+low inhib (Figure 2E) produced traces of ethanol, 
demonstrating that the differences observed between the model and reality can 

be partially explained by NADH inhibition of the PDH complex. As lactate is the 

main fermentation product, most of the carbon flux goes through the lactate 

dehydrogenase circumventing PDH. 

Under aerobic conditions, a strain carrying an NADP+-dependent LPD produces 

a large amount of NADPH compared to a wild-type strain. Two moles of NADPH 

per glucose can be produced by PDH, and four additional NADPH can be 

formed in the TCA cycle by IDH and ODH. As a consequence of the increasing 

NADPH concentration, cells limit NADPH production by accumulating pyruvate. 

Anaerobically, the same phenomenon occurs where E. coli Δlpd ΔpflB + 

LPDNADP prevents NADPH formation through PDH by producing lactate. The 

surplus NADPH produced under both cultivation conditions should be converted 

into NADH by the action of STH, as predicted by the model. Nevertheless, 

pyruvate accumulation and lactate production clearly demonstrate that STH is 

not active in our strains or that its activity is insufficient. 
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not require the presence of STH. In addition, E. coli Δlpd ΔpflB carrying NADP+-

dependent PDH and ODH complexes requires the presence of enzymes from 

the oxPPP for NADPH production. This suggests that the amount of NADPH 

produced during the reactions catalyzed by PDH, IDH and ODH is not sufficient 

for anabolic processes. The predictions of the model regarding STH contribution 

with increasing pyruvate production rates support the hypothesis that the lower 

growth rate and pyruvate accumulation observed during aerobic cultivations on 

glucose for E. coli Δlpd ΔpflB + LPDNADP are a consequence of a lack of STH 

activity in the cells. 

Anaerobically, the model predicted the formation of lactate and succinate with 

16.7 and 0.521 mmol/gDW/h, respectively (Table 5). Contrary to the strain 
carrying a native PDH, E. coli Δlpd ΔpflB + LPDNADP produces 0.972 mmol/gDW/h 

of ethanol. Experimentally the strain did not show any ethanol production 

however its counterpart carrying an NADP+-dependent PDH complex with 

reduced NAD(P)H inhibition did. 

Under anaerobic conditions, the NADP+-dependent PDH complex is now 

responsible for 86% of the flux for NADPH formation (Table 7), which was 
supported by the membrane-bound transhydrogenase PntAB in E. coli Δlpd 

ΔpflB + LPDWT. Therefore, PDH generates sufficient NADPH in the cells for 

growth. The isocitrate dehydrogenase (IDH) carries the same flux as reported 

for the strain carrying the native PDH and ODH complexes (8%). All NADPH 

produced is exclusively used for anabolism. Regarding NADH metabolism, 

GAPDH is supporting 99% of the flux for NADH formation, indicating that the 

flux which was previously carried by GAPDH and PDH in E. coli Δlpd ΔpflB + 

LPDWT is now solely carried by GAPDH. As reported for E. coli Δlpd ΔpflB + 

LPDWT, lactate dehydrogenase carries 84% of the flux for NADH consumption 

since lactate is the main fermentation product in E. coli Δlpd ΔpflB + LPDNADP 

as well. Both enzymes involved in ethanol formation – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – carry 5% of the flux for NADH 

consumption. 
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4.4. Conclusion  
An E. coli strain lacking a functional PFL grew anaerobically on minimal medium, 

demonstrating that the PDH complex took over the conversion of pyruvate to 

acetyl-CoA. However, lactate was formed as main fermentation product, 

preventing high flux through PDH. 

Introduction of an NADP+-dependent PDH complex in E. coli Δlpd ΔpflB has the 

potential to produce a surplus of NADPH. However, because no sink for NADPH 

was available, the strain accumulated pyruvate and lactate whose formation 

circumvented the PDH complex. STH could have provided this sink to transfer 

the surplus of reducing power from NADPH to NADH under both cultivation 

conditions, so apparently its activity was insufficient in the cells. Anaerobically, 

the poor growth profile exhibited by E. coli Δlpd ΔpflB + LPDNADP likely results 

from a lack of STH activity as well as NAD(P)H inhibition. Introduction of 

LPDNADP+low inhib allowed the strain to redirect part of the flux for lactate formation 

to ethanol.  

To fully assess the impact of an NADP+-dependent LPD on E. coli metabolism, 

further research is necessary to understand if the soluble transhydrogenase is 

the limiting factor for cofactor regeneration. Additionally, presence of the lactate 

dehydrogenase limits the carbon flux to go through the PDH complex under 

anaerobic conditions. Deletion of ldhA gene would be an option to force the flux 

through the PDH complex and deletion of sthA gene would give insights in the 

role of STH – as well as the activity – in our strains carrying an NADP+-

dependent PDH complex.  
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4.5. Supplementary materials 
Table S1. Primers used in this study to disrupt the pflB gene (H1P1 and H2P2) and 
to check for correct transformants. The 50 bp flanking regions of the pflB gene are 
underlined. 

Names Sequences References 

pflB H1P1 
TTTTACTGTACGATTTCAGTCAAATCTAATTAC
ATAGATTGAGTGAAGGTATTCCGGGGATCCGT
CGACC 

Baba et al. 
(2006) 

pflB H2P2 
CGAAGTACGCAGTAAATAAAAAATCCACTTAA
GAAGGTAGGTGTTACATGTGTAGGCTGGAGC
TGCTTCG 

Baba et al. 
(2006) 

pflB -156FW GTGTTGGTGCGCAGCTCGAA This study 

pflB +151REV CCTGATTCCGGTTACGATCG This study 
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Figure S1. Carbon metabolism of (A) E. coli WT BW25113 and (B) after genetic 
engineering. Reactions impacted by the change of cofactor specificity of LPD are shown 
in green. Disruption of the pflB gene encoding the pyruvate formate-lyase (PFL) is shown 
with a red cross.   
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 

 

 

Figure S2. Aerobic (A and B) and anaerobic (C and D) fermentations profiles of E. 
coli Δlpd ΔpflB with or without empty pBbA2k plasmid (ep). The values shown 
represent the average of biological triplicates with standard deviations. Light blue 
triangles: glucose, orange: lactate, grey: pyruvate, yellow: ethanol, purple: acetate, 
green: succinate, dark blue: formate and black: biomass.  
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4.5. Supplementary materials 
Table S1. Primers used in this study to disrupt the pflB gene (H1P1 and H2P2) and 
to check for correct transformants. The 50 bp flanking regions of the pflB gene are 
underlined. 

Names Sequences References 

pflB H1P1 
TTTTACTGTACGATTTCAGTCAAATCTAATTAC
ATAGATTGAGTGAAGGTATTCCGGGGATCCGT
CGACC 

Baba et al. 
(2006) 

pflB H2P2 
CGAAGTACGCAGTAAATAAAAAATCCACTTAA
GAAGGTAGGTGTTACATGTGTAGGCTGGAGC
TGCTTCG 

Baba et al. 
(2006) 

pflB -156FW GTGTTGGTGCGCAGCTCGAA This study 

pflB +151REV CCTGATTCCGGTTACGATCG This study 
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Figure S1. Carbon metabolism of (A) E. coli WT BW25113 and (B) after genetic 
engineering. Reactions impacted by the change of cofactor specificity of LPD are shown 
in green. Disruption of the pflB gene encoding the pyruvate formate-lyase (PFL) is shown 
with a red cross.   
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 
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4.5. Supplementary materials 
Table S1. Primers used in this study to disrupt the pflB gene (H1P1 and H2P2) and 
to check for correct transformants. The 50 bp flanking regions of the pflB gene are 
underlined. 

Names Sequences References 

pflB H1P1 
TTTTACTGTACGATTTCAGTCAAATCTAATTAC
ATAGATTGAGTGAAGGTATTCCGGGGATCCGT
CGACC 

Baba et al. 
(2006) 

pflB H2P2 
CGAAGTACGCAGTAAATAAAAAATCCACTTAA
GAAGGTAGGTGTTACATGTGTAGGCTGGAGC
TGCTTCG 

Baba et al. 
(2006) 

pflB -156FW GTGTTGGTGCGCAGCTCGAA This study 

pflB +151REV CCTGATTCCGGTTACGATCG This study 
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Figure S1. Carbon metabolism of (A) E. coli WT BW25113 and (B) after genetic 
engineering. Reactions impacted by the change of cofactor specificity of LPD are shown 
in green. Disruption of the pflB gene encoding the pyruvate formate-lyase (PFL) is shown 
with a red cross.   
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 

 

 

Figure S2. Aerobic (A and B) and anaerobic (C and D) fermentations profiles of E. 
coli Δlpd ΔpflB with or without empty pBbA2k plasmid (ep). The values shown 
represent the average of biological triplicates with standard deviations. Light blue 
triangles: glucose, orange: lactate, grey: pyruvate, yellow: ethanol, purple: acetate, 
green: succinate, dark blue: formate and black: biomass.  
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 
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Table S7. Solutions predicted by the model for E. coli Δlpd ΔpflB carrying 
NADP+-dependent PDH and ODH complexes with increasing pyruvate 
production rates. The values for the in and out fluxes are given in mmol/gDW/h. 
The values for biomass represent the specific growth rate of the strain and are 
expressed in h-1. 

 Fluxes (mmol/gDW/h) 
Fixed parameters 
Glucose 10 10 10 10 10 10 10 
Pyruvate NAa 2 4 6 8 10 12 
        

In fluxes 
O2 22 20 18 16 14 12 10 
NH4

+ 9.51 8.76 8.01 7.26 6.51 5.76 5 
Pi 0.85 0.783 0.716 0.649 0.581 0.514 0.446 
SO4

2- 0.222 0.204 0.187 0.169 0.152 0.134 0.117 

K+ 0.172 0.158 0.145 0.131 0.118 0.104 0.0903 
Fe2+ 0.0141 0.013 0.0119 0.0108 0.00968 0.00857 0.00743 
Mg2+ 0.00764 0.00704 0.00644 0.00583 0.00523 0.00463 0.00401 
Ca2+ 0.00458 0.00422 0.00386 0.0035 0.00314 0.00278 0.00241 

Cl- 0.00458 0.00422 0.00386 0.0035 0.00314 0.00278 0.00241 
Cu2+ 0.000624 0.000575 5.26E-04 0.000477 4.27E-04 0.000378 0.000328 
Mn2+ 0.000609 0.000561 5.13E-04 0.000465 4.17E-04 0.000369 0.00032 
Zn2+ 0.0003 0.000277 2.53E-04 0.000229 2.06E-04 0.000182 0.000158 
Ni2+ 0.000284 0.000262 2.40E-04 0.000217 1.95E-04 0.000172 0.000149 
        

Out fluxes 
H2O 47.1 44.1 41.1 38.2 35.2 32.2 29.21 
CO2 23.8 20.7 17.6 14.4 11.3 8.11 5 
H+ 8.09 9.45 10.8 12.2 13.5 14.9 16.3 
        

Objective 
Biomass 0.881 0.811 0.742 0.672 0.603 0.533 0.463 

      aNA, Not applicable. 
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 

 

 

Figure S2. Aerobic (A and B) and anaerobic (C and D) fermentations profiles of E. 
coli Δlpd ΔpflB with or without empty pBbA2k plasmid (ep). The values shown 
represent the average of biological triplicates with standard deviations. Light blue 
triangles: glucose, orange: lactate, grey: pyruvate, yellow: ethanol, purple: acetate, 
green: succinate, dark blue: formate and black: biomass.  
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Table S2. Carbon balances determined during anaerobic cultivations on M9 
medium. The values are expressed as C-mmol accumulated and represent the average 
of biological triplicates (or duplicates for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd 
ΔpflB + LPDNADP+low inhib) with standard deviations. 

Time 
(h) ΔpflB LPDWT LPDlow inhib LPDNADP LPDNADP+low inhib 

0 307.0 ± 0.8 301.2 ± 4.5 303.2 ± 0.8 301.7± 13.5 300.7 ± 7.3 

2 300.1 ± 0.1 296.0 ± 2.8 302.7 ± 0.6 305.9 ± 5.7 287.4 ± 28.8 

4 301.1 ± 0.3 296.8 ± 4.4 302.3 ± 0.6 292.6 ± 1.5 277.1 ± 18.9 

6 295.8 ± 0.4 293.9 ± 4.4 300.4 ± 1.4 300.5 ± 11.7 294.7 ± 8.7 

8 295.0 ± 1.6 289.1 ± 8.2 300.2 ± 1.0 294.2 ± 19.5 303.2 ± 11.2 

10 294.1 ± 1.0 282.2 ± 11.2 296.3 ± 0.6 303.3 ± 10.0 308.2 ± 6.2 

12 293.3 ± 0.5 282.0 ± 8.5 296.4 ± 2.1 295.5 ± 17.4 326.4 ± 0.4 

24* 294.1 ± 0.9 281.4 ± 7.9 296.6 ± 0.6 308.7 ± 8.0 319.7 ± 5.6 
 *25 h of cultivation for E. coli Δlpd ΔpflB + LPDNADP and E. coli Δlpd ΔpflB + LPDNADP+low inhib. 
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4.5. Supplementary materials 
Table S1. Primers used in this study to disrupt the pflB gene (H1P1 and H2P2) and 
to check for correct transformants. The 50 bp flanking regions of the pflB gene are 
underlined. 

Names Sequences References 

pflB H1P1 
TTTTACTGTACGATTTCAGTCAAATCTAATTAC
ATAGATTGAGTGAAGGTATTCCGGGGATCCGT
CGACC 

Baba et al. 
(2006) 

pflB H2P2 
CGAAGTACGCAGTAAATAAAAAATCCACTTAA
GAAGGTAGGTGTTACATGTGTAGGCTGGAGC
TGCTTCG 

Baba et al. 
(2006) 

pflB -156FW GTGTTGGTGCGCAGCTCGAA This study 

pflB +151REV CCTGATTCCGGTTACGATCG This study 
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Figure S1. Carbon metabolism of (A) E. coli WT BW25113 and (B) after genetic 
engineering. Reactions impacted by the change of cofactor specificity of LPD are shown 
in green. Disruption of the pflB gene encoding the pyruvate formate-lyase (PFL) is shown 
with a red cross.   
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Abstract 
During microbial conversions, substrates are converted into products to 

generate the metabolic energy required for the formation of microbial biomass. 

In dissimilation, the Gibbs free energy available is partly converted to metabolic 

energy for cell growth, and partly dissipated to avoid a chemical equilibrium. 

Microbial processes would benefit from capturing additional metabolic energy 

during product formation. A higher energetic efficiency would allow 

microorganisms to grow under more inhibitory conditions and reach higher 

biomass yield. In addition, it would also allow higher product yield in energy-

neutral and energy-requiring product pathways. Harvesting extra metabolic 

energy should be realized in the product pathway to ensure the highest product 

yield possible.  

Here, we propose a strategy to harvest additional energy during the anaerobic 

conversion of glucose to ethanol using an NADP+-dependent pyruvate 

dehydrogenase (PDH) complex. The strategy aims at coupling the reoxidation 

of the NADPH produced by PDH to the formation of a transmembrane proton 

gradient via a membrane-bound transhydrogenase. The proton-motive force 

can then be used by the ATP synthase to synthetize ATP. This approach would 

theoretically allow the capture of 25% more ATP during ethanol formation from 

glucose. To realize this scenario, competing enzymes e.g. pyruvate formate-

lyase, soluble transhydrogenase and lactate dehydrogenase must be knocked 

out.  

We previously engineered the cofactor specificity of the PDH complex to reduce 

NADP+ by introducing point mutations in the lpd gene encoding the dihydrolipoyl 

dehydrogenase (LPD), knocked out the genomic lpd and pflB genes and 

introduced the NADP+-LPD variants on a plasmid. Aerobically, the additional 

NADPH produced led to pyruvate accumulation. Anaerobically, PDH was shown 

to support growth however the strains produced high amount of lactate and grew 

poorly. These results suggested that the cells struggled to reoxidize NADPH 

most likely due to low activity of the soluble transhydrogenase. 



Impact of an NADP+-PDH on the metabolism of E. coli lacking PFL, STH and LDH 

153 
 

In this study, we knocked out lpd, pflB, sthA and ldhA genes and introduced the 

NADP+-dependent LPD variants on a plasmid. Aerobically, the strains exhibiting 

an NADP+-LPD did not accumulate any fermentation products and presented 

high biomass yield. Our results indicate that NADPH was reoxidized by the 

membrane-bound transhydrogenase PntAB although we cannot rule out that it 

was achieved by other mechanisms such as respiration. E. coli Δlpd ΔpflB ΔsthA 

ΔldhA strains carrying an NADP+-PDH grew very poorly under both anaerobic 

and oxygen-limited conditions suggesting that PntAB was not able to regenerate 

the NADPH produced under these conditions. We hypothesized that the 

NADPH/NADP+ ratio necessary for reversal of the PntAB was not met due to 

low expression of the PDH complex as well as NAD(P)H inhibition. However, 

the poor growth could also be caused by low expression of the PntAB 

anaerobically. We describe how both challenges can be tackled. 
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5.1. Introduction 
Heterotrophic microorganisms use organic compounds as carbon and energy-

source. A part of the organic compound is converted into microbial biomass, in 

a process named assimilation. This requires energy, which is generated by the 

breakdown of the remaining part of the organic compounds, a process called 

dissimilation. In dissimilation, the total energy available is partly used to 

generate metabolic energy (in the form of ATP or proton-motive force) and partly 

dissipated to avoid a chemical equilibrium. A classic example of dissimilation is 

the conversion of glucose into ethanol, which has a Gibbs free energy under 

standard conditions (ΔG0') of -224 ± 6 kJ/mol glucose (Table 1, reaction 1). 
This conversion is realized by Escherichia coli via the Embden-Meyerhof-

Parnas (EMP) pathway and used to generate ATP, resulting in a ΔG0' of -171 ± 
6 kJ/mol glucose (Table 1, reaction 2). In the hypothetical case that a cell would 
experience at the end of an ethanol production process 1 mM of glucose, 1 bar 

of CO2, 100 mM concentrations of ATP, ADP and Pi and 17.2 M ethanol (pure 

ethanol), the ΔG' of this reaction is still -135 ± 13 kJ/mol glucose. This indicates 
that, from a bioengineering point of view, more energy is dissipated than 

required. Therefore, in principal, it would be possible to dissipate less energy 

and instead create more metabolic energy. 

Metabolic energy is required for the synthesis of microbial biomass and for 

maintenance purposes. A higher efficiency of metabolic energy conservation 

would therefore result in a higher biomass yield and would enable 

microorganisms to grow under more inhibitory conditions in which the energy 

requirement of maintenance is high. A higher energy efficiency also affects 

microbial product formation. Three situations can be envisaged: 1) product 

formation generating metabolic energy, 2) metabolic energy neutral processes 

and 3) processes requiring the input of metabolic energy. In the first case a 

higher energy efficiency could either be detrimental because a higher ATP yield 

would deviate more substrate towards microbial biomass production, or 

beneficial at high maintenance conditions, e.g. when high product titers are 

reached. In the second case a more efficient energy generation would be 
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beneficial because product formation would result in the generation of metabolic 

energy and this could – partly – obviate the necessity to convert a part of the 

substrate by other energy-generating processes like respiration. The third case 

would benefit from the higher efficiency, comparable to microbial biomass 

production. 

The energetic efficiency of a microbial conversion depends on the metabolic 

pathway used. In E. coli the conversion of glucose into ethanol is performed by 

the oxidation of glucose to pyruvate by the EMP pathway (Table 1, reactions 
3-12), followed by the reduction of pyruvate to ethanol (Table 1, reactions 13-
15). Metabolic energy is harvested at reactions 9 and 12. The challenge is to 
couple one of these other enzymatic activities to the conservation of additional 

energy. The uptake of glucose (Table 1, reaction 3) has in principle a 
sufficiently low ΔG0' to increase the ATP yield. This reaction is catalyzed by the 

PTS and can apply the ΔG0' surplus to transport glucose over the cell membrane 

against a concentration gradient. Reducing energy dissipation at this step could 

therefore impair glucose transport. The conversion of pyruvate into acetyl-CoA 
is either catalyzed by pyruvate formate-lyase (Table 1, reaction 13a) under 
anaerobic conditions, or by the pyruvate dehydrogenase complex (Table 1, 
reaction 13b) under aerobic conditions. The ΔG0' value of this last reaction is -

40 ± 3 kJ/mol and therefore also a potential candidate to increase the efficiency 
of energy conservation.  

