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Chapter 1 – General introduction and thesis outline 
Biotechnology and the biobased economy 
Many nuanced definitions exist for biotechnology that generally describe the use of living 
systems, organisms, or parts thereof in order to alter or generate products, systems, or 
environments to benefit people. As such, biotechnology is a very broad, and broadly used 
term that covers a plethora of different fields and technologies, ranging from ancient beer 
brewing and winemaking processes to the production of modern therapeutics using 
engineered eukaryotic cell-lines. Agriculture itself, however, is generally not considered 
biotechnology, even though it would fit the definition. Since about fifteen years ago, it has 
become common to distinguish between different types of biotechnology using colors: 
white (industrial) biotechnology, red (pharmaceutical) biotechnology, green (agro) 
biotechnology, and blue (marine) biotechnology are the most common distinctions that are 
used, but many more exist and they are not always used consistently.  

White, or industrial biotechnology is the central theme in this thesis, and revolves around 
the production of fuels, chemical building blocks, and industrial enzymes using 
microorganisms. It has gained a lot of momentum in the last few decades as an alternative 
to a petroleum based chemical industry. The most prominent reasons for shifting away from 
a petroleum based chemical industry, or a fossil fuel based economy in general, are climate 
change fuelled by the emission of greenhouse gasses, the heavy reliance on a small number 
of “oil states”, and the depletion of known fossil fuel reserves. Climate change in particular 
is a problem that could pose an existential risk (to humanity), if not properly addressed. 
Many independent reports exist stating that, in order to avoid a catastrophic climate break-
down, the net emission of CO2, i.e. the use of fossil fuels, has to be reduced to zero within 
a time-frame of mere decades [119,189]. The situation in which biotechnology replaces 
fossil fuels is often referred to as the biobased economy, where renewable feedstocks, such 
as biomass – either as agricultural or forestry waste, or from dedicated crops or organisms 
– is converted in biorefineries into biofuels and platform chemicals, from which the majority 
of our goods and chemicals can be derived [41,57]. The main challenge in industrial 
biotechnology is simply the ability to compete with petrochemistry, which has had many 
more decades to mature, and (arguably) is unjustly cheap, due to the fact that in our current 
economic system, sustainability – or lack thereof – is not meaningfully included in the 
intrinsic value of a commodity [108,277]. 

In the USA, the majority of petroleum (87%), and fossil fuels in general (93%) are used for 
combustion (i.e. energy) [86]. The rest is consumed as chemicals, construction materials, 
and a variety of other products. Following these numbers, finding alternative energy 
sources that are renewable will be the most impactful way to reduce the reliance on fossil 
fuels. There are, of course, many alternative sources for the generation renewable energy 
(in the form of electricity) that do not include biotechnology. Some prominent examples 
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include, wind power, hydropower, solar energy, and geothermal energy. Nuclear power, 
either via fission or via fusion is sensu stricto non-renewable. Yet, the virtually unlimited 
availability of nuclear fuel renders nuclear power renewable in the practical sense 
[171,221]. Many challenges exist, however, regarding the storage of electrical energy, in 
particular for transportation. In the absence of technological breakthroughs, it is 
improbable that battery electricity will play a major role for ships and aircrafts [89]. As such, 
there will remain a demand for high-density chemical fuels, and therefore, an important 
niche for biofuels will likely exist, regardless of renewable electricity production.  

Albeit being a much smaller fraction of fossil fuel uses, the non-combustion uses are much 
harder to replace. Biotechnology is particularly suited for this, as many microorganisms 
naturally produce a variety of chemicals that can replace petrochemically derived chemical 
building blocks, as well as fuels [25]. Succinic acid – the envisioned building block in this 
thesis – is a prime example, and will be thoroughly discussed further down. Moreover, 
microorganisms can be engineered to be more productive, and to produce completely novel 
molecules.  

An aspect of biotechnology that is often not addressed directly is land use. For example, it 
was calculated that in order to fully replace oil consumption (in 2008), which accounts for 
around a third of the total fossil fuel consumption, an area of at least 100 million hectare of 
high yielding crops is required, an area the size of Eqypt, or 25 times The Netherlands 
[110,272]. At lower, more likely yields, the required area is many times that. Land that could 
either be used for food production, or that can be designated for nature conservation, 
raising the ‘Food, Energy, and Environment Trilemma’ [299].  

To reflect the status of biofuels with respect to the food, energy, and environment 
trilemma, they are often designated as first-, second-, or third-generation biofuels, which 
essentially refers to the used feedstock: 

- First-generation biofuels rely on easily degradable (i.e. edible) biomass, and 
therefore compete with food production. Current biofuels (e.g. bioethanol) are 
almost exclusively first-generation [85].  

- Second-generation biofuels refer to use of non-food biomass, such as agricultural or 
forestry waste, and dedicated crops grown on land that is unsuitable for food 
production. The price for second-generation feed-stocks is significantly lower than 
those for the first generation, however, the process is much more complex, making 
second-generation biofuels currently often prohibitively expensive [162,281]. Soil 
erosion is another potential issue that has emerged regarding the use of crop 
residues as feedstock. Conventionally, crop residues are left on the field, protecting 
it to a substantial extend from erosion. In the case of maize, CO2 emissions from soil 
erosion can result in cellulosic ethanol having a total CO2 footprint that is equal to 
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that of gasoline [174,235]. Proper land management, to prevent the decrease of soil 
organic carbon is therefore of paramount importance for second generation biofuels 
to contribute to a reduction of net CO2 emissions [234].  

- Third-generation biofuels refer to the use of algae biomass (typically rich in fatty 
acids), or more broadly to the use of CO2 in general. Algae do not rely on any form 
of biomass as a feedstock, and have an areal productivity that is orders of magnitude 
larger compared to typically used crops [187]. However, the use of algae is currently 
held back by the expensive nature of the required reactors [105]. The use of CO2, in 
a mixture with H2 and CO (i.e. synthesis gas or syngas), or reduced to formic acid or 
methanol, as a substrate for biotechnology (e.g. with acetogenic bacteria or 
methylotrophic microorganisms) has gained a lot of interest in recent years. It has 
the advantage that the reducing power of hydrogen, formic acid, and methanol can 
come from electricity, virtually decoupling the process from land use [7].  

Thermophiles in industry 
Microbial fermentation processes in industrial biotechnology almost exclusively rely on 
microorganisms that optimally grow at moderate temperatures around 25 – 37 °C. 
Microbiologists term such organisms mesophiles, to distinguish them – perhaps somewhat 
arbitrarily – from psychrophiles, growing at lower temperatures, and thermophiles, growing 
at higher temperatures. Yet, in industry it can have many advantages to have a process 
operate at higher-than-moderate temperatures, and thus use thermophilic organisms, to 
have a more economic process. The following advantages are typically acknowledged for 
the use of thermophilic organisms:  

- Efficient cooling  
At industrial scale, the heat generated by the metabolic activity of the 
microorganisms is greater than the heat loss through the fermenter wall and via 
evaporation. Active cooling is therefore a necessity to maintain the required 
temperature. Energy requirements for cooling are a significant part of the operating 
costs, and in some cases, the heat generation and concomitant cooling duty can be 
so high that it becomes the limiting factor of the entire process. The larger the 
difference between the required fermentation temperature and the cooling water – 
i.e. the ambient temperature if not refrigerated – the more efficient the cooling, due 
the larger thermal driving force. For mesophilic organisms, active refrigeration is 
often required to increase the thermal driving force. Using a thermophilic organism 
will therefore reduce the cooling costs significantly. Additionally, cooling time 
between sterilization of fermentation medium (at 121 °C) and start of the 
fermentation is reduced with higher fermentation temperatures, reducing the total 
process time [195,328]. 

- Lower risk of contaminations 
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The lower risk of contamination is possibly the most often mentioned advantage, but 
at the same time it is also the hardest to verify, due to limited availability of 
information regarding contamination frequencies [328]. The most likely sources of 
contaminants are the feedstock and the human operators, both predominantly 
carrying mesophiles that should not be able to contaminate a thermophilic process. 
Nevertheless, once a contamination (with a thermophilic contaminant or a phage) 
has occurred at any site, it seems unlikely that there is a very big difference in terms 
of contamination risk between a thermophilic process and a mesophilic process, in 
particular when non-wild type strains are used. And since the losses of having to 
abort a fermentation due to a contamination are so high, maximum precautions will 
be taken in either case. Other strategies exist to have a production organism with a 
reduced risk of contamination, for example, by adapting or engineering the strain to 
use xenobiotic or ecologically rare chemicals as nutrients, such as melamine, 
cyanamide, or phosphite [267]. 

- Increased solubility of products and substrates 
Generally speaking, the solubility of solids increases with increasing temperature. 
For most medium components, the difference will not have any relevance. However, 
lignocellulosic biomass components typically have a poor solubility. Increased 
fermentation temperatures can therefore increase the bioavailability of second-
generation feedstock, as well as decrease the viscosity of the medium, improving the 
process.  

Gasses, on the other hand, have a decreased solubility at higher temperatures. This 
is in particularly relevant for oxygen transfer, which is proportional to the solubility, 
as well as the diffusion rate. Since the diffusion rate increases with increasing 
temperature, the effects completely offset each other, leaving no significant impact 
of temperature on the oxygen transfer rate [158,312]. In the case of CO2, the 
increased diffusion is not enough to compensate the overall gas transfer rate of CO2, 
which decreases for increasing temperatures [36]. 

- Higher reaction rates 
Chemical reaction rates increase with increasing temperatures, as described by the 
Eyring equation as well as empirically by the Arrhenius equation. As a rule of thumb, 
the rate doubles for every 10 °C rise in temperature [165]. As such, thermophiles 
have the potential for much higher production rates, as is also somewhat reflected 
by their generally higher growth rates, and the relatively lower growth rates of 
psychrophiles [199,243,317].  

It has recently been proposed that cellular metabolism – and thus growth and 
production – might be constrained by an upper limit on the cellular Gibbs energy 
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dissipation rate [212]. Possibly explained by dissipated Gibbs energy being translated 
into work (non-thermal motion), which could be detrimental to vital cellular 
functions. If indeed true, the upper limit could still be higher for thermophiles, but 
the benefit might not necessarily be as high as would be expected from the Arrhenius 
equation.  

Besides impacting reaction rates, temperature can also change the reaction 
equilibrium, by affecting change in entropy (ΔG = ΔH – TΔS). Reactions that are 
thermodynamically unfeasible or barely feasible at mesophilic temperatures might 
become more feasible at higher – thermophilic – temperatures, for example the 
formation of hydrogen [328]. 

- In situ removal of volatiles 
Downstream processing – the isolation of a pure product – often comprises a 
majority of the entire process costs [195]. Volatile products, such as alcohols, 
ketones, and esters are generally separated from the water phase via distillation, for 
which a significant input of heat is required. Firstly, a thermophilic process can 
therefore lower the downstream costs simply because less heat is required to heat 
the broth downstream of the fermentation. But secondly, it can enable the in situ 
removal of volatile products, during the fermentation process. The main advantage 
of such a set-up is the relief of toxicity effects of accumulated products, resulting in 
increased and prolonged productivity. The removal of the volatiles is accomplished 
via gas stripping, where a gas is sparged through the medium to capture the volatiles 
that are subsequently condensed in a cooling unit. Challenges connected to this 
include excessive foaming, high costs for equipment, and high energy requirement 
[313]. No examples of industrial fermentations using gas-stripping are currently 
known. 

- Simultaneous saccharification and fermentation 
The use of second-generation feedstock, comprised of lignocellulosic material, 
requires the pre-treatment of that material, to allow it to be used efficiently by the 
microorganisms. The pre-treatment consists of two parts. First, the lignocellulosic 
fibres need to be opened up to increase the accessibility for added enzymes to break 
down the fibres into monomeric sugar molecules, which represents the second part 
(i.e. saccharification). Many methods exist to open up the fibres, but the most widely 
used process to date is steam explosion, where the rapid release of pressure causes 
the fibres to fracture [54]. The commercial hydrolysing enzymes used for the 
saccharification, typically a complex mixture, function optimally in the temperature 
range of 40–50 °C. Having a thermophilic process allows the saccharification and 
fermentation processes to be conducted simultaneously, in the same reactor, 
making for a simpler – more economic – process. This is referred to as simultaneous 
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saccharification and fermentation (SSF). Furthermore, the need to cool the substrate 
between pre-treatment and fermentation is also eliminated. 

Aside from conducting fermentation at elevated temperatures, thermophiles have had a lot 
of interest as a source of proteins and enzymes [47]. Enzymes have an impressive range of 
industrial applications on their own, ranging from laundry and dishware detergents to food 
processing, but also the very enzymes used in the pre-treatment of lignocellulosic biomass, 
often subjected to very harsh conditions, including high temperatures. Thermophiles, but 
also other extremophilic organisms might have versions of the required enzymes that are 
more stable at such harsh conditions, making them an excellent source.  

As explained above, the growth temperature can impact the process in many different 
ways. Nevertheless, it is just one of many aspects to take into account when selecting the 
optimal organism for a specific process. The most important parameters are the titer, rate, 
and yield of the product that should be optimized while minimizing the formation of side-
products [213]. These parameters are predominantly determined by the biology of the 
production strain. Often, the organism will still need to be improved in those aspects, for 
which the strain needs to be genetically accessible. Furthermore, the organism needs to be 
able to tolerate both high substrate concentrations and high product concentration, as well 
as the harsh, often quickly fluctuating conditions of bioreactors in general. If the nature of 
the product allows it, a (facultative) anaerobic organism is preferred, since aeration, to 
supply the organism with oxygen is extremely expensive in large scale [115]. The medium 
requirements need to be cheap and simple. Finally, each process and product come with 
their own specific requirements. For example, when producing an organic acid, having the 
pH of the culture well below the pKa of the product allows the recovery of the product 
directly in the acid form, simplifying the downstream recovery. It also diminishes the need 
for base titration during the fermentation. Having an organism that tolerates low pH might 
therefore improve the process economics of organic acid production, including succinic acid 
[3]. 

Succinic acid as a sustainable platform chemical 
Succinic acid is the common name used for butanedioic acid, a four-carbon dicarboxylic 
acid. The name is derived from succinum, the Latin word for amber, as it was first isolated 
from Baltic amber, which contains around 5% succinic acid. It is a very common cellular 
metabolite since it is an intermediate in the tricarboxylic acid (TCA) cycle and the glyoxylate 
cycle (Figure 1). Some microorganisms produce succinic acid as a fermentation product via 
the reductive branch of the TCA cycle (in reverse). In humans, succinic acid is also known to 
act as a signal molecule in a variety of cell types [305]. 



General introduction

1

|   15

Figure 1: Simplified diagram of the tricarboxylic acid cycle (TCA; in blue) and the glyoxylate cycle (in red). Reactions 
with purple arrows are part of both.

Industrial applications of succinic acid
Succinic acid is relevant in industry as well. Traditionally, succinic acid was a niche product 
with a modest market size of around 50 kilotons per year (in 2016) [122] – mostly produced 
chemically via the conversion of fossil fuel-derived maleic anhydride – with four major 
markets: First and foremost as a surfactant; secondly, as an ion chelator used primarily for 
metal plating; thirdly, as a pH regulator and antimicrobial in food and beverages; and 
fourthly, as an additive in pharmaceutical formulations [327]. 

Mainly due to its relatively high price, it has never been an important intermediate in the 
chemical industry, despite the capability to function as a precursor of a variety of prominent 
polymers, resins, and solvents [229]. However, with the need to find alternatives to fossil 
fuel based chemicals, succinic acid produced via biological fermentation has the potential 
to replace a sizable portion of fossil fuel derived bulk chemicals and products, creating a 
potential demand in the order of megatons, rather than kilotons [41].

This outstanding biotechnological potential was already recognized as early as the 1990s, 
and in the last decade several different parties have started operating the first industrial 
plants, placing succinic acid amongst the first economically feasible bio-based platform 
chemicals [23,122].

An overview of the most important solvents, monomers, and chemical intermediates that 
can be derived from succinic acid is given in Figure 2. Most prominent of all derivatives is 
probably polybutylene succinate (PBS; Figure 3), a biodegradable polyester of succinic acid 
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and 1,4-butanediol – a succinic acid derivative – with properties similar to polypropylene, 
the second-most widely produced synthetic plastic, with a marked size of around 56 
megatons (in 2018) [48].

Figure 2: Important solvents, monomers, and chemical intermediates that can be derived from succinic acid. The 
different compounds are grouped according to a common synthesis route; something that is not strictly defined, 
since many possible synthesis routes exist. The black boxes indicate whether the major – but not exclusive –
application is either as a solvent, monomer, and/or chemical intermediate.

Figure 3: The repeating unit of polybutylene succinate (PBS)

Production of bio-based succinic acid
Over the last years four entities have started with the industrial production of succinic acid 
via fermentations (on pilot scale), each using a distinctive process; an overview is given in 
Table 1. Between the four of them, a production capacity of more than 400 kiloton per year 
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is currently being built [62]. Two main types of processes are used, either a eukaryotic 
(yeast)-based fermentation at low pH, or a bacterial-based process at neutral pH. Low pH 
fermentation allow the direct recovery of crystalized succinic acid, owing to (I) the acid 
dissociation constants (pKa) of succinic acid of 4.2 and 5.6, such that at pH 3, the majority of 
succinic acid is in the associated form [122], and (II) the fact that the solubility of succinic 
acid is in the associated form is relatively low compared to other organic acids that are 
typically present as by-products [169]. Another main advantage is the fact that no excessive 
titration with slaked lime is needed for maintaining near-neutral pH, which traditionally 
leads to the formation of large amounts of gypsum (calcium sulfate) as by-product without 
added value. Succinity, however, has access to proprietary technology that allows the 
recycling of its titrant, thus circumventing gypsum formation as well [106]. GC Innovation 
America uses ammonia for titration instead, generating ammonium succinate. Ion exchange 
subsequently results in the formation of succinic acid as well as ammonium sulfate, which 
can be valorized as a fertilizer [92]. BioAmber has proprietary technology for electrodialysis, 
which allows the membrane assisted splitting of sodium succinate in succinic acid and 
sodium hydroxide [75], as well as proprietary technology for ammonia recycling via steam 
cracking [217]. However, after BioAmber switched to a low pH yeast production strain, 
licensed from Cargill, they were able to recover the succinic acid directly, similar to the 
process operated by Roquette. 

The four processes have in common that they are all sugar-based, albeit from different 
sources. Yet, bacteria are generally more flexible in their substrate specificity. B. 
succiniciproducens – used by Succinity – for example, has the possibility to use glycerol as a 
feedstock. Glycerol is a cheap substrate, as it is formed as a byproduct during biodiesel 
production. Furthermore, per carbon, glycerol is more reduced than glucose, allowing 
theoretically higher carbon yields, through the fixation of 1 mol of CO2 per mol of succinic 
acid produced, compared to 0.5 for glucose. 
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(Un)sustainability of succinic acid 
Chemicals produced from fossil fuels are per definition not sustainable. Of course, this does 
not automatically mean that bio-based chemicals are, even though sustainability is usually 
the main force behind the shift away from fossil fuel use. In order to quantify the degree at 
which a process is unsustainable a definition of a sustainable process needs to be 
established.  

In an environmental context, sustainability could be defined as “a condition of balance, 
resilience, and interconnectedness that allows human society to satisfy its needs while 
neither exceeding the capacity of its supporting ecosystems to continue to regenerate the 
services necessary to meet those needs nor by our actions diminishing biological diversity” 
[201]. Net anthropogenic CO2 emissions need to be zero, that much is clear, as well as all 
other forms of waste. But land use, soil quality, water use; every aspect of our supporting 
ecosystems needs to be balanced to be truly sustainable. How this balance is embodied is 
in the end very much an ethical as well as a political question. 

For succinic acid, a number of studies exists trying to assess the sustainability of the 
biobased process compared to the petroleum-based equivalent, as well as different 
biobased processes compared with each other. Often the comparison is made between 
biobased succinic acid and petroleum-derived adipic acid, rather than petroleum-derived 
succinic acid, as this is thought to the most similar bulk-chemical in terms of the potential 
applications of succinic acid. Table 2 lists an overview of several different studies looking 
into CO2 emissions or non-renewable energy use. 

What is clear is that biobased succinic acid performs a lot better compared to petroleum-
derived adipic acid. Compared to petroleum-derived succinic acid, the difference does not 
seem as big. However, the non-renewable cumulative energy demands (i.e. CED, a 
commonly used metric) for petroleum-based succinic acid is largely due to the inherent 
material requirements, whereas that of biobased succinic acid is largely down to the energy 
demands of the process [200], which should allow for significant future improvements. In 
particular the feedstock production and steam generation demand a lot of energy [60]. 
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Table 2: Overview of several cradle-to-gate studies for biobased succinic acid, in terms of CO2-equivalents 
emissions or non-renewable energy use (NREU). 

[205] 
Chemical DSP CO2-eq Comments 

Petr. succinic acid - 385 % * Based on data 
from Myriant Bio succinic acid Ammonium sulphate 100 %* 

[60] 
Chemical DSP kg CO2-eq / kg Comments 

Adipic acid - 8.8 

 

Malic anhydride - 1.9 
Petr. succinic acid - 1.8 

Bio succinic acid 
Direct crystallization 0.9 
Electro dialysis 1.7 
Ammonium sulphate 1.5 

[2] 
Chemical DSP kg CO2-eq / kg Comments 

Adipic acid - 13.6 
 

Bio succinic acid Liquid-liquid extraction 1.9 
[111] 

Chemical DSP kg CO2-eq / kg Comments 
Adipic acid  5.8 Cradle-to-grave 

 
* Sugar cane/ 
Maize 

Malic anhydride  6.8 

Bio succinic acid 
Today 1.3-3.6 / 2.3-4.6* 
Future 0.9-2.1 / 1.8-2.9* 

[226] 
Chemical DSP GJ/t (NREU) Comments 

Malic anhydride - 67.7 
* Sugar cane / 
Maize Petr. succinic acid - 96.3 

Bio succinic acid Direct crystallization 44.9 / 66.5* 
 

Natural and engineered succinic acid producers 
A large variety of organisms have been studied for their capacity to naturally produce 
succinic acid, and several natural and non-natural producers – both bacteria and eukaryotes 
– have been engineered to produce (more) succinic acid. The most-studied species are 
briefly described below. 

Bacteria 
Actinobacillus succinogenes 
A. succinogenes is a facultative anaerobic, pleomorphic, Gram-negative rod, first isolated 
from bovine rumen [103]. It is capnophilic (CO2-“loving”) and can grow on a broad range of 
pentose and hexose sugars. It naturally produces succinic acid, up to 70 g/l with yields of 
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around 0.75 g/g sugar [178,249]. Succinic acid is formed via the reductive branch of the TCA 
cycle, which is bifurcated, with succinic acid as one of the end-points [102]. 

Anaerobiospirillum succiniciproducens 
A. succiniproducens is an anaerobic, Gram-negative, spiral shaped bacterium. It was first 
isolated from a dog, but is also present in humans and can – in rare cases – be the cause of 
bacteraemia or other types of opportunistic infections [67,131]. Similar to A. succinogenes, 
A. succiniproducens is a capnophile able to grow on a large range of substrates. The available 
CO2 concentration strongly influences the succinic acid production [250]. Yields of around 
1.4 g/g glycerol have been reported [43,160].  

Corynebacterium glutamicum 
C. glutamicum is a facultative anaerobic, Gram-positive rod. It has a long history for 
industrial-scale production of a variety of amino acids [310]. It is unable to grow under 
oxygen deprived conditions, but retains the possibility to ferment sugars allowing a process 
to shift easily from a biomass formation phase and a high-density production phase, leading 
to high volumetric productivities [216]. C. glutamicum does not naturally excrete succinic 
acid, but a large number of studies exist where they have engineered the metabolism to 
create efficient succinate producing strains, reaching yields up to 1.67 mol/mol glucose, 
close to the theoretical maximum [3,175,216].  

Escherichia coli 
E. coli is a facultative anaerobic, Gram-negative rod that is commonly found in guts of warm-
blooded animals. Most strains are harmless, but some serotypes are known to cause food 
poisoning. It is the most widely studied (prokaryotic) model organism, and is used 
extensively in laboratories as a host for propagating recombinant DNA. Furthermore, 
engineered E. coli strains are extensively used as industrial production platform, which 
includes the commercial production of succinic acid by GC Innovation America, as 
mentioned above, as well as a 1,3-propanediol by DuPont, a variety of amino acids, and a 
variety of protein therapeutics, most notably insulin [295].  

The strain used by GC Innovation America has likely been engineering to have reduced 
pyruvate kinase activity and increased phosphoenolpyruvate carboxykinase activity, as well 
as eliminated activity for the PEP-dependent phosphotransferase system while having 
increased activity for a galactose-proton symporter. It is further likely that pathways for 
competing products have been eliminated [99,101]. 

Fibrobacter succinogenes 
F. succinogenes is an strictly anaerobic, Gram-negative rod, found in the rumen of bovine 
animals, where it is able to ferment cellulose into succinate, acetate, and formate [282,284]. 
Its ability to naturally produce succinic acid from cellulose – potentially derived from 
agricultural waste – makes it interesting for industrial applications. However, the limited 
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studies that have been conducted report yields and productivities far below those from the 
other natural producers described here [98,168].  

Basfia succiniciproducens (& Mannheimia succiniciproducens) 
B. succiniciproducens, which includes a strain that is usually called Mannheimia 
succiniciproducens, is a facultative anaerobic, Gram-negative coccoid, and is probably the 
most widely studied natural succinic acid producer [152]. It is able to grow in a variety of 
sugars and sugar alcohols, and (engineered) strains have been reported to convert their 
substrate almost exclusively to succinate [156,159,261]. A proprietary B. succiniciproducens 
strain of BASF is used for commercial succinic acid production by Succinity – a joint venture 
of BASF and Corbion, as described earlier.  

B. succiniciproducens has been engineered to have reduced pyruvate kinase activity, as well 
as reduced or abolished lactate dehydrogenase and pyruvate formate lyase activity 
[24,146].  

Pseudoclostridium thermosuccinogenes (originally Clostridium thermosuccinogenes) 
P. thermosuccinogenes is the only known thermophile to naturally produce succinic acid as 
a main fermentation product. It is a strict anaerobic, Gram-positive rod, growing optimally 
at 55 – 60 °C; first isolated on inulin as a substrate [74]. Research into the organisms has 
been limited, with succinate yields up to 0.54 g/g inulin reported, strongly depending on pH 
[278–280]. Its metabolism is the central topic of this thesis. 

Eukaryotes 
Saccharomyces cerevisiae 
S. cerevisiae, also known as baker’s yeast or budding yeast, is perhaps the most intensively 
studied eukaryotic model organism, much like E. coli is for bacteria. And like E. coli, it is also 
widely used in biotechnology. Historically for the production of bread, beer, and wine, but 
more recently for the production of ethanol as a biofuel, or a broad variety of non-native 
products – the latter owing largely to the ease of it genetic engineering [222]. The succinic 
acid process of Roquette (originally as a joint venture with DSM, named Reverdia) uses an 
engineered S. cerevisiae strain for the production of succinic acid.  

The proprietary S. cerevisiae strain of DSM has most likely been modified via the 
introduction of the following heterologous genes: Phosphoenolpyruvate carboxykinase 
from Actinobacillus succinogenes, NAD(H)-dependent fumarate reductase from 
Trypanosoma brucei, fumarate hydratase from Rhizopus oryzae, and a dicarboxylic acid 
transporter from Schizosaccharomyces pombe. Finally, the native peroxisomal malate 
dehydrogenase lacking the peroxisomal targeting sequence is overexpressed [123].  
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Pichia kudriavzevii (or Issatchenkia orientalis; anamorph of Candida krusei) 
P. kudriavzevii is a yeast that is commonly isolated from (fermented) food sources that is 
able to tolerate very low pH and temperatures up to 45 °C [301]. Like S. cerevisiae, it 
naturally produces ethanol at high yields and is therefore being studied for its potential in 
the production of biofuels [215]. BioAmber has switched from an E. coli based process to a 
low-pH process for succinic acid production using an engineered P. kudriavzevii strain 
licenced from Cargill, which has patents for two different succinic acid producing P. 
kudriavzevii strains. Both have been extensively engineered (see references) [3,83,246]. 

Pseudoclostridium thermosuccinogenes and other 
Hungateiclostridiaceae 
Pseudoclostridium thermosuccinogenes is a Gram-positive bacterium that belongs to the 
Firmicutes phylum, the Clostridia class, and the Clostridiales order. It was recently renamed 
from Clostridium thermosuccinogenes to Pseudoclostridium thermosuccinogenes and 
simultaneously placed within the newly designated Hungateiclostridiaceae family [330]. 
Both names will be used in this thesis. To make things even more confusing, the now 
Hungateiclostridiaceae family was for a short period of time (wrongly) designated by some 
as the genus Ruminiclostridium within the Ruminococcaceae family [141,326], and recently 
the Hungateiclostridiaceae family name (and corresponding genus names) were suggested 
to be illegitimate and placement within the genus Acetivibrio was proposed [300]. 

Four strains of P. thermosuccinogenes were first isolated in 1991 by researchers from the 
University of Groningen via enrichments at 58 °C using inulin as the sole carbon and energy 
source [74]. The name Clostridium thermosuccinogenes was chosen due to its thermophilic 
nature and the formation of succinic acid as a major fermentation product. At that time, the 
main interest was to find a thermophilic inulinase; an enzyme able to degrade the 
polysaccharide inulin into fructose (and traces of glucose) that could aid in the production 
of high-fructose syrup [311].  

Later, at the turn of the century, researchers from the University of Georgia started to work 
on P. thermosuccinogenes for its ability to produce succinic acid, as the biotechnological 
potential of succinic acid was being recognized. They studied the effect of pH and redox 
potential on the distribution of the different fermentation products, which – besides 
succinate – include acetate, formate, lactate, and ethanol [278,279]. Of the four strains 
(DSM 5806 – DSM 5809), they showed that DSM 5809 was able to produce the most succinic 
acid. Via enzyme assays, they were able to elucidate the metabolic pathways leading to 
those different fermentation products [280]. However, no further studies had been 
published into P. thermosuccinogenes since then. 

Many closely related Hungateiclostridiaceae, in particular the thermophilic 
Hungateiclostridium (Clostridium) thermocellum and mesophilic Ruminiclostridium 
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(Clostridium) cellulolyticum have been studied intensively for a long period of time. Mainly 
for their ability to degrade (hemi)cellulose, a defining feature of the Hungateiclostridiaceae 
that P. thermosuccinogenes seems to lack. Consequently, the work in this thesis builds 
greatly and gratefully on the research that was done into the metabolism of H. 
thermocellum.  
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Thesis outline 
In Chapter 2 we provide the sequenced genomes of the four available P. 
thermosuccinogenes strains and we present an updated characterization of the organism’s 
metabolism. The characterization is based on genomics, transcriptomics, and enzyme 
assays with cell-free extract. Features such as the glycolysis relying on ATP, as well as GTP 
and PPi as cofactors; the lack of an annotated transaldolase; and the ‘malate shunt’ for PEP 
to pyruvate conversion, that were previously described for H. thermocellum are now also 
shown to be present in P. thermosuccinogenes. Furthermore, xylulokinase – absent in H. 
thermocellum – was also shown to use GTP.  

The unusual cofactor usage was further studied in Chapter 3. Thirteen enzymes from the 
central metabolism of P. thermosuccinogenes were heterologously expressed in E. coli to 
assess their cofactor usage in vitro. The use of PPi and GTP as phosphoryl carriers are 
extensively discussed, and we hypothesize that the use of GTP allows for different (or more 
flexible) reaction thermodynamics compared to reactions relying on ATP. 

Chapter 4 deals with the pathway to succinic acid. In particular with fumarate reductase, 
responsible for the conversion of fumarate to succinic acid. Based on genomic context and 
comparative genomics, we propose two hypothetical mechanisms through which the 
fumarate reductase associates with the electron bifurcating NADH-reductase-
heterodisulfide reductase complex, coupling the reduction of fumarate to that of ferredoxin 
(using NADH). Some preliminary, inconclusive experimental data is presented as well. 

In Chapter 5 the effect of CO2 limitation on the metabolism of P. thermosuccinogenes is 
studied via bioreactor cultivations. Succinate production is connected to net fixation of CO2, 
by PEP carboxykinase, and was therefore expected to be impacted significantly. However, 
the effect on succinate yield was relatively small. Significant effects on formate and ethanol 
yields were observed. Endogenous CO2, formed by pyruvate:ferredoxin oxidoreductase, 
was able to sustain the CO2 required for succinic acid formation. Transcriptional changes 
following CO2 limitation have been investigated through RNA-sequencing.  

In Chapter 6 the pentose phosphate pathway of Hungateiclostridiaceae is investigated in 
order to find out how they are able to interconvert C5 and C3/C6 metabolites in the absence 
of a transaldolase. By means of metabolomics and in vitro enzyme assays we were able to 
confirm the existence of the – previously proposed – sedoheptulose 1,7-bisphosphate (SBP) 
pathway. In this pathway, sedoheptulose 7-phosphate is converted to SBP by a PPi-
dependent phosphofructokinase, followed by the cleavage of SBP into erythrose 4-
phosphate and dihydroxyacetone phosphate that are compatible with the rest of glycolysis.  
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Abstract  
Clostridium thermosuccinogenes is a thermophilic anaerobic bacterium able to convert 
various carbohydrates to succinate and acetate as main fermentation products. Genomes 
of the four publicly available strains have been sequenced and the genome of the type-
strain has been closed. The annotated genomes were used to reconstruct the central 
metabolism, and enzyme assays were used to validate annotations and to determine co-
factor specificity. Genes for the pathways to all fermentation products were identified, as 
well as for the Embden-Meyerhof-Parnas pathway, and the pentose phosphate pathway. 
Notably, a candidate transaldolase was lacking and also transcriptomics during growth on 
glucose versus xylose did not provide any leads to potential transaldolase genes or 
alternative pathways connecting the C5 with the C3/C6 metabolism. Enzyme assays showed 
xylulokinase to prefer GTP over ATP, which could be of importance for engineering xylose 
utilization in related, thermophilic species of industrial relevance. Furthermore, the gene 
responsible for malate dehydrogenase was identified via heterologous expression in E. coli 
and subsequent assays with the cell-free extract, which has proven to be a simple and 
powerful method for basal characterization of thermophilic enzymes. 

Importance 
Running industrial fermentation processes at elevated temperatures has several 
advantages, including reduced cooling requirements, increased reaction rates and 
solubilities, and a possibility to perform simultaneous saccharification and fermentation of 
pretreated biomass. Most studies with thermophiles so far have focussed on bioethanol 
production. C. thermosuccinogenes seems an attractive production organism for organic 
acids, succinic acid in particular, from lignocellulosic biomass-derived sugars. This study 
provides valuable insights in its central metabolism and GTP and PPi co-factor utilization. 

Introduction 
Conversion of lignocellulosic biomass, which is typically a complex mixture of sugar 
polymers, into useful green chemicals, such as building blocks for polymers, is seen as an 
important step in the transition to a biobased economy. The United States’ Department of 
Energy has published several well-known papers dealing with a top twelve of promising bio-
based building blocks [41,320]. Several organic acids and dicarboxylic acids including 
succinic acid (SA) have been identified as such building block chemicals that can be 
produced from biomass. SA is currently mainly used as a food ingredient or as an additive 
and precursor for pharmaceuticals. However, it has a range of potential large scale industrial 
applications, which are ultimately dependent on their ability to economically compete with 
petroleum-based alternatives. Current commercial processes exclusively use mesophilic 
organisms, at temperatures around 30 to 37 °C. The use of thermophiles for an industrial 
fermentation process running at 50 to 60 °C has several advantages. Such processes (I) 
require less cooling, (II) generally have higher reaction rates and solubilities, and (III) have 
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the possibility to carry out simultaneous saccharification and fermentation of pretreated 
biomass, making a more economic process [1,128]. 

Clostridium thermosuccinogenes is the only known thermophile that naturally produces SA 
as one of its main fermentation products. It was first isolated in 1990, for its ability to grow 
on inulin at elevated temperatures, but like many Clostridia it grows well on a range of C5 
and C6 sugars [74]. Although it belongs to a group of (hemi)cellulolytic organisms and it is a 
close relative of the industrially relevant thermophilic C. thermocellum and mesophilic C. 
cellulolyticum, it is incapable of degrading (hemi)cellulose. Physiological characterization of 
the only four strains of the species that have been described (DSM 5806, DSM 5807T, DSM 
5808 and DSM 5809) includes evaluation of the effect of pH and redox potential on the 
distribution of its fermentation products, SA, acetic acid, formic acid, lactic acid, ethanol 
and hydrogen [278–280]. Furthermore, enzyme assays have been used to shed light on the 
fermentation pathways towards these products. A pathway from phosphoenolpyruvate 
(PEP) to succinate was proposed via (I) PEP carboxylase (PEPC), (II) malate dehydrogenase 
(MDH), (III) fumarate hydratase (FH), and (IV) fumarate reductase (FR). For close relatives 
of C. thermosuccinogenes and most natural SA producers it is now well established that 
conversion from PEP to oxaloacetate is done by PEP carboxykinase (PEPCK), rather than 
PEPC [163,253,331]. A genome sequence should clarify whether there is a PEPC or PEPCK 
present. Likewise, ATP-linked phosphofructokinase (PFK) activity was detected, whereas for 
C. thermocellum only PPi-linked activity was detected [280,331].  

