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There is a growing interest in the use of microbial cell factories to produce butanol, an industrial solvent 
and platform chemical. Biobutanol can also be used as a biofuel and represents a cleaner and more 
sustainable alternative to the use of conventional fossil fuels. Solventogenic Clostridia are the most 
popular microorganisms used due to the native expression of butanol synthesis pathways. A major 
drawback to the wide scale implementation and development of these technologies is the product 
toxicity of butanol. This study aims to develop a deeper understanding of butanol toxicity at the 
membrane.  Using liposome membrane models and in vitro assays to investigate characteristics such as 
permeability, fluidity, and diameter, it was found that altering the composition of membranes can 
convey tolerance to butanol. The effect of butanol on membrane proteins was also investigated, with it 
causing unfolding of bacteriorhodopsin. The changes to the lipidome of Clostridium 
saccharoperbutylacetonicum N 1-4 in different butanol environments were investigated with thin layer 
chromatography and mass spectrometry. In higher butanol concentrations, levels of 
phosphatidylglycerol and oleic acid had increased significantly.  Several metabolic targets were selected 
for the genetic engineering of Clostridium saccharoperbutylacetonicum N 1-4 (HMT) in an attempt to 
improve tolerance in butanol. The three targets investigated consisted of two membrane proteins and 
one enzyme. The first membrane protein, GlpF, a putative butanol channel which appeared to grant a 
butanol-independent advantage to growth when overexpressed. The second membrane protein, TtgB, 
is a transporter and overexpression increased cellular growth rate during fermentation. The final protein 
PssA is involved in lipid synthesis and showed no effect when overexpressed and knockouts appeared 
to inhibit growth in fermentation. Ultimately, this work highlights the detrimental impact of butanol-
membrane interactions, how the cell responds and presents some novels strains, some of which have 
produced promising results.  
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1. Introduction 
 

1.1 Butanol 
 

n-butanol, herein referred to as butanol, is an important high-value alcohol with a wide range of 

applications in industry. It is used as a platform chemical in the synthesis of derivative molecules 

including: polymers, plasticisers and solvents (Mascal, 2012). The second main application of butanol is 

within the fuel market where it can be used as a “drop-in” substitute for petroleum. Butanol been 

historically produced through two main methods. Firstly, chemical production with a two-step process 

involving initial hydroformylation of propylene, and hydrogenation of the subsequently produced 

butyraldehyde to form n-butanol (Mascal, 2012). Secondly, via ABE fermentation whereby mainly 

solventogenic Clostridia utilise an array of carbon sources to produce acetone, butanol and ethanol in a 

3:6:1 molar ratio, respectively (Rabari and Banerjee, 2013). The exact ratio may vary depending on 

strain, but butanol is the consistent major product. 

 
In recent years there has been an international resurgence in interest in the bioproduction through 

fermentation and commercialisation of butanol, with many international enterprises investing in related 

infrastructure and technologies. This primarily stems from unstable petroleum prices, concerns of 

energy security, and the detrimental impact of fossil fuels on the environment (Zheng et al., 2009). Thus, 

there is a desire to move to a more sustainable, green economy which relies less on the use of fossil 

fuels. The utilisation of cell factories to produce butanol from ample waste biomass presents an 

important growing technology to achieve such aims. Several microorganisms have been used to ferment 

butanol with solventogenic Clostridia (mainly, Clostridium acetobutylicum, C. 

saccharoperbutylacetonicum, C. beijerinckii), native producers, being the most popular commercially 

(Chen 2012). 

 
An ideal replacement biofuel would have fuel properties that are comparable to gasoline enabling an 

efficient conversion to a biofuel-based economy. The compatibility of the biofuel with conventional 
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engines, storage and transport infrastructure is of paramount importance. In 2016, 15,413 MMgal of 

bioethanol were produced in USA, compared with 1,568 MMgal of biodiesel and other renewable fuels 

(U.S. Energy Administration Information, 2018). However, ethanol is unsuitable for current storage and 

transport facilities primarily due to its corrosive and hygroscopic properties (Lee, Chou, et al., 2008; 

Peralta-Yahya and Keasling, 2010). Therefore, the widespread use of ethanol will require extensive 

investments in infrastructure, which is predicted to amount to hundreds of billions of dollars (Fischer et 

al., 2008).  

 
Currently it is predicted that in excess of 1.2 billion gallons of butanol are consumed every year  (Mordor 

Intelligence, 2018). The market size of butanol is estimated to be growing a rate of 3.0-5.1% per year 

and is expected to be approximately ~$18 billion by 2022 (Grand View Research, 2020). This growth is 

likely to continue in accordance with the Energy Independence Act (2007), which required 30 billion 

gallons of renewable fuels be sold in the USA by 2020. Many international companies have shown an 

interest in the fermentative production of butanol including: Green Biologics (UK), Cathay Industrial 

Biotech (China), Tetravitae Bioscience (USA) and Butamax (BP and DuPont) (Ndaba et al., 2015; Nanda 

et al., 2017). Unlike bioethanol, butanol is considered a “drop-in” fuel which can be used in current 

infrastructure without the need for modification. Along with beneficial physical properties, butanol is 

thought to have better fuel properties (Choi et al., 2014). The energy content of butanol is 29.2 MJ/L, 

only 10% lower than gasoline’s (32.5 MJ/L) and 30% higher than ethanol’s (21.2 MJ/L) (Nanda et al., 

2017). Additional advantageous characteristics of butanol over bioethanol include: (i) Reduced 

corrosiveness (ii) Higher blending capabilities (any concentration of butanol and gasoline can be used, 

whereas ethanol is limited to <85%) (iii) Lower pressures of butanol vapour, making it safer to work with 

(iv) A more comparable air-fuel ratio of 14.6, 11.2 and 3.0 for gasoline, butanol and ethanol respectively 

(Dürre, 2007; Berezina et al., 2009). More extensive comparisons between the fuel capabilities of 

butanol and ethanol as fuels can be found in previous studies (Dürre, 2007; Szulczyk, 2010; Surisetty et 

al., 2011; Nanda et al., 2017).  
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1.2 Clostridia: the native produces of butanol  
 
Clostridia spp. are a vast collection of metabolically diverse, anaerobic, spore-forming bacteria. Many of 

bacteria within this group can utilise a range of substrates to produce important products through 

metabolic processes  (Sun et al., 2018). One such process is the Acetone-butanol-ethanol (ABE) 

fermentation in which solventogenic Clostridia anaerobically ferment carbohydrate polymers using an 

array of glycosyl hydrolyses to produce several acids, solvents and hydrogen (Li et al., 2020). With a 

focus on the butanol production in ABE, Clostridium acetobutylicum, C. beijerinckii, C. 

saccharoacetobutylicum and C. saccharoperbutylacetonicum are the most common microorganisms 

used in the process (Cho et al., 2012). C. acetobutylicum is a typical species used for ABE fermentation. 

C. beijerinckii is considered to be a good candidate for the utilisation of waste biomass / lignocellulose 

(which normally requires pre-treatment before it is suitable for fermentation) (Liu et al., 2010). Finally, 

C. saccharoperbutylacetonicum N 1-4 (HMT) has been shown to be a high butanol producing strain and 

has been used in CRISPR-Cas9 based engineering efforts (Tashiro et al., 2004; Wang et al., 2017). C. 

saccharoperbutylacetonicum N 1-4 (HMT) is often used in industrial fermentation, and because of this 

was chosen to be used in Chapter 5 for strain engineering. Fermentations using C. 

saccharoperbutylacetonicum N 1-4 (HMT) are typically between 48-72 h and produce solvent 

concentrations of ~15-17 g/L, with a final pH of 5.5-8 (Keis et. al, 2001). 

 
During batch fermentation, Clostridium spp. undergoes two initial distinct phases of growth, namely the 

acidogenic and solventogenic (Gheshlaghi et al., 2009) (Figure 1.1). During exponential growth, the cells 

produce acetate and butyrate in the acidogenic phase and generate a surplus of ATP. Following the 

efflux of these acids, the extracellular pH decreases resulting in a cessation of acid production and 

growth (Huang et al., 1985). It is thought that acetate and butyrate act to induce expression of 

solventogenic enzymes and the switch to solventogenesis phase (Ballongue et al., 1985). The acids are 
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then re-assimilated and act as co-substrates for solvent production in the solventogenic phase as 

coenzyme A derivatives (Agu et al., 2018; Li et al., 2020). This re-assimilation in turn increases the 

external pH, protecting the cells from the toxic low pH. Effective pH control of the fermentation medium 

is important. Rapid intracellular accumulation of excess non-dissociated acids (>57 mmol/L (Maddox et 

al., 2000) can lead to an acid crash. Acid crashes prevent the switch to solventogenesis and result in cell 

death due to disruptions to the proton gradient (Wang et al., 2011; Xue et al., 2013). Acid crashes are 

caused by a very high metabolic / growth rate of C. acetobutylicum (Maddox et al., 2000). During 

Figure 1.1 Simplified acetone-butanol-ethanol (ABE) fermentation pathway. Cells initially produce 
acetate and butyrate in acidogenesis during exponential growth. During stationary phase growth, 
Clostridia switch to solvent production as a survival mechanism in response to decreasing 
extracellular pH. Generally, acidogenesis and solventogenesis are two distinct phases of growth, 
however, in some strains overlap can occur. The left panel represents the acidogenic phase and 
the right panel represents the solventogenic phase. Selected enzymes are shown in blue: Acetate 
kinase (ack); aldehyde dehydrogenase (ald); Alcohol dehydrogenase (adh); acetoacetate 
decarboxylase (adc); butanol dehydrogenase (bdh); butyrate kinase (buk); phosphotransacetylase 
(pta); phosphate acetyltransferase (ptb). 
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stationary phase growth solvent production is inhibited following the transition into sporulation. This is 

another drawback of Clostridia and is an important consideration for engineering. However, sporulation 

encompasses a meticulously controlled series of events involving many enzymes, transcription factors 

and sigma factors. The molecular details of Clostridial sporulation, in particular how it influences solvent 

production, remain elusive increasing the difficulty of rationally designed engineering targeting 

sporulation. For example, the exact role of sporulation-specific sigma factors in solventogenesis is 

unknown (Jones et al., 2011). It is thought that the switch between growth phases is controlled by the 

master regulator, Spo0A which could represent a possible opportunity to improve butanol production 

(Ravagnani et al., 2000; Paredes et al., 2005). In addition to solventogenesis, Spo0A regulates 

sporulation and knocking out Spo0A has been shown to increase butanol productivity and growth rates 

(Sandoval et al., 2015). Alternatively, overexpression of Spo0A may initially increase levels of solvent 

production, cells will also undergo accelerated phase differentiation and enhanced sporulation which 

prevents solventogenesis (Xu et al., 2014). Non-sporulating strains are considered to be a useful base 

organism for further engineering and refinement (Lütke-Eversloh and Bahl, 2011) as solvents are only 

produced during a short period of the sporulation cycle (Jones and Woods, 1986). This highlights the 

lack of knowledge surrounding fermentation and its regulation in Clostridia.  

 
Engineering of other non-native microbes to produce butanol has also been pursued. This is owing to 

slow growth rates and a lack of understanding relating to genetic regulation and manipulation of the 

above Clostridia species. Whilst not having native butanologenic pathways, Escherichia coli and 

Saccharomyces cerevisiae are traditionally more genetically malleable than Clostridia, allowing for easier 

engineering of solvent production and tolerance. Early attempts at transferring butanol production 

pathways were successful but yielded low titre, for example E. coli (<1 g/L) (Shen et al., 2011) and S. 

cerevisiae (2.5 mg/L) (Steen et al., 2008). This suggests the solventogenic process is more complex than 

first anticipated, or resistance to pathway integration exists. The engineering of non-native produces 

offer a potentially fruitful path for developing excellent strain, with some showing superior yields to 
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Clostridia (Dong et al., 2017).  Non-native producers are still plagued with the same major hinderance 

present in convention ABE fermentation - butanol toxicity. Clostridia cannot survive in butanol 

concentrations >2 % (v/v), thus continuous gas stripping is required to remove butanol in situ (Chin et 

al., 2017). Clostridia are obligate anaerobes and have complex metabolic regulations making them 

harder to work with than E. coli (Choi et al., 2014; Eckert and Trinh, 2016). Additionally, there has 

historically been a lack of necessary molecular tools to enable Clostridial engineering (Cho and Lee, 

2017; Agu et al., 2018). However, with the advent of novel gene editing technologies like the CRISPR-

Cas9 system (Li, Chen, et al., 2016; Wang et al., 2017) and advances in bioinformatics such as RNA-Seq 

(Wang et al., 2009), developing deeper understanding and capabilities regarding metabolomic 

manipulation is possible. 

 

1.3 Fermentation as a route to butanol  
 
Humans have been utilising fermentative microorganisms as cell factories for several thousand years to 

produce food and beverages and more recently other products of high-value. As mentioned above there 

has been a trend towards synthesising butanol through a more sustainable process to reduce the 

dependence on fossil fuels. Acetone-butanol-ethanol (ABE) fermentation (Figure 1.1) was one of the 

first fermentation processes to be discovered, being reported by Louis Pasteur in 1861. Large scale ABE 

fermentation began in 1916 following the large demand for acetone during the First World War. 

Throughout the interwar period, butanol was used in the growing automobile industry; however, the 

ABE focus shifted back to acetone production during the Second World War (Sauer, 2016). Following 

the Second World War, interest in the ABE process declined due to competition from the cheaper 

petrochemical production of butanol (Jones and Woods, 1986). Recently, there has been renewed 

interest in the use of the native producers Clostridium spp. to obtain butanol as a high-value chemical 

and an alternative biofuel; with several international enterprises taking interest (see above) (Berezina 

et al., 2009). This is in line with the global community becoming more conscious about the negative 

ramification of convention fossil fuel usage - with butanol production exemplifying the international 
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effort to build a greener chemical industry. Despite a huge amount of progress being made in the past 

century, there still remain several fundamental drawbacks which hamper the ability for ABE 

fermentation to economically rival petrochemical production. There are issues present throughout the 

entire process of butanol production by ABE fermentation, all of which will need to be addressed and 

mitigated if fermentation is to become economically competitive. The sourcing of suitable feedstock at 

a low price which will not influence the food industry, product inhibition and toxicity, strain engineering, 

fermentation optimisation and downstream product recovery are all areas for improvement to improve 

butanol yields and reduce associated costs (Li et al., 2020).  This thesis investigates the problem of 

product toxicity and the effects of butanol on the cell membranes of the solventogenic Clostridia. 

Butanol is known to interact with the cell membrane of Clostridia based on previous research, however 

there is a lack of understanding surrounding the precise effects on the cell membrane and the how the 

composition of the membrane can play a role in mitigating butanol perturbation. The membrane of 

solventogenic Clostridia represents a major focal point for research and engineering. 

 

1.3 Cell envelope properties and architecture  
 
1.3.1 Cell wall  

The cell envelope it is comprised of cell wall and membrane(s). Gram-positive bacteria have a single, 

cytoplasmic membrane and a thick peptidoglycan cell wall. Gram-negative bacteria differ by having a 

thinner layer of peptidoglycan and a second, external membrane, termed the outer membrane (OM) 

which has a different composition to the cytoplasmic membrane (discussed later, 1.3.2 Cell 

membranes). The cell wall consists of crosslinked peptidoglycan polymers, which in turn are made up 

of alternating monosaccharide residues β-1,4-linked N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc). The strength of the cell wall comes from the multidimensional covalent 

bonds which peptidoglycan can form, creating a strong, cross-linked, mesh-like structure. The cell wall 

is integral in withstanding intracellular pressure and maintaining the shape of the bacterium and is 

hence vital for cellular longevity (Scheffers and Pinho, 2005). 
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Despite it being an important component of the cell envelope, there has been little study into the effects 

of butanol on peptidoglycan. Fletcher and colleagues (2016) have shown 2-5 % (v/v) butanol resulted in 

cell wall bleb formations in E. coli, a characteristic of cell wall damage. The exact mechanism of this 

damage is unclear – it may be due to denaturation of peptidoglycan biosynthesis enzymes (these 

enzymes have been seen to be upregulated in solvent stress (Atsumi et al., 2010). At these 

concentrations cells could not sustain growth, suggesting there is another, more potent effect of 

butanol which occurred at a lower concentration (<2 % (v/v)) before any major cell wall damage. Using 

enzymatic and fluorescence assays and microscopy, cells were seen to be elongated and both the 

cytoplasmic membrane and the OM were perturbed at lower butanol concentrations (1 % (v/v)). This 

may support an alternative mechanism – one where damage to the membranes results in subsequent 

damage to the cell wall at higher butanol concentrations.  

 
Based on bond length calculations, the length of one molecule of butanol is ~ 0.8 nm. The pore size of 

the smallest peptidoglycan pore is ~7 nm (Meroueh et al., 2006), much larger than butanol. This means 

that butanol can likely diffuse through the pores of crosslinked peptidoglycan unencumbered, and 

damage to the cell wall would only occur in a minimal way. It is probable that another element of the 

cell would give way before the cell wall, and that peptidoglycan damage at biologically relevant 

concentrations (< 30 mg/ml butanol) would occur indirectly. Further research into this area may prove 

useful, especially with the creation of more tolerant stains, in which peptidoglycan damage might 

become a limiting factor. However currently, the lipid membranes and entities within are still the 

predominant location in which butanol damages the cell envelope, and where cells are most 

susceptible. Because of this membrane engineering should take precedence over the rest of the cell 

envelope. 
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1.3.2 Cell membranes 

The cellular membranes present in both Gram-positive bacteria (e.g. Clostridia) and Gram-negative 

bacteria (e.g. E. coli), are integral components of life and are responsible for compartmentalising the 

cytoplasm from the extracellular space. This maintains ion gradients and prevents the loss of resources 

needed from metabolism, it also acts to protect the cell from environmental stressors. Due to the 

importance of the cytoplasmic membrane, cells are extremely susceptible to chemicals which target 

and perturb its equilibrium, one such chemical being butanol. 

 
The cytoplasmic membrane of bacteria is comprised of lipids and proteins in similar proportions by mass 

(Strahl and Errington, 2017) (See Figure 1.2). Membrane proteins have diverse structures and roles in a 

cell from regulating movement of substances over the membrane to biosynthesis and cell signalling. 

Integral proteins are permanently associated with the membrane and include transmembrane proteins 

such as transporters. Alternatively, some integral proteins do not span the full length of the membrane 

Figure 1.2 Simplified biological membrane. Membranes contain several different lipid and protein 
species and are roughly equal parts by mass protein to lipid. The function of a membrane is to 
compartmentalise the internal regions of the cell from the extracellular space and is vital for life. 
Due to this importance, cells are especially susceptible to xenocompounds which disrupt its 
structure. 
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and only associated with one leaflet such as cis-trans isomerase (CTI) (Holtwick et al., 1997). Peripheral 

proteins transiently interact with the membrane via electrostatic or hydrophobic mechanism and have 

a diverse role. An example would be glycosyltransferases responsible for cell wall synthesis.  In Gram-

negative bacteria some membrane proteins can span the entire length of the periplasm, bridging the 

cytoplasm to the extracellular space. These mainly include nutrient transporter and efflux systems. 

Despite the crucial role of membrane proteins, the effect of butanol on their structure and function is 

not well documented. Membrane proteins may represent a useful target for engineering strains -

through increasing the robustness of the proteins or through overexpression of proteins designed to 

mitigate solvent stress, such as butanol transporters. The other major component of the cytoplasmic 

membrane is the lipid portion which gives the cell the ability to compartmentalise, important for 

maintaining ion gradients and preventing the loss of compounds crucial for life. Due to its hydrophobic 

core, ions and most hydrophilic molecules are unable to diffuse across the membrane, allowing for the 

regulation of important conditions such as pH and salt concentration. Bacteria have incredibly diverse 

membrane compositions depending on their environment. Variations exist between species and even 

down to individual cells within a population of the same species. Generally, bacteria possess a large 

array of amphipathic lipid including phospholipids, the most common of which being 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL) and the less common 

phosphatidylcholine (PC), phosphatidylinositol (PI) (Figure 1.3). Other lipid components in the 

membrane include glycolipids, sphingolipids and hopanoids. The composition of the membrane is 

subject to internal and external factors and is one of the most adaptable features of bacteria in response 

to less than ideal conditions (Sohlenkamp and Geiger, 2016). Phospholipids are generally the most 

frequent form of lipid found within a bacterial membrane (Figure 1.3). They are comprised of two acyl 

chains which are linked with an ester linkage to a glycerol moiety (other linkages are possible, for 

example plasmalogens have a vinyl ether linkage on one of their acyl chains). The glycerol moiety 

connects to a phosphate group linked to a variable head group. Variation can occur within the acyl 

chains such as chain length, saturation, and branching; and also, within the specific head group. These 
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variations will alter the physiochemical properties of the individual lipid and will influence the 

characteristics of the overall membranes.  

 
The headgroup region of a phospholipid determines bilayer surface chemistry and has a lesser (albeit 

still important) impact on phase behaviour. This region is polar and can be neutral or charged depending 

on the pH. At a pH of 7.0 PE and PC are neutral, and PG, CL and phosphatidylserine (PS) are negatively 

charged. The headgroup can also influence the shape and area of a lipid molecule, and therefore what 

aggregated structure it will form in an aqueous environment. A typical polar head group composition of 

a Clostridial cytoplasmic membrane is 50-75 % PE, 25-40 % PG and CL, with other minor species in lower 

amounts (Durre, 2005). However as stated earlier, this is subject to the environment and the specific 

bacterial species in question. Generally a 75 % PE and 25 % PG is considered to be a good mimic of a 

bacterial cytoplasmic membrane (Murzyn et al., 2005).  

  

Figure 1.3 Phospholipids and phospholipid headgroup structure. The phospholipid shown is 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC). The red boxes denote a selection of 
the different headgroups possible. Each headgroup will alter the shape and characteristics of the 
phospholipid. This will in turn influence the properties of the membrane. 
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1.3.2.1 Bacterial membrane lipid synthesis 

Early work investigating the biosynthesis of phospholipids and fatty acids was carried out in E. coli as a 

model organism for bacteria. Despite many parallels, it has become apparent that these pathways are 

not common to all bacteria and that there is a great deal of diversity among different species (Parsons 

and Rock, 2013). For recent reviews on bacterial lipid synthesis see (Parsons and Rock, 2013; Yao and 

Rock, 2017; Tang et al., 2018; Geiger et al., 2019). Bacteria make the fatty acid elements of their 

phospholipids through a process known as type II fatty acid synthesis (FASII). The first step is the 

carboxylation of acetyl-CoA by acetyl-coA carboxylase (ACC) to form malonyl-CoA, which is then 

converted to malonyl-ACP. FabH catalyses the condensation of malonyl-ACP with acyl-CoA to form 

acetoacyl-ACP, which in turn goes into the elongation cycle where the chain length is increased by 2 

carbons per cycle (Figure 1.4). The acyl-ACP can then be transferred to G3P to make phospholipid 

precursors (Parsons and Rock, 2011). Unsaturated bonds can be added to the growing acyl chains 

through an anaerobic mechanism before they are attached to G3P (Geiger et al., 2019). FabA, FabB and 

FabM are responsible for the anaerobic synthesis of unsaturated bonds in bacteria, however these 

enzymes are absent in Clostridia. It was proposed that Clostridial FabZ may have been able to shuffle 

acyl chains between the saturated and unsaturated pathways, however FabZ was found to be unable to 

synthesise unsaturated intermediates, and unsaturation occurs via an unknown mechanism (Zhu et al., 

2009; Parsons and Rock, 2013). A FabF homologue was able to replace FabB and FabF in E. coli. (Zhu et 

al., 2009) and has also been suggested to be involved in unsaturation (Patakova et al., 2019). Some 

bacteria are able to introduce an unsaturated bond into a phospholipid which has already been 

synthesised. B. subtilis can introduce a cis double bond using DesA (Δ-5-desaturase) a process which is 

oxygen dependent (Geiger et al., 2019). P. aeruginosa have an analogous enzyme, DesA (Δ-9-

desaturase). Further modifications to these unsaturated bonds are possible. Cyclopropane fatty acid 

synthase can methylate an unsaturated bond leading to cyclopropane group (Zhao et al., 2003). A less 

prevalent post-synthesis modification would be the conversion of the geometric isomerism from cis to 

trans catalysed by CTI. It is unknown whether Clostridia are capable of this conversion. It is thought that 
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plasmalogen synthesis in bacteria is a result of direct modification of the 1-acyl chain of a phospholipid. 

Firstly, this would be a reduction of the ester linkage forming an intermediate. The vinyl ether linkage is 

then formed by the elimination of a water molecule. Recently CarF has been discovered which is 

responsible for plasmanylethanolamine synthesis in bacteria (Gallego-García et al., 2019). 
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Figure 1.4 Type II fatty acid synthesis.  
The first steps in the process involve the generation of malonyl-ACP via the carboxylation of acetyl-CoA by ACC, and subsequent transferal of the malonyl group to 
ACP. Fatty acids are synthesised by the repetition of the elongation cycle. This cycle begins with the condensation of malonyl-ACP with acetyl-CoA. Enzymes are in 
blue. Enzymes present in E. coli responsible for unsaturation are in purple. Putative pathways or enzymes in Clostridia in green.  
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 The two major acyltransferase systems in bacteria are the PlsB pathway and the PlsX/PlsY pathway. 

These are responsible for the transferal of acyl groups from carrier intermediates to G3P, initiating 

phospholipid synthesis (Yao and Rock, 2017). The PlsB pathway utilises acyl-acyl carrier protein (acyl-

ACP) or acyl-coenzyme A (acyl-CoA) to acylate G3P and is found in E. coli and eukaryotes (Tang et al., 

2018). The PlsX/PlsY is the alternative, and more widespread pathway found in other bacteria in which 

PlsX transfers acyl groups from acyl-ACP to acyl-PO4, followed by PlsY transferring the fatty acid to G3P 

(Parsons and Rock, 2011). The second acyl chain is added by PlsC (Geiger et al., 2019). Phosphatic acid 

(PA) is the universal precursor of phospholipids. The acylation of glycerol-3-phosphate (G3P) forms 

lysophosphatidic acid (lysoPA) which then after a second acetylation results in PA (Tang et al., 2018). PA 

is a minor component of bacterial membranes and the vast majority is used in the production of other 

phospholipid species. PA reacts with cytidine triphosphate (CTP) to form cytidine diphosphate-

diacylglycerol (CDP-DAG). Various molecules, such as serine, choline and G3P can then attack CDP-DAG 

to form the respective lipid classes. Some of the resulting lipids generated are then subject to further 

modifications through decarboxylation and dephosphorylations. The reactions are summarised in Figure 

1.5. Phosphatidylserine synthase (PssA) represents an attractive locus for manipulation of phospholipid 

synthesis – upregulation should lead to more PS, PE, and PC whereas a PssA KO should lead to more PG, 

CL, and inositol derivatives.  

 
The acyl chains are the main determinant of membrane fluidity and phase behaviour due to the 

interactions between adjacent acyl chains. Individual interlipid forces are not strong, however the sheer 

number of them accounts for their ability to form a stable bilayer. The most common length of chain is 

14-20 carbons but can be as low as 12 carbons and high as 24 carbons (Denich et al., 2003). Acyl chains 

are commonly even numbered due the addition of two carbons during synthesis by an elongase enzyme, 

however odd chain lengths are also present (Denich et al., 2003). In general, one of the two acyl chains 

will be saturated and the other will have at least one unsaturated bond. Multiple unsaturations in one 

chain are possible but rare. Additionally, the geometric isomerism of an individual double bond (cis or 
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trans) is subject to change. Other modifications to the chains exist - methyl group branching occurs in 

<5 % Clostridia (Durre, 2005) but can be much more prevalent in other species (Denich et al., 2003). 

Cyclopropane fatty acids derived from monounsaturated acyl chains are also found in some Clostridia. 

This breadth in components of membrane lipids enables bacteria to adapt to adverse conditions that 

perturb the membrane. This is achieved through alterations to the above functional groups (through de 

novo synthesis or enzymatic catalysis) which in turn will lead to a change in the properties of the lipids 

and thus, the membrane. 
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Figure 1.5 Phospholipid headgroup synthesis in bacteria. Different headgroups will impact the properties of the phospholipid 
and therefore the overall membrane. Manipulating the expression of these enzymes relative levels of will therefore change the 
characteristics of the membrane. Because of this they represent a possible route for strain engineering. Enzymes are in blue. Not 
all enzymes are present in Clostridia 
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1.3.2.2 Membrane properties  

Membrane fluidity is a measure of viscosity and can affect the lateral diffusion and rotation of lipids and 

proteins within the bilayer. It can also be defined as the relative motility of an individual entity in the 

bilayer. Homeoviscous adaptation is the process through which bacteria modulate the membrane to 

maintain a balance between being too fluid and too rigid. Fluidity is determined by how well the lipids 

pack together, which in turn is determined by the shape of the lipid molecule and is thus a result of the 

head group and acyl chains. Increasing the length of the acyl chains and the degree of saturation will 

increase the number of interlipid Van de Waals forces. This will increase the amount of energy required 

to break these bonds and cause a phase transition. The degree and isomerism of unsaturation also has 

a bearing. The presence on a cis unsaturated bond will result in a 30° kink in the acyl chain (similarly 

with branched chains). This disrupts the ordered packing of the lipids, introducing spaces inbetween 

them and allowing for more flexible movement, ultimately resulting in reduced the lateral interactions. 

Trans isomers do not cause a kink and are thought to behave more like a saturated chain. Additionally, 

different headgroups can have more minor impact on lipid packing and phase behaviour.   

 
The packing of lipids also impacts various mechanical properties such as bending, stretching, 

compressibility, bilayer thickness and resistance to sheer stress (Denich et al., 2003). There is an optimal 

range of fluidity within which lipids and proteins are free enough to move, without compromising the 

integrity and permeability of the membrane. Fluidity is constantly changing due to myriad 

environmental factors and bacteria aim to maintain the homeoviscosity of their membranes. This can 

be done through altering the lipid composition to be more rigid or fluid with for example, acyl chain 

length or saturation. The phase behaviour of a lipid system is related to the overall fluidity of the 

membrane and the liquid crystalline phase is considered to be the biologically active and desired phase 

state of the membrane (Figure 1.6). In a solid, or gel state, acyl chains are fully extended and more 

constrained, and diffusion and rotation occurs less frequently. This reduces the ability of cells to localise 

proteins and repair holes formed in the membrane. The transition between phases will occur at a 

specific temperature, based on lipid composition and environmental influences. The most biologically 
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relevant transition is the of the solid-liquid crystalline transition. This transition is accompanied by 

increased chain disordering, increase headgroup hydration and an increase in area per lipid (Koynova 

and Tenchov, 2013). A large amount of energy is required to overcome the many Van de Waals 

interaction between adjacent lipids, a process which can be measured using differential scanning 

calorimetry where transitions manifest as sharp peaks.  