Recently we changed the cofactor dependency of the dihydrolipoyl 

dehydrogenase (LPD) from NAD+ to NADP+ and reduced the inhibition of this 

enzyme by high NAD(P)H concentrations. LPD is a subunit of both the pyruvate 

dehydrogenase (PDH) and 2-oxoglutarate dehydrogenase (ODH) complexes 

(see Chapter 3). E. coli strains expressing this modified LPD were able to grow 

under both aerobic and anaerobic conditions, indicating that both the NADP+-

dependent PDH and ODH complexes, which are essential for growth on mineral 

medium, carried flux.  
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Table 1. Reactions involved in the EMP pathway and associated Gibbs free energy 
(ΔG0’) release. The ΔG0’ values were calculated with eQuilibrator 2.2 (Flamholz et al., 
2012;�Noor et al., 2012; Noor et al., 2013; Noor et al., 2014) using CO2 as gas and 
aqueous for all other compounds. 

Reaction # Reactions ΔG0' (kJ/mol) 

1 Glucose = 2 Ethanol + 2 CO2 -224 ± 6 
2 Glucose + 2 ADP + 2 Pi = 2 Ethanol + 2 ATP + 2 CO2 -171 ± 6 

 
Enzymatic conversions involved in the EMP pathway 

3 Glucose + PEP = Glucose-6P + Pyruvate -45 ± 1 
4 Glucose-6P = Fructose-6P 3 ± 1 
5 Fructose-6P + ATP = Fructose-1,6-BP + ADP -13 ± 4 
6 Fructose-1,6-BP = DHAP + GAP 18 ± 4 
7 DHAP = GAP 6 ± 1 
8 GAP + NAD+ + Pi = 1,3-BP-glycerate + NADH 8 ± 1 
9 1,3-BP-glycerate + ADP = 3P-glycerate + ATP -19 ± 1 
10 3P-glycerate = 2P-glycerate 4 ± 1 
11 2P-glycerate = PEP + H2O -4 ± 1 
12 PEP + ADP = Pyruvate + ATP -28 ± 1 

 
Enzymatic conversions of pyruvate to acetyl-CoA 

13a Pyruvate + CoA = Acetyl-CoA + Formate -21 ± 3 

13b Pyruvate + NAD+ + CoA =Acetyl-CoA + NADH + CO2 -40 ± 3 

13c Pyruvate + NADP+ + CoA = Acetyl-CoA + NADPH + CO2 -39 ± 3 
 

NAD+ and NADP+ have divergent functions in the cells although their structure 

is similar. NAD+ is primarily used for oxidation reactions and is regenerated via 

respiration or fermentation. NADPH is mostly involved in anabolic reactions 

where it provides reducing power. NADPH is regenerated in the oxidative 

pentose phosphate pathway (oxPPP) and by the TCA cycle enzyme isocitrate 

dehydrogenase. Due to their distinct roles, NAD+/NADH is maintained in an 

oxidized state whereas NADP+/NADPH is in its reduced form (Harold, 1986). 

The values of these ratios differ between organisms and growth conditions. For 

instance, NADP+/NADPH ratios vary from 0.017 to 0.95 and NAD+/NADH ratios 

vary from 3.74 to 1820 (Spaans et al., 2015). Consequently, NAD(H) and 

NADP(H) have different redox potentials in the cells although their standard 

redox potentials are identical (E0’ = -320 mV). A high flux over the modified LPD 
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would increase the NADPH/NADP+ ratio, and decrease the NADH/NAD+ ratio, 

and as such could potentially increase the difference in redox potential between 

NAD+/NADH and NADP+/NADPH even further. If electrons were transferred 

from the relatively low redox potential of NADP+/NADPH to the relatively high 

redox potential of NAD+/NADH, the released energy could be harvested. 

E. coli is carrying two transhydrogenases: STH and PntAB (Clarke and Bragg, 

1985a;������� et al.������;��������� et al., 1999). Both enzymes catalyze in vitro 

the reversible transfer of electrons between the NAD+/NADH and 

NADP+/NADPH redox couples �����������������������������;������������� et 

al.������;�������������;�����������������������b;��������� et al., 1999). STH 

is a soluble cytosolic enzyme, encoded by the sthA gene (Boonstra et al., 1999). 

PntAB consists of two alpha and two beta subunits encoded by pntA and pntB 

genes, respectively (Clarke and Bragg, 1985a;�����������������������b;������� 

et al., 1986). PntAB is a membrane-bound transhydrogenase that uses an 

electrochemical proton gradient to drive the reduction of NADP+ to NADPH by 

oxidizing NADH ���������� ���� ����������� ����;� ��������� �����. At the 

concentration ratios of the cofactors mentioned above, STH transfers electrons 

from NADP+/NADPH to NAD+/NADH, whereas PntAB uses the proton-motive 

force to transfer electrons in the opposite direction. One proton is translocated 

across the membrane per hydride transferred from NADH to NADP+ (Bizouarn 

et al., 1996). ��� et al. (����� reported that overexpression of pntAB genes 

reduced NADPH bioavailability in the cells, suggesting that the reaction is also 

reversible in vivo. But to date, the in vivo reversibility of the reaction catalyzed 

by PntAB remains a matter of controversy ������������� et al.������;���������

����;�����������������������b;�Pedersen et al.�������.  

E. coli cells have a proton gradient over the cell membrane, designated as 

proton-motive force (PMF), of ���-��� �� ��������������;�����������������

1998). An in vivo reversal of PntAB requires the transfer of protons over the 

plasma membrane, against this proton gradient. This would require a difference 

in redox potential between NAD+/NADH and NADP+/NADPH larger than the 

membrane potential. The ultimate concentration ratios of NAD+/NADH and 

C
ha
pt
er
 5
 



Chapter 5 

158 
 

NADP+/NADPH mentioned above are sufficient to realize the required redox 

potential. Under these conditions it could in principal contribute to the generation 

of the proton-motive force and as such result in the additional production of ATP 

via the plasma membrane ATPase. This would increase the energetic efficiency 

of sugar utilization (Figure 1). 

The flux over the NADP+-dependent LPD we constructed was however limited 

because glucose was largely converted into lactate and pyruvate. The flux over 

LPD was mainly limited to supply anabolic processes. Under anaerobic 

conditions however, some ethanol was produced, indicating that a 

transhydrogenase was transferring electrons from NADPH to NAD+. Which 

transhydrogenase was involved remained unclear as the strain carried both 

STH and PntAB. 

In this work, we report on the role of the membrane-bound transhydrogenase 

PntAB in NADH regeneration under NADPH excess conditions. Our aim was to 

determine if PntAB could function in the reverse direction and use the PMF to 

drive the reduction of NAD+ to NADH by oxidizing NADPH (as well as to 

generate additional ATP via the ATP synthase). The LPD variants were 

expressed on a plasmid in pflB-lpd-sthA and pflB-lpd-sthA-ldhA knock-out 

backgrounds. The sthA gene encoding STH was disrupted to ensure that PntAB 

was the sole transhydrogenase able to regenerate NADH from NADPH in the 

cells. Furthermore, ldhA was knocked out since lactate formation was potentially 

masking the effect of the transhydrogenase under anaerobic conditions. Batch 

fermentations were performed under aerobic, anaerobic and oxygen-limited 

conditions. A genome-scale metabolic model was used to predict the behavior 

of the strains and compare the solutions obtained to the experimental data. 
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Figure 1. Strategy for additional energy conservation by forcing NADPH 
reoxidation through the membrane-bound transhydrogenase PntAB. Disrupted 
reactions are shown with a red cross (PFL, LDH and STH) and modified reactions and 
enzymes contributing to capture metabolic energy are depicted in green. LDH, lactate 
�������������;����������������������;��������������� �������-�����;�����������ate 
���������������������;�����������������������������������������;����������������
�����������������;����������������������������-����������������������������������;�
STH, soluble transhydrogenase. 
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5.2. Material and methods 
5.2.1. Bacterial strains and plasmids 
Wild-type Escherichia coli BW25113 was used as parental strain. Bacterial 

strains and plasmids used in this work are listed in Table 2. 

Table 2. Strains and plasmids used in this study. 

Strains and plasmids Characteristicsb References 
Strains   

BW25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, 
Δ(rhaD-rhaB)568, hsdR514 

CGSCa 

ΔpflB BW25113 ΔpflB727::kan CGSCa 
ΔpflB ΔsthA BW25113 ΔpflB ΔsthA::cm This study 
ΔpflB ΔsthA Δlpd BW25113 ΔpflB ΔsthA::cm Δlpd This study 
ΔpflB ΔsthA ΔldhA Δlpd BW25113 ΔpflB ΔsthA::cm ΔldhA Δlpd Chapter 3    

Plasmids 
  

pBbA2k-RFP p15A, Ptet, kan, tet, mRFP1 Lee et al. 
(2011) 

pBbA2k empty p15A, Ptet, kan, tet Chapter 3 

pBbA2k LPDWT pBbA2k empty derivative, Plpd, native lpd Chapter 3 

pBbA2k LPDlow inhib pBbA2k empty derivative, Plpd, lpd 1AA Chapter 3 

pBbA2k LPDNADP pBbA2k empty derivative, Plpd, lpd 7AA Chapter 3 

pBbA2k LPDNADP+low inhib pBbA2k empty derivative, Plpd, lpd 8AA Chapter 3 

pKD3 oriR6K gamma, tL3LAM, bla, rrnB, cm, FRT CGSCa 
pKD46 repA101(Ts), ParaB-gam-bet-exo, oriR101, bla, araC CGSCa 
pCP20 repA101(Ts), bla, cat, flp CGSCa 
pCas9 repA101(Ts), kan, Pcas-cas9, ParaB-gam-bet-exo,  

lacI
q
, Ptrc-sgRNA-pMB1 

Jiang et al. 
(2015) 

pTargetF-ldhA pMB1, spec, gRNA scaffold, target for ldhA gene,  
200-nt flanking ldhA 

Chapter 3 

pTargetF-lpd pMB1, spec, gRNA scaffold, target for lpd gene,  
200-nt flanking lpd 

Chapter 3 

aCGSC, Coli Genetic Stock Center 

bkan�� ���������� ����������� ����;� cm�� ���������������� ����������� ����;� tet: tetracycline 
���������������;�bla�� ����������� ���������������;�spec���������������� ���������������;�����
���������������������;�ParaB-gam-bet-exo: Lambda-red recombinase genes under arabinose 
induction, FRT: flippase recognition site, flp: flippase gene under thermal induction 
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5.2.2. Creation of the knock-out strains 
Escherichia coli ΔpflB was used as parental strain for creating the knock-out 

strains. The gene encoding the soluble transhydrogenase (sthA) was disrupted 

using the Lambda-Red recombination method as described by Datsenko and 

Wanner (2000). The sequences used for deletion of the sthA gene were taken 

from Baba et al. (2006) (see Table S1, Chapter 3).  

The genes encoding the lactate dehydrogenase (ldhA) and the lipoamide 

dehydrogenase (lpd) were knocked out using the CRISPR-Cas9 system as 

described previously by Jiang et al. (2015). The pCas and pTargetF plasmids 

were a gift from Sheng Yang (Addgene plasmid #62225 and #62226). The 

flanking regions used for disrupting ldhA and lpd genes are listed in Chapter 3, 

Table S1.  

5.2.3. Cultivation in shake flasks and serum bottles 
Cultivations were performed under aerobic, anaerobic and oxygen-limited 

conditions. Both aerobic and anaerobic fermentations were performed as 

described in Chapters 3 and 4 of this thesis. All cultivations were carried out in 

a Kuhner shaker at 37°C with an agitation rate of 250 rpm. Strains carrying a 

pBbA2k plasmid were grown in the presence of 50 ���������������. 

Briefly, a preculture on minimal medium was performed by transferring 5 mL of 

an overnight preculture on LB medium to either 45 mL or 95 mL M9 medium in 

250 mL shake flasks for aerobic or anaerobic conditions, respectively. The M9 

medium contained: 1 x M9 salts, 50 mM glucose, 2 mM MgSO4, 1 mM CaCl2, 1 

����������Fe trace elements (Bühler et al., 2003). The pH was buffered at 6.9 

using 47.5 mM Na2HPO4 and 44 mM KH2PO4. The next day, exponentially 

growing cells were harvested by centrifugation for 5 min at 4700 rpm at room 

temperature. The pellet was subsequently resuspended in 5 mL M9 medium 

and used to inoculate the minimal medium supplemented with glucose to a 

starting OD600nm of 0.2. Aerobic and anaerobic fermentations were conducted in 

50 mL M9 medium whereas oxygen-limited fermentations were performed using 

150 mL M9 medium. In addition, cultivations were performed in 250 mL 
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Erlenmeyer whereas anaerobic and oxygen-limited cultivations were carried out 

in 200 mL serum bottles. The flasks for anaerobic fermentations were previously 

flushed with nitrogen to ensure complete anaerobiosis but not for the oxygen-

limited conditions. Therefore, the oxygen-limited conditions were 50 mL of air 

which corresponds to 10.5 mL of oxygen in the serum bottles. 

5.2.4. Analytical methods 
The analytical methods used to characterize growth and metabolite profiles are 

the same as described in Chapters 3 and 4 of this thesis.  

Growth was monitored by determining the absorbance at 600 nm using a Hach 

Lange spectrophotometer. Organic acids, glucose and ethanol concentrations 

were measured on an Agilent 1290 Infinity (U)HPLC. The UV and RI detectors 

were set at 210 nm and 55°C, respectively and 0.0005 M sulfuric acid was used 

as eluent with a flow of 0.5 mL/min. The internal standard used in this method 

was 250 mM propionic acid. 

5.2.5. Carbon balances 
Carbon balances and yields on glucose were calculated from the fermentation 

and growth profiles as described in Chapter 4.  

Carbon recovery was determined for anaerobic and oxygen-limited 

fermentations. Aerobically, the presence of the pyruvate oxidase which 

catalyzes the direct decarboxylation of pyruvate to acetate does not allow us to 

accurately assess the CO2 formed. The carbon balances are expressed in C-

mmol present in the system. 

Carbon recovery for E. coli ΔpflB ΔsthA and E. coli Δlpd ΔpflB ΔsthA strains 

carrying the LPD variants grown anaerobically fluctuated between 285.3 ± 0.7 

and 303.1 ± 0.7 C-mmol. These values are within 10% deviation indicating that 

the metabolites concentrations determined by HPLC as well as our estimations 

for biomass and CO2 are accurate (Table S3). Regarding E. coli ΔpflB ΔsthA 

ΔldhA Δlpd strains carrying the different LPD variants, the carbon recovery 
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obtained during anaerobic and oxygen-limited growth were within 10% of 

deviation. The values can be found in Table S6 and Table S7, respectively. 

5.2.6. Yields 
As for the carbon recovery, yields of metabolites formed on glucose were 

determined from the HPLC measurements. Aerobically, the CO2 yield on 

glucose is not included for the reasons mentioned above. The yields are 

expressed as mole of product formed per mole of glucose consumed. All yields 

can be found in the supplementary material section. 

5.2.7. Flux through PDH complex 
To further characterize the impact of the various LPD variants on the strains, 

fluxes through the PDH complexes were calculated from the metabolite profiles. 

Both the absolute flux through PDH (JPDH) and the percentage of flux going 

through PDH against the possible maximum flux (Jmax) were determined. Jmax 

represents the maximum flux resulting from the complete glucose conversion 

into acetyl-CoA-based products. Both fluxes were calculated as previously 

described in Chapter 4. 

5.2.8. Genome-scale metabolic model 
The iML1515 genome-scale metabolic model from Monk et al. (2017) was 

modified to predict the behavior of E. coli Δlpd ΔpflB ΔsthA ΔldhA strain carrying 

an NADP+-dependent LPD. More specifically, the GEM was used to predict the 

consequences of replacing STH by PntAB for NADPH reoxidation. Therefore, 

another strain was tested in which STH was present and PntAB catalyzed the 

irreversible transfer of electrons from NADH to NADP+, forming NADPH. 

First, the reactions catalyzed by PDH and ODH complexes were modified by 

substituting NAD+ and NADH for NADP+ and NADPH, respectively. As both 

PDH and ODH catalyze irreversible reactions, the upper and lower bounds 

����������������������; 1000]). 
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The lactate exchange reaction was disrupted in both strains by setting the upper 

and lower bounds of the reaction to 0. 

For E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP, the soluble transhydrogenase 

reaction was also disrupted by setting the upper and lower bounds to 0. In this 

strain, the reaction catalyzed by the membrane-bound transhydrogenase PntAB 

was made reversible by setting the upper and lower bounds to -100 and 1000, 

respectively. In addition, the reaction stoichiometry was changed to match the 

stoichiometry found in literature. The reaction used in our model was as follow: 

NADH + NADP+ + H+out = NAD+ + NADPH + H+in. 

Aerobic conditions were enabled by setting the bounds of the oxygen uptake 

reaction to [-����;����������������������������������ons, the lower bound of the 

reaction wat set to 0. 

The default value for the glucose uptake rate fixed in the model at -10 

mmol/gDW/h was used for both aerobic and anaerobic conditions. 

Biomass and ATP maintenance requirement (ATPM) were used as objectives 

to maximize in the modified iML1515 GEM. 

 

5.3. Results and Discussion 
5.3.1. Genome-scale metabolic model 
The modified LPD is active in both assimilation and dissimilation and predicting 

the consequences of increased ATP production is therefore not straightforward. 

Consequently, a modified iML1515 genome-scale metabolic model was used to 

predict the behavior of an E. coli strain carrying an NADP+-dependent LPD 

(LPDNADP) in which pflB, sthA and ldhA were knocked out. In addition, the 

reaction catalyzed by the membrane-bound transhydrogenase PntAB was 

made reversible to allow NADPH reoxidation through this enzyme. The model 

was also used to simulate the metabolism of E. coli Δlpd ΔpflB ΔldhA + LPDNADP 

in which STH is active to understand the impact of replacing STH by PntAB for 
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NADPH reoxidation on the strain and ATP formation. Biomass formation and 

ATPM (ATP maintenance requirement) were used as objectives to maximize in 

the model (independently). 

5.3.1.1. Maximizing for ATPM 
Maximizing for ATPM allows the determination of the maximum theoretical yield 

of ATP formation on glucose under both aerobic and anaerobic conditions 

(Table 3). 

Using a glucose uptake rate of 10 mmol/gDW/h, the model predicts the formation 

of 235 and 20 mmol/gDW/h of ATP in E. coli Δlpd ΔpflB ΔldhA + LPDNADP under 

aerobic and anaerobic conditions, respectively.  

Aerobically, the model predicts that E. coli Δlpd ΔpflB ΔldhA + LPDNADP 

produces 79.6% of its ATP via the ATP synthase (Table S1). Succinyl-CoA 
synthetase, phosphoglycerate kinase and pyruvate kinase contribute to ATP 

formation by 8.2%, 8.2% and 4.1%, respectively.  

Anaerobically, the model predicts an ATP yield on glucose of 2 mol/mol for E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP. ATP is produced during glycolysis – 66.7% 

ATP produced by the phosphoglycerate kinase (PGK) – and by the nucleoside-

diphosphate kinase (ATP:dTDP) with 33.3%. The latter enzyme contributes to 

ATP formation by converting the dTTP produced during the conversion of PEP 

to pyruvate catalyzed by the dTDP-dependent pyruvate kinase.  

On the other hand, disrupting the sthA gene and making PntAB reversible lead 

to an increase of the ATP production rate of 6.4% and 25% under aerobic and 

anaerobic conditions, respectively (Table 3). The model predicts that E. coli 

Δlpd ΔpflB ΔldhA ΔsthA + LPDNADP can produce 2.5 ATP per glucose under 

anaerobic conditions. In this simulation, NADPH is exclusively reoxidized by 

PntAB while STH was responsible in the previous simulation. As for E. coli Δlpd 

ΔpflB ΔldhA + LPDNADP, the phosphoglycerate kinase and nucleoside-

diphosphate kinase (ATP:dTDP) are contributing to ATP formation. However, a 

third enzyme – ATP synthase – carries 14.3% of the flux for ATP production. 
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The reverse action of PntAB allows the production of 0.5 additional ATP per 

glucose using the ATP synthase (Table S1). 

Table 3. Solutions for in and out fluxes predicted by the modified iML1515 genome-
scale metabolic model when maximizing for ATP maintenance requirement 
(ATPM). The values are expressed in mmol/gDW/h. Enzymes and reactions predicted to 
contribute to NADPH, NADH and ATP metabolism can be found in the Table S1. The 
model predicts that dihydroxyacetone phosphotransferase (DHAPT, which catalyzes the 
conversion of dihydroxyacetone and phosphoenolpyruvate into dihydroxyacetone 
phosphate and pyruvate) is carrying flux for pyruvate formation in E. coli Δlpd ΔpflB ΔldhA 
+ LPDNADP and E. coli Δlpd ΔpflB ΔldhA + LPDNADP grown aerobically and anaerobically, 
respectively. DHAPT is known to be involved in glycerol degradation (Jin and Lin, 1984) 
and should be inactive under these conditions. Therefore, the upper and lower bounds 
of the reaction catalyzed by DHAPT were set to 0 (knock-out). Knocking out this reaction 
did not affect the final solutions described in this table. 