In this paper we present an updated characterization of C. thermosuccinogenes metabolism 
by means of genomics, transcriptomics and enzyme assays, and provide evidence of a GTP 
dependent xylulokinase (XK). 

Results 
Genome sequences of C. thermosuccinogenes 
Genomes of the four C. thermosuccinogenes strains were sequenced using Illumina HiSeq 
technology. From the initial assemblies it was clear that DSM 5806, DSM 5807T, and DSM 
5808 were quite similar, while DSM 5809 was more different from the others (see below). 
In an attempt to reduce the number of contigs, DSM 5807T was selected for PacBio 
sequencing as type strain and representative for DSM 5806 and DSM 5808, together with 
DSM 5809, which appears to produce the most succinic acid [74,278]. The data from both 
Illumina and PacBio were combined in a hybrid assembly, which resulted in a closed genome 
for DSM 5807T and an assembly of 8 scaffolds for DSM 5809. General features of the four 
genomes are presented in Table 1.  
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Table 1: General features of genome sequences of C. thermosuccinogenes. It should be noted that DSM 5806 and 
DSM 5808 were assembled with illumina data only, whereas the numbers for DSM 5807T and DSM 5809 represent 
the hybrid assembly with illumina and PacBio data. Therefore, the numbers of these different assembly methods 
cannot directly be compared to each other.  

Attribute DSM 5806 
(illumina) 

DSM 5807T 
(hybrid) 

DSM 5808 
(illumina) 

DSM 5809 
(hybrid) 

Genome size 4,519,012 4,731,216 4,509,994 4,665,658 
GC content 41.5% 41.5% 41.5% 41.5% 
DNA scaffolds 266 1 240 8 
Total genes 3930 4086 3888 4035 
   Protein encoding genes 3783 3940 3751 3885 
   RNA genes 70 75 69 75 
   Pseudo genes 77 71 68 75 
   Hypothetical 1724 (43.9%) 1783 (45.3%) 1699 (43.7%) 1808 (44.8%) 

 

As indicated, the four strains are very similar. Using the Genome-to-Genome Distance 
Calculator (GGDC) to estimate the DNA-DNA hybridization (DDH) [14], DSM 5806, DSM 
5807T and DSM 5808 were found to have 100% hybridization with each other and 92.3% 
with DSM 5809, which falls well within the 70% and 79% thresholds used to delineate 
species and subspecies, respectively [191]. 

Orthologous and paralogous proteins in the four assembled genomes were defined using 
OrthoMCL to further quantify their similarity. 22 Orthologous groups (OGs) were found that 
had only one or two paralogs in DSM 5806 and DSM 5808, while these had up to 15 paralogs 
in DSM 5807T and DSM 5809. These 22 OGs consisted almost exclusively of transposases 
and hypothetical proteins. The difference in number of paralogs for the strains reflects the 
different assemblies used, as the short reads of Illumina do not allow the differentiation 
between repeated sequences, without a larger scaffold sequence provided by PacBio 
sequence analysis. From the OrthoMCL analysis it was also evident that DSM 5809 was more 
different from the other three strains; 369 OGs were uniquely absent from DSM 5809, 
whereas this was the case for only 1, 4, and 2 OGs for DSM 5806, DSM 5807T, and DSM 
5808, respectively. Conversely, 180, 154, 149, and 527 genes and/or OGs were unique for 
DSM 5806, DSM 5807T, DSM 5808, and DSM 5809, respectively. A list of these unique genes 
can be found in the supplementary data, together with the rest of the results from the 
OrthMCL analysis (Table S1). The majority of the genes that are not shared between the 
four strains encode hypothetical proteins, and none encode apparent metabolic functions. 

Many clostridia are being studied for their potential in biotechnology, including several 
close relatives of C. thermosuccinogenes: C. thermocellum and C. cellulolyticum. A 16S rRNA-
based phylogenetic tree was constructed to place C. thermosuccinogenes in context with 
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those biotechnologically relevant species, as well as other natural succinic acid producers 
and species with a known GTP-dependent glucokinase (GK) (Fig. 1).

Figure. 1: Neighbor-joining tree based on 16S rRNA sequences of a selection of industrially relevant clostridia and 
other species related to C. thermosuccinogenes, as well natural succinic acid producers and species with a known 
GTP-dependent glucokinase. T, thermophile; C, cellulose degrader; S, succinate producer; G, known to have a GTP-
dependent glucokinase. The percentages next to branching points represent the results of bootstrapping with 1000 
replicates.

Central metabolism
The central metabolism of C. thermosuccinogenes was reconstructed based on the genome 
annotation of DSM 5809, which should be representative for the other three strains, 
according to the OrthoMCL analysis (see above), although in some cases they can have more 
or fewer isozymes for a certain reaction. The reconstruction was made by combining 
different annotations (NCBI pipeline, RAST, Prokka), which appeared to be significantly 
different in certain cases. Previous results from Sridhar et al. (2000) were also considered 
in the reconstruction [280]. All genes for the Embden-Meyerhof-Parnas pathway, and apart 
from the transaldolase (TAL) gene all genes for the pentose phosphate pathway (PPP) were 
annotated. Around the PEP–pyruvate–oxaloacetate node [253] four different pathways for 
the conversion from PEP to pyruvate seem to be present: Pyruvate kinase (PYK); Pyruvate, 
phosphate dikinase (PPdK); the ‘malate shunt’; and one via oxaloacetate decarboxylase 
(OAD). The latter two involve a GTP-dependent PEPCK, rather than PEPC. As with most 
anaerobes, the TCA cycle is bifurcated, because no succinyl-CoA synthetase or succinyl-CoA 
ligase is present, which coincides with succinate being one of the end-products. Routes to 
the other products (lactate, acetate, formate, ethanol, and hydrogen) are annotated as well. 
Formation of acetyl-CoA can go either via pyruvate:ferredoxin oxidoreductase or via 
pyruvate formate lyase. Sugar transport seems to occur mainly via ABC transporters, as no 
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phosphotransferase systems were retrieved from the annotation, while many ABC 
transporters were found. The schematic reconstruction is shown in Fig. 2. 

In order to get a clue about the missing TAL, an RNAseq analysis was performed on RNA 
isolated from cells growing on glucose versus xylose. Table S2 shows the genes with the 
highest differential expression. As expected, genes responsible for the uptake of xylose and 
the subsequent conversion to xylulose-5-phosphate (X5P) showed the most differential 
expression. CDQ83_14310 and CDQ83_08695 are annotated by RAST as (xylose) transport 
proteins. CDQ83_14315 is the xylulokinase and CDQ83_14305 is almost certainly a xylose 
isomerase, rather than a fucose isomerase, and is also annotated as such by RAST. The rest 
of the differentially expressed genes are mostly hypothetical and are either very short 
peptides, or still have a very low coverage. Since all carbon that enters the C3/C6 
metabolism during growth on xylose has to be channelled through the non-oxidative PPP, 
it is not unlikely that the genes responsible for this conversion are upregulated as well, and 
would include an unknown TAL or an alternative pathway. However, no leads for candidate 
genes were derived from the differentially expressed genes (Table S2).  

Many reactions in the central metabolism have several isoforms annotated. The 
transcriptomics data can in some cases already indicate which of the isoforms are the 
dominant ones during (exponential) growth on glucose and/or xylose. The transcriptomics 
data for all the annotated genes that potentially fulfil the roles of the reactions presented 
in Fig. 2 are listed in Table S3. 

The annotation has no candidate MDH, but has three candidate lactate dehydrogenases 
(LDHs), one of which (CDQ83_05915) is very ambiguously annotated. As it is difficult to 
differentiate between MDH and LDH based on their sequence, it is likely that one of the 
genes annotated as LDH is really an MDH, which has not been annotated [322,325]. 
CDQ83_08825 has the highest homology with the isoform from Clostridium thermocellum 
that was found to be an MDH [224,289] and seems therefore the most likely candidate. To 
test this, the two unambiguous isoforms were overexpressed in E. coli and the cell-free 
extract of E. coli was subsequently used to determine the MDH and LDH activities (Table 2). 
SDS-PAGE analysis clearly showed protein overproduction of a protein of the expected size 
in both strains (Fig. S1). Background activities in E. coli extract with an empty vector control 
were negligible under the tested conditions. As expected, CDQ83_08825 is an MDH, and 
shows activity with both NADH and NADPH. The other isoform, CDQ83_04860 is an LDH, 
but also showed substantial NADH-dependent MDH activity.  

Several genes are ambiguously annotated as potential oxaloacetate decarboxylases (OAD), 
including CDQ83_05940 which is part of a highly expressed operon containing three genes. 
Because none of those genes are predicted to be membrane proteins, which OAD is known 
to be [73,150], and because they have orthologous genes in C. thermocellum, for which no 
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OAD activity has currently been detected, it seems unlikely that they encode an OAD. 
Indeed, assays with (crude) cell-free extract of C. thermosuccinogenes did not show any 
OAD activity, therefore, the OAD reaction is denoted with a dashed arrow in Fig. 2. 

Cofactor specificities are difficult to derive from annotations. For C. thermocellum it was 
demonstrated that it prefers GTP and PPi for several glycolytic reactions instead of the 
‘typical’ ATP [331]. Therefore, enzyme assays were carried out to evaluate cofactor 
specificities in C. thermosuccinogenes. As summarized in Table 3, GK activity depends on 
GTP and PFK activity on PPi. Phosphoglycerate kinase activity is highest with ATP, but is also 
detected with GTP. For XK, the highest activity was found with GTP, but ATP dependent 
activity was also detected. The activity for malic enzyme (ME) was dependent on NADP+. 
Except for XK, the difference in enzyme activities measured with extracts from cells grown 
on glucose or xylose appeared to be minimal.  

Table 2: Enzyme assay with E. coli cell-free extract containing the two malate dehydrogenase (MDH) candidates 
from C. thermosuccinogenes, which were initially annotated as lactate dehydrogenases (LDH). Reaction velocities 
are given in µmol per mg cell-free extract protein per minute (± the standard deviations). 

Enzyme 
Assay 

MDH LDH 
NADH NADPH NADH NADPH 

CDQ83_08825 5.35 ± 0.04 6.27 ± 0.86 ND ND 
CDQ83_04860 1.34 ± 0.42 NDa 0.96 ± 0.13 ND 

a ND, not detected. 
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Figure 2: Reconstruction of the central metabolism of C. thermosuccinogenes. Green arrows denote reactions 
verified in enzyme assays with C. thermosuccinogenes cell-free extract. 6PGDH: 6-Phosphogluconate 
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dehydrogenase; ACDH: Acetaldehyde dehydrogenase; ACN: Aconitase; ACS: Acetyl-CoA synthetase; ADH: 
Alcohol dehydrogenase; AK: Acetate kinase; CS: Citrate synthase; ENO: Enolase; FBA: Fructose-bisphosphate 
aldolase; FH: Fumarate hydratase; FR: Fumarate Reductase; G6PDH: Glucose-6-phosphate dehydrogenase; 
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GK: Glucokinase; ICD: Isocitrate dehydrogenase; LDHL: l-
lactate dehydrogenase; MDH: Malate dehydrogenase; ME: Malic enzyme; OAD: Oxaloacetate; decarboxylase; 
OOR: 2-Oxoglutarate:ferredoxin oxidoreductase; PEPCK: Phosphoenolpyruvate carboxykinase; PFK: 
Phosphofructokinase; PFL: Pyruvate formate lyase; PFOR: pyruvate:ferredoxin oxidoreductase; PGI: 
Phosphoglucose isomerase; PGK: Phosphoglycerate kinase; PGLS: 6-phosphogluconolactonase; PPdK: Pyruvate, 
phosphate dikinase; PTA: Phosphate acetyltransferase; PYK: Pyruvate kinase; RPE: Ribulose-phosphate 3-
epimerase; RPI: Ribose-5-phosphate isomerase; TAL: Transaldolase; TKL: Transketolase; TPI: Triosephosphate 
isomerase; XI: Xylose isomerase; XK: Xylulokinase.   

Table 3: Enzyme assay with C. thermosuccinogenes cell-free extract, to determine cofactor specificities for several 
glycolytic reactions. Reaction velocities are given in µmol per mg cell-free extract protein per minute (± the standard 
deviations). Cell-free extract of cells grown on glucose and on xylose was tested. 

Reaction Cofactor 
Cell-free extract 

Glucose Xylose 

Glucokinase 
ATP NDa ND 
GTP 0.90 ± 0.10 0.68 ± 0.12 
PPi ND - 

Xylulokinase 
ATP 0.01 ± 0.01 0.60 ± 0.01 
GTP 0.02 ± 0.00 0.83 ± 0.05 

Malic enzyme 
NADP+ 2.5 ± 0.3 2.3 ± 0.3 
NAD+ ND ND 

6-Phosphofructokinaseb 
ATP ND - 
GTP ND - 
PPi 2.8 ± 0.2 4.0 ± 0.2 

Phosphoglycerate kinaseb 
ATP 2.8 ± 0.3 2.9 ± 0.2 
GTP 1.2 ± 0.1 1.1 ± 0.1 
PPi - - 

a ND, not detected 
b Cell-free extract prepared with Tris-HCl buffer instead of potassium phosphate buffer. 
 

Discussion 
Genome assembly 
The hybrid assemblies of DSM 5807T and DSM 5809 are approximately 200kb, and 150 – 
200 genes larger than their SPAdes assemblies that are based on Illumina data. This 
difference presumably consists mostly of repeated sequences that cannot be assembled 
correctly based on the shorter reads from Illumina. This was also evident from the fact that 
a striking difference between the assemblies of DSM 5807T and DSM 5809 compared to 
DSM 5806 and DSM 5808 was the much larger number of replicates of transposable 
elements. 
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 With 4.7 Mb, the overall size of the genome is significantly larger than those of C. 
thermocellum and C. cellulolyticum of 3.6 Mb and 4.1 Mb, respectively. 

Link between C5 and C3/C6 metabolism 
The absence of an annotated TAL has already been discussed for several of the cellulolytic 
clostridia [208,247,258], and according to Schellenberg et al. [258] 18% of clostridia 
genomes do not have a TAL annotated, of which at least a few, including C. 
thermosuccinogenes can grow well on pentose sugars. From the transcriptomics data no 
candidate genes were found, and none of the annotated genes from the non-oxidative PPP 
appeared to be differentially expressed during growth on xylose versus glucose, apart from 
the genes responsible for the formation of X5P (Table S2). In many bacteria, including E. 
coli, none of the genes of the non-oxidative pathway are differentially expressed during 
growth on xylose versus glucose [100]. For Clostridium termitidis, an organism related to C. 
thermosuccinogenes that also lacks a transaldolase, the transketolase was found 
significantly upregulated during growth on xylose [208]. However, we did not observe this 
in C. thermosuccinogenes. Assuming that this is indeed the case, the PPP enzymes are either 
already present in amounts high enough to channel all X5P to the C3/C6 metabolism, or 
there is an alternative, unknown pathway being expressed during growth on xylose. No 
indication for any such highly and differentially expressed pathway seems to be apparent 
from our results. The presence of an alternative unknown pathway that is not differentially 
expressed on xylose versus glucose would not appear in these results.  

One alternative pathway proposed for C. thermocellum runs via sedoheptulose-1,7-
bisphosphate formed from sedoheptulose-7-phosphate by a PFK that is subsequently 
cleaved to dihydroxyacetone-phosphate (DHAP) and erythrose-4-phosphate (E4P) by a 
fructose-bisphosphate aldolase, thereby replacing the missing TAL activity [247]. This 
pathway has been demonstrated to exist in parasitic protists that also rely on PPi-dependent 
PFK (PPi-PFK) [285]. As one of the hallmarks of the PPi-PFK is its reversibility, in contrast to 
the ATP-dependent one [193], it is not unlikely that the PPi-PFK of C. thermosuccinogenes 
could also play a role in the non-oxidative PPP. PPi-PFK does appear roughly 40% more 
active in cell extract from cells grown on xylose, but this is insignificant as long as it has not 
been tested with sedoheptulose-7-phosphate. However, due to the limited availability of 
PPP intermediates that could be used for enzyme assays, it is not trivial to search for an 
unknown alternative pathway. Moreover, the recursive nature of the PPP and the high 
reverse fluxes, due to low thermodynamic driving force of anaerobic metabolism in general, 
complicate stable-isotope-labelling studies, which would otherwise be a very powerful 
method. 

PEP–pyruvate–oxaloacetate node 
The PEP-pyruvate-oxaloacetate (PPO) node forms the junction between the glycolysis and 
the TCA cycle and can compromise a large set of reactions [253]. In C. thermosuccinogenes, 
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genes are annotated for PEPCK, PPdK, PYK, OAD, MDH, and ME. Taken together, these 
reactions would enable four different pathways from PEP to pyruvate, each involving 
different cofactors: (I) PPdK: AMP, PPi → ATP + Pi; (II) PYK: ADP → ATP; (III) malate shunt: 
GDP, NADH → GTP, NADPH; and (IV) via PEPCK and OAD: GDP → GTP. 

In contrast to what was found earlier by Sridhar et al. [280], C. thermosuccinogenes appears 
to rely on PEPCK for the formation of oxaloacetate, rather than PEPC. One explanation for 
their conclusion could be the fact that they only tested activity with ADP, whereas it is a 
GTP-dependent PEPCK. Furthermore, it is probable that the activity they measured, using 
MDH as a reporter enzyme, was in fact that of PYK, via non-specific activity of MDH with 
pyruvate. 

From the transcriptomics, it seems that during exponential growth on glucose and xylose, 
the malate shunt and OAD are expressed the highest (Table S3). However, the annotation 
of OAD is ambiguous and activity could not be detected in enzyme assays. In C. 
thermocellum, no OAD activity has been detected either, and is said to be absent [219], 
which is the most likely explanation. Furthermore, C. thermocellum also does not contain a 
PYK and both the malate shunt and PPdK are shown to contribute substantially to pyruvate 
formation [219]. Much effort has been put into engineering the PPO node in C. 
thermocellum, mostly in order to decrease the transhydrogenase effect of the malate shunt 
to increase the ethanol yield, which requires NADH [70,219,289,331]. For C. 
thermosuccinogenes, the PPO node will likely also be an important target for improving 
succinate yield, since FH & FR directly compete with ME for malate.  

CDQ83_08825, annotated as an LDH was shown to be responsible for the formation of 
malate from oxaloacetate, as was already shown for its homolog in C. thermocellum, which 
also utilized both NADH and NADPH, albeit with a 12-fold lower catalytic activity for the 
latter [289]. In C. thermocellum, the then putative MDH gene is located next to the ME gene, 
which made it the obvious MDH candidate to test. In C. thermosuccinogenes, however, the 
two genes are not adjacent to each other.  

The other gene annotated as an LDH (CDQ83_04860) did indeed show LDH activity. 
However, it also appeared to exhibit significant NADH-dependent MDH activity. The 
relatively low LDH activity compared to MDH activity could be due to suboptimal assay 
conditions resulting for example from the E. coli cell extract or an inadequate fructose 1,6-
bisphosphate concentration, which is typically required for LDH activity. Nevertheless, the 
heterologous expression of proteins in E. coli without further purification, save for an 
optional heating step, has proven to be a simple and powerful method for the basic 
characterization of enzymes with a thermophilic origin.  
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GTP-dependent xylulokinase 
Our study provides evidence for a XK that prefers GTP over ATP. Although significant, the 
difference between the two nucleotides is not as big as for GK, where no ATP-dependent 
activity was detected at all. For cells grown on glucose, the XK activity is negligible compared 
to cells grown on xylose, which corresponds to the large difference in expression observed 
in the transcriptomics results. In only very few studies GTP has been tested as a cofactor for 
XK, and if any GTP activity is observed, it is much lower than ATP-dependent activity 
[27,64,72,186,188]. Nevertheless, GTP-dependent XKs could be widespread, similar to GTP-
GKs, as it is increasingly apparent that a “typical” glycolysis does not exist [290]. 
Furthermore, it is possible that other sugar kinases in C. thermosuccinogenes, such as 
fructokinase and galactokinase, are also GTP-dependent, and perhaps other kinases such as 
acetate kinase as well.  

C. thermocellum is not able to grow on xylose, as it lacks the genes for xylose isomerase and 
XK. By expressing those missing genes from Thermoanaerobacterium saccharolyticum, C. 
thermocellum was previously engineered to grow on xylose [9], with the goal to increase its 
efficiency of ethanol production from hemicellulosic biomass. However, it is not known 
whether T. saccharolyticum XK uses GTP or ATP, which could be of importance. The XK from 
C. thermosuccinogenes might therefore, besides being from a closer relative, also be an 
interesting candidate to test in C. thermocellum, to potentially further improve its ability to 
grow on xylose. 

There is no clear explanation for the reliance of the central energy metabolism on GTP. The 
fact that the GTP-dependent GK appears throughout a range of distantly related bacteria, 
e.g. C. thermocellum and Fibrobacter succinogenes indicates that it is not simply an artefact 
of evolution, but instead is driven by a certain underlying mechanism. Too few have been 
characterized to form a meaningful theory, but it could be related to cellulolytic (rumen) 
bacteria, since F. succinogenes, Ruminococcus albus, C. thermocellum and C. 
thermosuccinogenes, the only organisms known to use an GTP-dependent GK [97,180,331], 
can all be associated to this group. The underlying mechanism can only be speculated upon. 
Perhaps GTP enables the existence of an additional energy charge, next to ATP, similar to 
NADH and NADPH having different oxidation states, enabling them to fulfil different roles 
in the metabolism. It could also be a primitive regulatory mechanism due to the direct link 
of GTP with anabolism, via protein synthesis. 

Conclusions 
We have sequenced and annotated the genomes of four strains of the thermophilic 
succinate producer C. thermosuccinoges, and with this reconstructed its central 
metabolism. All enzymes for glycolysis and the fermentation pathways to its main products, 
including succinate, were identified, with the exception of the transaldolase in the PPP. A 
transcriptomics study for growth on glucose versus xylose did not hint at any transaldolase 
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candidate genes or alternative pathways. Furthermore, we showed that C. 
thermosuccinogenes, similar to its close relative C. thermocellum, uses GTP and PPi for 
several of the glycolytic reactions. Xylulokinase, which is not present in C. thermocellum, 
was found to be GTP dependent as well, and could therefore potentially aid in engineering 
xylose utilization in C. thermocellum. The malate dehydrogenase and the lactate 
dehydrogenase genes were identified via heterologous expression of the two candidate 
genes in E. coli. Unpurified cell-free E.coli extracts were used for the assays, which was 
found to be an efficient way to characterize thermophilic enzymes. 

Materials and methods 
Anaerobic cultivation 
C. thermosuccinogenes DSM 5806, DSM 5807T, DSM 5808 and DSM 5809 were acquired 
from DSMZ (Braunschweig, Germany). The strains were routinely cultivated anaerobically 
in 120 ml serum bottles containing 50 ml bicarbonate buffered liquid medium and a N2/CO2 
(80%/20%) atmosphere. Cultures were incubated at 60 °C. 

-80˚C Glycerol stocks were prepared by adding 2 ml of exponentially growing culture (OD600 

0.2 – 0.6) into previously prepared anaerobic vials containing 2 ml of 50% glycerol in 
phosphate buffered saline (pH 7.3) and 0.5 mg/L resazurin. The vials were reduced with a 
few drops of titanium citrate (100mM) directly before addition of the culture.  

Over-night pre-cultures were typically grown with 2 g/L of substrate (i.e. glucose or xylose), 
as they were found to have a shorter lag phase upon transfer compared to over-night 
cultures grown in 5 g/L substrate, presumably because there is less to no acidification. 

Medium composition and preparation 
C. thermosuccinogenes was grown in adapted CP medium [231], which contained per liter 
0.408 g KH2PO4, 0.534 g Na2HPO4 · 2 H2O, 0.3 g NH4Cl, 0.3 g NaCl, 0.1 g MgCl2 · 6 H2O, 0.11 
CaCl2 · 2 H2O, 4.0 g NaHCO3, 0.1 g Na2SO4, 1.0 g l-cysteine, 1.0 g yeast extract (BD Bacto), 
0.5 mg resazurin,  1 ml vitamin solution, 1 ml trace elements solution I, and 1 ml trace 
elements solution II. The medium was autoclaved in serum bottles under 80/20 N2/CO2 
atmosphere with ~0.7 bar overpressure, containing a final volume of 50 ml medium. A 
solution containing the NaHCO3 and l-cysteine was autoclaved separately and added later 
as well as a solution containing the CaCl2 · 2 H2O to which the vitamin solution was added 
after it was autoclaved. The substrate (glucose or xylose) was also autoclaved separately 
and added later to a final concentration of 2 g/l or 5 g/l. 

The vitamin solution, which was 1000x concentrated, contained per liter 20 mg biotin, 20 
mg folic acid, 100 mg pyridoxine-HCl, 50 mg thiamine-HCl, 50 mg riboflavin, 50 mg nicotinic 
acid, 50 mg Ca-d-pantothenate, 1 mg vitamin B12, 50 mg 4-aminobenzoid acid, 50 mg lipoic 
acid. 
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Trace elements solution I, which was 1000x concentrated, contained per liter 50 mM HCl, 
61.8 mg H3BO4, 99.0 mg MnCl2 · 4 H2O, 1.49 g FeCl2 · 4 H2O, 119 mg CoCl2 · 6 H2O, 23.8 mg 
NiCl2 · 6 H2O, 68.2 mg ZnCl2, 17.0 mg CuCl2 · 2 H2O. 

Trace elements solution II, which was 1000x concentrated, contained per liter 10 mM NaOH, 
17.3 mg Na2SeO3, 33.0 mg Na2WO4 · 2 H2O, 24.2 mg Na2MoO4 · 2 H2O. 

Genome sequencing and annotation 
10 – 20 ml of exponentially growing cells were harvested for DNA extraction, using the Gram 
Positive DNA Purification Kit (Epicentre, Madison, Wisconsin) for the extraction according 
to the manufacturer’s instructions.  

Library preparation and sequencing was carried out by BaseClear (Leiden, The Netherlands) 
both for Illumina and PacBio. Illumina sequencing was done with HiSeq2500 system, using 
paired-end chemistry and run lengths of 125 base pairs. FASTQ sequence files were 
generated using the Illumina Casava pipeline version 1.8.3. Initial quality assessment was 
based on data passing the Illumina Chastity filtering. Subsequently, reads containing 
adapters and/or PhiX control signal were removed using an in-house filtering protocol. The 
second quality assessment was based on the remaining reads using the FASTQC quality 
control tool version 0.10.0 [8]. This resulted in 4,159,110; 5,143,445; 4,483,080 and 
3,992,113 reads for DSM 5806, DSM 5807, DSM 5808 and DSM 5809, respectively. The data 
collected from the PacBio RS instrument were processed and filtered using the SMRT 
Analysis software suite. The Continuous Long Read data were filtered by Read-length (>35), 
Subread-length (>35) and Read quality (>0.75). This resulted in 216,616 and 91,998 reads 
for DSM 5807, and DSM 5809, respectively, with average read lengths of 3,577 and 5,794, 
and maximum read lengths of 41,645 and 36,236. 

Illumina sequence data from the four strains were assembled using SPAdes genome 
assembler [17]. For DSM 5807 and DSM 5809, the additional sequence data from PacBio 
sequencing were used in combination with the Illumina data for a hybrid assembly. The 
hybrid assembly was carried out by BaseClear (Leiden, The Netherlands), using ABySS 
assembler version 1.5.1, SSPACE-LongRead scaffolder version 1.0 [35], and GapFiller version 
1.10 [34].  

The final assemblies of the four strains, i.e. SPAdes assemblies for DSM 5806 and DSM 5808, 
and hybrid assemblies for DSM 5807 and DSM 5809 have been have been submitted to the 
NCBI database and were annotated by their in house annotation pipeline [293]. Accession 
numbers are NIOJ00000000, CP021850, NIOK00000000, NIOI00000000 for DSM 5806, DSM 
5807, DSM 5808, and DSM 5809, respectively. Additionally, the different assemblies have 
also been annotated with RAST and with Prokka, aiding the manual reconstruction of the 
central metabolism [15,265]. 
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In silico DNA-DNA hybridization 
The Genome-to-Genome Distance Calculator (GGDC) version 2.1 from the DSMZ website 
was used to calculate the DNA-DNA hybridization of the four C. thermosuccinogenes strains 
[14]. For all four strains the SPAdes assembly of Illumina HiSeq sequence data was used as 
input. The results of formula 2 were used, as is recommended, but results from formula 1 
and formula 3 led to an identical conclusion. 

OrthoMCL analysis 
The OrthoMCL algorithm was used to identify orthologous proteins in the four C. 
thermosuccinogenes genomes, using the default settings [167]. Protein FASTA files were 
used, derived from the genomes that were annotated by the NCBI pipeline, meaning that 
for DSM 5806 and DSM 5808 these were based the SPAdes assemblies, whereas these were 
based on the hybrid assembly for DSM 5807T and DSM 5809. The output of the program 
was used to compile a list with unique genes, i.e. a list of genes that didn’t appear in any of 
the orthologous (and paralogous) groups, including all the RNA genes, as these are not part 
of the OrthMCL analysis. Additionally, lists were made with orthologous groups that were 
present in all but one of the strains. The output of the OrthoMCL analysis found in Table S1. 

Construction of phylogenetic tree 
For construction of the phylogenetic tree, 16S-RNA sequences were aligned using ClustalW 
with the standard settings in MEGA6 [291]. Aligned sequences were trimmed to a length of 
1324 base pairs, and were used for the construction of a phylogenetic tree using the 
Neighbor joining methods, in MEGA6. A bootstrap test with 1000 replicates was performed. 

Transcriptomics 
10 ml of exponentially growing cells at OD600 ~0.3 were harvested for RNA extraction by 
centrifugation at 4°C, 4800 x g for 15 minutes. Pellet was suspended in 0.5 ml ice cold TE 
buffer (pH 8.0). Samples were divided into two 2 ml screw capped tubes containing 0.5 g 
zirconium beads, 30 μL 10% SDS, 30 μL 3 M sodium acetate (pH 5.2), 500 μL in water 
saturated phenol, chloroform and isoamyl alcohol at a ratio of 25:24:1 (pH 4,5-5), Roti®-
Aqua-P/C/I (Carl Roth, Karlsruhe, Germany). Cells were disrupted in a Precellys 24 tissue 
homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) at speed 6 for 40s. 
After centrifugation for 5 minutes at 9300 x g and 4 °C, the water phase (top) was 
transferred to a new tube containing 400 μL chloroform. After centrifugation for 3 minutes 
at max speed, the water phase was again transferred to a new tube and mixed with the lysis 
buffer from the High Pure RNA Isolation Kit from Roche. From there on the protocol of the 
kit was followed. The integrity of the RNA was checked using Experion RNA StdSens Chips 
from BioRad.  

Library preparation and sequencing was performed by BaseClear (Leiden, The Netherlands), 
using Illumina HiSeq platform, yielding 50-bp single reads. The samples from cells growing 
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on glucose and xylose resulted in 25 and 67 million reads, respectively. Transcript reads 
were aligned on the coding sequences from the RAST annotation using the Burrows-
Wheeler Aligner (BWA, version 0.7.12-r1039). From this, the reads per kilobase per million 
mapped reads (RPKM) were calculated for every coding sequence.  

Preparation of cell-free extract of C. thermosuccinogenes 
Cell-free extracts were made using 150 ml (3 x 50 mL) of exponentially growing cultures at 
OD600 0.3 – 0.4, according to a protocol adapted from Zhou et al. [331]. Cells were 
harvested by centrifugation at 4°C, 4800 x g for 10 minutes, and washed twice with 50 mM 
Tris-HCl buffer (pH 8.0) containing 5 mM freshly added dithioerythritol (DTT). Cells were 
finally suspended in 5 ml of either the wash buffer, or 50 mM potassium phosphate buffer 
(pH 7.0) containing 5 mM DTT. Cell suspensions were homogenized in a French press at ~1.2 
bar. Lysate was centrifuged for 10 minutes at max speed in a micro centrifuge tubes, and 
supernatant was used as the cell-free extract. For the oxaloacetate decarboxylase assay, 
crude extract that was not centrifuged was also used, to test if any activity was present in 
the solid fraction. The total protein concentration in the cell-free extracts was determined 
using the Bradford assay, with bovine serum albumin as a standard. Protein concentrations 
were in all cases above 1 mg/ml. All steps were done aerobically.  

Heterologous expression of malate dehydrogenase candidates in E. coli 
The two malate dehydrogenase gene candidates from C. thermosuccinogenes investigated 
in this study were heterologously overexpressed in E. coli. CDQ83_08825 was amplified via 
PCR using the forward primer 
TACTTCCAATCCAATGCAGTAAAATCCAAATCAAAAGTTGCAATAATC and the reverse primer 
TTATCCACTTCCAATGTTATATATCCTTCACCTGATCGATTATAGCCTTTAC. CDQ83_04860 was 
amplified via PCR using the forward primer 
TACTTCCAATCCAATGCAATGCATGAAATTACACCAAAAAAGATC and the reverse primer 
TTATCCACTTCCAATGCTACAATTTAAGTTTGCCGGC. Via ligase independent cloning, the 
cloned enzymes were inserted in a pET-28b(+) (Novagen, Madison, Wisconsin) derived 
backbone that was generated using the primers 
ATTGGATTGGAAGTACAGGTTTTCATGGTGATGGTGATGGTGAGAAGAACCCATGGTATATCTCC
TTCTTAAAG and ATTGGAAGTGGATAACGGATCCGAATTCGAGCGCCGTCGACAAGCTTGCGG. 
The ligase independent cloning protocol is described elsewhere, and takes advantage of the 
exonuclease activity of T4 polymerase to create compatible ends [11]. In the final construct, 
the enzyme has a N-terminal His-tag with a TEV protease site in between. Constructs 
containing CDQ83_08825 and CDQ83_04860 were transformed to E. coli DH5α and 
subsequently verified via sequencing. 

CDQ83_08825 and CDQ83_04860 were heterologously overexpressed in E. coli Rosetta™ 
(Novagen), which is an E. coli BL21 derivative containing a plasmid encoding tRNAs of rare 
codons and a chloramphenicol resistance marker. Cells carrying the expression plasmids 
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were grown in LB containing 50 µg/ml kanamycin and 20 µg/ml chloramphenicol to OD600 

0.6-0.8 and, subsequently, placed on ice for 20 min. 50 ml culture was used for making E. 
coli cell-free extracts. Heterologous gene expression was then induced by addition of 0.2 
mM IPTG and growing the cultures for an additional 3-4 hrs at 37 °C. From here, cell-free 
extract of E. coli was prepared identical to C. thermosuccinogenes cell-free extract, except 
for that no DTT was used in the buffers. Additionally, the E. coli cell extract was also 
subjected to a heating step of 30 minutes at 60 °C, followed by a centrifugation step to 
remove precipitated proteins. This heating step was included to decrease the background 
activity of the E. coli extract, although the assays were found to work very well even without 
this last step.  

Enzyme assays 
Activities in all assays were determined either directly or indirectly via one or more auxiliary 
enzymes by measuring the change in absorbance at 340 nm, which corresponds to NAD(P)+ 
reduction or NAD(P)H oxidation. A Shimadzu U-2010 spectrophotometer in combination 
with a thermoelectric cell holder was used for the measurements, performed at 55 °C. 
Crystal cuvettes were used with 1.0 cm path length containing 1 ml of reaction mixture. 
Activities are expressed in μmol of product per minute per mg of cell-free extract protein. 
Enzymes and biochemicals were obtained from Sigma. Tris-HCl buffer used was set at pH 
8.0 at room temperature, which corresponds to ~pH 7.0 at 55°C. All enzyme assays 
contained 50 mM Tris-HCl. 10 – 60 μL cell-free extract was used in the assays, and in all 
cases at least three different concentrations were tested to verify that the extract was the 
limiting factor in the assay. Water was added to a final volume of 1 ml. In the case of 
glucokinase and phosphofructokinase, a significant background activity was present 
without the addition of phosphoryl donor, which was subtracted from the final values.  

The glucokinase (EC 2.7.1.2) assay was adapted from Zhou et al. [331], and contained 5 mM 
MgCl2, 60 mM KCl, 2 mM glucose, 0.15 mM NADP+, and 2 U/ml glucose-6-phosphate 
dehydrogenase. 2 mM ATP, GTP or PPi was added to start the reaction.  

The xylulokinase (EC 2.7.1.17) assay was adapted from Dills et al. [72], and contained 5 mM 
MgCl2, 2 mM xylulose, 2 mM phosphoenolpyruvate, 0.15 mM NADH, 4 U/ml pyruvate 
kinase, and 4 U/ml lactate dehydrogenase. 2 mM ATP, GTP or PPi was added to start the 
reaction.  