Figure 1.6 Phospholipid membrane phase behaviour. In the solid state phospholipids have a 
greater degree of adjacent interaction and are thus more constrained, and diffusion and 
rotation occurs less frequently. This phase occurs at lower temperatures. The liquid crystalline 
phase is characterised by more freely moving chains and lateral diffusion within the membrane. 
This phase occurs at higher temperatures and is more fluid. Cells will have an ideal level of 
membrane fluidity which they modulate through homeoviscous adaptation. Tm denotes the 
temperature at which the phase transition occurs. Compounds, such as butanol, which interfere 
with the macro-behaviour of phospholipids will also change the point of phase transition. 
Additionally, this will impact the broader properties of the membrane leading to altered 
membrane functionality.  
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Different lipids may localise together in a membrane resulting in discrete domains, such as CL localised 

domains at the polar regions of E. coli (Mileykovskaya and Dowhan, 2000). It has been suggested that 

the localisation of CL is due to a lack of miscibility with PE and that this domain formation is important 

for maintaining overall cell shape in E. coli (Malanovic and Lohner, 2016). These domains have different 

properties and can be functionally specific. They are can be determined by different headgroups, local 

fluidities and curvature (Epand and Epand, 2009; Strahl and Errington, 2017). It has been hypothesised 

that certain antimicrobials can interact with the membrane and disrupt the organisation of domains, 

potentially leading to a reduced barrier function (Epand and Epand, 2009). 

 
Hopanoids are pentacyclic steroid-like molecules and are an example of a non-phosphate containing 

neutral lipids comprising 1-90 % of lipid in bacterial membranes depending on species and growth 

conditions (Belin et al., 2018) (See Figure 1.7).  

 

Akin to sterols in eukaryotic cells, hopanoids regulate the fluidity of the membrane (Denich et al., 2003). 

Despite their similarities, the membrane-related effects of hopanoids and sterols are not identical. 

Hopanoids were found to only partially compensate for a lack of cholesterol in Mycoplasma mycoides, 

with cells having a reduced growth rate when using hopanoids a sterol replacement (Kannenberg and 

Poralla, 1982). Hopanoids can reduce the area per lipid and decrease permeability whilst maintaining 

Bacteriohopanetetrol Cholesterol 

Figure 1.7. The structures sterols of the hopanoid bacteriohopanetetrol (left), and cholesterol (right). 
Both are sterol-based membrane entities which play a role in regulating membrane fluidity and can 
influence other membrane properties. Due to difficulties sourcing a bacterial hopanoid, cholesterol 
was used as a surrogate in these experiments.  
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fluidity and compressibility (Mangiarotti et al., 2019), and thus may be involved somewhat in butanol 

tolerance. Diversity of hopanoid structure can influence how they pack into a membrane and interact 

with lipids, potentially also their distribution in the membrane (Belin et al., 2018). This can alter the 

hopanoids effect on membrane characteristics and give them more nuanced functions. For example, 

simulations of an extended hopanoid, bacteriohopanetetrol, was shown to orient vertically in bacterial 

membrane causing lipids to condense (Poger and Mark, 2013). Diploptene on the other hand was found 

inbetween the two leaflets and may reduce permeability (Poger and Mark, 2013; Belin et al., 2018). 

Hopanoids are involved in stress tolerance in bacteria. The content of extended hopanoids was found 

to correlate with increasing temperature in thermophilic Bacillus acidocaldarius, probably due to its 

ability to rigidify the membrane, combating the higher temperatures. In Zymomonas mobilis mutants 

with disrupted hopanoid biosynthesis genes had significantly lower survival rates in 20% ethanol 

compared to wild types. Additionally, in liposome models it was found that hopanoids protected against 

lipid interdigitation and bilayer dissolution caused by ethanol (Brenac et al., 2019). It has also been 

suggested that hopanoid function is not limited to membrane properties but may also effect membrane 

protein function - hopanoid deletion was found to impair energy dependent efflux (Sáenz et al., 2015). 

Due to their role in membrane fluidity, there has been speculation about a potential application of 

hopanoid in strain engineering in response to adverse environments (Guo et al., 2019). Tuning 

expression may allow for control over fluidity with the view to mitigate the detrimental effects of 

membrane active high-value chemicals.  

 
1.3.2.3 Bilayer asymmetry   

 Phospholipids are amphipathic in their structure, having an apolar region (acyl chains) and a polar 

region (head group). When exposed to an aqueous environment, phospholipids will spontaneously self-

assemble into a two-leaflet structure with the headgroups of the phospholipids in contact with the 

aqueous solvent. This shields the apolar region of the phospholipid from the aqueous environment and 

creates a hydrophobic barrier separating internal and external regions of the cell. This formation is 
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driven by hydrophobic interactions and the overall structure of the membrane is maintained by non-

covalent interaction. Because of this the membrane’s integrity is susceptible to compounds which can 

interfere with the interactions between the lipids within the membrane. The two leaflets of 

phospholipid bilayer can be asymmetrical, having a varied lipid composition. The exact reason for 

asymmetry is unclear, although it likely arises from exposure to different environments and may act as 

a mechanism for the cell to control membrane-linked functions through changing lipid compositions 

(Fadeel and Xue,2 2009). Having different lipids in each leaflet may impact various membrane properties 

including: surface charge and membrane potential, shape and permeability (Marquardt et al., 2015). 

The propensity of specific lipid species to interact with certain proteins and other entities exposed to 

the leaflet in question is also a factor.  Another reason for asymmetry is the very high energy barrier 

which must be overcome if a phospholipid from one leaflet is to spontaneously move into the other. 

Following de novo synthesis most lipids are inserted into the cytoplasmic leaflet; flippases and floppases 

are a group of ABC transporters which move lipids between the leaflets enabling the generation and 

maintenance of asymmetry (van Meer, 2011; Marquardt et al., 2015). Asymmetry exists in bacteria, a 

particular example being the outer membrane of Gram-negative bacteria. A phospholipid leaflet is 

exposed to the intracellular region whilst the opposite leaflet contains lipopolysaccharide residues. 

Asymmetry is maintained through the targeted degradation or conversion of unwanted lipid species 

and active transport (May and Silhavy, 2017).  

 
1.3.2.4 Outer membrane  

The composition of the OM in Gram-negative bacteria is different to the cytoplasmic membrane. The 

inner leaflet of the OM contains phospholipids whilst the outer leaflet is made up of lipopolysaccharide 

(LPS) monomers, containing glycosylated lipid A molecules (Koebnik et al., 2000). LPS monomers 

laterally associate which each other and use divalent cations as coordinator ions to stabilise LPS (Clifton 

et al., 2015). Gram-negative cells can increase their hydrophobicity to promote biofilm formation 

following environmental stressors (Baumgarten et al., 2012). This is achieved through bulging of the OM 
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regions containing hydrophilic LPS residues and their eventual secretion in vesicles leaving a more 

hydrophobic OM (Eberlein et al., 2018). LPS has also been shown relate to butanol tolerance - lower 

charge densities of LPS enables a greater degree of butanol insertion into the OM and results in reduced 

growth in E. coli in butanol compared to WT LPS (Guo et al., 2020).  Additionally, longer LPS cores 

appeared to be more effective barriers to butanol entry in the OM. 

 

1.4 Butanol toxicity 
 

1.4.1 Mechanisms of butanol toxicity 
 
A major route of solvent toxicity is through the phospholipid membrane and associated functions. Of 

the solvents produced in the solventogenic phase, butanol is most toxic, leading to more membrane 

destabilisation compared to other short-chain alcohols (Ly and Longo, 2004). This is because there is a 

general trend of increased toxicity with greater hydrophobicity (longer chain lengths) (Rutherford et al., 

2010). Butanol is an amphipathic solvent - the polar hydroxyl (–OH) group can associate with polar head 

groups of phospholipids. Additionally, the aliphatic tail of butanol can insert into the phospholipid tails 

of the membrane, disrupting their ordering and inter-lipid Van der Waals forces, resulting in increased 

membrane fluidity (Kurniawan et al., 2013) (See Figure 1.8).  

 

Butanol is thought to partition into the membrane and disrupt phospholipid packing leading to 

destabilisation, thinning and an increase in lateral diffusion and fluidity within the membrane 

(Vollherbst-Schneck et al., 1984). A recent study from Guo and others  (2019) showed butanol to interact 

Figure 1.8 The structures butanol (below) and palmitoyl-oleoyl-phosphatidylethanolamine (POPE) 
(above). Regions of the same colour interact with each other. Green regions represent the polar 
headgroup of the POPE and the hydroxyl group of butanol. Magenta regions represent the apolar 
hydrocarbon chain 
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preferentially with the phospholipid headgroup, causing thinning of the membrane and acyl chain 

splaying. Exposing Clostridium acetobutylicum to sub-inhibitory concentrations of butanol (<1.5 % (v/v)) 

resulted in an increase in membrane fluidity of between 20-30% (Vollherbst Schneck et al., 1984). 

Dysregulation of membrane fluidity can lead to leakage of intracellular components and the disruption 

of the maintenance of ion gradients over the cell membrane (Sandoval and Papoutsakis, 2016). Butanol 

can also negatively impact membrane linked-functions and energy metabolism at concentrations below 

those which would cause disruptions to ion gradients (Wang et al., 2005). Based on the chaotropic 

effects (disrupts hydrogen bonding) on the membrane, butanol indirectly inhibits glycolysis by 

interfering with sugar uptake via the PEP group translocation system. This is supported by Bowles and 

Ellefson (1985) who found that butanol exerts a pH-independent reduction in ATP production coupled 

with reduced glucose uptake. In E. coli, respiration may also be inhibited through the inhibition of 

quinone, the electron-carrier membrane protein (Brynildsen and Liao, 2009). Membrane proteins are 

also susceptible to damage from butanol. Despite making up a significant portion of the cell membrane, 

there has been a lack of research surrounding their interactions with butanol. The correct folding of a 

protein is vital to its structure and as an extension, its function. Membrane protein folding is influenced 

by the lipid portion of the membrane, which are able to laterally diffuse within a leaflet (Maurya et al., 

2013). Factors such as membrane fluidity and lateral pressure and bilayer microdomains can all impact 

the folding of a membrane protein (Simons and Ikonen, 1997; Phillips et al., 2009; Lucena et al., 2018) . 

It is unknown whether disruptions to membrane proteins are a result of direct interactions with said 

proteins, or an indirect secondary phenomenon stemming from the disordered lipids.  

 
Oxidative stress may be another mechanism of toxicity. Through using fluorescent dye assays (Carboxy-

H2DCFDA), Rutherford and others (2010) saw an increase in reactive oxygen species (ROS) in E. coli 

following 0.8 % (v/v) butanol exposure. This was accompanied by an upregulation of oxidative stress 

related genes, for example superoxide dismutase. ROS can directly attack cellular macromolecules, 

leading to chain reactions and further damage to DNA, protein and lipid (Sigler et al., 1999). During lipid 
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peroxidation (oxidative degradation of lipids), a single initiation event can propagate and damage 

between 200 and 400 lipid molecules before the reaction terminates (Jones, 2008). Chin and others 

(2017) were able to improve butanol production in E. coli almost 3-fold by expressing tilapia 

metallothionein (TMT), a ROS scavenger. This would suggest that butanol production may result in an 

accumulation of ROS and that scavenging these can promote growth and tolerance. In anaerobic 

bacteria, the oxidative stress may come from ABE intermediates, such as aldehydes (see Figure 1.1). 

 
A large amount of current knowledge regarding butanol-membrane toxicity has utilised homogenous 

membrane models, which may not entirely reflective of the more complex, heterogeneous in vivo 

membranes (Kurniawan et al., 2013).  Different combinations of lipid species may be beneficial or 

detrimental effect in response to butanol exposure. For example, Kurniawan and others (2013) found 

that more butanol partitioned into DPPC:DOPC membranes and caused tilting and greater expansion 

with increasing DOPC content. This is likely due to the kinked tail in unsaturated lipids which occupies 

more space and alters the packing, making room for additional solvent molecules (Kurniawan et al., 

2012). Similarly, Bothun and colleagues (2016) show that the presence of exogenous unsaturated fatty 

acids increase butanol partitioning more than exogenous saturated fatty acids. This highlights the 

importance of investigating mixed lipid membranes and their effects on butanol tolerance. 

 
Greater understanding of butanol toxicity will enable the generation of more tolerant strains, ultimately 

allowing for more butanol to more competitive with conventional fossil fuels. The advantageous 

properties and similarities with gasoline make butanol an attractive alternative to ethanol and gasoline. 

However, widespread butanol production is hindered by the lack of a high-producing and highly-tolerant 

strain (Fischer et al., 2008). Research into the production of more tolerant and higher producing strains 

will enable butanol’s development as a biofuel. Some strains have been engineered to be extremely 

tolerant to butanol, but produce lower yields limiting their industrial application (Zhao et al., 2003), 

suggesting there may be little association between tolerance and production (Liu et al., 2013). 

Interestingly, there are several studies that have obtained high producing strains when screening for 
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tolerance. (Xue et al., 2013; Li et al., 2016). The maximum titres achieved by wild-type Clostridia are 

approximately 13 g/L (García et al., 2011) and solvent concentrations of ~15 g/L or above begin to inhibit 

cellular metabolism (Lee et al., 2008). Attempts to improve tolerance through mutagenesis have been 

successful, with several strains being able to produce titres of 17-21 g/L (Patakova et al., 2017). A deeper 

understanding of butanol toxicity and tolerance is necessary to produce new and modify current high 

producing and high tolerant strains (Patakova et al., 2017). A multi-disciplinary approach to this is 

encouraged, encompassing areas including the effect of butanol on the lipidome and membrane 

composition, and the identification of novel butanol transporters. The high level of toxicity often results 

in low yields which, in turn, increases the cost of down-stream processing and purification per unit of 

butanol. Hence, understanding the various mechanisms of butanol toxicity and the ways in which cells 

react to butanol is an important step in engineering tolerance. These effects can be investigated in 

cellular models, such as liposomes allowing for rational strain design. Promoting tolerance in 

solventogenic microorganisms will enhance the bio-production of butanol as an alternative to 

conventional fossil fuel routes.  

 

1.4.2 Measuring butanol toxicity at the membrane  
 
There exists an array of in vitro models which if applied appropriately can shed light the relationship 

between butanol and the cell membrane and its constituents. Liposomes represent a useful model of 

microbial membranes which can range from simple, single lipid mixes to more complex multi-lipid 

compositions which more accurately reflect an in vivo membrane (Routledge et al. 2019). Biophysical 

properties such as membrane fluidity, membrane permeability, and liposome diameter were 

investigated in Chapter 3. These data were used to inform strategies for engineering bacterial 

membranes in vivo to mitigate the detrimental impact of butanol on the lipid portion of the membrane. 

Carboxyfluorescein (CF) dye release assays were used to investigate membrane integrity and 

permeability. More than 97 % of fluorescence is quenched at 200 mM (Raymond et al., 1988). CF is 

loaded into liposomes at these high concentrations following rehydration of lipid films with an aqueous 
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CF solution. Unincorporated CF on the outside of the liposomes can be removed by a series of 

centrifugation and wash cycles - resulting in CF-containing liposomes in buffer. Butanol can then be 

applied to investigate any impact on the permeability of the model system, as once CF dye leaks from 

the liposomes it becomes diluted and fluoresces. Thus, an increase in fluorescence is indicative of an 

increase in permeability. Laurdan is another fluorescent molecule which was used in Chapter 3 to 

investigate the fluidity of the membrane. The probe has both a hydrophilic region and a hydrophobic 

region causing there to be a dipole present and allowing it to integrate into the membrane whilst 

remaining in proximity to the solvent. Upon excitation of Laurdan, the dipoles of surrounding solvent 

molecules are reoriented, a process which requires energy and results in emission at a higher 

wavelength (fluorescence). The ratio of the intensities of excitation and emission wavelengths (general 

polarisation, (GP)) can show how exposed the probe is to the solvent, which is a proxy measurement of 

membrane fluidity. Dynamic light scattering is an optical technique allowing for the sizing of liposomes 

in solution and how butanol impacts this. Monochromatic light is fired at the sample causing the light 

to undergo Rayleigh scattering. The intensities of the scattering are recorded, and the fluctuations of 

these intensities is related to the Brownian motion of the liposomes in the sample (Hupfeld, 2006). 

Smaller particles will move more quickly resulting in greater fluctuations of scattering intensities 

compared with large particles which are slower. Using the Stokes-Einstein relationship and the Brownian 

motion, the size of the particle can be calculated (Bhattacharjee, 2016).  

 
Bicelles are another model system which are formed when mixing long-chain lipid with detergents 

(Figure 3.1) and are useful in the study of membrane proteins. They form a “disc” of lipids surrounded 

by a border or detergent molecules. Bicelles have been used historically for the investigation of 

membrane protein structure; they are a good representative of a membrane whilst having 

advantageous properties for biophysical studies (Dürr et al., 2013). In order to study the effects of 

butanol on membrane protein folding in Chapter 3, bacteriorhodopsin (bR) was reconstituted in DMPC 

/ CHAPSO bicelles - the method was adapted from Chang and Bowie (2014). Two cysteine residues, 
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which are subsequently biotinylated, were added to bR at spatially close positions when the protein is 

folded. Upon addition of monovalent streptavidin (mSa) only one binding event between mSa and the 

biotin tags can occur. Binding of mSa to the second tag is prevented due to steric hinderance, however 

becomes available if bR unfolds, this also traps the protein in an unfolded state. When unfolded, there 

is also a reversible loss in retinal absorbance (an intrinsic chromophore in bR). Using the wavelengths 

stated in section 2.7.2 (particularly 560 nm for retinal) additional insight into the folded state of bR in 

the presence of butanol was able to be obtained (Schlebach et al., 2012).  

 

1.5 Cellular response to butanol  
 

1.5.1 Changes to lipidome  
 
As the membrane is a major site of butanol toxicity, the cell’s stress response includes measures to 

stabilise and reduce fluidity mediated by butanol. Membrane fluidity generally refers to the ease of 

movement and encompasses factors such as: lateral diffusion, acyl chain flexibility and rotation (García 

et al., 2005). A balance of fluidity is required to enable lateral diffusion and correct distribution of 

membrane bound entities, whilst being rigid enough to function as a barrier and maintain ion gradients 

(Venkataramanan et al., 2014). To maintain optimal membrane fluidity in volatile environments, 

bacteria can adapt aspects of their lipidome through homeoviscous adaptation a process of homeostatic 

adjustment of their membranes in the face of non-ideal environmental conditions (Zhang and Rock, 

2008).  

 
Perhaps the most well know homeoviscous response is an alteration to the ratio of saturated to 

unsaturated lipids (sat:unsat). Several studies have noted an increase in sat:unsat in Clostridia, following 

exogenous butanol addition or during butanol production (Baer et al., 1987; Lepage et al., 1987; Isar 

and Rangaswamy, 2012). This trend has also been reported in S. cerevisiae under ethanol using gas 

chromatography-mass spectrometry, suggesting a common mechanism of protection against short-

chain alcohols exists (Li et al., 2012). In an extreme example, C. beijerinckii can completely sequester 

unsaturated lipid production (Huffer et al., 2011).  For organisms which cannot produce unsaturated 
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lipids, a decrease in the branched:unbranched lipids has been seen (Huffer et al., 2011). Membranes 

with a greater proportion of saturated fatty acids will be more ordered and rigid, with individual lipid 

molecules packing together better (as there are fewer unsaturated, kinked acyl chains). This enables 

stronger intermolecular Van der Waals forces and hydrogen bonding, reducing fluidity and countering 

the effects of butanol. This increase in sat:unsat is far more pronounced following exogenous butanol 

exposure, when compared to when butanol is produced by the cell (Kolek et al., 2015). Perhaps there is 

some form of prophylactic mechanism in place when cells are producing butanol to attempt to 

adequately protect the cell during solventogenesis. The ability to convert the geometric isomerism of 

double bonds between cis and trans is absent in Clostridia due to the lack of a CTI.  The major classes of 

Clostridial lipids are: phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and cardiolipin (CL) 

(Durre, 2005; Kolek et al., 2015). Lipidomics data from Kolek and others (2015) suggest that 

plasmalogens (vinyl-ether bond, sn-1 position (Braverman and Moser, 2012) are involved in the 

response of C. pasteurianum to butanol stress during fermentation, possibly acting to stabilise 

unsaturated membranes. The highest concentration of plasmalogens coincided with the highest 

production of butanol (mid-exponential). Cardiolipin (and its plasmalogens) have also been seen to be 

increased during ABE fermentation (Reyes et al., 2013; Tian et al., 2013) suggesting a role in the 

response to butanol (Reyes et al., 2013). Additionally, Tian et al., (2013) report in C. acetobutylicum that 

levels of mono-/digalactosyldiacylglycerol modified with ethanolamine-phosphate (Etn-P-glycolipids) 

were increased following exogenous octanol stress, possibly mediating increase membrane stability. It 

remains unclear from this study whether the increase in Etn-P-glycolipids manifested in improved 

solvent tolerance and growth rates comparably to cultures with no exogenous octanol. Furthermore, 

the effects on butanol on Etn-P-glycolipids were not investigated, however, this is likely because the 

resulting changes would be similar. Octanol was found to produce comparable changes to butanol 

regarding the sat:unsat in fermenting C. acetobutylicum, suggesting a common mechanism of toxicity 

between the two solvents as well as a common cellular response (Tian et al., 2013). It is likely that other 

head-group modifications play an important role in the solvent stress response in Clostridium spp.. Kolek 
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et al., (2015) also noted a difference in the ratios of saturated: unsaturated lipids depending on whether 

butanol was exogenous or endogenous. This discrepancy seen in response between exogenous and 

endogenous to butanol exposure is discussed later (see discussion). The ratio of saturated: unsaturated 

was higher for exogenous than endogenous butanol - It appears that the response to exogenous butanol 

is more rapid than endogenous butanol. The exact changes to the lipidome remain unknown, 

furthermore, there is a lack of data regarding the changes throughout the entirety of ABE fermentation 

(Wang et al., 2016).  

 

1.5.2 Changes in gene expression and protein synthesis 
 
Through microarray analysis of C. acetobutylicum transcription in response to butanol and butyric acid 

stress (Wang et al., 2013) found that several genes and metabolic pathways had altering expression. For 

example, during butanol stress, genes for fatty acid metabolism, polysaccharide catabolism and several 

chaperones were all upregulated. Interestingly, using the same strain 824 (pGROE1) and under similar 

conditions, Tomas et al., (2004) reported a reduction in expression of the major fatty acid synthesis 

operon, despite the importance of fatty acid and membrane alterations in the solvent stress response 

(Xu et al., 2017). However, there was a correlation between lower levels of operon expression and 

higher levels of growth inhibition, reaffirming the importance of the homeoviscous response. Luo and 

colleagues (2009) found an increase in E. coli growth rate upon exposure to exogenous ethanol in strains 

overexpressing fabA.  

 
In E. coli, genes related to stress response, membrane functions and sugar and amino acid transporters 

were upregulated after n-butanol challenge (Reyes et al., 2011). Additionally when biotin synthesis 

genes were upregulated, there was an increase in butanol tolerance of up to 50 % (Reyes et al., 2011). 

Biotin is an important coenzyme, involved in fatty acid synthesis and gluconeogenesis. It has been 

suggested that insufficient biotin synthesis can limit the productivity of solventogenic Clostridia. Yang 

and colleagues (2016) were able to overexpress plasmid-based biotin synthesis and transport genes in 

C. acetobutylicum which resulted in better growth in addition to a high butanol titre of 21.9 g/L. Directly 
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manipulating chromosomal expression may yield even better results as it would circumvent the 

metabolic burden placed on cells by the plasmid (Glick, 1995). Acetyl-CoA carboxylase (a crucial enzyme 

in the committed initiation of fatty acid synthesis) possesses a biotin carboxylase domain which is 

involved in the formation of malonyl-CoA (Evans et al., 2017). Therefore, fatty acid synthesis may be 

influenced levels of biotin. This could explain the increased tolerance seen to butanol with more biotin 

as modulating the lipidome is an important response to maintain optimal bilayer properties. 

 
The transcriptional response of C. acetobutylicum to butanol (0.25-0.75 % v/v) appears to be broad with 

the upregulation of stress protein families; dnaKJ, HSP18 and HSP90 and chaperones such as groES/EL 

(Tomas et al., 2004). Interestingly, genes involved in solventogenesis were also upregulated. Strain 824 

(pGROE1) overexpresses groES/EL which was found to increase butanol tolerance and seemingly 

mitigate the inhibitory effects of butanol on glucose metabolism. Similarly, Abdelaal and colleagues 

(2015) found that expressing Clostridial groES/SL in E. coli resulted in butanol tolerance. This suggests 

that heat shock proteins (HSPs) and the general stress response system may play an important role in 

butanol tolerance (Tomas et al., 2004; Zingaro and Papoutsakis, 2012). Rutherford and others (2010) 

also noted the commonalities between butanol stress and other stress responses including, oxidative 

and heat shock. HSP chaperone systems, such as dnaKJ and groES/EL, have a crucial role in the folding 

of nascent proteins or those which are misfolded or damaged, possibly due to solvent stress (Zingaro 

and Papoutsakis, 2012; Jia et al., 2014). Butanol titres and tolerance were significantly improved (23.0 - 

49.4 % titre increases) upon overexpression of DnaK and groES/EL from the extremophile, Deinococcus 

wulumuqiensis (Liao et al., 2017). HSPs are upregulated in E. coli following butanol stress (Reyes et al., 

2011) and, in line with Tomas et. al., 2004, have been shown to improve tolerance to n-butanol, when 

upregulated (Zingaro and Terry Papoutsakis, 2013). Optimising the expression of multiple HSP systems 

has the potential to drastically improve solvent tolerance. Expression of CLpB, GrpE and GroES/EL 

together resulted in an increase in viable E. coli cells of almost 400 % in response to 1 % n-butanol 

(Zingaro and Papoutsakis, 2012). HSP expression was found to mirror acidogenesis and solventogenesis 
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in C. beijerinckii NRRL B-598 (Patakova et al., 2019). General stress responses represent a promising 

route to improving butanol tolerance in solventogenic Clostridia.  

 

1.6 Strategies to increase productivity and reduce toxicity   
 
As previously alluded to, the process of generating butanol through ABE fermentation is fraught with 

several issues hindering its efficiently and widespread implementation. Among these is the product 

toxicity of butanol for the fermenting cell factories. A tolerant, high-producing stain would go a long way 

in making ABE fermentation a more economically competitive process. With the development of novel 

genetic manipulation techniques in recent years there are greater possibilities to produce robust strains.  

 

1.6.1 Non-engineering strategies  
 
Carbon utilisation is an important aspect of ABE fermentation and could potentially lead to more 

economically efficient butanol production if optimised. Having a low-cost feedstock for fermentation 

becomes increasing more important with larger scale operations. The use of starch-based feedstock has 

led to the development of the Food vs. Fuel debate, where the production of a biofuel is in direct 

competition with the production of food crops  (Zhang et al., 2010). This may be directly through the 

use of food crops in fermentation, for example first-generation bioethanol requires food crops, 

including sugar cane, wheat and corn, or alternatively through redistribution of farmland to favour 

biofuel feedstock crops. Hence, there is a movement toward second-generation biofuels which are 

inherently more sustainable as it utilises the non-edible part of the plant (Ndaba et al., 2015). Butanol 

is a second-generation biofuel which can be fermented from an array of feedstocks including 

lignocellulose-based waste biomasses (Antizar-Ladislao and Turrion-Gomez, 2008). The fact that waste 

biomasses can be utilised as a substrate for butanol fermentation means that the growth of biofuel 

production will not be in a position to threaten food supply. In addition to this, there is already ample 

supply of lignocellulosic matter which is produced at relatively low costs making is a good butanol 

feedstock (Ndaba et al., 2015). Unfortunately Clostridia are incapable of metabolising lignocellulose 

directly and require it to undergo energetically-costly pretreatment (Jiang et al., 2015; Li et al., 2020). 
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Co-culturing with microorganism capable of breaking down lignocellulose or identifying novel strains 

which are also capable of solventogenesis is an attractive route which will enable single step 

fermentation from lignocellulose. Recently, Jiang and others (2018), were able to generate a co-culture 

system with Thermoanaerobacterium sp. M5 and C. acetobutylicum NJ4 which produced 8.34 g/L 

butanol from xylan. Thermoanaerobacterium sp. M5 was able to release xylose from the xylan which 

was then converted more efficiently into butanol by C. acetobutylicum NJ4. A number of studies have 

been carried out harnessing various second generation feedstocks: rice straw (Gottumukkala et al., 

2013), corncobs (Marchal et al., 1992), spoiled date palm fruit (Abd-Alla and Elsadek El-Enany, 2012) 

and cellulosic material from beech wood (Tippkötter et al., 2014).  

 

1.6.2 Non-targeted engineering   
 
Early engineering strategies comprised of random mutagenesis through chemical and physical means, 

for example with N-methyl-N-nitro-N-nitrosoguanidine (NTG), which works by alkylating thymine bases. 

Through this method several strains capable of producing more butanol were yielded, for example; C. 

beijerinckii BA101, with an increase in butanol yield from 9 g/l to 19 g/L (Formanek et al., 1997) and C. 

acetobutylicum BKM19 with a butanol titre of 18 g /L (Jang et al., 2013). Similarly for C. acetobutylicum 

GX01, mutagenesis and genome shuffling successfully improved butanol production from 16 g/L to 20 

g/L (Li et al., 2016). Whilst random mutagenesis has yielded some of the highest producing strains it is 

difficult to improve them further due to the lack of knowledge surrounding the mutated genes.    

 

1.6.3 Towards more targeted engineering   
 
With the advent of targeted genome engineering techniques such as CRISPR-Cas in recent decades, 

rational metabolic engineering strategies have become easier. CRISPR/ Cas9 technology is based on a 

bacterial immune mechanism against bacteriophage genetic elements and allows for the manipulation 

of genomic DNA (Charpentier, 2015). The system is constituted of a Cas9 nuclease and guide RNA which 

enables cleavage at specific sites followed by DNA repair culminating in the desired genomic alteration 
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(Zhang et al., 2014). This enables specific genomic changes and has already been applied to 

solventogenic Clostridia in several studies (Wang et al., 2015, 2017a; Atmadjaja et al., 2019).  

 
Rational design has generally targeted specific aspects of Clostridial physiology in order to obtain high-

producing strains. Manipulating genes related to solventogenesis may provide beneficial effects to 

productivity. Butanol production can occur independently of acetone formation (another product of 

ABE fermentation); hence it is desirable to reduce acetone production to free up carbon resources and 

maximise butanol productivity (Jones and Woods, 1986). One approach to this is to knock-out the adc 

gene for acetoacetate decarboxylase, important for acetone production. Jiang et al., (2009) disrupted 

the adc gene with TargeTron Knockout System, leading to reduced acetone production (0.21 g/L) and a 

13.8% increase in butanol yield. However, by knocking out adc cells may be at a higher risk of acid stress 

due to an accumulation of precursors, acetate and butyrate and a subsequent drop in intracellular pH. 

Furthermore, lower butanol titres are often seen in acetone-uncoupled mutants (Croux et al., 2016). 

The use of antisense RNA to prevent acetone formation has also been attempted, with limited success 

(Tummala et al., 2003). Several studies have disrupted genes associated with the formation of acetone 

and butyrate, namely buk, pta and ptb. Whilst this has shown some promise, with increased yields of 

butanol, acetone often remains a major fermentation product (Lütke-Eversloh and Bahl, 2011; Lee et 

al., 2012). Alternatively, it has been found that disrupting acetone production resulted in reduced 

solvent production suggesting a complex relationship between the pathways (Lehmann et al., 2012). 