Strains Δlpd ΔpflB ΔldhA + LPDNADP 
Δlpd ΔpflB ΔsthA ΔldhA + 

LPDNADP 

Parameters 
STH active STH inactive 

PntAB irreversible PntAB reversible 
Cultivations 
conditions Aerobic Anaerobic Aerobic Anaerobic 

In fluxes     

Glucose 10 10 10 10 
Oxygen 60 NAa 60 NAa 
     

Out fluxes     

H2O 60 NAa 60 NAa 
CO2 60 20 60 20 
Ethanol NAa 20 NAa 20 
     

Objective     

ATPM 235 20 250 25 
aNA, Not applicable. The model does not predict the production or consumption of the 

species. 

Aerobically, the model predicts that E. coli Δlpd ΔpflB ΔldhA ΔsthA + LPDNADP 

produces ATP thanks to the ATP synthase (80.8%), succinyl-CoA synthetase 

(7.7%), phosphoglycerate kinase (7.7%) and nucleoside-diphosphate kinase 

(ATP:GDP) (3.9%). The 6.4% augmentation observed in ATPM is due to the 

increase in flux through the ATP synthase. 
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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For E. coli Δlpd ΔpflB ΔldhA ΔsthA + LPDNADP, the model predicts that the strain 

will exhibit a growth rate of 0.893 h-1 and 0.159 h-1 under aerobic and anaerobic 

conditions, respectively (Table 4). Replacing STH by PntAB for NADPH 
reoxidation therefore results in a 1.4% and 29.8% increase in growth rate – and 

biomass yield on glucose – under aerobic and anaerobic conditions, 

respectively (Table 4).  

Table 4. Solutions for in and out fluxes predicted by the model when maximizing 
for biomass formation. The values for biomass are expressed in h-1 and the values for 
biomass yield on glucose are expressed in mol/mol. All the other values are given in 
mmol/gDW/h. 

Strains Δlpd ΔpflB ΔldhA + LPDNADP 
Δlpd ΔpflB ΔsthA ΔldhA + 

LPDNADP 

Parameters 
STH active STH inactive 

PntAB irreversible PntAB reversible 
Cultivations 
conditions Aerobic Anaerobic Aerobic Anaerobic 

In fluxes     

Glucose 10 10 10 10 
Oxygen 22.0 NAa 21.4 NAa 
NH4

+ 9.5 1.3 9.6 1.7 

Pi 0.8 NAa 0.9 NAa 
     

Out fluxes     

H2O 47.1 3.8 46.9 4.9 
CO2 23.8 17.6 23.4 16.9 

H+ 8.1 2.2 8.2 2.8 
Ethanol NAa 17.6 NAa 16.9 
Succinate NAa 0.5 NAa 0.7 
     

Objective     

Biomass (X) 0.881 0.122 0.893 0.159 
Yield X/glc 0.088 0.012 0.089 0.016 

   aNA, Not applicable. The model does not predict the production or consumption of the 

species. 
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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Anaerobically, the predicted ethanol (16.9 mmol/gDW/h) and succinate (0.7 

mmol/gDW/h) production rates are similar to the ones reported for a strain 

carrying an active STH. 

Under aerobic conditions, PDH, IDH and ODH enzymes are responsible for 

NADPH production and carry similar fluxes than previously reported for E. coli 

Δlpd ΔpflB ΔldhA + LPDNADP (Table 5).  

Furthermore, the model predicts that the NADP+-dependent glutamate 

dehydrogenase contributes to NADPH consumption by 30.2% while PntAB 

reoxidizes 49.3% of the NADPH produced. Consequently, PntAB is also 

responsible for 31.4% of the flux for NADH production. GAPDH carries most of 

the flux with 45% and the malate dehydrogenase (MDH) carries 18.8%. 

Respiration is the main NADH consuming process and the NADH 

dehydrogenase carries 90.9% of the flux. As for the strain carrying an active 

STH, the model predicts that both ATP synthase and PGK contributes to ATP 

formation, and in similar proportions. ATP is mainly consumed for biomass 

formation. 

Anaerobically, NADPH is exclusively formed during the reaction catalyzed by 

PDH and it is mainly consumed by PntAB to regenerate NADH (88.9%). GAPDH 

and PntAB carry 55.2% and 44% of the flux for NADH production, respectively. 

As predicted for the strain carrying an active STH, acetaldehyde dehydrogenase 

and alcohol dehydrogenase are responsible for NADH consumption. While E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP synthetizes ATP via PGK and nucleoside-

diphosphate kinase (ATP:dTDP), E. coli Δlpd ΔpflB ΔldhA ΔsthA + LPDNADP also 

uses the ATP synthase which carries 11.6% of the total flux. the model predicts 

that this strain produces higher amount of ATP than its counterpart with an 

active STH. As biomass formation is the main ATP consuming process – and 

objective to maximize – the higher ATP production rate results in higher growth 

rate (Table 4).  

The modified iML151 genome-scale metabolic model allowed us to predict flux 

in E. coli Δlpd ΔpflB ΔldhA + LPDNADP under both aerobic and anaerobic 
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conditions. The model predicted that a strain using PntAB for NADPH 

reoxidation will produce additional ATP which will be used for biomass 

formation. Nevertheless, the augmentation of growth rate might not be seen in 

vivo as the capacity of the modified LPD may be limiting the growth rate. Instead, 

E. coli Δlpd ΔpflB ΔldhA + LPDNADP can also show a 29.8% increase in biomass 

formed anaerobically. 

5.3.2. In vivo characterization of sthA disruption in strains 
carrying an NADP+-dependent LPD 
To force NADPH reoxidation through the membrane-bound transhydrogenase 

PntAB, the sthA gene was knocked out in E. coli Δlpd ΔpflB strains carrying 

different LPD variants. Aerobic and anaerobic fermentations were performed to 

determine the effect of STH inactivation on the strains’ metabolism. 

E. coli Δlpd ΔpflB ΔsthA did not grow on minimal medium supplemented with 

glucose under both aerobic and anaerobic conditions (data not shown), but 

introduction of an LPD variant restored growth (Figure 2). These observations 
fit the results reported previously in Chapter 3 and Chapter 4 of this thesis. 

Disruption of sthA in E. coli Δlpd ΔpflB strains carrying NAD+-dependent LPDs 

resulted in minor differences in both growth and metabolite profiles under 

aerobic and anaerobic conditions (Table 6, Table 7 and Figure 2, A1-A3 and 
Figure 2, B1-B3). These observations are in accordance with the findings of 
Sauer et al. (2004) where wild-type E. coli and sthA mutant exhibited identical 

growth rates during aerobic growth on glucose. STH was reported to have a 

crucial role in NADPH reoxidation under conditions leading to NADPH excess 

(Sauer et al., 2004). E. coli strains carrying NAD+-LPD variants do not produce 

high amount of NADPH therefore knocking out sthA should not have any 

influence, as observed in this study.  
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Table 6������������������������������E. coli Δlpd ΔpflB and E. coli Δlpd ΔpflB ΔsthA 
strains harboring an LPD variant. The specific growth rates were calculated from the 
OD600nm measurements under both aerobic and anaerobic conditions. The values 
represent the average of biological triplicates (or duplicates in the case of E. coli Δlpd 
ΔpflB ΔsthA + LPDWT grown anaerobically) with standard deviations. The values are 
expressed in h-1. 

Strains Aerobic Anaerobic References 

E. coli ΔpflB 0.55 ± 0.00 0.17 ± 0.00 Chapter 4  

E. coli Δlpd ΔpflB NA
a
 NA

a
 Chapter 4  

E. coli Δlpd ΔpflB
 
+ empty pBbA2k NA

a
 NA

a
 Chapter 4  

E. coli Δlpd ΔpflB
 
+ LPDWT 0.53 ± 0.00 0.15 ± 0.00 Chapter 4  

E. coli Δlpd ΔpflB
 
+ LPDlow inhib 0.54 ± 0.00 0.15 ± 0.00 Chapter 4  

E. coli Δlpd ΔpflB + LPDNADP 0.28 ± 0.01 0.11 ± 0.00 Chapter 4  

E. coli Δlpd ΔpflB
 
+ LPDNADP+low inhib 0.35 ± 0.01 0.02-0.10 ± 0.00 Chapter 4  

E. coli ΔpflB ΔsthA  0.55 ± 0.00 0.14 ± 0.00 This study 

E. coli Δlpd ΔpflB ΔsthA NA
a
 NA

a
 This study 

E. coli Δlpd ΔpflB ΔsthA + empty pBbA2k NA
a
 NA

a
 This study 

E. coli Δlpd ΔpflB ΔsthA + LPDWT 0.52 ± 0.00 0.15 ± 0.00 This study 

E. coli Δlpd ΔpflB ΔsthA + LPDlow inhib 0.54 ± 0.00 0.16 ± 0.00 This study 

E. coli Δlpd ΔpflB ΔsthA + LPDNADP 0.28 ± 0.00 0.10 ± 0.00 This study 

E. coli Δlpd ΔpflB ΔsthA + LPDNADP+low inhib 0.32 ± 0.00 0.13 ± 0.00 This study 
  aNA, Not applicable. The strains did not show any sign of growth. 

E. coli Δlpd ΔpflB ΔsthA + LPDNADP+low inhib showed very similar growth and 

metabolite profiles to its counterpart exhibiting an active STH under both aerobic 

and anaerobic conditions (Table 6, Table 7, Figure 2, A5 and B5 and Chapter 
4, Figures 1E and 2E). The lack of significant changes indicates that STH was 

not involved in NADPH reoxidation in the strain characterized in Chapter 4.  

E. coli Δlpd ΔpflB ΔsthA + LPDNADP also showed minor differences with E. coli 

Δlpd ΔpflB + LPDNADP anaerobically (Table 6 and Figure 2, B4), indicating that 
STH was not carrying flux under this condition. However, deletion of the sthA 

gene in E. coli Δlpd ΔpflB + LPDNADP led to major changes under aerobic 
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conditions (Figure 2, A4). Although it grew at the same specific growth rate 
(Table 6), E. coli Δlpd ΔpflB ΔsthA + LPDNADP showed an 18.6% increase in 

maximum OD600nm and an apparent biomass yield on glucose of 2.08 ± 0.9 

mol/mol (Table S4). Remarkably, the strain did not consume all glucose in 38h 
of cultivation. It did not accumulate pyruvate during its exponential phase of 

growth (Figure 2, A4������������������������������������������������������;�����
���������������������������������������������������������������������� 

Table 7. Fluxes through the PDH complex of E. coli strains grown anaerobically on 
M9 medium supplemented with 50mM glucose. Absolute flux through PDH (JPDH) and 
fraction of the flux through PDH compared to the total possible flux (JPDH/Jmax) are given. 
The values correspond to the average of fluxes from biological triplicates with standard 
deviations. 

Strains 
JPDH  

(mM pyruvate/h) 
JPDH /Jmax  
(%) 

References 

E. coli ΔpflB ����������� ��������� ���������� 

E. coli ΔpflB ΔsthA ����������� ��������� This study 

E. coli Δlpd ΔpflB ΔsthA ND
a
 ND

a
 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
WT
 0.62 ± 0.02 8.2 ± 0.2 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
low inhib

 ����������� 20.1 ± 0.6 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
NADP

 0.03 ± 0.01 2.3 ± 0.7 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
NADP+low inhib

 �������0.00 1.0 ± 0.0 This study 
           aND, Not determined. The strain did not grow. 

We reasoned that the apparent increased biomass formation as well as the lack 

of fermentation products exhibited by E. coli Δlpd ΔpflB ΔsthA + LPDNADP can 

be the consequence of NADPH reoxidation via the membrane-bound 

transhydrogenase PntAB or via respiration. As STH was knocked out in this 

strain, the NADPH produced during the conversions catalyzed by both PDH and 

ODH complexes can only be reoxidized in the reaction catalyzed by PntAB. 

Nevertheless, knocking out sthA in E. coli Δlpd ΔpflB + LPDNADP+low inhib did not 

result in significant changes. LPDNADP+low inhib was shown to be less sensitive to 

NAD(P)H inhibition than LPDNADP (Chapter 3, Figure 3). So, the strain carrying 

LPDNADP+low inhib potentially produced higher amount of NADPH in the same 

amount of time than a strain carrying LPDNADP. We hypothesized that the 
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amount of NADPH generated in E. coli Δlpd ΔpflB ΔsthA + LPDNADP+low inhib 

exceeded the capacity of PntAB and therefore the strain accumulated pyruvate 

instead (Figure 2, A5). However, we cannot rule out the possibility that NADPH 
could have been respired by the strain. Overproduction of NADPH could have 

led to point mutations in one of the genes encoding NADH dehydrogenase I 

(Complex I of the electron transport chain), thereby allowing the enzyme to 

oxidize NADPH. Auriol et al. (2011) demonstrated that an NADPH-

overproducing strain was able to respire both NADH and NADPH after the 

apparition of an E183A point mutation in the NuoF enzyme. Thus, NADPH could 

be used to generate catabolic energy. This should however not result in an 

increased ATP production.
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conditions (Figure 2, A4). Although it grew at the same specific growth rate 
(Table 6), E. coli Δlpd ΔpflB ΔsthA + LPDNADP showed an 18.6% increase in 

maximum OD600nm and an apparent biomass yield on glucose of 2.08 ± 0.9 

mol/mol (Table S4). Remarkably, the strain did not consume all glucose in 38h 
of cultivation. It did not accumulate pyruvate during its exponential phase of 

growth (Figure 2, A4������������������������������������������������������;�����
���������������������������������������������������������������������� 

Table 7. Fluxes through the PDH complex of E. coli strains grown anaerobically on 
M9 medium supplemented with 50mM glucose. Absolute flux through PDH (JPDH) and 
fraction of the flux through PDH compared to the total possible flux (JPDH/Jmax) are given. 
The values correspond to the average of fluxes from biological triplicates with standard 
deviations. 

Strains 
JPDH  

(mM pyruvate/h) 
JPDH /Jmax  
(%) 

References 

E. coli ΔpflB ����������� ��������� ���������� 

E. coli ΔpflB ΔsthA ����������� ��������� This study 

E. coli Δlpd ΔpflB ΔsthA ND
a
 ND

a
 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
WT
 0.62 ± 0.02 8.2 ± 0.2 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
low inhib

 ����������� 20.1 ± 0.6 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
NADP

 0.03 ± 0.01 2.3 ± 0.7 This study 

E. coli Δlpd ΔpflB ΔsthA + LPD
NADP+low inhib

 �������0.00 1.0 ± 0.0 This study 
           aND, Not determined. The strain did not grow. 

We reasoned that the apparent increased biomass formation as well as the lack 

of fermentation products exhibited by E. coli Δlpd ΔpflB ΔsthA + LPDNADP can 

be the consequence of NADPH reoxidation via the membrane-bound 

transhydrogenase PntAB or via respiration. As STH was knocked out in this 

strain, the NADPH produced during the conversions catalyzed by both PDH and 

ODH complexes can only be reoxidized in the reaction catalyzed by PntAB. 

Nevertheless, knocking out sthA in E. coli Δlpd ΔpflB + LPDNADP+low inhib did not 

result in significant changes. LPDNADP+low inhib was shown to be less sensitive to 

NAD(P)H inhibition than LPDNADP (Chapter 3, Figure 3). So, the strain carrying 

LPDNADP+low inhib potentially produced higher amount of NADPH in the same 

amount of time than a strain carrying LPDNADP. We hypothesized that the 
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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5.3.3. In vivo characterization of ldhA disruption in E. coli Δlpd 
ΔpflB ΔsthA strains carrying LPD variants 
During anaerobic fermentations of E. coli Δlpd ΔpflB ΔsthA and E. coli Δlpd 

ΔpflB ΔsthA strains, lactate was produced as main fermentation product 

(Chapter 4, Figure 2 and Figure 2, B1-B5), preventing most of the flux to go 

through the PDH complexes. Nonetheless, the strategy proposed in this work to 

reoxidize NADPH by the reverse action of PntAB – and capture additional 

metabolic energy – requires flux through the NADP+-dependent PDH complex 

under anaerobic conditions. Consequently, the ldhA gene encoding the lactate 

dehydrogenase (LDH) was knocked out in E. coli Δlpd ΔpflB ΔsthA strains 

carrying the LPD variants. Fermentations were conducted under aerobic, 

anaerobic and oxygen-limited conditions to assess the phenotype of the strains 

as well as the realization of the proposed strategy. 

5.3.3.1. Aerobic fermentations 
E. coli Δlpd ΔpflB ΔsthA strains carrying either LPDWT, LPDlow inhib, LPDNADP or 

LPDNADP+low inhib (Figure 2, A2-A5 and Figure 3, A1-A4) produced trace amounts 
of lactate under aerobic conditions. The additional knock out of ldhA reduced 

lactate production to zero. 

Both strains carrying an NAD+-dependent LPD exhibited lower specific growth 

rates (Table 6 and Table 8) than their counterparts carrying the ldhA gene, but 

they reached higher maximum OD600nm (Figure 2, A2-A3 and Figure 3, A1-A2). 
Their apparent biomass yields on glucose also showed an increase of 32.2% 

and 55.8% for the quadruple mutant strains carrying LPDWT and LPDlow inhib, 

respectively (Table S4 and Table S8). Both strains accumulated between 12 
and 14.5 mM acetate during their exponential phase of growth. After 7 h of 

cultivation, both strains started co-consumption of glucose and acetate and they 

exhibited linear growth. 

Likewise, knocking out ldhA in E. coli Δlpd ΔpflB ΔsthA + LPDNADP led to an 

increase in apparent biomass yield (Table S4 and Table S8) and maximum 
OD600nm (Figure 2, A4 and Figure 3, A3). The strain also exhibited a 14.3% 
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higher specific growth rate than E. coli Δlpd ΔpflB ΔsthA + LPDNADP (Table 6 
and Table 8). The absence of fermentation products, especially pyruvate, 
indicates that the NADPH produced during the reactions catalyzed by both PDH 

and ODH complexes was used to regenerate NADH, either by the intended 

reverse action of PntAB or by NADPH respiration. 

Table 8�����������������������������������������E. coli Δlpd ΔpflB ΔsthA ΔldhA 
������������������������������������������The growth rates were determined from the 
OD600nm measurements and are expressed in h-1. The values determined during aerobic 
and anaerobic cultivations represent the average of specific growth rates calculated from 
three biological replicates with standard deviations. The values presented in the table for 
oxygen-limited cultivations were determined from biological duplicates with standard 
deviations. 

������� Aerobic ��������� ������-
������� 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd  NA
a
 NA

a
 NA

a
 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd + empty pBbA2k NA
a
 NA

a
 NA

a
 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPD
WT
 0.48 ± 0.00 0.12 ± 0.01 0.43 ± 0.01 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPD
low inhib

 0.49 ± 0.00 0.21 ± 0.01 0.40 ± 0.02 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPD
NADP

 0.32 ± 0.00 0.05 ± 0.00 0.08 ± 0.00 

 E. coli ΔpflB ΔsthA ΔldhA Δlpd + LPD
NADP+low inhib

 0.34 ± 0.00 0.12 ± 0.01 0.16 ± 0.00 
aNA, Not applicable. The strains did not grow under the cultivation condition tested. 

Unexpectedly, disruption of ldhA resulted in major changes in both growth and 

metabolite profiles for E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib (�������
2, A5 and ������������). Nevertheless, these profiles are very similar to the 
ones obtained for E. coli Δlpd ΔpflB ΔsthA + LPDNADP and E. coli Δlpd ΔpflB 

ΔsthA ΔldhA + LPDNADP (������������ and ������������ and ��). E. coli Δlpd 

ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib did not accumulate a high amount of 

pyruvate during exponential phase of growth. Instead, the strain produced up to 

8.2 ± 0.3 mM acetate, 2.3 ± 0.1 mM pyruvate, 2.5 ± 1.4 mM formate, 2.1 ± 2.4 

mM ethanol and traces of succinate (������� ��� ��). As observed for the 
quadruple knock-out strains carrying an LPD variant, E. coli Δlpd ΔpflB ΔsthA 

ΔldhA + LPDNADP+low inhib reached a higher maximum OD600nm (������������ and 
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Figure 3, A4) and showed an 80% increase in apparent biomass yield on 
glucose (Table S4 and Table S8). 

Deleting LDH resulted in higher OD600nm values and associated apparent 

biomass yields for all four strains. The final OD600nm values were similar for 

strains carrying either NAD+- or NADP+- dependent LPDs. It can therefore not 

be concluded that using an NADP+-dependent LPD in conjunction with proton-

translocating transhydrogenase activity of PntAB caused this increase. We 

should take into consideration that OD measurements not only depends on 

biomass concentrations but also on cell morphology. We cannot exclude that 

the LDH knockout changed the cells morphology. This indicates that dry cell 

weight measurements have to be applied to assess the effect of the final strains. 