The phosphofructokinase (EC 2.7.1.11/EC 2.7.1.90) assay was adapted from Zhou et al. 
[331], and contained 5 mM MgCl2, 1 mM fructose-6-phosphate, 0.15 mM NADH, 4 U/ml 
aldolase, 4 U/ml triosephosphate isomerase, and 4 U/ml α-Glycerophosphate 
dehydrogenase. 2 mM ATP, GTP or PPi was added to start the reaction.  
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The phosphoglycerate kinase (EC 2.7.2.3) assay was adapted from Zhou et al. [331], and 
contained 5 mM MgCl2, 2 mM EDTA, 2 mM 3-phosphoglycerate, 0.15 mM NADH, and 2 U/ml 
glyceraldehyde-3-phosphate dehydrogenase. 2 mM ATP, GTP or PPi was added to start the 
reaction.  

The malic enzyme (EC 1.1.1.40) assay was adapted from Zhou et al. [331], and contained 5 
mM MgCl2, 5 mM NH4Cl, 5 mM dithiothreitol, and 0.15 mM NADP+. 2 mM malic acid was 
added to start the reaction.  

The malate dehydrogenase (EC 1.1.1.37) assay was adapted from Taillefer et al. [289], and 
contained 0.3 mM NADH. 10 mM oxaloacetate was added to start the reaction.  

The lactate dehydrogenase (EC 1.1.1.27) assay was adapted from Taillefer et al. [289], and 
contained 0.005 mM fructose 1,6-bisphosphate and 0.15 mM NADH. 10 mM pyruvate was 
added to start the reaction. 

The oxaloacetate decarboxylase (EC 4.1.1.3) assay was adapted from Olson et al. [219], and 
contained 0 – 2 mM MgCl2, 0 – 2 mM NaCl and 1 – 1.6 mM oxaloacetic acid. The (crude) cell 
extract was added to start the reaction, after the rate of spontaneous oxaloacetic acid 
degradation was determined. The reaction was monitored at 265 nm, which is the 
absorbance peak for oxaloacetic acid. 
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Abstract 
Pseudoclostridium thermosuccinogenes and Hungateiclostridium thermocellum are being 
studied for their potential to contribute to a more sustainable bio-based economy. Both 
species were shown previously to rely on GTP or pyrophosphate instead of ATP as cofactors 
in specific reactions of central energy metabolism for reasons that are not well understood 
yet. Since it is often impossible to predict cofactor specificity from the primary protein 
structure, thirteen enzymes from P. thermosuccinogenes were cloned and heterologous 
expressed in Escherichia coli to assess the cofactor usage in vitro and paint a more complete 
picture of the cofactor usage in the central metabolism of P. thermosuccinogenes. The 
assays were conducted with heat-treated E. coli cell-free extract devoid of background 
activity to allow the quick assessment of a relatively large number of (thermophilic) 
enzymes. Selected enzymes were also purified to allow the determination of the enzyme 
kinetics for competing cofactors. Following the results of the glucokinase, galactokinase, 
xylulokinase, and ribokinase assays, it seems that phosphorylation of monosaccharides by 
and large is mainly GTP-dependent. Some possible implications of this relating to the 
adenylate/guanylate energy charge are discussed here. Besides the highly expressed 
pyrophosphate-dependent 6-phosphofructokinase, another 6-phosphofructokinase was 
found to be equally dependent on ATP and GTP, while no 6-phosphofructokinase activity 
could be demonstrated for a third. Both type I glyceraldehyde 3-phosphate dehydrogenases 
were found to be NAD+-dependent, and further, acetate kinase, isocitrate dehydrogenase, 
and three enzymes predicted to be responsible for the interconversion of 
phosphoenolpyruvate and pyruvate (i.e. pyruvate kinase; pyruvate, phosphate dikinase; 
phosphoenolpyruvate synthase), were also assessed. 

Introduction 
Pseudoclostridium thermosuccinogenes and Hungateiclostridium thermocellum, 
thermophilic bacteria belonging to the Hungateiclostridiaceae have been shown to rely on 
GTP and pyrophosphate (PPi), as well as the “typical” ATP in their central metabolism 
[143,331]. Both are being studied for their potential to contribute to the transition towards 
a more sustainable bio-based economy. H. thermocellum for its unrivalled capability to 
degrade cellulosic biomass [144], and P. thermosuccinogenes because it is the only known 
thermophile to produce succinic acid, a precursor for bioplastics, as one of the main 
products of fermentation [74,143,279]. The use of thermophiles in industry has the 
advantage that less energy is required for cooling the large reactors they are grown in, and 
that simultaneous saccharification and fermentation is possible when the optimal 
temperature of the commercial fungal cellulases overlaps with the growth temperature of 
the fermenting microorganism [218,223]. Nevertheless, for either organism to be used 
successfully in any industrial process, it is crucial to have an in-depth understanding of their 
physiology. In particular the characteristics of their complex central energy metabolism 
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should be unravelled, as significant metabolic engineering will be required to improve 
production yields, rates, and titres [213]. 

One aspect that is still not well understood is why PPi and GTP are used in addition to ATP 
as phosphoryl carriers in the central metabolism, rather than just ATP. PPi is used for the 
conversion of fructose 6-phosphate to fructose 1,6-bisphosphate by 6-phosphofructokinase 
(6-PFK) and for the conversion of phosphoenolpyruvate (PEP) to pyruvate by pyruvate, 
phosphate dikinase (PPdK). By utilizing PPi, a “waste” product of many anabolic reactions 
that would otherwise simply be hydrolysed, ATP-equivalents are being conserved [193]. 
Analogous to that, using PPi allows PPdK to form ATP from AMP, instead of ADP as is done 
by pyruvate kinase (PK). However, it was already calculated that PPi formation from 
anabolism by no means accounts for the total PPi requirement for 6-PFK alone, suggesting 
that an additional PPi production mechanism exists [331]. Possible mechanisms include a 
proton pumping pyrophosphatase, or a cycle involving the simultaneous formation and 
degradation of glycogen. In such a cycle, glucose 1-phosphate and ATP are converted to 
ADP-glucose and PPi. ADP-glucose is used to generate glycogen, releasing the ADP, after 
which glucose 1-phosphate is regenerated from glycogen combined with orthophosphate, 
leading to the net formation of ADP and PPi from ATP and orthophosphate. Much more 
unclear even is the use of GTP as alternative to ATP. Both P. thermosuccinogenes and H. 
thermocellum have a GTP-dependent glucokinase (GK) and PEP carboxykinase (PEPCK), and 
P. thermosuccinogenes also has a GTP-dependent xylulokinase (XK) [143,331]. It was 
speculated to represent a “simple” regulatory mechanism, via the direct link to protein 
synthesis, or that a guanylate energy charge could exist that is different from the adenylate 
energy charge, allowing GTP and ATP to fulfil different roles in the metabolism, analogous 
to NADH and NADPH having different oxidation states in the cell [143]. The adenylate 
energy charge is defined as ([ATP] + ½ [ADP]) / ([ATP] + [ADP] + [AMP]) [12]. 

Furthermore, the finding that GK and XK in these organisms rely on GTP instead of ATP also 
highlights the fact that it is very often impossible to confer cofactor usage from the amino 
acid sequence alone. Either because too few (closely related) enzymes of the kind have been 
experimentally characterized (for cofactor usage) to find a certain consensus sequence or a 
correlation to phylogenetic groups, or because it is simply not possible to deduce it from 
the sequence. For this reason it is valuable to conduct basic characterization of metabolic 
enzymes, in particular from non-model organisms, in order to learn more about cofactor 
usage.  

In this study we cloned and expressed thirteen genes of the central metabolism of P. 
thermosuccinogenes into Escherichia coli. Cell-free extracts (CFE) of E. coli expressing these 
enzymes were then used to assess the enzymes’ activities and cofactor specificities. 
Selected enzymes were purified to assess the kinetics in more detail. Furthermore, 
hypotheses for the use of GTP and PPi next to ATP are formulated. 
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Material and methods 
Cloning of P. thermosuccinogenes genes in E. coli.  
The primers used to clone the thirteen P. thermosuccinogenes genes that were 
characterized in this study are listed in table 1. The genes were cloned into a pET-28b(+) 
(Novagen, Madison, Wisconsin) derived backbone, generated using primers 
ATTGGATTGGAAGTACAGGTTTTCATGGTGATGGTGATGGTGAGAAGAACCCATGGTATATCTCC
TTCTTAAAG and ATTGGAAGTGGATAACGGATCCGAATTCGAGCGCCGTCGACAAGCTTGCGG, 
as described previously [143]. In the final constructs, the cloned enzymes have an N-
terminal His6-tag flanking a TEV protease site. The constructs were initially transformed to 
E. coli DH5α. After verification via pyrosequencing (Macrogen), the plasmids were 
transformed to E. coli Rosetta (Novagen), an E. coli BL21 derivative containing the pRARE 
plasmid encoding tRNAs of rare codons in E. coli and a chloramphenicol resistance marker. 

Table 1: Primers used to clone the selected P. thermosuccinogenes genes into pET-28b(+).  

Locus tag Primers 

CDQ83_02810 
TACTTCCAATCCAATGCAGATATTAATCAATTAAAGCAAAAATTCATT 
TTATCCACTTCCAATGTTACTTAATCTCCCTGCCT 

CDQ83_03295 
TACTTCCAATCCAATGCAATGGAGGGTCAAGTAAAAATAC 
TTATCCACTTCCAATGCTATCCTTCAAGCCCC 

CDQ83_03625 
TACTTCCAATCCAATGCAGAAATTTACGAAAAGGTTAGC 
TTATCCACTTCCAATGCTATTTACATATGAGCTTTTGG 

CDQ83_04880 
TACTTCCAATCCAATGCAAGTACGAAAGTTGGAATTAAC 
TTATCCACTTCCAATGTCATATGCTTGAAGATACATATG 

CDQ83_07070 
TACTTCCAATCCAATGCAGTAAAGGTTGGAGTGGC 
TTATCCACTTCCAATGTTACTTCCATTTTCCCATCC 

CDQ83_07225 
TACTTCCAATCCAATGCACCTGATATAAGAACTATAGGAGTC 
TTATCCACTTCCAATGTTATAAGGCCAGTATCCTG 

CDQ83_07295 
TACTTCCAATCCAATGCAAAAGTTTTGGTTATCAATGC 
TTATCCACTTCCAATGTTATTTGCTCAATATAGCCACT 

CDQ83_07455 
TACTTCCAATCCAATGCAACAAAGTATGTTTATCTTTTTAGTGAAG 
TTATCCACTTCCAATGTTATTTATTTTTAATGGCAGCTTGAG 

CDQ83_08625 
TACTTCCAATCCAATGCAGAAAAAATCAAAATGCGAGTTC 
TTATCCACTTCCAATGTCAAAGGGTTTGCTCC 

CDQ83_09600 
TACTTCCAATCCAATGCAAGAAAAACAAAAATAATCTGTACAT 
TTATCCACTTCCAATGTTAGTTCTCAGCGTCTG 

CDQ83_10590 
TACTTCCAATCCAATGCAGCAGTAAAGATAGGTATTAATGG 
TTATCCACTTCCAATGTTATTTAGCGTCAACTTCAG 

CDQ83_10650 
TACTTCCAATCCAATGCAAAGAAACGTATTGGAGTGTT 
TTATCCACTTCCAATGTTAATCCCCAAAACTTACCC 

CDQ83_11320 
TACTTCCAATCCAATGCAGCTGAATTAAAAGGCGC 
TTATCCACTTCCAATGTTATTTAGTTGCCAATACTTTCTTAAG 
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Preparation of cell-free extracts (CFE).  
Rosetta strains carrying the expression plasmids, including an empty vector control, were 
grown overnight in 5 ml LB containing 50 μg/ml kanamycin and 20 μg/ml chloramphenicol 
at 37 °C. The next day, overnight cultures were added to 50 ml pre-warmed LB with 
antibiotics, and grown to an OD600 of 0.6 to 0.8 at 37 °C, after which they were placed on 
ice for 20 min. Heterologous gene expression was then induced by the addition of 0.2 mM 
IPTG (isopropyl-β-D-thiogalactopyranoside). Following an additional incubation step of 3 to 
4 h at 37 °C, cells were harvested via centrifugation at 4,800 × g for 10 min. at 4 °C, and were 
washed twice with cold 50 mM MOPS buffer (pH 7.0 at room temperature). Cells were 
resuspended in 5 ml MOPS buffer containing cOmpleteTM, mini, EDTA-free protease 
inhibitor cocktail, and 1 tablet per ~ 10 mL (Roche). Cells were lysed using a French press at 
∼120 kPa. Lysate was centrifuged at 20.000 × g for 10 min. at 4 °C. The supernatant (i.e. the 
non-heated CFE) was split in two fractions, of which one was incubated at 60 °C for 30 min. 
Precipitated proteins were removed by another centrifugation step, leaving the heat-
treated CFE. The Bradford assay was used to measure the total protein concentration in the 
heated and non-heated extracts, which were also run on a SDS-PAGE gel to verify that 
heterologous expression was successful. Pictures of the gels can be found in the 
supplementary material (Supplementary Figures 1-3).  

Enzyme purification 
For affinity chromatography of selected enzymes, lysates were generated in identical 
fashion as for the CFEs, except that larger cultures were used (0.5 l LB for ribokinase and 
galactokinase, and 2 l for ATP/GTP-dependent phosphofructokinase), and that the 
wash/resuspension buffer contained 50 MOPS buffer (pH 7.4 at room temperature) with 20 
mM imidazole. A HisTrap™ HP column (GE Healthcare; optimal at pH 7.4) with an ÄKTA pure 
FPLC system were used for the purification. Elution was done over a gradient with the same 
buffer containing 500 mM imidazole. The buffer of the eluted protein was then exchanged 
with 50 mM MOPS (pH 7.0 at room temperature) using an Amicon® ultra centrifugal filter 
(Merck) with a nominal molecular weight limit of 10.000 Da. SDS-PAGE was used to verify 
purity. 

Enzyme assays.  
The enzyme assays in this study are all based on the measurement of NAD(P)H at 340 nm (ε 
= 6.2 mM-1cm-1), which is produced or consumed either directly by the investigated enzyme, 
or via the coupling to one or more auxiliary enzymes. A Shimadzu U-2010 
spectrophotometer in combination with a thermoelectric cell holder was used for the 
measurements, which were performed at 55 °C. Quartz cuvettes containing 1 ml of the 
reaction mixture were used with a 1.0-cm path length. Activities are expressed in 
micromoles of product per minute per mg of CFE protein. The enzymes and biochemicals 
were obtained from Sigma. 5 to 100 µl CFE was used, that in some cases had to be diluted 
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first. At least three different concentrations of CFE were used for each assay, to verify that 
the enzymes in the extract were the limiting factor, and not the auxiliary enzymes.  

The ribokinase (EC 2.7.1.15) assay was based on the xylulokinase assay described elsewhere 
[72,143] and contained 50 mM MOPS (pH 7.0 at room temperature), 10 mM MgCl2, 100 
mM KCl, 5 mM D-ribose, 2 mM ATP or GTP, 0.15 mM NADH, 2 mM phosphoenolpyruvate, 4 
U/ml pyruvate kinase (rabbit), 4 U/ml lactate dehydrogenase (rabbit). Ribose was added to 
start the reaction. Since the stock solutions of ATP and in particular GTP contain ADP/GDP 
impurities, ribose was added only after the OD340 had stabilized. The galactokinase (EC 
2.7.1.6) and acetate kinase (EC 2.7.2.1) were conducted identically to the ribokinase assay, 
except that 5 mM D-galactose and 5 mM potassium acetate, respectively, were used instead 
of D-ribose. Figure 1A shows a graphical scheme of the coupled reactions in the three assays. 
In the kinetics assays with purified enzymes, ATP or GTP were added at varied 
concentrations. The Michaelis-Menten equation was fitted to the data by minimizing the 
sum of the squares of the vertical differences, in order to find KM and kcat. The data and the 
fitted model can be found in the supplementary material. 

The 6-phosphofructokinase (EC 2.7.1.11; EC 2.7.1.90) assay was adapted from Zhou at al. 
[331] and contained 50 mM MOPS (pH 7.0 at room temperature), 5 mM MgCl2, 1 mM 
fructose 6-phosphate, 2 mM ATP, GTP, or pyrophosphate, 0.15 mM NADH, 4 U/ml aldolase 
(rabbit), 4 U/ml triosephosphate isomerase (rabbit), and 4 U/ml glycerol-3-phosphate 
dehydrogenase (rabbit). Fructose 6-phosphate was added to start the reaction. Figure 1B 
shows a graphical scheme of the coupled assays. Since two equivalents of NADH are 
oxidized per equivalent of fructose 6-phosphate that is phosphorylated, the final rates were 
adjusted for this. In the kinetics assays with purified enzymes, ATP or GTP were added to 
start the reaction, at varied concentrations. The Michaelis-Menten equation was fitted to 
the data by minimizing the sum of the squares of the vertical differences, in order to find 
KM and kcat. The data and the fitted model can be found in the supplementary material. 

The pyruvate kinase (EC 2.7.1.40) assay was adapted from Zhou et al., 2013 and contained 
50 mM MOPS (pH 7.0 at room temperature), 10 mM MgCl2, 100 mM KCl, 2 mM 
phosphoenolpyruvate, 2 mM ADP, or GDP, 0.15 mM NADH, and 4 U/ml lactate 
dehydrogenase (rabbit). Phosphoenolpyruvate was added to start the reaction. 

The pyruvate, phosphate dikinase (EC 2.7.9.1) assay was adapted from Reeves, 1968 and 
contained 50 mM MOPS (pH 7.0 at room temperature), 5 mM MgCl2, 10 mM KCl, 20 mM 
NH4Cl, 2 mM phosphoenolpyruvate, 2 mM AMP, or GMP, 2 mM pyrophosphate, 0.15 mM 
NADH, and 4 U/ml lactate dehydrogenase (rabbit). Phosphoenolpyruvate was added to start 
the reaction. 
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The phosphoenolpyruvate synthase (EC 2.7.9.2) assay was adapted from Imanaka et al., 
2006 and contained 50 mM MOPS (pH 7.0 at room temperature), 5 mM MgCl2, 10 mM KCl, 
20 mM NH4Cl, 2 mM phosphoenolpyruvate, 2 mM AMP, or GMP, 5 mM K2HPO4, 0.15 mM 
NADH, and 4 U/ml lactate dehydrogenase (rabbit). Phosphoenolpyruvate was added to start 
the reaction. 

The glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12) was adapted from Byers, 
1982 and contained 50 mM Tris (pH 8.5 at 60 °C), 5 mM MgCl2, 4 mM dihydroxyacetone 
phosphate, 0.15 mM NAD+, or NADP+, 5 mM sodium arsenate, and 4 U/ml triosephosphate 
isomerase (rabbit). Dihydroxyacetone phosphate was added to start the reaction. For our 
convenience, dihydroxyacetone phosphate and triosephosphate isomerase were used 
instead of glyceraldehyde 3-phosphate directly. For glyceraldehyde 3-phosphate 
dehydrogenase assays sodium arsenate is typically used instead of orthophosphate, as the 
incorporated arsenate is spontaneously hydrolyzed, driving the reaction forward. The 
elevated pH of 8.5 is also crucial to shift the thermodynamic equilibrium towards 1,3-
bisphosphoglycerate-forming direction.  

The isocitrate dehydrogenase (EC 1.1.1.42) assay was adapted from Plaut, 1962 and 
contained 50 mM MOPS (pH 7.0 at room temperature), 5 mM MgCl2, 100 mM NaCl, 0.75 
mM NAD+, or NADP+, and 5 mM isocitrate, which was added to start the reaction. 

To test ribokinase and galactokinase activity with pyrophosphate, Malachite Green 
Phosphate Assay Kit (Sigma) was used to detect to formation of orthophosphate by purified 
enzymes. The reaction contained 50 mM MOPS (pH 7.0 at room temperature), 1 mM MgCl2, 
50 mM KCl, 5 mM D-ribose/galactose, and 2 mM pyrophosphate. Reaction was conducted 
at 55 °C. Samples were taken every two minutes, and placed on ice until analysis. 

Results 
Thirteen genes from P. thermosuccinogenes involved in the central carbon metabolism 
were heterologously expressed in E. coli in order to investigate the cofactor usage. Most of 
those were involved in phosphoryl transfer (table 2 and table 3). The three 6-PFK orthologs 
were tested for ATP, GTP, and PPi. Ribokinase (RK), galactokinase (GalK) and acetate kinase 
(AK) were only tested for ATP and GTP, since their assays relied on the coupling with 
auxiliary pyruvate kinase and lactate dehydrogenase using PEP, to detect NDP formation, 
which would not work in the case PPi was used. The assays were carried out using the CFEs 
from E. coli, without any additional purification (e.g. affinity chromatography), except for 
an E. coli protein-denaturing heating step. We previously showed that this method was a 
quick and simple method for basic characterization of enzymes [143]. For all assays, CFE 
with an empty vector was used as a control, and in all cases no significant background 
activity was present.  
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RK, responsible for the phosphorylation of d-ribose to d-ribose 5-phosphate, and GalK, 
responsible for the phosphorylation of α-d-galactose to α-d-galactose 1-phosphate 
represent the entry points for both of these sugars into the metabolism. Phosphorylation 
prevents them from leaking out of the cell again, due to the increased hydrophilicity [19]. 
The RK has a modest 50% increased activity with GTP compared to ATP, which is on par with 
what was observed previously with the XK from P. thermosuccinogenes, another C5-sugar 
kinase [143]. The difference is significantly higher for GalK, which has over six-fold the 
activity with GTP. For GK, another C6-sugar kinase, the difference was shown to be even 
bigger in P. thermosuccinogenes, since it could not use ATP at all.  

Table 2: Enzyme assays with E. coli cell-free extract containing several heterologously expressed enzymes from P. 
thermosuccinogenes, to determine the cofactors involved in phosphoryl transfer (ATP, GTP, or PPi). Reaction 
velocities are given in μmol/mg cell-free extract protein/min ± standard deviation. 

Assay Locus tag 
Activity 

ATP GTP PPi 
Ribokinase CDQ83_03295 36 ± 3 54 ± 2 - 
Galactokinase CDQ83_02810 5.1 ± 0.5 33 ± 1 - 
Acetate Kinase** CDQ83_07295 71 ± 7 10 ± 0 - 

6-Phosphofructokinase 
CDQ83_07225 13 ± 1 13 ± 5 ND* 
CDQ83_10650 ND ND ND 
CDQ83_11320 ND ND 220 ± 26 

* Not detected: value close to zero and not significantly different from empty vector control. 
** Non-heated extracts were used, due to the apparent low thermo-stability of the acetate kinase from P. 
thermosuccinogenes. 
 

Table 3: Enzyme assays with E. coli cell-free extract containing heterologously expressed enzymes from P. 
thermosuccinogenes involved in the direct conversion of phosphoenolpyruvate to pyruvate, i.e. pyruvate kinase; 
pyruvate, phosphate dikinase; and phosphoenolpyruvate synthase. Their cofactor usage for those three reactions 
were assayed. Reaction velocities are given in μmol/mg cell extract protein/min ± standard deviation. 

Locus tag Annotation 
Pyruvate kinase 
activity 

PPdK activity PEP synthase 
activity 

ADP GDP AMP GMP AMP GMP 

CDQ83_03625 pyruvate 
kinase ND* ND ND ND ND ND 

CDQ83_07455 
pyruvate, 
phosphate 
dikinase 

ND ND 11 ± 1 ND ND ND 

CDQ83_09600 pyruvate 
kinase 52 ± 1 34 ± 1 ND ND ND ND 

* Not detected: value close to zero and not significantly different from empty vector control. 
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Following these results, RK and GalK were purified via affinity chromatography, in order to 
determine the kinetics for ATP and GTP, as that could still vary significantly – and possibly 
rule out a physiologically function of either ATP or GTP for those two enzymes. Result of the 
assays to determine the kinetics are shown in table 4. The affinity constants (KM) of RK for 
both ATP and GTP were found to be comparably low (i.e. high affinity); 0.028 mM and 0.154 
mM, respectively. The turnover number (kcat) was found to be 85% higher for GTP, 
compared to ATP, corresponding to what was found in the assays with the non-purified 
enzyme. GalK has a much higher affinity for GTP compared to ATP, with KM values of 3.98 
mM and 0.035 mM for ATP and GTP, respectively. Furthermore, kcat was found to be roughly 
2.5 times higher for GTP. Intracellular concentrations of ATP and GTP are not known for P. 
thermosuccinogenes. However, in exponentially growing E. coli, yeast, and mammalian 
cells, ATP concentrations were found to be quite well conserved in the range of 2 – 10 mM. 
For GTP, it is in the range of 1.6 – 15 mM in E. coli, and 0.2 – 0.7 mM for yeast, and 
mammalian cells [225]. Considering this, it is reasonable to assume that for RK in vivo, both 
ATP and GTP are saturated, with GTP being the moderately preferred substrate – but with 
both ATP and GTP-dependent activity occurring. For GalK in vivo, GTP is certainly saturated, 
whereas ATP is likely not. Adding to that the big difference in turnover number, it seems 
that GTP is the physiological relevant cofactor. 

Table 4: Affinity constants (KM) in mM and turnover numbers (kcat) in U/µmol of ribokinase, galactokinase, and the 
ATP/GTP-dependent 6-phosphofructokinase for ATP and GTP.  

Enzyme Locus tag 
ATP GTP 

kcat KM kcat KM 
ribokinase CDQ83_03295 8.11 · 103 0.028 14.4 · 103 0.154 
galactokinase CDQ83_02810 1.07 · 103 3.98 2.56 · 103 0.035 
6-phosphofructokinase CDQ83_07225 3.19 · 103 0.155 3.58 · 103 0.016 

 

Additionally, the purified RK and GalK were tested with PPi as a cofactor by using Malachite 
Green to detect released orthophosphate, but no activity was detected.  

AK represents the last step in the fermentation pathway to acetate, where acetyl phosphate 
is used to convert NDP to NTP, an important mechanism for fermentative organisms to 
produced extra ATP (equivalents). Conversely, AK can also be the first step in many 
microorganisms for the production of acetyl-CoA from acetate [118]. Of the thirteen 
enzymes tested, AK was the only one where the E. coli background activity could not be 
removed with the heating step, since AK denatured as well, suggesting that it is relatively 
thermolabile. Nevertheless, background activity was negligible in the untreated extracts. In 
the direction from acetate to acetyl phosphate, the AK of P. thermosuccinogenes has a 
seven-fold higher activity with ATP compared to GTP. The acetate-forming direction is the 
more physiological relevant direction, since P. thermosuccinogenes produces acetate. 
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However, no simple – real-time – method exists to measure the rate in the acetate-forming 
direction using different cofactors. 

6-PFK catalyses the phosphorylation of β-d-fructose 6-phosphate to β-d-fructose 1,6-
bisphosphate and is in many organisms one of the key regulatory steps of the glycolysis. 
Three orthologous 6-PFKs are present in P. thermosuccinogenes that were all assayed for 
cofactor usage. Previous work only showed PPi-dependent activity in P. 
thermosuccinogenes CFE [143]. Based on expression data, and the annotation by Prokka, it 
seemed most likely that CDQ83_11320 is responsible for this activity [143], as is now 
confirmed by the heterologous expression in E. coli. One of the other isoforms, 
CDQ83_07225, is active with both ATP and GTP at comparable levels. The measured activity 
is much lower than for CDQ83_11320, but the activities are normalized for CFE protein, and 
not for the amount of active enzyme, so the activities cannot be compared directly. The 
SDS-PAGE also shows that expression of CDQ83_11320 was higher compared to 
CDQ83_07225 (Supplementary Figure 3). For CDQ83_10650 no activity was measured at all, 
including for the non-heat treated extracts. 

CDQ83_07225 – the 6-PFK active with both ATP and GTP – was purified via affinity 
chromatography, to check whether there are notable differences for the kinetics of ATP 
versus GTP, as was done with RK and GalK (table 4). The KM is 0.155 mM for ATP and 0.016 
mM for GTP, and the turnover numbers are virtually equal for ATP and GTP, which are both 
most likely at saturating concentrations in vivo, indicating that there is not one preferred 
cofactor for CDQ83_07225. 

Excluding the phosphotransferase system, there are three enzymatic reactions known for 
the direct interconversion of PEP and pyruvate: PK; PPdK; and PEP synthase (PPS; also called 
pyruvate, water dikinase). Since these three enzymes of the so-called “PEP-family” share a 
common evolutionary origin [76], and since the annotations in P. thermosuccinogenes are 
ambiguous (CDQ83_03625 was annotated as PK by NCBI, as PPdK by RAST and as 
hypothetical by Prokka), the three orthologs/paralogs were each tested for PK, PPdK, and 
PPS activity, also with different cofactors (ADP/AMP versus GDP/GMP). For CDQ83_03625, 
no activity was detected in any of the three assays, shown in table 3. CDQ83_07455, 
annotated as PPdK, also showed PPdK activity with AMP, but not with GMP. CDQ83_09600, 
annotated as a PK, showed PK activity with both ADP and GDP, accordingly. ADP-dependent 
activity was approximately 50% higher than GDP-dependent activity. 

Table 5 shows the results of the assays with the three glyceraldehyde 3-phosphate 
dehydrogenase orthologs (GAPDH) and the isocitrate dehydrogenase (IDH), all tested for 
NAD+ and NADP+-dependent activity. GAPDH is responsible for the two step reduction and 
phosphorylation of glyceraldehyde 3-phosphate to d-glycerate 1,3-bisphosphate. The 
exergonic reduction, typically with NAD+, drives the endergonic phosphorylation, which 
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then enables the formation of ATP by PGK. The reverse – gluconeogenic – reaction is also 
catalyzed by GAPDH, but typically uses NADPH. Organisms often have both a NAD+ and a 
NADP+-dependent GAPDH, used in glycolysis and gluconeogenesis, respectively [82]. Of the 
three GAPDHs P. thermosuccinogenes had annotated, only two (CDQ83_04880 and 
CDQ83_10590) showed any activity in the assays, which was NAD+-dependent in both cases. 
CDQ83_10590, which showed the highest activity in the assays, is the ortholog that is also 
expressed during growth on glucose and xylose [143]. CDQ83_07070, for which no activity 
was detected, belongs to the class II (archaeal) GAPDHs, for which no functional evidence 
in bacteria exist. Nevertheless, it does appear to be present in handful of bacterial genomes, 
according to the InterPro database.  

IDH is responsible for the oxidative decarboxylation of isocitrate to form α-ketoglutarate 
and CO2, using NAD(P)+. Bacteria most commonly rely on NADP+-dependent IDHs, however, 
the ones relying on NAD+-dependent IDH have in common that their TCA-cycle is 
incomplete, as well as the absence of an isocitrate lyase [315,332]. The IDH from P. 
thermosuccinogenes was found to be dependent on NADP+. 

Table 5: Enzyme assays with E. coli cell-free extract containing heterologously expressed GAPDH orthologs and 
isocitrate dehydrogenase from P. thermosuccinogenes, to determine the cofactor involved in the oxidation (NAD+ 
or NADP+). Reaction velocities are given in μmol/mg cell-free extract protein/min ± standard deviation. 

Assay Locus tag Annotation 
Activity 

NAD+ NADP+ 

Glyceraldehyde 
3-phosphate 
dehydrogenase 

CDQ83_04880 type I glyceraldehyde-3-
phosphate dehydrogenase 0.20 ± 0.01 ND* 

CDQ83_07070 type II glyceraldehyde-3-
phosphate dehydrogenase ND ND 

CDQ83_10590 type I glyceraldehyde-3-
phosphate dehydrogenase 0.57 ± 0.19 ND 

Isocitrate 
dehydrogenase CDQ83_08625 isocitrate dehydrogenase 

(NADP(+)) ND 45 ± 5 

* Not detected: value close to zero and not significantly different from empty vector control. 
 

Discussion 
Sugar kinases.  
It was already known that GK and XK from P. thermosuccinogenes prefer GTP over ATP 
[143]. Adding RK and GalK to that list, it becomes apparent that using GTP could be the 
prevailing mechanism for the phosphorylation of monosaccharides. There also appears to 
be a difference between C6 and C5 sugars, as GK and GalK greatly prefer GTP over ATP and 
XK and RK only moderately. At this point, the implications of these observations are not 
clear, but they might eventually help in understanding the driving factor behind the parallel 
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use of different phosphoryl carriers in the energy metabolism – some ideas are already 
discussed below.  

Acetate Kinase.  
The AK has an apparent preference for ATP over GTP, in the acetyl phosphate forming 
direction. The reverse, acetate forming direction, however, is the physiological relevant 
direction, as acetate is one of the main fermentation products. One would easily be 
tempted to assume that maximum velocities with different substrates scale proportionally 
to each other in the reverse direction. However, emanating from the complex interactions 
of enzymes with their substrates, there is really no fundamental reason why the kinetics in 
one direction could be used to predict the kinetics in the other direction. The 
thermodynamics of PK restrict it from being used for detection of ATP/GTP formation in the 
manner it was used for ADP/GDP detection in the acetyl phosphate forming direction. ATP 
formation could easily be measured via an assay relying on luciferase, of course. However, 
luciferase is not compatible with GTP, and can therefore not be used to assess preference 
of ADP versus GDP. Off-line methods that do not rely on the real-time spectrophotometric 
measurement are still a possibility, but such methods are exceedingly more laborious for 
studying kinetics and not considered for this study. An attempt was made to use the here 
described ATP/GTP-dependent 6-PFK for detection of both ATP and GTP production by 
acetate kinase in a coupled assay with 6-PFK, aldolase, triose-phosphate isomerase, and 
glycerol-3-phosphate dehydrogenase. However, it was found that the substrate, acetyl-
phosphate, inhibited one (or more) of the coupled enzymes (data not shown), rendering 
the method unreliable. 

The relatively low thermo-stability of AK from P. thermosuccinogenes was already observed 
earlier [280], as well as for the AKs from H. thermocellum, Thermoanaerobacter brockii, 
and Moorella thermoaceticum [154,257,280]. It is fascinating that it appears to be a rather 
common phenomenon, and it implies there might be an evolutionary pressure for the AK to 
become unstable at temperatures only slightly above the organisms optimal growth 
temperature. 

6-Phosphofructokinases.  
Three only very distantly-related families of 6-PFK are known: The PFKA family; PFKB, 
belonging to the ribokinase family of sugar kinases; and the archaeal ADP-dependent 6-PFK 
family [50,192,242]. Best known is the PFKA family, to which most 6-PFK belong, including 
the three isoenzymes P. thermosuccinogenes possesses. The phylogeny is of PFKA is 
complex, due to highly prevalent lateral gene transfer and phosphoryl donor change within 
the PFKA family. Originally, three separate phylogenetic clades were recognized (I, II, and 
III) that are now expanded into seven distinct clades (B1, E, P, LONG, SHORT, X, B2, and III) 
[18,269]. Each of the three 6-PFKs from P. thermosuccinogenes belongs to a separate clade: 
The PPi-dependent 6-PFK (CDQ83_11320) to B2, the ATP/GTP-dependent 6-PFK 



3

Assessing cofactor usage in P. thermosuccinogenes

|   59   

(CDQ83_07225) to B1, and the 6-PFK without detected activity (CDQ83_10650) to III. 
CDQ83_10650 did contain the atypical Gly117 and Lys137 residues in the active site that are 
associated with ATP-dependent activity [18]. H. thermocellum only has homologs to 
CDQ83_11320 and CDQ83_07225, the isoenzymes for which we were able to detect 
activity. It is not uncommon for bacteria to have multiple 6-PFKs. For example, Clostridium 
perfringens also has homologs from the B1, B2, and III clades [18], and in the methylotrophic 
actinomycete Amycolatopsis methanolica, PPi-6-PFK was found to be active during growth 
on glucose, and ATP-6-PFK during growth on C1 compounds [5]. The fact that P. 
thermosuccinogenes has isoenzymes for the same reaction using different phosphoryl 
carriers does, however, again raise the question why P. thermosuccinogenes uses several 
different phosphoryl carriers for it energy metabolism in the first place.  

Phosphoenolpyruvate to pyruvate.  
Three genes of P. thermosuccinogenes were annotated to be either PK, PPdK, or PPS. All 
three were tested for these three activities. It was clearly shown that CDQ83_09600 
represents a PK, an enzyme well known not to be very specific towards nucleoside 
diphosphates [21,52], and that CDQ83_11320 represents a PPdK, functional with AMP, and 
not with GMP. Neither is expressed during growth on glucose or xylose at levels comparable 
to other glycolytic enzymes [143]. It is therefore questionable that they contribute 
significantly to the conversion of PEP to pyruvate. Instead, pyruvate is likely formed through 
the malate-shunt, comprised by PEPCK, malate dehydrogenase, and malic enzyme, see 
Figure 2 [289]. Nevertheless, in H. thermocellum, which lacks PK, it was shown that 70% of 
the flux from PEP to pyruvate runs via PPdK, and 30% via the malate-shunt [219]. This high 
flux through PPdK poses another interesting question for these organisms, besides the 
source of all the PPi, namely that of AMP. Assuming that the majority of sugars taken up are 
converted to pyruvate, 1.4 moles of AMP need to be formed per mole of hexose consumed 
in H. thermocellum, a sizable flux that cannot be ignored. It is generally assumed that this 
AMP is formed via adenylate kinase (2 ADP --> ATP + AMP) [183,194], but considering that 
at physiological relevant adenylate energy charges, the Gibbs free energy of this reaction is 
close to 0, it would seem to be a very inefficient use of the enzyme [225], even if it was a 
remarkably fast enzyme, for which there is no reason to believe it is [133]. In fact, for ATP, 
ADP, and AMP concentrations measured in H. thermocellum, the net flux would favour the 
ADP-forming direction [251]. Considering this, it appears that another mechanism must 
exist where AMP is formed, at a flux of comparable size to that of PPi. 
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Figure 2: Metabolic routes connecting phosphoenolpyruvate and pyruvate in P. thermosuccinogenes, including the 
malate shunt via oxaloacetate and malate. ME, malic enzyme; MDH, malate dehydrogenase; PEPCK, 
phosphoenolpyruvate carboxykinase; PK, pyruvate kinase; PPdK, pyruvate, phosphate dikinase.