These somewhat conflicting results suggest that directly engineering genes and pathways associated 

with solventogenesis (particularly reducing acetone formation) may have limited reliable effectiveness. 

Overexpression of aldehyde/alcohol dehydrogenase (adhE) in C. acetobutylicum was found to increase 

butanol productivity when combined with a pta/buk KO mutant (Lee, Jang, Lee, Lee, Park, Im, Eom, Lee, 

Lee, Song, Cho, and Seung, 2012). Recently the active site and binding chamber of adhE was engineered 

to have a higher selectivity for butanol production, resulting in an increase in the butanol: ethanol 

product ratio of more than 5 times (Cho et al., 2019). Butanol only pathways are desirable however 
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remain hard to achieve without obtaining other undesirable phenotypes, such as acid assimilation. This 

is primarily due to the lack of understanding about regulation and relationships between the various 

pathways (Li et al., 2020).  

 

1.6.4 Targeted engineering of lipid species   
 
Besada-Lombana et al., (2017) found that increasing the proportion of oleic acid (18:1) in S. cerevisiae 

through the expression of a mutant acetyl-CoA carboxylase (S1157A) resulted in 3.2-fold higher optical 

densities than the wild type strain following exposure to 1.3% n-butanol. Additionally, there was an 11-

fold reduction in intracellular ion leakage, suggesting higher levels oleic acid (including exogenously 

supplemented media) mediate increased membrane stability (Liu et al., 2013). The introduction of rat 

elongase 2 (rELO2) (C 16:0  C 18:0) to S. cerevisiae increased C 18:1 content (but not total proportion 

of unsaturated fatty acids) and tolerance to several short-chain alcohols, including butanol. The 

introduction of rELO2 produced vaccenic acid (C 18:1), which has the same structure as oleic acid with 

a different position for the carbon-carbon double bond, yielded no increased solvent tolerance. This 

suggests that the position of the unsaturated bond, or other small inter-lipid species differences may 

have a more important bearing on solvent resistance (Yazawa et al., 2011).  

 
Tan et al., (2016) show that the expression of CTI from Pseudomonas putida allowed for incorporation 

of trans-unsaturated fatty acids (TUFA) into the membrane of E. coli. The incorporation of TUFAs 

resulted in increased membrane rigidity and tolerance of several alcohols and unfavourable industrial 

conditions e.g. high temperature and acidity. The optimal level of TUFA depends on the compound’s 

class and hydrophobicity (Tan et al., 2016). Due to the lack of knowledge surrounding the Clostridial 

lipidome, it is unclear whether C. acetobutylicum naturally produced TUFAs. Trans double bonds have a 

more similar effect on membrane fluidity to saturated acyl chains than they do to cis double bonds 

(Roach et al., 2004).  
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The effects of altered head groups of phospholipids on butanol sensitivity remain a potentially 

important, relatively unexplored area (Sandoval and Papoutsakis, 2016). Recently, Tan and other (2017) 

overexpressed phosphatidylserine synthase (PssA) in E. coli (see Figure 1.5). The resulting strain was 

more tolerant to several solvents including acetate, ethanol and octanoic acid which have similar 

detrimental effects as butanol. Whilst the beneficial effects are attributed to an increased proportion 

of phosphatidylethanolamine (PE) head-groups; there was a concurrent increase in chain length with 

may have influenced tolerance (Tan et al., 2017). Molecular dynamic simulations showed the 

membranes with higher PE content were thicker and more resistant to ethanol insertion. It is important 

to investigate the effects of different head group and acyl chain compositions and how they act in 

combination with one another. Manipulating levels of PssA presents a good way to change the lipid 

composition of the bacteria’s membrane and thus alter the related properties.  

 

1.6.5 Efflux systems 
 
It is vital to identify protective membrane properties as these will likely represent strong candidates for 

engineering. Of equal importance developing a more robust cell factory is the identification and 

promotion of transporters or other mechanisms to prevent intracellular build-up of butanol exceeding 

tolerable levels (Jarboe et al., 2018). Efflux is a common method of dealing with intracellular toxins. For 

example, in E. coli and Pseudomonas efflux is an important mechanism of toluene and hexane resistance 

(Ramos et al., 2002). Historically, small uncharged alcohols, including butanol, were thought to leave 

the cell via diffusion. Recent studies have shown that the need for transporters is inherent across several 

small, uncharged molecules which were previously thought to flux by diffusion (Kell et al., 2015). In light 

of this, a greater emphasis should be put on efflux and transporters as it is likely that Clostridia possesses 

a native butanol efflux mechanism not reliant on diffusion over the membrane. Recently, several 

Clostridia strains were found to possess sequences for the AcrB inner membrane domain, which may 

play a role in butanol excretion (Dehoux et al., 2016; Patakova et al., 2017). The AcrAB-TolC system 
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results in tolerance against several long chain solvents, hence it is possible that it yields tolerance to 

butanol (Reyes et al., 2013). 

 
Currently, there have been no native butanol transporters identified in Clostridia (Dunlop et al., 2011). 

Fisher et al., (2014) engineered AcrB, an efflux pump in E. coli, to excrete butanol which is a non-native 

substrate with the aim of enhancing tolerance. Whole-gene error-prone PCR was utilised to create a 

library of AcrB mutants, upon exposure to 0.7 % butanol mutated AcrB variants, Var1 and Var2, grew to 

25-30 % higher cell densities than wild-type AcrB. Also, mutated AcrB variants had a lower intracellular 

butanol concertation than wild type, confirming the action of butanol efflux. Foo and Leong (2013), 

yielded similar results, improving tolerance of E. coli to n-octane though directed evolution. More 

recently, a native butanol transporter was identified in P. putida (Basler et al., 2018). Expression of the 

TtgABC efflux system in P. putida increased cell survival in butanol and was shown to actively efflux 

butanol. TtgB, the inner membrane pump, has 65 % amino acid homology with AcrB (Basler et al., 2018) 

and represents a potential native butanol transporter in Clostridia. These works highlight the 

importance of membrane transporters and efflux in the development of tolerance to n-butanol and 

other solvents. 

 
The numerous toxic mechanisms of butanol and the complex stress response solventogenic Clostridia 

present several fronts which can be targeted for engineered tolerance. The development of a robust 

strain capable of withstanding high levels of butanol is a paramount precursor to a high-producing 

strain. Understanding more about how butanol negatively impacts the membrane and its constituent 

components will enlighten possibly beneficial membrane properties which could mitigate perturbation 

and lead to more tolerance. Additionally, developing a deeper understanding of how the lipidome 

changes throughout fermentation following increasing butanol concentration will give a more 

biologically relevant explanation of how the cell attempts to reduce toxicity. These data can then be 

utilised in designing rational engineering strategies, which once implemented will hopefully provide a 

robust phenotype with high productivity (see Figure 1.7). Butanol is an important chemical with growing 
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interest as a biofuel within wider industrial applications. Ultimately improving the tolerance and 

production to butanol will lead to higher yields, and in turn lower down-stream processing and 

purification costs. This will place butanol, produced via the ABE fermentation route, in a more 

economically competitive position when compared with the conventional, fossil-fuel based approach.  

 

1.6.6 Engineering targets in this work 
 
Three protein targets were chosen to be either overexpressed or knocked out based on results from 

Chapters 3 and 4 and are shown in Table 2.2. Two of the targets utilised CLEAVE™ technology (see 

Methods 2.10 CLEAVE™), a CRISPR based technology, whilst the third target used plasmid-based 

technology. CRISPR/ Cas9 technology is based on a bacterial immune mechanism against bacteriophage 

genetic elements and allows for the manipulation of genomic DNA (Charpentier, 2015). The system is 

constituted of a Cas9 nuclease and guide RNA which enables cleavage at specific sites followed by DNA 

repair culminating in the desired genomic alteration (Zhang et al., 2014). CELAVE™ is a CRISPR-Cas 

technology and has been applied to C. saccharoperbutylacetonicum N1-4 (HMT) generating a Spo0A 

deletion (Atmadjaja et al., 2019).  

 
The first target was TtgB, the inner membrane section from ttgABC, a resistance-nodulation-cell division 

(RND) efflux system (a structure is shown in Figure 6.1). Recent findings by Basler and colleagues (2018) 

showed that expression of the TtgABC efflux system in P. putida enabled active butanol flux. TtgB, has 

65% amino acid homology (Basler et al., 2018) with AcrB and genome mining in Clostridia reveals an 

AcrB-like protein. This work in combination with that of Fisher et al. (2014) who engineered AcrB to 

efflux butanol, indicated that the AcrB/TtgB-like protein in Clostridia may be involved in butanol efflux. 

TtgABC is the first native system found to be capable of exporting butanol and thus represents a very 

attractive target for over expression. As Clostridia are Gram-positive and thus do not have both a 

cytoplasmic and an outer membrane, the formation of ttgABC would not be possible. TtgC is the outer 

membrane channel and TtgB is the cytoplasmic section and ttgA links the two together. Because of this, 

only TtgB homologues were searched for in the C. saccharoperbutylacetonicum N1-4 (HMT) genome. 
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The other target for CLEAVE™ genome modification was phosphatidylserine synthase (PssA), a 

biosynthetic enzyme responsible for the formation of phosphatidylserine (PS) lipids (See Figure 1.5). In 

turn, PS lipids are converted into phosphatidylethanolamine lipids (PE) which means that regulating the 

expression of PssA can crudely regulate the amount of PE in the membrane. If overexpressed, there will 

be a greater portion of PE lipids, and if knocked out there should be a lower amount (as the cell can no 

longer utilise this pathway). The PssA knockout bacteria would then be forced to shunt lipid synthesis 

down other pathways which may lead to increase levels of PG lipids (see Figure 1.5 for pathway). PssA 

was chosen due to its place in the biosynthetic pathway of Clostridial lipids and due to some previous 

studies showing its effective as an engineering target. Past work by Tan and collegues (2017) in E. coli 

showed that increasing the expression of PssA lead to increases in tolerance to toluene, ethanol and 

other industrially relevant inhibitors, as well as octanol (used as a membrane damaging model 

compound). Interestingly, this increase in specific growth rate in toxic compounds of the modified 

strains did not extend to butanol. Hence it is interesting to explore both an overexpression and a 

knockout of PssA to gain a more all-inclusive understanding of how manipulating these enzymes can 

alter tolerance levels to butanol. 

 
The final target which was overexpressed in E. coli (BL21) using the expression plasmid pET17-b was a 

putative butanol channel, glycerol uptake facilitator protein (GlpF) (See Figure 1.9). In Clostridium 

acetobutylicum, GlpF is upregulated during butanol stress (Alsaker et al., 2010) and it has been 

suggested that GlpF can improve tolerance to polar and nonpolar solvents (Mukhopadhyay, 2015). This 

upregulation occurs during the acidogenic phase, meaning that it may be a prophylactic measure to 

ensure that the cell is protected before it starts producing butanol in the solventogenic phase (Mao et 

al., 2010; Dong et al., 2016). It is speculated that structural similarities between glycerol and butanol 

and previous reports of overexpression in fermentation, may indicate a possible role in butanol 

translocation across the membrane. 
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1.7 Aims and Objectives  
 
The overarching aim of this project was to understand more about the interaction of butanol and cellular 

membranes with a view to developing more tolerant phenotypes to ultimately reduce costs associated 

with ABE processing. The aims and chapters of this thesis are summarised in Figure 1.7. The first section 

of the study (Chapter 3) has used in vitro liposomes to model membranes and enable characterisation 

of their interaction with butanol. The compositions of these models were altered in order to assay any 

potentially protective effect of certain specific lipid components and membrane fluidity regulators. 

Additionally, Chapter 3, in vitro characterisation of the interactions between butanol and membranes, 

aimed to further describe the mechanism of butanol damage in terms of perturbation to essential 

membrane properties and also attempts to begin to shed light on the interactions between butanol and 

membrane proteins. The fourth chapter, Characterisation of C. saccharoperbutylacetonicum N 1-4 

(HMT) lipidome in a butanol environment, involved looking at the effects of butanol on the lipidome of 

industrially relevant fermentative strains. Lipids extracted from solventogenic Clostridial biomass were 

examined using thin layer chromatography to show the relative changes in lipid species across 

fermentation. These data were then be coupled with TOF-MSMS techniques to provide a more specific 

description of any lipidome changes. Chapter 5, Rational metabolic engineering of C. 

Figure 1.9 Structure of glycerol like facilitator protein (GlpF), a putative butanol channel. Each 
channel is formed of two inverted subdomains, each subdomain is comprised of three full-
membrane spanning α helices and two half-membrane spanning α-helices. The two half-spanning 
helices meet in the centre of the channel and are orientated so their N-terminals are facing one 
another. The conserved asparagine-prolinealanine (NPA) motifs responsible for substrate 
selectivity exist on each helix at this interface. 
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saccharoperbutylacetonicum N 1-4 (HMT) and E. coli to increase butanol tolerance and production, 

encompassed data from previous chapters to develop a more tolerant phenotype. Rational design of 

these strains was based on the changes in the lipidome, and any protective effects seen in the in vitro 

studies. Strains were created using genome editing technology CLEAVE™ (Biocleave) once targets were 

selected. These targets were informed by the previous chapters and included enzymes involved in the 

lipid biosynthesis pathways and in the active movement of butanol across the membrane. Downstream 

processing of ABE to purify butanol is a major contributor to the poor economic feasibility of ABE 

fermentation. Having a strain more tolerant to butanol will likely result in higher yields of butanol in the 

ABE process which will reduce the costs associated with purification. Ultimately this will make ABE 

fermentation more attractive economically, reducing overheads, allowing for greater profit margins and 

being more appealing as an investment. This will increase the competitiveness of the technology with 

conventional non-renewable energy sources and may enable large corporations already established in 

the energy sector to view ABE fermentation as a valid successor to their current, unsustainable 

petrochemical-based business model. 
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Figure 1.10 Processes to improve butanol yield from ABE fermentation. Data from in vitro models combined with in vivo fermentation data can be used to 
inform strain engineering and produce a robust and highly productive phenotype. ABE economic feasibility can be further improved through optimising 
the fermentation process and downstream processing. 
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2. Materials and Methods 

 
2.1 Materials 

Extrusion equipment and lipids were purchased from Avanti Polar Lipids. All media were made in 

accordance with the manufacturer’s instructions. All solvents were purchased from Fisher Scientific 

unless stated otherwise. All biochemicals were purchased from Melford unless otherwise stated. 

Primers were sourced from Eurofins Genomics or Thermo Fisher Scientific. Clostridia 

saccharoperbutylacetonicum N1-4 samples were a kind gift from Green Biologics Ltd. (Now Biocleave 

Ltd.), Oxfordshire, UK.  

 
2.2 Molecular Biology 

2.3 In vitro liposome assays 
 
Liposomes were prepared using commercially purchased lipids (Avanti Polar) or extracted lipids. All 

preparation was carried out at temperatures above the phase transition temperatures of the 

component lipids. Lipids in chloroform were dried down in a round-bottom flask under a stream of 

nitrogen until completely dry. Resulting lipid films were stored at -20 °C under nitrogen to prevent 

oxidisation. Lipid films were rehydrated in liposome buffer (50 mM Tris, 50 mM NaCl, pH 7.4), or in 100 

mM 5(6)-Carboxyfluorescein pH 7.4 (CF) (Sigma-Aldrich) made up in liposome buffer. This was done 

through vortexing, resulting in large, multilamellar vesicles (LMV). Following this, resuspended lipid 

solutions were incubated for 1 hour at 120 rpm shaking at a temperature above the phase transition 

temperature of the lipid components. LMVs were extruded to produce smaller unilamellar liposomes at 

a size of 400 or 100 nm depending on the application. For CF liposome solutions, excess unincorporated 

dye molecules were removed through 3 wash cycles: Liposomes were centrifuged at 100,000 x g for 30 

minutes, pellets were resuspended in liposome buffer. This was repeated twice more. For Laurdan 

assays, extruded liposomes were incubated with 2.5 µM Laurdan (in DMSO) for at least 1 habove the 

phase transition temperature. 
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2.3.1 Carboxyfluorescein and laurdan fluorescence assays 

CF was used at 100 mM dissolved in liposome buffer. The gradual addition of sodium hydroxide pellets 

was required in order to dissolve all CF powder when making the 100 mM stock. CF becomes 

increasingly more soluble as the pH increased, being totally dissolved at pH 7.4. CF release assays were 

carried out in black 96-well plates (Greiner). CF liposomes were used at working concentrations of 0.25 

mg/ml and a 5% SDS solution was added to some wells as a positive control. Following butanol addition 

to wells, plates were incubated at room temperature with occasional agitation for 10 minutes in the 

dark after which fluorescence was recorded. Fluorescence was read at the following wavelengths for 

CF: 485 nm and emission and 535 nm. Butanol data was normalised to wells containing no butanol. 

  
Laurdan assays were also carried out in black 96-well plates (Greiner) liposomes were used at working 

concentrations of 2.0 mg/ml. The general polarisation (GP) of Laurdan was calculated from the ratio of 

emission intensities via the following equation:   

Where I485 and I535 refer to emission intensities at 485 nm and 535 nm, respectively. For live cell Laurdan 

assays overnight cultures were set up in Luria Broth (LB) (Melford). These were then diluted 1:100 in 

fresh LB the next morning. Cells were grown to an OD600 of 0.4 after which 5μM Laurdan was added and 

cells were incubated in the dark for 1 h. Following this, cells were harvested by centrifugation (~16,000 

x g, 60 seconds) and resuspended in liposome buffer containing butanol which was subsequently 

incubated at room temperature for 10 minutes before the fluorescence was read. 

 
2.3.2 DLS 

The average liposome diameter in a solution was determined using dynamic light scattering on a 

NanoBrook 90Plus Zeta in accordance with the manufacturer’s instructions. Prior to measurement, 

sample solutions were filtered with a 0.2 µm syringe filter to remove any dust or large particles. Each 

𝐺𝑃 =
𝐼485 − 𝐼535
𝐼485 + 𝐼535
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sample was read in triplicate. Liposome samples were diluted to <0.125 mg/ml, or to an ideal counts 

per second of ~400kcps. 

 
2.3.3 Differential scanning calorimetry (DSC) 

Liposome sample were prepared as described above after which they were underwent a cycle of heating 

and cooling in a thermal cycler followed by incubation at 4°C under nitrogen gas to equilibrate the 

sample’s thermal history. The effect of butanol on the suspension of liposomes was investigated using 

a Q200 Differential Scanning Calorimeter (TA). Between 3-5 mg of 30 mg/ml liposome solution was 

weighed into a Tzero Low-Mass Pan (TA instruments) and the corresponding lid was placed on top and 

sealed. The Heat Flow (mW) was recorded across the range of 5 - 50°C at a gradient of 1°C / minute. 

This temperature range allowed for the main phase transition of samples, between gel and liquid 

crystalline (see introduction), to be recorded.  

 

2.4 Total lipid extraction and quantification  
 
Total bacterial lipids were extracted using a modified Bligh and Dyer method (Bligh and Dyer, 1959). To 

50 mg pelleted cells, 500 μl of methanol at 50 °C was added. Following incubation in a sonicating water 

bath for 15 minutes, 500 μl of chloroform was added and the incubation was repeated. After the second 

15 minute incubation, 500 μl of 0.88 % KCl was added and the mixture was vortexed. The organic and 

aqueous phases were separated by centrifugation at 1000 x g for 2 minutes. The total lipids present in 

the organic phase was then quantified using the Stewart Assay (Stewart, 1980) and a standard curve of 

0-50 µg of 1 POPE: 1 POPG: POPC. This assay enables quantification based on the complex formed 

between phospholipids and ammonium ferrothiocyanate. Briefly, lipids in chloroform on an unknown 

concertation were diluted and mixed with with ferrothiocyanate assay reagent (0.1 M FeCl3.6H20, 0.4 

M ammonium thiocyanate) to a 2:1 ratio of lipid to assay reagent.  Following centrifugation at 14,500 x 

g for 5 minutes, the chloroform layer (now coloured) was collected and the absorbance read at 488 nm. 
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2.5 in silico molecular dynamics 
 
In silico techniques were used to visualise the interaction between butanol and 3 POPE: 1 POPG 

membrane.  Initial molecular dynamic simulations utilised a coarse-grained model in which some atoms 

are grouped together. These were carried out in GROMACS 5.1.2 using the MARTINI 2 forcefield. Corse-

graining drastically decreases the computational demand for running longer simulations however, there 

is a concurrent loss of atomistic resolution. These were initially carried out to provide a low-resolution 

idea of whether butanol interacts with the membrane.  The 3 POPE: 1 POPG membrane of 336 lipid 

molecules was made using the insane.py script (Wassenaar et al., 2015) (8533 atoms in total.  90 NA, 6 

CL, 4,400 SOL and 5 butanol, 126 POPE and 42 POPG molecules). The membrane generated using 

insane.py underwent a short md run of 20 ns to enable relaxation and more realistic packing of the lipid 

beads after initial energy minimisations. Following this, 5 solvent beads were substituted for 5 butanol 

beads before the system’s energy was minimised once again.  After this, the simulation was run for 200 

ns and was visualised using Visual Molecular Dynamics (VMD) (University of Illinois). The simulation was 

run at 293 k using a Berendsen thermostat. The Verlet cutoff-scheme was used with a Van der Waals 

radius of 1.1 nm. The constrain algorithm used was Lincs. 

 

2.6 Thin layer chromatography 
 
Lipid species present in Clostridium saccharoperbutylacetonicum N 1-4 extracts were investigated using 

thin layer chromatography following extraction and total lipid quantification. Along with standards, 20 

µg of sample was dotted onto silica coated aluminium TLC plates (Merck) and was allowed to dry. 

Following this, plates were placed into a TLC tank with a small amount of mobile phase (70 Hexane: 30 

diethyl ether: 1 acetic acid; 25 chloroform: 15 methanol: 4 acetic acid: 2 H2O) in which they were left 

until the solvent front was near the top of the plates. Plates were allowed to dry before visualisation. 

For neutral lipids, plates were dipped into a copper sulphate solution (10% CuSO4.5H2O; 8 % H3PO4) and 

then baked at 150 °C for 10 minutes in an oven. Ninhydrin and molybdenum blue spray reagents (Sigma-
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Aldrich) were used to visualise PE, and PS, PC and PG, respectively. Densitometry analysis was carried 

out using ImageJ. 

 

2.7 Lipidomics: HPLC-ESIMSMS 
 
Lipid extracts were initially passed through a reversed phase Accucore™ C18 column on an UltiMate 

3000 HPLC system (Thermo Fisher ScientificFisher). Running solvent A was 50 H2O: 50 acetonitrile, 50 

mM ammonium formate, 0.1% formic acid and solvent B was 85 isopropanol: 10 acetonitrile: 5 H2O. 

The gradient of solvents began with 90:10 A:B and ended with 5:95 after 21 minutes and was isocratic 

for the remaining 14 minutes at 90:10. The flow rate was 150 µl/ minute. And the column temperature 

was maintained at 50°C. For subsequent ESI-MS analysis, all samples were analysed in positive and 

negative ion mode on a TripleTOF® 5600 (Sciex). The ESI temperature was set to 300 °C, the mass range 

was 200-1600 m/z and the ion spray voltage of 5500 V and -4500 V for positive and negative ion modes, 

respectively. An Information Dependent Acquisition (IDA) was run for MS-MS analysis – with a maximum 

of 5 candidate ions per cycle chosen. The instrument was calibrated using APCI Negative Calibration 

Solution (Sciex). Data was analysed using PeakView 2.2 (Sciex) and were additionally searched against 

public lipidomic libraries such as LipidMaps using Progenesis QI v2.1 (Nonlinear Dynamics). 

 

2.8 Unfolding assay 
 
2.8.1 Monovalent streptavidin expression and purification 

Mutated bacteriorhodopsin (bR) and monovalent streptavidin (mSa) plasmids were a kind gift from Yu-

Chu Chang, Taipei Medical University. Both mSA variants (an active form with a his-tag (wt-mSa), and 

an inactive form without a polyhistidine-tag (d-mSa)) were expressed in BL21 (DE3) and purified as 

previously described (Hong et al. 2010).  Overnight cultures of 5 ml were used to inoculate large cultures 

of ~500 ml of either d-mSa or wt-mSa. Expression was induced at an OD600 of 0.7 using 1 mM IPTG, after 

which cells were incubated overnight. After harvesting (4,000 x g, 4°C, 20 minutes), cells were 

resuspended in ~ 20 ml lysis buffer (50 mM Tris, 0.75 M sucrose, 1 mg/ml lysozyme, pH 8.0) per mSa 

variant, and subjected to 3 cycles of lysis with the French Press (1,500 PSI). To reduce viscosity, 0.3 
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mg/ml DNase was added and the suspension was incubated for 1 hour at 4°C. The pellet was harvested 

by centrifugation (20,500 RPM in Ti-70, 4 °C, 20 minutes) and was washed in 50 mM Tris, 1.5 M NaCl, 

0.5% TritonX100, pH 8.0, using a tissue homogeniser to break up the pellet. The washing step was 

repeated twice more with TritonX100 and followed by once without TritonX100. The resulting inclusion 

body was solubilised in denaturing buffer (6 M GdnHCl, pH 2.0), again with use of a homogeniser and 

was centrifuged at 45,000 RPM for 45 minutes in a TLA-120.2 rotor. The OD280 was then read for each 

variant and they were mixed to be in a 3 d-mSa : 1 wt-mSa ratio, based on the OD280 reading multiplied 

by the volume per variant. The mixture was refolded by adding it drop by drop to prechilled and stirred 

sodium phosphate buffer (20 mM sodium phosphate, 200 mM NaCl, pH 7.5) to a final dilution of 1:50. 

The resulting solution was centrifuged (6,100 x g in a JA-14 rotor, 4°C, 1 h) to pellet any precipitated 

protein. The supernatant containing refolded mSa tetramers in a 3:1 ratio of d-mSa: wt-mSa was then 

mixed with equilibrated Ni-NTA resin and incubated overnight at 4°C. Protein was eluted as described 

above – mSa eluted at 60 mM and 70 mM imidazole. Higher levels of imidazole yielded undesirable mSa 

tetramers with different ratios, those being 2:2 or 1:3 d-mSa: wt-mSa. Depending on the visible sample 

purity on an SDS-PAGE, a second purification involving rebinding and elution was carried out. The 

resulting protein was then dialysed overnight using SnakeSkin Dialysis Tubing (Thermo Fisher Scientific) 

at 4°C and was dialysed against sodium phosphate buffer. Following this, dialysed protein was 

concentrated using a 15 ml Amicon® Ultra Centrifugal Filters 30 kDa cut off (Sigma Aldrich) to 1-2 ml for 

use in the assay.  

 
2.8.2 Bacteriorhodopsin labelling and unfolding assay 

Biotinylation of bR and the membrane protein stability experimental procedures were carried out as 

previously described (Chang and Bowie, 2014). Mutated bR containing two cysteine residues was a kind 

gift from Yu-Chu Chang. It was biotinylated in a reaction following the mixture of two solutions. The first 

was 750 μl of 40 μM bR, 40 mM phosphate buffer (pH 8.0) and 2 mM of TCEP (Pierce) and this was 

mixed with the second solution of 250 μL of 4–6 mM of N-(biotinoyl)-N′-(iodoacetyl)ethylenediamine 



62 
J. A. Linney, PhD Thesis, Aston University, 2021 

(Biotium) and 1 mM of free biotin (Sigma-Aldrich). Following this the reaction was incubated overnight 

at 25°C in the dark. Excess reagents were removed through centrifugal washing in 20 mM phosphate 

buffer (pH 7.0). Labelling was confirmed with SDS-PAGE and western blot analysis. For the steric 

trapping experiment, 5 μM mutated bR was reconstituted in 15 mM DMPC: 15 mM CHAPSO bicelles in 

20 mM phosphate buffer (pH 7.0), 15 μM mSa was then added to the bR and was incubated at room 

temperature for 1 hour in the dark. Butanol was added to the steric trapping experiment at a 

concentration of 0-20 mg/ml just before absorbances were recorded on a plate reader in an attempt to 

quantify unfolding induced by butanol. Several wavelengths were read: 390 nm (free retinal), 440 nm 

(unfolded protein retaining retinal), 560 nm (folded bR retaining retinal) and 700 nm (control). Unfolding 

was analysed with a two-phase exponential decay in GraphPad Prism 7 (GraphPad Software, Inc).  

 

2.9 Glycerol uptake facilitator protein (GlpF) expression and purification  
 
GlpF was amplified from a lab stock plasmid, pAG5-GlpF using the primers in Table 2.1 and subcloned 

into pTZ19R in DH5-α E. coli cells (where lowercase letters denote non-complementary bases to the 

original amplicon): 

 
 
 

 

Following this, GlpF was cloned into the expression vector pET17b and was expressed in BL21 (DE3) E. 

coli. GlpF expression was carried out as previously described above for monovalent streptavidin. 

Membrane protein extraction made use of the styrene maleic acid co-polymers. Following cell lysis, the 

lysate underwent a 650 x g spin for 10 minutes to pellet unbroken cells and debris. After this the 

supernatant was centrifuged in a Beckman Coulter Optima L-100k – 70Ti rotor for 20 minutes at 100,000 

 Sequence 

Forward 
Primer 

ggggggatcccatATGACAATTTTTTTAGCAGAATTAGTAGG 
 

Reverse 
Primer 

ccccaagcttTTAatgatgatgatgatgatgCATAATCATTGTATAACATACTGCACC 
 

Table 2.1. The 5’ to 3’ sequences of oligonucleotide primers used to amplify GlpF. Lower case 

letters indicate additional bases which are not complementary of the original sequence of the 

amplicon. The coloured lower case bases represent restriction sites: red, BamHI; blue, NdeI; 

green, HindIII.  
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x g yielding a membrane pellet. The supernatant was discarded and the wet pellet weight was 

calculated. Membrane pellets were resuspended to a concentration of 60mg/ml in SMA buffer. This was 

then combined with a 5 % SMA2000 (Cray Valley) solution to yield a 30 mg/ml membrane: 2.5 % 

SMA2000 solution which was incubated for 1 hour at room temperature on a rocker at 60 RPM to allow 

for the SMA polymer to integrate into the membrane. Insoluble material was pelleted by centrifugation 

at 100,000 x g for 20 minutes. The supernatant was mixed in a 20:1 ratio with Nickel NTA agarose resin 

(ABT). Nickel resin was stored in 20 % ethanol and was prepared through a series of consecutive washes 

in excess SMA buffer at 500 x g for 3 minutes. The SMALP:Ni resin mixture was incubated overnight at 

4 °C on a rocker at 60 RPM. Following this, the SMALP:Ni resin was poured into a 20 ml disposable 

column and was washed with 5 x 10 column volumes of wash buffer (20 mM imidazole in SMA buffer). 

His-tagged proteins were eluted with 5 x 1 column volumes of elution buffer (200 mM imidazole in SMA 

buffer). 