5.3.3.2. Anaerobic fermentations 
Although the anaerobic activity of PDHWT was proven to support anabolic 

processes (growth) in a strain lacking a PFL (Chapter 4), lactate was formed as 

main fermentation product due to the high NADH inhibition of the PDH complex. 

Lactate formation allows maintenance of the glycolysis by regenerating NAD+ in 

a strain exclusively using PDH for the anaerobic conversion of pyruvate to 

acetyl-CoA (Chapter 4). Cells carrying an active PDH and lacking a functional 

LDH cannot rely on lactate formation and should perform homofermentative 

production of ethanol to maintain glycolysis as well as regenerate NAD+. 

All E. coli Δlpd ΔpflB ΔsthA ΔldhA strains carrying an LPD variant consumed 

less than 5.0 mM glucose in 28 h of cultivations (Figure 3, B1-B4) and reached 
significantly lower maximum OD600nm than strains carrying a functional LDH 

(Figure 2, B1-B5 and Figure 3, B1-B4).  

E. coli Δlpd ΔpflB ΔsthA ΔldhA carrying LPDWT, LPDlow inhib, LPDNADP and 

LPDNADP+low inhib reached 75.3%, 71.2%, 40.2% and 55.7% lower maximum 

OD600nm than strains carrying a functional LDH, respectively. Furthermore, the 

strains produced little amounts of pyruvate and acetate with concentrations 

below 2.5 mM. All strains did not exhibit a lag phase and reached their maximum 

OD600nm between 3 to 6 h of cultivation (Figure 3, B1-B4). Together with the 
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absence of fermentation products, this suggests that respiration occurred at the 

beginning of the cultivations, allowing the formation of small amount of biomass. 

Perhaps oxygen was introduced in the anaerobic flasks during inoculation as 

the inoculum were prepared aerobically.  

Besides, the low acetate and pyruvate concentrations indicate that little flux went 

through the PDH complexes – regardless their cofactor specificity – probably 

due to NAD(P)H inhibition. This hypothesis is supported by the fact that both 

strains carrying either LPDlow inhib and LPDNADP+low inhib reached higher maximum 

OD600nm than strains carrying LPDWT and LPDNADP under both anaerobic (Figure 
3, B1-B4) and oxygen-limited conditions (Figure 3, C1-C4), respectively. 
Moreover, E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib produced ethanol under 

both anaerobic and oxygen-limited conditions whereas E. coli Δlpd ΔpflB ΔsthA 

ΔldhA + LPDWT did not. E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib produced 

5.0 ± 0.7 mM ethanol anaerobically, and 35.4 ± 1.0 mM under oxygen-limited 

conditions. These results demonstrate that higher flux went through its PDH 

complex than in the strain carrying LPDWT. The pyruvate dehydrogenase 

complex of E. coli was reported to exhibit low activity under anaerobic conditions 

due to its high sensitivity towards NADH �������������������������;������ et 

al., 1993a;��������� et al., 1999). We previously described that introduction of 

the E354K mutation in the lpd gene only relieved a part of the NAD(P)H inhibition 

(Kim et al., 2008) therefore the enzyme is still subjected to some inhibition. 

Inhibition does not seem to be the only cause for the impaired growth of the 

strains under anaerobic conditions. Expression of the genes encoding the PDH 

complex might have been low or repressed under anaerobic conditions as 

reported previously ��������������������������;������ et al.������;����������� 

et al., 1998). This hypothesis is supported by the results obtained during 

oxygen-limited conditions.  
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5.3.3.4. Oxygen-limited fermentations 
Introduction of 10.5 mL of oxygen to the cultures resulted in an increase in both 

biomass formation (Figure 3, 1-B.4 and C1-C4) and specific growth rate (Table 
8) for all strains.  

Both E. coli Δlpd ΔpflB ΔsthA ΔldhA strains carrying an NAD+-dependent LPD 

exhibited specific growth rates close to the ones obtained aerobically (Table 8). 
E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDWT showed a 2.6-times increase in OD600nm 

while E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib reached OD600nm comparable 

to the ones obtained during anaerobic cultivation of E. coli Δlpd ΔpflB ΔsthA + 

LPDlow inhib (Figure 2, B2 and Figure 3, C2). 

Table 9. Fluxes through the PDH complex of E. coli Δlpd ΔpflB ΔsthA ΔldhA strains 
carrying an LPD variant on a plasmid during oxygen-limited cultivations. Absolute 
flux through PDH (JPDH) and the fraction of the flux through PDH compared to the total 
maximum flux (JPDH/Jmax) are displayed in the table. The values correspond to the 
average of fluxes calculated from biological duplicates with standard deviations. 

Strains JPDH  
(mM pyruvate/h) 

JPDH /Jmax  
(%) 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDWT 0.25 ± 0.03 16.2 ± 2.8 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib 1.85 ± 0.20 57.0 ± 3.0 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP 0.30 ± 0.19 29.9 ± 19.9 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib 0.15 ± 0.00 18.3 ± 3.4 

 

Unlike strains carrying an NAD+-dependent LPD, introduction of oxygen to the 

anaerobic cultures did not increase significantly growth of E. coli Δlpd ΔpflB 

ΔsthA ΔldhA + LPDNADP and E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib 

(Figure 3, C3-C4). In addition, the growth rates exhibited by the strains as well 
as their metabolite profiles were close to the ones determined under strict 

anaerobic conditions (Table 8). Although E. coli Δlpd ΔpflB ΔsthA ΔldhA + 

LPDWT and E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib displayed an 

intermediate behavior between aerobic and anaerobic when cultivated under 

oxygen-limited conditions, E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP behaved 

as cultivated under strict anaerobic conditions. As PDHNADP showed higher 
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NAD(P)H tolerance than PDHWT (Chapter 3, Figure 3), NAD(P)H inhibition and 

anaerobic expression of PDH do not seem to be the only cause for the strains’ 

behavior. In fact, NADPH reoxidation seems to also be a bottleneck for the cells 

under anaerobic conditions. 

The absence of NADPH reoxidation can result from low or no activity and/or 

expression of PntAB under anaerobic conditions or from an insufficient 

NADPH/NADP+ ratio in the cells. Transcription of PntAB or STH was reported 

not to be regulated by the actual intracellular concentration of NADPH or the 

cultivation conditions but rather by the NADPH demand and the redox state of 

the cells (Haverkorn van Rijsewijk et al., 2016). Indeed, PntAB transcription was 

shown to be repressed at low growth rate – mimicking low NADPH demand for 

anabolic reactions – due to cAMP-Crp. Thus, PntAB might not have been 

transcribed or active anaerobically as the strains presented very low growth 

rates (Figure 3, B1-B4 and C3-C4). Aerobically, PntAB seemed to be active 
and used for NADPH reoxidation, which would be supported by the relatively 

high growth rates exhibited by E. coli Δlpd ΔpflB ΔsthA ΔldhA strains carrying 

an NADP+-dependent LPD (Figure 3, A3-A4). On the other hand, the apparent 
inability of the strains exhibiting an NADP+-LPD to reoxidize NADPH 

anaerobically – by the reverse action of PntAB – might have also arisen from 

the insufficient production of NADPH. A low expression and/or activity of the 

PDH complex would only lead to small amount of NADPH, thereby preventing 

the cells to reach the necessary NADPH/NADP+ ratio required to compensate 

for the proton-motive force formed during the reaction catalyzed by PntAB.
C
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5.3.3.4. Oxygen-limited fermentations 
Introduction of 10.5 mL of oxygen to the cultures resulted in an increase in both 

biomass formation (Figure 3, 1-B.4 and C1-C4) and specific growth rate (Table 
8) for all strains.  

Both E. coli Δlpd ΔpflB ΔsthA ΔldhA strains carrying an NAD+-dependent LPD 

exhibited specific growth rates close to the ones obtained aerobically (Table 8). 
E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDWT showed a 2.6-times increase in OD600nm 

while E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib reached OD600nm comparable 

to the ones obtained during anaerobic cultivation of E. coli Δlpd ΔpflB ΔsthA + 

LPDlow inhib (Figure 2, B2 and Figure 3, C2). 

Table 9. Fluxes through the PDH complex of E. coli Δlpd ΔpflB ΔsthA ΔldhA strains 
carrying an LPD variant on a plasmid during oxygen-limited cultivations. Absolute 
flux through PDH (JPDH) and the fraction of the flux through PDH compared to the total 
maximum flux (JPDH/Jmax) are displayed in the table. The values correspond to the 
average of fluxes calculated from biological duplicates with standard deviations. 

Strains JPDH  
(mM pyruvate/h) 

JPDH /Jmax  
(%) 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDWT 0.25 ± 0.03 16.2 ± 2.8 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib 1.85 ± 0.20 57.0 ± 3.0 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP 0.30 ± 0.19 29.9 ± 19.9 

E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib 0.15 ± 0.00 18.3 ± 3.4 

 

Unlike strains carrying an NAD+-dependent LPD, introduction of oxygen to the 

anaerobic cultures did not increase significantly growth of E. coli Δlpd ΔpflB 

ΔsthA ΔldhA + LPDNADP and E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP+low inhib 

(Figure 3, C3-C4). In addition, the growth rates exhibited by the strains as well 
as their metabolite profiles were close to the ones determined under strict 

anaerobic conditions (Table 8). Although E. coli Δlpd ΔpflB ΔsthA ΔldhA + 

LPDWT and E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDlow inhib displayed an 

intermediate behavior between aerobic and anaerobic when cultivated under 

oxygen-limited conditions, E. coli Δlpd ΔpflB ΔsthA ΔldhA + LPDNADP behaved 

as cultivated under strict anaerobic conditions. As PDHNADP showed higher 
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5.4. Conclusion 
In this study, a strategy was proposed to reoxidize NADPH using the membrane-

bound transhydrogenase PntAB in an NADPH-overproducing strain. The 

proposed approach includes creation of a proton-motive force during the 

conversion of NADPH and NAD+ to NADP+ and NADH, which could be 

subsequently used for additional energy generation. This is of particular interest 

for anaerobic fermentations where energy is scarce. 

The sthA gene encoding STH was knocked out to force the regeneration of 

NADP+ through the PntAB. Disruption of sthA did not give clear conclusion as 

the results obtained in this study were similar to the ones obtained previously 

for E. coli Δlpd ΔpflB (Chapter 4). This indicates that the STH activity was low 

and was not competing with PntAB. 

The membrane-bound transhydrogenase PntAB seems to be active during 

aerobic growth of E. coli Δlpd ΔpflB ΔsthA ΔldhA strains carrying an NADP+-

dependent LPD. Nevertheless, the enzyme does not seem to regenerate 

NADP+ under anaerobic and oxygen-limited conditions. We hypothesized that a 

combination of NAD(P)H inhibition and poor expression of the genes encoding 

PDH led to low activity of the complexes. Consequently, the NADPH/NADP+ 

ratio required for the reverse action of PntAB was not reached, and the cells 

exhibited poor growth. To test this hypothesis, the aceE-aceF -lpd genes 

encoding the PDH complex should be overexpressed using a strong promoter 

whose expression will not be affected by anaerobic conditions. 

Regeneration of the excess NADPH can also be achieved by respiration if a 

mutation occurred in one of the genes encoding the Complex I of the electron 

transport chain. Therefore, the genes encoding NADH dehydrogenase I, and 

especially the nuoF gene, should be sequenced. 

Additionally, we cannot rule out the possibility that anaerobic expression or 

activity of PntAB was not a bottleneck in the strains carrying an NADP+-LPD. 

Therefore, the pntA and pntB genes encoding the two subunits of the 
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membrane-bound transhydrogenase should be overexpressed or knocked out 

to fully understand where the problem lies. The use of an inducible promoter 

would be ideal to test both conditions. Overexpression of sthA should also be 

tested since STH is known to reversibly catalyze the conversion of NADPH and 

NAD+ to NADP+ and NADH and is not coupled to a proton-motive force and 

could, as such, function as a control strain.  
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membrane-bound transhydrogenase should be overexpressed or knocked out 

to fully understand where the problem lies. The use of an inducible promoter 

would be ideal to test both conditions. Overexpression of sthA should also be 

tested since STH is known to reversibly catalyze the conversion of NADPH and 

NAD+ to NADP+ and NADH and is not coupled to a proton-motive force and 

could, as such, function as a control strain.  
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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membrane-bound transhydrogenase should be overexpressed or knocked out 

to fully understand where the problem lies. The use of an inducible promoter 

would be ideal to test both conditions. Overexpression of sthA should also be 

tested since STH is known to reversibly catalyze the conversion of NADPH and 

NAD+ to NADP+ and NADH and is not coupled to a proton-motive force and 

could, as such, function as a control strain.  
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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membrane-bound transhydrogenase should be overexpressed or knocked out 

to fully understand where the problem lies. The use of an inducible promoter 

would be ideal to test both conditions. Overexpression of sthA should also be 

tested since STH is known to reversibly catalyze the conversion of NADPH and 

NAD+ to NADP+ and NADH and is not coupled to a proton-motive force and 

could, as such, function as a control strain.  
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5.3.1.2. Maximizing for biomass formation 
Simulations were performed using biomass formation as an objective (Table 4). 
The model was used to predict fluxes over enzymes involved in NADH, NADPH 

and ATP metabolism. 

For E. coli Δlpd ΔpflB ΔldhA + LPDNADP, the model predicts specific growth rates 

of 0.881 h-1 and 0.122 h-1 under aerobic and anaerobic conditions, respectively 

(Table 4��������������������������������������������������;������������DW ������
�������� ���������������������������������DW ��������������������������������

conditions. 

Aerobically, the model predicts that PDH, isocitrate dehydrogenase (IDH) and 

ODH are responsible for 40.9%, 29.7% and 26% of the flux for NADPH 

production, respectively (Table 5). NADPH is mainly consumed by STH (43.4%) 
and by the NADP+-dependent glutamate dehydrogenase (29.3%). NADH is 

produced during the reactions catalyzed by the glyceraldehyde phosphate 

dehydrogenase (GAPDH), STH and malate dehydrogenase (MDH) with 46.3%, 

29% and 19.7%, respectively. The NADH dehydrogenase (NADH17pp) which 

is part of the electron transport chain (ETC) consumed most of the NADH 

produced in the cells. Under this cultivation condition, the model predicts that E. 

coli Δlpd ΔpflB ΔldhA + LPDNADP mainly produces ATP thanks to the ATP 

synthase (72.5%), the phosphoglycerate kinase (18.7%) and the succinyl-CoA 

synthetase (6.5%). 

Under anaerobic conditions, NADPH is exclusively produced during the reaction 

catalyzed by PDH and it is mainly consumed by STH (88.1%). Production of 

NADH is performed by GAPDH and STH, carrying 54.9% and 44.5% of the flux, 

respectively. The two enzymes involved in ethanol production – acetaldehyde 

dehydrogenase and alcohol dehydrogenase – are responsible for NADH 

consumption. Anaerobically, ATP is primarily produced by the phosphoglycerate 

kinase (70.9%) however the nucleotide-diphosphate kinase (ATP:dTDP) is 

responsible for 29.1% of the flux for ATP formation. 
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membrane-bound transhydrogenase should be overexpressed or knocked out 

to fully understand where the problem lies. The use of an inducible promoter 

would be ideal to test both conditions. Overexpression of sthA should also be 

tested since STH is known to reversibly catalyze the conversion of NADPH and 

NAD+ to NADP+ and NADH and is not coupled to a proton-motive force and 

could, as such, function as a control strain.  
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Chapter 6 
Applying non-canonical redox cofactors 

in fermentation processes 
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Weusthuis, R.A., Folch P.L., Pozo-Rodríguez A. & Paul C.E. (2020). Applying non-
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Summary 
Fermentation processes are used to sustainably produce chemicals and as 

such contribute to the transition to a circular economy. The maximum theoretical 

yield of a conversion can only be approached if all electrons present in the 

substrate end up in the product. Control over the electrons is therefore crucial. 

However, electron transfer via redox cofactors results in a diffuse distribution of 

electrons over metabolism. To overcome this challenge, we propose to apply 

non-canonical redox cofactors (NRCs) in metabolic networks: cofactors that 

channel electrons exclusively from substrate to product, forming orthogonal 

circuits for electron transfer. 

 

Keywords 
Microbial cell factories, redox cofactors, electron transfer, metabolic networks, 

genome editing, in vitro and in vivo biocatalysis 
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6.1. Microbial cell factories as enabling technologies 
Microbial cell factories are one of the enabling technologies to produce 

chemicals efficiently and sustainably. The catalytic power of the whole metabolic 

network, consisting of thousands of enzymes, can be used to realize the desired 

conversion. Genome-editing techniques make it more and more possible to 

engineer the metabolism of microorganisms to optimize product formation 

(Brouns et al.������;���������� et al.������;���������� et al.������;��� et al., 

2018). Metabolism is however a very complex network of reactions, with a high 

degree of entanglement and tight regulation. Product formation is therefore 

prone to be affected by other metabolic processes and vice versa. This 

complicates the thorough understanding of metabolic processes and makes it 

difficult to realize an efficient design. A trend to reduce the entanglement of 

product formation with other metabolic processes is to use synthetic biology to 

establish orthogonal pathways: growth-independent pathways optimized for the 

production of a target molecule, characterized by the minimization of 

interactions between the chemical-producing pathways and the biomass-

producing pathways (Martin et al.������;������� et al.������;������ et al., 2���;�

Prather and Martin, 2008). 

 

6.2. Maximizing yield 
Microbial cell factories are designed to achieve high yield (g product/g 

substrate). This is especially important for the production of bulk chemicals, 

because they have to compete with chemicals derived from low-cost fossil-

based resources. The yield shows how efficient the substrate is converted into 

the product. The design target for yield is the maximal theoretical yield, which 

can be calculated using the degree of reduction of both substrate and product. 

This degree reflects the ability of molecules to donate or accept electrons in 

chemical reactions and therefore depends on their elemental composition. In 

�������� ����������� �� ������ ���� ������� ����� ���������� ���� �� ������ ����

electron, whereas N atoms can accept three electrons and O atoms two 

�
��

��
�r
 6
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electrons (Weusthuis et al., 2011). The degree of reduction of glucose (C6H12O6) 

is 24 (6 × 4 + 12 × 1 + 6 × -2), that of lactic acid (C3H6O3) = 12 (3 × 4 + 6 × 1 + 

3 × -2), so the maximum theoretical yield of the conversion of glucose into lactic 

acid is 24/12 = 2 mol/mol.  

The most straightforward approach for cell factory engineering to optimize the 

yield is therefore to design a metabolic network that enforces complete transfer 

of electrons present in the substrate to the final product. This requires strict 

control of electron transfer and redox reactions. However, redox couples that 

are spread over the metabolic network transfer electrons to each other, causing 

a diffuse distribution of electrons over metabolism. A good example is the 

utilization of glucose by Escherichia coli. The latter is able to transfer electrons 

via nicotinamide adenine dinucleotide NAD+/NADH to terminal electron 

acceptors such as oxygen and nitrate – in a process called respiration – or to 

metabolic intermediates, forming products like ethanol, acetate, formate, 

succinate and lactate – in a process called fermentation. E. coli also transfers 

electrons via NADP+/NADPH to reduce intermediates used in biomass 

production. If E. coli would be used as a microbial cell factory for the production 

of a certain chemical, all electrons from the substrate should end up in the 

product to approach the maximal theoretical yield, and not be diffusely diverted 

to other reactions. A strict control over the fate of electrons is therefore evidently 

important. 

 

6.3. Redox cofactors 
Electron transfer is mediated by specialized redox couples: redox cofactors. 

Three distinct families are operational in metabolism. 
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Figure 1. Chemical structures of selected redox cofactors. (A) Nicotinamide 
cofactors (reduced form) transfer two electrons in a one-step hydride transfer and 
�����������������������������������������;����������������������������������������
�� ������������� �������� �������������� ����� �� ������������� �������� ������������ 
����������� ��� �� ���������� ����������������� (B) ������������ ���������� ����
�����������������������������������������������������������������������������-step hydride 
���������������������������������������������(C) ������������������������������������������s 
in a two-step one-��������� �������������������������� �����������������������������
���������������������������� 

6.3.1. Nicotinamide cofactors 
����������������������������������������������+ and its phosphorylated form 

����+ (Figure 1A) display an E0’ of -320 mV. Their actual redox potentials 

���������������������������������������������������������������������+���������

kept in the oxidized state by transferring electrons to the electron transport 

������� �������������������� �-oxo carboxylic acids/amino acids and the 

reduction of carbon-������� ������� ������� ���+������ ��� ����� ��� ����������

��������������������������������������������������������������+���������������

in its reduced form by accepting electrons from the oxidation of aldehydes to 

��������������������������������������������������������� 
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6.3.2. Deazaflavin cofactors 
The deazaflavin cofactor 8-hydroxy-5-deazaflavin (F420, Figure 1B) and its 
truncated versions (FO, F420-0) resembles the structure of flavins and reactivity 

of NAD (in grey Figure 1B vs 1A) and displays a similar redox potential of -340 

mV. This cofactor plays a role in primary and secondary metabolism in various 

archaea and bacteria. Its low-potential hydride transfer allows the mediation of 

various redox reactions involved in pathways such as antibiotic biosynthesis 

(Bashiri et al., 2019). As the natural biosynthesis of F420 does not exist in E. coli, 

recent efforts afforded its heterologous production by recombinant expression 

in E. coli (Bashiri et al., 2019), making this cofactor a good candidate for an 

orthogonal pathway. 