Pyrophosphate usage. 
As explained in the introduction, the use of PPi is thought to be a mechanism through which 
energy, or ATP-equivalents are conserved by using PPi, a by-product of anabolism that is 
otherwise hydrolysed into orthophosphate in order to maintain the low PPi levels required 
for those anabolic reactions to proceed [55]. This anabolic formation of PPi is only a minor 
fraction of all the PPi required for both 6-PFK and PPdK. Hence, there must be another 
mechanism by which PPi is formed [331]. There is another way, however, by which the use 
of PPi could potentially conserve energy, namely when the proton (or sodium-ion) coupling 
ratio is lower than that of ATPase, if the extra PPi would be generated via an H+/Na+

translocating pyrophosphatase. For Syntrophus gentianae, it was shown that in membrane 
vesicles, the ratio of ATP formation to PPi hydrolysis was roughly 1:3 [260]. If such a coupling 
would exist in thermophilic Clostridia as well, and compared to ATP, only one-third of the 
protons/sodium-ions are required for the formation of PPi, 2/3 mole of ATP is conserved 
extra per dissimilated mole of glucose. Nevertheless, even a slightly more efficient coupling 
ratio would already signify extra energy conservation. It would almost seem obvious for 
such a mechanism to exist in nature, and might even explain the wide-spread occurrence of 
PPi-dependent 6-PFKs. In Methylococcus capsulatus, PPi-6-PFK and a H+/Na+ translocating 
pyrophosphatase were actually found to be present in the same operon [134,240].

Additionally, the use of PPi also allows 6-PFK as well as PPdK to operate in reverse (i.e. 
gluconeogenic), whereas the ATP-dependent 6-PFK and PK are strictly catabolic, as the 
result of the very negative Gibbs free energy for those reactions at physiological conditions 
[193,194]; the direct consequence of the trade-off between energy conservation and net 
forward flux (i.e. rate, enzyme usage, and metabolic control). This then raises the question 
whether the use of PPi is the result of the need for extra energy conservation, or of the need 
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for the reaction to be reversible – and the answer is likely different in different organisms. 
For a strictly anaerobic fermentative carbohydrate degrader such as P. thermosuccinogenes, 
reverse 6-PFK (or fructose 1,6-bisphosphatase, i.e. gluconeogenesis) activity does not seem 
to be an important requirement.  

GTP usage.  
It was previously proposed that perhaps GTP could exist next to ATP at different guanylate 
and adenylate energy charges (GEC and AEC, respectively) [143]. It is generally accepted 
that the AEC in growing microorganisms is maintained relatively static somewhere between 
0.80 and 0.95, which is absolutely crucial for cells to function [13,53,214,232]. Perhaps then, 
the GEC is allowed to be lower, or more variable. As it appears now, the main source of GTP 
is the PEPCK reaction, and the main drains are the sugar phosphorylation reactions 
discussed earlier. Disregarding anabolism, these reactions might in fact comprise a relatively 
closed circuit for GTP turnover. What would a lower GEC then mean for the 
thermodynamics for those reactions in comparison to a situation where ATP/ADP was used? 
The sugar phosphorylation reactions will have a lower driving force, but it is unlikely this 
will be impacted in any meaningful way, since these reactions generally have very negative 
standard Gibbs free energy, and if ATP is still used for the import of sugars via a ABC 
transporters, high transmembrane sugar gradients are still possible. The PEPCK, on the 
other hand, operates relatively close to the thermodynamic equilibrium [329], so small 
changes of the product or substrate concentrations might have a relatively big impact on 
the fluxes. A lower GEC would lower the Gibbs free energy, or in other words, increase the 
ratio between the forward and reverse fluxes of the reaction, making it more efficient in 
terms of enzyme usage [225]. Furthermore, and perhaps more significant, a lower GEC 
would also allow the reaction to proceed at lower environmental CO2 concentrations, since 
the PEPCK reaction involves the fixation of a CO2 molecule. Organisms relying on PEPCK for 
ATP/GTP production, including natural succinate producers used in industry, are typically 
considered capnophilic, or “CO2-loving”, as they are absolutely dependent on a minimal CO2 
concentration for growth [190,274]. Therefore, tuning the metabolism such that it would 
allow growth at lower CO2 concentrations, with a lower GEC for example, could offer a 
significant competitive advantage upon CO2 limitation. A GEC that is higher than the AEC 
would have the opposite effect, and assuming sugar import is indeed ATP dependent, while 
sugar phosphorylation is GTP-dependent, it would lower the intracellular concentrations of 
(non-phosphorylated) sugars. Consequently, higher rates of sugar uptake at lower 
extracellular sugar concentrations would be possible, potentially offering a competitive 
advantage under substrate-limiting conditions.  

If indeed the GEC and AEC exist at different charges, which is for now purely hypothetical, 
it will be essential for the cell to carefully regulate the interconversion of ATP and GTP. The 
two main mechanisms known for balancing the degree of phosphorylation of the different 
NTP pools are adenylate kinase – in combination with nucleoside-diphosphate kinase – and 
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PK [52]. Coincidentally, H. thermocellum lacks a PK but possesses an adenylate kinase, 
where P. thermosuccinogenes appears to lack an adenylate kinase while possessing a 
functional PK, suggesting that neither is very relevant, as they seem to be lost without 
consequence, or that at least only having one or the other is sufficient. Another reaction 
that could be of importance for balancing the ATP and GTP pools is the phosphoglycerate 
kinase, which was shown in both thermophilic Clostridium species to use both ATP and GTP, 
but preferring ATP, while carrying a very high flux due to its role in glycolysis [143,331]. The 
exact kinetics of phosphoglycerate kinase for ADP versus GDP – as well as that of other 
enzymes that can use both – might then be crucial to maintain the relative pools and energy 
charges. 

The first step to investigate the hypotheses proposed here would be to actually determine 
whether the AEC and GEC are each maintained at different charges, for which the different 
nucleoside phosphate pools would need be to accurately measured during different growth 
conditions. A challenging endeavor, due to the labile nature of ATP and GTP – mostly the 
result of their high metabolic turnover, rather than actual chemical lability – leading to 
measured AECs/GECs that are lower than their true values [251]. Perhaps, a recently 
developed method for real-time metabolome profiling via direct injection of living cells into 
a high-resolution mass spectrometer could allow the accurate determination of AEC and 
GEC simultaneously [173].  

Glyceraldehyde 3-phosphate dehydrogenase.  
As a quintessential example of a multifunctional enzyme, GAPDH has many different 
functions attributed to it, aside from its catalytic role in glycolysis. For bacteria, these 
include functions related to virulence and DNA and RNA binding [37,271,321]. Of the three 
isoforms, only the two type I forms showed activity, dependent on NAD+, of which 
CDQ83_10590 belongs to the most highly expressed genes in the genome [143]. 
CDQ83_04880, only marginally expressed during growth on glucose or xylose might be 
important during other growth stages instead, such as sporulation or germination. 
Alternatively, any non-metabolic functions might be the primary role of CDQ83_04880 and 
the type II GAPDH CDQ83_07070, for which no activity was detected at all. It is uncommon 
for the ‘archaeal’ type II GAPDH to be present in bacteria, and it is also not conserved among 
close relatives of P. thermosuccinogenes. 

The enzyme assay method.  
The method used to assess cofactor usage presents a very simple and robust method to 
study thermotolerant and thermophilic enzymes, since no chromatography step is involved. 
This is owed mostly to the higher thermostability of the enzymes studied, which enables 
the removal of virtually all E. coli background activity via a simple heating step. 
Nevertheless, even omission of the heating step, which was required for the AK, still allowed 
for collection of sound data required for the identification of the enzyme’s activity and the 
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corresponding cofactor usage, due to the impressive capacity of E. coli to overexpress 
proteins by using the T7 promoter. Of course, the omission of purification steps means that 
the studied enzyme can only be qualitatively characterized. The simple method used in this 
study can potentially be taken advantage of for a high-throughput set-up for enzyme 
characterization. In particular, if it were to be combined with the method published in 2017 
by Sévin et al. that uses mass spectrometry to identify accumulated or depleted compounds 
in a supplemented metabolome extract containing hundreds of biologically relevant 
candidate substrates [266]. 

In the case several cofactors/substrates are found to be used by an enzyme, further 
purification is still recommended, in order to determine the enzyme kinetics for the 
competing cofactors/substrates. The differences in kinetics could rule out any of the found 
cofactors/substrates from being physiologically relevant.  

Conclusion.  
To get a better insight in the parallel use of ATP, GTP, and pyrophosphate in the central 
energy metabolism, and for the inability to predict cofactor usage from the amino acid 
sequence, thirteen enzymes from P. thermosuccinogenes were cloned and heterologous 
expressed in Escherichia coli to assess the cofactor usage via enzyme assays using heat-
treated E. coli cell-free extract. The thermophilic nature of P. thermosuccinogenes allowed 
for the removal of virtual all background activity of E. coli from the heterologously expressed 
enzyme via a simple heating step, taking away the need for purification via chromatography. 
Three selected enzymes, ribokinase, galactokinase, and a 6-phosphofructokinase were 
subsequently purified further by affinity chromatography, to enable the determination of 
KM and kcat for ATP versus GTP, as they were found to use both. 

As it is now clear that galactokinase and ribokinase prefer GTP over ATP, just like glucokinase 
and xylulokinase, it seems that this might be the prevalent cofactor for sugar 
phosphorylation in P. thermosuccinogenes, in particularly for hexoses. There might be a 
more or less closed circuit for GTP-turnover between sugar phosphorylation and 
phosphoenolpyruvate carboxykinase, that could theoretically allow for different reaction 
thermodynamics then when ATP were to be used. Further research is needed to 
corroborate this.  

Three 6-phosphofructokinases were tested. In addition to the highly expressed 
pyrophosphate-dependent 6-phosphofructokinase, another 6-phosphofructokinase was 
found to be active with both ATP and GTP. No activity was detected for the third. Both type 
I glyceraldehyde 3-phosphate dehydrogenases were found to be NAD+-dependent and for 
the type II “archaeal” glyceraldehyde 3-phosphate dehydrogenase no activity was detected 
at all. Pyruvate kinase was confirmed to be present and to be active with both ADP and GDP, 
whereas another enzyme ambiguously annotated as pyruvate kinase did not show any 
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activity. Pyruvate, phosphate dikinase was active with AMP, but not with GMP. Acetate 
kinase was found to prefer ATP over GTP in the in the acetyl phosphate-forming direction. 
Isocitrate dehydrogenase was active with NADP+. 
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Abstract 
In the thermopilic succinic acid producing bacterium Pseudoclostridium 
thermosuccinogenes the fumarate reductase resides in an operon together with a large 
flavin oxidoreductase-heterodisulfide reductase (FlxABCD-HdrABC) complex. Based on the 
phylogeny of the putative fumarate reductase and the prevalent co-occurrence with the 
large electron bifurcating complex that shuttles electrons from NADH to ferredoxin and a 
disulfide bond, we propose two hypothetical mechanisms via which the fumarate reductase 
is involved in electron bifurcation: (1) A disulfide bond from a hitherto unknown cofactor is 
reduced by the electron-bifurcating FlxABCD-HdrABC complex, using NADH, in order to 
generate two thiol groups, while facilitating the otherwise unfavourable reduction of 
ferredoxin by NADH. The disulfide bond is subsequently regenerated via the reduction of 
fumarate to succinate by the fumarate reductase using the previously formed thiol groups. 
Or (2) the fumarate reductase forms an integral part of the FlxABCD-HdrABC complex, and 
NADH is used to reduce ferredoxin and fumarate directly, without an intermediate disulfide-
forming cofactor. Either way, this would enable the conservation of additional energy by a 
soluble fumarate reductase, analogous to fumarate respiration via the membrane 
associated electron transport chain. 

Introduction 
Pseudoclostridium thermosuccinogenes is the only thermophile known to produce succinic 
acid as one of its main products of fermentation, together with acetic acid, formic acid and 
several minor products [74,143,278]. Succinic acid is a versatile molecule that can form one 
of the core building blocks in a bio-based economy, where it is produced from biomass, as 
an alternative for petroleum [41,57,320]. From an industrial point of view it can be 
advantageous to use a thermophilic production organism [328]. Therefore, we set out to 
identify and characterize the enzymes responsible for succinic acid production in P. 
thermosuccinogenes, as this might facilitate future engineering of thermophilic succinic acid 
cell-factories. 

RNA-seq. data of a previous study led to the identification of set of genes that likely form 
an operon (Figure 1), starting with the gene encoding a fumarate hydratase, the enzyme 
responsible for the interconversion of malate and fumarate [143]. This operon further 
contains a gene homologous to the flavoprotein subunit of fumarate reductase/succinate 
dehydrogenase (FrdA); the core subunit that is shared between all known fumarate 
reductases and succinate dehydrogenases [124]. Surprisingly, eight more genes are present 
in between the fumarate hydratase and the fumarate reductase flavoprotein subunit. The 
last of those, upstream of frdA, encodes a protein that is homologous to ferredoxins and, in 
all likelihood, represents the iron-sulfur subunit of the suspected fumarate reductase 
(FrdB). The other seven genes appear to encode a flavin oxidoreductase-heterodisulfide 
reductase complex (FlxABCD-HdrABC), a large enzyme complex involved in flavin-based 
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electron bifurcation that appears to be widespread in anaerobic bacteria [237]. Lastly, a 
small hypothetical membrane protein-encoding gene is present in the operon, directly 
downstream of frdA. The small membrane protein contains a so-called PQ-loop motif, which 
is found in a specific (newly described) family of membrane transporters, suggesting that it 
might be a succinic acid transporter [80,164]. 

Following phylogenetic evidence and the co-occurrence of genes responsible for succinate
production with this electron bifurcating FlxABCD-HdrABC complex in one operon, we 
propose a hypothesis for the mechanisms by which succinic acid is formed in P. 
thermosuccinogenes, which will be presented in the Results section. First, fumarate 
reductases will be introduced in more detail, as well as flavin-based electron bifurcation, 
focussing in particularly on the FlxABCD-HdrABC complex.

Figure 1. Schematic depiction of the ‘succinic acid operon’ in P. thermosuccinogenes, with below it the (log10) 
transcription coverage during growth on glucose (upper track) and on xylose (lower track), from data generated 
previously [143]. Indentations reflect overlap with the preceding open reading frame. FH: fumarate hydratase, 
Hdr: heterodisulfide reductase, Flx: flavin oxidoreductase, Frd: fumarate reductase. Locus tags of genes are from 
left to right: CDQ83_03355, CDQ83_03350, CDQ83_03345, CDQ83_03340, CDQ83_03335, CDQ83_03330, 
CDQ83_03325, CDQ83_03320, CDQ83_03315, CDQ83_03310, CDQ83_03305, CDQ83_03300.

Fumarate reductases
The various enzymes responsible for the interconversion of fumarate and succinate (i.e. 
fumarate reductases and succinate dehydrogenases, FRD/SDH) are diverse in their subunit 
configurations, but are all part of a larger protein superfamily based on a homologous 
flavoprotein, which also includes l-aspartate oxidases, anaerobic glycerol-3-phosphate 
dehydrogenases, and adenylyl-sulfate reductases [124]. FRD/SDHs can be divided in two 
main groups: soluble and membrane-bound. The latter are part of the electron transport 
chain, and thus often linked to proton translocation, and are generally referred to as the 
succinate:quinone oxidoreductase superfamily (Figure 2) [166]. Five types (i.e. A-E) of the 
membrane bound succinate:quinone oxidoreductase superfamily are distinguished, 
containing two anchor domains, FrdC and FrdD (which are fused in type B), together with 
the flavoprotein subunit (FrdA) and the iron-sulfur subunit (FrdB) [166]. In Type E, which is 
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only found in archaea, the anchor domains are unrelated to those of the other types, and 
are therefore referred to as FrdE and FrdF. 

Only a handful of soluble FRDs have been described and they are diverse in their function 
and their electron donor, as well as in the additional subunits associated with FrdA. The 
soluble FRD in methanogenic archaea is thiol-driven, as it uses the cofactors CoM-SH and 
CoB-SH to form succinate together with the CoM-S-S-CoB heterodisulfide. It resembles type 
E of the succinate:quinone oxidoreductase superfamily, and the iron-sulfur subunit (FrdB) 
is essentially a fusion of FrdB with FrdE from the membrane-bound type E [33,109]. The 
soluble FRDs described in the eukaryotes Saccharomyces cerevisiae and Trypanosoma 
brucei use NADH as electron donor, are monomeric proteins, consisting only of FrdA 
[61,139,206]. The soluble FRD from Shewanella species is also monomeric, and is present in 
the periplasm, where it accepts electrons from a c-type cytochrome [209,263,264]. Finally, 
the soluble FRD from Aquificae, chemolitoautotrophs that use the reverse TCA-cycle to fix 
CO2, has 5 subunits and uses NADH [198]. Its FrdA and FrdB are closely related to those of 
the membrane bound FRD/SDHs, but the other three subunits are unique. Figure 2 shows 
an overview of the configurations of the different known FRD/SDHs.

Figure 2. List of the known fumarate reductases, including the putative fumarate reductase of P. 
thermosuccinogenes. A schematic overview of the subunits that are part of each type is shown. The colours indicate 
homologous proteins or protein domains; the grey subunits are unique to that type of fumarate reductase. Note 
that the letter annotations used for the Aquificae fumarate reductase subunits C, D, and E do not to reflect 
homology with the corresponding annotations of the succinate:quinone oxidoreductase superfamily. Figure 
adapted from Jardim-Messeder et al. (2017) [124].



4

A Novel Fumarate Reductase Potentially Involved in Electron Bifurcation

|   71

Flavin-based electron bifurcation
Electron bifurcation refers to the phenomenon where a hydride electron pair is split into 
one electron with a more negative reduction potential and another with a more positive 
reduction potential. As such, the reducing power of one is amplified at the expense of the 
other [46]. Note that a more negative reduction potential means a higher potential energy.

Two variants of electron bifurcation are known to occur in nature: Quinone-based electron 
bifurcation (QBEB) and flavin-based electron bifurcation (FBEB). QBEB occurs in complex III 
of the electron transport chain, where the electron pair of the quinone is split between 
cytochrome b (low-potential) and cytochrome c (high-potential). FBEB only occurs in strictly 
anaerobic prokaryotes, and allows them to push the boundaries of what is energetically 
possible. A flavin (i.e. FAD or FMN) is used as a prosthetic group and the low-potential 
acceptor is always a ferredoxin or a flavodoxin, but a wide range of different high-potential 
acceptors and two-electron donors have been described (Figure 3). The low-potential 
ferredoxin or flavodoxin (generated via FBEB) can subsequently be used in processes where 
the reduction potential of the two-electron donor (e.g. NADH) is not sufficiently low, such 
as reduction of N2 to NH3 or CO2 to CO [46,227].

Figure 3. All the currently known electron donors and acceptors involved in flavin-based electron bifurcation 
(FBEB). Figure was adapted from Buckel and Thauer (2018) [46].

The FlxABCD-HdrABC complex
The predicted seven-subunit flavin oxidoreductase-heterodisulfide reductase (FlxABCD-
HdrABC) complex of which the genes are situated in between those of the fumarate 
hydratase and the FRD in P. thermosuccinogenes, is composed of two parts: A three-subunit 
heterodisulfide reductase part, and a four-subunit flavin oxidoreductase part. In vitro
evidence regarding the function of the full complex is lacking, but in vivo results from 
Desulfovibrio vulgaris strongly support the proposed function as a bifurcation complex 
coupling the energetically unfavourable reduction of ferredoxin by NADH to the favourable 
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reduction of a disulfide bond (Figure 4A) [237]. This is analogous to a similar complex in 
hydrogenotrophic methanogenic archaea, which also contains the three-subunit 
heterodisulfide reductase part, but then together with a three-subunit [NiFe]-hydrogenase 
part, i.e. MvhADG-HdrABC [130]. The complex in archaea uses hydrogen to reduce 
ferredoxin, also by coupling it to a simultaneous reduction of a disulfide bond; namely, that 
of the CoM-S-S-CoB heterodisulfide (Figure 4B). MvhADG-HdrABC has been studied in vitro
and recently a crystal structure was published [314]. In Desulfovibrio vulgaris, a small 
protein, DsrC presumably acts as the disulfide electron acceptor, via internal disulfide bonds 
of cysteine residues [237,309]. The FlxABCD-HdrABC complex is widespread in anaerobic 
bacteria, but DscR is only conserved in organisms with a dissimilatory sulfur metabolism, 
where it is often located next to the FlxABCD-HdrABC complex, and is used for reduction of 
sulfite. It is likely that other disulfide bond-containing compounds or proteins acts as the 
electron acceptor in other bacteria that possess the FlxABCD-HdrABC complex.

Figure 4. (A) Proposed mechanism of the FlxABCD-HdrABC complex, and (B) the MvhADG-HdrABC complex. 
Arrangement of the subunits is an interpretation based on the crystal structure of the MvhADG-HdrABC complex, 
which forms a large dimer of two hetero-hexamers [314]. Dashed arrows indicate the flow of electrons.

Materials and Methods 
Phylogenetic trees
The amino acid sequences used for the phylogenetic trees were retrieved from the NCBI 
database. The following sequences were used for Figure 5A: CAA06780.1, P08065.4, 
NP_281599.1, AAC77114.1, AAC73817.1, NP_952230.1, WP_000705948.1, BAG70309.1, 
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CAA04398.1, CAA69872.1, AAB64995.1, AAB59346.1, AAA35026.1, P0C278.1, AAY80343.1, 
AAN40014.1, AAX20163.1, P17412.3, PNT92608.1, P10902, P13033, O28603. And the 
following for Figure 5B: CAA06781.1, NP_390721.1, NP_281600.1, AAC77113.1, 
AAC73818.1, NP_952231.1, AAC46065.1, WP_012963621.1, CAA04399.1, CAA69873.1, 
AAS56515.1, P17596.1, PNT92609.1, P00195, Q55389. The sequences are all from 
enzymatically studied SDHs and FRDs, according to the selection made by Miura et al. (2008) 
[198]. 

Sequences were aligned using ClustalW with the standard settings in MEGA6. The tree was 
constructed using the neighbor-joining method in MEGA6, using a bootstrap test with 1,000 
replicates. 

Deletion of IscR in E. coli 
The transcriptional regulator IscR, which regulates several genes and operons involved in 
the formation of iron-sulfur clusters an iron-sulfur cluster-containing proteins was deleted 
in E. coli BL21(DE3), to improve the functional overexpression of iron-sulfur cluster-
containing proteins [4]. The IscR gene was deleted using Cas9, via the methods by [125]. 
First, E. coli BL21(DE3) was transformed with pCas, containing a kanamycin resistance 
marker, a temperature sensitive replicon, the λ-Red system, and a constitutively expressed 
Cas9. Cells harbouring pCas were grown at 30 °C, and made competent in the presence of 
10 mM arabinose to induce λ-Red. Cells were then transformed with pTargetF for the IscR 
deletion. pTargetF-IscR contains a spectinomycin resistance marker, sgRNA targeting IscR, 
homologous flanks of 250 bp upstream and downstream of IscR, and an IPTG inducible 
sgRNA targeting pTarget to allow easy curing of the plasmid. pTargetF-IscR was constructed 
by inserting the homologous flanks, synthesized as a Gblock, into the PCR-amplified 
backbone using the NEBuilder® HiFi DNA Assembly Master Mix. The backbone was amplified 
with forward primer TGGTAACCCGGCCTCCCGTTTCGAGTTCATGTGCAGCTCC and reverse 
primer 
GCTATTTCTAGCTCTAAAACTTGACGAATCTGTAGATGCCACTAGTATTATACCTAGGACTGAGCTA
GC or 
GCTATTTCTAGCTCTAAAACTTGGCTGATATTTCCGAACGACTAGTATTATACCTAGGACTGAGCTA
GC. The reverse primers contained the spacer sequence targeting two different sites in the 
IscR gene. Cells transformed with pTargetF-IscR and selected on plates containing 
kanamycin and spectinomycin at 30 °C. For both spacers, 2 out of 24 colonies had a clean 
knock-out, confirmed by sequencing. pTargetF was cured by growing in liquid LB with 
kanamycin and IPTG at 30 °C. Then, pCas was cured by growing cells in LB at 37 °C.  

The following Gblock sequence was ordered from IDT: 
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC
CGAGTCGGTGCTTTTTTTGAATTCTCTAGAGTCGACCTGCAGAAGCTTAGATCTATTACCCTGTTAT
CCCTACGTAATGCGTCTTATCAGGCCTACAGTGTACAGAACCCCAGGGCGGATATGGCGTTCACG
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CCGCATCCGACAACAGGTACAAACGCCACGATAAAAAAATGGCACTGAAGGTTAAATACCCGACT
AAATCAGTCAAGTAAATAGTTGACCAATTTACTCGGGAATGTCAGACTTGACCCTGCTATGCAATA
CCCCCACTTTTACAATAAAAAACCCCGGGCAGGGGCGAGTTTGAGGTGAAGTAAGACATGGACGT
TAAGTTACGCGCTTAATAAAAAGAATTCAGAATCAGGCCGGAGTGCTAAATACTCCGTAAACACG
GTCGTACATCCAGCCGGTAGCCTGATTCCTTGCATTGAGTGATGTACGGAGTTTATAGAGCAATGA
AATTACCGATTTATCTCGACTACTCCGCAACCACGCCGGTGGACCCGCGTGTTGCCGAGAAAATGA
TGCAGTTTATGACGATGGACGGAACCTTTGGTAACCCGGCCTCCCGTT. 

Cloning of fumarate hydratase and fumarate reductase 
The fumarate hydratase gene (CDQ83_03355) from P. thermosuccinogenes was amplified 
via PCR using forward primer TACTTCCAATCCAATGCACAATATCGTGTGGAAAGAGATTCTATG 
and the reverse primer TTATCCACTTCCAATGTCATACCATCTGCTCAGGCT. The PCR product 
was inserted via ligase independent cloning into a pET-28b(+) (Novagen, Madison, 
Wisconsin) derived backbone that was generated using the primers 
ATTGGATTGGAAGTACAGGTTTTCATGGTGATGGTGATGGTGAGAAGAACCCATGGTATATCTCC
TTCTTAAAG and ATTGGAAGTGGATAACGGATCCGAATTCGAGCGCCGTCGACAAGCTTGCGG. 
The ligase-independent cloning protocol is described elsewhere [11]. In the final construct, 
the enzyme has an N-terminal His-tag with a TEV protease site in between. 

The fumarate reductase subunits FrdA (CDQ83_03310) and FrdB (CDQ83_03315) were 
cloned in pRSFDuet-1 (Novagen, Madison, Wisconsin) via restriction digestion. FrdB was 
amplified using forward primer AGAAGTCCATGGAACAAATGGTTAATGTGTTTTTGATG or 
AGAAGTCCATGGGTCACCATCACCATCACCATGAAAACCTGTACTTCCAATCCAATGCAGAACAAA
TGGTTAATGTGTTTTTGATG (to include an N-terminal His-tag with a TEV protease site) and 
reverse primer TCTTGTGCGGCCGCTATTTCTCAATTTCTCTGTTGTTATATAGTTCC; and then 
digested with NcoI and NotI, respectively, for cloning site 1. FrdA was amplified using 
forward primer AGAAGTCATATGTATACACAGGAAATGCTTGATTCTATC or 
AGAAGTCATATGCACCATCACCATCACCATGAAAACCTGTACTTCCAATCCAATGCATATACACAG
GAAATGCTTGATTCTATC (to include an N-terminal His-tag with a TEV protease site) and 
reverse primer TCTTGTGGTACCTTATTTATCGTGCCTACGAGTATATATCGG; and digested with 
NdeI and KpnI, respectively, for cloning site 2. The result were eight constructs, 
encompassing all combinations of FrdA and FrdB, with and without N-terminal His-tag.  

The different constructs (with fumarate hydratase and with fumarate reductase) were 
transformed to E. coli DH5α and verified by sequencing. Both pET-28b(+) and pRSFDuet-1 
contain a kanamycin resistance marker. E. coli Rosetta (Novagen) was subsequently used 
for heterologous expression; the strain contains an extra plasmid (pRARE) encoding tRNAs 
of rare codons and a chloramphenicol resistance marker. Fumarate reductase was also 
expressed in BL21(DE3) ΔIscR + pRARE. 
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Preparation of E. coli cell-free extract with fumarate hydratase 
For expression of fumarate hydratase, cells were grown in LB containing 50 μg/ml 
kanamycin and 20 μg/ml chloramphenicol to an OD600 of around 0.6, after which they were 
placed on ice for 20 min. Heterologous gene expression was then induced by the addition 
of 0.2 mM IPTG (isopropyl-β-D-thiogalactopyranoside), and the cultures were grown for an 
additional 3 to 4 h at 37°C. 

Cell-free extracts with fumarate hydratase and the empty vector control were prepared by 
washing the cells twice with 50 mM Tris-HCl buffer (pH 8.0) before being resuspended in 5 
ml 50 mM potassium phosphate buffer (pH 7.0). Cells were lysed with a French press, after 
which the debris was removed by centrifugation (5 min, 20.000 x g), yielding the cell-free 
extract. Half of the obtained cell-free extract was given a heat treatment at 60 °C for 30 min, 
after which precipitated protein was removed by repeating the previous centrifugation 
step. Cell-free extracts stored at 4 °C. 

Preparation of anaerobic E. coli cell-free extract with fumarate reductase 
For anaerobic expression of fumarate reductase the strains were grown in Schott bottles 
with LB containing 100 mM MOPS buffer (pH 7.0) and 2 mM ammonium ferric citrate (i.e. 
Fe3+), and a cotton plug. At an OD600 of around 0.4 bottles were placed on ice for 20 minutes, 
and 25 mM KNO3, 20 µM ZnCl2, 5 g/l glucose, 0.25 mM IPTG, 2 mM L-cysteine, and 1 mM 
Fe(II)Cl2 were added from concentrated stock solutions, after which the bottle was tightly 
closed with a lid. The MOPS buffer was added to maintain pH during anaerobic 
fermentation, glucose as an extra source of energy during fermentation, Fe3+ and Fe2+ were 
added to function as an extra supply of iron for the formation of iron-sulfur clusters, and L-
cysteine for the extra supply of sulfur, as well as a reducing agent, to create an anaerobic 
environment. The method for anaerobic protein production was adapted from [151]. The 
NO3 was added as an electron acceptor to allow anaerobic respiration, and to repress the 
native fumarate reductase of E. coli [120]. The Zn2+ was added as there is evidence that 
heterodisulfide reductases could contain zinc, although this is not well established [45,314]. 
After the cold-shock on ice, the cultures were grown at 25 °C for up to 20 hours.  

The culture bottles were opened in the anaerobic chamber and poured into plastic 
centrifugation tubes that had been placed over-night in the anaerobic chamber. Cells were 
harvested via centrifugation outside of the anaerobic chamber, after which the tubes were 
directly placed inside. Cells were washed three times using 2 ml tubes that could fit the 
small centrifuge inside the anaerobic chamber. The washing buffer used contained 50 mM 
MOPS buffer (pH 7.0 at room temperature). Finally, the cells were resuspended in 1 – 3 ml 
wash buffer and lysed by sonication; 1 s on followed by 2 s off, for about 5 minutes. The 
supernatant (i.e. the cell-free extract) was stored at 4 °C in glass vial with a rubber stopper, 
to keep them without oxygen.  
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Preparation of anaerobic cell-free extracts of P. thermosuccinogenes and 
separation of the membrane fraction 
Up to 2 l of CP medium, separated in serum bottles containing 100 ml was inoculated with 
0.5 ml overnight culture per bottle. The cultivation medium and techniques are described 
previously [143]. After 16 hours, all bottles were place on ice for ~1 hour. Cells were 
harvested anaerobically, after which tightly closed centrifuge tubes were taken out of the 
anaerobic chamber for centrifugation at 10,000 x g for 30 minutes. Back in the anaerobic 
chamber, cells were resuspended in 30 ml cold anaerobic buffer (50 mM sodium phosphate 
buffer pH7.4, containing 100 mM KCl, 5 mM DTT and 0.5 mg/l resazurin), followed by 
centrifugation at 4,800 × g for 15 min at 4°C. The washing step was repeated once, after 
which the cells were resuspended in 10 ml of buffer. Cell suspension was incubated at room 
temperature for 45 minutes with 2.5 ul Ready-Lyse™ Lysozyme Solution (Epicentre, 
Wisconsin), after which the cells were lysed by sonication for 5 minutes in cycles of 1 second 
on and 2 seconds off. Lysate was centrifuges in a small benchtop centrifuge placed inside 
the anaerobic chamber (divided in smaller aliquots) for 7.5 minutes at maximum speed. The 
supernatant was stored anaerobically in a small glass vial, placed in the fridge. The next day, 
the supernatant (~11 ml) was centrifuged at 100,000 x g for two hours at 4°C, after which 
the supernatant was stored anaerobically as the cytoplasmic fraction. The pellet was 
carefully rinsed twice with 1 ml buffer, after being resuspended in 4 ml buffer; stored 
anaerobically as the membrane fraction.  

Phospholipid extraction and detection with ammonium ferrothiocyanate 
As a control for the separation of the membrane fraction from the cytoplasmic fraction, the 
phospholipid content of the two fractions was checked. Lipid extraction was done according 
to the protocol by [32]. 1 ml sample was mixed with 3.75 ml of 1:2 chloroform and methanol 
by vortexing, follwed by the addition of 1.25 ml chloroform and vortexing. Then, 1.25 ml 
dH2O was added and the mixture was vortexed again. The mixture was centrifuged, after 
which the bottom phase was carefully recovered. 1 ml of the bottom phase was dried 
completely in a vacuum concentrator and then re-dissolved in 2 ml chloroform. Detection 
of phospholipids was done by adding 1 ml of ammonium ferrothiocyanate solution and 
vortexing vigorously for 1 minute, according to [283]. Ammonium ferrothiocyanate solution 
was prepared by dissolving together 27.03 g/l of ferric chloride hexa-hydrate and 30.4 g/l 
ammonium thiocyanate in dH2O. Ammonium ferrothiocyanate has a red colour, and is 
insoluble in chloroform. However, it can form a complex with phospholipids that partitions 
in chloroform, giving the chloroform a clearly visible pinkish colour that can be quantified 
at 488 nm, as a measure of phospholipid content.  

Enzyme assays 
The enzyme assays were based on the detection of reduced methyl viologen (or benzyl 
viologen) at 578 nm. A Shimadzu U-2010 spectrophotometer in combination with a 
thermoelectric cell holder was used for the measurements, which were performed at 55°C. 
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Quartz cuvettes containing approximately 1 ml of the reaction mixture (plus added cell-free 
extract) were used with a 1.0-cm path length. Cuvettes were closed with small rubber 
stoppers and flushed with N2 gas injected with a syringe. All reaction components were 
added anaerobically with syringes. Reactions were started by the addition of the cell-free 
extract. 

The fumarate reductase assay contained 50 mM MOPS buffer (pH 7.0 at room 
temperature), 5 mM dithiothreitol, 10 mM sodium fumarate, 2 mM methyl viologen, and 
cell free extract.  

The pyruvate:ferredoxin oxidoreductase assay contained 50 mM MOPS buffer (pH 7.0 at 
room temperature), 5 mM dithiothreitol, 0.2 mM Coenzyme A, 0.2 mM thiamine 
pyrophosphate, 2 mM MgCl2, 10 mM sodium pyruvate, 2 mM methyl viologen, and cell free 
extract. 

Results 
Genetic evidence for a novel fumarate reductase in P. thermosuccinogenes 
A phylogenetic tree was constructed from the flavoprotein subunits taken from a range of 
enzymatically studied FRDs, shown in Figure 5A. Similar to all other soluble FRDs, FrdA of P. 
thermosuccinogenes branches away from the membrane bound FRDs of the 
succinate:quinone oxidoreductase superfamily (including the soluble FRDs found in 
Aquificae). Nevertheless, the soluble FRDs also do not seem to form a tight cluster between 
them. By directly comparing the FrdA of P. thermosuccinogenes with those of 
Methanothermobacter thermoautotrophicus and Shewanella frigidimarina using BLASTP, it 
is clear that it is closer related to the former, i.e. the archaeal thiol-driven FRD. 

The same seems to be reflected in the phylogenetic tree of the corresponding iron-sulfur 
subunits (Figure 5B); FrdB of P. thermosuccinogenes still branches away from those of the 
succinate:quinone oxidoreductase superfamily, and that of M. thermoautotrophicus is the 
closest homologue. The other soluble FRDs that branch away (in 5A) do not have an iron-
sulfur subunit and are therefore not part of this tree. 