 
2.9.3 Tolerance assay 

Initially, 30ml universal tubes containing LB + ampicillin were inoculated with a single colony and grown 

overnight at 37 °C and 180 RPM. 100 μl of this was then added to fresh LB + ampicillin media and was 

induced with 0.5-1.0 mM IPTG and allowed to grow for between 5-16 hours. Cultures were then diluted 

to an optical density at 600nm (OD600) of 0.1 before use in growth assays. Growth assays were carried 

out either in a clear 96-well plate (Thermo Fisher Scientific) or in a 30 ml universal and the OD600 was 

measured every 2 hours for 8 hours. 

 

2.10 CLEAVE™: Genome editing of Clostridium saccharoperbutylacetonicum N1-4 (HMT)  
 
Genome editing of C. saccharoperbutylacetonicum N1-4 (HMT) was done using CLEAVE™ technology, a 

proprietary method for introducing exogenous DNA into wild type Clostridia (See Figure 2.1). 

Homologous gene of interest sequences in N1-4 were gathered using BLAST (NCBI) (summarised in table 

2.2). The genes were then synthesised by GeneArt (Thermo Fisher Scientific) and were cloned into 

several vectors according to the CLEAVE™ standard operating procedure and was carried out at the  
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Gene 
Name 

Function of encoded protein  Modification type 

ttgB 
Inner membrane portion of organic solvent efflux system 

+ 

pssA 
Phospholipid biosynthetic enzyme (see Figure 1.5) 

+ / Δ 

glpF 
Aquaglyceroporin an putative butanol channel in 
solventogenic Clostridia 

Δ 

Biocleave laboratories in Milton Park, Oxford. Glycerol stocks in competent E. coli (DH5-α or BL21 (DE3)) 

were made by mixing equal parts recombinant overnight cultures with sterile 50 % glycerol. All 

molecular biology procedures in CLEAVE™ were carried out as described above in 2.2 Molecular Biology 

or in recent work by Atmadjaja and colleague, (2019). In short CLEAVE™ is comprised of two steps 

(Figure 2.1). The first step involved homologous recombination of the desired deletion (PssA in this case) 

into the genome of N1-4. The sequence used for this contains only the last 14 amino acid residues of 

the original gene (in addition to the Met and stop codons), this flanked either end with 1,000 bp 

upstream and downstream of the original gene (homology regions / homology arms). Homologous 

recombination will thus result in a truncated gene. The second step involved the introduction of 

targeting vector (S3V9) for the native CRISPR-Cas system. Contained within this plasmid is the spacer 

sequence (guide sequence) of approximately 36 NT which corresponds to a sequence in the middle of 

the original gene sequence (i.e. not overlapping with the recombinant truncated sequence). Any 

bacterium which contain the wild type gene sequence will therefore be targeted by the targeting vector 

and these sequences will be cleaved (the efficiency of the designed targeting vector sequence was 

determined using wild type N-14 and plating the cultures following electroporation). Because the N1-4 

used are unable to repair double-stranded breaks they cannot survive this process. This leaves 

bacterium which underwent homologous recombination in the first stage of CLEAVE™ alive as they do 

not contain the spacer sequence within their genome. Thus, a population of knockouts at the genome 

level can be produced.  

Table 2.2 CLEAVE™ Targets. These genes were identified using NCBI BLAST and CLEAVE™ constructs 

were synthesised by GeneArt (Thermo Fisher Scientific). Using proprietary  CRISPR-Cas9-based 

technology, CLEAVE™, recombinant solventogenic Clostridia were produced and the affects of these 

genes on fermentation characteristics were investigated. + , overexpression; Δ, knockout.  
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Figure 2.1 CLEAVE™ technology for C. saccharoperbutylacetonicum N1-4 (HMT)  genome editing. In this case a deletion was introduced in a two step process. In the 

first step a plasmid containing the deletion sequences is transformed into the for C. saccharoperbutylacetonicum N1-4 (HMT) cells where it undergoes homologous 

recombination into the genome using two homology arms (see Figure 5.1). In the second step, the targeting vector (S3V9) is transformed into the cells. This vector 

contains a spacer sequence in it (~36 NT in length, see Figure 5.2), which guides the native CRISPR-Cas system to a site for cleavage based on the spacer’s sequence. 

Therefore, the sequence of the spacer should correspond to a locus in the original sequence in the gene of interest. Crucially the spacer should not be found in the 

sequence of the deletion. WT sequences containing the spacer will be targeted by the CRISPR-Cas system and cleaved. Recombinant cells will not be targeted as they 

do not contain these sequences due to the truncated deletions.  

Recombinant cells survive WT cells are destroyed 

STEP 2: Introduce targeting vector (with spacer) that directs the native CRISPR/Cas system to destroy WT cells 

STEP 1: Introduce plasmid with homology arms and modification for homologous recombination 

Genomic DNA Modification Gene of interest 

original sequence 
Homology 

arms 
Spacer  
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 The now engineered strains were inoculated overnight in 30 ml reinforced Clostridial media (RCM) in 

an anaerobic environment at 30°C. Following this, 6 ml was taken in triplicate from the overnights and 

used to inoculated 54 ml of TYIR for the characterisation assay. Approximately 4 ml fermentation 

samples were taken at 0 h, 4 h, 24 h and 48 h, with the OD600 and pH being measures and the cell viability 

being assessed using a microscope. The following analytes were also measured at each of the time 

points: glucose, acetic acid, butyric acid, lactic acid, acetone, butanol, ethanol.  Samples were run on an 

Agilent 1260 HPLC using a refractive index (RI) detector and an Aminex HPX-87H (300 x 7.8 mm) column 

(Bio-Rad). The following standards were used glucose 50g/L, acetic acid  0.2g/L, butyric acid 0.2g/L, lactic 

acid 0.2g/L, acetone 5g/L, butanol 15g/L, ethanol 3g/L. The parameters for running samples are 

summarised in Table 2.3. 

 

 

2.11 Atomic Force Microscopy  
 
POPC liposomes extruded to 100 nm were used to make the bilayers. Approximately 100 μl of 1 mg/ml 

liposome solution was pipetted onto the sample freshly cleaved mica (aluminium silicate) discs, this was 

then incubated at room temperature for 1 hour. An additional 10 mM Mg2+ solution was used to help 

liposome rupture and bilayer formation. This was subsequently washed with dH2O. Sample were run 

using a Dimension FastScan Bio™ (Bruker) using a FastScan-A probe. Butanol solutions were added to 

the supported bilayers during scanning to enable the effects to be recorded instantly.  

Condition Setting 

Flow rate 0.9 ml/min 

Elution mode Isocratic  

Method length 45 min 

Column  Aminex HPX-87H 

Oven temperature 85 °C 

Injection volume 10 μl 

Detector Refractive index at 35 °C 

Mobile phase 5 mM H2SO4 

Table 2.3 HPLC run parameters for analysis of fermentation analytes. Fermentation broth time points 

were taken at 0 h, 6 h, 24 and 48 h. The supernatant of these samples was filtered prior to analysis. 
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3. In vitro characterisation of the interactions between butanol and 

membranes 
 
 

3.1 Introduction 
 
In order to improve the tolerance to butanol and productivity of solventogenic Clostridia, a deeper 

understanding of butanol’s mechanism of toxicity is required. This will enable the creation of targeted 

strategies to mitigate the effects of it on the cell. In order to obtain such information, it is essential to 

understand the fundamental relationships between butanol and the membrane. In particular, it is 

necessary to understand how important membrane properties (those outlined in section 1.3.2) are 

perturbed by their interaction with butanol and what impact this will have on the overarching behaviour 

of the membrane. Due to the complex and holistic response to butanol in vivo, identification and 

understanding of these important interactions between butanol and the membrane have remained 

somewhat elusive. The use of in vitro methods can allow for a greater specificity when it comes to 

investigating certain properties that can be cross correlated with in vivo data. This is due to the ability 

to generate bespoke models with desired compositions, which can be subject to direct and minute 

changes in order to investigate a potential relationship between said component and butanol. Thus, in 

vitro models are an important first step to help better understand this relationship and to inform 

rational strain design for later in vivo experiments. 

 
The experimental plan of this Chapter pertains to the interaction between butanol and liposomal model 

membranes and is summarised in Figure 3.1. The first set of experiments used CF leakage and laurdan 

GP to investigate the permeability and fluidity of the liposomes, respectively.  The compositions of these 

liposomes began with POPC, a simple, single-lipid system. This was compared to 3 POPE: 1 POPG which 

is more akin to the membrane composition of a bacterium (Murzyn et al., 2005). Later experiments used 

3 POPE: 1 POPG as a base composition, to which other lipids were added to investigate their specific 

effect. These additional lipids were chosen to alter properties of the membrane, such as thickness, 

saturation: unsaturation ratio and, the geometric isomerism of unsaturated bonds. The effects of these 



68 
J. A. Linney, PhD Thesis, Aston University, 2021 

changes on fluidity and permeability were then examined. A range of exogenous compounds were also 

tested to assay whether their presence could mitigate the effect of butanol on the membrane. This 

included cholesterol, a sterol known to regulate membrane fluidify; and a series of self-associating 

amphiphilic membrane active compounds, synthesised at the University of Kent. These first experiments 

provided information about potential protective lipids and which properties of the membrane are 

important to consider for butanol toxicity. The next experiments were undertaken to understand the 

mechanism of the interaction of butanol and the membrane. This included DLS to investigate liposome 

diameter, which was supported by in silico coarsed-grain molecular dynamic simulations to give an 

indication of the spatial position of butanol when in the membrane. Additionally, AFM was carried out 

to show the effects of butanol on mechanical properties of the membrane, supporting the initial 

fluorescence experiments, as well as to show a topological view of the membrane to complement the 

DLS. Finally, the effect of butanol on the structure of membrane proteins (their degree of folding) was 

investigated to provide more information about the holistic nature of butanol toxicity.  

 
 
   

as 
How does butanol 

perturb membrane 

functions?  

How does butanol 

interact with the 

membrane?  

Can exogenous 

compound 

fortify the 

membrane? 

Understanding 

butanol toxicity     

and protective 

phenotypes  

Strategies for 

strain engineering  

Varied 
liposome 

compositions 

Figure 3.1 Objectives and experimental 
workflow for Chapter 3. This Chapter 
of work used liposomes as in vitro 
models of membranes, and several 
experimental techniques to 
investigate the effect of butanol of 
membrane functions and properties.  
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3.2 Results 
 

3.2.1 In vitro assay optimisation 
 
Initial carboxyfluorescein release assays experiments included the optimisation of carboxyfluorescein 

concentrations as well as both liposome concentration and incubation time (Figure 3.2). A two-fold 

serial dilution from 1 mg/ml of CF-containing POPC liposomes were exposed to 1 % SDS to obtain the 

optimal concentration to use in later experiments (Figure 3.2B). The optimum working liposome 

concentration was found to be 0.25 mg/ml, above which fluorescence begins to plateau. To investigate 

the mechanism of butanol mediated membrane permeabilisation, a time course was initially carried out 

(Figure 3.2C). Fluorescence for all difference concentrations of butanol (0, 7.5, 15 and 25 mg/ml) was 

found to be highest between 10-20 minutes following exposure to exogenous butanol. In subsequent 

experiments, fluorescence was read 10-20 minutes after addition of butanol to enable a maximum 

reading. Additionally, the fluorescence was recorded over several days following storage at 4 °C 

between readings. A 5 % SDS solution was used to fully rupture liposomes leading to maximum CF 

release. CF-liposomes in buffer were normalised to the SDS wells to investigate the effect of storage on 

the viability of the membrane. The fluorescence of stored liposomes relative to fully ruptured SDS 

liposomes appeared to increase with longer storage times. Liposomes were therefore made fresh for 

each assay and used within one day of making them, in order to minimise the effects of passive loss of 

liposome integrity on butanol assays. The log10 fluorescence of CF can be seen in Figure 3.2B. across a 

range of 1:1 serial dilutions with liposome buffer. The self-quenching effect of high concentrations can 

be seen at the higher concentrations. As the CF was diluted further fluorescence exceeded the 

maximum limit of the fluorescence reader and plateaus. Following sufficient dilution, fluorescence 

decreased accordingly. The desired fluorescence of CF within the liposomes should be high enough to 

ensure self-quenching, which will enable a quantitative indicator of a loss of membrane integrity when 

exposed to butanol. It was decided that liposomes would be loaded with 100 mM CF as this showed a 

high degree of self-quenching which increased in fluorescence once diluted in buffer.   

 



70 
J. A. Linney, PhD Thesis, Aston University, 2021 

Laurdan is required to integrate into the membrane in order to act as a fluidity proxy probe and provide 

information about the state of the membrane. The probe can be added to the liposomes at two different 

points. Dry laurdan or laurdan dissolved in chloroform can be added to the lipid solution before 

evaporation of the organic solvent. Alternatively, a concentrated stock of laurdan dissolved in DMSO 

Figure 3.2 Optimisation of liposome based biophysical assays – laurdan probe and carboxyfluorescein CF 
dye leakage. Aspects relating to the experimental design of the two assays along with various control 
experiments initially carried out. These included the optimal CF and liposome concentrations and the 
optimal incubation time with butanol. (A) A two-fold serial dilution of carboxyfluorescein starting from 
100 mM showing quenched fluorescence at high concentrations. log10 (B) Dilution series of POPC 
liposomes containing carboxyfluorescein. (C) Time course of CF fluorescence from 3 POPE: 1 POPG 
liposomes to optimise incubation time. (D) Time course of CF fluorescence from 3 POPE: 1 POPG and 
pure POPC liposomes to investigate storage. Fluorescence is relative to freshly made liposomes. (E) 
Comparing the general polarisation (GP) of Laurdan from two methods. Pre-, where laurdan powder was 
added to chloroform containing lipid before lipids were dried down; and Post-, where Laurdan dissolved 
in DMSO was added to freshly extruded liposomes and then incubated for 1hr at ~10 °C above the phase 
transition temperature. Different scales are used. N=3, ±1SEM. 
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can be added to an aqueous liposome solution following rehydration of the lipid film. It is important to 

determine the method which provided the greatest degree of integration into the membrane. Two 

populations of POPC liposomes were prepared as above and were run through a routine butanol fluidity 

assay. It can be seen in Figure 3.2E that there was no difference in general polarisation found between 

the two methods, both showing the same trend of increasing GP (i.e. increased fluidity) with increasing 

butanol concentrations. Whilst it should be noted that raw fluorescence values were slightly higher for 

the laurdan added to the organic acid method, the second method (addition to the aqueous liposomes) 

was taken forward. This is due to the second method enabling a greater degree of freedom when 

generating samples. A large batch of liposomes can be made with the second method, which can be 

subsequently divided up before the addition of the laurdan probe. A portion can be used in laurdan 

assay and another in other membrane property assays.  

 

3.2.2 Altering headgroup composition  
 
Initial experiments involved the use of liposomes as model cell membranes to investigate the effect of 

altering lipid composition on butanol tolerance. This involved mixing together different phospholipids 

of interest to create desired compositions, which were then used to generate liposomes. These 

liposomes were tested using a variety of in vitro assays (see 2.3 In vitro liposome assays) to investigate 

fluidity, permeability, and diameter in order to gain more understanding regarding butanol-

phospholipid interactions. Changes were made to the headgroups species and several aspects of the 

tails (see Figure 1.3 Phospholipids and phospholipid headgroup structure, for phospholipid structures), 

including POPE: POPG is considered a more accurate model of a bacterial membrane than pure POPC 

bilayers - Both PE and PG headgroups constitute major components of the lipid membrane in Clostridia 

(Řezanka et al., 2012). Because of this, comparisons between POPC and 3 POPE: 1 POPG liposomes were 

made and can be seen in Figure 3.3A-B. CF leakage assays provide quantitative information about the 

state of the membrane.  
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Figure 3.3. Carboxyfluorescein (CF) fluorescence dye release and of membrane models with different 
lipid headgroup compositions following butanol exposure. (A) Comparing 3 POPE: 1 POPG and pure 
POPC liposomes. (B) Comparing liposomes with varied headgroup ratios. (C) Comparing liposome with 
varying amounts of POPG. CF fluorescent dye was loaded inside liposomes with different lipid 
compositions. These were then exposed to a range of butanol concentrations and the fluorescence 
was recorded. A higher relative fluorescence denotes lower membrane permeability. Fluorescence 
was measured on a Mithras LB940 with the following wavelengths for CF; Excitation: 485 nm 
Emission: 535 nm. N=3, ±1SEM  
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The amount of CF released following butanol exposure implies and indicates the relative permeability 

of the membrane. If butanol impacts the permeability of the membrane, an alteration in fluorescence 

will subsequently occur. The mixed composition of 3 POPE: 1 POPG was found to have lower 

fluorescence than POPC at biologically relevant concentrations (< ~25 mg/ml) (P > 0.05). The rise in 

fluorescence of POPC began much earlier, reaching 200 % relative fluorescence by 10-15 mg /ml. 

Meanwhile, 3 POPE: 1 POPG fluorescence only begins to rise at higher butanol concentrations and had 

exceeded 200 % relative fluorescence until 30-35 mg/ml. Relative fluorescence appears to plateau at 

concentrations above 40 mg/ml, whereas 3 POPE: 1 POPG continues to rise. Laurdan reveals 

information about membrane fluidity, and it can be seen that for both POPC and 3 POPE: 1 POPG 

membranes become increasing fluid upon increasing butanol exposure, with POPC being significantly 

more fluid than 3 POPE: 1 POPG at the across all butanol concentrations (Figure 3.4A). 

 
Following these initial investigations, a mix of POPE: POPG was considered to be a good base lipid 

composition for further experiments. This is based on it previously being used as a mimic of an internal 

membrane and also due to the lower fluorescence shown in Figure 3.3A indicating a more protective 

effect. Further experiments were carried out to determine the optimal ratio of POPE to POPG and 

whether spiking in more POPG would prove beneficial (Figure 3.3C). In the biologically relevant range of 

< 30 mg/ml butanol, there appears to be little difference in fluorescence following the addition of more 

PG in the forms of 1 POPE: 1 POPG and 1 POPE: 3 POPG. Above this range however, both models with 

additional PG appear to have lower fluorescence than 3 POPE: 1 POPG which continues to climb with 

higher butanol concentrations, whereas 1 POPE: 1 POPG and 1 POPE: 3POPG plateau at 40 mg/ml. 

Despite this apparent trend there was found to be no significant difference from 3 POPE: 1 POPG 

liposomes. The 3 POPE: 1 POPG compositions was still used as a base in later experiments due to the 

comparable fluorescence seen in the relevant butanol ranges. Interestingly, 2 POPE: 1 POPG appeared 

to be less susceptible to fluidity changes induced by butanol as 3 POPE: 1 POPG (Figure 3.4). However, 
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upon addition of more PG, in the 1 POPE: 1POPG model, there was found to be the same trend in fluidity 

as was seen in 3 POPE: 1 POPG. 

 

The composition of 3 POPG: 1 POPC showed a comparable CF response to 3 POPE: 1 POPG up until 25 

mg/ml. Above this concentration, there is a comparatively lesser effect of butanol on 3 POPG: 1 POPC 
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Figure 3.4. Laurdan probe general polarisation (GP) of membrane models with different lipid headgroup 
compositions following butanol exposure. (A) Comparing 3 POPE: 1 POPG and pure POPC liposomes. (B) 
Comparing liposome with varying amounts of POPG. A lower GP indicates higher membrane fluidity. 
Fluorescence was measured on a Mithras LB940 with the following emission wavelengths, 460 nm 
and 535 nm. The laurdan fluorescent probe was added to aqueous liposome solutions after lipid film 
rehydration. After a 1 h incubation period, the liposomes were exposed to a range of butanol 
concentration and the fluorescence was recorded. The GP value was then calculated using the 

equation described in 2.3.1 Carboxyfluorescein and laurdan fluorescence assays. N=3, ±1SEM.  
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than 3 POPE: 1 POPG. This is similar to using pure POPC liposomes (CF fluorescence flattened at higher 

concentrations) and so there might be some protective effect of POPC at high butanol concentrations. 

Alternatively, it may be that these compositions have a higher base line of CF leakage and therefore 

would show a flatter relative change in fluorescence. Comparisons with a 5 % SDS control can be drawn 

to investigate this further. At 0 mg/ml 3 POPG: 1 POPG showed a 31.27 % CF fluorescence of the 5 % 

SDS control. For 3 POPE: 1 POPG this value was 7.23 %, thus this disparity may impact the direct 

comparison of the relative fluorescence. Both POPC and POPG are bilayer-forming lipids based on the 

shape of each individual lipid molecules. The flatter fluorescence release may be due to bilayer being 

made entirely of bilayer-forming lipids or alternatively it may be because of some protective effect of 

having 75 % POPG in the bilayer. 3 POPE: 1 POPG and 3 POPE: 1 POPC were found to have very similar 

CF releases, with the latter being significantly less leaky at 50 mg/ml butanol only. Altering the 

headgroup can impact the permeability and fluidity of the membrane following butanol exposure. 

Alterations to the tail portion of the phospholipids were then carried out as a means of investigating the 

impacts of this part of phospholipids on butanol toxicity. 

 

3.2.3 Acyl chain modifications  
 
These changes to acyl chain composition have been implemented to mainly target fluidity as this is likely 

an integral factor in butanol related membrane toxicity. The consequences of butanol exposure were 

measured using a combination of CF release, laurdan GP and DLS. It is hypothesised that there is a 

relationship between liposome compositions which have a lower base-line fluidity (denoted by higher 

GP values), and susceptibility to butanol-mediated permeabilisation (determined by relative CF release). 

The lipid species under investigation was added in an equal ratio to the base liposome composition of 3 

POPE: 1 POPG. This was done to show how these alterations would impact the interaction with butanol 

within a model resembling the normal compositions of a bacterial membrane.  Firstly, the length of the 

acyl chains was investigated whereby either DMPC (14 carbons) or DSPC (18 carbons) was added to the 

base composition. These chain lengths were chosen due to their existence in Clostridial membranes, 
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and due to the fact that they will impart different influences on the membrane as a whole in terms of 

fluidity, thickness and interlipid interactions. Secondly, the degree of saturation and geometrical 

isomerism of any unsaturated bonds was investigated using variants of DOPC (Δ9-Trans or Δ9-Cis). 

Altering Cis-Trans isomer ratios is a response to alcohol stress which has been seen in other organisms 

such as Pseudomonas putida (Tan et al. (2016)). Finally, changing the proportion of phosphoglycerol 

backbone lipids with the addition of plasmalogen species which contain a vinyl ether linkage instead of 

an ester linkage on the sn-1 position. Plasmalogens have also been suggested to play a role in butanol 

stress response in solventogenic Clostridia (see 1.4 Butanol toxicity, (Kolek et al. (2015)). CF leakage was 

found to be significantly higher (p < 0.001) in 3 POPE: 1 POPG: 4 DMPC than in 3 POPE: 1 POPG: 4 DSPC 

liposomes following butanol exposure > 25 mg/ml (Figure 3.5A-B). Similarly, liposomes with the cis 

geometric isomer were found to release significantly more (p < 0.02) CF in response to butanol (>30 

mg/ml) than the trans isomer (Figure 3.5B). Liposomes with the additional longer-chained lipids (DSPC) 

were also significantly less fluid at all butanol concentrations compared to DMPC-containing liposomes 

(Figure 3.5A). Geometrical isomerism appeared to have less impact on membrane fluidity in response 

to increasing butanol concentrations (Figure 3.6B). The disparities in membrane fluidity between the cis 

and trans isomers was significantly different at 0 and 5 mg/ml butanol, above which there was no 

significant difference (Figure 3.6B). The substitution of 12.5 % (mass) POPE for POPE which contained a 

plasmalogen also appeared to have a small effect on CF leakage. Liposomes containing the plasmalogen 

species had lower fluorescence at high butanol concentrations (> 30 mg/ml). However, there appeared 

to be no difference in CF leakage in the biologically relevant ranges of butanol (15-30 mg/ml) (Figure 

3.5C). Additionally, the fluidity of plasmalogen containing species was significantly lower than 3 POPE: 

1 POPG at all butanol concentrations. Altering the fatty acid portions of phospholipids appears to 

mitigate the effects of butanol on the membrane, possibly with more rigid membranes being more 

protective. The ability of non-phospholipid elements to stabilise the membrane was investigated as a 

potential means to augment and the effect of changing lipid composition.   
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Figure 3.5 Carboxyfluorescein (CF) fluorescence dye release and of membrane models with different 
acyl chain compositions following butanol exposure. (A) Comparing chain length using DMPC (14 
carbons) and DSPC (18 carbons) was added when in an equal ratio. (B) Comparing geometrical 
isomerism using DOPC (Cis) and DOPC (Trans). (C) Investigating the effect of adding plasmalogen 
containing species. CF fluorescent dye was loaded inside liposomes with different lipid compositions. 

These were then exposed to a range of butanol concentrations and the fluorescence was recorded.  3 
POPE: 1 POPG was used as a base composition. Prior to liposome generation, other lipid species were 
added to 3 POPE: 1 POPG in an equal amount (mg/mg), generating a range of compositions. 
Fluorescence was measured on a Mithras LB940 with the following wavelengths for CF; Excitation: 
485 nm Emission: 535 nm. Difference Y-axis scales are used. N=3, ±1SEM. 
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Figure 3.6. Laurdan probe general polarisation (GP) of membrane models with different acyl chain 
compositions following butanol exposure. (A) Comparing chain length using DMPC (14 carbons) and 
DSPC (18 carbons) was added when in an equal ratio. (B) Comparing geometrical isomerism using 
DOPC (Cis) and DOPC (Trans). (C) Investigating the effect of adding plasmalogen containing species. 3 
POPE: 1 POPG was used as a base composition. Prior to liposome generation, other lipid species were 
added to 3 POPE: 1 POPG in an equal amount (mg/mg), generating a range of compositions . The 
laurdan fluorescent probe was added to aqueous liposome solutions after lipid film rehydration. 
After a 1 h incubation period, the liposomes were exposed to a range of butanol concentration and 
the fluorescence was recorded. The GP value was then calculated using the equation described in 

2.3.1 Carboxyfluorescein and laurdan fluorescence assays. 
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3.2.4 Exogenous compound addition to the membrane 
 
Addition of membrane active molecules such as cholesterol was also investigated. As discussed in the 

introduction, there may be subtle and nuanced differences in the mechanisms of membrane regulation 

between different classes of these compounds. Whilst this is the case, cholesterol has been used as a 

replacement due to difficulties sourcing a bacterial hopanoid. Due to the simplicity of the membrane 

models used, the effects on the membrane should be broadly similar between cholesterol and bacterial 

hopanoids. At lower biologically relevant butanol concentrations (< 15 mg/ml) liposome populations 

with 20 % cholesterol show a slightly lower amount of leakage, however this was found to be not 

significantly lower than 3 POPE: 1 POPG (Figure 3.7A-B). However, at 20 mg/ml and above, the addition 

of 20 % cholesterol had no observable effect on the leakage of CF from 3 POPE: 1 POPG showing a 

similar trend to liposomes containing no cholesterol. Increasing butanol concentrations resulted in a 

larger degree of CF leakage. At higher concentrations of butanol (> 40 mg/ml), liposomes with 20 % 

cholesterol had significantly lower CF leakage than the 3 POPE: 1 POPG population. This may suggest a 

protective effect only when the is a certain degree of membrane fluidisation by butanol. No significant 

difference in fluidity was observed for 20 % cholesterol however, with 10 % cholesterol a significant 

increase in fluidity was seen at all butanol concentrations. Cholesterol appeared to be able to fortify the 

membrane against perturbation at high concentrations of butanol, however this effect was limited in 

the lower concentration range. A range of synthetic membrane active compounds were then tested, to 

investigate the possible use as fermentation additives.  
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Figure 3.7. (A) Carboxyfluorescein (CF) fluorescence dye release (B) laurdan probe general polarisation 
(GP) of membrane models with the addition of 20% cholesterol as a surrogate membrane modulator 
following butanol exposure. CF fluorescent dye was loaded inside liposomes with different lipid 
compositions. These were then exposed to a range of butanol concentrations and the fluorescence 
was recorded. The laurdan fluorescent probe was added to aqueous liposome solutions after lipid film 
rehydration. After a 1 h incubation period, the liposomes were exposed to a range of butanol 
concentration and the fluorescence was recorded. The GP value was then calculated using the 
equation described in 2.3.1 Carboxyfluorescein and laurdan fluorescence assays A lower GP indicates 
higher membrane fluidity. Fluorescence was measured on a Mithras LB940. N=3, ±1SEM.  
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Fermentation additives may provide a fairly simple means to improve yield of butanol. Additives may 

include exogenous compounds which can integrate into the membranes of fermenting bacteria and 

stabilise them. Jessica Boles and Dr Jennifer Hiscock at the University of Kent have kindly synthesised 

and provided self-associating amphiphilic salts (C1, C3, C8, C30, C38, C39, C40, and C43). The structures 

of the compounds can be seen in Figure 3.8. The structures of a series of self-associating amphiphilic 

membrane active compounds, and C1 and C3 can be seen in work by White and colleagues (2017). They 

are 8 potentially membrane active compounds and some may provide stability to the membrane in 

response to butanol toxicity. Investigations on the effect of the compounds on the fluidity of the 3 POPE: 

1 POPG membrane were carried out using the laurdan probe.  

Initial experiments were conducted using POPC liposomes as a model membrane, and the effects of the 

compounds on the fluidity of the liposomes was measured in absence of butanol (Figure 3.9). This was 

done to investigate effects on the liposomes that are independent of butanol ingression into the 

membrane. The compounds were serially diluted (1:1) in buffer starting at 2 mg/ml compound to a final 

~ 2 μg/ml. For C1, C3, C8 and C30 there was found to be no change in GP across all concentrations. 