6.3.3. Flavin cofactors 
Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD, Figure 1C) 
have a redox couple of -220 mV. Usually FAD and FMN are found as a 

prosthetic group in enzymes, shifting the E0’ to neutral values. They accept 

electrons from NAD(P)H and iron-sulfur clusters. Understanding electron flow 

through electron carrier proteins and their cofactors is key to engineer 

orthogonal pathways. 

The redox cofactor NAD+/NADH and its phosphorylated form NADP+/NADPH 

are most relevant for product formation by microbial cell factories. The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database 

(www.genome.jp/kegg/) reports 983 NADH-dependent reactions and 1051 

NADPH-dependent reactions, most of which are redox reactions. The iML1515 

genome-scale constraint-based metabolic model (GSCBMM) of E. coli (Monk et 

al., 2017) lists 127 reactions using NAD+/NADH and 113 reactions using 

NADP+/NADPH. These values indicate that the electrons are diffusely 

distributed over the whole metabolic network. The current trend to design true 

orthogonal pathways for product formation to diminish entanglement and 

regulation is therefore futile, if these pathways are dependent on NAD+/NADH 

and NADP+/NADPH. True orthogonal pathways can only be realized when also 
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the redox cofactor involved can be isolated as much as possible from other 

metabolic activities. The term “non-canonical redox cofactors” (NRCs) was used 

to describe such cofactors (Black et al., 2020). To date, NRCs have especially 

been studied in vitro as cofactor biomimetics for enzymatic reactions and are 

only beginning to be applied in vivo. 

 

6.4. Application of non-canonical redox cofactors in 
in vitro biocatalysis 

When performing in vitro biocatalytic processes, several factors such as cost, 

solubility, instability or restricted activity of cofactors may impede further 

development of enzymes (Paul et al., ����;������������������������;��������� 

et al., 2019)�� �������� ��������� ��� ������ �������� ������������� ��� ����

dihydropyridine ring and nitrogen (Figure 2A), were synthesized and used as 
cofactor biomimetics with oxidoreductase enzymes to catalyze the reduction of 

carbon-carbon double bonds (Paul et al.������;������ et al.������;���� et al., 

����;�������� et al., 2019), the hydroxylation of benzoates (Ryan et al.������;�

�������� et al., 2020), or the oxidation of glucose (Nowak et al.������;������ et 

al., 2019). These nicotinamide cofactor biomimetics allow for an orthogonal 

system when using enzymes as cell free extracts for the reduction of carbon-

carbon double bonds: activity by other oxidoreductases such as alcohol 

dehydrogenases was excluded, as these enzymes do not function with those 

truncated cofactors (Paul et al.������;�����-Culleré et al., 2019). 
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Figure 2. Chemical structures of selected NRCs. (A) NRCs used in vitro. These 
structures are examples of synthetic nicotinamide cofactor biomimetics successfully 
used with oxidoreductases. (B) NRCs used in vivo. NADH structure, the moiety 
highlighted in pink, adenosine, is modifiable to cytosine, above in yellow. In blue NMN = 
���������������������������;���������������������������������������������������� 

 

Stability and activity 

Modification of substituents on the NADH cofactor led to changes in redox 

properties as well as stability. The half-life of each cofactor depended on pH, 

temperature and the presence of other chemical components such as 

phosphate buffer �������������������������;��� et al., 1986). Further studies 

with synthetic cofactors displayed varying reaction rates depending on the 

substituted dihydropyridine ring for reduction and oxidation reactions (Knaus et 

al.������;��������� et al., 2020). These short synthetic analogues currently lack 

an efficient enzymatic recycling system (Nowak et al.�� ����;� ������ et al., 

2019). In parallel, NRCs recently used in vivo, NMN and nicotinamide cytosine 

dinucleotide (NCD, Figure 1B), rely on the natural structural backbone of NADH 
due to the difficulty in engineering dehydrogenase enzyme towards the shorter 

truncated versions used in vitro (Nowak et al.������;������ et al., 2019). 

 

 

 NRCs
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Table 1. Prerequisites necessary for the successful application of NRCs in cell 
factories and fermentation processes. 

# Title Description 
Prerequisites for NRCs application in cell factories 

1 Redox potential The redox couple donating electrons should have a lower 

redox potential than the NRC, the redox couple accepting the 

electrons a higher redox potential. 

2 Specificity Strict control over the electrons necessitates that the NRC 

should only transfer electrons between the objective donating 

and receiving redox couple. Transfer of these electrons 

should therefore be catalyzed by enzymes with a high 

specificity for the NRC. Also, native enzymes should not be 

able to use the NRC and non-enzymatic transfer of electrons 

from the NRC to other redox cofactors should be avoided. 

3 Location Although many NRCs have been applied in enzymatic 

conversions, they are not all suitable in microbial cell 

factories. This namely requires the intracellular action of the 

NRC. Microbial cell factories should therefore be able to 

biosynthesize the NRC, either de novo or via salvation 

pathways, or being able to take it up from the medium. 

4 Regulation Many enzyme activities depend on regulation by NAD/NADH 

and/or NADP/NADPH concentration ratios. The NRC should 

not interfere with this regulation. 

Additional prerequisite for application of NRCs in fermentation processes 

5 Dissimilation vs 

assimilation 

The NRC should only be used for (ATP-generating) 

dissimilation and not for assimilation. 

 

6.5. Application of non-canonical redox cofactors in 
vivo 

Applying these NRCs in microbial cell factories would provide an orthogonal 

circuit for electron transfer. It would increase the control over the fate of 

electrons and could therefore be used to improve bioprocesses. Although NRCs 

have been applied successfully in enzymatic conversions, additional 
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prerequisites regarding redox potential, specificity, location and regulation need 

to be fulfilled in order to function truly orthogonally in vivo (Table 1). Application 
of NRCs in microbial cell factories is a recent development, so far only two 

examples have been published. In the first example, nicotinamide cytosine 

dinucleotide (NCD+/NCDH) (Figure 2B) was applied as an NRC for the 
production of malate by E. coli (Figure 3A) (Wang et al., 2017), where 

phosphite/phosphate was used as electron donor. The NAD+/NADH-dependent 

phosphite dehydrogenase and malic enzyme were modified in such a way that 

they accepted NCD+/NCDH as redox cofactor. NCD+ was supplemented to the 

growth medium and taken up by E. coli. The low redox potential of 

phosphite/phosphate (E0’ = -650 mV, (Claassens et al., 2018) in combination 

with the high initial [phosphite]/[phosphate] ratio reversed the reaction catalyzed 

by malic enzyme, converting pyruvate and CO2 into malate. This resulted in an 

overall increase in malate yield from 0.11 g/g to 0.15 g/g. 

In the second example, nicotinamide mononucleotide (NMN+/NMNH) (Figure 
2B) was used as an NRC for the conversion of ketoisophorone, which was 
added to the medium, to levodione ((Black et al., 2020), Figure 3B). This 
process comprised an ene reductase enzyme to catalyze the reduction of the 

ketoisophorone carbon-carbon double bond, whose redox potential is near 0 V. 

Because the nicotinamide moiety of NAD(P)+ is responsible for electron transfer, 

the redox potential of NMN+/NMNH is expected to be close to –320 mV. Its 

intracellular availability was enhanced by providing nicotinamide as nutrient, by 

overexpression of genes involved in NMN biosynthesis (nadE and nadV) and 

knocking out genes involved in NMN breakdown (nadR and pnnC). A glucose 

dehydrogenase (GDH), modified to accept NMN+/NMNH as redox cofactor, and 

ene reductase (XenA) were introduced. These enzymes formed an orthogonal 

circuit for the transfer of electrons. Strains were created that had to rely on the 

activity of both enzymes for growth by knocking out key enzymes of the 

Embden-Meyerhoff-Parnas (EMP) pathway (pgi) and pentose phosphate (PP)-

pathway (zwf and gnd). Only strains that harboured both enzymes were able to 
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grow, indicating that the two enzymes successfully established the new 

electrical circuit.  

 

Figure 3. Examples of applying non-canonical redox cofactors in microbial cell 
factories. (A) Transferring electrons from phosphite/phosphate to malate/pyruvate + 
CO2 via NCD+/NCDH. Modified malic enzyme (Mae*) and phosphite dehydrogenase 
(Pdh*) were introduced. Adapted from Wang et al. (2017). (B) Transferring electrons from 
glucose/gluconate to ketoisophorone/levodione with NMN+/NMNH as non-canonical 
cofactor. An NMN+-dependent glucose dehydrogenase (GDH ortho) and ene reductase 
(XenA) were introduced. NMN+ availability was enhanced by adding nicotinamide to the 
medium, knocking out the genes nadR and pnnC and overexpressing the genes nadE 
and nadV. The glycolytic flux was forced over glucose dehydrogenase by knocking out 
the genes pgi, zwf and gnd. Blue lines: native pathways. Green lines: introduced or 
�������������������������;�x: deleted gene/enzyme. Adapted from Black et al. (2020). 

 

6.6. Modifying the cofactor dependency of 
dehydrogenases 

To enable the application of NRCs it is required to change the cofactor specificity 

of oxidoreductases from the native redox cofactor to the NRC. In recent years, 

several methods have been developed to switch the cofactor dependency of 

dehydrogenases from NAD+ to NADP+, and vice versa. In particular, a web tool 
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named CSR-SALAD (Cofactor Specificity Reversal-Structural Analysis & Library 

Design) can assist, through a structure-guided and semi-rational approach, in 

the modification of the cofactor dependency of dehydrogenases (Cahn et al., 

2017). Engineering this cofactor dependency is now a commonly used strategy 

in the optimization of redox metabolism, and is starting to be applied for cofactor 

analogues, such as NRCs (Liu et al., 2018). For example, in the case of NCD, 

Liu et al. (2020) identified three residues in the cofactor-binding pocket of LDH 

from Lactobacillus helveticus that may be hotspots for cofactor preference. 

Located in close proximity to the AD moiety of NAD, they are mostly conserved 

across NAD+-dependent LDHs. Different combinations of the mutations V152R, 

I177K, N213E and N213I enabled the switch from NAD to NCD dependency. 

Moreover, V152 is positioned at the N-terminus of the conserved GX(X)GXXG 

sequence in the Rossmann fold motif and is present in other dehydrogenases, 

varying in some of them to L or I. With the malic enzyme (ME) from E. coli, the 

L310 residue (corresponding to V152 in LDH), was changed to an arginine to 

obtain an NCD-dependent ME (Ji et al., 2011), therefore confirming the potential 

of modifying cofactor specificity to NCD by reproducing the mutations of these 

hotspot residues. 

Recently, Black et al. (2020) incorporated four mutations in the GDH from 

Bacillus subtilis, switching from NADP to NMN preference. The mutations I195R 

and Y39Q were meant to form hydrogen bonds with the phosphate of NMN. 

Additionally, A93K was predicted to facilitate the interaction of Y39Q with NMN 

and S17E to promote the exclusion of NADP. The identification of these 

residues in other dehydrogenases can be challenging because protein-cofactor 

interactions are variable in NADP+-dependent enzymes (Carugo and Argos, 

1997a;� ������� ���� ������� ����b), and might be unsuitable for NAD+-

dependent enzymes. Alternatively, introducing other mutations for the hotspot 

residues identified in LDH for NCD specificity could enable the switch to NMN. 

In conclusion, cooperative mutations can change the cofactor dependency of 

dehydrogenases. Targeting residues scattered over a relatively broad range of 

gene sequence will make the reversal of all mutations unlikely. However, 
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omitting only one of these mutations can already diminish the enzyme activity 

towards the NRC. The extent of this reduction and thereby the stability of the 

modifications, will depend on the contribution of the reversed mutation to the 

switch of cofactor dependency. 

 

6.7. Application of non-canonical redox cofactors in 
fermentation processes 

These results show that in these examples, the four prerequisites for application 

in microbial cell factories (Table 1) were met, which opens up the possibility to 
use NRCs in fermentation applications. 

6.7.1. Challenges in fermentation processes 
In fermentation processes, the substrate is converted into oxidized 

intermediates, which are reduced to principle: ethanol and lactate production. 

The yields obtained for these two processes approach the maximal theoretical 

yield (for recent reviews see Aditiya et al. (2016) and Alves de Oliveira et al. 

(2018)). With respect to the production of bulk chemicals, this is the mode of 

choice. The design of metabolic networks for new fermentation processes is 

however challenging. By-product formation is difficult to prevent and even if the 

ΔG’ of the conversions is sufficiently negative, it often proves difficult to realize 

net ATP production. Application of NRCs in fermentation processes could 

remedy this matter. NRCs have not been applied in fermentation processes yet. 

Recently the development of an NCD-dependent lactate dehydrogenase (LDH) 

was described, which could be a prelude to such a development aiming at the 

production of lactate (Liu et al., 2020).  

6.7.2. Metabolic engineering with NRCs 
The redox potential of redox couples and the chemical structure of NRCs are 

leading factors in the design of NRC-dependent metabolic networks for product 

formation, because they determine the thermodynamic feasibility of the 
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conversion. To remain close to wild-type situations it seems reasonable to focus 

initially on NRCs with redox potentials close to those of NAD+/NADH and 

NADP+/NADPH. F420/F420H2 and nicotinamide derivatives such as NCD+/NCDH 

and NMN+/NMNH are in the suitable range.  

Application of an NRC requires a change in cofactor dependency of at least two 

enzymes: one reducing the NRC, the other oxidizing it. Figure 4 gives an 
overview of the redox reactions and their potentials involved in the dissimilation 

of glucose. 

Only few reactions transfer electrons to NAD+/NADH and NADP+/NADPH. 

These reactions can be categorized into two groups: those involving the 

conversion of aldehydes into organic acids, and oxidative decarboxylations 

(Figure 4). The associated redox couples have a redox potential lower than that 
of NAD(P)+/NAD(P)H. These redox couples are good candidates to reduce 

NRC+/NRCH. GAPDH, both phosphorylating and non-phosphorylating, is the 

only enzyme involved in all pathways and therefore an obvious candidate. 

In wild-type fermentation situations the electrons are transferred from 

NAD(P)+/NAD(P)H to redox couples with higher redox potentials. These 

reactions can be categorized into three groups: the reduction of aldehydes to 

alcohols, the reductive amination of 2-oxoacids with NH3 to amino acids, and 

the reduction of carbon-carbon double bounds (Figure 4). When designing an 
NRC-dependent network suitable for fermentative product formation it is 

therefore necessary to include such an NRC-dependent reaction. 

The redox potentials of both NAD+/NADH and NADP+/NADPH are fixed within 

certain boundaries by cellular regulation, NAD+/NADH more oxidized and 

NADP+/NADPH more reduced. The NRCs offer more flexibility to fine tune their 

redox potentials, by varying the ratio of the NRC+ and NRCH concentrations, 

between those of the cofactor reducing and oxidizing reactions because they 

only depend on two enzyme activities. This may have benefits, especially for  

 



Applying non-canonical redox cofactors in fermentation processes 

209 
 

 

Figure 4. An overview of the redox reactions and their potential involved in the 
dissimilation of glucose. (A) The glycolytic pathways and the redox reactions involved. 
Embden-Meyerhof-Parnas pathway (blue arrows), Entner-Doudoroff pathway (orange 
arrows), semi-phosphorylating Entner-Doudoroff pathway (purple arrows), pentose 
phosphate pathway (green arrows), fermentation pathways (gray arrows). (B) The redox 
potentials of relevant redox couples. | = Em’ (the redox potential at pH 7, at 1 mM 
concentrations of the redox couple components (Flamholz et al., 2012). The orange band 
indicates the range of the E’ between 1-99% oxidation. The redox reactions in the 
glycolytic pathways have a low redox potential, the redox reaction in the fermentation 
�������� �� ����� ������ ����������� ������������������ ������ ������ ��������;� ����������
����������������� �������� ��������;� ������������������� ������� ��������;� ���������� ���
carbon-������������������������������������;������������������������������������������������
a number of reactions. G6P = glucose-6-���������;��������-����������������;������
= 2-dehydro-3-deoxy-����������������;� ���� �� ��������-6-phosph���;� ���� ��
�������������������;���������������������-3-���������;������������������;�������
������;��-CoA = acetyl-CoA. 
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the functioning of GAPDH, which operates on the edge of thermodynamic 

feasibility with NAD+/NADH as cofactor (Figure 4). 

The synthesis of some compounds requires more than one oxidation and 

reduction reaction. Examples are the production of succinate (Meng et al., 

2016), L-glutamate (Chinen et al., 2007) and 1,4-butanediol (Burgard et al., 

2016). In these cases, it would be interesting to investigate whether it is required 

to make all involved dehydrogenases NRC-dependent, or if it is possible to 

restrict this system to GAPDH as cofactor reducing enzyme, and a limited 

number of cofactor-oxidizing dehydrogenases able to regenerate NRCs. 

6.7.3. GSCBMM model predictions 
We used GSCBMM iML1515 of E. coli to illustrate how NRCs can be applied 

and which challenges will be encountered, aiming at lactate production using 

NRC-dependent GAPDH and LDH (Figure 5). 

GAPDH is applied for both dissimilation and assimilation purposes. In wild-type 

situations (Figure 5A) GAPDH transfers electrons via NAD+/NADH. The NAD+ 

reduced in dissimilation is completely regenerated by the synthesis of 

fermentation products. This also generates the ATP required for growth and 

maintenance purposes. The model, when maximizing ATP production, predicts 

a mixture of ethanol, acetate and formate. The NAD+ used in assimilation cannot 

be regenerated by producing the same dissimilatory fermentation products. 

Instead, it can be regenerated by a transhydrogenase transferring electrons 

from NAD+/NADH to NADP+/NADPH, which is required for assimilation, or by 

producing a by-product whose formation requires net NADH input (e.g. 

succinate or glycerol). Indeed, the model, when maximizing growth, predicts that 

the NAD+ used by GAPDH for assimilation purposes is regenerated by action of 

the transhydrogenase STH. 
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Figure 5. Carbon flux distributions predicted by a modified version of GSCBMM 
iML1515. Carbon flux distribution in (A) wild-type E. coli and (B) E. coli ‘‘NRC’’ carrying 
non-canonical redox cofactor ‘‘NRC’’-dependent glyceraldehyde-3-phosphate 
dehydrogenase (NRC-GAPDH) and lactate dehydrogenase (NRC-LDH) under anaerobic 
conditions. A modified iML1515 genome-scale metabolic model of E. coli was used to 
predict the effect of introducing NRC-dependent enzymes in E. coli under anaerobic 
conditions on ATP maintenance requirement (ATPM) and biomass formation (growth 
rate). For more information about the model and the modifications introduced, see 
Supplementary Information. 

We introduced a new redox couple in the model named NRC+/NRCH and 

changed the cofactor specificity of GAPDH and LDH accordingly. The 

predictions are shown in Figure 5B. The dissimilatory flux was redirected from 
ethanol/acetate/formate to lactate only. Lactate synthesis was responsible for 

ATP production and resulted in complete cofactor regeneration when the model 

maximized for ATP production. Using the EMP pathway as single glycolytic 

pathway for assimilation would result in incomplete regeneration of NRC+. The 

model used the Entner-Doudoroff (ED) pathway instead. This pathway converts 

glucose into GAP and pyruvate, partially bypassing GAPDH. This resulted in 
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two glycolytic fluxes: a dissimilatory one using the NRC via a combination of the 

EMP and ED pathways, and an assimilatory one using NAD(P) exclusively via 

the ED pathway. This indicates that a fifth prerequisite for the successful usage 

of NRCs in fermentation processes applies: the NRC should only be used for 

(ATP-generating) dissimilation and not for assimilation (Table 1). In the case of 
an NRC-dependent GAPDH, this can be realized by using the ED pathway. 

6.7.4. Adaptive laboratory evolution (ALE) 
ALE is a powerful technique for the improvement of microbial traits that are 

advantageous for growth or survival of the microorganism (Dragosits and 

Mattanovich, 2013). We did not ask the model to redirect the fluxes to lactate, 

or to implement the NRC-dependent enzymes, but to optimize for either ATP or 

biomass production, with high lactate production as result. This indicates that 

ALE can be applied to improve the flux over the NRC-dependent enzymes 

provided they are able to carry sufficient flux to fulfil maintenance requirements. 