The succinic acid operon in P. thermosuccinogenes is not conserved within the other 
Hungateiclostridiaceae, with the exception of Ruminiclostridium josui, which contains all 
the genes, save for the class II fumarate hydratase; an unrelated class I fumarate hydratase 
is present instead. The genes in the operon of P. thermosuccinogenes appear to be most 
homologous to those from the three known Christensenella species, suggesting that the 
operon has been acquired via lateral gene transfer.  

The STRING database for protein-protein association networks was consulted to predict 
functional partners, using FrdA of R. josui as the query (P. thermosuccinogenes was not 
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included in the STRING database) [288]. Scoring based on genomic neighborhood and co-
occurrence, or both parameters alone led in all three instances to the selection of FrdB 
together with the seven subunits of the FlxABCD-HdrABC as predicted functional partners 
with (very) high confidence. The small hypothetical membrane protein is also selected, but 
with a significantly lower score, suggestive of a less stringent functional relationship. The 
latter supports the possibility that it represents a novel succinate transporter, as this 
functionality should be easily replaceable – thus explaining a less stringent co-occurrence. 
Alternatively, the membrane protein could also be a membrane anchor analogous to 
succinate:quinone oxidoreductase superfamily, but without any direct enzymatic role in the 
FRD reaction. However, based on the presence of the PQ-loop, we hypothesise that 
CDQ83_03300 is a specific succinic acid transporter.  

Based on the strong genomic association of the putative FRD in P. thermosuccinogenes with 
the FlxABCD-HdrABC complex, and the distant – but closest – homology of FrdA and FrdB 
with those of thiol (CoM/CoB) driven FRDs from methanogenic archaea, we propose the 
following two hypothetical mechanisms by which succinic acid is formed in P. 
thermosuccinogenes: 

1) Two thiol groups, either from a specific cofactor (pair) or from a (small) protein are 
used by FRD to reduce fumarate, forming succinate. The formed disulfide bond is 
than reduced by the electron-bifurcating FlxABCD-HdrABC complex, using NADH, 
in order to regenerate the original two thiol groups, while facilitating the otherwise 
unfavourable reduction of ferredoxin by NADH (Figure 6A).  

2) The FRD is an integral part of the electron-bifurcating FlxABCD-HdrABC complex, 
and NADH is directly used to reduce fumarate and ferredoxin, without an 
additional disulfide forming cofactor/protein (Figure 6B).  

In principle, it should also be possible for NADH to function directly as the cofactor for FRD, 
without any electron bifurcation, as is the case with many of the other soluble FRDs. 
However, that would make the strong association with the FlxABCD-HdrABC complex a 
rather odd coincidence. Furthermore, the known NADH-dependent FRDs are not involved 
in the central energy metabolism, while P. thermosuccinogenes, a strictly anaerobic 
fermentative organism and likely to be constrained by its ability to produce metabolic 
energy, produces succinic acid as one of its main products of fermentation. It seems 
therefore credible that it can couple succinic acid production to additional energy 
conservation, in the form of reduced ferredoxin, as we hypothesize. Sridhar et al. (2000) 
[280] reported NADH-dependent reduction of fumarate in cell-free extract of P. 
thermosuccinogenes, but did not present their data. We were unable to reproduce this 
finding. 
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Experimental evidence should show whether the putative fumarate reductase is indeed 
involved in electron bifurcation, and whether this proceeds indirectly, via an intermediate 
thiol/disulfide cofactor (Figure 6A), or whether it perhaps is coupled directly to the 
reduction of ferredoxin by NADH (Figure 6B), and thus whether fumarate needs to be added 
to the ever growing list of high-redox-potential acceptors involved in FBEB. Below we 
present some exploratory, but as of yet inconclusive experimental results. 
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Figure 5. (A) Neighbor joining phylogenetic tree of amino acid sequences from different fumarate reductase 
flavoprotein subunits. Sequences of the related l-aspartate oxidase, anaerobic glycerol-3-phosphate 
dehydrogenases, and adenylyl-sulfate reductases are included as well. (B) Neighbor joining phylogenetic tree of 
amino acid sequences from different fumarate reductase iron-sulfur subunits. Sequence of a ferredoxin that also 
contains the 4Fe-4S iron-sulfur cluster is included as well. Reference numbers to the used sequences can be found 
in the material and methods section. Marked in red are the known soluble fumarate reductases, and in grey are 
different, but evolutionary related enzymes.
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Figure 6. Two proposed hypothetical mechanisms for succinate production in P. thermosuccinogenes; (A) either 
involving an intermediate thiol/disulfide cofactor, which could be both a small molecule (pair) or a peptide, or (B) 
involving the direct electron transfer from NADH to fumarate, coupled to the simultaneous reduction of ferredoxin. 

Experimental evidence for the ‘succinic acid operon’
Tools and protocols for genetic engineering of P. thermosuccinogenes are currently not 
available. It is therefore not possible to make a knock-out of any combination of the genes 
present in the succinic acid operon, in order to verify its connection to succinic acid 
production. Instead, we attempted to express the fumarate hydratase and the fumarate 
reductase in E. coli, in order to verify their activity. We deemed it unfeasible to try to express 
the (full) FlxABCD-HdrABC complex for in vitro assays.

We were able to convincingly verify the function of CDQ83_03355 as a fumarate hydratase. 
Without the need for further purification, fumarate hydratase activity was detected in heat-
treated cell-free extract (CFE) of E. coli expressing the fumarate hydratase (248 ± 11 μmol 
min-1 per mg CFE-protein), whereas heat-treated CFE of an empty vector control only 
showed 2% of the same activity (6 ± 5 μmol min-1 per mg CFE-protein).

The same was attempted by expressing FrdA (CDQ83_03310) and FrdB (CDQ83_03315) 
together in E. coli, in order to try to detect fumarate reductase activity in anaerobically 
prepared CFE from anaerobically grown cells. Anaerobic enzyme assays with benzyl 
viologen (BV) and methyl viologen (MV), non-specific electron donors/acceptors, showed 
slightly higher BV/MV oxidation rates for CFE expressing FrdA and FrdB compared to the 
empty vector control, in repeated, independent experiments. However, the difference with 
the empty vector control was very small; in several experiments, no difference was detected 
at all. Expression of FrdB in E. coli was very poor; the vast majority of the protein was present 
in the insoluble fraction. Attempts to purify the little protein present in the soluble fraction 
using a histidine-tag did not succeed. The cause of FrdB aggregate formation was thought 
to be related to the required iron-sulfur clusters, which might not be assembled properly. 
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A knock-out of the IscR gene in the production strain – known to improve the active 
expression of iron-sulfur cluster-containing proteins [4] – did also not improve expression 
or activity in the CFE. So, although the assays hinted at fumarate reductase activity for 
CDQ83_03310 and CDQ83_03315, the results were not strong enough to draw that 
conclusion. 

To test whether fumarate reductase activity in P. thermosuccinogenes is present in the 
cytoplasm, or whether it might be membrane bound, the two fractions were separated from 
each other via ultracentrifugation of P. thermosuccinogenes CFE. Enzyme assays were done 
to measure fumarate reductase activity in both fractions, as well as pyruvate:ferredoxin 
oxidoreductase (PFOR) activity, as a control for cytoplasmic activity. Additionally, 
phospholipids were extracted from both fractions and detected using ammonium 
ferrothiocyanate, to verify whether the membrane was indeed separated from the 
cytoplasm. Fumarate reductase activity was found to be roughly equal between the two 
fraction, whereas the activity of PFOR was 10-fold enriched in the cytoplasmic fraction, as 
shown in Figure 7. The ammonium ferrothiocyanate test clearly confirmed the presence of 
phospholipids in the membrane fraction and their absence in the cytoplasmic fraction (data 
not shown). It seems therefore that fumarate reductase is roughly 10-fold enriched in the 
membrane fraction, compared to PFOR. The same experiment was repeated several times, 
and each time, fumarate reductase activity was enriched in the membrane, relative 
compared to PFOR activity. However, the degree of enrichment (i.e. the ratio of fumarate 
reductase activity in the membrane fraction versus the cytoplasmic fraction) seemed to vary 
significantly. It is possible that fumarate reductase is loosely associated with the membrane. 
Alternatively, if part of a (very) large protein complex, it might still end up in the pellet after 
ultracentrifugation (i.e. the membrane fraction), even though it is not associated with the 
membrane. Both possibilities – that are not mutually exclusive per se – could explain the 
enrichment in the membrane fraction, as well as the high variability in this degree of 
enrichment.  

The high amount of aggregation of FrdB during the heterologous expression could also 
suggest that it is part of a bigger complex, as the interaction with the rest of the complex – 
absent during heterologous expression – is often important for proper folding. 
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 FRD PFOR 
CYT 0.0168 0.178 

MEM 0.0183 0.0191 
CYT: 
MEM 0.918 9.32 

 

Figure 7: Rate of methyl viologen oxidation/reduction (in dAbs/min) per µl of the respective fractions added to the 
assay (i.e. cytoplasmic and membrane; CYT and MEM, respectively), calculated as the slope of the fitted lines. The 
volume of added extract is normalized for the relative concentrations, resulting from the resuspension of the 
membrane pellet in a smaller volume (i.e. 4 ml versus 11 ml). Assays minus fumarate were used as a control. FRD: 
fumarate reductase assay, PFOR: pyruvate:ferredoxin oxidoreductase assay. 

Discussion 
FBEB was discovered little over 10 years ago, when it was shown that electrons from NADH 
were transferred in parallel to ferredoxin and crotonyl-CoA. Since then, numerous other 
electron bifurcating reactions have been described (Figure 3) [45]. Here we propose 
fumarate reduction to be involved with FBEB, either directly, as a novel high-potential 
electron acceptor, or indirectly, via the regeneration of a disulfide bond. 

Something very similar was proposed recently for the reverse TCA-cycle of sulfur-oxidizing 
bacteria found in symbiosis with tubeworms [245]. In those bacteria, the HdrABC-FlxABCD 
complex colocalizes on the genome with a FRD (homologous to the methanogenic thiol-
driven FRD, TfrAB) as well as a 2-oxoglutarate:ferredoxin oxidoreductase (KorABCD). The 
authors propose that the electrons from NADH are transferred to fumarate and succinyl-
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CoA (forming succinate and 2-oxoglutarate), either directly via the existence of a very large 
electron bifurcation complex (HdrABC-FlxABCD-KorABCD-TfrAB), or via the mediation of 
ferredoxin and/or DsrC, formed by HdrABC-FlxABCD. 

Unfortunately, no methods for the transformation and genetic engineering of P. 
thermosuccinogenes have been developed yet, which would aid in functional studies into 
the enzymes encoded by the ‘succinic acid operon’. Purification of active FlxABCD‐HdrABC 
proteins has not yet been demonstrated [237], and was beyond the scope of this work. Our 
attempts for the heterologous expression of FrdA and/or FrdB of P. thermosuccinogenes in 
E. coli to determine the activity were inconclusive. We further experienced difficulties with 
the solubility of FrdB, which could be indicative of it being part of a larger enzyme complex. 
Ultracentrifugation of P. thermosuccinogenes cell-free extract appeared to enrich fumarate-
dependent methyl viologen oxidation activity in the pellet/membrane fraction, which could 
also be indicative of it being part of a large protein complex (if not anchored to the 
membrane). Nevertheless, the experimental results are very limited, and more research is 
required to shed light on the proposed mechanisms for fumarate reduction.  

If indeed the reduction of fumarate is connected to the reduction of ferredoxin, the net 
reaction will be: 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 → 𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+ + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2−. Overall, this 
is similar to the formation of ethanol, where 2 NAD(P)H are oxidized by acetaldehyde 
dehydrogenase and alcohol dehydrogenase, while a ferredoxin is reduced by the preceding 
pyruvate:ferredoxin oxidoreductase. The pathway to succinate, however, allows for the 
reduction of another NADH, by malate dehydrogenase, and therefore allows extra acetate 
(and ATP) formation, while closing the redox balance [210]. When the reduced ferredoxin 
is used for proton export, via NAD+ reduction in the Rnf complex, the net reaction becomes 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 → 𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+ + ∆𝜇𝜇𝜇𝜇𝐻𝐻𝐻𝐻+, quite like anaerobic fumarate 
respiration [303], except that (I) only two protons (or sodium ions) are pumped by the Rnf 
complex per reduced fumarate, compared to the four protons pumped by Type 1 NADH 
dehydrogenase, (II) ferredoxin (vs. quinone) allows for more flexibility, since it can be used 
in a multitude of processes that are not just membrane associated. 
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Abstract 
Bio-based succinic acid holds promise as a sustainable platform chemical. Its production 
through microbial fermentation concurs with the fixation of CO2, through the carboxylation 
of phosphoenolpyruvate. Here, we studied the effect of the available CO2 on the 
metabolism of Pseudoclostridium thermosuccinogenes, the only known succinate producing 
thermophile. Batch cultivations in bioreactors sparged with 1% and 20% CO2 were 
conducted that allowed us to carefully study the effect of CO2 limitation. Formate yield was 
greatly reduced at low CO2 concentrations, signifying a switch from pyruvate formate lyase 
(PFL) to pyruvate:ferredoxin oxidoreductase (PFOR) for acetyl-CoA formation. The 
corresponding increase in endogenous CO2 production (by PFOR) enabled succinic acid 
production to be largely maintained as its yield was reduced by only 26%, thus also 
maintaining the concomitant NADH re-oxidation, essential for regenerating NAD+ for 
glycolysis. Acetate yield was slightly reduced as well, while that of lactate was slightly 
increased. CO2 limitation also prompted the formation of significant amounts of ethanol, 
which is only marginally produced during CO2 excess. Altogether, the changes in 
fermentation product yields result in increased ferredoxin and NAD+ reduction, and 
increased NADPH oxidation during CO2 limitation, which must be linked to reshuffled 
(trans)hydrogenation mechanisms of those cofactors, in order to keep them balanced. RNA 
sequencing, to investigate transcriptional effects of CO2 limitation, yielded only ambiguous 
results regarding the known (trans)hydrogenation mechanisms. Those results hinted at a 
decreased NAD+/NADH ratio, which could ultimately be responsible for the stress observed 
during CO2 limitation. Clear overexpression of an alcohol dehydrogenase (adhE) was 
observed, which may explain the increased ethanol production, while no changes were seen 
for PFL and PFOR expression that could explain the anticipated switch based on the 
fermentation results. 

Introduction 
Succinic acid produced by microbial fermentation is an attractive platform chemical, with 
the potential to contribute to a bio-based economy. A set of different bio-based platform 
chemicals, such as succinic acid, allows the sustainable synthesis of the majority of our 
materials [320]. It is important to produce those chemicals as efficiently as possible, 
especially as our current market requires them to directly compete with cheap and 
unsustainable fossil fuel-derived alternatives. The use of thermophilic microorganisms is 
one of many different ways that could increase the efficiency of industrial fermentations. 
Primarily through a large reduction in cooling costs, and the possibility of simultaneous 
saccharification and fermentation, in which (hemi)cellulose-hydrolysing enzymes, 
functioning optimally around 50 °C, can be used simultaneously with the fermentation 
process itself [306]. 



5

Effects of CO2 limitation on the metabolism of P. thermosuccinogenes

|   89   

The strictly anaerobic Pseudoclostridium thermosuccinogenes is the only known 
thermophile to produce succinic acid as one of its major fermentation products (along with 
acetic acid, lactic acid, formic acid, ethanol, and hydrogen gas) [74,143]. It is a close relative 
of the much better studied Hungateiclostridium thermocellum and Hungateiclostridium 
cellulolyticum, both efficient cellulose degraders that produce ethanol; Pseudoclostridium 
thermosuccinogenes is incapable of cellulose degradation, instead it is able to grow rapidly 
on inulin, a fructose polymer (as well as a range of C5 or C6 monosaccharides). 

The metabolic pathway to succinic acid in P. thermosuccinogenes involves the fixation of a 
CO2 molecule by the GTP-dependent phosphoenolpyruvate carboxykinase (PEPCK), 
converting phosphoenolpyruvate (PEP) into oxaloacetate, while forming GTP from GDP 
[143]. Oxaloacetate is then converted into succinate via malate dehydrogenase, fumarate 
hydratase, and, finally, fumarate reductase (Figure 4). The PEPCK reaction is known to 
operate close to its thermodynamic equilibrium, so it is likely that CO2 concentrations can 
impact the growth of Pseudoclostridium thermosuccinogenes and/or its production of 
succinic acid, as is the case with several other natural succinic acid producers, which are 
typically considered capnophiles (organisms that thrive in the presence of CO2) [307]. We 
previously speculated that the use of GTP, rather than ATP, for PEPCK and sugar 
phosphorylation might allow growth at lower CO2 concentrations by modulating the 
thermodynamics [142]. Other reactions in the central metabolism that could be affected by 
different CO2 concentrations include those catalyzed by malic enzyme (ME) and pyruvate 
ferredoxin oxidoreductase (PFOR), facilitating the oxidative decarboxylation of malate to 
pyruvate, and that of pyruvate to acetyl-CoA, respectively.  

The aim of this study was to investigate how different CO2 concentrations affect the 
production of succinic acid and other fermentation products by P. thermosuccinogenes. 
Fermentations were carried out in bioreactors, directly comparing 20% sparged CO2 (v/v) 
with 1%, at which CO2 was found to become limiting. A transcriptome analysis was 
conducted in order to look further into the mechanisms behind the observed metabolic 
changes triggered by CO2 limitation. 

Material and methods 
Medium composition and bottle cultivations 
P. thermosuccinogenes DSM 5809 was routinely cultivated anaerobically in 120-ml serum 
bottles containing 50 ml medium, incubated at 60 °C. 

Adapted bicarbonate-buffered CP medium was used that contained per liter 0.408 g 
KH2PO4, 0.534 g Na2HPO4·2H2O, 0.3 g NH4Cl, 0.3 g NaCl, 0.1 g MgCl2·6H2O, 0.11 g CaCl2·2H2O, 
4.0 g NaHCO3, 0.1 g Na2SO4, 1.0 g L-cysteine, 1.0 g yeast extract (BD Bacto), 0.5 mg resazurin, 
1 ml vitamin solution, 1 ml trace elements solution I, and 1 ml trace elements solution II 
[143,231]. The medium was autoclaved in serum bottles under 80:20 N2/CO2 atmosphere 
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with ∼70 kPa overpressure, containing a final volume of 50 ml medium. A solution 
containing NaHCO3 and L-cysteine was autoclaved separately and added later as well as a 
solution containing CaCl2·2H2O, to which the vitamin solution was added after it was 
autoclaved. Glucose was also autoclaved separately and added later to a final concentration 
of 2 g/l or 5 g/l. 

The vitamin solution, which was 1,000× concentrated, contained per liter 20 mg biotin, 20 
mg folic acid, 100 mg pyridoxine-HCl, 50 mg thiamine-HCl, 50 mg riboflavin, 50 mg nicotinic 
acid, 50 mg Ca-D-pantothenate, 1 mg vitamin B12, 50 mg 4-aminobenzoid acid, and 50 mg 
lipoic acid. Trace elements solution I, which was 1,000× concentrated, contained per liter 
50 mM HCl, 61.8 mg H3BO4, 99.0 mg MnCl2·4H2O, 1.49 g FeCl2·4H2O, 119 mg CoCl2·6H2O, 
23.8 mg NiCl2·6H2O, 68.2 mg ZnCl2, and 17.0 mg CuCl2·2H2O. Trace elements solution II, 
which was 1,000× concentrated, contained per liter 10 mM NaOH, 17.3 mg Na2SeO3, 33.0 
mg Na2WO4·2H2O, and 24.2 mg Na2MoO4·2H2O. 

To test the effect of the different NaHCO3 concentrations in bottle cultivations, the medium 
was buffered with 10 g/l MOPS instead, and bottles were prepared under a 100% N2 
atmosphere. The pH of the medium placed on ice had been set at 8.0, such that the pH at 
60 °C would be ~7.4. NaHCO3 and L-cysteine were added after autoclaving from separate 
stock solutions, to their desired concentrations. 

Batch fermentations 
Batch fermentations were carried out in DASGIP® BioBlock reactors (Eppendorf) with 0.5 l 
medium, that contained 5 g/l yeast extract and 25 g/l glucose. Bioreactors were autoclaved 
containing 420 ml of CP medium, lacking glucose, L-cysteine, NaHCO3, and CaCl2 with 
vitamins. After autoclaving, 50 ml glucose (250 g/l), 25 ml L-cysteine (20 g/l) and 5 ml CaCl2 
(11 g/l) + vitamins were added. After the medium was fully reduced, inoculation was done 
using 1 ml overnight culture from a 120-ml serum bottle. The reactors were sparged with 
varying concentrations of CO2 in N2 at a rate of 1 l/h. The pH of the medium was kept at 7.0 
by titration with 3M KOH. The temperature was controlled at 60°C and stirring was done at 
200 rpm.  

Fermentations were carried out over a period of approximately 3 days. Samples were taken 
over time to measure optical density, cell dry weight, and metabolite concentrations by 
HPLC. 

Chemostat fermentation 
The continuous, chemostat fermentation was carried out in the same set-up as the batch 
fermentations. Glucose was intended to be the limiting component, therefore 5 g/l was 
used together with 1 g/l yeast extract. Furthermore, the L-cysteine concentration was 
halved to 0.5 g/l. The reactor was sparged with 50% (v/v) CO2 in N2, and the pH of the 
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medium was kept at 7.0 by titration with 3M KOH. The temperature was controlled at 60 °C 
and stirring was done at 200 rpm. 

After inoculation, the culture was grown under batch conditions up to an OD600 of 0.8 – 1, 
after which the continuous feeding was started. The volume was kept constant by setting 
the outflow tube at the height corresponding to 0.5 l. The chemostat series at different 
dilution rates was started from the highest dilution rate, and steady states were assumed 
after three times the hydraulic retention time. Samples were taken from the outflow to 
measure optical density, cell dry weight, metabolite concentrations by HPLC and H2 
concentrations by gas chromatography. 

HPLC 
Glucose and fermentation products were analysed by HPLC using a Unity Lab Services ICS 
5000+ system equipped with an Aminex HPX-87H column. The mobile phase contained 8 
mM H2SO4 and was pumped at 0.8 ml/min through the column, which was kept at 60 °C. 
Samples and standards were prepared by mixing 160 µl with 40 µl of 10 mM DMSO internal 
standard in 5 mM H2SO4, in a 96-wells plate. 

RNA extraction and transcriptomics 
15 – 45 ml samples were taken during exponential growth in batch fermentations for 
transcriptome analysis. Samples were directly placed on ice, after which they were 
centrifuged for 10 minutes at 4,800 × g at 4 °C. The supernatant was removed and the pellet 
was resuspended in 10 ml RNAlater Stabilization Solution (Qiagen) to inactivate RNases and 
stabilize the RNA. Samples were stored at 4°C overnight and then transferred to -20°C until 
further processing. 

To extract the RNA, 5 ml of the cell suspension was centrifuged for 15 minutes at 4,800 × g 
at 4 °C. All traces of the RNAlater were removed and the pellet was resuspended in 0.5 mL 
of ice-cold TE buffer (pH 8.0). The samples were divided into two 2-ml screw-cap tubes 
containing 0.5 g zirconium beads, 30 μl 10% SDS, 30 μl 3 M sodium acetate (pH 5.2), and 
500 μl water-saturated phenol, chloroform, and isoamyl alcohol at a ratio of 25:24:1 (pH 4.5 
to 5) (Roti-Aqua-P/C/I; Carl Roth, Germany). Cells were disrupted in a FastPrep apparatus 
(MP Biomedicals) at 6,000 rpm for 40 seconds. The tubes were centrifuged for 10 minutes 
at 10,000 × g at 4 °C and the aqueous phase from both tubes was pooled in a new tube. 400 
µL of chloroform was added to the samples, which were then centrifuged for 3 minutes at 
21,000 × g at 4 °C. 300 µL of the aqueous phase was finally transferred to a new tube, from 
which the RNA was purified using High Pure RNA Isolation Kit (Roche). RNA was eluted with 
50 µL ultra-pure water and then stored at -80 °C. 

RNA integrity was verified using the Qsep100TM capillary gel electrophoresis system 
(BiOptic, Taiwan). Further quality control, rRNA depletion, library preparation, sequencing, 
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and data analysis was carried out by BaseClear (The Netherlands). rRNA depletion was done 
using the MICROBExpress™ Bacterial mRNA Enrichment Kit. Paired-end reads were 
generated with the Illumina NovaSeq 6000 system. Tophat2 version 2.1.1 was used to align 
the reads to the reference genome (NZ_NIOI01000002.1) with short read aligner Bowtie 
version 2.2.6 [137,157]. Cufflinks version 2.2.1 was used to conduct the differential 
expression analysis [304]. 

Results 
In order to investigate the effect of the available CO2 on the formation of succinic acid and 
other fermentation products by P. thermosuccinogenes, a series of bottle cultivations was 
conducted with medium containing different NaHCO3 concentrations. A range of NaHCO3 
concentrations from 0 to 20 mM was tested, although the true concentrations are 
approximately 1 mM higher, through carry-over from the inoculum. 5 g/l of glucose was 
used, of which generally only little more than half was consumed, due to the rapid 
acidification of the medium. The results are presented in Figure 1A and show a stark 
increase in ethanol yield at lower NaHCO3 concentrations, and a modest decrease in formic 
acid yield. Surprisingly, succinic acid did not show an apparent change in yield, and neither 
did acetic acid and lactic acid.  

Following the small bottle experiment, a similar, but better-controlled, batch fermentation 
experiment was carried out using laboratory scale bioreactors, containing 0.5 l medium with 
25 g/l glucose. 5 g/l yeast extract was added, instead of 1 g/l, which was otherwise found 
to be limiting (data not shown). Similar to the bottle experiments, 1 g/l of l-cysteine was 
used to reduce the medium and remove any traces of oxygen. Instead of NaHCO3 additions, 
the medium was sparged with different concentrations of CO2 in N2 at 1 l/h, while being 
stirred at 200 rpm. The pH was maintained at 7.0. The results of the batch fermentations 
are shown in Figure 1B, and are comparable to what was observed for the bottle 
experiments, with ethanol yield increasing and formic acid yield decreasing at lower CO2 
concentrations. Figure 1C shows the growth rates at the different tested CO2 
concentrations, which are reduced over two fold at 1%, compared to 20%. No growth was 
observed at all when the reactor was sparged with 100% N2.  
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Figure 1: (A) Yield of moles fermentation product produced per consumed mole of glucose (starting concentration 
of 5 g/l) in serum bottle experiments containing different starting concentrations of NaHCO3. 1 ml of inoculum 
containing ~50 mM NaHCO3 was used for 50 ml medium, so the true NaHCO3 concentrations are ~1mM higher. (B) 
Yield of moles fermentation product produced per consumed mole of glucose (starting concentration of 25 g/l) in 
0.5 l batch fermentations with different concentrations of CO2 in N2 (v/v) sparged at 1 l/h. Every data point is the 
average of data from at least 3 independent fermentations, with the error bars representing the standard 
deviation. (C) Growth rates of the fermentations in B. (D) Yield of moles fermentation product produced per 
consumed mole of glucose (starting concentration of 5 g/l) in a continuous fermentation set a different (step-wise 
reduced) dilution rates. Every data point is the average of 3 measurements of the same steady state, taken at 
different time points, with the error bars representing the standard deviation.

To try to discriminate between direct effects of CO2 concentrations and indirect effects via 
differences in growth rates, a chemostat fermentation was conducted at different dilution
rates and a fixed CO2 concentration. The chemostat was run similar to the batch 
fermentations, but medium with 5 g/l of glucose, 1 g/l yeast extract, and 0.5 g/l l-cysteine 
was used, and the medium was sparged with 50% CO2. The continuous dilution with fresh 
medium was initiated at the end of the exponential phase, starting with the highest dilution 
rate. Figure 1D shows the results of the continuous fermentation. Virtually no ethanol and 
lactic acid are produced during any of the tested dilution rates, suggesting that the 
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previously observed increased ethanol yield was not the result of a lower growth rate, but 
is more directly the result of the lower CO2 concentration. Formic acid, on the other hand, 
is produced in large amounts, and its yield also appears to decrease with decreasing growth 
rate. Acetic acid appears to follow a similar trend, whereas succinic acid yield seems to 
increase slightly. As such, it seems that the formic acid yield change might indeed be the 
result of the lower growth rate. Nevertheless, the change in acetic acid (and succinic acid), 
which was not observed (as strongly) during the batch fermentations could also indicate 
that another, unaccounted mechanism might be behind the observation. 

In order to look more closely at what might be behind the increase in ethanol yield and 
decrease in formic acid yield, another set of batch fermentations was carried out, directly 
comparing sparging with 1% versus 20% CO2. RNA samples were collected for sequencing 
to investigate transcriptional changes. The data of the fermentations are presented in 
Figure 2 and Figure 3.  
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Figure 2: Optical density, and concentrations of glucose and fermentation products over-time of a series of batch 
fermentations (0.5 l) sparged with either 1 % or 20 % CO2 in N2 (v/v) at 1 l/h. The dashed lines connect data points 
from the same run. 

Figure 3: Growth rate (A), fermentation product yields on glucose (B), and carbon balance per mole of glucose (C) 
of the series of batch fermentations presented in Figure 2. Error bars represent standard deviations. The carbon 
balance of the consumed glucose is calculated by converting glucose to C-moles (i.e. multiplied by 6) and 
multiplying succinate, acetate, lactate, and ethanol by 3 (i.e. the number of C-moles from glucose consumed to 
generate these products, which includes CO2 or formate formed/consumed).

Figure 2 shows that glucose consumption rates drop near the end of the fermentations, and 
that not all of the 25 g/l of glucose is consumed. A disparity between 1% and 20% CO2 is 
also evident. The OD600 stabilizes within 24 hours, after which it also shows a rapid decrease. 
This suggests that cells are dying and/or sporulating, which would also explain the decrease 
in glucose consumption, and is presumably caused by salt stress resulting from titration with 
KOH [182,298]. Lactate production starts at the transition to the stationary phase. It was 
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further noted that at 1% CO2 the cells were elongated – a typical stress response [77,127] – 
and that the cells formed much more sticky or slimy cell-pellets, suggestive of an increased 
presence of extracellular polysaccharides – another common stress response [51,286]. 

As before, the results show a stark decrease in formate yield, which dropped from 0.53 to 
0.17 mM per mM glucose during CO2 limitation, while ethanol yield increased from 0.05 to 
0.23 mM. Lactate yield also increased slightly (0.29 to 0.34 mM/mM), and succinate and 
acetate yields decreased slightly (0.64 to 0.47 and 0.69 to 0.56 mM/mM, respectively). 
Overall, the amount of glucose channelled to succinate, acetate, lactate and ethanol 
combined remained identical during both conditions, as can be seen in Figure 3C. 
Approximately 20% of glucose is unaccounted for, and is at least partly represented by the 
formed biomass. 

Figure 4 shows an overview of the pathways towards the different fermentation products. 
The yields of those products, together with their associated cofactor stoichiometry, starting 
from PEP, were used to calculate the cofactor (re)generation at 1% and 20% CO2. The results 
of the flux balance calculations (Supplementary file 1) are presented in Table 1. During 1% 
CO2, 0.42 mole extra ferredoxin per mole glucose was reduced by PFOR, resulting from the 
decreased pyruvate formate lyase (PFL) flux. Assuming that fumarate reductase is indeed 
linked to ferredoxin reduction (through NADH dehydrogenase/heterodisulfide reductase 
complex, as proposed in Chapter 4 [237]), it follows that overall, 0.26 mole extra ferredoxin 
is reduced during CO2 limitation. Simultaneously, 0.25 mole fewer NADH and 0.18 mole 
extra NADPH is oxidized (the latter through the NADPH-dependent alcohol dehydrogenase 
of P. thermosuccinogenes [280]), assuming the transhydrogenase activity of the malate 
shunt has not changed [289]. In total, this would constitute a relative redox surplus of 0.33 
electron pairs during CO2 limitation. Presumably, this leads to extra H2 production. 
Unfortunately, no H2 data is available from the bioreactor fermentations. Serum bottle 
experiments, identical to those presented in Figure 1A did show an increase in H2 
production from 0.22 mole H2 per mole glucose at 20 mM NaHCO3 to 0.44 mole H2 at 1 mM 
NaHCO3, suggesting indeed that more H2 is formed during CO2 limitation. If we simply 
assume that 1 ATP-equivalent is generated per PEP to pyruvate conversion, 0.18 mole fewer 
ATP is generated during CO2 limitation, of which the majority (0.13 mole) is due to the 
decrease in acetate yield. 

Following these results, it seems that during CO2 limitation mechanisms must exist for the 
oxidation of the extra reduced ferredoxin and NADH, as well as for the reduction of the 
extra NADP+, which strongly suggests that (besides increased hydrogen production) 
electrons are being transferred from ferredoxin and/or NADH to NADP+. A differential 
expression analysis was performed through RNA sequencing, in order to find-out what 
mechanism might be responsible for the change in (redox) metabolism.  
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Figure 4: Metabolic pathways from phosphoenolpyruvate (PEP) to the different fermentation products in P. 
thermosuccinogenes. The dashed grey arrow represents the glycolysis, which relies on a PPi-dependent 
phosphofructokinase. The green arrows represent the malate shunt for the conversion of PEP to pyruvate. ACDH, 
acetaldehyde dehydrogenase; ACN, aconitase; ACS, acetyl-CoA synthetase; ADH, alcohol dehydrogenase; AK, 
acetate kinase; CS, citrate synthase; Flx-Hdr, NADH dehydrogenase/heterodisulfide reductase bifurcation complex; 
FH, fumarate hydratase; FR, fumarate reductase; ICD, isocitrate dehydrogenase; LDHL, l-lactate dehydrogenase; 
MDH, malate dehydrogenase; ME, malic enzyme; OOR, 2-oxoglutarate:ferredoxin oxidoreductase; PEPCK, 
phosphoenolpyruvate carboxykinase; PFL, pyruvate formate lyase; PFOR, pyruvate:ferredoxin oxidoreductase; 
PPdK, pyruvate, phosphate dikinase; PTA, phosphate acetyltransferase; PYK, pyruvate kinase.
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Table 1: Moles of different cofactors or pathway intermediates generated per mole of glucose consumed, 
calculated using the different product yields as shown in Figure 3 and stoichiometry of the pathways from 
phosphoenolpyruvate to the different fermentation products (i.e. the NADH/ATP-equivalents 
consumed/produced in glycolysis are not considered), as depicted in Figure 4. Calculations based on the 
assumption that there is no difference in transhydrogenation by the malate shunt between 1% and 20% CO2, and 
that 1 ATP-equivalent is formed in the conversion from phosphoenolpyruvate to pyruvate. 

 1% CO2 20% CO2 Difference 
Acetyl-CoA 0.79 0.73 0.05 
Fdreduced (PFOR only) 0.62 0.20 0.42 
Fdreduced 1.09 0.84 0.26 
NADH -1.99 -2.25 0.25 
NADPH -0.23 -0.05 -0.18 
Total redox cofactors -1.13 -1.45 0.33 
ATP (AK only) 0.56 0.68 -0.13 
ATP-equivalents 2.16 2.34 -0.18 

 

Biological triplicates of exponentially growing cells from the batch fermentations were used 
for RNA sequencing. 5.4 – 10.4 million reads (paired-end, 150 bp) were generated per 
sample and used to conduct a differential expression analysis between 1% and 20% CO2 
(Supplementary data 2). As can be seen in Figure 5A, one of the seven (putative) alcohol 
dehydrogenases annotated in P. thermosuccinogenes is significantly overexpressed during 
CO2 limitation, namely adhE (CDQ83_RS17615) – a bifunctional acetaldehyde-CoA/alcohol 
dehydrogenase that was previously shown to be the relevant isoform for ethanol formation 
in H. thermocellum and T. saccharolyticum [179]. Surprisingly, neither of the two annotated 
PFOR genes were differentially expressed, as shown in Figure 5B, nor were any of the genes 
coding for other central metabolic enzymes involving CO2 formation or fixation. None of the 
genes for PFLs or (putative) PFL-activating enzymes were differentially expressed either 
(Figure 5B). 

The most differentially over-expressed genes during CO2 limitation include a glutamate 
synthase (CDQ83_RS06935 and CDQ83_RS06940), glutamine synthetase 
(CDQ83_RS16740), as well as several other genes related to glutamate/amino acid 
metabolism, summarized in Figure 7. Furthermore, three genes (CDQ83_RS11600, 
CDQ83_RS11605, and CDQ83_RS11610) that seem to encode for a putative oxidoreductase 
complex are highly over-expressed during CO2 limitation as well. CDQ83_RS11600 encodes 
a small DUF1667 domain-containing protein; CDQ83_RS11605 an FAD-dependent 
oxidoreductase related to the small chain of thioredoxin reductase, glutamate synthase, 
CoA disulfide reductase, and ferredoxin-NADP+ reductase; and CDQ83_RS11610 an 
NAD(P)/FAD-dependent oxidoreductase related to L-2-hydroxyglutarate dehydrogenase 
(mitochondrial) and glycerol-3-phosphate dehydrogenase. The three genes are located 
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downstream of a glycerol-3-phosphate responsive antiterminator protein and upstream of 
a glycerol kinase.  