There was a lower GP found for C38 at higher concentrations suggesting a reduction in membrane 

C30  

C1 R =CF
3
; X = O; n = 1; A = SO

3

-
; Z = TBA 

C3 R =CF
3
; X = O; n = 3; A = SO

3

-
; Z = TBA 

C8 R =CF
3
; X = O; n = 1; A = SO

3

-
; Z = pyridinium 

C30 n = 1; A = SO
3

-
 

C38 Z = tetrapentylammonium 
C39 Z = tetrahexylammonium 
C40 X = O n= 1  
C43 X = S n - 1 

Base structure  

Figure 3.8. The structures of a series of self-associating amphiphilic membrane 

active compounds. The compounds are variations of the top left structure, 

with different functional groups.  The effect of these compounds on 

mitigating butanol mediated membrane fluidisation was investigated using 

the laurdan assay. Adapted from White and colleagues (2017) and Allen and 

colleagues (2020). Structures drawn in ChemSketch.  
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fluidity. However, due to the nature of the trend and the very large reduction in GP value it may be an 

artefact of molecule’s structural elements. It may be that the decrease in GP seen for C38 is due to an 

intrinsic fluorescence emission at one of the wavelengths measured as this would also result in the same 

trend. An interesting trend was seen for C39 which displayed a skewed bell-shaped GP response across 

the serial dilution range. Beginning at 0.461, the GP 0f C39 increased and peaked at 0.876, at a 

concentration of 0.0625 mg/ml. This would not be due to a change in the fluorescence emanating from 

the laurdan fluorophore as this has remained at a constant concentration. Beyond this the GP gradually 

decreased to 0.732, at 2 mg/ml. C40 and C41 both showed a generally flat GP across all dilutions until 1 

mg/ml and 2 mg/ml, where it increased.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Laurdan probe general polarisation (GP) of POPC  liposomes with the addition of several 
serially diluted compounds. The compounds were diluted two-fold A lower GP indicates higher 
membrane fluidity. Fluorescence was measured on a Mithras LB940. The laurdan fluorescent probe 
was added to aqueous liposome solutions after lipid film rehydration. After a 1 h incubation period, the 
liposomes were exposed to a range of butanol concentration and the fluorescence was recorded. The 
GP value was then calculated using the equation described in 2.3.1 Carboxyfluorescein and laurdan 

fluorescence assays. N=3, ±1SEM. 
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The ability for these compounds to alter the fluidity of membranes, a potential means to protect against 

butanol perturbation, was investigated using POPC liposomes containing the laurdan probe. Liposomes 

solutions were mixed with 0.25, 0.5, 1.0 or 2.0 mg/ml of each compound, to which 0, 5, 15, 25, 35, or 

45 mg/ml butanol was then subsequently added (Figure 3.10). All conditions showed a decreasing in 

laurdan GP upon exposure to increasing concentrations of butanol, suggesting a reduction in membrane 

fluidity. Their appeared to be no difference in GP value when any of the compounds were added at all 

of the concentrations. Additionally, there was found to be no significant difference in laurdan GP for 

any of the compounds and POPC alone. All trends are similar with overlapping GP values for individual 

compound at different concentrations. Different GP trends were seen for C38 and C39 (Figure 3.9E-F), 

with the former showing decreasing GP values with increasing compound concentrations, and the latter 

showing much higher GP values. These results are likely due to the intrinsic fluorescence of the two 

compounds and not due to their interaction with the cell membrane or butanol. Based on previous work 

published by the group at Kent (see discussion) a further set of experiments was carried out where the 

liposomes were incubated with the compounds overnight (Figure 3.11). In theory this should have 

allowed time for the compounds to integrate within the membrane if this was a limiting factor in their 

potentially protective effects. It was found however, that there was still seemingly no benefit of 

exposing the liposomes to the compounds for an extended period, prior to exposure to butanol. The 

fluidities of the liposomes were the same at all butanol concentrations despite the compound 

concentrations. Overall, these experiments may require further optimisation to allow for any effect of 

the compounds to be realised. This would include using a different composition of lipids (3 POPE: 1 

POPG instead of pure POPC) as this will likely interact better with the compounds (discussed further in 

discussion). If these compounds are shown to be protective it may be due to them being able to prevent 

butanol intercalation into the membrane. The following experiments using dynamic light scattering 

aimed to provide some mechanistic insight on the intercalation of butanol and phospholipids, and 

whether intercalation resulted in changes to the structure of liposomes. Understanding intercalation of 

butanol into the membrane could help design additives to which prevent this from occurring.  



84 
J. A. Linney, PhD Thesis, Aston University, 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C1

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

2 mg/ml

1 mg/ml

0.5 mg/ml

0.25 mg/ml

POPC

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C1

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(A) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C3

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(B) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C30

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
) (D) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C8

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
) (C) 

10 20 30 40 50

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

C38

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(E) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

C39

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(F) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C43

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(H) 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

C40

Butanol (mg/ml)

G
e
n

e
ra

l 
P

o
la

ri
s
a
ti

o
n

 (
G

P
)

(G) 

Figure 3.10 Laurdan probe general polarisation (GP) of POPC  liposomes with the addition of several 
compounds at different concentrations following butanol exposure. A lower GP indicates higher 
membrane fluidity. Fluorescence was measured on a Mithras LB940. The laurdan fluorescent probe was 
added to aqueous liposome solutions after lipid film rehydration. After a 1 h incubation period, the 
liposomes were exposed to a range of butanol concentration and the fluorescence was recorded. The GP 
value was then calculated using the equation described in 2.3.1 Carboxyfluorescein and laurdan 
fluorescence assays. N=3, ±1SEM. 
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Figure 3.11 Laurdan probe general polarisation (GP) of POPC  liposomes with the addition of several membrane 
active compounds at different concentrations following butanol exposure. Liposomes were incubated with the 
compounds for 16-24 h before butanol addition to allow for integration into the membrane. The laurdan 
fluorescent probe was added to aqueous liposome solutions after lipid film rehydration. After a 1 h incubation 
period, the liposomes were exposed to a range of butanol concentration and the fluorescence was recorded. 
The GP value was then calculated using the equation described in 2.3.1 Carboxyfluorescein and laurdan 

fluorescence assays. N=3, ±1SEM. 
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3.2.5 Dynamic light scattering  
 
Dynamic light scattering (DLS) was used to investigate whether butanol ingress into the phospholipid 

portion of the membrane would result in any changes to the diameter of the liposomes models. It was 

predicted that the partitioning of butanol into the membrane would result in liposome swelling due the 

disruptive effect of butanol in regard to interlipid bonding. Understanding more about this mechanism 

may help to provide information for developing strategies to prevent butanol insertion. A similar array 

of membrane compositions to previous assays were also compared to see if there were any differing 

responses to butanol in terms of model diameter. 

 
As DLS work on the Brownian motion of a particle in solution, it is possible that, based on butanol being 

more viscous than water, increasing the butanol concentration could result in artificial data. Therefore, 

initial experiments on 100 nm polystyrene beads (non-butanol reactive were carried out). There was 

found to be some variation in size however this was within the manufacturing error (± 3%) and thus it 

can be concluded that DLS remains a viable method for assaying the diameters of membrane models 

exposed to butanol (Figure 3.12A). A concentration dependent increase in liposome diameter was seen 

in response to butanol for all liposomal compositions (Figure 3.12B-F). This would suggest that butanol 

ingression results in liposomal swelling stemming from butanol’s ability to intercalate within the lipids. 

Additionally, this swelling effect of butanol occurred immediately upon addition of butanol. Because of 

this rapid onset of action, it may have been possible that the increase in diameter seen was an artefact 

of the measuring principles of dynamic light scattering. Since the speed of particles being measured is 

an essential element needed to calculate the diameter of said particles, the viscosity of the solution can 

thus directly impact the calculated diameter. Particles in a more viscous solution (e.g. butanol) will have 

less Brownian motion and will therefore be moving at a slower speed. This will reduce the frequency of 

fluctuations in light scattering. Ultimately, this may result in the false reporting of an increase in particle 

diameter as the concentration of the more viscous solvent is increased. As butanol is more viscous than 

water, increasing the proportion of butanol in these DLS experiments may have resulted in this 
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phenomenon occurring. In order to determine a real effect of butanol on liposome diameter, a negative 

control was utilised (Figure 3.12A). This consisted of 100 nm inert polystyrene standards which are not 

subject to direct butanol-mediated swelling but will be impacted by the viscosity of the solution. It was 

found that up to 50 mg/ml butanol had no significant impact on the measured sizes of these polystyrene 

standards. The use of DLS to investigate the effect of butanol on liposome diameter is therefore not 

influenced by the increasing viscosity of the sample solution at higher butanol levels. 

 
Altering the headgroup composition on the liposomes was found to generally have no effect on the 

swelling caused by butanol, however, showed a significantly different greater increase in size at 25 

mg/ml and 45 mg/ml butanol for 3 POPE: 1 POPG liposomes compared to POPC (Figure 3.12B). The 

addition of a plasmalogen containing species to the 3 POPE: 1 POPG model yielded similar result with, 

on the whole, there being no significant differences between the population except for at 10 mg/ml 

where 6 POPE: 2POPG: 1PE(plasm) liposomes were significantly larger (Figure 3.12C). No significant 

difference was found between DMPC and DSPC containing liposomes at any butanol concentrations, 

with both compositions showing a similar trend of increasing diameter in response to increasing butanol 

concentrations (Figure 3.12E). Altering the geometric isomerism of the double bond in DOPC had some 

effects on the diameter following exposure to 20 mg/ml < butanol. DOPC (Cis) containing liposomes 

were significantly smaller than DOPC (Trans) liposomes at 25, 35, 40, 45 and 55 mg/ml butanol (Figure 

3.11D). Finally, 3 POPE: 1 POPG liposomes with 20% cholesterol (as a replacement for hopanoid species) 

were significantly smaller than 3 POPE: 1 POPG alone at > 20 mg/ml butanol (Figure 3.12F). Ultimately, 

for the majority of alterations made to the liposome models there were few discernible trends found 

relating to a composition that could protect against butanol-mediated swelling. Butanol causes a 

concentration dependent increase in liposome diameter, which could possibly have been an artefact of 

butanol accumulation on the surface of the liposomes. To investigate this further, molecular dynamic 

simulations were carried out to see where butanol interacts within the membrane. 
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Figure 3.12. The normalised diameter of liposome 
models and polystyrene standards in response to 
butanol. (A) 100 nm polystyrene standards. (B) 
Comparison of POPC and 3 POPE: 1 POPG liposomes 
diameter. (C) Comparison of 3 POPE: 1 POPG and 6 
POPE: 2 POPG: 1 POPE (Plasmalogen) liposomes 
diameter. (D) Comparison of 3 POPE: 1 POPG: 4 DOPC 
(Cis) and 3 POPE: 1 POPG: 4 DOPC (Trans) liposomes 
diameter. (E) Comparison of 3 POPE: 1 POPG: 4 
DMPC and 3 POPE: 1 POPG: 4 DSPC liposomes 
diameter. (F) Comparison of 3 POPE: 1 POPG and 3 
POPE: 1 POPG + 20% cholesterol. Liposome size was 
read using dynamic light scattering following 
butanol exposure. Samples were diluted to an ideal 
counter per second as determined by the software 
used.  Diameters were normalised to 0 mg/ml. 
Different Y-axis scales have been used. N=3 ±1SEM.  
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3.2.6 In silico modelling  

 
Coarse-grained modelling using the MARTINI 2 force field was employed predict the spatial location of 

butanol-phospholipid interaction, and to confirm swelling seen with DLS due to butanol insertion and 

not butanol accumulation on the liposome surface. In coarse-grain simulations atoms are grouped 

together to form beads. This reduces the computing power required and enables longer simulations at 

the cost of atomistic resolution. For initial experiments pertaining to obtaining a general understanding 

of the interaction, this lower resolution attempt should suffice. Figure 3.13 shows the progression of 

the simulation from a starting point at 0 ns to the end of the simulation at 200 ns. Butanol was 

represented as a single bead (enlarged red bead) and can be seen in the starting panel (0 ns) to be 

occupying several locations ranging in distance from the phospholipids on both sides of the bilayer. 

Butanol molecules were diffusing freely around the bulk solvent, however once in close proximity to the 

membrane they moved into the headspace region and existed around the phosphate group (orange 

beads). There appeared to be a range of butanol localisations once an interaction had been established, 

from the upper acyl chains to the head group regions of the phospholipids (green beads represent POPG 

and blue beads represent POPE. The headgroup region pertains to the green and blue bead on the outer 

side of the phosphate groups, closer to the bulk solvent). At 1 ns there are 3 butanol beads occupying 

this area and as the simulation progresses to 10 ns and 20 ns it can be seen that an additional 2 butanol 

beads enter into this zone too (one at 10 ns and one at 20 ns). At 100 ns, the mid-point, in the simulation 

a butanol bead is seen to have returned to the bulk solvent, however by the end of the simulation all 

butanol molecules were at the interface between the phospholipids and the bulk solvent. During the 

simulation the interaction appeared to be transient with butanol beads moving in and out of this 

headgroup zone several times throughout the whole simulation. It should be noted that butanol bead 

would remain in the head group for several ns or tens of ns at a time, suggesting the presence of a real 

interaction and not an artefact. Butanol is seen to penetrate to the headgroup region, and not simply 

interact at the interface region. Furthermore, butanol was unable to diffuse through the membrane.  
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 0 ns 1 ns 

10 ns 20 ns 

200 ns 100 ns 

Figure 3.13 Corse-grained molecular dynamic simulation of butanol interacting with a 3 
POPE: 1 POPG membrane. The coloured beads represent groups of atoms (colour, atom 
group;): red, butanol; water, light grey; ions, Dark grey; POPE, Blue; POPG, Lime green; 

PO
4

2-
 group, Orange. The 0 ns panel shows the starting positions. By 20 ns all butanol 

molecules were within the headgroup region, however later in the simulation butanol 
molecules were found within the bulk solvent, suggesting a non-permanent interaction 
with the membrane. Simulations were carried out in GROMACS 5.1.2 with the MARTINI 
2 forcefield. The system was run for 200 ns and visualised using Visual Molecular 
Dynamics (VMD) (University of Illinois).  
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3.2.7 Atomic force microscopy 
 
Atomic force microscopy was employed to give a visual representation of butanol’s interaction with the 

lipid monolayers an extended period. Lipid monolayers are deposited onto a solid support. A cantilever 

then scans across the surface of the membrane providing topological and mechanical information. This 

was carried out to provide more information about the effect of butanol on mechanistic properties i.e. 

strength of the membrane, and also structural information – whether butanol interactions forms 

membrane pores. Butanol at concentrations of 1%, 3% and 6% were used, and due to time constraints 

POPC was the only composition investigated. A fluid POPC monolayer was formed successfully which 

can be seen in Figure 3.14. Upon addition of 1% butanol there was a decrease in bilayer integrity and 

force resistance and subsequent interdigitation denoted by the force curve seen in Figure 3.13. 

Additionally, topological changes in response to butanol are seen after 20 minutes of exposure (Figure 

3.14). There appears to be an increase expansion resulting in swelling which is accompanied by blebbing 

of nanoscale vesicles on the surface of the monolayer. This can be seen in the microscopy images with 

an increase in the amount of white areas of the monolayer, showing an increase in vertical topology i.e. 

the formation of surface vesicles. For later experiments, 3% butanol caused an increase diameter of 

nanoscale pores in the POPC monolayers over time. It is unclear whether pore formation is a mechanism 

through which butanol damage occurs, or whether in this case, butanol has simple exacerbated pores 

already present due to imperfect monolayer deposition onto the support. A higher concentration of 6% 

butanol resulted in a large amount of detachment of the monolayer from the support. Panels 004 and 

005 show the initial force measurements and just after the addition of 1% butanol, respectively. It can 

be seen that there is an intact monolayer has formed. Following 3 minutes of incubation (Panel 017), 

the integrity of the monolayer has decreased due to the ingression of butanol. This is denoted by the 

loss of the shoulder of the blue line, which shows a loss of resistance against the force of the cantilever. 

AFM shows butanol to alter mechanical properties as well as possibly cause membrane pore formation. 

The following experiments pertained to examining butanol’s interaction with membrane proteins to 

complement the large amount of data gathered on the impact on the lipid portion of the membrane.  
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Figure 3.14 Atomic force microscopy force measurements and images of POPC bilayers interacting 
with butanol.  POPC liposomes were deposited on to solid supports forming monolayers. Varying 
amounts of butanol were added and the topological and mechanical properties of the membrane 
were then recorded. The numbers above the force measurements correspond to the AFM 
iterations which can also be seen at the top of the topology images.  

 

004  005 017 

3 mins Inject 1% Butanol Clean POPC  

20 mins 33 mins 
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3.2.8 Membrane protein unfolding assay 
 
Membrane proteins are vital and make up a significant portion of the cell membrane and are thus, at 

least indirectly effected by solvent stress. Despite this, there has been minimal research surrounding 

their interactions with butanol. Firstly, individual mSa variants were expressed in BL21 (DE3) inclusion 

bodies and were denaturation in Gdn-HCl. Following this, both the wt-mSa and d-mSa variants were 

mixed in refolding buffer in a 1 wt-mSa: 3 d-mSa ratio and purified with His-tag nickel chromatography 

of the tetrameric form of mSa. Due to the possibility of the formation of mSa tetramers with different 

variant compositions (i.e. 2 wt-mSa: 2 d-mSa) several different imidazole concentrations were used to 

elute mSa tetramers. Species which contained no wt-mSa variants (and therefore, no His-tag) were 

unable to bind to the column and species with more than one wt-mSa variants (therefore possessing 

multiple His-tags) bound more strongly to the column and thus required more imidazole to elute them. 

Therefore, it was possible to selectively elute the desired 1 wt-mSa: 3 d-mSa tetramer (Figure 3.15A). 

The biotinylation of bR can also be seen in Figure 3.15C, where the presence of bR bound to biotin 

prevents access of the anti-biotin antibody. The effect of butanol on membrane protein structure was 

investigated with a membrane protein stability experiment utilising biotinylated bR reconstituted in a 

1:1 CHAPSO: DMPC bicelle. The absorbance of retinal (bR cofactor) disappears when the bR is unfolded, 

and the addition of mSA to unfolded, doubly biotinylated-bR in the steric trapping method prevents 

refolding. This enables insights into the structural stability of bR in response to butanol exposure. In 

Figure 3.15E, a decrease in absorbance at 560 nm (retinol, folded bR) can be seen over the 16-hour 

incubation period following butanol addition. Furthermore, higher concentrations of butanol result in 

lower absorbances, meaning a greater degree of bR exists in an unfolded state. A similar drop in 

absorbance is seen when butanol is replaced with SDS (Figure 3.14D), perhaps suggesting a commonality 

between the two mechanisms of membrane protein unfolding. It should be noted that some unfolding 

likely occurred before measurement could begin, due to limitations with the methodology. This explains 

the different y-axis intercepts seen in Figure 3.15E for the different butanol concentrations.  
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Figure 3.15. (A) Monovalent streptavidin (mSa) purification gel and Western blot. Several different 
imidazole concentrations were used to elute mSa tetramers. Species which contained no wt-mSa 
variants (and therefore, no His-tag) were unable to bind to the column and species with more 
than one wt-mSa variants (therefore possessing multiple His-tags) bound more strongly to the 
column and thus required more imidazole to elute them. Therefore, it was possible to selectively 
elute the desired 1 wt-mSa: 3 d-mSa tetramer. (B) Anti-His western blot showing labelled mSa 
labelled with bR at a higher MW species. (C) Anti-biotin western blot of bR dilutions and bR-mSa 
mixtures, post overnight incubation together. The lack of a band in lanes 2 and 3 might signify a 
lack of antibody accessibility to biotin residues on the bR following mSa incubation.  
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Figure 3.15. (D) The effect of SDS exposure on bacteriorhodopsin (bR) folding by the steric 
trapping method. (E) The effect of butanol exposure on bacteriorhodopsin (bR) folding by the 
steric trapping method. Steric trapping leads to a loss of retinal absorbance, acting as an 
intrinsic signal of protein conformation. Exposure to either butanol or SDS resulted in 
concentration-dependent unfolding in bR. N1 shown 
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The work carried out in this chapter aims to showcase the important relationship between membrane 

composition and butanol toxicity. Butanol was shown to have a detrimental impact on various 

properties of the membrane integral to its proper functionality. These included an increase in fluidity 

and diameter and an increase in membrane permeability. Further, AFM experiments revealed more 

changes to the membrane including, thinning, a reduction in bilayer integrity, and vesicle formation on 

the surface. These line up with previous reports of toxicity of butanol and other similar solvents. The 

amphipathic nature of butanol enables it to insert into the membrane and disrupt the packing of the 

phospholipids resulting in the above response, supported by in silico coarse-grained modelling. 

Additionally, the modulation of liposome compositions in the in vitro experiments has shown that 

increasing the presence of certain lipid species can lead to a more tolerant phenotype. These often 

pertain to membrane fluidity, and increasing the rigidity of the membrane can act as a prophylactic 

measure to reduce butanol’s fluidising effect. Several compositional characteristics of the lipid 

membrane, such as, head group, chain length and unsaturation have been shown to influence resistance 

to butanol in membrane models. Butanol was found to interfere with the folding of membrane proteins; 

however it remains unclear whether this is due to direct interactions with the protein or indirectly 

through the surrounding lipids. Moreover, a comparison has been drawn between the mechanisms of 

butanol and that of detergents was made, acting in a similar way to disrupt membrane and membrane 

protein models. It is currently unknown as to whether butanol forms ordered supramolecular structures 

(i.e. pores) at the membrane or whether toxicity is based on molecules of butanol acting individually. 

This could further be studies with modified leakage assays. Utilising fluorescent molecules with different 

molecular weight tags would give greater understanding about the extent of butanol’s ability to cause 

intracellular leakage. Using a range of leakage reporters will shed light on the size of the pores formed 

and which types of molecules would be lost from the intracellular environment following butanol 

exposure. 
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Understanding how the lipidome in C. saccharoperbutylacetonicum N 1-4 (HMT) changes throughout 

fermentation following increasing butanol exposure was investigated in the following chapter. This was 

done by collecting biomass from specific times during fermentation denoting key points in Clostridial 

fermentation life cycle. The lipids were then extracted from the fermentation biomass using a modified 

Bligh-Dyer extraction (see Methods 2.4), and the concentration of the resulting organic phase was 

determined using an ammonium ferrothiocyanate assay. The lipids present were then either run on a 

thin later chromatography (TLC) system or was analysed through electron spray ionisation tandem mass 

spectrometry (ESI-MSMS). The relative amounts of specific lipid species could be roughly determined 

across the various time points. These could subsequently be cross-referenced with the in vitro data 

gathered in this chapter. If a specific lipid species is shown to be protective in the in vitro liposome 

assays and is also seen to be upregulated in stages of fermentation with higher concentrations of 

butanol, then it is likely that that particular lipid is of importance in mitigating butanol damage. This 

could then provide good evidence to upregulate the expression of these lipids to see if they have an 

impact on fermentation characteristics and cell survival. 
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4. Characterisation of C. saccharoperbutylacetonicum N 1-4 (HMT) 

lipidome  
 

4.1 Introduction  
 
Based on the previous chapter, it is clear that the lipid composition of the membrane is an important 

factor when considering butanol toxicity. It thus important to investigate how butanol causes changes 

to the lipidome during in vivo fermentation. Assaying the lipids present C. saccharoperbutylacetonicum 

N 1-4 (HMT) during fermentation would therefore further help to determine potentially protective 

phenotypes and could be cross-referenced with findings from the previous chapter. This would help to 

provide greater evidence and rationale for desired compositions which could then be genetically 

engineered in the fermentative strains.  

 
In order to investigate the lipids present in the lipidome two techniques were employed, namely thin 

layer chromatography (TLC) and mass spectrometry.  The relatively recent advances in chromatography 

and mass spectrometry mean that it is now possible to answer fundamental questions regarding lipids 

and their cellular roles, extending also to related lipid compositions (Ivanova et al., 2009). One 

disadvantage is that the current lipids databases used to determine the lipids in a sample are mainly 

geared towards mammalian compositions and may be missing staple lipids present in bacteria (Appala 

et al., 2020). Thus, it can sometimes prove difficult to accurately establish the species found in bacterial 

samples. This highlights the importance of using secondary technique such as TLC. Thin layer 

chromatography is a fast and relatively inexpensive way to determine the lipids present in a sample 

(Fuchs et al., 2011) through comparison with known lipid standards. TLC will be used to provide a semi-

quantitative method to investigate specific lipids of interest and to inform the mass spectrometry data 

analysis. Two sets of lipidomic analysis experiments were run. The first was carried out by Dr. Tony 

Larson (University of York) and contained two C. saccharoperbutylacetonicum samples from a high and 

a low butanol environment. This enables a direct comparison between lipids present in two 

environments of different butanol concentrations. The second set of experiments involved using C. 
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saccharoperbutylacetonicum biomass (provided by Green Biologics, now Biocleave) from several 

different points during fermentation to give a more in-depth view of the lipidome at different stages 

throughout the lifecycle of Clostridia. Understanding which lipids are present in both high and low 

butanol environment shows the natural changes that occur in vivo when exposed to butanol. Together, 

and in conjunction with the TLC data an understanding of the changing lipidome was generated which 

aided in the selection of good targets for engineering. The experimental workflow is summarised in 

Figure 4.1  

 

  

Extract Clostridial biomass 

Thin layer 

chromatograph 

Mass 
spectrometry 

as 
Understand how the 

lipidome changes 

during fermentation 

as Strategies for strain 

engineering  

Figure 4.1. Objectives and experimental workflow for Chapter 4. This Chapter 
of work investigated the lipidome of C. saccharoperbutylacetonicum and 
how this changes over the course of a fermentation and in different butanol 
environments. This was done by extracting the lipids which were 
subsequently analysed with thin layer chromatography and mass 
spectrometry 
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4.2 C. saccharoperbutylacetonicum lipidome analysis in response to butanol  
 

4.2.1 C. saccharoperbutylacetonicum N1-4 fermentation  
 
Fermentations of C. saccharoperbutylacetonicum N1-4 were carried out by Green Biologic (now 

Biocleave) and several time points selected for harvesting biomass. The total lipids from these time 

points were then extracted using the Bligh-Dyer method, and identified using a combination of TLC and 

mass spectrometry. The time point selected are shown in Figure 4.2, along with associated fermentation 

data. The black arrows along the OD600 denote the timepoints, each of which roughly corresponds to 

different part of the cells’ lifecycle: 5 h, end of lag and start of log; 10 h, mid log; 15 h, midpoint of 

fermentation; 23 h beginning of stationary phase growth; 35 h, before death phase. The consumption 

of glucose can be seen with a concurrent increase in OD600 and production of solvents. There is a steady 

increase in butanol concentration throughout the fermentation, which aligns with the increase in OD600, 

and plateaus when the growth of the cells stops. It should be noted that there is no distinct acidogenic 

or solventogenic phase (which can be seen with solvent synthesis occurring concurrently with acid 

synthesis in Figure 4.2) in this particular strain. The increase in butanol seen throughout fermentation 

should also have an impact on the lipids present. This is based on the importance of the lipid membrane 

a site of butanol toxicity, and previous reports of alterations to the membrane composition following 

butanol exposure (see 1.5.1 Changes to lipidome). Following extraction, lipids were analysed to further 

shed light on the response of C. saccharoperbutylacetonicum N1-4 to rising endogenous butanol levels 

in fermentation. 
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4.2.2 Thin layer chromatography of C. saccharoperbutylacetonicum N1-4 extracts 
 
Initial experiments to assay the total lipids present in the C. saccharoperbutylacetonicum N1-4 biomass 

taken from the ABE fermentation timepoints (Figure 4.2) were carried out using thin layer 

chromatography. The first TLC system used a mobile system of 70 Hexane: 30 diethyl ether: 1 acetic 

acid and used a 10% copper sulphate solution (10% CuSO4.5H2O; 8% H3PO4) as the visualisation method 

to reveal neutral lipids. Two standards containing 20 μg (an equal mass to the sample loaded) of oleic 

acid and triacyclglycerol (TAG) were run to allow for identification of these lipids in Clostridial samples. 

It can be seen in Figure 4.3, that lipid species were detected in the Clostridial samples which migrated 

Figure 4.2 Clostridium saccharoperbutylacetonicum N1-4 (HMT) fermentation 
characterisation. The black arrows denote the timepoints where biomass was 
harvested for lipidomic analysis. They were chosen to reflect different points in 
the life cycle of the cells. Timepoints:  5 h, end of lag and start of log; 10 h, mid 
log; 15 h, midpoint of fermentation; 23 h beginning of stationary phase growth; 
35 h, before death phase. 
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to a similar extent to the TAG and oleic acid standards. It is assumed therefore that the bands detected 

in the samples are the same lipids as the standards which have migrated the same (in this case TAG and 

oleic acid). The levels of TAG detected in all samples was much lower than the standard, and there was 

found to be no significant difference or change at any of the timepoints. ImageJ densitometry was used 

to quantitatively compare lipid band intensities. Therefore, the faintness of these bands meant that any 

small differences across the sample could have been missed. This highlights an issue with relying solely 

on TLC for quantitative lipidomic analysis. The levels of oleic acid were much more intense and thus, 

quantitative comparison between time points was easier. Oleic acid levels appeared to increase 

throughout the fermentation and were significantly higher at the 35 h timepoint than when compared 

to the 0 h time point. There were several other bands seen on the plate following visualisation, the 

majority of which are consistently present across the timepoints, however it is unclear what these 

species are. Additionally, a large amount of material was still present at the bottom of the plate where 

the first sample was initially spotted. This likely means that the species present were unable to dissolve 

in the mobile phase and thus remained. Because of this the use of alternative solvent systems was 

explored. The two bands just below the solvent front in the same lanes as the 10 h and 15 h samples 

remain unidentified. 
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Figure 4.3. Copper sulphate developed thin layer chromatography of Clostridium 
saccharoperbutylacetonicum N 1-4 biomass from time points throughout fermentation. Total 
bacterial lipids were extracted using a modified Bligh and Dyer method and quantified using 
the Steward Assay. Equal concentration of lipids were run in 70 Hexane: 30 diethyl ether: 1 
acetic acid and were dipped into a copper sulphate solution (10% CuSO

4
.5H

2
O; 8% H

3
PO

4
). They 

were then baked at 150°C for 10 minutes in an oven. Densitometry analysis was carried out 
using ImageJ. 3 technical repeats of 2 biological repeats were carried out * = p < 0.05. Different 
Y-axis scales have been used. 
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Following this, the same samples were run using an alternative solvent system and visualisation method 

to quantify different lipid species. For assaying POPC, POPG and POPS, 25 chloroform: 15 methanol: 4 

acetic acid: 2 H2O was used as the mobile phase and molybdenum blue was used to visualise the lipids 

(Figure 4.4). The levels of POPC were too low to be determined through densitometry as no clear band 

could be seen at the same migration level as the standard. This is in line with previous works which did 

not detect phosphatidylcholine lipids in a range of Clostridia (Durre, 2005). Both POPS and POPG were 

detected in all sample and the levels of POPG appear to increase steadily through the course of the 

fermentation. This increase is roughly correlated with the increase in butanol concentrations seen in 

Figure 4.2.  The levels of POPG were highest in the later portion of the fermentation and were 

significantly higher at 15 h and 35 h than compared to the start of the fermentation. Levels of POPS 

appear to somewhat mirror growth in the cells, i.e. POPS is at its highest when there would be the 

highest amount of proliferation in the culture. However, there was found to be no significant difference 

at any of the timepoints. Finally, POPE was investigated using the same solvent system as the 

molybdenum blue samples but with ninhydrin being used to visualise the lipids. There was found to be 

no significance differences across the fermentation (Figure 4.5). The changes for the various species 

measured are summarised in Table 4.1. TLC provided a semi quantitative look at how the lipids were of 

the C. saccharoperbutylacetonicum were changing through fermentation. The next experiments were 

used mass spectrometry to corroborate the findings with TLC.  
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Figure 4.4. Molybdenum Blue developed thin layer chromatography of Clostridium 
saccharoperbutylacetonicum N 1-4 biomass from time points throughout fermentation. Total 
bacterial lipids were extracted using a modified Bligh and Dyer method and quantified using the 
Steward Assay. Equal concentration of lipids were run in 25 chloroform: 15 methanol: 4 acetic 
acid: 2 H

2
O and were sprayed with and molybdenum blue spray reagent. The concentrations were 

determined by densitometry analysis was using ImageJ. 3 technical repeats of 2 biological repeats 
were carried out * = p < 0.05. Different Y-axis scales have been used. 
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Figure 4.5 Ninhydrin thin layer developed chromatography of Clostridium 
saccharoperbutylacetonicum N 1-4 biomass from time points throughout fermentation. Total 
bacterial lipids were extracted using a modified Bligh and Dyer method and quantified using the 
Steward Assay. Equal concentration of lipids were run in 25 chloroform: 15 methanol: 4 acetic 
acid: 2 H

2
O and were sprayed with ninhydrin spray reagent. They were then baked at 150°C for 10 

minutes in an oven. Densitometry analysis was carried out using ImageJ. 3 technical repeats of 2 
biological repeats were carried out * = p < 0.05. Different Y-axis scales have been used 
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Change in relative spot intensity to 0 hat time point (hr) 

Lipid species 5 10 15 23 35 

Oleic acid - - - - ↑ 

TAG - - - - - 

POPE - - - - - 

POPG - - ↑ - ↑ 

POPS - - - - - 

  
Table 4.1 Summary of total lipid species changes seen in Clostridium 
saccharoperbutylacetonicum N 1-4 biomass  taken from time points throughout 
fermentation. Band intensity was recorded using ImageJ. ↑ denotes species which 
have significantly higher band intensities at when compared the Seed (0 h time 
point). – denotes no significant differences from the 0 h time point were seen. No 
species were found to significantly decrease. 
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4.2.3 Lipidomic analysis of C. saccharoperbutylacetonicum N1-4 extracts using mass spectrometry to 
support  
 
Because of the various drawbacks and relative simplicity of TLC, mass spectrometry was also carried out 

on Clostridial samples to corroborate and allow for cross-reference. Initial Clostridial lipidomics were 

carried out at the University of York. C. saccharobutylicum (DSM 13864) and C. 

saccharoperbutylacetonium (DSM 2152) samples were extracted with hot isopropanol / hexane 

extraction protocol (HIPA).  C. beijerinckii (NRRL B-591) and C. acetobutylicum (DSM 1732) - sample were 

extracted with standard the Bligh-Dyer method (see Methods 2.4). For optimisation of the extraction 

method E. coli BW251133 was extracted with both extraction methods described above. All extraction 

protocols were tested with fresh and lyophilised starting material. There was found to be little 

difference between the extraction methods used (data not shown). In total in positive ionisation mode 

more than 500 features were detected within the samples (defined as those within reasonable limits 

expected for lipids), of which ~27% could be annotated with LipidBlast. In negative ionisation mode, 

there were ~200 features detected of which ~30% could be annotated with LipidBlast. A summary of 

the lipid classes found in both positive and negative ion modes can be seen in Figure 4.5.  