It cannot be excluded, however, that the application of ALE will result in 

reversion of the NRC-dependent enzymes to their original cofactor dependency. 

6.7.5. Aerobic NRC application 
As indicated above, when respiration is applied, it is impossible to reach the 

maximum theoretical yield. This problem is significantly reduced when 

dissimilation depends on NRC-depending enzymes because reduced NRC is 

not a substrate for NADH dehydrogenase. This indicates that NRCs can also be 

applied for the synthesis of fermentation products under aerobic conditions. This 

opens the opportunity to use NRCs in strict aerobic microorganisms that rely on 

the availability of oxygen for the synthesis of biomass buildings blocks. It would 

also enable NAD+ used in assimilatory pathways (approximately 8% of the total 

flux in the lactate case) to be regenerated by respiration, at the expense of a 

somewhat lower yield. An additional advantage could be additional ATP 

synthesis via respiration that could support metabolic networks that generate 

too little ATP. We tried to simulate aerobic application in the GSCBMM by 

making oxygen available. We expected that the NRC would support the 
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dissimilatory flux to lactate, and that the NAD(P)+ used by assimilation would be 

regenerated by respiration. The model indeed produced lactate using the NRC-

dependent enzymes, but subsequently converted lactate by an ubiquinol-

dependent LDH back to pyruvate, which was used for further cellular processes. 

Knocking out this enzyme resulted in a situation in which a circular EMP/ED 

pathway was used, as described for P. putida (Nikel et al., 2015), in which the 

NRC-dependent GAPDH was completely bypassed. The ED produced NADPH 

instead of NADH. The model used STH to convert NADPH into NADH which 

was subsequently used in respiration. Knocking out the gene encoding STH 

(sthA) could prevent this, forcing the flux over the NRC-dependent GAPDH, but 

the model kept finding new combinations of reactions that together acted as a 

transhydrogenase. These predictions are largely possible due to the exceptional 

flexibility of GSCBMMs. In real life many of the reactions required to bypass 

NRC-dependent GAPDH are not switched on due to regulation, e.g. by 

catabolite repression in presence of glucose. Aerobic application of NRCs could 

therefore be successful. Nevertheless, these model predictions indicate that 

mutations which open alternative routes, bypassing the application of the NRCs, 

will be very advantageous for growth under aerobic conditions. This may trigger 

the appearance of mutated strains that do not rely on the NRC for product 

formation. 

 

6.8. Concluding remarks and future perspectives 
NRCs have successfully been applied in microbial cell factories, providing an 

orthogonal circuit for electron transfer, making it possible to have full control 

over the fate of electrons.  

Fermentation processes are being developed to enable the sustainable 

production of chemicals. To approach the maximum theoretical yield, it is 

required to transfer all electrons from the substrate to the product. This is not 

straightforward as electrons are diffusely distributed over metabolism by redox 

cofactors.  
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6.8.1. Highlights 
In this paper, we have shown that application of NRCs could prevent the wide 

diffusion of electrons over the metabolism. Using NRCs in fermentation 

processes has the potential to tremendously impact the design and application 

of fermentation processes. It will maximize the transfer of electrons from 

substrate to product, and as such, making it possible to approach the maximal 

theoretical yield. Consequently, it will minimize by-product formation. Product 

formation will also result in ATP production. The whole metabolic network can 

therefore be optimized using ALE. Moreover, it may be applied under aerobic 

conditions, broadening the scope of application to aerobic microorganisms. 

6.8.2. Remaining questions 
NRCs have not been applied in fermentation processes yet. Several questions 

remain to be addressed before this system can be applied successfully.  

• Making dissimilation dependent on an NRC is a tremendous interference in 

cellular metabolism. How will this affect cellular functioning?  

• NRC application may often result in less ATP synthesis, being detrimental 

for growth and maintenance. Will NRC-independent mutant strains appear 

and outcompete NRC-dependent strains? Will these mutants revert to the 

original cofactor dependency, or will they bypass the NRC-dependent 

enzymes? What can be done to prevent the appearance of such strains? 

• In this paper, the application of NRC for the production of lactate was worked 

out as an example, using NRC-dependent GAPDH and LDH. Other options 

for electron-donating and electron-receiving reactions are possible and have 

to be investigated.  

• Using NRCs should be limited to dissimilatory fluxes, indicating that NRC-

independent assimilation pathways have to be constructed. We have 

identified the ED pathway as option in combination with GAPDH. What other 

options are possible?  

• The cofactor dependency of a few enzymes has been changed from 

NAD(P)+ to NCD+ and NMN+ by changing three and four amino acids, 
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respectively. Is it possible to apply this strategy to other oxidoreductases as 

well? 

• Other redox cofactors are applied in fermentation processes (Box 1), such 

as ferredoxin and F420. Will ferredoxin- and F420-based NRCs also be 

beneficial for product formation and, if so, how can this be realized? 

• Microbial cell factories have been constructed that are able to synthesize 

sufficient NMN+/NMNH and NCD+/NCDH de novo or by salvation pathways. 

Is this also sufficient to sustain the high fluxes required for fermentation 

processes?  

 

6.8.3. Limitations of the study 
To predict the effect of applying NRCs in fermentation processes, especially 

with respect to assimilation, we have used a genome-scale constraint-based 

metabolic model of E. coli (iML1515). More elaborate metabolic models are 

available (e.g. enzyme-constrained models), whose application may give 

different results. 

 

6.8.4. Data and code availability 
All data and code required to repeat the model predictions are available in the 
Supplemental Information section.  
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6.9. Supplementary material 
Transparent Methods 
The iML1515 genome-scale metabolic model from Monk et al. (2017) was 

modified to predict the effect of non-canonical redox cofactor “NRC”-dependent 

glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase on the 

anaerobic metabolism of E. coli. The models can be found in SBML 

format/scripts in the supplementary files “E. coli WT.ipynb”, “E. coli WT.xml”, “E. 

coli NRC-GAPDH and NRC-LDH.ipynb” and “E. coli NRC-GAPDH and NRC-

LDH. xml”. 

To introduce the NRC-dependent enzymes, the native reactions catalyzed by 

glyceraldehyde-3- phosphate dehydrogenase (GAPD) and D-lactate 

dehydrogenase (LDH_D) were first knocked out by setting the upper and lower 

bounds of the reactions to 0. The two new cofactors – non-canonical redox 

cofactor oxidized (NRCox) and reduced (NRCred) – were added to the model 

as new metabolites. Then, the reactions catalyzed by the NRC-dependent 

glyceraldehyde-3-phosphate dehydrogenase (GAPD_NRC) and NRC-

dependent D-lactate dehydrogenase (LDH_D_NRC) were added to the model. 

The upper and lower bounds of the reactions were set at the same values than 

the native enzyme ([-����;�������� 

Additional modifications were performed in the models for both E. coli WT and 

E. coli carrying NRC-dependent glyceraldehyde-3-phosphate dehydrogenase 

and D-lactate dehydrogenase regardless of the objective to maximize used. 

The reaction catalyzed by the membrane-bound transhydrogenase PntAB 

(THD2pp) was modified to allow the translocation of one proton instead of two. 

The reactions catalyzed by dihydroxyacetone phosphotransferase (DHAPT) 

and pyruvate dehydrogenase complex (PDH) were knocked out by setting the 

���������������������������������������������;���� 
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The direction of the reaction catalyzed by acyl-CoA dehydrogenase (butanoyl-

CoA) (ACOAD1fr) was reversed by modifying the bounds of the reaction from 

��;�����������-����;����� 

Finally, anaerobic conditions were enabled by setting the upper and lower 

������������������������������������������������������;����� 

The models were run using 10 mmol/gDW �������������������������������������

��������������������������������� ���� ���� ������������ ������������

�������������������������������������������������������������������������-

�������������������������������������������������� 

Supplementary files 
The models can be found in SBML format/scripts in the supplementary files “E. 

coli WT.ipynb”, “E. coli WT.xml”, “E. coli NRC-�������������-LDH.ipynb” and 

“E. coli NRC-�������������-LDH. xml”. Supplementary files can be found 

online at ������������������������������������������� 

6.10. Glossary 
Adaptive laboratory evolution. ��������� ����������� ���������� ��� �� ���������

method in biological studies to gain insights into the basic mechanisms of 

molecular evolution and adaptive changes that accumulate in microbial 

populations during long-term selection under specified growth conditions 

���������������������������������� 

Assimilation and dissimilation. Assimilation is the energy-��������������������

���������������������������������� ���������������������������� �����������������

process that converts a substrate into products, concomitantly producing the 

������������������������������������������������� 

Biocatalysis. Use of biological systems such as whole cells (in vivo) or isolated 

enzymes (in vitro�� ��� ��������� ����������� �������� ���� �������e chemical 

������������������������������-, stereo- and/or chemoselectivity, with high rates 

������������������������������������������������������������������������ 
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Cofactors. Non-protein organic molecules (coenzymes) or metal ions required 
by an enzyme to assist during a catalytic reaction. Most common coenzymes 

for oxidoreductases are redox cofactors: nicotinamide adenine dinucleotide 

NAD(P), flavin adenine dinucleotide FAD and flavin mononucleotide FMN, and 

heme. Coenzymes can be covalently or tightly bound as a prosthetic group to a 

protein, or only transiently bound and used as co-substrate. Inorganic cofactors, 

such as Zn, Mg, Co, Mo and iron-sulfur (Fe-S) clusters, can play both functional 

and structural roles. An enzyme without its cofactor is an inactive apoenzyme. 

Fermentation process. A metabolic process that releases energy from a sugar 

or other organic compound without requiring an external electron acceptor. 

Genome editing. The modification of the genome within a living cell through the 
insertion, deletion, or replacement of one or more segments of DNA (Fang et 

al., 2019). 

Genome-scale constraint-based metabolic model (GSCBMM). A stoichiometric 
model of metabolism of a certain (micro)organism, including all enzymes 

annotated based on its genome and associated reactions and metabolites. The 

model can predict fluxes through the metabolic model within certain pre-set flux 

constraints. 

Metabolic engineering. The practice of optimizing genetic and regulatory 
processes within cells to increase the cells' production of a certain substance. 

These processes are chemical networks that use a series of biochemical 

reactions and enzymes that allow cells to convert raw materials into molecules 

necessary for the cell's survival. Metabolic engineering specifically seeks to 

mathematically model these networks, calculates a yield of useful products, and 

pinpoints parts of the network that constrain the formation of these products 

(Yang et al., 1998). 

Microbial cell factories. Use of microbial cells as a means to produce targeted 

chemicals. Optimization of the process relies mostly on metabolic engineering. 
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Oxidoreductases. One of the seven classes of enzymes, they catalyze reduction 

(gain of electrons) and oxidation (loss of electrons) reactions. Approximately 

80% of known oxidoreductases require the nicotinamide adenine dinucleotide 

cofactor. 

Orthogonal pathways. Growth-independent pathways optimized for the 

production of a target chemical. These pathways are characterized by the 

minimization of interactions between the chemical-producing pathways and the 

biomass-producing pathways (Pandit et al., 2017). 

Synthetic biology. Applying the engineering paradigm of systems design to 

biological systems in order to produce predictable and robust systems with novel 

functionalities that do not exist in nature (The European Commission, 2005).
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Thesis summary 
Microbial cell factories are widely used as platform for the production of 

pharmaceutical compounds, food ingredients and bulk chemicals. However, 

microbial production of low-cost chemicals requires high titer, rate and, most 

importantly, yield to compete with petrochemical-based processes. The 

maximum theoretical yield can be approached when all electrons from the 

substrate end up in the product of interest. The process should therefore not be 

based on respiration, as this involves the transfer of electrons to terminal 

electron acceptors. Instead, the process has to be based on fermentation, in 

which the metabolic pathways involved in product formation are redox-neutral 

and generate sufficient metabolic energy to fulfil the cells energetic 

requirements (maintenance, biomass formation), as described in Chapter 1. 
The development of omics, synthetic biology and genome editing tools allowed 

to design more efficient microbial cell factories carrying such redox-neutral 

product-forming pathways. Yet, the energy available during fermentative 

conversion of substrates into products is mostly dissipated, and only a small part 

is used to generate metabolic energy for the cells. Conserving additional 

metabolic energy during microbial processes would allow microorganisms to 

grow under more inhibitory conditions, reach higher biomass yields and produce 

higher amounts of product. Nevertheless, capturing additional metabolic energy 

during product formation is not straightforward.  

In this thesis, we attempted to implement a strategy to increase the energy 

efficiency of E. coli during fermentation growth on glucose. We focused on 

conserving extra energy in the central carbon metabolism by using the energy 

difference of the redox cofactor couples NAD+/NADH and NADP+/NADPH.  

Prior to designing a strategy to enhance the energetic efficiency of E. coli, we 

first reviewed the existing mechanisms found in microorganisms to conserve 

energy as well as options to reduce undesired energy expenditure during 

fermentative growth on carbohydrates (Chapter 2). Application and suitability of 
these systems during fermentative product formation were discussed. 
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Microorganisms can either produce energy directly in the form of ATP by 

substrate-level phosphorylation (SLP) or indirectly by generating an ion-motive 

force (IMF), depending on the energy available in a chemical reaction. Although 

all reactions involved in the conversion of substrate into product contributes to 

the overall Gibbs free energy, only a few have a sufficiently low Gibbs free 

energy to harvest it as metabolic energy. Generation of an ion-motive force 

requires around 20-30 kJ/mol whereas direct ATP synthesis requires around 40 

kJ/mol. SLP leads to direct ATP formation by using the energy released from 

energy-rich bonds such as thioester of phosphate bonds to phosphorylate ADP. 

This mechanism is limited to a few reactions that are mainly product-specific 

and therefore cannot be applied to a wide range of product. However, some of 

the enzymes contributing to SLP have a broad substrate specificity. Protein 

engineering would therefore allow scientists to couple energy generation via 

SLP to the production of other chemicals. Nevertheless, we proposed that not 

all hydrolyses of energy-rich molecules contribute to SLP based on 

thermodynamics. When the energy available is insufficient to directly synthetize 

ATP, energy can be captured by generating an ion-motive force. This mode of 

energy conservation is driven by reduction of carbon-carbon double bonds, 

decarboxylation reactions and electron transfer between redox cofactors. We 

also reflected on how the redox potentials of redox couples affect SLP and IMF 

generation and provided a reference that can be used to design metabolic 

pathways for product formation with increased energy conservation. During the 

design of an energetically efficient microbial cell factory, energy-conserving 

mechanisms are often overlooked. However, they can have a strong positive 

impact on the availability of metabolic energy for the cells. This review provides 

a list of energy-saving systems present in microorganisms that could be 

implemented to increase energy availability. In this review, we distinguished 

between product-specific and generally applicable methods to conserve energy. 

The latter can be applied to a wider range of products and are therefore the 

most desirable option.  
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After evaluating potential targets for energy conservation, the reaction catalyzed 

by the pyruvate dehydrogenase complex (PDH) was selected due to its high 

negative Gibbs free energy (Chapter 1). This reaction is a key step in the carbon 
metabolism and conserving energy at this step could benefit the production of a 

wide range of compounds. Energy conservation can be realized by transferring 

electrons from “low redox potential” NADPH produced during conversion of 

pyruvate to acetyl-CoA by PDH to the “higher redox potential” NAD+. The energy 

difference between the two redox couples can then be used by the membrane-

bound transhydrogenase PntAB to create an electrochemical gradient over the 

membrane (proton-motive force) which can subsequently be utilized by the ATP 

synthase to phosphorylate ADP to ATP. This strategy – if successfully 

implemented in E. coli – would allow the synthesis of an additional 0.5 mol ATP 

per mol glucose. In this work, we realized a step-by-step approach trying to not 

only increase the energy efficiency of E. coli but also to understand the impact 

of the modifications on metabolism. To realize this scenario, several steps are 

required: 1) change the cofactor specificity of the pyruvate dehydrogenase 

complex from NAD+ to NADP+, 2) lower the NADH sensitivity of the PDH 

complex as it was proven to inhibit the enzyme under anaerobic conditions, 3) 

ensure that PDH is the sole enzyme catalyzing the anaerobic conversion of 

pyruvate to acetyl-CoA by knocking out the pflB gene encoding pyruvate 

formate-lyase (anaerobic counterpart of PDH), 4) ensure that NADPH 

reoxidation occurs only via the membrane-bound transhydrogenase PntAB by 

knocking out the sthA gene encoding the soluble transhydrogenase and 5) 

knock out any by-product formation. The steps necessary to achieve this 

strategy correspond to the different chapters of this thesis. 

Chapter 3 describes the creation of an NADP+-dependent pyruvate 
dehydrogenase in E. coli. The PDH complex is encoded by three genes aceE, 

aceF and lpd, and the latter is responsible for the NAD(H) binding site. 

Introduction of seven amino acids mutations in the lpd gene resulted in a change 

of cofactor specificity from NAD+ to NADP+. The modifications resulted in a 7.6-

fold higher apparent activity of the PDH complex with NADP+ than NAD+. In 
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addition, it also changed the cofactor dependency of the 2-oxoglutarate 

dehydrogenase (ODH), which was only able to function with NADP+ (data not 

shown in this thesis). Nevertheless, the PDH complexes showed to be subjected 

to NAD(P)H inhibition. Introduction of an additional amino acid mutation in the 

lpd gene successfully lowered the sensitivity towards both NADH and NADPH. 

The effect of an NADP+-dependent LPD on the metabolism of E. coli was then 

assessed by knocking out the genomic lpd gene and introducing the different 

LPD variants on a medium copy plasmid. Aerobically, E. coli strains carrying an 

NADP+-dependent LPD exhibited significantly reduced specific growth rates and 

accumulated pyruvate, the substrate of PDH. Introduction of an NADP+-LPD 

most likely resulted in the production of high amount of NADPH in the cells 

during the reactions catalyzed by the PDH and ODH complexes. Accumulation 

of pyruvate and the decreased specific growth rate observed show that 

reoxidation of the surplus of NADPH is a challenge for the cells and that the 

transhydrogenase (STH and PntAB) activity was insufficient. Conversely, the 

change of cofactor dependency of the PDH complex did not have consequences 

on the anaerobic metabolism of E. coli as pyruvate formate-lyase (PFL) – the 

anaerobic counterpart of the PDH complex – bypassed PDH to convert pyruvate 

to acetyl-CoA. 

In Chapter 4, the anaerobic activity of the PDH complex was investigated in an 
E. coli strain lacking a functional pyruvate formate-lyase. Both lpd and pflB 

genes were disrupted and the LPD variants were introduced on a plasmid. The 

strains relying solely on the PDH complex for the anaerobic conversion of 

pyruvate to acetyl-CoA grew under fermentative conditions, demonstrating that 

PDH alone can support anaerobic growth of E. coli on minimal medium. These 

results are in accordance with the observations made in Chapter 3 where 

disruption of lpd in wild-type E. coli resulted in lower specific growth rates, 

thereby indicating that the PDH complex is carrying flux – although limited – 

under anaerobic conditions. Although deletion of pflB led to an increased flux 

through the PDH complexes, it was limited due to the formation of lactate. 

Lactate formation allows regeneration of the NADH produced in glycolysis while 
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the NADPH produced during the reaction catalyzed by PDH is used for biomass 

formation. Accumulation of pyruvate and lactate under aerobic and anaerobic 

conditions respectively revealed that a bottleneck was present at the pyruvate 

node in E. coli ΔpflB carrying an NADP+-dependent PDH. The cells cannot 

reoxidize the intracellular surplus of NADPH produced during the conversion of 

pyruvate to acetyl-CoA. Nonetheless, the strain exhibiting an NADP+-PDH with 

reduced sensitivity towards NAD(P)H produced 2.5 ± 0.6 mM ethanol, 

demonstrating that part of the NADPH produced was converted into NADH by 

one of the transhydrogenases. As hypothesized in Chapter 3, the activity of the 

transhydrogenases is insufficient to transfer the surplus of NADP+ to NADH 

under both cultivation conditions. Finally, a genome-scale metabolic model was 

used to predict the behavior of E. coli exhibiting an NADP+-dependent PDH 

under both aerobic and anaerobic conditions using biomass as objective to 

maximize. Under both conditions, the model predicted a slight increase in 

specific growth rate for the strain carrying an NADP+-dependent PDH which was 

not observed experimentally. Simulation of pyruvate accumulation under 

aerobic conditions revealed that it had a negative impact on growth since it 

diverted flux from assimilation, which is in accordance with the experimental 

data previously obtained. Anaerobically, the model predicted the formation of 

lactate as main fermentation product regardless the cofactor specificity of the 

PDH complex. However, the presence of an NADP+-dependent PDH was 

expected to redirect part of the flux from lactate towards ethanol production, 

which was experimentally observed for E. coli Δlpd ΔpflB + PDHNADP+low inhib. 