The ‘succinate operon’, encoding fumarate hydratase, fumarate reductase and the NADH 
dehydrogenase/heterodisulfide reductase bifurcation complex showed a statistically 
significant increase in expression level of approximately 4-fold. Conversely, the ion-
translocating reduced ferredoxin:NAD+ oxidoreductase (RNF) complex showed a decrease 
of approximately 2-fold. Besides the RNF complex, P. thermosuccinogenes possesses several 
other known enzymes involved in (trans)hydrogenation, summarized in Figure 6; none of 
these are differentially expressed, except for a cluster of genes related to NADH-quinone 
oxidoreductase (CDQ83_RS11525-45) that could potentially encode a hydrogenase 
complex. 

Interestingly, a large cluster of genes (CDQ83_RS11365-420 that appear to be organized 
into three adjacent operons) predicted to be involved in fucose and mannose metabolism 
is overexpressed during CO2 limitation. It is plausible that this relates to the sticky 
phenotype that was observed for the cells grown at 1% CO2. 
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Figure 5: Selected results from differential expression analysis. Positive fold change represents an increase of 
mRNA coverage during CO2 limitation (i.e. 1% versus 20% CO2). In the volcano plots, green data points depict genes 
with a statistically significant increase (i.e. q-value < 0.05) during CO2 limitation and red data points those with a 
statistically significant decrease in coverage during CO2 limitation. Yellow data points correspond to the genes 
presented in the accompanying bar graph. In the bar graphs, the wide bars display the log2(fold change) and the 
narrow (yellow) bars display the mean coverage in FPKM during 1% CO2. (A) Results for potential alcohol 
dehydrogenases (including AdhE). (B) Results for two annotated pyruvate:ferredoxin oxidoreductases (PFOR), two 
annotated pyruvate formate lyases (PFL), and three (potential) PFL-activating enzymes. (C) Results for the 
‘succinate operon’, harbouring fumarate hydratase (CDQ83_RS03365), an electron bifurcating NADH 
dehydrogenase/heterodisulfide reductase complex (CDQ83_RS03360-30), fumarate reductase (CDQ83_RS03325-
20), and a hypothetical protein (CDQ83_RS03315; potentially a succinic acid transporter). (D) Results for the 
energy-converting [NiFe] hydrogenase with hydrogenase maturation factors (Ech; CDQ83_RS14500-45); the ion-
translocating reduced ferredoxin:NAD+ oxidoreductase (Rnf; CDQ83_RS14555-75); HydEFG [FeFe] hydrogenase 
maturation factors; electron bifurcating ferredoxin:NADP+ reductase (Nfn; CDQ83_RS10790-95); HypCDE [NiFe] 
hydrogenase maturation factors (CDQ83_RS06905-15); and three potential hydrogenases (CDQ83_RS10810, 
CDQ83_RS11525-45, and CDQ83_RS16105).

Figure 6: Overview of major (trans)hydrogenase reactions involving ferredoxin in P. thermosuccinogenes. Arrow 
represent the flow of electrons. PFOR: pyruve:ferredoxin oxidoreductase; Flx-Hdr: NADH 
dehydrogenase/heterodisulfide reductase bifurcation complex; NFN: NADH-dependent reduced ferredoxin:NADP+

oxidoreductase; RNF: ion-translocating reduced ferredoxin:NAD+ oxidoreductase; ECH: energy-converting [NiFe] 
hydrogenase; Hyd: hydrogenase; bif-Hyd: bifurcating hydrogenase. It is not entirely clear what hydrogenases are 
present besides ECH. The presence of several genes potentially encoding hydrogenases, and of [FeFe] hydrogenase 
maturation factors does suggest P. thermosuccinogenes possesses additional hydrogenases.
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Figure 7: (A) Overview of the statistically significantly overexpressed reaction (green) involved in glutamate 
metabolism during CO2 limitation. ACN, aconitase; AS, asparagine synthase (CDQ83_RS08075); ASAT, aspartate 
transaminase (CDQ83_RS04665); AT, ammonium transporter (CDQ83_RS02905); CS, citrate synthase; DAPAT, l,l-
diaminopimelate aminotransferase (CDQ83_RS05135); DAPDC, diaminopimelate decarboxylase; DAPE, 
diaminopimelate epimerase (CDQ83_RS05140); GOGAT, ferredoxin-dependent glutamate synthase 
(CDQ83_RS06935-40); GS, glutamine synthethase (CDQ83_RS15275 & CDQ83_RS16740); ICD, isocitrate 
dehydrogenase; OOR, 2-oxoglutarate:ferredoxin oxidoreductase. (B) Results from differential expression analysis 
for the genes involved in the highlighted reactions in A. Positive fold change represents an increase of mRNA 
coverage during CO2 limitation (i.e. 1% versus 20% CO2). In the volcano plots, green data points depict genes with 
a statistically significant increase (i.e. q-value < 0.05) during CO2 limitation and red data points those with a 
statistically significant decrease in coverage during CO2 limitation. Yellow data points correspond to the genes 
presented in the accompanying bar graph. In the bar graphs, the wide bars display the log2(fold change) and the 
narrow (yellow) bars display the mean coverage in FPKM during 1% CO2. 

Discussion 
PFOR versus PFL 
Upon CO2 limitation, decarboxylation reactions (where a carboxyl group is removed) 
become thermodynamically more favourable, whereas the reverse (i.e. carboxylation) 
becomes less favourable [20]. A large number of metabolic pathways, both catabolic and 
anabolic, involve (de)carboxylation reactions and it is therefore likely that the observed 
effects during CO2 limitation are either directly or indirectly related to the thermodynamic 
changes. In general, a certain amount of CO2 is required for many microorganisms to thrive 
[69,239], as was also demonstrated by the complete lack of growth of P. 
thermosuccinogenes during fermentations sparged with pure N2. The predominant 
catabolic (de)carboxylation reactions of P. thermosuccinogenes are PEPCK, malic enzyme, 
and PFOR. Phosphogluconate dehydrogenase in the oxidative pentose phosphate pathway 
is only marginally expressed, while isocitrate dehydrogenase and 2-oxoglutarate:ferredoxin 
oxidoreductase only fulfil an anabolic role (due to the incomplete TCA-cycle). 

Of the three major catabolic (de)carboxylases, only PEPCK operated in the CO2-fixing 
direction, through which the production of succinic acid leads to net CO2 fixation, while the 
malate shunt does not lead to net CO2 fixation (or generation), because of subsequent 
decarboxylation by malic enzyme. In fact, the amount of CO2 required by PEPCK for the 
observed succinic acid production at 1% CO2 (~20 mmol in a 24 hours window) is higher 
than the CO2 provided (0.01 l/h * 24 h * 22.4-1 mol/l = ~11 mmol), which can only mean that 
endogenous CO2 is being used to facilitate succinic acid formation. The source of 
endogenous CO2 is PFOR (being the only anabolic net-CO2-forming reaction), which 
produces 0.62 mole CO2 per mole glucose, compared to the 0.47 mole required for succinic 
acid production. During 20% CO2, only 0.20 mole CO2 is produced by PFOR versus 0.64 mole 
required for succinic acid. Therefore, it seems that the switch from PFL to PFOR (i.e. from 
formate production to that of CO2 and reduced ferredoxin) allows succinic acid formation 
and its concomitant NADH sink to proceed in the absence of the required exogenous CO2. 
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The re-oxidation of more than one NADH through succinate production allows the 
subsequent generation of extra ATP via the (redox neutral) pathway to acetate. 

Whether the switch from PFL to PFOR is intentional (i.e. regulated) is not clear. It does not 
appear to be regulated on a transcriptional level. (Post)-Translational or allosteric regulation 
is still possible, but it could simply be a thermodynamic effect, since PFOR becomes more 
favourable relative to PFL during CO2 limitation. Recent data from Dash et al. (2019) show 
that the free energy change of PFOR in  H. thermocellum (a close relative of P. 
thermosuccinogenes) changes quite drastically during the course of a batch fermentation, 
being close to 0 in the beginning of the fermentation [66]. With a ΔG allowed close to 0, at 
which its rate is very sensitive to changes in reactant concentrations, it is fully plausible that 
the switch from PFL to PFOR in P. thermosuccinogenes upon CO2 limitation is a 
thermodynamic effect.  

Changes in redox metabolism 
The overall consequence of the observed metabolic changes is an increased need for 
ferredoxin and NADH oxidation, and NADP+ reduction. It is credible then to assume that 
part of the ferredoxin and NADH are used for the reduction of NADP+, which could occur 
through the electron bifurcating ferredoxin:NADP+ reductase (NFN; Figure 6) [316]. Again, 
no transcriptional changes occur that could indicate increased NFN activity. Of course, it is 
still wholly plausible that there is an increase in NFN-flux. The flux through the malate shunt 
might also change, increasing NADH to NADPH transhydrogenase activity. Alternatively, the 
putative oxidoreductase complex that is most differentially upregulated might encode a 
novel protein complex involved in the transfer of electrons from ferredoxin (and NAHD) to 
NADP+. Further research into this putative oxidoreductase complex is required, however. 
Its genomic association with glycerol kinase would in fact suggest a relation to membrane 
lipid synthesis. 

Unlike NFN, the ion-translocating reduced ferredoxin:NAD+ oxidoreductase (RNF) seems to 
be transcriptionally downregulated, albeit statistically significant for only two of the six 
subunits. Conversely, the succinic acid operon, harbouring the bifurcating NADH 
dehydrogenase/heterodisulfide reductase complex (Flx-Hdr), is upregulated, albeit also not 
statistically significant for all subunits. RNF transfers electrons from ferredoxin to NAD+, 
whereas Flx-Hdr transfers electrons from NADH to ferredoxin (and thiols) [237] (Chapter 4). 
The transcriptional effects could therefore indicate that the excess of NADH is more 
pressing than the excess of ferredoxin, as they would result in reduced transfer of electrons 
from ferredoxin to NADH. This is conceivable, considering the fact that ferredoxin can be 
re-oxidized relatively easily through the formation of hydrogen. The observed stress could 
therefore be the result of a decreased NAD+/NADH ratio, which is (for example) known to 
inhibit glyceraldehyde-3-phosphate dehydrogenase, decreasing glucose consumption and 
growth [90,95,96]. 
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Sridhar & Eiteman (2001) attempted to decrease the NAD+/NADH ratio of P. 
thermosuccinogenes throught the addition of 85% H2 to the headspace, which resulted in 
almost completely abolished succinate and formate production and greatly reduced lactic 
acid production, with their fluxes completely diverted to ethanol  [279]. This is surprising, 
as in most natural succinate producers, H2 addition enhances succinate production 
[116,161,319]. Nevertheless, it fits the notion that P. thermosuccinogenes has a unique 
fumarate reductase, coupling succinate formation to ferredoxin reduction (Chapter 4), since 
inhibition of hydrogenases by high H2 partial pressure would impair ferredoxin reducing 
reactions [155,296]. In the same study, confusingly, decreased culture redox potential (CRP; 
assumed to increase NADH availability) by addition of Na2S resulted in the complete 
opposite effect as H2 addition. Overall, there seems to be a very complex interplay between 
pH, CRP, as well as H2 and CO2 on the fermentation profile of P. thermosuccinogenes. 

CO2 limitation in succinic acid producers 
The premise of this investigation was the idea that succinic acid formation would be strongly 
impacted by the concentration of CO2, asserted from the CO2-fixing PEPCK reaction, which 
is believed to operate close to equilibrium [329], as well as from evidence from other 
succinic acid producers. A decrease of 26% in succinate yield was observed, which albeit 
significant is smaller than the 65% decrease seen for Anaerobiospirillum succiniciproducens, 
and 72% for Actinobacillus succinogenes, summarized in Table 2 with results from literature. 
Mannheimia succiniciproducens shows a decrease of 14%. However, the lowest amount of 
CO2 tolerated by M. succiniciproducens was many times higher than that for P. 
thermosuccinogenes. Beyond the general observed decrease in succinic acid yield upon CO2 
limitation, the response in terms of the other fermentation products varies widely between 
different succinic acid producers (Table 2). E.g. where P. thermosuccinogenes shows a stark 
decrease in formate yield, A. succinogenes shows an increase, while the formate yield of A. 
succiniproducens is unaffected, but was already low to begin with. In more recent work into 
CO2 limitation in A. succinogenes, two specific CO2 threshold concentrations were found. 
Below 8.4 mM dissolved CO2 (or 37% saturation), the glucose consumption rate decreased 
while the flux distribution (i.e. yields) between succinate, acetate and formate remained 
constant. Below 3.9 mM dissolved CO2 (or 17% saturation), the yield of succinate also 
decreased, as flux was diverted towards other products [113].  

Like P. thermosuccinogenes, A. succiniciproducens has a PFOR and a PFL [250], while A. 
succinogenes and M. succiniciproducens have a pyruvate dehydrogenase (PDH) instead of a 
PFOR [42,140], forming NADH instead of reduced ferredoxin. Additionally, P. 
thermosuccinogenes has a GTP-dependent PEPCK, whereas the other three have ATP-
dependent versions. We previously speculated that GTP-dependent PEPCK might allow 
growth at lower CO2 concentrations [142]. However, the data from literature presented in 
Table 2 are not sufficient to support that, as not enough other succinate producers relying 
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on GTP-dependent PEPCK (e.g. Fibrobacter succinogenes [97]) have been studied during CO2 
limitation and the tested limiting CO2 concentrations cannot be adequately compared. 

Conclusion 
Through bioreactor cultivations of Pseudoclostridium thermosuccinogenes sparged with 1% 
and 20% CO2 we studied the effect of CO2 limitation on its metabolism. Formate yield is 
greatly reduced as the pyruvate to acetyl-CoA flux shifts from pyruvate formate lyase (PFL) 
to pyruvate:ferredoxin oxidoreductase (PFOR). This shift is presumably caused by more 
favourable decarboxylase thermodynamics of PFOR upon CO2 limitation, but might also be 
actively regulated, as the resulting endogenous CO2 formation is able to compensate the 
CO2 required to sustain the succinate flux. Succinate yield is (only) reduced by 26%. Acetate 
yield is slightly reduced as well, while that of lactate is slightly increased. CO2 limitation also 
prompts the formation of significant amounts of ethanol, which is only marginally produced 
during CO2 excess. Overall, the changes in those product yields are associated with 
increased ferredoxin and NAD+ reduction, and increased NADPH oxidation during CO2 
limitation, which must result in altered (trans)hydrogenation mechanisms of those 
cofactors, in order to keep them balanced. Transcriptional changes show a clear 
overexpression of an alcohol dehydrogenase (adhE), while no change in PFL and PFOR 
expression is observed. Transcription results are more ambiguous regarding the altered 
(trans)hydrogenation mechanisms, but they hint at a decreased NAD+/NADH ratio, which 
might ultimately be responsible for the stress observed during CO2 limitation. 
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Supplementary data
Supplementary file 1
Yields (mol/mol glucose)

1% St dev 20% St dev
Acetate 0.560019 0.032931 0.686697 0.029221
Succinate 0.474664 0.046133 0.637693 0.054757
Lactate 0.344226 0.069586 0.285975 0.066152
Formate 0.166577 0.031695 0.533579 0.056401
Ethanol 0.225331 0.039411 0.046433 0.024449

Analysed system
Assumed that:

- 1 ATP (equivalent) is generated per PEP to pyruvate conversion, regardless if 
pyruvate kinase; pyruvate, phosphate dikinase; or the malate shunt is used.

- There is no difference in the transhydrogenase activity of the malate shunt.

- Fumarate reductase is linked to the electron bifurcating NADH 
dehydrogenase/heterodisulfide reductase complex.

v1 = YSA/G

v2 = v3 + v6 + v7 = YLA/G + YEtOH/G + YAC/G

v3 = YLA/G

v4 = v6 + v7 – v5 = YEtOH/G + YAC/G - YFA/G

v5 = YFA/G

v6 = YEtOH/G

v7 = YAC/G
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Cofactors/pathway intermediates generated (mol/mol glucose) 
  1% CO2 20% CO2 
NADH (-3 * v1) + (-1 * v3) + (-1 * v6) -1.993549664 -2.24548692 
NADPH (-1 * v6) -0.225330504 -0.046433034 
Fd2- (1 * v1) + (1 * v4) 1.093437725 0.837244389 
Fd2- (v4 only) (1 * v4) 0.618773324 0.199551296 
Total redox NADH + NADPH + Fd2- -1.125442443 -1.454675566 
ATP (1 * v1) + (1 * v2) + (1 * v7) 2.164259833 2.343495278 
ATP (v7 only) (1 * v7) 0.560019485 0.686697271 
Acetyl-CoA (1 * v6) + (1 * v7) 0.785349989 0.733130305 

 

Supplementary file 2 
Supplementary_data_Chapter5_file2.txt 
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Abstract  
Most cellulolytic clostridia species are not annotated to contain a transaldolase gene. 
Therefore, they must possess a pathway that is able to connect pentose metabolism with 
the rest of the metabolism, for assimilating pentose sugars, and/or for generating C5 
precursors (such as ribose) during growth on other (non-C5) substrates. Here we provide 
evidence that for this connection cellulolytic clostridia rely on the sedoheptulose 1,7-
bisphosphate (SBP) pathway, using pyrophosphate-dependent phosphofructokinase (PPi-
PFK) instead of transaldolase. In this reversible pathway, sedoheptulose 7-phosphate (S7P) 
is converted to SBP, by PFK, after which fructose bisphosphate aldolase cleaves SBP into 
dihydroxyacetone phosphate and erythrose 4-phosphate. We show that PPi-PFK of 
Clostridium thermosuccinogenes and Clostridium thermocellum indeed is able to convert 
S7P to SBP, and that they have similar affinity for S7P and fructose 6-phosphate (F6P), the 
canonical substrate. By contrast, (ATP-dependent) PfkA of Escherichia coli (which does rely 
on transaldolase) has a very poor affinity for S7P. This is indicative of the fact that the PPi-
PFK of the cellulolytic clostridia has evolved for the use of S7P. We further show that C. 
thermosuccinogenes contains a significant SBP pool, an otherwise unusual metabolite, 
which is elevated during growth on xylose, demonstrating its relevance for pentose 
assimilation. Lastly, we demonstrate that a second PFK of C. thermosuccinogenes that 
operates with ATP and GTP shows unusual kinetics towards F6P, as it appears to have an 
extremely high degree of cooperative binding, resulting in a virtual on/off switch for 
substrate concentrations near its K1/2 value.  

Introduction 
Transaldolase plays a key role in the non-oxidative pentose phosphate pathway (PPP). 
Together with transketolase it is responsible for the interconversion of C5 and C3/C6 
metabolites, as depicted in Figure 1. Specifically, transaldolase transfers a three-carbon 
ketol unit from sedoheptulose 7-phosphate (S7P) to glyceraldehyde 3-phosphate (G3P), 
forming erythrose 4-phosphate (E4P) and fructose 6-phosphate (F6P). Transketolase is 
responsible for the transfer of a two-carbon ketol unit from xylulose 5-phoshate, either to 
ribose 5-phosphate, yielding the S7P and G3P used by transaldolase, or to E4P – one of the 
products of transaldolase – yielding G3P and F6P. In contrast to the oxidative part, the non-
oxidative PPP is reversible and essential both for catabolism of pentoses (e.g. xylose) and 
for the production of the C5 metabolites required for anabolism during growth on other 
substrates. The latter can also be facilitated by the oxidative PPP, but is then accompanied 
with the formation of NADPH, another important role of the PPP in many organisms.  
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Several cellulolytic Clostridia1 have been reported to lack an annotated transaldolase gene, 
while at least a few of those are able to grow very efficiently on pentose sugars, including 
Clostridium thermosuccinogenes and Clostridium cellobioparum subsp. termitidis, and 
Clostridium stercorarium [143,208,259]. This implies that an alternative route to link C5 to 
the rest glycolysis must be present in those organisms. In C. thermosuccinogenes only the 
genes in the PPP responsible for the conversions of C5 sugars to xylulose 5-phosphate (i.e. 
xylose transporters, xylose isomerase, and xylulokinase) were upregulated during growth 
on xylose versus glucose [143]. In C. termitidis, a transketolase was found to be upregulated 
as well, during growth on xylose or xylan versus cellobiose [208]. Yet, neither of those 
transcriptome studies resulted in an obvious candidate for an alternative pathway. 
Clostridium thermocellum also lacks an annotated transaldolase, but in contrast to the other 
cellulolytic Clostridia, it cannot grow on xylose [184]. However, it lacks the oxidative PPP as 
well (present in C. thermosuccinogenes) [154], so C. thermocellum would still be expected 
to have an alternative route, in order to produce the C5 metabolites required for anabolism.  

While most organisms use transketolase/transaldolase, several alternative pathways to 
convert C5 to C3/C6 intermediates are known to exist (Figure 2):  

The phosphoketolase pathway (PKP). In the PKP, xylulose 5-phosphate is directly cleaved 
with orthophosphate into acetyl-P and G3P by phosphoketolase [287]. The PKP is 
responsible for the degradation of pentose sugars in lactic acid bacteria, but more recently, 
it was shown that PKP is also, at least partly, responsible for pentose utilization in a variety 
of other bacteria, including Clostridium acetobutylicum and cyanobacteria [93,176,324]. 

The Weimberg pathway & Dahms pathway. The Weimberg pathway is a 5-step, oxidative, 
non-phosphorylating pathway that converts pentoses into 2-oxoglutarate, an intermediate 
in the TCA-cycle [44,318]. In the Dahms pathway 2-keto-3-deoxy-D-xylonate or 2-keto-3-
deoxy-L-arabinonate, intermediates in the Weimberg pathway, are cleaved by an aldolase 

                                                                 
1 ‘Cellulolytic Clostridia’ refers to a large group of mesophilic and thermophilic bacteria of 
which most are able to grow on (hemi)cellulosic substrates, and of which Clostridium 
thermocellum and Clostridium cellulolyticum are probably the most well-studied. Recently, 
they have been placed within a newly named family called Hungateiclostridiaceae, 
containing genus names such as Hungateiclostridium and Pseudoclostridium [330], and for 
a brief while some also referred to cellulolytic clostridia as the Ruminiclostridium genus 
[141,326]. However, even more recently, the family name Hungateiclostridiaceae and the 
corresponding genus names were suggested to be illegitimate and placement within the 
Acetivibrio genus was proposed [300]. In light of this ongoing discussion, we have decided 
to refer to them as ‘cellulolytic Clostridia’, and use the commonly used names Clostridium 
thermocellum and Clostridium thermosuccinogenes for the organisms of interest in this 
study (instead of Hungateiclostridium thermocellum and Pseudoclostridium 
thermosuccinogenes). Note that C. thermosuccinogenes ferments a wide range of C5 and 
C6 sugars, and sugar polymers, but not crystalline cellulose. 
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into pyruvate and glycolaldehyde [44,63]. Both variants of the pathway occur in 
prokaryotes.

The sedoheptulose 1,7-bisphosphate pathway. In the amoebozoan Entamoeba histolytica, 
which lacks both glucose 6-phosphate dehydrogenase and transaldolase, S7P was shown to 
be the substrate of a pyrophosphate (PPi)-dependent 6-phosphofructokinase (PFK). The 
resulting sedoheptulose 1,7-bisphosphate (SBP) is subsequently cleaved into 
dihydroxyacetone phosphate (DHAP) and E4P by fructose bisphosphate aldolase, effectively 
replacing the function of transaldolase, shown in Figure 2 [285]. PPi-PFK is physiologically 
reversible, in contrast to ATP-dependent PFK, allowing it to function in the PPP. Although, a 
number of reports exists where S7P kinase activity with high affinity is documented for PPi-
PFKs from methanotrophs [129,135,240,244], the study discussed above is the only one 
where the SBP-pathway was shown to exist in a wild-type metabolism. A double 
transaldolase knock-out in Escherichia coli (ΔtalAB) resulted in xylose degradation via the 
SBP-pathway, in conjunction with its native ATP-PFK and fructose bisphosphate aldolase 
enzymes. In addition, S7P and SBP were observed to accumulate [211].

Figure 1: The reactions of the pentose phosphate pathway and its connection to the C3/C6 metabolites of the 
Embden–Meyerhof–Parnas (EMP) pathway. PFK: 6-phosphofructokinase; 6PG: 6-phosphogluconate; 6PGD: 6-
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phosphogluconate dehydrogenase; 6PGL: 6-phosphogluconolactone; DHAP: dihydroxyacetone phosphate; E4P: 
erythrose 4-phosphate; FBP: fructose 1,6-bisphosphate; F6P: fructose 6-phosphate; FBA: fructose bisphosphate 
aldolase; GK: glucokinase; Glu: glucose; G6P: glucose 6-phosphate; G6PD: glucose-6-phosphate dehydrogenase; 
G3P: glyceraldehyde 3-phosphate; Pi: orthophosphate; PEP: phosphoenolpyruvate; PGI: phosphoglucoisomerase; 
PPi: pyrophosphate; R5P: ribose 5-phosphate; RPI: ribose 5-phosphate isomerase; Ru5P: ribulose 5-phosphate; 
RPE: ribulose 5-phosphate 3-epimerase; S7P: sedoheptulose 7-phosphate; TAL: transaldolase; TKL: transketolase; 
TPI: triosephosphate isomerase; Xyl: xylose; XI: xylose isomerase; XK: xylulokinase; Xlu: xylulose; X5P: xylulose 5-
phosphate. The dashed arrow represents the trunk or lower part of the glycolysis, which consist of several 
reactions. X5P is shown in two different locations in the diagram for clarity. The grey box indicates reactions in the 
oxidative PPP.

Figure 2: Overview of the different pathways known for the interconversion of C5 and C3/C6 metabolites. (1) Typical 
pentose phosphate pathway involving transketolase and transaldolase. (2) Sedoheptulose 1,7-bisphosphate 
pathway. (3) Phosphoketolase pathway. (4) Dahms pathway. (5) Weimberg pathway. ACP: acetyl phosphate; AKG: 
α-ketoglutarate; DHAP: dihydroxyacetone phosphate; E4P: erythrose 4-phosphate; F6P: fructose 6-phosphate; 
FBA: fructose bisphosphate aldolase; G3P: glyceraldehyde 3-phosphate; GLA: glycolaldehyde; KDX: 2-keto-3-
deoxy-d-xylonate; PFK: 6-phosphofructokinase; Pi: orthophosphate; PPi: pyrophosphate; PYR: pyruvate; R5P: 
ribose 5-phosphate; SBP: sedoheptulose 1,7-bisphosphate; S7P: sedoheptulose 7-phosphate; TAL: transaldolase; 
TKL: transketolase; X5P: xylulose 5-phosphate; XPK: xylulose 5-phosphate phosphoketolase; Xyl: xylose. Dashed 
arrows represent more than one reaction.

There is no real indication (genomic or physiological) for any of the routes other than the
SBP-pathway, which follows on the reliance of cellulolytic clostridia on PPi-PFKs, analogous 
to E. histolytica. Hence, the SBP-pathway is generally assumed to be the responsible 
pathway [65,247], but this has never been experimentally verified. This is not a trivial 
exercise, as metabolites required for enzyme assays are difficult to acquire and stable 
isotopic labelling studies are complicated by the recursive nature of the PPP and the 
typically low thermodynamic driving force in anaerobic metabolism, leading to relative high 
reverse fluxes [66,121].
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SBP should be a rather uncommon metabolite in bacteria without the Calvin-cycle, the only 
known pathway with SBP as intermediate. In this cycle, SBP is formed from E4P and DHAP 
by aldolase and cleaved by sedoheptulose bisphosphatase. Besides algae and plants, some 
non-photosynthetic eukaryotes have also been reported to possess this enzyme [220], but 
it has not been annotated in any of the cellulolytic Clostridia. Therefore, presence of an SBP 
pool alone in C. thermosuccinogenes would already be a strong, albeit indirect, indication 
for the presence of the SBP-pathway. The first aim of this study was therefore to investigate 
the possible presence of SBP in C. thermosuccinogenes, using high mass-resolution Orbitrap 
mass spectrometry. Unfortunately, an SBP reference standard was not commercially 
available, due to poor chemical stability. Instead, we constructed an E. coli ΔtalAB strain 
with a double transaldolase knock-out, which accumulated SBP [211]. We were able to use 
metabolite extracts from this strain as an SBP reference.  

The accumulation of S7P in addition to SBP in E. coli ΔtalAB suggests that E. coli PFK has a 
low affinity for S7P. However, this is expected, since activity towards SBP is not necessary 
in E. coli because of the presence of transaldolase. If the PPi-PFKs of cellulolytic clostridia 
are indeed natively responsible for the conversion of S7P in the PPP, one would expect a 
much higher affinity for S7P. Therefore, the second aim of the study was to confirm in vitro, 
the ability of PFKs of to phosphorylate S7P and to compare their affinity for S7P vs. F6P. 

Material and methods 
Growth medium and cultivation 
For strain construction, plasmid construction, and protein purification, E. coli strains were 
grown on LB medium containing per liter 10 g tryptone, 5 g yeast extract, 10 g NaCl. 

For metabolome extraction, E. coli BW25113 was grown on M9 minimal medium, made 
with M9 Minimal Salts (5X) from Sigma, containing additionally 0.4% xylose, 1 mM MgSO4, 
0.3 mM CaCl2, 1 mg/l biotin, and 1 mg/l thiamine hydrochloride, that were all separately 
sterilized. Cells were grown at 37 °C in shake flasks containing 50 ml medium, inoculated 
with 0.5 ml overnight culture grown in LB. 

C. thermosuccinogenes was grown anaerobically in adapted CP medium [231], as described 
previously [143], which contained per liter 0.408 g KH2PO4, 0.534 g Na2HPO4·2H2O, 0.3 g 
NH4Cl, 0.3 g NaCl, 0.1 g MgCl2·6H2O, 0.11 g CaCl2·2H2O, 4.0 g NaHCO3, 0.1 g Na2SO4, 1.0 g l-
cysteine, 1.0 g yeast extract (BD Bacto), 1 ml vitamin solution, 1 ml trace elements solution 
I, and 1 ml trace elements solution II. No resazurin was added to eliminate the possibility of 
it interfering with the metabolomics, as it appeared to adsorb to the nylon filter used for 
making the metabolome extracts. 

The vitamin solution, which was 1,000× concentrated, contained per liter 20 mg biotin, 20 
mg folic acid, 100 mg pyridoxine-HCl, 50 mg thiamine-HCl, 50 mg riboflavin, 50 mg nicotinic 
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acid, 50 mg Ca-d-pantothenate, 1 mg vitamin B12, 50 mg 4-aminobenzoid acid, and 50 mg 
lipoic acid. 

Trace elements solution I, which was 1,000× concentrated, contained per liter 50 mM HCl, 
61.8 mg H3BO4, 99.0 mg MnCl2·4H2O, 1.49 g FeCl2·4H2O, 119 mg CoCl2·6H2O, 23.8 mg 
NiCl2·6H2O, 68.2 mg ZnCl2, and 17.0 mg CuCl2·2H2O. 

Trace elements solution II, which was 1,000× concentrated, contained per liter 10 mM 
NaOH, 17.3 mg Na2SeO3, 33.0 mg Na2WO4·2H2O, and 24.2 mg Na2MoO4·2H2O. 

Construction of E. coli ΔtalAB double knock-out strain 
E. coli BW25113, a K-12 derivative, which has been used for the Keio collection, was used 
to make the double transaldolase knock-out, as was done by Nakahigashi et al. First, the 
strain was transformed with pKD46, a temperature sensitive plasmid containing the Lambda 
Red recombination system and an ampicillin resistance marker. Cells were then grown at 
30 °C and transformed with a linear knock-out cassette derived from pKD3, containing a 
kanamycin resistance marker flanked by FRT sites and 50 base-pair arms homologous to the 
chromosome, such that talB would be removed, save for the start codon, and the last seven 
codons. The knock-out cassette was generated from pKD4 with primers 
AGACCGGTTACATCCCCCTAACAAGCTGTTTAAAGAGAAATACTATCATGGTGTAGGCTGGAGCT
GCTTC and 
GACCGACTTCCCGGTCACGCTAAGAATGATTACAGCAGATCGCCGATCATCATATGAATATCCTCC
TTAGTTCCTATTCC. Transformed cells were grown on LB + kanamycin, at 37 °C, to select 
mutants and simultaneously cure pKD46. Following the selection of a correct mutant, 
pCP20, a temperature sensitive plasmid containing the yeast flippase (flp) recombinase 
gene was transformed to remove the kanamycin marker from the genome by recombining 
the FRT sites. pCP20 was cured by growing the cells at 37 °C. The whole process was 
repeated to remove the talA gene as well. Primers 
GAATTAACGCACTCATCTAACACTTTACTTTTCAAGGAGTATTTCCTATGGTGTAGGCTGGAGCTGC
TTC and 
TTCGGGACATATAACACTCCGTGGCTGGTTTATAGTTTGGCGGCAAGAAGCATATGAATATCCTCC
TTAGTTCCTATTCC were used to generate the linear knock-out cassette for talA, using pKD4 
as a template. 

Plasmid construction and heterologous expression of 6-phosphofructokinases 
The two 6-phosphofructokinases of C. thermosuccinogenes (CDQ83_11320 & 
CDQ83_07225) were cloned previously into pET-28b(+) [142]. The 6-phosphofructokinase 
of E. coli (BW25113_3916) was cloned in identical fashion using primers 
TACTTCCAATCCAATGCAATTAAGAAAATCGGTGTGTTGACAAGC and 
TTATCCACTTCCAATGTTAATACAGTTTTTTCGCGCAGTCC. The pET-28b(+)-based vectors were 
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constructed in E. coli DH5α and then then transformed to E. coli Rosetta for heterologous 
expression. 

The pyrophosphate-dependent 6-phosphofructokinase of C. thermocellum strain DSM 1313 
(locus_tag Clo1313_1876) was amplified using primers XSH0718 (sequence 5’-
CATCACCACCACCACCATATGAGCCGTTTAGAAGGTG-3’) and XSH0719 (sequence 5’-
GCGGCCGCGAGACCCTAACCTTATTTTCTTGCAAGAACC-3’), and then cloned into the pD861-
NT expression vector (DNA 2.0 Inc, Menlo Park, CA, USA) using isothermal assembly [94], to 
create plasmid pSH157.  The assembled plasmid pSH157 was then cloned into   T7 Express 
lysY/Iq Competent E. coli (New England Biolabs catalog number C3013I), using 50 µg/ml 
kanamycin for selection of transformants. 

Expression of the 6-phosphofructokinases was done by growing the E. coli strains in 0.5 – 2 
l LB medium containing the appropriate antibiotics up to an OD600 of around 0.6, after which 
the cultures were place on ice for 20 minutes and expression was induced with 0.2 mM IPTG 
for the pET-28b(+)-based vectors and with 4 mM rhamnose for the pD861-NT-based vector. 
Cells were grown for another 3 – 4 hours at 37 °C, after which the cells were harvested for 
protein purification. 

Metabolite extraction for mass spectrometry 
Biomass was isolated by rapid vacuum filtration of 5 – 20 ml of culture broth, adapted from 
the method by Sander et al. 2017 [251]. For this, 0.2 µm nylon filters (Whatman®) were 
used. After filtration, the filter was immediately placed upside down in 3 to 10 ml solvent 
which was kept in a polystyrene petri dish (50 mm diameter, Falcon®) placed on an 
aluminium block precooled at -80 °C. The extraction solvent consisted of a mixture of 
acetonitrile, methanol and water, mixed at a ratio of 2:2:1 (v/v). The filter was kept in the 
extraction solvent for 5 minutes, after which the extract was kept on dry ice until transferred 
to a freezer for storage at -80 °C. All Aliquots were stored until further processed in low 
protein binding collection tubes (Thermo Scientific™). The entire process was carried out 
aerobically.  

20 ml of the E. coli cultures grown in M9 medium at OD600 of 0.5 – 0.8 was used, in 
combination of 5 ml extraction solvent. For C. thermosuccinogenes, up to 10 ml culture was 
used, depending on the OD600, in combination with 3 ml extraction solvent. The higher the 
OD600, the smaller the culture that could be filtered without clogging the filter. It is not clear 
why cellulolytic clostridia cultures tend to clog the filters so quickly. 

HILIC Mass spectrometry for detection of sedoheptulose 7-phosphate and 
sedoheptulose 1,7-bisphosphate in metabolite cell extracts 
Identification of sedoheptulose 7-phosphate and sedoheptulose 1,7-bisphosphate was 
performed using a LC-MS setup as described by Schatschneider et al. [256]. Briefly, LC-
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Orbitrap-MS analysis was performed using an ACQUITY UPLC M-Class chromatography 
system coupled to a high-resolution Orbitrap mass spectrometer (Q-Exactive plus, Thermo 
Fisher Scientific). For chromatographic separation, a ZIC-HILIC column (1.0 mm × 150 mm, 
5 μm particle size, Merck KGaA, Germany) was operated at room temperature using a 20 
mM ammonium carbonate in water (pH 9.1) as mobile phase A and 100% acetonitrile as 
mobile phase B. A gradient was maintained at  40 μL/min from 25% A to 55% A over 15 
minutes and further to 30% A over 2.5 minutes. Samples were taken from -80°C 
immediately before injection, brought to 4-8°C on ice and mixed with injection buffer (85% 
solvent B in solvent A, including 20 mM sodium citrate) at a ratio of 1:1 (v/v). The reaction 
mixture was centrifuged at 14.000 rpm for 3 minutes at 4-8°C  and 2.5 μL were subsequently 
injected onto the separation column. The mass spectrometer was operated alternating in 
full scan and PRM mode. Full scan was acquired from 260-700 m/z in ESI negative mode (-
2.5 kV), at a resolution of 70.000. Parallel reaction monitoring was performed for m/z 
289.03 ([M-H]-, S7P) and 368.99 ([M-H]-, S1,7BP) precursor ions at an isolation window of 
2.0 m/z. HCD fragmentation was performed using a NCE of 27 which fragment ions were 
measured at a resolution of 17.000. Raw data were analysed using XCalibur 4.1 (Thermo) 
and areas were integrated using Skyline 4.1.0. The fragmentation pattern and elution time 
for sedoheptulose 7-phosphate was compared to a commercial standard (Sigma, Aldrich) 
and the peak obtained from the E. coli double transaldolase mutant and wild type 
metabolite extracts, used as control. The fragmentation pattern and elution position for 
sedoheptulose 1,7-bisphosphate was compared to the metabolite extract E. coli ΔtalAB (see 
above). 