 
The major lipid class in both E. coli (E.coli data was included as a control) and Clostridia appears to be 

PE containing lipids in positive mode (Figure 4.6). There was found to be a much greater proportion of 

plasmalogen containing PE lipids in the Clostridial sample than compared to the E. coli samples. The 

negative mode showed a small amount of PG in Clostridia and a larger amount in E. coli and also 

mirrored the positive mode with regards to PE lipids. Interestingly the vast majority of lipids in negative 

mode and the majority in positive mode were unknown in Clostridial, meaning they were not present 

in the LipidBlast database. This could be due to these databases focusing more on mammalian 

compositions. Additionally, this may also suggest that Clostridial have vastly different lipid profiles to 

that of E. coli and that there is potentially some novel or unusual lipid species present. This could be a 

possibility when considering that Clostridia are Gram-positive. 
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Positive   (A) Negative  (B) 

Figure 4.6.  Lipid class coverage for several Clostridial species and E. coli annotated using LipidBlast. A 
C30 column was used for positive HESI mode (A) and the same samples were run on a C8 column in 
negative HESI mode (B). Clostridial lipids showed a large amount of unknown lipids. The full species 
names of the sample are :C. saccharobutylicum (DSM 13864); C. saccharoperbutylacetonium (DSM 
2152); C. beijerinckii (NRRL B-591); C. acetobutylicum (DSM 1732). The lipid classes are as follows: 
TG, triacylglycerides; SM, sphingomyelins; PS, phosphatidylserines; PE, phosphatidylethanolamine; 
PG, phosphatidylglycerol;  PC, phosphatidylcholine; PA, phosphatidic acid; MGDG, 
Monogalactosyldiacylglycerol; DG, diacylglycerides; CL, cardiolipin. ‘Plasmenyl-‘ denotes the 
presence of  plasmalogen containing acyl.  
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The following set of lipidomics experiments was carried out on C. saccharoperbutylacetonicum samples 

from a high butanol and a low butanol environment. These environments were generated through the 

use of different carbon sources during fermentation with mannitol for high butanol and galacturonic 

acid for low butanol. When comparing the two different butanol environments, Figure 4.7 shows a large 

reduction in the levels of plasmalogen-containing PE and an increase in the amount of triglycerides and 

the fraction of unknown lipids. In negative mode there is an increase in amount of PG lipids and 

cardiolipin. This data is also represented in Figures 4.8 and 4.9 as is ordered by the most prevalent 

individual lipids and colour coded according to the lipid class. In low butanol the most prevalent lipids 

are plasmalogen containing PE species and PG for positive mode and negative modes, respectively. In 

high butanol the abundance of one specific PG species is much higher which could possibly be in 

response to the increase butanol. Furthermore, there is a cardiolipin species which is also more 

prevalent in high butanol conditions. In positive mode for high butanol concentrations, it can be seen 

that plasmalogen species appear to decrease in proportion to triacylglycerol species. It might be perhaps 

that the levels of triacylglycerols are increased due to their use as an acyl chain storage and butanol 

stress may incur a higher acyl chain turnover in the membrane to ensure homeoviscosity of the 

membrane. An additional point to note is the large number of unknown lipid species which were not 

found in the LipidBlast database. 
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Positive   (A) Negative  (B) 

C. saccharoperbutylacetonium 

Figure 4.7.  Lipid class coverage for several C. saccharoperbutylacetonicum grown in environments with 
different butanol concentrations. Three technical repeats are shown for both high and low butanol. A 
C30 column was used for both positive mode (A), and negative mode (B). The lipid classes are as 
follows: TG, triacylglycerides; SM, sphingomyelins; PS, phosphatidylserines; PE, 
phosphatidylethanolamine; PG, phosphatidylglycerol; PC, phosphatidylcholine; PA, phosphatidic acid; 
MGDG, Monogalactosyldiacylglycerol; DG, diacylglycerides; CL, cardiolipin; CerP, ceramides; CE, sterol. 
‘Plasmenyl-‘denotes the presence of  plasmalogen containing acyl. Lyso lipids contain only one acyl 
chain. Light blue represents unknown lipids species. 
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Figure 4.8. Top 100 most abundant individual lipids ordered by area in positive mode. Different colours denote the class of the lipid in low 
(A) and high (B) butanol conditions. Legend numbers give the number of individual species detected in the top 100. TG, triacylglycerides; 
DG, diacylglycerides; MGDG, Monogalactosyldiacylglycerol; PE, phosphatidylethanolamine; PA, phosphatidic acid; PG, 
phosphatidylglycerol 

‘Plasmenyl-‘denotes the presence of  plasmalogen containing acyl. 
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Figure 4.9. Top 100 most abundant individual lipids ordered by area in negative mode. Different colours denote the class of the 
lipid in low (A) and high (B) butanol conditions. Legend numbers give the number of individual species detected in the top 100. 
CL, cardiolipin; MGDG, Monogalactosyldiacylglycerol; PE, phosphatidylethanolamine; PA, phosphatidic acid; PG, 
phosphatidylglycerol. ‘Plasmenyl-‘denotes the presence of  plasmalogen containing acyl. Different Y-axis scales have been used 
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Some data regarding the fatty acid chains of the lipids can be mined based on database hits and a 

relative abundance was calculated using the following formula: 

 

𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑

𝑎𝑙𝑙 𝑙𝑖𝑝𝑖𝑑 𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠
∗ 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑙𝑖𝑝𝑑 

 

The data need to be treated carefully as fatty acids were not looked for directly and the calculation 

above give a crude measurement for comparability. These data is presented in Figure 4.9 and show 

colour-coded bars comparing high and low butanol concentrations. The positive mode data (Figure 

4.9B) show decreases in cis-17:1,  P-16:0 and P-18:0 in high butanol, whereas there were increases in 

18:1 and 18:2. The may be a slight preference towards longer chained or trans (E) containing isomers in 

negative mode but mostly changes were not as apparent as in positive mode, suggesting that most fatty 

acid changes occurred in the TG and phospholipid classes, which are more amenable to positive mode 

ionization. 
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Figure 4.10.  Fatty acid prevalence scores of all fatty acids in (A) positive and (B) negative mode found in the LipidBlast database. The different 
butanol environments are denoted by different coloured bars. Fatty acids were not measured directly and geometrical isomerisms (Cis/trans) 
are often difficult to determine using the databases. Different Y-axis scales have been used 
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Following the examination of lipids present in the C. saccharoperbutylacetonicum N1-4 biomass time 

points using thin layer chromatography, the same samples were investigated with HPLC-ESI tandem 

mass spectrometry. This was done to verify the quantifications of the TLC experiments and to provide a 

broader overview of the whole lipidome. Due to the lack of standards used in these lipidomic 

experiments, along with some other issues (discussed later), the interpretation of this data is limited 

and should be seen as auxiliary to the TLC and earlier lipidomic experiments. Furthermore, the lack of 

standards means that determining quantifications is difficult, and thus data will be expressed as a 

relative abundance of annotated features. Samples were run in both positive and negative ionisation 

mode, and the data was analysed using Progenesis QI 2.1 (Nonlinear Dynamics) with features annotated 

using the LipidMaps database. Firstly, the data was filtered by m/z error of < 20 ppm, HPLC peak width 

of < 2 minutes and whether any possible identifications could be determined using the LIPID MAPS 

database. Finally, the adducts of these compounds were also refined. Mass charge ratios were assigned 

an identity based on the mass error (ppm), quality of fragmentation data if present, and likelihood of 

the suggested lipid’s existence in Clostridia. From this, 173 compounds were identified for positive 

ionisation mode and 292 compounds were identified for negative ionisation mode. 

 
Firstly, Figure 4.11. shows the relative abundances (%) of each lipid species, and how these change 

across the time points of the fermentation for both positive and negative ionisation mode. Based on the 

negative ionisation mode, the lipidome of these C. saccharoperbutylacetonicum N1-4  samples appears 

to contain mainly ethanolamine species (phosphatidylethanolamine (GPEtn, PE, (PE(O-)) and 

plasmanylethanolamine (PE(P-)), phosphatidylglycerol  (GPGro)), phosphatidic acid (GPA) and 

Monogalactosyldiacylglycerol (MGDG). The positive ionisation mode also shows large relative amounts 

of PE, sugar-containing species (monogalactosyldiacylglycerol and digalactosyldiacylglycerol), and 

diacylglycerol and triacylglycerol. Additionally, a small amount of phosphatidylserine (GPSer) and GPA 

was detected. Regarding the relative changes in these species’ abundances, due the larger error 

significant changes were difficult to determine. However, these data can be used qualitatively and some 
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of it corroborates trends seen in previous mass spectrometry and thin layer chromatography data. 

Relative abundances in the positive ionisation mode appear to remain similar across all time points with 

perhaps being a small increase in the sugar containing lipids and a small decrease in DG levels. In 

negative ionisation mode levels of GPA, GPGro and MGDG appear to increase at the later time points in 

fermentation, whereas ethanolamine containing species appear to decrease across fermentation. This 

increase on phosphatidylglycerol was seen in the previous lipidomics and TLC experiments and a 

reduction in PE species was also seen in the previous lipidomics experiments. The total carbon chain 

length was taken as the sum of carbons in all acyl chains of an annotated species (Figure 4.12). Any 

discernible change in total carbon chain length (of all acyl chains) is difficult to accurately determine. 

Longer chain lengths (> 18 carbons per chain in a diacyl species) appear to be slightly skewed towards 

the later time points, e.g. 36C-42C (sum of both acyl chains) trend towards an increased abundance as 

fermentation progresses. Smaller total chain lengths appear more evenly distributed across time points, 

as can be seen in the positive and negative ionisation modes for 30-35C. Species with even larger total 

carbons (> 50C) are likely to be from TAGs and are thus only seen in positive ionisation mode where TGs 

are more readily detectible. The mass spectrometry data collectively has shown that the lipids found in 

C. saccharoperbutylacetonicum do change throughout fermentation and that these changes can be 

quantified. Certain lipids e.g. PG appear to be enriched in high butanol environments and thus may be 

focal points for membrane-based engineering efforts. 
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Figure 4.11 Abundance of lipid classes throughout Clostridium saccharoperbutylacetonicum N 1-4 
(HMT) fermentation. (A) negative ionisation mode (B) positive ionisation mode. The lipid classes are 
as follows: CerP, ceramides; CL, cardiolipin; DG, diacylglycerides; DGDG, digalactosyldiacylglycerol; 
GPA, phosphatidic acid; GPEth / PE, phosphatidylethanolamine; GPGro, phosphatidylglycerol; 
GPIns, phosphatidylinositol; GPSer, phosphatidylserine; MGDG, monogalactosyldiacylglycerol; PC, 
phosphatidylcholine; PE(O-), plasmenylethanolamine; PE(P-), plasmanylethanolamine; PG, 
phosphatidylglycerol; PS, phosphatidylserines; SM, sphingomyelins; TG, triacylglycerides. Lipids 
were extracted from C. saccharoperbutylacetonicum N 1-4 (HMT) biomass at certain time points 
during fermentation. Samples were run on a TOF-MSMS system. The proportions of each lipid class 
was calculated as a percentage of total abundance of annotated species in the LipidMaps database 
using Progenesis QI v2.1. (Nonlinear Dynamics). 
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Figure 4.12 Total chain length abundance as a percentage of all  annotated acyl chains. (A) negative ionisation mode (B) positive ionisation mode. Lipids were 
extracted from C. saccharoperbutylacetonicum N 1-4 (HMT) biomass at certain time points during fermentation. Samples were run on a TOF-MSMS system. 
The lipids were extracted run on an ESI-MS/MS in negative and positive ionisation mode. Acyl chain abundance was calculated using the abundance of each 
chain length as a proportion of the sum of all abundances for a particular time point.  
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Finally, the unsaturation ratio was calculated and is shown in Figure 4.13 as a relative change (%) from 

the calculated value in the seed. Unsaturated lipids were taken as any species which contained at least 

one unsaturated bond. The intensities of these species were then summed and compared to the 

summed intensities of all species containing no unsaturated bonds. There was found to be no significant 

change in unsaturation seen throughout the time course. It may be the case that more targeted analysis 

of the fatty acids using GC-MS is required in order to discern any changes in the unsaturation between 

samples. 

  

Figure 4.13. The proportion of unsaturated fatty acids over the course of fermentation. (A) 
negative ionisation mode (B) positive ionisation mode. Lipids were extracted from Clostridium 
saccharoperbutylacetonicum N 1-4 (HMT) biomass at certain time points during fermentation. 
The lipids were extracted using a modified Bligh-Dyer extraction and were subsequently run 
on an ESI-MS/MS in negative and positive ionisation mode. The change (%) in unsaturation 
ratio was calculated as a ratio of lipids containing at least one unsaturated bond with fully 
saturated lipids. These values were then normalised to the values for the seed time point. 
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The effect of fermentation on the lipidome of C. saccharoperbutylacetonicum N1-4 (HMT) was 

investigated using thin layer chromatography and lipidomics. Cells were harvested from a low and high 

butanol environment or alternatively were harvested from several milestones during their lifecycle. This 

biomass was then extracted and the relative proportion of the lipids at different butanol concentrations 

were investigated. In summary, some changes were inferred regarding the lipidome. In particular there 

appears to be an increase in some lipid species (PG, CL, sugar-containing lipids, PA) and a decrease in 

other, mainly PE lipids containing plasmalogens. All data in this section support the increase of PG 

suggesting an important role of this species, which has been seen previously in section 3.2.1 Altering 

headgroup composition. Oleic acid (18:1) is also seen to increase in both TLC and mass spectrometry. 

Due to the quality of some of the data it is not possible to draw solid conclusions, and this data should 

be used qualitatively with an aim to inform and support stronger data sets. Interestingly, there was a 

large number of unknown species detected in both TLC and mass spectrometry. This may suggest that 

there are lipids made by the cells which are unusual or have unique adducts which are not seen in the 

LipidMaps database. This may be due to a bias against bacterial lipids in many of the available databases 

due to the majority of past lipidomics work being carried out in mammalian or other eukaryotes (Appala 

et al., 2020). Whilst these lipidomics experiments are a useful starting point, they only provide a semi-

quantitative overview of the lipid species present. Ultimately this could provide valuable information 

regarding the lipidomic response of cells to butanol. More targeted work would be of interest. 
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5. Rational metabolic engineering of C. saccharoperbutylacetonicum N 

1-4 (HMT) and E. coli to increase butanol tolerance and production 
 

5.1 Introduction 
 
The final chapter of this work pertains to efforts made in engineering strains to be more tolerant to 

butanol or to aim to increase the amount of butanol produced. The strategies used here were based on 

the results seen in the previous chapters. Namely the importance of lipid composition in butanol 

mediated membrane toxicity. Efforts were made to engineer strains with a modulated lipid membrane 

composition. This would provide in vivo evidence of the importance of certain lipid species / membrane 

compositions regarding butanol interaction and may also provide a more robust phenotype. 

Additionally, the engineering of membrane proteins was investigated. Designing membranes to have an 

exact, specific composition of lipids is very challenging with current technologies, owing to the 

dynamicity of the membrane (Bell, 1984). Some advances in membrane engineering are discussed in 

more depth previously in 1.6.4 Targeted engineering of lipid species. It is likely that only overarching 

changes to the membrane properties can be made. Whilst this may in fact prove sufficient, specific 

changes to the membrane can be achieved through modulation of specific proteins within the 

membrane, or those which lead to an altered lipid composition of the membrane. Both protein and lipid 

routes have breadth of opportunity can be exploited in engineering to achieve the desired goals. For 

example with membrane protein engineering involve investigating possible transporters such as TtgB 

(Basler et al., 2018) or AcrB (Fisher et al., 2014) and other proteins which could be related to butanol 

toxicity. If successful, these alterations to the various cellular aspects will enable the solventogenic 

Clostridia to tolerate a higher concentration of butanol. This in turn will reduce the cost of post-

fermentation product purification and downstream processing per unit of butanol. Based on the 

reduction in these costs, the entire process of utilising bacterial cell factories to produce butanol via 

ABE fermentation will become more economically competitive with convention fossil fuel method, thus 

may be a route to elevating reliance on unsustainable practices. 
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This chapter represents the culmination and application of the findings in the previous chapters. A 

deeper understanding of butanol toxicity and the impact on the lipidome in vivo has enabled the 

generation of some target genes for genetic engineering efforts. These alterations were carried out 

using a CRISPR-Cas based system called CLEAVE™ and in each case, were overexpressed or knocked out. 

This will give a two-tailed understanding of the effects of these genes and their products on the 

fermenting cells. The experimental work flow is summaries in Figure 5.1 

 
Initially, the pssA knockout construct (PssA-HR) was designed based on the method describes in 

Methods 2.10 CLEAVE™: Genome editing of Clostridium saccharoperbutylacetonicum N1-4 (HMT). This 

essentially involved the creation of a truncated version of pssA flanked either side by 1,000 bp homology 

regions which were taken from the regions adjacent to pssA in the C. saccharoperbutylacetonicum N1-

4 (HMT) genome. Following this, an appropriate spacer was selected which represents the cleavage site 

for the CRISPR/ Cas system. This spacer was then subcloned into the targeting vector, S3V9, to test its 

efficiency again WT C. saccharoperbutylacetonicum N1-4 (HMT). The remainder of the work to produce 

ΔPssA was kindly completed by scientists at Biocleave due to the COVID-19 pandemic and resulting lack 

as 

Rational design, 
construct design, 

CLEAVE™ 

as 
Trial fermentation, 

Strain 
characterisation 

In vitro data In vivo data 

More tolerant strain, 
Higher butanol yield 

Figure 5.1. Objectives and experimental 
workflow for Chapter 5. This Chapter of 
work involved the generation of 
genetically engineered C. 
saccharoperbutylacetonicum strains 
using CRISPR-based technology 
CLEAVE™. Targets were chosen based on 
the results from Chapters 3 and 4. The 
resulting strains were characterised with 
a small bottle screen.  
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of laboratory access. This involved transforming C. saccharoperbutylacetonicum N1-4 (HMT) with PssA-

HR and then transforming with S3V9-spacer construct to produce a ΔPssA strain. For overexpression, 

both pssA and ttgB were cloned into expression vector pMTL82151 and transformed into C. 

saccharoperbutylacetonicum N1-4 (HMT). The fermentation characteristics of these strains was 

investigated using a small bottle screening from which OD600 and pH were assessed. Further 

characterisation using HPLC has been delayed due to the COVID-19 pandemic. The Clostridial glpF gene 

was amplified from genomic DNA, cloned into pET17b and transformed into E. coli (BL21). The effects 

of GlpF expression on exogenous butanol was then investigated using growth assays with several 

different stressors.  
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5.2 Generation of CLEAVE™ constructs and testing their effect on growth in Clostridium 
saccharoperbutylacetonicum N1-4 (HMT) 
 

5.2.1 PssA Knock out (ΔPssA) construct design 
 
Herein, knockouts and overexpression constructs with have the prefixes, ‘Δ’ and ‘+’, respectively. The 

sequence for PssA was obtained from Uniprot (https://www.uniprot.org/uniprot/M1N653) and NCBI 

Reference Sequence: WP_015395195.1. For the generation of the HRs for the homologous 

recombination of the ΔPssA, the Clostridium saccharoperbutylacetonicum N1-4 (HMT), complete 

genome (CP004121.1) (ENA Browser) was used. The Clostridial gene pssA is located at 1,970,881 – 

1,971,402 and the homology regions chosen were as follows: Homology arm 1: 1,969,881 – 1,970,881, 

Homology arm 2: 1,971,478 – 1,972,478. This is summarised in Figure 5.2, and the sequences were 

synthesised by GeneArt synthesis (Thermo Fisher). The proposed spacer sequences are shown within 

the PssA sequence in Figure 5.3. Following synthesis, the spacer sequence was subcloned into the 

targeting vector (S3V9) (Figure 5.4) using XhoI and ZraI. The band at 106 bp in lane 2 contains the spacer, 

direct repeats and restriction sites together.  

 

  

https://www.uniprot.org/uniprot/M1N653
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Homology arm 1: 1969881 - 1970881 

Homology arm 2: 1971478 – 1972478  

   

tcttcaccatctacagcctctagcacattgtagccttcactttccaataaaactttaactat

ttctcttatctcgtcattatcatccgcaattaaaatattcctcatagtacttattggccacc

tccatttgttattagtatataacgctgtattgtttaaatctacattatttaagatgacttaa

gaattcttaagatttagtatatgtagattttaagatgttgtagataaacttttaattattag

attacaaacaagaaaggaaaaaattatggatagagcaaaaaaactattaataggaaaaatat

tattggcaatattaggtgggatagctattacgttaactattaagtatttaccatatattctt

gaaataacaacatcccttgataagtttagggattatataatttctacagggaggtttggttc

atttttatttatattctttcaaatattacaaaccgtgattgcaccaattccaggtgaagtga

ttcaagttgctggtggatacatatatggagttcctcttgggctaatttataccacattagga

cttatgattggtgggattatagctttttatttcacaagattaataggagcttcctttataga

aaaactgattaaaaagaaaaaatccaactggcttttggatattatgaatagtaaaaagttta

cagttatattatttgtattttttattatacctggttttccaaaagactttttaatatatgta

gcagggttaactccaataaagccattaaaattctttggaattttacttataagtagatttcc

atggctattagcttccgtaggaataggatctaatattcattatggaaattatatgtcaacaa

tagtaatttcacttatagctttaatagcatttgtattagggataatttataaggataagctt

ataagtaagttttcccaaggtaatcaagttaatgaacagatgtagttaagtaagtaaaagga

gtcgaggcatgcttgcttatcttatgatagcaaaatttaagttgaaaaagatttgatctggt

gaataagcaaggcttgaataaatgttatcagccacagaggaggaattttaatatggaagtaa

aaaaagatgagttttggaaaaatgtaataagaactgttatagaatttatggttatagcttta

ataatttatcttattaaagatttgtttaatctaattatttttacattcttattttcttattt

actatataatttgcaaaaatatatagtaagaaaaacgcgcttgccaagaaccttagtaacga

ttgttttatatattattatttttggattaataatattttttgcgtgtaggtatattcctgaa

attataagagaaattcaaatcatatatgaagagctatggaaaataaatgtacctgataattg

gaaaggatatatagatatcttaaggaagcagattgatatatcaaaatcttatgatacgctta

tgaatactttgatagttactggcaaaagcttagtacagggaagtgctaatttatttatttca

ttaatattaagtatgctttttatcttagatatagaaagaataaaaaaatttataagcaaatt

taaaacgagtaaagcatcaagactttacaatcgtcttgagtattttggattaaatttcttaa

attcctttggaaaagtaatacaagctcaatttttaatagcattagtaaattctattctttct

accatagctttatggattatgggatttccacaattaataggtctaggctttatgatatttgt

gctaagttttataccggtggttggagttataatatctttaataccactttgtttaatagcat

tcaatgttggcggtgtaattaaagtaatatccgttattataatgattgctttattacatggg

ttagaaagttatatattaaatccaaagttaatgtccgataaaacatcattgccagtattctt

tatatttataatattagttttgggagaacaatttatgggaacatggggattattgttgggaa

ta  

 

Figure 5.2. Generation of the PssA knockout (ΔPssA) construct for genome integration. The 
knockout contained the Met start codon and codons for the last 15 amino acids (including the 
stop codon). Green coloured sequence is homology arm 1 and pink coloured sequence is 
homology arm 2. Black and bold sequence is the truncated PssA gene which no longer carries the 
PAM-spacer sequences (see Figure 5.2). Homologous recombination will occur with the genome 
directed by the homology arms which will results in the replacement of the native PssA sequence 
with the above truncated sequence.  
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atgttaaaaaaatatataccaaatatattaacatttatgaatttatcgtttggaattctttc

aataattgaagtttttaataaaaattttagtagaggagctttatttataattgctgctgcgt

taatagatagatatgatggcagaattgcaagatattttaaggtatccagtgaaataggaaaa

gaactagattctttagcagatttaatttcctttggagttgcaccggctatattaatattttc

taaatatatttttggttttcaggcgtttggcgtgattggaattatttcagcacaagcttata

ttatatgtggttgttacagattagcaaaatataatgttagtgaatttaatggaactttcaca

ggaattccaataactattgcaggtttaattctagcattattttcgttatttgtacctaaaaa

taacgtatttgtaataatactatcagttattttaatgagcgttcttgcttatcttatgatag

caaaatttaagttgaaaaagatttga 

 

Proposed spacers: 

 

ccaaatatattaacatttatgaatttatcgtttggaatt 

ccagtgaaataggaaaagaactagattctttagcagatt * 

ccggctatattaatattttctaaatatatttttggtttt 

ccaataactattgcaggtttaattctagcattattttcg 

cctaaaaataacgtatttgtaataatactatcagttatt 

 

Figure 5.3. Generation of the PssA knockout spacer sequences for CLEAVE™. Above is the pssA 
sequence with several proposes spacer sequences within it. The spacer sequence is a ~40 
nucleotide long sequences (which are represented as the underlined sequences) flanked 
upstream by a protospacer adjacent motif (PAM) (shown in red) with a CCN sequence. The final 
45 nucleotides (blue) are the same sequence as the truncated pssA in the PssA-HR construct. 
Therefore, the spacers cannot be selected from this area as the CRISPR-Cas system will produce 
a ds cut at the site of the chosen spacer (which must only be present in the WT and not the 
knockout). As such it will only produce these ds breaks in WT cells which do not contain the 
truncated gene. The chosen spacer is denoted by a ‘*’. 
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5.2.2 CLEAVE™ construct diagnostics and subcloning  
 
Diagnostic colony PCR was carried out on E. coli colonies transformed with the spacer containing 

targeting vector (Figure 5.5). An expected PCR product of ~700 bp was expected for positive colonies. 

Colonies 1 and 9 were then sent for sequencing. Colony PCR was then done to confirm The efficiency of 

the spacer was also tested on WT Clostridium saccharoperbutylacetonicum N1-4 (HMT). This was done 

by transforming N1-4 with the targeting vector with the spacer in it and counting the number of colonies 

present after 48 h. There was found to be no colonies on the plate transformed with the above PssA 

spacer sequence suggesting 100 % efficiency.  Due to the advent of the COVID-19 pandemic, the 

progression of these experiments was halted. Biocleave have kindly completed the remainder of the 

work in making the ΔPssA. This involved subculturing the N1-4 cells transformed with PssA-HR for 

several days and following this transforming these cells with S3V9-spacer to kill any cells which had not 

undergone homologous recombination, and thus those which did not contain the deletion. These strains 

Figure 5.4. Restriction digest of the PssA spacer synthesised by GeneArt, and the 
targeting vector S3V9. The PssA spacer is in the plasmid pMA-RQ, a standard 
backbone used by GeneArt. Both were digested with XhoI and ZraI. The product of 
106 bp is the pssa spacer (spc), direct repeats (dr), restriction sites. The ladder (L) 
used was Generule plus 1 kb (SM1331) (Thermo Fisher Scientific). 

L 
L 

PssA spacer 
Targeting 

vector (S3V9)  

106 bp 

(spc+dr) 

75 bp 

1.5 kb 

0.5 kb 
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were then sent to Aston in February 2021 where a small-scale bottle screening was carried out in order 

to characterise the fermentation of these strains.  

 

5.2.3 TtgB construct cloning 
 
The sequence for P. putida TtgB was taken from Uniprot (https://www.uniprot.org/uniprot/O52248). 

Similar protein sequences in Clostridia were searched for using protein blast (Figure 5.6) in the organism 

Clostridium saccharoperbutylacetonicum N1-4 (taxid:931276). The top result, with the highest score was 

chosen (WP_015394794.1) and was synthesised by GeneArt (Thermo Fisher). For quality assurance, the 

resulting synthesised DNA was investigated using BLAST and had 100 % identity with WP_015394794.1. 

Both TtgB and PssA were subcloned into the pMTL82151 expression vector, which was then 

transformed into C. saccharoperbutylacetonicum N1-4 at Biocleave. Following electroporation of the 

constructs, a diagnostic colony PCR (Figure 5.7) was run on several colonies to check successful 

transformation of pMTL81251 vectors containing either PssA or TtgB sequences for overexpression, or 

the PssA-HR sequence for genome integration. Positive colonies had a band at 550 bp + insert (bp) which 

translates to ~3.5 kb for TtgB (Figure 5.7A), ~1 kb for PssA (Figure 5.7B) and ~2.5 kb for PssA-HR (Figure 

500 bp 

Spacer +ve Spacer +ve 

Figure 5.5. Colony PCR of E. coli colonies transformed with the targeting 
vector S3V9 containing the PssA spacer. Positive colonies were expected 
to produce products at a size of ~700 bp.   

https://www.uniprot.org/uniprot/O52248
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5.6C). Glycerol stocks were made of positive colonies and were sent along with the above ΔPssA stock 

to Aston for the small bottle fermentation screen.  