Lactate formation limits the carbon flux towards the PDH complex and masked 

the potential of the enzyme to convert pyruvate to acetyl-CoA anaerobically. In 

Chapter 5, we set out to implement the last steps required to realize the strategy 
described in Chapter 1 to increase the energetic efficiency of E. coli during 

fermentative growth on glucose. First, a genome-scale metabolic model was 

used to predict the behavior of an E. coli strains carrying all the modifications 

necessary to achieve the goal strategy. The objectives maximized were either 

ATP or biomass formation. Maximizing for ATP formation allows to determine 
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the maximum theoretical yield of ATP formation whereas maximizing for 

biomass allows to predict the effect on the strain metabolism. Replacement of 

STH by PntAB for NADPH reoxidation was predicted to increase ATP formation 

by 6.4% and 25% under aerobic and anaerobic conditions, respectively. It 

should also lead to an increase in growth rate or biomass formation of 1.4% and 

30.3%, respectively. Therefore, capturing additional metabolic energy via our 

strategy should be more visible under anaerobic conditions. To achieve the goal 

strategy, both sthA and ldhA genes were disrupted in E. coli Δlpd ΔpflB carrying 

the different LPD variants. This was realized as a step-wise approach to gain 

insights in the role of STH on the metabolism of the strains carrying an NADP+-

dependent PDH. We showed that STH was most likely not active and therefore 

did not contribute to NADPH reoxidation in the previous chapters as its 

disruption did not have a significant impact on growth and product formation of 

the strains. During aerobic fermentations, the final strain carrying an NADP+-

dependent PDH did not produce any fermentation products (and did not 

accumulate pyruvate) and used glucose almost solely for growth purposes. The 

membrane-bound PntAB was most likely active and regenerated the excess 

NADPH produced during the conversions of both pyruvate and 2-oxoglutarate 

catalyzed by PDH and ODH complexes, respectively. Nonetheless, we cannot 

rule out the possibility that NADPH regeneration was realized by respiration. 

Anaerobically, disruption of lactate formation resulted in poor growth of the 

strains regardless the cofactor specificity of the PDH complex showing that PDH 

activity was limited. Introduction of small amount of oxygen increased biomass 

formation for strains carrying an NAD+-dependent PDH demonstrating that 

anaerobic expression of PDH was not the only culprit for poor anaerobic growth 

but NADPH reoxidation was also a bottleneck. Therefore, NADP+ regeneration 

could not be achieved in the cells due to the insufficient activities of PntAB or 

PDH under anaerobic conditions.  

The capture of extra metabolic energy using the strategy described in this thesis 

is promising. Nevertheless, it relies on the use of the redox cofactors NAD(H) 

and NADP(H) which are involved in a multitude of reactions across metabolic 
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pathways. The unwanted diffusion of electrons from these redox cofactors to 

other reactions might prevent use from reaching the maximum theoretical yield 

of product formation. In Chapter 6, we propose to apply non-canonical redox 
cofactors (NRCs) to increase product formation in microbial processes. 

Microbial cells factories allow to produce chemicals in an efficient and 

sustainable way as they are designed to reach high product yield. Achieving the 

maximum theoretical yield of product formation requires a tight control over the 

electrons. However, the use of redox cofactors in metabolic networks allows 

electrons to diffuse over these pathways and divert them from the product, 

thereby lowering the overall yield. Non-canonical redox cofactors can be applied 

to fermentation processes to increase product formation by diminishing the 

entanglement of electrons to the metabolic networks. However, they also need 

to fulfil some prerequisites to successfully apply them in microbial cell factories. 

We distinguished three classes of redox cofactors found in microorganisms: 

nicotinamide cofactors (NAD(H) and NADP(H)), deazaflavin cofactors (F420) 

and flavin cofactors (FMN and FAD). To date, however, they have been mostly 

used in vitro as cofactor biomimetics for enzymatic reactions and their in vivo 

application has just begun. Their application in microbial cell factories would 

provide a tighter control over the electrons fate by creating an orthogonal circuit 

for electron transfer. Several examples of successful applications of NRCs in 

vivo are described in this opinion paper. However, application of NRCs in 

microbial processes requires to change the cofactor specificity of 

oxidoreductases from the native cofactor to the NRC. This can be achieved by 

insertion cooperative mutations as discussed in the chapter. Application of 

NRCs in microbial fermentations is discussed including their potential benefit on 

the processes and considerations regarding metabolic engineering and NRCs 

properties. A genome-scale metabolic model was used to predict the effect of 

using NRC on lactate production in E. coli. By changing the cofactor specificity 

of both glyceraldehyde-3-phosphate dehydrogenase and lactate 

dehydrogenase to accept NRC, an orthogonal circuit for electron transfer was 

created which allowed homofermentative production of lactate. Applying NRC 

in microbial cell factories is therefore a very promising option to increase product 
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yield in microbial fermentation processes and compete with petrochemical-

based processes. 

Chapter 7 summarizes the work performed in this thesis and places the 
research in a broader context. Further engineering steps required to 

successfully achieve the strategy proposed in this thesis are discussed based 

on the results obtained in Chapters 3, 4 and 5. Finally, we propose several 

options to tackle the current challenges currently hindering microbial processes 

to reach product yield close or equal to the maximum theoretical yield of product 

formation.   
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General discussion 
7.1. Towards conservation of additional energy 

during fermentative growth of E. coli on 
glucose 

7.1.1. Thermodynamic feasibility of the strategy 
The approach designed in this thesis to harness additional metabolic energy 

during fermentative growth on glucose of E. coli relies on the creation of a 

proton-motive force by the membrane-bound transhydrogenase PntAB 

(Chapter 1). E. coli is one of the few microorganisms possessing two 

transhydrogenases: STH and PntAB (Clarke and Bragg, 1985a;������� et al., 

����;� �������� et al., 1999). Both transhydrogenases catalyze in vitro the 

reversible transfer of electrons between NADP+/NADPH and NAD+/NADH 

(Sweetman and Griffit��������;������������� et al.������;�������������;��������

and Bragg, 1985b;��������� et al., 1999). However, they seem to have divergent 

functions in vivo: STH is a cytosolic enzyme that catalyzes the reaction in an 

energy-independent manner (Boonstra et al., 1999) and it is vital for growth 

under cultivation conditions leading to NADPH overproduction (Canonaco et al., 

����;� ����� et al., 2004) while PntAB was shown to be the main enzyme 

responsible for NADPH production during aerobic growth of E. coli on glucose 

(Sauer et al., 2004). PntAB drives the transfer of electrons from NADH to NADP+ 

using an electrochemical proton gradient ���������� ���� ����������� ����;�

Jackson, 2003) and one proton is translocated across the membrane per 

hydride transferred from NADH to NADP+ (Bizouarn et al., 1996). Although 

some previous work suggested that PntAB might be able to regenerate NADP+ 

in vivo (Jan et al., 2013), the reversibility of the reaction remains controversial 

������������� et al.������;�������������;�����������������������b;��������� 

et al., 2008). The in vivo reversal of the reaction catalyzed by PntAB entails a 

difference in redox potential between NAD+/NADH and NADP+/NADPH larger 

than the membrane potential. Therefore, the Gibbs free energy released from 
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NADPH reoxidation should be sufficient to pump a proton out, against the 

proton-motive force. 

Values reported for NADP+/NADPH and NAD+/NADH ratios vary between 0.017 

to 0.95 and 3.74 to 1820, respectively (Spaans et al., 2015). The difference in 

redox potential between the cofactors is 149 mV, which is theoretically sufficient 

for the creation of a proton-motive force. To reach this ratio, the NADP+-

dependent PDH complex must be highly active under anaerobic conditions. This 

entails high expression of the genes encoding the complex and low to no 

inhibition by NADPH and NADH. 

7.1.2. Was the proton-motive force with us? 
The strategy designed in this thesis would theoretically lead to 1.4% and 25% 

increase in metabolic energy available for the cells grown on glucose under 

aerobic and anaerobic conditions, respectively. Under the conditions employed, 

this additional energy would result in 1.4% and 25% higher biomass yields, 

assuming the biomass composition does not change. 

Aerobically, E. coli Δlpd ΔpflB ΔsthA + LPDNADP reached a biomass yield of 2.08 

± 0.18 mol/mol, whereas the strain carrying LPDWT reached a biomass yield of 

1.46 ± 0.02 mol/mol (Chapter 5, Table S4). This represents an increase of 42 
%. This difference is much higher than the expected 1.4%, indicating that the 

suitability of the methods used to determine the biomass yields requires a critical 

evaluation. The biomass yield is based on the amount of glucose consumed and 

the optical density reached. Especially the technique used to assess biomass 

formation (OD600nm) is not suitable to determine the biomass concentration 

accurately as it not only depends on the biomass concentration but also on cell 

morphology. Dry weight measurements would be more suitable, but it will still 

be very hard to accurately determine a difference of 1.4%. So, whether our 

strategy to increase energy conservation was successful under aerobic 

conditions was not proven nor invalidated. 
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Realization of the strategy designed in this thesis should be more easily 

assessed anaerobically since 25% additional metabolic energy can be 

conserved under this condition. Here, successful implementation of the scenario 

will not only affect cell growth (visible as an increase in specific growth rate or 

cell concentrations) but will also lead to homofermentative ethanol production. 

Ethanol production can be easily quantified using analytical methods such as 

HPLC or GC. In Chapter 4, E. coli Δlpd ΔpflB carrying an NADP+-dependent 

LPD grew anaerobically by producing lactate as main fermentation product. 

Lactate production was therefore disrupted to ensure higher carbon flux over 

the modified PDH (Chapter 5), and a shift from lactate towards ethanol 
production was expected. Nevertheless, E. coli Δlpd ΔpflB ΔsthA ΔldhA strains 

carrying an NADP+-dependent LPD barely grew under both anaerobic and 

oxygen-limited conditions and did not produce any ethanol. Several hypotheses 

were proposed regarding the potential bottlenecks preventing the 

implementation of the strategy under anaerobic conditions. 

7.1.3. Identification of the bottlenecks preventing the 
conservation of additional metabolic energy 

The results obtained in Chapter 5 did not allow us to clearly identify the cause(s) 
preventing anaerobic growth of the cells on glucose. However, several potential 

bottlenecks were proposed: 1) insufficient NADPH production due to either low 

expression of PDH or low activity of PDH due to NADPH inhibition, 2) low 

expression or activity of PntAB and 3) inability of PntAB to reoxidize the surplus 

of NADPH in the cells. In order to implement the strategy to conserve additional 

metabolic energy during fermentative growth of E. coli on glucose the 

bottlenecks should be first identified. Expression of the genes encoding PntAB 

and PDH should be assessed during anaerobic growth on glucose. Several 

methods can be used such as a qPCR, transcriptomics or fluorescent reporter 

molecule. Nonetheless, gene expression does not always lead to high protein 

production as some regulation on translation might occur. Consequently, the 

amount of PDH and PntAB produced in the cells during fermentation should also 

be determined, for example using enzymatic activity assays, SDS-PAGE or 
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Western blot. To determine whether NADPH inhibition is a bottleneck, the 

intracellular concentrations of NAD+, NADP+ and their reduced forms should be 

measured. Accurate measurement of these redox cofactors concentrations in 

vivo is however challenging as they have high turnover rates and their 

concentrations are very low. Finally, the reversibility of PntAB for NADP+ 

regeneration should be tested. In vitro enzymatic assays could be performed 

however they might not reflect the situation in vivo. Overexpression of the 

energy-independent soluble transhydrogenase STH is a suitable option. STH 

catalyzes the energy-independent conversion of NADPH and NAD+ into NADP+ 

and NADH. Overexpression of sthA under anaerobic conditions will increase 

STH activity and allow the reoxidation of the excess NADPH produced by the 

NADP+-dependent PDH. As a consequence, the strains could grow 

anaerobically by producing ethanol although no additional energy would be 

conserved. 

7.1.4. Anaerobic activity of PntAB  
Low anaerobic expression of pntAB genes would lead to low activity of the 

membrane-bound transhydrogenase PntAB. Accordingly, the enzyme would not 

be able to regenerate the excess NADPH produced during the conversion of 

pyruvate to acetyl-CoA catalyzed by the NADP+-dependent PDH, which will lead 

to cofactor unbalance and ultimately cell death. To tackle this challenge, the 

genes encoding PntAB should be overexpressed. This can be achieved by 

expressing the genes on a plasmid or by changing the promoter of the genes 

on a genomic level. 

Expressing the pntAB genes on a high copy plasmid under the control of a 

strong promoter is a suitable and straightforward approach. Nevertheless, 

maintenance of such a plasmid (size and expression level) might have negative 

consequences on the cells. Cells require energy to maintain the plasmid, which 

might be challenging under anaerobic conditions where energy is scarce. In 

addition, the use of a strong promoter can impair growth and product formation 

as the cells will spend a lot of energy on producing this particular protein. The 

development of genetic engineering tools such as Lambda-Red recombination 
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��������������������������;����� et al., 2006) or CRISPR-Cas9 (Jiang et al., 

2015) allow fast and efficient genomic modifications of E. coli. Replacing the 

native promoter of the pntAB genes on E. coli ������� ������ ��� �� �������

alternative to plasmid-��������������������������������������������������������

����������������������������������������������������������������cell growth. 

���������������������������������������pntAB ��������������������������������

induced promoter (PldhA��������������������������������gapAp1��������� ����������

promoter (Ptrc). The first promoter PldhA ���������������������������������������

lacta��� ��������������� ��������� �������� ������������� ���� ��� ���������������

����������������������������������(Mat-Jan et al., ����;������ et al.������;�

Jiang et al., 2001a). In this thesis, we showed that E. coli ����������������+-

��������������������������������������������������������t therefore the PldhA 

����� �������������� ���������������������������� ����pntAB genes. The second 

promoter tested is the first promoter of the gapA ����������������������������-

3-���������� �������������� (Seta et al., 1997)�� ����� ����������� ������� ���

�������������E. coli under various cultivation conditions as its transcription is 

���������������������������������(Charpentier a�����������������;������������ 

et al.������;������� et al.������;���������� et al., 2004). The gapAp1 promoter 

is mostly active during the cell’s growth phase and the beginning of the 

�����������������(Charpe������������������������;���������� et al., 2004) and 

�������������������������������������������������������������������������������

Ptrc. Thi������������������������������lacUV5 and trp promoters and presents a 

������������������������������������lac promoter �������� et al.������;��������� 

et al., 1985)����������������������������������������������������������������������

�������in E. coli (Canonaco et al., 2001)���������������� �������������������

�����������������������������������������������������������������������������������

pntAB ����������� ���E. coli ������������E. coli Δlpd ΔpflB ΔsthA ΔldhA + 

������������ ����� (with pntAB genes under the control of their native promoter) 

was used as control strain. 

������������� ��� ������������ ������������ ��� ������� ��� ����������� ��������� �����

�������������������������������������Figure 1A) and the PgapAp1-pntAB strain 
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(Figure 1B). Both strains exhibited similar specific growth rates and reached 
similar final OD600nm and produced up to 13mM acetate. Conversely, the 

uninduced Ptrc-pntAB strain exhibited similar growth and fermentation profiles 

(Figure 1D) to the ones obtained in Chapters 3 and 4. The strain presented a 
very long lag phase and produced high amount of pyruvate (up to 60 mM) during 

exponential growth which was then converted into acetate. These results 

support our conclusion from Chapter 5 that PntAB is able to regenerate the 

excess of NADPH produced by PDH under aerobic conditions. The PldhA-pntAB 

strain showed an intermediate profile between the control strain and the Ptrc-

pntAB strain. It reached lower apparent cell densities than the control and 

PgapAp1-pntAB strains (Figure 1C). In addition, the strain accumulated up 26 mM 
pyruvate, which was subsequently converted into acetate during stationary 

phase. Lactate dehydrogenase is expressed aerobically but it is fully induced 

anaerobically (Mat-Jan et al.�� ����;������ et al.�� ����;� ����� et al., 2001a). 

Therefore, we inferred that the pntAB genes were not active at the beginning of 

the fermentation and got induced later as the conditions became more oxygen-

limited.  

Anaerobically, none of the strains grew or consumed glucose regardless the 

promoter used for expressing PntAB (Figure 1E-H). The ldhA promoter was 

shown to be highly active in our strains as they produced lactate as main 

fermentation product (Chapters 4 and 5). The lack of growth of PldhA-pntAB 

strongly suggests that anaerobic expression of PntAB is not the bottleneck 

preventing us from realizing the scenario proposed in this thesis. Insufficient 

anaerobic expression of PDH and low activity of the complex due to NADPH 

inhibition seem to be the most probable causes preventing anaerobic growth. 

This would lead to a low NADPH concentration which is not sufficient to reverse 

the reaction catalyzed by PntAB. 
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��������������������������;����� et al., 2006) or CRISPR-Cas9 (Jiang et al., 

2015) allow fast and efficient genomic modifications of E. coli. Replacing the 

native promoter of the pntAB genes on E. coli ������� ������ ��� �� �������

alternative to plasmid-��������������������������������������������������������

����������������������������������������������������������������cell growth. 

���������������������������������������pntAB ��������������������������������

induced promoter (PldhA��������������������������������gapAp1��������� ����������

promoter (Ptrc). The first promoter PldhA ���������������������������������������

lacta��� ��������������� ��������� �������� ������������� ���� ��� ���������������

����������������������������������(Mat-Jan et al., ����;������ et al.������;�

Jiang et al., 2001a). In this thesis, we showed that E. coli ����������������+-

��������������������������������������������������������t therefore the PldhA 

����� �������������� ���������������������������� ����pntAB genes. The second 

promoter tested is the first promoter of the gapA ����������������������������-

3-���������� �������������� (Seta et al., 1997)�� ����� ����������� ������� ���

�������������E. coli under various cultivation conditions as its transcription is 

���������������������������������(Charpentier a�����������������;������������ 

et al.������;������� et al.������;���������� et al., 2004). The gapAp1 promoter 

is mostly active during the cell’s growth phase and the beginning of the 

�����������������(Charpe������������������������;���������� et al., 2004) and 

�������������������������������������������������������������������������������

Ptrc. Thi������������������������������lacUV5 and trp promoters and presents a 

������������������������������������lac promoter �������� et al.������;��������� 

et al., 1985)����������������������������������������������������������������������

�������in E. coli (Canonaco et al., 2001)���������������� �������������������

�����������������������������������������������������������������������������������

pntAB ����������� ���E. coli ������������E. coli Δlpd ΔpflB ΔsthA ΔldhA + 

������������ ����� (with pntAB genes under the control of their native promoter) 

was used as control strain. 

������������� ��� ������������ ������������ ��� ������� ��� ����������� ��������� �����

�������������������������������������Figure 1A) and the PgapAp1-pntAB strain 
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Overexpression of the membrane-bound transhydrogenase PntAB could 

prevent NADPH inhibition of the NADP+-dependent PDH. Insufficient 

expression and activity of PntAB in an NADPH over-producing strain will result 

in NADPH accumulation thereby creating an imbalance in the cells. Increased 

activity of PntAB under anaerobic conditions would allow the cells to convert the 

excess NADPH faster thereby lowering the intracellular NADPH pool. This 

decrease in NADPH concentration would hopefully result in higher PDH activity 

as NADPH inhibition would be partially or totally alleviated.  

Additionally, PntAB activity could be enhanced by modifying the catalytic 

parameters of the enzyme. In E. coli the Km of PntAB for NADH is 10-times 

higher than the one for NADPH (Meuller et al., 1997). Decreasing the Km for 

NADPH would increase the affinity of PntAB for this compound and increase the 

catalytic efficiency of the reverse reaction. Protein engineering has been 

successfully used to decrease Km and increase kcat, which resulted in an overall 

increased catalytic efficiency (Wilkinson et al.������;������� et al., 2014). These 

modifications can be realized by introducing point mutations in the gene 

encoding the cofactor binding site of NADPH.  

7.1.5. Anaerobic activity of the NADP+-dependent PDH 
complex 

The lack of growth observed under anaerobic conditions in Chapter 5 can also 
be explained by poor expression or activity of the NADP+-dependent PDH 

complex. The PDH complex is a central enzyme of the aerobic carbon 

metabolism of E. coli. However, PFL takes over the conversion of pyruvate to 

acetyl-CoA under anaerobic conditions (Knappe et al., ����;� ������� ����;�

���������������������;������������������������;����������������������

1992) as PDH is subjected to NADH inhibition and exhibits very low or 

undetectable activity ��������������������������;������ et al., 1993a;��������� 

et al., 1999). In Chapter 3, we successfully changed the cofactor specificity of 
LPD and lowered its inhibition by both NADH and NADPH. Nevertheless, the 

sensitivity was only partially alleviated making PDH still subjected to NAD(P)H 

C
ha
pt
er
 7
 



Chapter 7 

238 
 

inhibition at high concentrations of NADH and NADPH. Furthermore, PDH 

sustained anaerobic growth of an E. coli lacking a functional PFL but the strain 

formed lactate as main fermentation product, reaching a lactate yield on glucose 

close to the maximum theoretical yield of 2 mol/mol glucose. Therefore, only a 

fraction of the carbon flux went through the NADP+-dependent PDH complex 

and small amount of NADPH was therefore produced. Disruption of ldhA in the 

final strains forced the carbon flux through the PDH complexes (Chapter 5). 
Consequently, it is possible that high NADH and NADPH concentrations were 

reached under anaerobic conditions thereby inhibiting the NAD+-dependent and 

NADP+-dependent PDH complexes, respectively.  