In vitro phosphofructokinase assays with analysis by mass-spectrometry 
Protein purification 
50 ml LB cultures of E. coli strains overexpressing the C. thermocellum or C. 
thermosuccinogenes PPi-Pfks were grown, induced, and harvested as described above.   

Protein purification for the purposes of demonstrating in-vitro conversion of 
sedoheptulose-7-phosphate to sedoheptuoloase-1,7-bisphosphate by the purified PPi-Pfks 
in the presence of PPi was performed as previously described [297].  To obtain purified PPi-
Pfk protein, the induced E. coli cells were resuspended in 100 mM Tris-HCl buffer (pH 7 at 
55 °C).  Approximately 70,000 U of Readylyse enzyme (Lucigen catalog number R1802) was 
added to the cell suspension, and the mixture was incubated for 10 minutes at room 
temperature.  5 units of DNase I (Thermo Fisher Scientific catalog number 90083) were then 
added to reduce the viscosity of the cell lysate; the sample was incubated for another 10 
minutes at room temperature.  The resulting solution was at >20,000 g for 5 minutes, and 
the cell extract supernatant was used in future steps.  E. coli proteins in the cell extract were 
denatured by incubating the cell extract at 55 °C for 30 minutes; the denatured proteins 
were removed by centrifugation at > 20,000 g for 5 minutes.  His-Tag purification of the PPi-
Pfks from the heat-treated cell extracts was done using the HisSpinTrap kit (GE Healthcare 
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catalog number 28-4013-53).  Eluted PPi-Pfk proteins were desalted using a 10 kD molecular 
weight cutoff filter (Millipore catalog number UFC501024) and 100 mM Tris-HCl buffer, to 
reduce the imidazole concentration to < 1 mM. 

Assay conditions 
Enzyme assays were performed in an anaerobic chamber, with an atmospheric composition 
of 85% nitrogen, 10% carbon dioxide, and 5% hydrogen.  Assay chemicals were purchased 
from Sigma Aldrich.  All samples were incubated at 55 °C in a heat block for the entirety of 
the experiment.  Assay reaction composition was based off previously described assay 
conditions, and comprised 100 mM Tris-HCl (pH7 at 55 °C), 5 mM MgCl2, 5 mM sodium PPi, 
1 mM of either sedoheptulose-7-phosphate or fructose-6-phosphate, 4 U of rabbit aldolase 
where used (Sigma catalog number A8811), and purified PPi-Pfk protein (see next paragraph 
for more information on enzyme loading).  In all cases, the reactions were started upon 
addition of sodium PPi, or an equivalent volume of buffer for assay reactions that did not 
contain PPi.  The initial assay volume was 400 µL. 

The specific PPi-PFK activity was first determined for each of the purified PPi-Pfks on the day 
of the experiment.  The amount of purified PPi-Pfk used for the assay was then adjusted for 
each sample and replicate, such that each assay reaction would contain an enzyme loading 
corresponding to ~0.01 µmol/min of PPi-PFK activity. 

Samples from the enzyme reactions were collected in the following manner: the tube 
containing a given assay mixture was removed from the heat block and briefly vortexed to 
mix the contents.  20 µL of assay mixture was then collected and then quickly added to 80 
µL of very cold (≤ -30 °C) 1:1 acetonitrile:methanol mixture to quench enzyme activity, and 
then vortexed briefly to mix; quenching solution was kept at ≤ -30 °C by putting them in 
contact with a metal heat block sitting atop a 4-inch thick aluminium block, both of which 
had been pre-chilled at -80 °C for at least 48 h prior to use [219].  The quenched sample was 
then stored at -80 °C until analysis.  Standards of S7P, F6P, FBP, E4P, and DHAP at three 
different concentrations each were also prepared to allow for quantification of these 
compounds in the assay samples.  

Mass spectrometry analyses of assay samples 
Assay samples were analyzed as previously described [297], using an LC-MS/MS system a 
Thermo Scientific Vanquish UHPLC coupled by heated electrospray ionization(HESI) to a 
hybrid quadrupole-high resolution mass spectrometer (Q exactive orbitrap, Thermo 
Scientific)..  Liquid chromatography separation was performend using an ACQUITY UPLC 
BEH C18 (2.1 x 100 mm column, 1.7-µm particle size), with a flow rate of 0.2 ml/min  For 
the instrument run, Solvent A was 97:3 water:methanol with 10 mM tributylamine (TBA) 
and approximately 9.8 mM acetic acid, pH ~ 8.2; solvent B was 100% methanol. Total run 
time was 24.5 min with the following gradient: 0 min, 5% B; 2.5 min, ramp from 5% B to 
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95% B over 14.5 min; hold at 95% B for 2.5 min; return to 5% B over 0.5 min; hold at 5% B 
for 5 min. MS scans consisted of full negative mode MS scanning for m/z between 70 and 
1000 from time 0 to 18.5 min.  Sample preparation involved first evaporating the solvents 
with a nitrogen blowdown evaporator, and then resuspending the dried samples in Solvent 
A. 

Metabolite peaks were identified using the open source software, El-MAVEN (URL: 
https://elucidatainc.github.io/ElMaven/).  Response factors for S7P, F6P, FBP, E4P, and 
DHAP standards were used to determine the concentrations of these five compounds in the 
assay samples. 

Phosphofructokinase kinetics assays 
The harvested cells were washed with cold 50 mM MOPS buffer (pH 7.4 at room 
temperature) containing 20 mM imidazole and resuspended in the same buffer with 
cOmpleteTM, mini, EDTA-free protease inhibitor cocktail (Roche) added; 1 tablet per ~10 ml. 
Cells were lysed using a French press at ∼120 kPa. Lysate was centrifuged at 20.000 × g for 
10 min. at 4 °C. A HisTrap™ HP column (GE Healthcare, optimal at pH 7.4) with an ÄKTA pure 
FPLC system were used for the purification. Elution was done over a gradient with 50 mM 
MOPS buffer (pH 7.4 at room temperature) containing 500 mM imidazole. The buffer of the 
eluted protein was then exchanged with 50 mM MOPS (pH 7.0 at room temperature) using 
an Amicon® ultra centrifugal filter (Merck) with a nominal molecular weight limit of 10.000 
Da. SDS-PAGE was used to verify purity. 

The 6-phosphofructokinase assay was adapted from Zhou at al. [331] and contained 50 mM 
MOPS (pH 7.0 at room temperature), 5 mM MgCl2, 2 mM ATP or 1 mM pyrophosphate, 0.15 
mM NADH, 4 U/ml aldolase (lyophilized, rabbit), and 2 U/ml glycerol-3-phosphate 
dehydrogenase (lyophilized, rabbit). Fructose 6-phosphate or sedoheptulose 7-phosphate 
(Ba-salt, Carbosynth) was added to start the reaction, at varied concentrations. For the PfkA 
of E. coli, 0.25 mM ADP was added to the assay, as it is known to be an allosteric activator 
[31]. For the ATP/GTP-dependent 6-phosphofructokinases of C. thermosuccinogenes 20 
mM NH4Cl2 was added to the reaction, as it was found to be an absolute requirement for its 
activity. Previously, auxiliary enzymes from as ammonium sulfate suspension were used 
[142], but with sedoheptulose 7-phosphate as a Ba-salt, this was not possible due to 
precipitation of BaSO4, which is how we found out that the enzyme requires ammonium. 

The Michaelis-Menten equation and the Hill equation were fitted to the data by minimizing 
the sum of the squares of the vertical differences, in order to find KM/K1/2, kcat, and n. The 
data and the fitted models can be found in the supporting information (File S1). 
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Results 
Metabolomics 
Presence of SBP in metabolite extracts of cellulolytic clostridia would give a preliminary 
indication of the presence of the SBP-pathway. To unambiguously confirm the presence of 
SBP it is crucial to have a reference standard, which is not currently available from 
commercial sources, due to the very low stability of SBP. Nakahigashi et al. (2009) showed 
the accumulation of S7P and a molecular ion conform with SBP (m/z 369.0) in extracts of an 
E. coli harbouring a double transaldolase knock-out (ΔtalAB). We decided to use the above 
mentioned strain, which presumably accumulated SBP as well as S7P, to subsequently 
function as a molecular reference for SBP. The strain used by Nakahigashi et al. (2009) was 
recreated as described in the material and methods. The growth rate of the ΔtalAB 
derivative on a minimal medium with xylose was only marginally lower compared to that of 
the wild type: 0.33 ± 0.00 h-1 versus 0.39 ± 0.01 h-1, when grown in shake flasks with 50 ml 
M9 medium (in triplicate), in line with the findings of Nakahigashi et al. (2009). Further, the 
growth rate on minimal medium with glucose was in fact slightly higher for the mutant: 0.52 
± 0.00 h-1 versus 0.49 ± 0.01 h-1.  

Mass spectrometry of metabolome extracts from E. coli ΔtalAB and wild type grown on 
xylose showed the accumulation of S7P and a compound with a m/z 369.0 for the ΔtalAB 
strain. Accurate mass, retention behaviour as well as higher-energy collisional dissociation 
(HCD) fragments exactly matched those expected for SBP, as shown in Figure 3, concluding 
that SBP was produced and could successfully be used as a reference. Nevertheless, we 
could only successfully detect SBP at a relatively strong signal comparable to S7P when the 
metabolic extract was analysed  while avoiding further purification/enrichment steps, 
further illustrating its very low stability. 

corresponding to SBP, confirmed by indicative fragment peaks at m/z 199 and m/z 271, 
which are further absent in the blank (B). The red arrow indicate the bonds that, when 
broken, result in the fragment at m/z 199 and m/z 271. 

Traces of SBP were also detected in the cell extract of wild type E. coli, suggesting that even 
in the wild type metabolism a small fraction of the S7P is converted to SBP by PFK. This flux 
is amplified after the double transaldolase deletion, causing S7P to accumulate. This 
provides further support for our assumption that the E. coli PFKs have a low affinity for S7P. 
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Figure 3: Identification of sedoheptulose 1,7-bisphosphate (SBP; m/z 368.99) via targeted monitoring of fragments 
for the precursor ion at m/z 368-370 from: (A) E. coli ΔtalAB extract; (B) blank run; (C) xylose grown C. 
thermosuccinogenes extract. A clear peak is present in A and C at m/z 369

Next, C. thermosuccinogenes was grown on xylose versus glucose, in order to try to detect 
SBP, and to see if the SBP pool increases during growth on xylose, as would be expected, 
since virtually the entire flux of carbon will have to be channelled through SBP into 
glycolysis. The results of the metabolome extract analysis are shown in Figure 3. SBP was 
found to be present in significant quantities (i.e. much higher than compared to wildtype E. 
coli), and was several times higher in cells grown on xylose. Normalized to the optical 
density of the cultures at 600 nm (OD600), the SBP concentration increased 4-fold. Similarly, 
the S7P concentration increased 2.5-fold during growth on xylose. 

In E. coli ΔtalAB grown on xylose, the S7Pconcentration was roughly 6-fold higher compared 
to that of C. thermosuccinogenes grown on xylose. For SBP this difference was roughly 20-
fold. Although many factors could explain the difference in concentrations between the two 
organisms, the higher accumulation in E. coli suggests that the PFK and the fructose 
bisphosphate aldolase enzymes of C. thermosuccinogenes have higher affinities for S7P and 
SBP, respectively, compared to those of E. coli. A higher affinity, in turn, suggests 
evolutionary pressure towards the use of those substrates. For this reason, we studied the 
in vitro affinities of the cellulolytic clostridia PFKs towards F6P and S7P.

Figure 4: Relative pools of sedoheptulose 1,7-bisphosphate (SBP) and sedoheptulose 7-phosphate (S7P) in C. 
thermosuccinogenes grown on xylose (X), compared to glucose (G). Mass spectrometry peak area is normalized to 
OD600 of the culture.
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In vitro phosphofructokinase assays 
C. thermosuccinogenes and C. thermocellum contain two PFKs; the PPi-dependent PFK and 
another one that was shown to function with both ATP and GTP in C. thermosuccinogenes 
[142]. A third PFK has been annotated in the genome of C. thermosuccinogenes for which 
no activity had been detected, and which is absent in C. thermocellum. From assays with 
cell-free extract, it was already clear that PPi-dependent PFK is the dominant isoform 
[143,331]. We repeated the aforementioned assays with C. thermosuccinogenes cell-free 
extract in the presence of NH4 – which we had serendipitously found to activate ATP/GTP-
PFK – but were still unable to detect ATP-dependent activity (data not shown), confirming 
that PPi-dependent PFK is the dominant isoform in this organism as well.  

To determine whether the PPi-Pfk proteins participated in the non-oxidative pentose 
phosphate pathways of their respective organisms, we investigated whether the PPi-Pfks 
were in fact capable of interconversion of S7P and SBP.  In vitro time course experiments 
showed that S7P concentrations decreased over time in an assay mixture where both a PPi-
Pfk and PPi were also present (Figure 5); this decrease in S7P concentrations was 
concomitant with an increase in signal intensity at the m/z 369, which corresponds to the 
presence of SBP (Figure 3).  In the absence of PPi, S7P concentrations remained relatively 
stable, and no increase in signal intensity at m/z 369 was observed (Figure 5), providing 
further evidence that the PPi-Pfk proteins were using PPi as a cofactor to phosphorylate of 
S7P.  As expected, assay reactions containing S7P and PPi, but no PPi-Pfk protein, did not 
show any decrease in S7P, nor increase in peak intensity at m/z 369 (supporting information 
Figure S1). 

Further confirmation of the identity of the m/z 369 compound as SBP was obtained, by 
repeating the assay with the inclusion of fructose bisphosphate aldolase.  The SBP pathway 
would result in the formation of E4P and DHAP (both commercially available compounds) 
from SBP via the action of the aldolase (Figure 2).  In this additional set of assays, a similar 
pattern of decreasing S7P concentration coupled to an increased in peak intensity at m/z 
369 was observed; in addition, it was also observed that E4P and DHAP concentrations 
increased over time as well, where accumulation of these compounds was not detected in 
the reactions without the added aldolase. Notably, the peak intensities at m/z 369 in the 
aldolase-containing reactions were lower than that observed in the corresponding assay 
reactions that did not contain aldolase, in line with the conversion of SBP to E4P and DHAP.  
It was observed that the DHAP concentrations tended to be lower than those of E4P, despite 
the fact that they should be produced in equimolar amounts, as the stoichiometry in Figure 
2 would suggest; one explanation is that the added rabbit aldolase contains triose-
phosphate isomerase as a trace contaminant, which would catalyze the interconversion of 
DHAP to G3P.  Nonetheless, the results support the proposed SBP pathway.  
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Figure 5: In vitro time-course assay of C. thermocellum (left panels A, C, E) and C. thermosuccinogenes (right panels 
B, D, F) PPi-Pfk proteins’ abilities to convert sedoheptulose-7-phosphate (S7P) to sedoheptulose-1,7,-bisphosphate 
(SBP).  A and B.  Conversion of S7P (red) in the presence (circle datapoints on solid lines) or absence (square 
datapoints on dotted lines) of 5 mM pyrophosphate, with corresponding increase in a compound (SBP) with a m/z 
of 369 (blue). SBP peak intensities in assays lacking PPi were, in general, between the range of 10,000-20,000 
arbitrary units throughout the assay.  C and D.  Conversion of S7P (red) to SBP (blue), and SBP’s subsequent 
conversion to DHAP (green) and E4P (pink).  E and F. Control reactions for the purified PPi-Pfk proteins, 
demonstrating their ability to function as 6-PFKs and convert F6P (black) to FBP (grey).  Error bars represent one 
standard deviation (n ≥ 2). 

For the determination of the enzyme kinetics for F6P and S7P, analysis via mass-
spectrometry is impractical, as the response is not obtained in real-time. Instead, the 
formation of FBP and SBP can be coupled to oxidation of NADH via auxiliary fructose 
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bisphosphate aldolase and glycerol-3-phosphate dehydrogenase (both from rabbit), as 
illustrated in Figure 5. We confirmed that rabbit aldolase was able to convert the formed 
SBP to E4P and DHAP – validating the coupled assay method – as shown in Figure 6 . Note 
that commonly, triose-phosphate isomerase is used additionally for such assays (to convert 
glyceraldehyde 3-phosphate to DHAP, increasing the signal and the driving force), which we 
excluded, as this would not function with E4P, making it easier to directly compare the two 
different substrates. 

Figure 6: Enzyme assay to couple FBP/SBP formation by PFK to NADH oxidation, allowing the study of the PFK 
enzyme kinetics. PFK: 6-phosphofructokinase; FBA: fructose bisphosphate aldolase; GPDH: glycerol 3-phosphate 
dehydrogenase; F6P: fructose 6-phosphate; S7P: sedoheptulose 7-phosphate; FBP: fructose 1,6-bisphosphate; 
SBP: sedoheptulose 1,7-phosphate; G3P: glyceraldehyde 3-phosphate; E4P: erythrose 4-phosphate; DHAP: 
dihydroxyacetone phosphate; Gro3P: glycerol 3-phosphate. Boxes highlight the investigated enzyme (i.e. PFK) and 
detected metabolite (i.e. NADH).

Table 1: Kinetics of the PFKs tested. Parameters of both Michaelis-Menten and Hill kinetics were approximated by 
minimizing the sum of the squared vertical difference. The plots with the data-points can be found in the 
supporting information (File S1). ATP/GTP-PFK did not show any activity with S7P, and due to the high cooperativity 
(n = 24) with F6P, it was not possible to fit the Michaelis-Menten equation.

Hill kinetics Michaelis-Menten kinetics
K1/2

(mM)
kcat

(s-1)
n kcat/K1/2

(s-1M-1)
KM

(mM)
kcat

(s-1)
kcat/KM

(s-1M-1)
CDQ83_11320
P.ts PPi-PFK

PPi

F6P 0.080 172 1.5 2.1 *106 0.070 182 2.6 *106

S7P 0.10 47 1.2 0.46 *106 0.11 49 0.46 *106

Clo1313_1876
H.tc PPi-PFK

F6P 0.044 134 0.74 2.8 *106 0.046 127 2.8 *106

S7P 0.098 75 1.5 0.80 *106 0.10 80 0.80 *106

CDQ83_07225
P.ts A/GTP-
PFK ATP

F6P 0.688 41 24 59 *103 No fit No fit No fit

S7P - - - - - - -

PfkA
E.co PFK

F6P 0.074 1.1 1.7 15 *103 0.065 1.2 19 *103

S7P 1.2 0.25 1.6 0.20 *103 2.5 0.25 0.15 *103

The results of the kinetics assays are presented in Table 1. Although the two tested PPi-
dependent PFKs showed 2-3 fold lower maximal activity (kcat) with S7P versus F6P, the 
affinity (KM or K1/2) for both substrates was comparably high (KM or K1/2 of ~0.1 mM). This is 
in stark contrast with the PfkA from E. coli, for which the affinity constant for S7P is almost 
two orders of magnitude larger (i.e. lower affinity; KM of 2.5 mM or K1/2 of 1.2 mM, 
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depending on the model) than that for F6P; the latter being on par with the affinities of the 
other tested PFKs. In exponentially growing E. coli cells on glucose, the concentration of F6P 
and S7P are 2.2 and 0.9 mM respectively [225], which means that in vivo PfkA is highly 
saturated with F6P, but not with S7P. The intracellular concentrations of those metabolites 
are not known in any of the the cellulolytic Clostridia, but with the equally high affinities for 
both F6P and S7P it is reasonable to assume that both metabolites are saturating, and thus 
physiologically relevant substrates for the PPi-dependent PFKs. These results strongly 
suggest that the PPi-dependent PFKs of cellulolytic clostridia – lacking a transaldolase – 
evolved for the use of S7P as a substrate, whereas the (ATP-dependent) PfkA of E. coli, which 
does possess a transaldolase, did not; although PfkA is still able to use S7P as a substrate at 
higher, non-physiological concentrations. The latter can explain why traces of SBP were 
found in WT E. coli grown on xylose, and why S7P accumulates in the ΔtalAB strain. The data 
of the assays and the fitted kinetic models can be found in the supporting information (File 
S1). 

The ATP/GTP-dependent PFK of C. thermosuccinogenes was able to use F6P, but did not 
show any activity with S7P – at least, not in the range of tested S7P concentrations, up to 4 
mM. Interestingly, it showed an extreme degree of cooperativity with F6P, reflected by a 
Hill-coefficient (n) of 24. The high degree of cooperativity results in a virtual on/off switch 
of the enzyme, activating it at F6P concentrations above the K1/2 of 0.7 mM. 

Discussion 
The SBP pathway in cellulolytic Clostridia 
A considerable pool of SBP is shown to be present in C. thermosuccinogenes, which, 
together with the S7P pool, increases several-fold when C. thermosuccinogenes is grown on 
xylose versus glucose. This increase demonstrates the role for SBP in the pentose 
metabolism, and agrees with the hypothesis that the SBP-pathway is present instead of 
transaldolase. In the SBP-pathway, PFK and fructose bisphosphate aldolase together 
convert S7P to E4P and DHAP (via SBP, as shown in Figure 2). These two enzymes are known 
to convert F6P to glyceraldehyde 3-phosphate and DHAP (via fructose 1,6-bisphosphate as 
intermediate). In E. coli, it was already shown that these enzymes could take over the role 
of transaldolase after a double transaldolase knock-out, and in E. histolytica it was shown 
that the SBP-pathway likely exists in the wild type metabolism [211,285]. 

If in C. thermosuccinogenes and other cellulolytic Clostridia, in the absence of a 
transaldolase, the SBP-pathway is really the native pathway to connect pentose with hexose 
metabolism, their affinities for these “alternative” substrates should reflect that. Indeed, 
here we show that the PPi-PFKs of both C. thermosuccinogenes and C. thermocellum can 
use S7P, and have an affinity similar to that for F6P. The same was previously found for E. 
histolytica PPi-PFK, where the KM for S7P is 0.064 mM and 0.038 mM for F6P [285]. On the 
contrary, here we show that the affinity of E. coli PfkA for S7P is almost two orders of 
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magnitude lower compared to its affinity for F6P, such that the affinity constant for S7P is 
much higher than its typical intracellular concentration. 

Considering the fact that E. coli has a transaldolase to facilitate the interconversion of 
pentoses and hexoses, it makes sense that the affinity of PfkA for S7P is such that in vivo 
this reaction does not proceed; there is no need for S7P kinase activity and the resultant 
SBP-pathway. 

The SBP pathway versus transaldolase 
A question that remains is whether there is an advantage to having either the transaldolase 
or the SBP-pathway? A crucial aspect of the SBP-pathway is the physiological reversibility of 
the PPi-PFK in contrast to the ATP-dependent variant [193], since the non-oxidative PPP 
should be able to operate in both directions. It therefore seems a prerequisite to rely on 
PPi-PFK, and the associated PPi-generating metabolism in order to use the SBP-pathway. If 
this is not the case and PFK is ATP-dependent, transaldolase would still be required to 
facilitate the reverse (anabolic) direction in the PPP. As such, it seems that transaldolase 
might simply be or become obsolete in the case PPi-PFK is used in glycolysis. The underlying 
question therefore is why a PPi-dependent PFK is used at all, instead of an ATP-dependent 
one?  

The irreversibility (i.e. large decrease in Gibbs free energy) of ATP-dependent PFK grants it 
a lot of control over the metabolism, but comes at the cost of about half available free 
energy [225]. The trade-off between control and energy conservation could perhaps be the 
main factor behind the use of a PPi-dependent PFK versus an ATP-dependent one.  

Organisms that almost exclusively rely on substrate level phosphorylation for ATP 
generation, such as the strictly anaerobic cellulose fermenting cellulolytic Clostridia, might 
prioritize energy conservation over control, while respiring organisms might have done the 
opposite. 

PPi generation 
PPi is a by-product of many anabolic reactions, often operating close to equilibrium. Many 
organisms hydrolyse PPi to orthophosphate using inorganic pyrophosphatase, in order to 
drive these anabolic reactions forward, releasing heat [302]. Using the otherwise “wasted” 
PPi instead of ATP for the phosphorylation of F6P should therefore allow the conservation 
of metabolic energy. It was already calculated for C. thermocellum, however, that the 
formation of PPi as by-product of anabolism alone is not enough to sustain the PFK reaction 
in glycolysis as it accounted for less than 10% of the flux [331], meaning that there must be 
another, dedicated source of PPi. 

One potential source that could also further increase the energy conservation via the use 
of PPi by PFK relies on a membrane-bound proton or sodium ion-translocating 
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pyrophosphatase (M-PPase). Both ATPases and M-PPases have a certain coupling ratios of 
number of H+/Na+ translocated per phosphate-phosphate bond hydrolysed/formed. A 
lower coupling ratio for PPase compared to ATPase means that more than one PPi can be 
formed per consumed ATP through this chemiosmotic coupling, decreasing the 
stoichiometric ATP requirement for PPi driven reactions [28,87,134,142,248,260]. PPi can 
also be formed through the simultaneous formation and breakdown of glycogen, with the 
net conversion of ATP (or UTP) and orthophosphate to ADP (or UDP) and pyrophosphate 
[143,248,290,331]. From the point of view of energy (i.e. ATP) conservation, there is no 
advantage to using the glycogen cycle, as one PPi would be generated per ATP to ADP 
conversion; except that it would allow for the anabolic PPi-“waste” to be utilized via PPi-
PFK, conserving somewhat fewer than 0.1 ATP per dissimilated glucose, as discussed above. 
Alternatively, glycogen cycling could represent a buffering system for PPi-flow rather than 
for the carbon-flow [71,91], working in conjunction with a dedicated PPi-generating system 
(e.g. M-PPase), in order to maintain an adequate PPi to Pi ratio. 

Unusual kinetics for ATP/GTP-PFK 
ATP/GTP-PFK was previously found to have similar affinities for ATP versus GTP [142], and 
here we show that it has an extreme degree of cooperativity for F6P. The extreme 
cooperativity effectively means that below ~0.7 mM F6P there is no activity, while above 
this concentration the enzyme operates at maximum activity. At this point we can only 
speculate on the function behind this peculiar characteristic, and doing so it seems wholly 
plausible that it could function as a kind of relief valve that prevents the intracellular 
concentration of F6P from rising above 0.7 mM. 

It might in fact be detrimental for organisms relying on the SBP-pathway to accumulate a 
large intracellular concentration of F6P (relative to S7P/SBP), due to the competition 
between S7P/SBP and F6P/fructose 1,6-bisphosphate for PPi-PFK. For example, a ten-fold 
higher F6P concentration compared to S7P, means that only ~9% of the PPi-PFK enzyme 
pool is available for S7P-depdendent activity. Of course, the opposite is also true, in case 
S7P accumulates, relative to F6P. Here too, ATP/GTP-PFK could aid, by allowing F6P 
phosphorylation to occur regardless (but with ATP or GTP). 

In the case one enzyme is responsible for two separate (metabolic) reactions (via the same 
active site), it becomes crucial for the cell to regulate those relative pools, in order for both 
reactions to be able to occur. Our hypothesis is that the ATP/GTP-dependent PFK is 
responsible for a fail-safe mechanisms relieving the negative effects caused by the 
perturbation of the S7P and F6P pools. How and if the enzyme’s activation by NH4+ relates 
to this hypothesized function is not clear. 
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Widespread occurrence of the SBP-pathway? 
It is common for both PPi-dependent and ATP-dependent PFKs to coexist in one organism. 
In such cases, it was previously thought that PPi-PFK might have an alternative, unknown 
function [18]. Here we show that the PPi-PFK has a dual function in glycolysis and the PPP, 
while the ATP-dependent PFK might have an alternative function. Similarly, in 
Amycolatopsis methanolica PPi-PFK is used in glycolysis during growth on glucose, whereas 
its ATP-PFK is used in the ribulose monophosphate cycle, during growth on one-carbon 
compounds [5]. The widespread occurrence of PPi-PFK could therefore suggest that the SBP-
pathway is also more widespread than is currently recognized, particularly when the 
presence of PPi-PFK coincides with the absence of a transaldolase. The latter might also be 
underestimated due to F6P aldolases being wrongly annotated as transaldolase, resulting 
from their high similarity [254,262]. 

Of all the 45 cellulolytic clostridia genomes in the JGI database, only the two Clostridium 
papyrosolvens genomes contain annotated transaldolases; two per genome, of which one 
contains the characteristic Glu and Tyr residues associated with transaldolase activity, 
rather than F6P aldolase activity [254]. Except for the C. thermosuccinogenes genomes, 
none of the genomes harbours a complete oxidative PPP, and besides the C. thermocellum 
genomes almost all harbour xylose isomerase and xylulokinase (required for growth on 
pentoses), meaning that cellulolytic clostridia in general rely on the SBP-pathway for the 
PPP, with the possible exception of Clostridium papyrosolvens. 

How widespread the SBP-pathway is outside the cellulolytic clostridia would require further 
research, which is outside the scope of this study. The spread of PPi-PFKs in a wide variety 
of organisms, the proved existence of the SBP-pathway in cellulolytic clostridia as well as 
the eukaryotic E. histolytica, and the high affinity of methylotrophic PFKs for S7P does hint 
at a much more widespread occurrence of the this pathway. 

SBP identification 
In some metabolomics studies, the identification of SBP is simply omitted, because the 
standard reagent was not available [252]. In others, SBP was synthesized in vitro using 
purified enzymes [59], which is laborious and expensive; and due to the low stability the 
product cannot be stored for longer periods. The method described here for the 
identification of SBP, relying on the E. coli ΔtalAB strain is simple and cheap, and might 
therefore benefit other researchers studying pentose metabolism. 

Furthermore, we noticed that commonly used practices for metabolomics studies, such as 
prolonged storage, and enrichment of extracts (e.g. via vacuum evaporation) will decrease 
the chance of detecting SBP in the extracts enormously.  
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Conclusion 
An E. coli double transaldolase mutant was shown here to accumulate sedoheptulose 1,7-
bisphosphate (SBP), verified by orbitrap mass-spectrometry. A metabolite extract from this 
E. coli mutant was used as an SBP reference for analysis (since SBP is not commercially 
available), and enabled us to show that a significant pool of sedoheptulose 1,7-
bisphosphate (SBP) is present in C. thermosuccinogenes, an uncommon metabolite in 
organisms without the Calvin cycle. Moreover, the SBP pool was elevated during growth on 
xylose, confirming its relevance in pentose assimilation.  

In vitro assays showed that PPi-PFK of C. thermosuccinogenes and C. thermocellum is able 
to convert sedoheptulose 7-phosphate (S7P) to SBP, and that they have similar affinity for 
S7P and fructose 6-phosphate (F6P), the canonical substrate. In contrast, PfkA of E. coli 
showed a very poor affinity for S7P, which explains the high accumulation of S7P and SBP in 
the E. coli mutant. Furthermore, the enzyme kinetics suggest that the PPi-PFK enzymes of 
cellulolytic clostridia may have evolved for the use of S7P.  

Additionally, we found that the ATP/GTP-dependent PFK of C. thermosuccinogenes shows 
an extremely high degree of cooperative binding towards F6P, resulting in a virtual on/off 
switch for substrate concentrations near its K1/2 value. We hypothesize that this PFK might 
represent a fail-safe mechanism that regulates the relative pools of F6P and S7P, in order 
to prevent competition for the active site of PPi-PFK between the two parallel substrate 
pools causing one substrate to dominate the other. 

Overall, these results verify the existence of the SBP-pathway in cellulolytic clostridia 
instead of the canonical transaldolase, connecting pentose metabolism with the rest of the 
metabolism. 
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Supporting information

Figure S1: Negative control of the In vitro time-course assays using sedoheptulose-7-phosphate (red), lacking 
added enzyme. In blue the peak intensity at a m/z of 369, corresponding to sedoheptulose-1,7-bisphosphate. 
Error bars represent one standard deviation (n ≥ 2).
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Clostridium thermosuccinogenes PPi-PFK 
Michaelis-Menten kinetics 

  

F6P: KM = 0.07045054 mM, Vmax = 0.556745262 dAbs/min 

S7P: KM = 0.107440985 mM, Vmax = 0.540231693 dAbs/min 

Hill kinetics 

  

F6P: K1/2 = 0.080468265 mM, Vmax = 0.527619413 dAbs/min, n = 1.51508789 

S7P: K1/2 = 0.103684272 mM, Vmax = 0.521954034 dAbs/min, n = 1.170962878 

Figure S2: Data of the kinetics assays using Clostridium thermosuccinogenes PPi-6-phosphofructokinase (PFK) for 
the conversion of fructose 6-phosphate (F6P) and sedoheptulose 7-phosphate (S7P). Including fitted models of 
both Michealis-Menten kinetics and Hill kinetics.   

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3

dA
bs

/m
in

Fructose 6-phosphate (mM)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3

dA
bs

/m
in

Sedoheptulose 7-phosphate 
(mM)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3

dA
bs

/m
in

Fructose 6-phosphate (mM)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3

dA
bs

/m
in

Sedoheptulose 7-phoshpate 
(mM)



6

PPP of cellulolytic clostridia relies on PFK instead of transaldolase

|   137   

Clostridium thermocellum PPi-PFK 
Michaelis-Menten kinetics 

  

F6P: KM = 0.046004018 mM, Vmax = 0.571547641 dAbs/min 

S7P: KM = 0.10131141 mM, Vmax = 1.306125685 dAbs/min 

Hill kinetics 

  

F6P: K1/2 = 0.04393566 mM, Vmax = 0.605090926 dAbs/min, n = 0.735169235 

S7P: K1/2 = 0.098186063 mM, Vmax = 1.20981373 dAbs/min, n = 1.491188053 

Figure S3: Data of the kinetics assays using Clostridium thermocellum PPi-6-phosphofructokinase (PFK) for the 
conversion of fructose 6-phosphate (F6P) and sedoheptulose 7-phosphate (S7P). Including fitted models of both 
Michealis-Menten kinetics and Hill kinetics.  
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E. coli PfkA 
Michaelis-Menten kinetics 

  

F6P: KM = 0.064895717 mM, Vmax = 0.326490009 dAbs/min 

S7P: KM = 2.489181822 mM, Vmax = 0.717467989 dAbs/min 

Hill kinetics 

  

F6P: K1/2 = 0.073763326 mM, Vmax = 0.310312305 dAbs/min, n = 1.729659661 

S7P: K1/2 = 1.24179394 mM, Vmax = 0.48943044 dAbs/min, n = 1.603138135 

Figure S4: Data of the kinetics assays using E. coli 6-phosphofructokinase (PfkA) for the conversion of fructose 6-
phosphate (F6P) and sedoheptulose 7-phosphate (S7P). Including fitted models of both Michealis-Menten 
kinetics and Hill kinetics.  
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P. thermosuccinogenes ATP/GTP-PFK 
Michaelis-Menten kinetics 

 

F6P: KM = 9.550905907 mM, Vmax = 11.94361907 dAbs/min 

S7P: No activity 

Hill kinetics 

 

F6P: K1/2 = 0.68836161 mM, Vmax = 1.756115449 dAbs/min, n = 23.87224309 

S7P: No activity 

Figure S5: Data of the kinetics assays using Clostridium thermosuccinogenes ATP/GTP-6-phosphofructokinase 
(PFK) for the conversion of fructose 6-phosphate (F6P) and sedoheptulose 7-phosphate (S7P). Including fitted 
models of both Michealis-Menten kinetics and Hill kinetics.  
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Chapter 7 – Thesis summary 
English summary 
Pseudoclostridium thermosuccinogenes is the only known thermophile that produces 
succinic acid as one of its main fermentations products, together with acetic acid and formic 
acid, as well as ethanol, lactic acid, and hydrogen in smaller quantities. Thermophilic cell-
factories, and succinic acid are both of interest for industrial biotechnology, and it is 
therefore that we set out to try to understand the metabolism of P. thermosuccinogenes.  