  

Figure 5.6. TtgB sequence Protein BLAST output. P. putida TtgB amino acid (UniProtKB - 

O52248) sequence was investigated using protein blast (search organism: Clostridium 

saccharoperbutylacetonicum N1-4 (taxid:931276). The top result was chosen as a target for 

overexpression in fermenting strains.  
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L 1.1    1.2     1.3     1.4    1.5    1.6    1.7    1.8    1.9    1.10    

L    2.7  2.8  2.9 2.10  +    

1.5 kb 

5.0 kb 

0.5 kb 

TtgB 

1.5 kb 

5.0 kb 

0.5 kb PssA 

6.1  6.2   5.7   5.10   +    L 

1.5 kb 

5.0 kb 

0.5 kb 

PssA-

HR 

(A) 

(B) (C) 

Figure 5.7. Colony PCR of Clostridium saccharoperbutylacetonicum N1-4 colonies 
transformed with the expression vector pMTL82151 containing either (A) TtgB (1.X) at ~3.5 
kb in lanes 1.1-1.8 and 1.10.  (B) PssA (2.X) at ~1 kb in lanes 2.7-2.10 (colonies 2.1-2.6 were 
positive, data not shown). (C) PssA-HR (5.X) at ~2.5 kb in lanes 6.1-5.10 (PssA-HR was found 
in all other colonies, data not shown). Empty pMTL82151 was used as a positive control. 
Positive colonies were expected to produce products at a size of 550 bp + insert bp. Primers: 
MH202, MH203 The ladder (L) used was Generuler plus 1 kb (SM1331) (Thermo Fisher 
Scientific). 
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5.2.4 Strain characterisation  
 
A small bottle screen was carried out on the above strains (+PssA and ΔPssA and +TtgB). This was done 

to understand the effects of these modification on the production of and tolerance to butanol in 

industrially relevant strains. Following overnight incubation and inoculation in fresh media, the OD600 

and pH of cells was recorded at 0 h, 6 h, 24 h and 48 h.  All strains were checked using microscopy and 

qualitative motility as a crude measurement of viability (to be cross reference later with OD600 

measurements). Generally, cells appeared healthy and motile, with the ΔPssA perhaps appearing less 

motile visibly. At 24 h +TtgB appear more motile than +PssA, ΔPssA showed little to no movement. By 

48 h there was no movement seen in any of the mutants or WT. 

 
The changes in pH over the course of fermentation is shown in Figure 5.8B. The pH of all fermentations 

decreases significantly in the first 6 hours of fermentation indicating the production of acids in 

fermentation. Due to the limits of the timepoints it is unclear at what point the pH is lowest. The pH 

appears to plateau or slightly increase over the rest of the fermentation. This may indicate a shift to 

solventogenesis, and the plateau may be due to an overlap of the two growth phases. 

 
The OD600 of the different stains is shown in Figure 5.8A. In general, all strains grew until 24 h after which 

growth plateaued or was much slower. +TtgB strain had a significantly higher OD600 at 6 h than the WT. 

At 24 h, +TtgB also had a higher OD600 value than the WT however, this was not significantly different. 

+PssA showed a very similar growth pattern to the WT strain, with no significant difference in OD600 

seen at any point during the fermentation. By 6 h ΔPssA had a similar OD600 when compared with the 

other strains, however lagged in growth by 24 h where it completely plateaued. This may be due to a 

loss of cell viability, which is also reflected in the pH of the ΔPssA culture being lower than the other 

strains by 24 h and 48 h. The lower pH would indicate there being fewer viable cells capable of utilising 

the acids as substrate in solventogenesis, hence a more acidic environment would exist. No significant 

difference was seen in final OD600 between the strains WT, +PssA and +TtgB by 48 h, being 11.29, 12.91 

and 12.31, respectively. By 48 h, the final OD600 of ΔPssA remained significantly lower than all other 
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strains at 3.70. This data shows that the recombinant strains grow in a similar way to WT, with the 

exception of ΔPssA which appeared to significantly reduce viability. +TtgB had higher OD600 values at all 

time points after 0 h, however these were not significant. Further fermentation characterisation, in 

terms of substrate consumption and analyte production needs to be carried out on these strains to 

further understand their effect. 
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Figure 5.8. Optical density and pH of engineered Clostridium 
saccharoperbutylacetonicum N1-4 (HMT) strains during the small bottle screen. 
Overexpressing TtgB (+TtgB) and PssA (+PssA) or with PssA knocked out (ΔPssA). These 
modifications were carried out using CLEAVE™ (Biocleave). Broth samples were taken 
at 6 h, 24 h and 48 h where the OD

600
, (OD

600 is on a Log10 scale) external pH and 

fermentation analytes were measured.  
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5.2.5 GlpF cloning and expression 
 
Based on previous reports in the literature of GlpF upregulation during ABE fermentation, some 

preliminary investigations into were undertaken. The GlpF gene was amplified by PCR using the primers 

in Table 1. Figure 5.9 shows the pTZ19R-GlpF construct digested with restriction enzymes HindIII and 

BamHI. The cut plasmid can be seen at ~3000 bp and the presence of the GlpF insert is confirmed by 

the drop out band at 746 bp. GlpF was then cloned into pET17B, the vector used for subsequent 

expression. The presence of GlpF in the pET17B-GlpF was confirmed through the use of a diagnostic 

restriction digest (Figure 5.9). In lanes 2, 5 and 8 constructs were digested with NdeI only; in lanes 3, 6 

and 9 constructs were digested with HindIII only and in lanes 4, 7 and 10 constructs were digested with 

both NdeI and HindIII. For plasmid cut with only a single restriction enzyme, there is a band at ~4 kb 

indicating the presence of linearised pET17B-GlpF. Conversely, for the sample cut with both enzymes 

there is a plasmid band at ~3.3 kb, lower than when cut with either of the restriction enzymes 

individually. Additionally, GlpF can be seen in these lanes at 746 bp. GlpF was overexpressed using 1 

mM ITPG, and expression was confirmed with a Western Blot analysis (Figure 5.9). GlpF was extracted 

from the membrane pellet of the cells using SMA2000 polymer which cut out sections of the membrane 

~10 nm in diameter.  
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Figure 5.9. (A) GlpF KOD PCR. GlpF was amplified 
with KOD PCR (primers in table 1). (B) pTZ19R 
and GlpF Restriction digest.  pTZ19R-GlpF 
construct was digested with restriction enzymes 
HindIII and BamHI yielding a GlpF band at 746bp. 
(C) Diagnostic restriction digest of pET17B-GlpF. 
Constructs were digested with either NdeI (lanes 
2, 5 and 7) , HindIII (lanes 3, 6 and 8) or a 
combination of them both (lanes 4, 6 and 9) to 
confirm GlpF presence. Quick-Load® 1 kb DNA 
Ladder (NEB) was used in lane 1 for all gels. (D) 
Western blot of GlpF purified by SMA2000. An 
Anti-His primary conjugate antibody (Qiagen) 
were used to confirm GlpF expression in the 
membrane. 
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The effect of GlpF overexpression on cell growth in exogenous butanol was investigated by measuring 

the optical density at 600 nm over several hours. Figure 5.10A shows the OD600 of GlpF over expressing 

BL21 E. coli cells (+GlpF) compared to the WT control with an empty vector (pET17b). It can be seen that 

cells overexpressing GlpF had a significantly higher OD600 at 2 h and 4 hthat the WT for both 0 mg/ml 

and 5 mg/ml exogenous butanol. Whilst the OD600 of +GlpF cells remained higher that WT, there was no 

significant difference between the time points. Hence there appears to be some benefit to growth when 

overexpressing GlpF, however it is unclear if this is specific to butanol stress, or whether it has a more 

general benefit. Other stressors were also tested (Figure 5.10B). Increasing levels of sodium chloride 

Figure 5.10. Effect of GlpF overexpression in the presence of (A) 5 mg/ml exogenous 
butanol and (B) Ethanol and NaCl. Overnight cultures were diluted to an OD

600
 of 0.1 after 

which butanol was spiked in. E. coli strains BL21(DE3) and plasmid pET17b were used. 
Neither WT (pET17b) nor +GlpF were able to grow in 20 mg/ml exogenous butanol (data 
not shown). OD

600 is on a Log10 scale. Different Y-axis scales have been used. 
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were investigated to see whether the effects of GlpF were related to the osmotic stress, as GlpF 

facilitates water flux. Additionally, the effect of GlpF on ethanol tolerance was carried out to determine 

whether the GlpF-mediated increase in OD600 was a specific to butanol exposure, or whether it could be 

applied to other alcohols. The expression of GlpF had no significant bearing on the OD600 after 30 hours 

in response to 20 mg /ml ethanol or 25 mg /ml NaCl.  

 
To summarise several targets were chosen for the attempted engineering and modification of ABE 

fermentations. Firstly, in Clostridium saccharoperbutylacetonicum N1-4 (HMT), PssA and TtgB which are 

proteins involved in lipid biosynthesis and the inner membrane portion of an AcrB-like transporter, 

respectively. These were either overexpressed of knocked out forming the following mutants: 

overexpression, +TtgB and +PssA; knockout, ΔPssA. This modification was carried out using CLEAVE™. 

The overexpression strains showed no significant difference in OD600 across fermentation when 

compared with the WT. The +TtgB strain did have a higher growth rate and a higher optical density at 

all points in fermentation, however this was not significant. The knockout ΔPssA had a significantly lower 

OD600 later in the fermentation and also had a lower pH at these time points too. The aquaglyceroporin, 

GlpF was also investigated. GlpF was successfully cloned into an expression vector and overexpressed 

in E. coli BL21. This led to a significant growth advantage early in growth when exposed to exogenous 

butanol but not to NaCl or ethanol.  
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6. Clostridium saccharoperbutylacetonicum N1-4 (HMT) TtgB homology 

model 
 

6.1 Introduction 
 
Following work of the previous Chapter, there were plans to investigate the mechanism of the putative 

transporter TtgB, through the use of proteoliposomes and planar lipid bilayers. Ultimately this was not 

possible due to the COVID-19 pandemic preventing laboratory access. Hence, the workflow was shifted 

to the generation of an in silico model of TtgB. There currently exists no structure produced for the 

Clostridial protein TtgB and no structure in P. putida. Based on a recent paper by Basler and colleagues 

(2018), it may be the case that TtgB plays an important role in the tolerance of some bacteria to butanol 

production. The efflux pump, TtgB was found to be the first native efflux system to transport butanol 

across the cell membrane. Other engineered systems have been developed in the past (see introduction 

1.6.5 Efflux systems), but the wild type proteins used in those studies appeared to show no ability to 

transport butanol across the membrane. Having a 3D structure of TtgB is an important step in 

determining specific interactions which may drive butanol to be a substrate for the TtgB and no for 

other similar systems. This could provide information which could be used to produce and engineer 

proteins which can move butanol across membranes, enabling fermenting cells to reduce intracellular 

butanol concentrations. The previous bioinformatic data shows us that a homolog of the P. putida TtgB 

exists in C. saccharoperbutylacetonicum, and a homology model can be generated to produce a putative 

3D structure. The model produced can be used in further molecular dynamic simulations to elucidate 

whether butanol is a substrate and whether it can enable the translocation of butanol molecules across 

the membrane.  
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6.2 TtgB homology model 
 
Two strategies were taken for making the homology model. Initially, the protein sequence for P. putida 

TtgB was taken from UniProt (UniProtKB - O52248). The sequence for this protein in C. 

saccharoperbutylacetonicum N 1-4 was then searched for using BLAST (NIH) and a sequence 98% 

coverage, a percent identity of 27.41% and an e-value of 2 x 10-53 was found (WP_015394794.1). 

Following this, the amino acid sequence was aligned to templates from BLAST and HHblits using SWISS-

MODEL (Bienert et al., 2017; Waterhouse et al., 2018), and a list of possible models was generated. The 

models were chose based on some output criteria, namely the GMQE and QMEAN scores. The GMQE 

is a global estimate of quality from 0-1 with values closer to 1 being more reliable models with a higher 

degree of accuracy. The QMEAN score gives an estimate of how comparable the model is to 

experimental data (Benkert et al., 2011) with scores closer to 0 implying agreement between the model 

and experimental data of similar sized proteins. 

 
Initially, the top four templates produced from SWISS-MODEL were chosen to make the TtgB model 

structure from the Clostridial amino acid sequence. The first model (shown in Figure 6.2A) was aligned 

against a crystal structure of the trimeric AcrB in complex with a designed ankyrin-repeat protein 

(DARPin) inhibitor (Sennhauser et al., 2006). The second model used a aligned against a cryo-EM 

structure of A. baumannii AdeB multidrug efflux pump (SMTL ID : 60ws.1) (Su et al., 2019). The third 

model used an X-ray diffraction model of AcrB (SMTL ID : 1t9t.1) (Yu et al., 2005). The fourth model used 

and cryo-EM structure of SMALP-solubilised AcrB and generated a monomeric structure (SMTL ID : 

6z12.1) (Johnson et al., 2020), with the previous three models being in a trimeric state. The GMQE 

scores for each of the four models were: 0.68, 0.66, 0.57 and 0.53, and the QMEAN scores were -2.59, 

-3.36, -5.67 and -4.00, respectively. Based on these scores obtained from the initial alignments using 

the amino acid sequence of the Clostridial TtgB, the first model appears the best choice. A second 

approach was taken to try and generate a better model. 
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The second method started involved generating a homology model of the P. putida TtgB (UniProtKB - 

O52248) using SWISS-MODEL, which was then used to align the Clostridial amino acid sequence and 

generate a model of the Clostridial TtgB. This was done to allow for better comparison between TtgB 

from P. putida and TtgB from Clostridia. The P. putida TtgB model was aligned to two different templates 

depending on the oligomerisation state. The monomeric form was aligned to a structure of AcrB (SMTL 

ID : 4dx6.1) (Eicher et al., 2012) with a sequence coverage of 66.09% and a GMQE and QMEAN score of 

0.79 and -1.43 respectively. To check for overall structural similarity at this stage, the monomer made 

from the P. putida alignment was then spatially aligned in PyMOL to the initial TtgB monomer model 

made using the Clostridial sequence alignment. There appears to be a high degree of similarity between 

their structures (Figure 6.1).The trimeric model was aligned to MexB (SMTL ID : 3w9i.1 -2) (Nakashima 

et al., 2013) with a sequence identity of 78.33% and a GMQE and QMEAN score of 0.77 and -1.54, 

respectively. 
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  C. Saccharoperbutylacetonicum 

model (blue) 

P. putida  

model (orange) 

Figure 6.1 Structural alignments of the two TtgB homology model monomers, from P. putida 
and C. saccharoperbutylacetonicum  generated using SWISSPlot. The left  model is 
generated by aligning the P. putida amino acid sequence and is represented by the orange 
cartoon. The right model is the first model generated from aligning the C. 
saccharoperbutylacetonicum amino acid sequence (derived from ntBLAST) and is 
represented by the dark blue cartoon. The individual monomers are also shown side by 
side and are coloured according to secondary structure: light blue, α-barrel; red, β-sheets; 
pink, loops. 
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Following this, the coordinate file of the monomeric P. putida homologue was then used as a template 

to align the Clostridial TtgB amino acid sequence to. This had only a 26.44% sequence identity and 

generated a TtgB model with a 0.64 GMQE and a -2.66 QMEAN, suggesting that this is an acceptable 

model to use for alignment, however it was not possible to generate a homotrimeric model. It is unclear 

as to whether this method provides a more accurate representation of Clostridial TtgB when compared 

to the first model which used a different protein as a template. Using a homologous protein from P. 

putida as a template should provide a better-quality model, however due to the absence of an 

experimental TtgB structure it was necessary to generate one. This extra step provided a model of 

Clostridial TtgB with better GMQE and QMEAN scores than the first four models suggesting that this 

may be a more accurate model, however this may be due to the oligomeric state being a monomer. 

Furthermore, this method could theoretically carry over any error in the modelling of this initial P. putida 

TtgB model to the Clostridial TtgB model. The relatively high alignment and accuracy when using the 

initial P. putida model as template does not necessarily mean that the Clostridial model generated is 

accurate. Hence it is important to use experimental structural data whenever possible. Additionally, the 

functionality of this model will be assayed in molecular dynamic simulations. The initial model was 

determined to be more suitable for use in the later simulations due to the lower GMQE and QMEAN 

scores, and it being present as in a tetrameric state which is more similar to the predicted oligomeric 

state in vivo. Other similar systems, such as AcrB are present in the membrane as tetramers (Seeger et 

al., 2006) and thus it is likely that TtgB also exists as a trimer. 

 
Following this the initial trimeric model underwent analysis by QMEANBrane (Studer et al., 2014), 

another set of statistical potentials which informs local quality of membrane protein models in their 

natural oligomeric state (Figure 6.2C).  Initially a solvation model is applied to the model to identify 

transmembrane regions and then statistical potentials are applied to different regions of the protein 

This model was also found to be within the range of membrane insertion energies accepted for a 

membrane protein with the majority of residues scoring > 0.6 for local quality score. The highest quality 
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regions, i.e. those which mostly agree with the template appear to be the transmembrane helices and 

the lowest quality regions appear to be the end of the helical regions and some of the loop structures, 

particularly the loops of the intracellular region (potentially due to a role in substrate recruitment). 

Regions with low quality estimate values mean that the modelling engine used could not accurately rely 

on the template when building these regions of the model and thus, may be more unreliable. The 

QMEANBrane score is calculated based on statistical potential terms pertaining to: all-atom 

interactions, Cβ Interaction, solvation and torsion (see Studer et al., 2014). This chosen model showed 

a 26.71% sequence identity and a 98% coverage with the template, AcrB. There were regions which 

showed a particularly low alignment with the template, including the loops at the top of the 

transmembrane helices and areas around the central pore.  
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Figure 6.2. C. saccharoperbutylacetonicum TtgB homology model and QMEANBrane 
analysis (A) C. saccharoperbutylacetonicum TtgB made using SWISSPlot and aligned 
against a crystal structure of the trimeric AcrB in complex with a designed ankyrin-repeat 
protein (DARPin) inhibitor (Sennhauser et al., 2006) visalised in PyMOL. (B) A 
representative alignment of one of the three monomers and a graph showing the local 
quality for each residue (Chain A, red line; Chain B, blue line; Chain C, green line). Regions 
with low quality estimate values mean that the modelling engine used could not 
accurately rely on the template when building these regions of the model. This results in 
a drop in local quality for these regions. (C)  The QMEANBrane structure showing the 
protein complex in a membrane (denoted by the grey dots) and coloured to show the local 
quality score, with blue being values closer to 1 and of higher quality. The highest quality 
regions, i.e. those which mostly agree with the template appear to be the transmembrane 
helices and the lowest quality regions appear to be the end of the helical regions and some 
of the loop structures. 

(C) 



149 
J. A. Linney, PhD Thesis, Aston University, 2021 

7.  General Discussion 
 
Butanol is an important high-value chemical, however the process of its bioproduction is hindered by 

low yields due to product toxicity, meaning petrochemical routes of production are currently favoured. 

Enhancing the tolerance of solventogenic Clostridia to butanol is paramount if this method is to be 

competitive with conventional means of obtaining butanol using petroleum-derived products. This body 

of work aimed to understand more about butanol’s interaction with the membrane and how 

composition affects this; how the lipidome of Clostridia respond to butanol; and finally, whether, 

combining information gained form the first two aims, more tolerant and productive strains can be 

produced. These ideas are summarised in Figure 7.1.  
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↑ PG, CL, oleic acid  

↓ PE-plasmalogen species 

? PE, fatty acid 

Effect on lipidome Membrane perturbation 

Fluidisation 

Permeabilisation Swelling 

Protein 
unfolding 

Pore 
formation (?) 

Figure 7.1 Overall model of the interactions between butanol and Clostridia (A) Membrane 
perturbation caused by butanol (B) The effects of butanol on the lipidome. Butanol 
exposure during fermentation interferes with normal membrane function and causes a 
change in the lipids seen in Clostridia. ↑, denotes an increase in these species; ↓, 
denotes a decrease in these species; ?, denotes further work is needed to determine. 
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7.1 How does butanol impact membrane properties and functions? 
 

7.1.1 The importance of phospholipid head group and of phosphatidylglycerol  
 
Initial experiments were conducted in order to gain more information around the toxic effects of 

butanol at the membrane, with the view of designing protective phenotypes. It was found that altering 

the headgroup composition had impact on the effects of butanol. The reduced fluorescence seen in 

POPE: POPG liposomes compared to POPC liposomes may be due to an increase in resistance against 

butanol intercalation. Molecular dynamic simulations comparing POPE: POPG bilayers in a 3:1 molar 

ratio with POPC bilayers indicate some different physical properties between the bilayers which could 

account for the increased resistance seen in POPE: POPG (Murzyn et al., 2005). Firstly, the packing of 

the acyl chains in the upper regions of POPE: POPG is greater compared with POPC. This is indicated by 

both POPE and POPG lipids having more neighbouring lipids than POPC. It should be noted that the 

number of neighbouring atoms become comparable between the lipid species beyond carbon 10 in 

palmitoleic acid and carbon 5 in oleic acid. Hence, this increase in density of POPE: POPG only applies 

to the upper regions of the acyl chains. However, this may limit the intercalation of butanol into the 

membrane if lipids are more closely packed together at point of insertion. Secondly, POPE and POPG 

form more intermolecular water bridges than PC lipids. Water bridges are where a water molecule is 

concurrently hydrogen bonded to two lipids and may also add to membrane stability (Yamamoto et al., 

2015; Pasenkiewicz-Gierula et al., 2016). Additionally, there was found to be 34% more hydrogen bonds 

formed by PE in a POPE: POPG mixed system than in a pure PE system, resulting in greater stability at 

the interfacial region (Zhao et al., 2008). POPE and POPG lipids are closer together; due to the larger 

distance between PC-PC lipids, intramolecular water bridges become more likely than intermolecular 

water bridges (Murzyn et al., 2005). Cheng and others (2011) found that POPE: POPG bilayers in a 1:1 

ratio were more resistant to insertion of several variants of the antimicrobial peptide, aurein than PC/PG 

bilayers. It was concluded that this was due to the more complementary orientations of POPE and POPG 

phospholipids in POPE: POPG bilayers. Based on these specific interactions between PE and PG lipids it 

is possible that their presence in a membrane can convey resistance to solvent damage. Laurdan data 
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in Figure 3.4 shows POPC membranes to be more fluid than 3 POPE: 1 POPG membranes at the same 

butanol concentrations, this may signify a relationship between baseline membrane fluidity i,e. fluidity 

determined by the lipid composition, and the permeability of the liposomes. Greater amounts of POPG 

were spiked into the liposome models to investigate whether this would have a beneficial impact (Figure 

3.3-5). No difference in permeabilisation was seen < 35 mg/ml butanol, however above this the addition 

of more POPG appeared to reduce permeability. It may be that the addition of more POPG has only a 

small impact, and thus seemingly does not provide any benefit in the biologically relevant ranges, and 

only when butanol stress is much greater. The fluidity data showed an interesting effect of spiking in 

more POPG whereby a 2 POPE: 1 POPG ratio was more rigid than 3 POPE: 1 POPG at higher ends of the 

biologically relevant butanol concentration range (15-25 mg/ml). This is despite that fact that the phase 

transition temperature of POPG is lower than that of POPE and therefore increasing the proportion of 

POPG should theoretically increase the overall fluidity of the system (as in 1 POPE: 1 POPG). Therefore, 

there is potentially an optimal ratio of POPE: POPG in a membrane that provides the most protection 

against butanol, in terms of maintaining constant fluidity, with a slight reduction in permeabilisation at 

higher butanol concentrations. This could be related to the specific interactions of these two lipid 

species. Altering the amount of PG lipid species in the membrane is therefore a good target for 

influencing the wider membrane properties and responses to butanol. 

 
It is seen in the lipidomics data that high butanol conditions cause an increase in PG species, and that 

specifically there is one individual PG species that appears to double in peak area (from 3 x 106 to 6 x 

106) (Figure 4.8). This is further supported by the second lipidomics experiments where there is an 

upward trend of PG lipids across fermentation. A comparison can then be drawn to the molybdenum 

blue TLC plate where the relative density of POPG also doubles (a 100% increase in density) (Figure 4.9), 

meaning that the two species are likely the same and that butanol exposure probably elicits and increase 

in the proportion of POPG in the membrane. The exact identity of the species in the lipidomics data 

could not be confirmed. It is a safe assumption to make that POPG is likely to play a role in the stress 
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response of butanol and may make a good target for strain engineering. This is further corroborated 

with data from the first chapter showing that POPG is protective in the in vitro models. Recent 

transcriptomics analysis of Clostridium beijerinckii shocked with butanol show alterations to the 

expression of lipid synthesis genes (Patakova et al., 2021). Genes related to the synthesis of CL and lyso-

PG had higher expression following butanol shock, whereas genes related to LPA, PA, PS and PC had 

lower levels of expression. This increase in CL and PG species biosynthesis enzymes supports the above 

changes seen in the TLC and lipidomics analysis. These data bring together several techniques and with 

different butanol stresses employed, it is clear that PG lipids, as well as specifically POPG are important 

in the butanol stress response. This also highlights the ability to predict in vivo phenomena and 

interaction using in vitro model systems. Following on from this, the enzymes involved in the 

biosynthesis of the various lipid head groups can be engineered through plasmid-based expression or 

knocked-out through genome-level deletions using CRISPR-based technology. This will create a strain 

with a crudely tuneable membrane composition with a focus on PG containing headgroups. 

 
These data (PG results from Chapters 3 and 4) were the basis for the targeting phospholipid biosynthesis 

as altering composition was predicted to have an impact on butanol tolerance, despite this being a 

comparatively unexplored area (Sandoval and Papoutsakis, 2016). The enzyme PssA was chosen as a 

target (see Figure 1.5), and it was hypothesised that knocking out this enzyme would result in an 

increased PG:PE ratio which in turn would lead to improved growth due to a higher tolerance for 

butanol. PssA overexpression (+PssA) has previously been shown to convey tolerance  to a variety of 

industrially relevant organic compounds in E. coli (Tan et al. 2017), however this did not extend to 

butanol. This trend was seen in this work where +PssA showed very similar characteristics in 

fermentation to WT (Figure 5.8). The changes seen in the ΔPssA were not as predicted. Data from the 

Chapter 3 suggested liposome models with more PG were more tolerant to butanol. This was further 

supported by TLC and lipidomics data from Chapter 4 which showed an increase in PG lipid species 

throughout fermentation, possibly due to these lipids being involved in tolerance to butanol. Thus, it 
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was hypothesised that increasing the relative amount of PG in the membrane through knocking out 

PssA would lead to better growth than WT in fermentation, however this was not the case. By 6 h the 

ΔPssA strain had a significantly higher OD600 than WT perhaps suggesting a growth advantage in the 

earlier parts of fermentation (Figure 5.8). Interestingly, the growth rate of ΔPssA between 6 – 24 h was 

significantly lower and there was no growth seen between 24 - 48 h. This drop in growth rate, combined 

with a generally low motility of the population, and the significantly lower pH (a lower pH would imply 

that cells are not utilising acids in solventogenesis) suggests lack of cell viability in the population. The 

viability of these cells after fermentation was not tested. It may simply be that deleting PssA is too drastic 

a change for the cells to remain viable throughout fermentation. If PssA is the only enzyme responsible 

for PE synthesis, then deleting it would cause the cells to have no PE in their lipidome. PE is the largest 

class of lipids found in Clostridial (Ogata et al., 1982; Durre, 2005) and thus there may be other 

important functions mediated by PE lipids which are essential for survival. Because of time limitations 

due to the COVID-19 pandemic, the exact effect of ΔPssA on the lipidome was not investigated with TLC 

/ lipidomics. This would be an important piece of further work to understand the lack of viability of these 

mutant seen in mid-late fermentation. 

  
It has been suggested previously that PG can replace PE, but within unknown limits (Nishijima and 

Raetzs, 1979). This was found to be only be partly true in E. coli and PG replacing PE lead to a less 

complex LPS (Rowlett et al., 2017).  The loss of PE may have disturbed the balance of charge across the 

membrane to too great an extent. PE is thought to balance the negative charges of PG and CL, and the 

introduction of neutral lipids into an anionic membrane (due to lacking PE) has been shown to restore 

wild type LacY organisation in E. coli (Wikström et al., 2009). In ΔPssA E. coli  mutants LacY had a 5-10 

fold lower Vmax for lactose than WT cells (Bogdanov and Dowhan, 1995).Therefore, lack of PE could 

potentially affect the topology and structure of membrane protein. The loss of PE in the membrane 

could also impact the way that PG exerts influence on membrane / protein function due to the 

propensity for PE to preferentially form interlipid bonds with PG (discussed previously (Murzyn et al., 
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2005)). The lack of PE also affects membrane protein folding in the inner membranes (Bogdanov et al., 

2014) as well as LPS structure and protein assembly in the outer membrane (Rowlett et al., 2017). 

Deleting PssA, will give rise to a mostly anionic membrane, with no amino-containing lipids. From the 

above data it is clear that containing some portion of amino-containing lipids (PC, PE, PS) is important 

for cell viability. ΔPssA mutants have been described as requiring millimolar divalent cations (Bogdanov 

et al., 2014), the supplementation of this into the TYIR media may be something worth investigating. 

Based on the above, a more titrated reduction in PE or overexpression of PG may prove more impactful 

engineering strategy as there may be unforeseen consequences resulting from a large reduction in PE. 

This could be achieved by creating ΔPgsA and +PgsA mutants which would perhaps be a better method 

to modulate PG content in the membrane without massively reducing PE, which dilutes the anionic 

charge. Ultimately, more work needs to be carried out in this field to accurately assess the role of lipid 

classes in essential membrane linked functions. 
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7.1.2 Phospholipid tail and fortifying the membrane against butanol with non-phospholipids 
 
The overexpression of +PssA showed similar results to that of Tan and colleagues, (2017) who saw no 

benefit in exogenous butanol tolerance in E. coli when overexpressing PssA. The agreement seen could 

perhaps mean that the increase in levels of PE in the membrane, whilst not detrimental, will not increase 

survival / tolerance to butanol. Tan and others (2017) study also noted a concurrent change in fatty acid 

composition (increased carbon length and percent unsaturation and a decrease in cyclic rings). Due to 

the untargeted nature of the mass spectrometry in Chapter 4, the changes in fatty acids could not be 

accurately determined. However, TLC data from Chapter 4 shows a significant increase in oleic acid 

(18:1) by the end of fermentation. This particular fatty acid was also noted to have increased in 

abundance in the above study by Tan and colleagues (2017). This would suggest that fatty acids are also 

subject to change following butanol exposure, and that certain fatty acids may convey advantageous 

membrane states to protect against butanol. This idea is supported by the in vitro experiments seen in 

Chapter 3 whereby altering the fatty acid components of the membrane led to less permeable liposome 

models.  