7.1.5.1.  Lowering NAD(P)H inhibition 
If NAD(P)H inhibition indeed represses the anaerobic activity of PDH in the final 

E. coli strains, further engineering should be performed. NAD(P)H inhibition 

resides in the LPD subunit of the PDH complex (Schmincke-Ott and 

����������������;�����������������������������;����������������������������. 

In this thesis, we introduced one amino acid mutation (E354K) on the lpd gene 

to drastically reduce the inhibition. This amino acid mutation, as well as H322Y, 

has been previously shown to reduce the Ki of the PDH complex 10-fold (Kim  et 

al., 2008). However, other amino acids changes could be introduced in the lpd 

gene to further alleviate the inhibition. For instance, Sun et al. (2012) 

systematically replaced the L-glutamate in position 354 by all other amino acids. 

The Ki was decreased by approximately 20-fold when L-glutamate was replaced 

by glycine, proline and tryptophan. In addition, these changes in amino acid at 

position 354 restored anaerobic growth of an E. coli strain lacking both pflB and 

ldhA. 

The increased availability of enzyme crystal structures and the development of 

prediction software in the last decades allow relatively fast and easy 

modifications of proteins (Yuan et al., 2005). As the crystal structure of E. coli 

PDH complex is available (Fuller et al.������;�������� et al.������;�������� et 

al.������;�������������� et al.������;����� et al.������;�������� et al.������;�
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Wang et al.������;��������� et al., 2016)�����������������������������������������

��������������������������������������������������������������� 

7.1.5.2.  Overexpressing of the native NADP+-dependent PDH  
������������������������+-de�����������������������������������������������

�������������������������������������������������������������E. coli����������

�������� ��� ��������� ��� �������� ������� ��� ������ ���������� ������������

��������� ��������������� dihydrolipoyllysine-residue acetyltransferase and 

�������������������������������������������������������aceE, aceF and lpd, 

�������������(Guest et al.������;������ et al., 1994)������������������������������

pdhR-aceE-aceF-lpd ����������������������������������������������pdhR-aceEF-

lpd and lpd�� pdhR �������� ���� ��������� �������������� ���������� ������

represses tr����������������������������������������pdh ������ et al.������;�������

and Guest, 1995)�� ��� ���� ��������������������������� ��� ������������ ���������

�������������������������������������������������������pdhR in E. coli led to an 

�����������������������������������-limited conditions (Maeda et al., 2017)��

Consequently, pdhR knock-���� ��������������� ������� ��� �����������������������

������������� ������������������������������ ����������������� ������������������ 

�������������������������������������������������������������������������������

or ArcA repress the initiation of aceEF and lpd ��������������������������������

���������� ��� ���� ���� ������� ������� ���� ����� ����;� ����� et al.�� ����;�

Cunningham  et al.�� ����;���������������������������;����� et al., 2005)��

��������������������������������������������������������������������������������

transcription of ���������������������������������������������������������������

�������������������������� in the cells������������������������������������

�pdh ���� �lpd promoters is a good approach to suppress repression of 

��������������������������������������������������������������������������������

the genomic lpd ������������������������������������������������������������

������� ����� �������� ������� ������ ������ ������� ���������� �������-������

����������� ��� lpd resulted in an 8-����� ��������� ��� ����������� ������ ��������

����������� ������ ���� �������� ��������� �������������� ����������� ������ ������

���������������������������������������������������������������������������������
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addition, the aceEF genes are still subjected to the native regulation. Therefore, 

expression of aceEF – as well as expression of lpd – might be the major 

bottleneck preventing the strain to grow anaerobically. To ensure anaerobic 

transcription and expression of the genes encoding the PDH complex, the 

selected promoters should not be subjected to the same repression as Ppdh and 

Plpd. For instance, the PgapAp1 promoter is an interesting candidate as it is 

expressed regardless the presence of oxygen �������������������������������;�

Thouvenot et al., 2004). The use of an inducible promoter should however be 

avoided as constitutive expression of PDH would require the constant use of an 

inducer and strong expression of this system might lead to inclusion bodies or 

negatively affect E. coli metabolism. Expression of aceEF and lpd genes under 

new promoters can be realized on a plasmid or on the genome. If the latter 

approach is selected, point mutations need to be introduced in the lpd gene to 

ensure the change of cofactor specificity and to lower NADPH inhibition. 

7.1.5.3. Expressing a heterologous PDH complex active under anaerobic 
conditions 
Some microorganisms use PDH to convert pyruvate to acetyl-CoA under 

fermentative conditions (Inui et al., 1984b;��������� et al.������;�Sawada et al., 

2009). For instance, the Gram-positive bacterium Enterococcus faecalis can 

use both PFL and PDH to convert pyruvate to acetyl-CoA anaerobically (Snoep 

et al., 1990). The flux distribution between the two enzymes depends on the 

redox potential of the redox couple NAD+/NADH (Snoep et al., 1991). PDH 

contribution was found to be positively correlated with an increased redox 

potential of NADH/NAD+, suggesting that PDH is active when NADH/NAD+ is 

mostly in the oxidized form. This finding tends to suggest that the PDH of E. 

faecalis is subjected to NADH inhibition. Enzymatic assays performed on the 

purified PDH complex as well as individual subunits revealed that LPD is indeed 

subjected to NADH inhibition (Snoep et al., 1992). Nevertheless, the PDH of E. 

faecalis is active at NADH/NAD+ ratios shown to inhibit E. coli PDH complex 

(Snoep et al., 1993b). Therefore, heterologous expression of the PDH complex 

of E. faecalis in our E. coli strain would be an interesting approach to tackle 



Thesis summary and general discussion 

241 
 

NADH inhibition. Nonetheless, the cofactor dependency remains to be changed 

in order to realize the designed strategy for energy conservation. The change of 

cofactor dependency could be achieved using protein and genetic engineering. 

The increased availability of enzymes crystal structures and the emergence of 

predicting software such as CSR SALAD can facilitate the modification of the 

cofactor dependency (Cahn et al., 2017).  

Another example of microorganisms able to use the PDH anaerobically is the 

freshwater alga Euglena gracilis. Contrary to E. faecalis, it uses an oxygen-

sensitive NADP+-dependent PDH complex (Inui et al., 1984b;����� et al.������;�

Inui et al., 1989). The enzyme is located in the mitochondria and is involved in 

fatty acid synthesis (Inui et al., 1987). To our knowledge, NADPH and NADH 

were not proven to inhibit the complex in this strain. Heterologous expression of 

this NADP+-dependent PDH in E. coli could therefore be a viable solution to 

solve NAD(P)H inhibition and the change of cofactor dependency. Expression 

of heterologous enzymes is a powerful tool to transfer desirable traits from one 

organism to another. However, the optimal conditions for pH, temperature, 

codon usage, etc differ between organisms, which can limit the expression and 

activity of the heterologous enzyme (Rosano and Ceccarelli, 2014). These 

parameters need to be carefully considered for the choice of the donor 

organism. In addition, the foreign genes should be codon optimized or codon 

harmonized to avoid the formation of inclusion bodies, which result in low or no 

activity (Angov et al., 2008). For instance, the NADP+-dependent PDH complex 

of E. gracilis functions optimally at 40°C and pH 7.5 (Inui et al., 1987), which are 

close from the optimal values of E. coli. 

7.1.6. Adaptive laboratory evolution (ALE) 
Implementation of the recommendations mentioned above might still not allow 

us to realize the proposed strategy. Adaptive laboratory evolution (ALE) is a 

powerful tool to improve traits beneficial for microbial growth and survival 

(Dragosits and Mattanovich, 2013). ALE has been applied in a wide range of 

microbial strains to improve growth, product formation as well as to remove 

inhibition (Reyes et al.������;�������� et al.������;����� et al.������;��������� 
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et al.������;�������� et al.������;������ et al., 2020)������������������������� et 

al. (2017) ����������Monascus ruber ������� ��� ������� ����������� ��� ��������

��������������������������������������������������������������������������������

���������������������������������������������������������������������������������

���������������� ��� ����� ������� ��� ��������� ���� ���������� ��������+-����������

�������������������������������������� ������������������������������������

��������������������-�����������������������������������������������������������

��������������������������������������� 

 

7.2. NADPH overproduction for microbial 
production of NADPH-requiring compounds 

������������������������������������������������������������������������������

����������������������������������������������������������� et al.������;����� 

et al.������;���� et al., 2015)���������������� ��������������������������������

���������� �������� ��� ���� ������������� ��� ���������� ���� ������������ ����

��������� ��� ��������� ������ ������������� ��� �������� ���� ��������� ��� ����

���������������������������������������������+��������������������������������

ava���������� ������������������ ��������������������� ��������� ���� ������������������

�����-��������������������(Lee et al.������;����� et al., 2013�;������� et 

al., 2015; �����������������������������������������������������������������

����������������������������������������������������������������������������

��������������������������������������������� et al.������;������ et al.������;�

�� et al.������;���� et al.������;�������� et al., 2011) �����������������������������

����������������������������������������������������������������+ �������+ 

��������� et al.������;����� et al., 2013a).  

���������������������������������������������������������������������+ �������+ 

������������������������������ �������+-���������������������������������

����� ���� �������� ���� ������� ���������� ������ �������� ����������� ��� �����

�������� ���� ���������� ��� ���� �������� ���������������������E. coli�� ����������
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acetyl-CoA and succinyl-CoA, respectively. Nevertheless, the cells accumulated 

pyruvate due to a lack of electron sink for NADPH (Chapter 3 and Chapter 4). 
Introduction of an NADPH-consuming enzyme or pathways would provide such 

an electron sink for NADPH and restore the cofactor balance in the cells. Such 

a system can be used in microbial cell factories to produce industrially relevant 

NADPH-requiring compounds such as terpenoids or amino acids under both 

aerobic and anaerobic conditions.  

 

7.3. Genome-scale metabolic models 
A genome-scale metabolic model (GEM) of E. coli (Monk et al., 2017) was 

modified and used in this thesis to predict the impact of the genetic modifications 

on the strains’ metabolisms. GEMs consist of stoichiometry-based, mass-

balanced metabolic reactions that allow the prediction of metabolic fluxes across 

a metabolic network using optimization methods such as flux balance analysis 

(FBA) (Orth et al., 2010). These models, in combination with programming tools 

such as OptKnock (Burgard et al., 2003), RobustKnock (Tepper and Shlomi, 

2009) or Gap Filling �����������������������;������� et al., 2014), benefit the 

design of novel microbial cell factories by identifying of reactions to be knocked 

out or knocked in to achieve a specific objective such as production of a target 

compound (Ko et al., 2020). Nevertheless, GEMs are limited as they are 

stoichiometry-based and assume a steady state inside the cells which does not 

allow the accumulation of intermediates. Fluxes over metabolic reactions are – 

in reality – limited by kinetic parameters such as Km, kcat, and inhibition. Kinetic 

models can therefore be used to predict more accurately the in vivo metabolic 

situation by increasing the level of complexity of the model. Such models already 

exist for well-described organisms like E. coli (Chassagnole et al.�� ����;�

���������������������������;�������� et al.������;��������������������������� 

however they are not always available for non-model organisms since they 

require multi-omics data. GEMs, kinetic models and fermentation models are 

constantly improving and allow the prediction of microbial behavior with 
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increased degree of complexity and accuracy. These models can be used to 

design new microbial cell factories and to improve microbial process by reducing 

the costs of wet work. 

 

7.4. Towards improvement of microbial chassis for 
the production of chemicals 

7.4.1. Applying non-canonical redox cofactors to the strategy 
The strategy presented in this thesis to conserve additional metabolic energy 

relies on the transfer of electrons between the two redox couples 

NADP+/NADPH and NAD+/NADH. These redox cofactors are widely used in the 

metabolic network and electrons are therefore diffusing over the metabolism. 

Applying non-canonical redox cofactors (NRCs) is an elegant solution to 

overcome this challenge as they allow a tight control over the electrons fate. In 

Chapter 6, we described several NRCs and how their application in 
fermentation processes can be used to achieve practical yields close the 

maximum theoretical yields.  

Non-canonical redox cofactors such as NMN+/NMNH and NCD+/NCDH are a 

suitable option to replace NADP+/NADPH in our scenario. These NRCs are 

biomimetic nicotinamide analogues that rely on the natural structure of 

NAD(P)H. As such they are non-toxic for the cells and have similar redox 

potentials than NAD(P)+/NAD(P)H. Both NMN+/NMNH and NCD+/NCDH have 

been successfully applied in vivo for the production of malate (Wang et al., 2017) 

and levodione (Black et al., 2020). 

To enable implementation of NRCs in the scenario proposed in this thesis, the 

cofactor dependency of both PDH and PntAB enzymes must be modified to 

accept the NRC. The modifications should also ensure that both enzymes are 

not able to accept NADP+/NADPH. Nowadays, cofactor engineering is a widely 

used approach to optimize redox metabolism and to increase product yield in 
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microbial processes (Wang et al., 2013c;���� et al., 2018). Several methods and 

tools are available to change the cofactor specificity of enzymes, and it starts to 

be applied to cofactor analogues such as NRCs ���� et al., 2018). Furthermore, 

the cells should be able to synthetize the NRC. Although Wang et al. (2017) 

supplied NCD+ to the medium, Black et al. (2020) overexpressed the genes 

involved in NMN synthesis and knocked out the genes involved in NMN 

breakdown. As a result, the strain was able to synthetize the NRC used for 

levodione synthesis. Therefore, due to the proof of in vivo NMN+/NMNH 

synthesis, this redox couple would be the best candidate to replace 

NADP+/NADPH in our approach. 

Protein engineering for NRC application in combination with adaptive laboratory 

evolution can streamline the metabolic flux in the chassis through the newly 

engineered NRC-dependent enzymes. This strategy will result in the creation of 

an orthogonal (and therefore independent) pathway for redox cofactor and 

energy generation. The field of synthetic biology would therefore benefit 

tremendously from such an approach as this is a generally applicable method 

that can improve the synthesis of acetyl-CoA-based compounds formed from 

carbohydrates. 

7.4.2. Impact on the fields of synthetic biology and metabolic 
engineering for the design of new microbial cell 
factories 

Microbial cells factories are commonly used for the production of a wide range 

of non-natural compounds ���� et al.������;����� et al.������;���� et al.������;�

Park et al.������;�������nd Alper, 2019). At first, their design focused on growth-

coupled production of chemicals as the target compound is an obligatory by-

product of biomass formation. The engineered strains usually exhibit slower 

������������������������������������������������������������������������������

improve further bioproduction of these chemicals ��� et al.������;������ et al., 

����;� ���� et al.�� ����;� ���� et al., 2020). Nonetheless, growth-coupled 

production prevents to reach high product yield as the substrate is used for both 
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biomass formation (and maintenance purposes) and product formation. To 

achieve high TRY, decoupling product synthesis from biomass formation is a 

promising approach. In this respect, implementation of orthogonal pathways 

optimized for product synthesis holds potential (Mampel et al.������;������� et 

al., 2017). These pathways are designed to ensure minimal to no interactions 

between the product-forming and biomass-forming pathways. Several groups 

have reported successful implementation of orthogonal pathways to increase 

product formation (Eriksen et al.������;������ et al.������;������ et al., 2019). 

Synthetic biology focuses on creating microbial cell factories with reduced 

energy cost to maximize the production of target chemicals via synthetic 

pathways. A heterotrophic cell factory can be regarded as a chassis powered 

by an engine module where assimilation (e.g. microbial biomass and cost-

������������������������ �����������������������������������������������������

the substrate (e.g. catabolism). In order to approach the maximum theoretical 

yield of product formation, the engine module should be independent from the 

regulation occurring within the chassis, However, this is challenging from an 

�������������������������������������������������������������������������� 

The strategy proposed in this thesis together with the use of non-canonical 

redox cofactors (NRCs) are a promising step towards achieving orthogonality of 

the engine to chassis. Since NRCs are not naturally used by the cells, this 

strategy results in the creation of an independent redox circuit within the chassis 

and allows the conservation of additional metabolic energy. 

In synthetic biology, independence between co-existing modules is defined as 

orthogonality (de Lorenzo, 2011). This can be realized at several levels such as 

transcription/translation, cofactors or metabolic pathway. An orthogonal 

metabolic flux can be achieved when a synthetic product-forming pathway 

shares a precursor with a native pathway. At the level of metabolic currency, an 

example of orthogonality is given by NRCs. �������� ������������ ������� ����

creation of NRC-dependent enzymes and therefore orthogonal redox circuits 

which are independent from the endogenous cofactor network.  
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Implementation of an orthogonal NRC-dependent strategy circuit can be 

therefore applied to the production of acetyl-CoA-derived chemicals. Expression 

of NRC-dependent enzymes PDH and PntAB using synthetic promoters would 

ensure that both enzymes are not subjected to endogenous regulation on both 

genetic and metabolic levels and as such be orthogonal to the native pathway. 

However, one might argue that the strategy is not orthogonal to assimilation as 

the cells require the action of PDH to supply acetyl-CoA for biomass formation.  

The combination of an NRC-dependent redox circuit together with control over 

the flux from acetyl-CoA towards product formation is key for achieving 

independence between growth and production. Redirecting the pool of acetyl-

CoA from biomass formation towards product biosynthesis can be triggered by 

metabolic switches. These switches can be realized by 1) applying nutrient 

limitations, 2) knocking out or 3) silencing genes involved in biomass formation. 

Nutrient limitation has been successfully applied in fermentation processes to 

increase the production of several industrially relevant compounds (Bahl et al., 

����;���� et al.������;��������� et al.������;����� et al., 2016). During limitation, 

the resting cells would use the substrate solely to produce the chemical of 

interest thereby increasing product yield. The choice of the nutrient to limit needs 

to be carefully considered depending on the target chemical. Nutrient limitation 

is an easily applicable method to limit biomass production however it can result 

in undesired secondary effect on the cell metabolism and negatively affect 

product formation. Disruption of genes involved in biomass formation can also 

be used to stop cell growth and increase product formation. Nevertheless, this 

approach does not allow to reach high cell densities which are needed to 

achieve high titer and productivity. On the other hand, silencing the genes 

involved in biomass synthesis is a very elegant solution to switch the flux 

towards product formation. Unlike gene knock outs, gene silencing can be 

triggered at a desired time and can be achieved adding inhibitors ��� et al., 

2016), using small RNAs (Nakashima et al.������;��� et al., 2013) or CRISPR 

interference ��� et al., 2020). For instance, dCas9 can be engineered to silence 

specific genes involved in biomass formation by blocking their transcription ��� 
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et al., 2020). As biomass formation is stopped, the intermediate – in our case 

acetyl-CoA – will be used to produce the target compound since it cannot be 

accumulated inside the cells.  

Generally, redirecting the flux from biomass towards product formation should 

be realized after reaching a cell density that allows to achieve high titer and 

productivity. The methods described above can be regarded as metabolic 

switches which result in orthogonality of the production pathway to the biomass-

forming pathway. Control over these metabolic switches is time-dependent 

raising the following statement: orthogonality can be seen as a time-related 

process. Redistribution of the metabolic fluxes mediated by changes in either 

gene expression or protein activity can be defined as dynamic metabolic control 

(Burg et al., 2016). The ability to control cellular growth via external or internal 

stimuli can be coupled to a two-stage microbial fermentation processes to 

increase product yield further (Burg et al., 2016). The first phase focuses on 

biomass formation allowing to reach a desired cell density. In the second phase, 

biomass formation is stopped thereby allocating all substrate to product 

formation. Two-stage fermentation using a chassis with an orthogonal engine is 

a powerful method to reach high TRY. 

Implementation of NRCs in the strategy proposed in this thesis can be used for 

the production of acetyl-CoA-derived compounds. This strategy also allows 

conservation of additional energy that can benefit the production of energy-

requiring chemicals and fulfil the maintenance requirements of microbial cell 

factories whose engine is orthogonal to assimilation. Other strategies can be 

implemented to create an orthogonal engine to the chassis to maximize the yield 

of other target chemicals. Nevertheless, the engine should provide sufficient 

metabolic energy to fulfil the maintenance requirement of the cells, and to 

produce the desired chemicals if the product pathway requires ATP. The 

knowledge acquired in Chapter 2 to harness extra energy in product pathways 
can be used to design such synthetic pathways.  
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