In Chapter 2 we published the genome sequences of the four available P. 
thermosuccinogenes strains (at that point still called Clostridium thermosuccinogenes). The 
genome of the type strain (DSM 5807) was fully closed. Using these annotated genomes, 
we were able to reconstruct its central metabolism. The genes for the pathways towards all 
the fermentation products were identified, as well as the complete Embden-Meyerhof-
Parnas pathway for glycolysis. All genes for the pentose phosphate pathway (including 
those for xylose assimilation) were identified except for a transaldolase. Transcriptomics 
during growth on xylose versus glucose did not provide any leads to potential transaldolase 
genes or alternative pathways connecting the C5 with the C3/C6 metabolism. Enzyme assays 
with cell-free extract were conducted to study cofactor usage of various glycolytic reactions. 
We were able to show that glucokinase was GTP-dependent and that 6-
phosphofructokinase was PPi-dependent, verifying what was previously shown in 
Hungateiclostridium thermocellum, a close relative of P. thermosuccinogenes. Furthermore, 
xylulokinase (absent in Hungateiclostridium thermocellum) was shown to use GTP as well. 

In Chapter 3 we looked further at the cofactor usage of P. thermosuccinogenes. Thirteen 
genes were cloned and heterologously expressed in Escherichia coli (encoding ribokinase, 
galactokinase, acetate kinase, isocitrate dehydrogenase, three 6-phosphofructokinase (PFK) 
orthologs, three glyceraldehyde 3-phosphate dehydrogenase (GAPDH) orthologs, and three 
genes encoding either pyruvate kinase, pyruvate, phosphate dikinase, or 
phosphoenolpyruvate synthase). Via enzyme assays we showed that besides glucokinase 
and xylulokinase, galactokinase and ribokinase are also GTP-dependent, suggesting that 
sugar phosphorylation by and large is GTP-dependent in P. thermosuccinogenes. Of the 
three PFKs, we confirmed which was PPi-dependent, and we found that another was active 
with both ATP and GTP; no activity was found for the third. Two GAPDHs were found to be 
NAD+-dependent, while no activity was detected for the third. Further, the use of PPi and 
GTP as phosphoryl carriers was extensively discussed; we hypothesize that the use of GTP 
allows for different (or more flexible) reaction thermodynamics compared to reactions 
relying on ATP. 

In Chapter 4 the pathway to succinic acid in P. thermosuccinogenes was investigated in 
more detail. The fumarate hydratase and fumarate reductase (FRD) genes reside in an 
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operon together with the genes for a large electron bifurcating NADH-reductase-
heterodisulfide reductase complex (Flx-Hdr) that takes electrons from NADH, reducing 
ferredoxin and a disulfide bond simultaneously. The FRD differs significantly from studied 
isoforms, but is closest related to methanogenic FRDs that use thiols to reduce fumarate, 
forming succinate and a disulphide compound. Based on this genomic context and 
comparative genomics, we propose two hypothetical mechanisms through which the FRD 
associates with the electron bifurcating Flx-Hdr complex: (1) A disulfide bond from a 
hitherto unknown cofactor is reduced by the Flx-Hdr complex, using NADH to generate two 
thiol groups, while facilitating the unfavourable reduction of ferredoxin by NADH. The 
disulfide bond is subsequently regenerated via the reduction of fumarate to succinate by 
the FRD using the previously formed thiol groups. Or, (2) the FRD forms an integral part of 
the FlxABCD-HdrABC complex, and NADH is used to reduce ferredoxin and fumarate 
directly, without an intermediate disulfide-forming cofactor. Either way enables the 
conservation of additional energy (in the form of reduced ferredoxin) by a soluble FRD, 
analogous to fumarate respiration. Some preliminary, inconclusive experimental data are 
presented as well. 

In Chapter 5 the effect of CO2 limitation on succinate yield and on the metabolism of P. 
thermosuccinogenes in general was studied. Succinate production is connected to net 
fixation of CO2 (by PEP carboxykinase) and was, therefore, expected to be impacted 
significantly. Batch cultivations in bioreactors sparged with 1% and 20% CO2 were 
conducted that allowed us to carefully study the effect of CO2 limitation. Formate yield was 
greatly reduced at low CO2 concentrations, signifying a switch from pyruvate formate lyase 
(PFL) to pyruvate:ferredoxin oxidoreductase (PFOR) for acetyl-CoA formation. The 
corresponding increase in endogenous CO2 production (by PFOR) enabled succinic acid 
production to be largely maintained as its yield was reduced by only 26%. Acetate yield was 
slightly reduced as well, while that of lactate was slightly increased. CO2 limitation also 
prompted the formation of significant amounts of ethanol, which is only marginally 
produced during CO2 excess. Altogether, the changes in fermentation product yields result 
in increased ferredoxin and NAD+ reduction, and increased NADPH oxidation during CO2 
limitation, which must be linked to reshuffled (trans)hydrogenation mechanisms of those 
cofactors, in order to keep them balanced. RNA sequencing, to investigate transcriptional 
effects of CO2 limitation, yielded only ambiguous results regarding the known 
(trans)hydrogenation mechanisms. Those results hinted at a decreased NAD+/NADH ratio, 
which could ultimately be responsible for the stress observed during CO2 limitation. Clear 
overexpression of an alcohol dehydrogenase (adhE) was observed, which may explain the 
increased ethanol production, while no changes were seen for PFL and PFOR expression 
that could explain the anticipated switch based on the fermentation results. 

In Chapter 6 the pentose phosphate pathway of Hungateiclostridiaceae was investigated in 
order to find out how they are able to interconvert C5 and C3/C6 metabolites in the absence 
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of a transaldolase. We were able to confirm that Hungateiclostridiaceae rely on the 
sedoheptulose 1,7-bisphosphate (SBP) pathway, using pyrophosphate-dependent 
phosphofructokinase (PPi-PFK) instead of transaldolase, as was proposed previously. In the 
SBP pathway, sedoheptulose 7-phosphate (the dead-end without transaldolase) is 
converted to SBP by PPi-PFK after which fructose bisphosphate aldolase cleaves SBP into 
dihydroxyacetone phosphate and erythrose 4-phosphate. We showed that PPi-PFK of P. 
thermosuccinogenes and of H. thermocellum indeed are able to convert S7P to SBP, and that 
they have similar affinities for S7P and fructose 6-phosphate (F6P), the canonical substrate. 
By contrast, (ATP-dependent) PfkA of Escherichia coli (which does rely on transaldolase) has 
a very poor affinity for S7P. This is indicative of the fact that the PPi-PFK of the 
Hungateiclostridiaceae has evolved for the use of S7P. We further show that P. 
thermosuccinogenes contains a significant SBP pool, an otherwise unusual metabolite, 
which is elevated during growth on xylose, demonstrating its relevance for pentose 
assimilation. Lastly, we demonstrate that the other PFK of P. thermosuccinogenes that 
operates with ATP and GTP shows unusual kinetics towards F6P, as it appears to have an 
extremely high degree of cooperative binding, resulting in a virtual on/off switch for 
substrate concentrations near its K1/2 value. 
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Chapter 8 – General Discussion 
Natural succinic acid production 
Many microorganisms have been isolated that naturally produce succinic acid as one of 
their fermentation products. Yet, little is generally written about the biological and 
ecological roles behind this phenomenon, as the focus is usually on the industrial production 
of succinic acid.   

Microbial fermentation refers to specific mode of energy-conservation where the majority 
of ATP equivalents are generated via substrate level phosphorylation, in contrast to 
respiration, where the majority of ATP equivalents is produced by ATPase, through the 
formation of a membrane potential via electron transport. In fermentation, the electrons 
generated by the oxidation of a substrate are used for to the reduction of another substrate, 
or – usually – a pathway intermediate, without the immediate formation of a membrane 
potential [210]. 

Ethanol, lactic acid, and acetic acid are the typical fermentation products, but many more 
exists, such as butyric acid, acetone, and succinic acid. Different fermentation products have 
different chemical properties, and are associated with different metabolic pathways, that 
may have different cofactors associated with it, at different stoichiometry. As such, the type 
of fermentation product is intricately linked to the organism’s physiology.  

To give a few examples [185,210]: Ethanol fermentation and homolactic acid fermentation 
both yield 2 ATP per glucose, but lactic acid lowers the pH of the environment, and needs a 
dedicated membrane transporter. Ethanol, on the other hand, is linked with CO2 formation, 
and requires several metabolic steps from pyruvate (compared to simply lactate 
dehydrogenase), which includes the formation of the toxic intermediate acetaldehyde. 
Furthermore, butyrate fermentation yields 3 ATP per glucose, whereas heterolactic 
fermentation (generating equal amounts of lactic acid, ethanol, and CO2) only yields 1 ATP 
per glucose.  

Succinic acid is produced during mixed acid fermentation, where it is produced in a variable 
mix with acetic acid, formic acid (and/or H2), lactic acid, and ethanol [58,210]. The formation 
of succinic acid, or that of ethanol with formic acid (and/or H2), allows the redox neutral 
production of acetic acid from pyruvate, and the concomitant formation of extra ATP. The 
substrate level ATP yield of mixed acid fermentation can therefore vary, depending on the 
distribution of the different fermentation products, but also due to variations in the specific 
pathways towards those products. 

For the pathway to succinic acid, two different reactions are possible for the formation of 
oxaloacetate from phosphoenolpyruvate (PEP) and inorganic carbon: PEP carboxylase or 
PEP carboxykinase [138,196,292]. In the latter, CO2 is used, and one ATP equivalent is 
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formed, whereas in the former, HCO3- is used, but no ATP equivalents are formed. 
Moreover, the fumarate reductase reaction can be linked to different cofactors in different 
organisms [124], which can also have further implications (Chapter 4). In the case 
quinol:fumarate reductase is used, four protons can be pumped out by a Type 1 NADH 
dehydrogenase, allowing the generation of up to 1 ATP, per succinic acid molecule formed. 
For the thiol:fumarate reductase coupled to the NADH dehydrogenase-heterodisulfide 
reductase complex (as is believed to be the case for P. thermosuccinogenes) the reduced 
ferredoxin allows up to two protons to be translocated via the RNF complex per succinic 
acid molecule formed, yielding up to 0.5 extra ATP.  

Similarly, the formation of pyruvate from PEP can occur via three different pathways in P. 
thermosuccinogenes (i.e. pyruvate kinase; pyruvate, phosphate dikinase; and the malate 
shunt, as discussed in Chapter 2 and 3) that each have different cofactors associated with 
it [143,289,290]. The subsequent conversion from pyruvate to acetyl CoA can also occur via 
two different pathways in P. thermosuccinogenes, namely pyruvate:ferredoxin 
oxidoreductase or pyruvate formate lyase, while other organisms might use pyruvate 
dehydrogenase (Chapter 5) [147]. Such situations, with conversions involving electron 
bifurcation and/or ferredoxin reduction or involving parallel pathways, make that it is not 
always trivial to determine precise ATP yields of fermentation. 

Besides mixed acid fermentation, succinate can also be formed through anaerobic fumarate 
respiration, where fumarate is used as final electron acceptor by quinol:fumarate 
reductase. Fumarate is the only known metabolic intermediate that can serve as acceptor 
in anaerobic respiration, and simultaneously represents the most widespread type of 
anaerobic respiration, likely because fumarate is readily formed from both carbohydrates 
and proteins [149]; other known acceptors include nitrate, sulphate, and sulphur, as well as 
many metals [241]. Fumarate respiration is best studied in Wolinella succinogenes, which 
uses hydrogen or formate as electron donor [148]. 

Beyond the energetics, different fermentation products also affect the organism’s ecology 
in different ways. Accumulation of acids and alcohol can become toxic [112,172], and might 
prevent competitors from thriving. For example, one hypothesis for aerobic fermentation, 
a situation where some facultative anaerobes ferment in the presence of oxygen before 
switching to respiration (such as the Crabtree effect in yeast), is that it could be a tactic to 
stay ahead of the competition [107,228]. At high enough concentrations, fermentation 
products will eventually also become toxic to the producer, as is often the case in laboratory 
settings, where fermenting organisms are grown in isolation. In reality, however, 
fermentation products will form the substrates for other organisms, leading to a complex 
ecological network of cross-feeding. The guts of animals, in particular the rumen, are known 
to harbour complex trophic interactions [145,323].  



8

General discussion

|   147   

In some cases, the producer is dependent on the consumption of a fermentation product 
by another organism, in order for its metabolism to proceed. This is referred to as syntrophy 
[202]. The best example is that of interspecies hydrogen transfer, where hydrogen 
formation is only feasible at low partial pressures, requiring its simultaneous consumption, 
i.e. by a methanogen or a sulphate-reducer [79,210]. In fact, in absence of a syntrophic 
hydrogen-consuming partner – again, typical for laboratory settings – many sugar-
fermenting microorganisms shift to other fermentation products, in order to maintain a 
redox balance [202]. 

It is interesting to note that most natural succinic acid producing organisms have been 
isolated from animal guts (or from dung, as is the case for P. thermosuccinogenes). The likely 
explanation for this is that animal guts, and especially the rumen, have high partial 
pressures of CO2, which makes PEP carboxykinase reaction more feasible in the ATP/GTP-
forming direction (towards succinic acid, Chapter 5) [275]. Relatively little is known 
regarding the trophic interactions of succinic acid producers with other organisms. It is 
expected that they vary between various succinic acid producers; some produce succinic 
acid through the oxidation of hydrogen gas, while others might actually decrease the 
formation of succinic acid with increasing partial pressures of hydrogen (as observed for P. 
thermosuccinogenes) [116,161,279]. Several reports show that succinate conversion by 
propionate producers, such as Selenomonas ruminantium synergistically enhances rumen 
fibre digestion by succinate producing cellulolytic bacteria, such as Ruminococcus 
flavefaciens and Fibrobacter succinogenes [88,255]. In any case, the actual extracellular 
concentrations of succinic acid are very low in the rumen, as it is decarboxylated to form 
propionate as fast as it is produced [30,323]. In mouse models, the accumulation of succinic 
acid upon antibiotic use has been associated with Clostridium difficile infection, through the 
conversion of succinate to butyrate by the pathogen [81]. Furthermore, succinic acid 
producing Bacteroides excrete succinic acid when CO2 is abundant, but convert it further to 
propionate to regenerate CO2 when that becomes limiting [84]. This allows the pathway to 
keep operating as an electron sink, similar to what seems to happen in P. 
thermosuccinogenes, where the endogenous CO2 is formed through PFOR, while lowering 
the PFL flux (Chapter 5). 

Open questions regarding Pseudoclostridium 
thermosuccinogenes 
In this thesis, we probed the central metabolism of P. thermosuccinogenes and were able 
to uncover several characteristic features that include: Cofactor usage (Chapter 2 and 3), a 
novel fumarate reductase (Chapter 4), the metabolic and transcriptional response upon 
CO2-limitation (Chapter 5), and the sedoheptulose 1,7-bisphosphate (SBP) pathway 
(Chapter 6). Many open questions, still remain, however. Some of the pressing ones will be 
discussed below, and possible ways to tackle them will be proposed. A recurring problem is 
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the current lack of genetic systems for P. thermosuccinogenes that would otherwise allow 
us to make knock-outs or express heterologous proteins; this will be ignored for the 
moment. 

What is the role of GTP as cofactor?  
As was shown in Chapter 3, the sugar kinase reactions of P. thermosuccinogenes by and 
large appear to be GTP-dependent. With PEP carboxykinase seemingly the main GTP-
generating reaction, this would create a relative closed loop for GTP turnover, ignoring the 
GTP used for anabolism. Our presented hypothesis states that GTP might exist at a different 
energy charge in parallel to that of ATP, and that this might improve CO2 uptake rates under 
limiting concentrations. Accurate quantification via mass spectrometry or equivalent 
technology would provide an answer – at least to the first part of the hypothesis. 
Unfortunately, quantification of the different nucleotide pools can be very challenging 
[308], and might not be accurate enough.  

Another approach could be the replacement of GTP-dependent glucokinase or xylulokinase 
as well as the GTP-dependent PEP carboxykinase with ATP-dependent variants to 
investigate how this would affect its physiology (in particular with regard to CO2 limitation). 
Alternatively, ATP-dependent and GTP-dependent xylulose degrading pathways could be 
engineered in H. thermocellum, as this would remove the inherent bias created by 
comparing a native versus a heterologous pathway. Or, simpler maybe, the heterologous 
overexpression of nucleoside-diphosphate kinase (absent in P. thermosuccinogenes) could 
be attempted. By equalizing the energy charges of the different nucleotide pools, it will 
nullify any effects that a difference in energy charge would have, if indeed there is a 
difference. Worthwhile as well might be to accurately determine the concentration at which 
CO2 becomes limiting, as was done by Herselman et al. (2017) [113], for a wide range of 
succinate producers that either rely on ATP, or GTP-dependent PEP carboxykinases, in order 
to see if there is a difference. 

What is the role of PPi as cofactor?  
And additionally, what is the source of PPi and AMP? The use of a PPi–dependent 
phosphofructokinase (PFK), instead of ATP-PFK is believed to be a mechanism to conserve 
energy. PPi is generated as a waste product of anabolism, which would otherwise simply be 
hydrolysed to maintain low enough PPi concentrations (required to drive those anabolic 
reactions forward) and as such, ATP is being conserved by using PPi. A similar thing happens 
with the conversion of PEP to pyruvate by pyruvate, phosphate dikinase (PPdK), where the 
use of PPi allows the conversion of AMP to ATP, conserving two high energy phosphate 
bonds (instead of one, by pyruvate kinase). As calculated by Zhou et al. (2013), however, 
the flux of PPi-generation by anabolism alone would not be enough to sustain the PPi-PFK 
flux, suggesting that another PPi generating mechanisms exists [331]. The current 
hypothesis is that a proton (or Na+) translocating pyrophosphatase is responsible for the 
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formation of additional pyrophosphate through the proton gradient; and/or that a cycle 
exist around glycogen, which should lead to a net conversion of ATP and Pi to ADP and PPi. 
The use of a translocating pyrophosphatase would lead to extra energy (i.e. ATP) 
conservation in the case that the proton/PPi ratio is lower than the proton/ATP ratio.  

Unclear also is the source of AMP, required for PPdK, as the thermodynamics of the 
adenylate kinase reaction (in H. thermocellum) appear restrictive for AMP formation 
(Chapter 3). Following the calculations of the PPi fluxes, the flux of AMP generated through 
anabolism should also not be enough to sustain the PPdK flux. Possibly, a cycle between 
acetyl-CoA and acetate, via phosphate acetyltransferase, acetate kinase, and acetyl-CoA 
synthetase could exist, that would lead to the net conversion of ADP and Pi to AMP and PPi, 
but for now that would be pure speculation.  

The PPi generating flux, resulting from anabolism, as calculated by Zhou et al. (2013) is based 
purely on the biomass composition, which represents the minimum requirement [331]. The 
continuous turnover of different biomass components, such as mRNA and proteins is only 
captured as part of the maintenance ATP-requirement, as it very hard to quantify, but likely 
represents a major part of it [132]. Such turn-over would correspond to additional PPi (and 
AMP) formation. Therefore, the gap between PPi required for PFK flux and PPi formed by 
anabolism might not be as big as presumed. 

In order to study the role of PPi as cofactor, and pinpoint its source (beyond anabolism) it 
would be a good step to create knock-out/knock-down strains of genes involved in the 
proposed PPi-sources (i.e. pyrophosphatases, glycogen metabolism, and acetyl-CoA 
synthetase), as well as to try to replace PPi-PFK with an ATP-PFK, and assess the impact on 
the growth-rate and biomass yield, since a lower ATP yield should translate in a lower 
biomass yield. (Inside-out) Membrane vesicle preparations could provide insight whether 
there is indeed an energy conserving coupling between ATP hydrolysis and PPi synthesis 
that would lead to more PPi formed per ATP consumed [260]. 

How widespread is the SBP-pathway? 
In Chapter 6 we presented evidence for the existence of the SBP-pathway in 
Hungateiclostridiaceae, as an alternative to the typical transaldolase in the pentose 
phosphate pathway. Likely, there is no real advantage for relying on either of the two 
mechanism for connecting pentose metabolism with the rest of glycolysis. Glycolysis using 
PPi-PFK, which is reversible (in contrast to ATP-PFK) would likely simply allow the loss of 
transaldolase, as it is no longer essential. 

Unclear is how widespread the SBP-pathway really is. A reasonable assumption is that it is 
intricately linked to the use of PPi-PFK in glycolysis, of which the occurrence across the tree 
of life is possibly also not fully recognized. A wide range of organisms appear to harbour the 



Chapter 8

150   |

PPi-dependent variant [18,207], of which many also harbour the ATP-dependent variant 
(including P. thermosuccinogenes) making it hard to draw any conclusions. Perhaps the 
absence of a transaldolase, in the presence of a PPi-PFK is a strong indicator for the reliance 
on PPi as a cofactor for PFK in glycolysis (as well as the presence of the SBP-pathway). A 
detailed phylogenetic study into the occurrence of transaldolase and PPi-PFK might 
therefore shed light on the prevalence of “atypical” PPi-dependent metabolism as well as 
the SBP-pathway. 

What is the essential component in yeast extract required for growth? 
It has not been mentioned explicitly, except briefly in Chapter 5, but P. thermosuccinogenes 
requires yeast extract to grow. From experiments we know that 1 g/l of yeast extract allows 
the consumption of 5 g/l of glucose, but not of 25 g/l (data not shown). It is therefore that 
for the batch fermentations in Chapter 5 5 g/l yeast extract was used. For quantitative 
studies, you would want to use a medium that is as defined as possible, and therefore 
minimize the use of yeast extract, as well as similar complex medium components. For H. 
thermocellum a defined medium has been developed [126]. Yeast extract was effectively 
replaced by biotin, vitamin B12, p-aminobenzoic acid, and pyridoxamine (or pyridoxal, but 
not pyridoxine), but for P. thermosuccinogenes this was not sufficient. We have tested many 
different compounds for P. thermosuccinogenes (including vitamins, amino acids, 
nucleobases, and fatty acids). Unfortunately, we were unable to find out what compound 
in yeast extract was essential for growth. Other complex medium additives tested (such as 
tryptone, bacto casitone, and bacto beef extract) only allowed limited growth and were all 
inferior to yeast extract (data not shown). As yeast extract is known to be especially rich in 
B-vitamins, this would hint at a B-vitamin being limiting, but all of them were added 
separately as well, without the growth promoting effect of yeast extract. Possibly, more 
specific vitamin derivatives (e.g. thiamine pyrophosphate, pyridoxal 5-phosphate, or 
tetrahydrofolic acid) should be tested as well. 

Several examples exists where the use of a genome scale metabolic model (GEM) was able 
to assist in finding specific auxotrophies, by finding reactions missing from the GEM that 
prevent in silico growth [10,78,273]. This approach could also assist in finding what essential 
nutrients present in yeast extract P. thermosuccinogenes requires.  

Why is not all glucose consumed during batch fermentations? 
Even in the presence of sufficient yeast extract, not all glucose is consumed during batch 
fermentations with 25 g/l glucose, as cells reach a stationary phase and the OD600 even 
decreases. The pH is maintained at 7. Acidification, which blocks growth after consumption 
of approximately 2 g/l glucose during bicarbonate buffered serum bottle cultivation, can 
therefore not be causing the incomplete consumption of the glucose. Nevertheless, even at 
neutral pH, the accumulation of fermentation products as salts (through titration with KOH) 
can become toxic. Serum bottle tests (data not shown) with added fermentation products 
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present at typical concentrations found at the end of batch fermentations (i.e. succinate, 
70 mM; acetate, 50 mM; formate, 50 mM; lactate, 25 mM; and ethanol, 8.5 mM) did indeed 
show a reduction in growth rate from 0.43 µ-1 to 0.11-0.22 µ-1. The presence of KCl alone at 
equal concentration (200 mM) also reduced the growth rate to 0.24 µ-1, which strongly 
suggest that salt addition for pH titration is inhibiting growth of P. thermosuccinogenes, 
especially since additional KOH will be added to neutralize the acidifying effect of CO2 
present in the sparged gas. Surprisingly, an equivalent concentration of NaCl did not allow 
any growth at all. 

Besides toxicity alone, additional mechanisms that could explain the incomplete glucose 
consumption still remain. For example, quorum sensing could limit the maximum cell-
density, as well as trigger sporulation, which would also decrease glucose consumption 
[197]. More fermentations would be required to test this, for example by using supernatant 
of a finished fermentation run for the medium of new batch fermentation, or by having 
different starting concentrations of KCl, and check whether this correlates to the residual 
glucose. 

What is the interaction between the novel fumarate reductase and the large 
NADH dehydrogenase-heterodisulfide reductase complex? 
In Chapter 4 we propose a mechanism by which fumarate is reduced to succinate in P. 
thermosuccinogenes by a novel fumarate reductase involved in electron bifurcation. Two 
hypothetical mechanisms are presented (Chapter 4, Fig. 6): (1) A disulfide bond from a 
hitherto unknown cofactor is reduced by the electron-bifurcating NADH dehydrogenase-
heterodisulfide (Flx-Hdr) reductase complex, using NADH, in order to generate two thiol 
groups, while facilitating the otherwise unfavourable reduction of ferredoxin by NADH. The 
disulfide bond is subsequently regenerated via the reduction of fumarate to succinate by 
the fumarate reductase using the previously formed thiol groups. Or (2) the fumarate 
reductase forms an integral part of the Flx-Hdr complex, and NADH is used to reduce 
ferredoxin and fumarate directly, without an intermediate disulfide-forming cofactor. 

The first step in (dis)proving the hypothetical mechanisms would be to (dis)prove that the 
Flx-Hdr complex is indeed essential for succinic acid formation, which could be achieved by 
creating Flx-Hdr knock-out strain, without interrupting the upstream fumarate hydratase or 
the downstream fumarate reductase. If succinic acid is still being formed, Flx-Hdr is not 
required for fumarate reductase activity.  

Further, many approaches are imaginable to investigate whether the fumarate reductase 
and the Flx-Hdr complex indeed form a larger protein complex for electron bifurcation from 
NADH to ferredoxin and fumarate, without the mediation of a disulfide cofactor. For 
example, native gel electrophoresis combined with proteomics could allow the 
identification of macromolecular protein complexes containing Flx-Hdr proteins and 
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fumarate reductase. If antibodies are available, the same can be achieved without mass 
spectrometry. Another possibility is the use affinity tags, which should be inserted in the 
genome, followed by the identification of co-eluting proteins via proteomics. The use of a 
protein crosslinking reagent could further assist co-elution, or could possibly even eliminate 
the need of affinity tags altogether [270]. 

If no complex is formed between Flx-Hdr and fumarate reductase (but Flx-Hdr is required 
for succinic acid formation), it is likely that an intermediate disulfide cofactor is used. This 
cofactor could either be a (small) protein forming inter/intrachain disulfide bonds (through 
cysteine residues), or a set of two small molecules with thiol groups, such as glutathione, 
CoA, L-cysteine, or CoB & CoB used by methanogenic archaea. A small protein as cofactor 
could also be identified through co-elution/crosslinking. The identification of a small 
molecule could be a bit trickier. Mass-spectrometry of (reduced) metabolite extract 
supplemented with fumarate pre and post incubation with purified fumarate reductase 
might reveal what small metabolites are used, through the formation of larger disulfide 
molecules, according to a method described by Sévin et al. (2017) [266]. 

Future perspectives for industrial biobased succinic acid 
Succinic acid is one of the first biobased platform chemicals that has been successfully 
commercialized, and the current industrial processes for bio-based succinic acid, and the 
entities behind them, have been presented in the thesis introduction. The market for bio-
based polybutylene succinate (PBS) and other bio-based and biodegradable polymers is still 
lagging, however, and further improvements in process costs are desired for succinic acid 
to become a more ubiquitous bulk chemical [29,294]. Here we outline some of the 
prospects of different processes that might improve the efficiency of succinic acid 
production. 

Production by P. thermosuccinogenes 
P. thermosuccinogenes was the topic of this thesis for its ability to produce succinic acid as 
a major fermentation product, and for being the only thermophile known to do so. Aspects 
that are both of interest to biotechnology, as succinic acid has the potential to be used as a 
bio-based platform chemical, and because elevated temperatures can improve process 
economics. 

We started off with the aim to understand the central metabolism of this scarcely studied 
anaerobic bacterium, which would form the basis for us to subsequently engineer the 
metabolism for improved succinic acid production. A parallel research project was initiated 
to set-up the genetic tools that would enable this to be done. The latter proved to be a more 
lengthy task than anticipated, and, therefore, this thesis only deals with understanding the 
metabolism of P. thermosuccinogenes. Nevertheless, progress has been made regarding the 
set-up genetic tools that deserves mentioning, as Joyshree Ganguly together with several 
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students developed a protocol for the electro-transformation of P. thermosuccinogenes 
strain DSM 5809 and the first steps have been made towards the use of a recently 
developed thermophilic Cas9 nuclease [204].  

Following these developments it might soon become possible for the metabolic engineering 
of P. thermosuccinogenes, in order to improve succinic acid production. Currently, there are 
several problems that would prevent the organism from being used in industry, which could 
be addressed by metabolic engineering: Most importantly, the formation of large amounts 
of by-products, but also the requirement for added yeast extract. For polymer grade 
succinic acid, its purity typically needs to be high enough to reach weight-average molecular 
weights of 40.000 to 1.000.000 (i.e. 350~8.500 monomers). Molecules such as acetic acid 
and ethanol will terminate the chain elongation. Large amounts of by-products will 
therefore greatly impact the down-stream processing costs to reach such purities. Thus, 
having a homo-succinate producing strain is crucial. 

Possible engineering targets: 
In order to increase succinic acid production in P. thermosuccinogenes and turn it into a 
homo-succinate producer, the following engineering targets are proposed (Figure 1):  

- Heterologous expression of a succinyl-CoA ligase, converting succinyl-CoA, Pi, and 
NDP to succinate, CoA, and NTP, while closing the TCA cycle. This way, succinate 
can also be formed through the oxidative branch of the TCA cycle (besides the 
reductive branch), which was shown to occur natively in Clostridium 
acetobutylicum, albeit with very low total succinic acid formation rates [6]. In 
theory, this would enable succinate to be produced in a redox neutral manner. 
Such a redox neutral pathway is important for homo-succinate production and 
something that is otherwise only possible through the co-production of other 
metabolites (e.g. acetate) or by providing an additional electron source (e.g. 
electricity or H2). 

- Deletion of pathways to other fermentation products: pyruvate formate lyase, 
acetaldehyde dehydrogenase and/or alcohol dehydrogenase, phosphate 
acetyltransferase and/or acetate kinase, and lactate dehydrogenase. This is the 
most obvious tactic to improve succinate production, but it can only work if enough 
ATP is generated in the absence of acetate kinase activity, and if the redox 
cofactors (NAD(P)H and ferredoxin) are properly balanced.  

- Overexpression of the energy-converting ferredoxin:NAD+ reductase complex 
(RNF) and/or the energy-converting ferredoxin-dependent hydrogenase complex 
(ECH) might enable proper balancing of the redox cofactors, while providing 
metabolic energy through the generation of a membrane potential. Over-
expression of other transhydrogenase enzymes could also be attempted to achieve 
proper redox balancing. 
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- Knock-out or knock-down of malic enzyme, to reduce competition with fumarate 
hydratase for malic acid. The reduction in NADPH generation can be compensated 
by isocitrate dehydrogenase activity if the oxidative branch of the TCA cycle is 
active (by succinyl-CoA ligase expression). 

- Overexpression of the succinate exporter. Currently, the encoding gene is 
unknown, but in Chapter 4 we provide a likely candidate.

Figure 1: Metabolic pathways from phosphoenolpyruvate (PEP) to the different fermentation products in P. 
thermosuccinogenes, with proposed metabolic engineering targets; red arrow for knock-out/knock-down targets, 
blue arrow for (heterologous) over-expression targets. The dashed grey arrow represents the glycolysis, which 
relies on a PPi-dependent phosphofructokinase. ACDH, acetaldehyde dehydrogenase; ACN, aconitase; ACS, acetyl-
CoA synthetase; ADH, alcohol dehydrogenase; AK, acetate kinase; CS, citrate synthase; ECH. Energy-converting 
hydrogenase; Flx-Hdr, NADH dehydrogenase/heterodisulfide reductase bifurcation complex; FH, fumarate 
hydratase; FR, fumarate reductase; ICD, isocitrate dehydrogenase; LDHL, l-lactate dehydrogenase; MDH, malate 
dehydrogenase; ME, malic enzyme; OOR, 2-oxoglutarate:ferredoxin oxidoreductase; PEPCK, phosphoenolpyruvate 
carboxykinase; PFL, pyruvate formate lyase; PFOR, pyruvate:ferredoxin oxidoreductase; PPdK, pyruvate, 
phosphate dikinase; PTA, phosphate acetyltransferase; PYK, pyruvate kinase; RNF, energy-converting 
ferredoxin:NAD+ reductase; SCL, succinyl-CoA ligase.
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Production by other thermophiles 
Even if P. thermosuccinogenes were to be engineered to produce succinic acid as the only 
major fermentation product, it still needs to be able to withstand the harsh conditions of 
industrial fermenters. Considering the relatively low tolerance to salts observed during lab-
scale bioreactor experiments, this might also be problematic. Adaptive evolution might 
improve this. Otherwise, other thermophiles that are better suited for industrial 
fermentations might be engineered to produce succinic acid, using the (thermophilic) 
succinic acid pathway of P. thermosuccinogenes. 

To engineer another organism with the succinate pathway of P. thermosuccinogenes, it is 
imperative to further study its fumarate reductase, to fully understand what cofactor(s) are 
used, and how it interacts with the NADH dehydrogenase-heterodisulfide reductase (Flx-
Hdr) complex. If it requires a specific (disulfide) cofactor, this needs to be known, and it 
needs be present or introduced into the host as well. Moreover, ferredoxin reduced by the 
(Flx-Hdr) complex needs a way to be re-oxidized. Overall, this would make it seem rather 
complicated to use the P. thermosuccinogenes fumarate reductase. It might be easier to use 
a NADH or quinol-dependent fumarate reductase from a thermophile, even if this would 
not be a natural succinate producer. Nevertheless, the connection with the Flx-Hdr complex 
might also be an advantage, as the conserved energy, in the form of a low-potential 
ferredoxin might enable the formation of extra ATP (through ECH or RNF), which might 
otherwise be the limiting factor in an anaerobic homo-succinate producer.  

Regardless of the type of fumarate reductase used, for engineering a microorganism to 
produce a novel product, it is important that is possesses the means to export the product 
out of the cell, if it is not able to diffuse through the membrane, as is the case for succinate 
(at neutral pH). Since P. thermosuccinogenes is the only known thermophile to produce 
succinic acid, it is likely also the only known thermophile to possess an efficient succinic acid 
exporter protein. Identifying that protein in P. thermosuccinogenes should therefore be a 
top priority for further research into thermophilic succinic acid production. 

Potential hosts for the succinic acid pathway of P. thermosuccinogenes include the close 
relative Hungateiclostridium thermocellum, or Thermoanaerobacterium saccharolyticum, 
which have both been studied extensively for their possible application in industry [16,268]. 
Or Bacillus smithii, which already has efficient genome editing tools available, thanks to the 
work in the Laboratory of Microbiology here at Wageningen University [38–40,203,204]. 
However, none of the aforementioned strains, have yet been applied successfully in 
industry. As such, industrial succinic acid production by an engineered thermophile is not 
likely to happen soon. 
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Production from C1 compounds 
The use of C1 compounds, such as CO2 (plus H2), CO, methanol, and formate as substrates is 
a different biotechnological process that has been gaining a lot of attention in recent years. 
Its main advantage is that it does not rely on biomass (i.e. agriculture or forestry), but can 
simply be based on CO2 and electricity. In particular the research into the use of acetogenic 
bacteria growing on syngas has been increasing tremendously [26], albeit specific research 
into succinic acid production by acetogens is lacking. A computational study estimated that 
microbial CO2 to succinate conversion could be feasible, assuming substantial strain 
optimization is achieved [170]. 

Finally, the fact that sugar based (i.e. heterotrophic) succinic acid fermentation also co-
occurs with net CO2 fixation offers further opportunities; in particular if governments 
increase taxation on CO2 emissions. It could be applied as a mechanism for CO2 scrubbing. 
In order to remove the bulk of the CO2 that is present in biogas, for example [104].  

Downstream processing 
The downstream processing (DSP) procedures for succinic acid remain costly, even if it is 
the only fermentation product formed by the production organism; the costs are typically 
estimated to be more than half of the total production cost [22,114]. Substantial research 
efforts are therefore also put into DSP as well as other aspects of the bioreactor designs. 

The current commercial succinic acid plants rely either direct crystallization or on ammonia 
precipitation methods for the DSP of succinic acid. Both processes are relatively simple, but 
require significant energy inputs [56]. Moreover, direct crystallization yield can be poor, 
while the ammonia precipitation process is less selective for succinic acid and results in 
formation of large amounts of (NH4)2SO4 [122,153]. Alternative DSP methods being 
investigated include membrane filtration (including electrodialysis), liquid-liquid extraction, 
as well as reactive extraction, and resin adsorption [68,136,233,276]. 

Conclusion 
In order for the chemical industry to decrease its dependency on fossil fuels as feedstock, 
significant research is still required, including into the use of microorganisms as cell-
factories, which facilitates the use of biomass or CO2 as raw material. Much is already 
possible, but it is often hard or even impossible to compete with those fossil feedstocks. It 
is therefore important that fundamental research into microbial metabolism, such as that 
presented in this thesis, is conducted and is funded. New insights, in particular in 
extremophilic (e.g. thermophilic) non-model organisms may well enable future processes 
to be more efficient – and even if biobased processes did not need to compete with the 
dinosaurs of the fossil fuel industry, that is of course favoured.  
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