 
Increasing the length of the acyl chains will result in more inter lipid forces and allows for stronger 

interactions with acyl chains in the adjacent leaflet. Bilayers containing shorter chains are freer to move 

due to reduced interactions between acyl chain ends of opposite leaflets (Denich et al., 2003). The bond 

angle of an unsaturated bond in the trans conformation is 6°, compared to 30° in a cis bond, resulting 

in Trans bonds having a more extended conformation allowing for denser packing and reduced 

membrane fluidity (Róg et al., 2004). The conversion of cis to Trans is a known response of bacteria to 

temperature and solvent stress (Okuyama et al., 1991; Heipieper et al., 2007). Trans unsaturated bonds 

appear to convey resistance to butanol in liposome models and may be related to tolerance in vivo. It is 

possible that the presence of Trans bonds can somewhat counter act the fluidising effect of butanol on 

the membrane. However, the synthesis of unsaturated bonds in Clostridia remains relatively unclear, 

though is believed that fabF plays a role (Zhu et al., 2009; Patakova et al., 2019) making this a potentially 
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difficult engineering target. Increased chain length is seen in Clostridia with butanol or temperature 

stress (Baer et al., 1987; Venkataramanan et al., 2014). There appears to be a relationship between 

increased membrane rigidity and decreased membrane permeabilisation during butanol exposure. This 

relationship is supported by Chapter 3 where liposomes containing lipids with longer fatty acids were 

less permeable (Figure 3.5) 

 
Kolek and colleagues (2015), found that the addition of exogenous butanol caused a relative increase in 

saturation, whilst endogenous butanol (from cells undergoing ABE fermentation) caused a relative 

decrease in unsaturation. It is unclear why cells would respond in such a way to butanol stress as this 

would fluidise the membrane further. Alternatively, other changes may be occurring to the membrane 

to alter its overall properties that do not pertain to the lipid portion of the membrane. If cells are 

producing more membrane proteins in response to butanol, then this could have an impact on the 

membrane fluidity. Additionally, unsaturated bonds may be necessary for the proper function of 

membrane proteins which are upregulated in response to butanol stress. Membrane proteins have 

been shown to be involved in the maintenance of membrane properties and may regulate the 

robustness and strength of the cell surface in a tuneable manner (Kaiser et al., 2011). In this scenario 

despite an increase in unsaturation, the presence other membrane entities which impact membrane 

properties e.g. hopanoids, would result in a net reduction in fluidity to counter fluidisation by butanol. 

This is speculation as quantification of hopanoids was not carried out. It is possible however that the 

cells would increase the portion of hopanoids in their membrane. It was seen in Chapter 3 that the 

presence of cholesterol (used as a hopanoid surrogate) resulted in significantly lower permeability at 

high butanol concentrations (Figure 3.7). Cholesterol is a known regulator of fluidity, acting to disrupt 

interlipid hydrogen bond to promote fluidity, whilst also interacting with the acyl chains of phospholipids 

to reduce fluidity (Denich et al., 2003; Sáenz et al., 2015). The presence of hopanoids maintains 

membrane integrity under stress (Welander et al., 2009; Tushar et al., 2014). The upregulation of 

hopanoid synthesis genes may aid bacteria in resisting higher butanol concentrations through better 
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regulation of their membrane’s fluidity (Sohlenkamp and Geiger, 2016). In response to ethanol stress, 

Zymomonas mobilis increases the membrane hopanoid content which contribute to the stability and 

permeability of the membrane, suggesting an adaptive tolerance response (Bringer et al., 1985). The 

ability for hopanoids to regulate fluidity, an integral part of butanol toxicity, makes them and attractive 

engineering target (Guo et al., 2019) and manipulating their expression may reduce butanol’s interactive 

damage. Investigating this was beyond the scope of this work but would nonetheless be of interest in 

the future. This highlights the importance of non-phospholipid elements of the membrane. 

 
The use of exogenous compounds that can intercalate with the lipid bilayer and provide stability to the 

membrane is an attractive means of improving the ABE process. For example, [revious work by Hinks 

and colleagues (2015) showed how COE1-5C (a 5 ring oligo-polyphenylene-vinylene conjugated 

oligoelectrolyte) reduces the toxic effect of butanol on membranes. Using single molecule tracking in a 

supported bilayer and molecular dynamic simulations, it was revealed that COE1-5C acted as a support 

for the acyl chains of the lipids reducing fluidity and resulting in an enhanced membrane stability. 

Another conjugated oligoelectrolyte, S6, was also found to reduces butanol toxicity in E. coli (Zhou et 

al., 2019). 

 
Exogenous membrane-stabilising compounds have the potential to increase butanol productivity, 

without the need for genetic modification of strains which may lead to unforeseen circumstances due 

to a lack of knowledge surrounding the nuances of ABE regulation. The 8 supramolecular self-associating 

amphiphilic (SSA) compounds are membrane active and some have been shown to have antimicrobial 

properties against MRSA and E. coli (Tyuleva et al., 2019; Allen et al. 2020). The ability of the non-toxic 

variants to protect against butanol was investigated. The absence of any observable impact of the 

compounds on the membrane or on butanol’s impact on the membrane may be due to the experimental 

procedures. The methodology for this series of experiments was the same as previous laurdan based 

butanol experiments (see Materials and Methods 2.3.1) – this was done to enable comparison between 

earlier experiments and those utilising the compounds. However, recent work by Allen and colleagues 
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(2020) on C39 and MRSA and E. coli using widefield fluorescence and transmission microscopy may 

imply that a change in methodology is required to ensure that any active effect of the compounds was 

not missed. The work shows that C39 self-associating aggregates were present when the compound 

was first added to the cells. However, these aggregates disappeared following a 24 h incubation and 

C39 was found to coat E. coli and internalise into MRSA. This would suggest that a longer incubation 

period might be required for liposome assays in order for the compound to adequately form a 

potentially membrane active structure and fuse to the membrane. Following the initial experiments, 

further experiments were carried out which included incubating the liposome and the compounds for 

a longer period of time (Figure 3.11). This seemingly had no impact on the fluidity of the POPC liposomes 

when exposed to butanol. It is hypothesised that C1 preferentially interacts with both PE and PG 

headgroups through the formation of hydrogen bonds (White et al., 2020). Thus, it is likely that they will 

interact with the membrane of fermenting C. saccharoperbutylacetonicum N1-4 whose membrane 

contains PE and PG as major components. Additionally, based on the proposed mechanism (through PE 

and PG), it may prove useful to alter the liposome constitution used to assay the compounds to a 3 

POPE: 1 POPG instead of pure POPC. Despite this, there also appeared to be no effects observed when 

using a liposome composition containing POPE and POPG (data not shown), however the assay may 

require further development. It is possible that the compounds interact with the membrane in a 

different way, possibly through the genesis of more ordered membrane structures, which may have a 

lesser impact on fluidity. These may still be protective in some regards against butanol (for example 

through reducing butanol intercalation). To investigate this further, a calcein release assay (similar to 

the CF release assay) was developed and was to be carried out at the University of Kent as part of the 

collaboration. However, this was unable to proceed due to the advent of the COVID-19 pandemic. 

Future work would involve a more comprehensive assessment of the compounds and their effects on 

the membrane. Whilst the addition of molecules which reduce butanol’s detrimental effect on the 

membrane will undoubtably lead to reduced purification costs (due to higher yields), it is unclear 

whether the production and scaling of theses membrane stabilising molecules will be economically 



160 
J. A. Linney, PhD Thesis, Aston University, 2021 

viable. If production costs remain high, then it may be that their application does not reduce the net 

costs of ABE fermentation. As stated previously, the inclusion of these kinds of molecules may incur an 

additional purification step to remove them from the product which would also impact the molecules 

cost-effectiveness. 

 
It would still be of interest to investigate synthetic exogenous compounds further as it could shed light 

on mechanisms to prevent butanol ingression and intercalation into the membranes of Clostridia. 

Additionally, insight into this topic can be obtained through DLS as described in Chapter 3. As butanol is 

assumed to insert into the membrane and disrupt the interlipid interactions, it might be the case that 

this increases in overall mass of entities within the membrane causes liposomes and membranes to 

swell. Alternatively, any increase in diameter could be the result of butanol molecules interacting with 

the membrane surface and giving the perceived effect of swelling. Thus, understanding more about this 

mechanism will provide more engineering opportunities to prevent it. The coarse-grained molecular 

dynamics simulations show butanol to insert into the membrane and exist within the headgroup region 

of the phospholipids, thus the insertion mechanism is more likely than the aggregation mechanism. This 

is supported by other molecular dynamics simulations showing butanol interesting into membranes  

(Hinks et al., 2015; Guo et al., 2020). Furthermore, should butanol merely exist on the outer regions of 

the lipid there would be little change in fluidity and permeability, which is to the contrary of data in 

Chapter 3. It is known that membranes undergo swelling when exposed to organic solvents (Sikkema et 

al., 1995; Murínová and Dercová, 2014) and thus it likely that butanol could cause this response in 

liposome models. The mechanism of this is  based on butanol’s amphipathic structure matching that of 

a phospholipid enabling it to interact with both the apolar acyl chain and the polar phospholipid head 

group concurrently (Huffer et al., 2011; Kanno et al., 2013). It has been reported that an E. coli strain 

evolved for tolerance to butanol had additional tolerance to polymyxin B, a cationic antimicrobial (Reyes 

et al., 2013). Polymyxin B’s bactericidal effects stem from its ability to form membrane pores as it can 

insert inbetween phospholipids (Daugelavicius et al., 2000). This dual resistance suggests that the 
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mechanism of butanol works through insertion in a similar manner to polymyxin B. Additionally, AFM 

data in (Figure 3.14), also show the presence of pores formed after exposing POPC monolayers to 1% 

butanol. Due to imperfect lipid deposition during the formation of the monolayers, there were some 

pores already present before butanol was added. It may have been the case then that butanol was able 

to enter these already present pores and increase their size. Because of this it remains unclear whether 

butanol is able to form pores in a fully formed membrane. Following addition of the more concentrated 

6% butanol solution to the POPC layer, there was a large amount of detachment of the membrane. This 

was likely exacerbated by the movement of the cantilever across the surface of the monolayer and 

would likely not cause the same level of destruction in vivo. Alongside the formation or exacerbation of 

membrane pores a reduction in integrity and force resistance, and vesicle formation of the surface of 

the bilayer was recorded with AFM. Similar effects on SOPC membrane properties have been seen with 

butanol using micropipette aspiration, where short chain alcohols were seen to reduce interracial 

tension and reduce membrane thickness and mechanical moduli (Ly and Longo, 2004). This data along 

with that of Chapter 3 presents a holistic view of butanol’s perturbation of membrane properties. 

Exposure to butanol leads to fluidisation, permeabilisation, swelling, thinning and weakening and 

possibly pore formation. 

 

7.2 Butanol has a detergent-like mechanism  
 
A case can be made for butanol having a detergent-like mechanism of membrane perturbance. Like 

butanol, detergents possess an amphipathic structure and also cause an increase in the size of vesicles 

without solubilising them (Lichtenberg et al., 2013). The possible formation of pores seen with AFM in 

would be further evidence for a detergent-like mechanism, as this occurs during detergent solubilisation 

of vesicles (Lichtenberg et al., 2013). However, it has been suggested that vesicles can only be solubilised 

by surfactants with a certain hydrophobicity. In such a case where the hydrophobicity is lower than this 

threshold, only a portion of surfactant molecules enter the vesicles, with the majority remaining in the 

bulk solution. As the hydrophobicity is increased, more molecules can enter the vesicle which results in 
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an increase in vesicle size (Lin et al., 2011). It may be the case therefore that butanol has a similar 

mechanism to detergent / surfactant solubilisation, as seen by the increasing size in DLS and the pore 

formation seen in AFM. It is unlikely that total solubilisation occurs at biologically relevant 

concentrations, presumably because the toxic effects of butanol would occur at a far lower 

concentration. Interestingly, the addition of 1-alcohols, including butanol has been seen to decrease the 

critical micelle concentration of SDS (Hayase and Hayano, 1978; Rubio et al., 1994). Additionally, butanol 

may not be hydrophobic enough to result in total solubilisation and may be too insoluble in water to 

reach a concentration sufficient for this to occur. Ultimately this work has provided a greater 

understanding of how butanol interacts with the membrane and proposed a possible mechanism for 

this. 

 
As previously mentioned, there is currently a lack of knowledge of the effect of butanol on membrane 

proteins, despite them making up a significant portion of the membrane. Previous studies have shown 

ethanol to influence the function of bilayers and membrane proteins (Huffer et al., 2011; Tóth et al., 

2014). For, example, in mammalian systems ethanol has been seen to interact with ion channels by 

altering intermolecular forces which are required for the kinetic properties of the ion channel (Crews et 

al., 1996).  Therefore, it is possible that butanol may act in a similar way. However, the interaction of 

ethanol with these types of receptors pertains to several different biochemical processes which alter 

protein conformation, the contribution weighting of this is unclear (Dopico and Lovinger, 2009). Hence, 

it maybe be that membrane protein perturbations are a phenomenon secondary to the interactions 

with the alcohol and the lipid. The loss of retinal absorbance (an intrinsic chromophore of bR) essentially 

allows for retinal absorbance to be used as a proxy to measure membrane unfolding. Based on this 

metric - the exposure to butanol appears to cause a reduction in the retinal absorbance which can be 

inferred as bR unfolding (Figure 3.15). The similarities in unfolding response when comparing butanol 

to SDS may suggest that there is a comparable mechanism of action with both leading to bR unfolding. 

Like detergents, butanol may be able to interact with both lipid and protein. Butanol has previously been 
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used as a membrane protein extractant for its detergent-like action resulting in solubilisation of 

membrane proteins. Due to its lipophilicity and limited water solubility, butanol is able to extract 

membrane proteins into aqueous buffers with low levels of denaturation (Smith, 2017). Based on this, 

it is possible that any butanol mediated membrane protein damage stems from a perturbance to local 

membrane stability and inter lipid interactions. It is well known that various membrane characteristics, 

including lateral pressure are vital for the proper folding and function of membrane proteins (Mitchell, 

2012). Therefore, disruption to the membrane will indirectly result in protein unfolding. On the other 

hand, there have been several successful efforts to engineer tolerance in solventogenic Clostridia and 

E. coli to solvents by targeting chaperone systems (Zingaro and Papoutsakis, 2013; Liao et al., 2017), 

and upregulation of said systems is a part of the butanol stress response (Tomas et al., 2004). This would 

suggest that cell toxicity is at least somewhat dependent on protein structure and folding and is not 

entirely based around membrane damage. Therefore, membrane protein stabilisation could also be an 

important tool for engineering tolerance. There is some evidence to show direct interactions between 

alcohols and membrane proteins (Dopico and Lovinger, 2009), therefore it is likely a combination of 

direct interactions and perturbance to bilayer properties that results in membrane protein damage and 

unfolding. 

 

7.3 How do the cells respond to endogenous butanol? 
 
Elucidating the lipids present in Solventogenic Clostridia will prove valuable for developing a deeper 

understanding of butanol’s toxic effects on the cells. Taking the TLC and mass spec data together a 

general makeup of the lipids found in Clostridium saccharoperbutylacetonicum N 1-4 (HMT) can be 

determined. Whilst there are some limitations in terms of ease and reliability of quantification 

(discussed later) an approximate, relative proportion can be proposed. The membranes of 

solventogenic Clostridia appear to be mainly comprised of PE and PG containing species, which can be 

seen in Figures 4.5, 4.6 and 4.10, of which the proportion appears to change following exposure to 

butanol. This is in line with previous experiments where PE and PG are major and minor membrane 
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components, respectively (Ogata et al., 1982; Durre, 2005). The exposure to butanol during 

fermentation elicits a change in the proportions of various lipid classes. Not all changes are discussed in 

this section, as some are discussed throughout. 

The increase in phosphatidic acid (PA) may be an indicator of higher phospholipid production, as PA is 

a common precursor (see Figure 1.5) (Tang et al., 2018). Under butanol stress the cells will be producing 

more phospholipids in order to change the composition of the membrane to better deal with butanol’s 

perturbation. Membrane protein binding domains for PA have been reported previously (Putta et al., 

2016), and thus an increase in PA could indicate a greater portion of certain membrane proteins in the 

membrane. This could extend to other lipid classes too. It is possible that specific phospholipid classes 

are able to influence the properties of the membrane (curvature, fluidity etc,) as well as influence the 

structure and function of other membrane entities such as proteins through binding or transient 

interactions. Interestingly these interactions can also be influenced by several factors such as pH, 

membrane curvature and membrane charge (Tanguy et al., 2018).  

 
There was found to be no significant changes in the abundance of PS species in either of the lipidomic 

experiments. In the TLC data POPS levels did not significantly changer over fermentation however may 

have appeared to mirror that of the growth rate. When looking at the OD600 of the Clostridia (Figure 

4.1), the exponential growth phase appears to extend from ~5 hours to 15 hours with some slower 

growth following and stationary phase beginning at 23 hours. The levels of POPS seen in TLC (Figure 4.3) 

appear to align with this somewhat. The earlier time points have higher levels of POPS than the seed 

and the last two time points. This may suggest a relationship between growth rates and POPS 

proportions.  In the later time points of 23 h and 35 h population growth had ceased due to a lack of 

available resources in the growth media which is reflected in the levels of POPS being more similar to 

that of the seed time point. Also, it may be that POPS levels are lower in the later time points due to the 

increased butanol in the surrounding environment. Both E. coli and B. subtilis have been shown to alter 

their lipid content during normal growth, with some lipid species being over represented in stationary 
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growth as compared to exponential growth (Gidden et al., 2009).  A similar phenomenon has also been 

seen in S. cerevisiae growth during ethanol fermentation (Lairón-Peris et al., 2021). Changes in the 

membrane composition of E. coli may be linked with the proliferation capabilities of the cell (Scherber 

et al., 2009). 

 
Monogalactosyldiacylglycerol (MGDG) is a glycolipid containing a single galactose residue as its 

phosphate-headgroup region. Although abundance was not investigated using TLC, a qualitative 

increase in levels of MGDG was seen in later in fermentation when butanol concentrations were higher 

(Figure 4.5 and 4.10). However, this was only seen in negative ion mode. The exact role of glycolipids in 

the membranes of bacteria remains elusive (Sohlenkamp and Geiger, 2016). They may be involved in 

bilayer stability and membrane protein function, and might be precursors to complex membrane 

components  (Hölzl and Dörmann, 2007). Additionally, they have been seen to be overrepresented in 

phosphate deprivation conditions as phospholipid surrogates (as the sugar is directly bonded to the 

glycerol) (Hölzl and Dörmann, 2007; Martín and Liras, 2021). Damage to phosphate transporters in the 

cell membrane may reduce the amount of available phosphate eliciting a similar stress which could lead 

do more glycolipids being produced as they do not require phosphate (Fischer et al., 2006). 

  
Whilst it was hypothesised, based on Chapter 3 results, that an increase in the in the amount of 

saturated fatty acids would be seen, there appeared to be no discernible trend for changes in saturation 

/ unsaturation throughout fermentation. (Figure 4.13). However, the increase in abundance of some 

specific unsaturated chains was seen. Oleic acid (18:1) was seen to increase significantly in the TLC 

analysis of the time course, as well as the initial mass spectrometry data where higher levels were found 

in a higher butanol environment. Furthermore, 18:2 was seen to be a higher abundance in the high 

butanol environment and a decrease in saturation was seen (however this may not be a clear-cut change 

- some unsaturated fatty acids e.g. cis-17:1 were lower in higher butanol environments). This observed 

increase in abundance for certain unsaturated lipids may initially seem counterproductive. It has been 

shown that butanol molecules increase membrane fluidity through perturbation of the interlipid forces 
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which is a major part of the toxic effect of butanol (See Introduction 1.4 Butanol toxicity). Hence, it 

would be contradictory to increase the amount of unsaturation in the membrane as unsaturated bonds 

drastically change the properties of the lipid when in a membrane. The double bond will cause a kink in 

the acyl chain which occupies more space and reduces the strength of the interlipid interactions. It 

would make sense that the cell would want to increase the rigidity of the membrane by reducing the 

number of unsaturated bonds in its lipids. This would counteract the fluidising effect of the butanol 

ingression. It appears from the data that this does not occur and that an increase in unsaturation is seen. 

Some studies have also seen this phenomenon whereby the unsaturation proportion in Clostridia 

increases in higher butanol levels (Kolek et al., 2015). This is in contrast to many studies which show the 

more predictable decrease in saturation (Vollherbst Schneck et al., 1984; Venkataramanan et al., 2014). 

The membrane is complex and different composition may ultimately lead to the same properties. 

However, in this case, it has been noted that is discrepancy in unsaturation appears to arise due to a 

difference in methodology. The addition of butanol into the medium of growing cells elicits a stronger 

more shock-like response where results increased saturation of the lipids (Kolek et al., 2015). Conversely 

when cells are grown in conditions which allow them to produce endogenous butanol a slower response 

is seen with increased unsaturation. The large change in environmental stressors (e.g. spiking in 1 % 

butanol) versus a more long-term change in environment that may be responsible for this difference 

(Kolek et al., 2015). It remains unclear exactly why the cell increases the degree of unsaturation in the 

membrane in response to increasing butanol levels throughout fermentation. It is possible that there is 

a concurrent increase in membrane protein expression during butanol stress occurs. These proteins 

may require the presence of unsaturated lipids for their optimal structure and function. This would then 

require the cell to increase the amount of unsaturation in line with the increase membrane protein 

production. Furthermore, a more fluid membrane allows for easier lateral movement of the protein 

which may aid a better distribution in the membrane (e.g. a butanol transporter could more easily 

translocation to a localised site of high butanol concentrations).  
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The occurrence of a large number of plasmalogen species is telling of Clostridial membranes (Patakova 

et al., 2021). A decrease in plasmalogen containing species was seen in both lipidomics experiments 

(Figure 4.5 and 4.10). This is interesting as it has been suggested that plasmalogens are important for 

the response to butanol damage and that they have also been upregulated Kolek et al., (2015). 

Molecular dynamic simulations have shown the plasmanyl-PE membrane to be more rigid and thicker, 

and that the vinyl-ether linkage leads to increased chain order (Rog and Koivuniemi, 2016). It would 

sensible to assume that a greater presence of plasmalogens in the membrane would help to counteract 

the fluidisation of butanol although there appears to only be a small effect when plasmanyl-PE was 

spiked into a model membrane (6 POPE: 2 POPG :1 PE-plasm). The membrane fluidity was found to be 

lower with plasmalogens than the control (3 POPE: 1 POPG) and there was a limited decrease in 

permeability to CF dye at > 30 mg/ml butanol, suggesting a small protective effect. This butanol 

concentration was above the biologically relevant range. However, experiments using a greater portion 

of plasmalogen species, which may have better mimicked the state in the cell, were not trialled. 

Furthermore, having several models of different plasmalogen content would have been interesting to 

trial too, however this was limited by the COVID-19 pandemic. It is important to note that increasing 

membrane rigidity may be an overly simple explanation of the response to butanol. As previously 

discussed above, some changes to the unsaturation proportion seen would lead to more membrane 

fluidity, a seemingly counterintuitive response. This would suggest that there are more layers to the 

response to butanol stress which may go beyond the simple properties of the membrane. Plasmalogens 

are thought to be protective against reactive oxygen species (Řezanka et al., 2012). They are degraded 

by ROS and thus may provide protection against any ROS generated in ABE fermentation. Thus, it may 

be that the reduction seen in their abundance is due to them being degraded following ROS stress in 

fermentation. Work from Kolek and others (2015) recorded fatty acid content of C. pasteurianum (C. 

beijerinckii NRRL B-598) throughout fermentation and noted the higher concentration of plasmalogens 

coincided with the highest butanol productivity. As speculation it may be that the cells are producing 

more plasmalogens to protect against the increasing butanol (or precursors / products produced 
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alongside butanol which may lead to ROS). Interestingly, the amount of plasmalogens decreased in later 

fermentation, a similar trend to what is seen with the two mass spectrometry experiments in Chapter 

4. It is less clear if oxidative damage exists in Clostridia due to them being anaerobic. However, it has 

been suggested that ROS are generated in the solventogenic phase of C. acetobutylicum (DSM 1731) 

(Han et al., 2013), possibly through the oxygen containing products of ABE fermentation. Furthermore 

the feedstock can contain inhibitors which can contribute to ROS accumulation (Liao et al., 2019). 

Because the exact function of plasmalogen lipids and their relationship with ROS is unclear, it is difficult 

to account for differences in the trend of plasmalogen species with butanol concentration when 

comparing with the literature. Further work is required to elucidate the role of plasmalogens which may 

help shed light on whether they are structurally protective (increasing rigidity etc.) or whether they soak 

up ROS which could damage other cellular macromolecules. Ultimately it is clear that they play some 

role in the butanol stress response and may represent a key molecular target in the future when a 

deeper understanding is developed. 

 

7.3.1 Limitations of these data sets 
 
When looking at the mass spectrometry and TLC data in Chapter 4, there were some disagreements 

between the data sets. Levels of PE species decreased in both mass spectrometry experiments, however 

no significant changes were observed in TLC. This may be due to the fact that POPE was used as the sole 

representative of PE species in TLC. Whilst palmitoyl and oleoyl are common fatty acids making POPE a 

common individual lipid species, it is possible that the decreases seen in both mass spectrometry 

experiments were due to a reduction in abundance of other PE containing species (i.e. not specifically 

POPE) which may not have been reflected in the TLC quantification. Discrepancies between the relative 

amounts of specific lipid species seen with TLC and lipidomics may be due to differences in 

methodologies used in identification. For example, in the TLC experiments the use of specific lipids such 

as POPG were required as standards to compare migration distance. This, however, only allows for the 

assumed identification of POPG and not all PG containing lipids - those containing different fatty acids 
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may interact differently with the TLC plate and may therefore migrate differently. This is in contrast to 

the lipidomics data which was able to assess the lipid classes as a whole. Hence, mass spectrometry and 

TLC should be used together (Tuzimski and Sherma, 2016). The lipid specific nature of TLC may therefore 

also explain the differences seen between the amounts of triglycerides (TG) seen in mass spec and the 

triacylglycerols (TAG) seen in TLC. The standard used in TLC was TAG which would have contained 

species with the same fatty acid constituents. Thus, only those TAG species that would interact with the 

plate in the same way as the standard (those with the same structure as the standard) could be 

identified in the time course samples, whereas the mass spectrometry identification may have been 

able to identify triglycerides with different fatty acids. It is possible that the TAGs seen in lipidomics are 

also present in some capacity on the TLC plates, however they may have migrated differently than the 

TAG standard used because of the potential difference in fatty acid constituents. Despite this, these two 

data sets can be used together to make more informed analyses of lipid changes. 

 

7.4 How does butanol transverse the membrane? 
 
It is through a currently unknown mechanism that butanol is able to transverse the membrane of 

Clostridia. The molecular dynamic simulations (Figure 3.13) showed that butanol molecules were unable 

to diffuse through the hydrophobic core of the membrane. Pseudomonas putida TtgB is the only native 

transporter of butanol (See 1.6.6 Engineering targets in this work, (Basler et al. 2018)) known. Clostridial 

ttgB was mined from the C. saccharoperbutylacetonicum N 1-4 (HMT) genome and was used to create 

constructs for CLEAVE™ genome editing. The genetically modified strains produced using CLEAVE™ 

technology were used in a small-scale bottle screen. This was done to investigate the effect of these 

genetic changes on the cell’s growth and metabolite production. As described in the results section 

(3.2), the +TtgB strain appeared to grow better than the WT and had a significantly higher OD600 at 6 h. 

Whilst +TtgB was still higher at 24 h there was no significant difference seen between the OD600 of +TtgB 

and of the WT. This may suggest an that TtgB provides a benefit to the survival of the cells earlier in 

fermentation, and that at later time point this difference in survival is lessened. Perhaps it is the case 
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that TtgB can transport butanol and is most effective when butanol levels are lower, due to protein 

mediated transport being faster than diffusion at lower concentration. Transporting butanol from the 

cytoplasm out into the bulk solvent would mean that these butanol molecules could diffuse into the 

bulk solvent and would not be trapped in the cell where they would always be in close proximity to the 

cellular membrane. However, later in the fermentation the concentrations of butanol in the bulk solvent 

may be high enough that butanol molecules will be close to the outer leaflet of the membrane. This 

would mean that the transport of butanol across the membrane would have a reduced effect as the 

butanol concentration in the external environment increases. This may be reflected in the OD600 

difference between +TtgB and WT becoming smaller as the fermentation progresses. To circumvent 

this, the fermentation of these strains could be combined with in situ product recovery. This would 

essentially enable the maintenance of a butanol concentration gradient away from the cells into the 

bulk solvent (due to the continuous removal of the butanol from the growth culture), allowing for the 

transport by +TtgB operate at maximum efficiency. Based on this it is likely that TtgB provided some 

benefit in terms of an increased tolerance to butanol, or at least an increased growth rate. It remains 

unclear whether it is the efflux of butanol which accounts for this difference. It may be that the TtgB is 

involved in the movement of another metabolite and that this is the reason for the improved growth. It 

would prove useful to carry out transport assays to investigate the ability for TtgB to transport other 

ABE products as well as butanol, such as those done by Basler and colleagues (2018). Furthermore, 

producing a ΔTtgB strain would also help to shed light on the function and importance of TtgB.  

 
Developing a model of membrane proteins is important due to the relationship between their structure 

and function. Synthesising an in silico model using homology modelling can be vital when no 

experimental model exists, as it the case with TtgB. Having a good model can shed light on the roles of 

these proteins in specific biological phenomenon and can additionally provide an aid to future 

experimental design. The Clostridial TtgB sequence mined from the C. saccharoperbutylacetonicum N 

1-4 (HMT) genome was used in conjunction with similar membrane protein structures and SWISS-



171 
J. A. Linney, PhD Thesis, Aston University, 2021 

MODEL to generate a series of homology models. A trimeric TtgB model was generated using AcrB as a 

template, showing good GMQE and QMEAN scores, of 0.68 and -2.59, respectively, suggesting an 

acceptable model. This may also suggest a degree of similarity between TtgB and AcrB. Based on this, it 

may prove useful to investigate the mechanism of AcrB to shed light on TtgB’s mechanism of substrate 

translocation (See Figure 7.2). With AcrB, substrate pathways were initially thought to go through the 

central pore however, it has been suggested that substrates move through identified channels in each 

monomer (Sennhauser et al., 2006). This work shows the presence of channels in each monomeric AcrB 

subunit above the transmembrane helical regions, suggesting substrate recruitment in the periplasmic 

domain (in Gram-negatives).  As Clostridia is a Gram-positive bacterium and therefore do not possess a 

periplasm (due to the presence of a single membrane only), it may be the case that butanol efflux by 

this route impossible as this would already be in the extracellular region. Perhaps it is possible that 

because the entrance for these channels is in close proximity to the membrane, they could therefore 

simply to remove butanol from the bulk solvent-membrane interface which would prevent it from 

inserting into the membrane in those regions. Furthermore, it is unclear whether there are other 

Figure 7.2 Diagram of possible substrate paths through TtgB.  The conventional pathway (top left 
arrow) is taken from the mechanism of AcrB, where substrates in the periplasm bind and are 
transported through AcrA and TolC into the surrounding medium. Clostridia are Gram positive and 
do not possess a periplasm, therefore, the conventional pathway may not be useful in butanol 
transport. The second pathway (central pathway) is speculative where substrates move from the 
cytoplasm through a central pore. This would prove more beneficial as butanol is produced in the 
cytoplasm.  
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transport mechanism occurring through the central pore of the trimer and also it is unknown how the 

differences in TtgB’s sequence will impact substrate transport. For AcrB it may be the case that the 

central cavity and vestibule plays a role in the translocation of some substrates (Husain et al., 2011). It 

has been seen that MexB, an RND transporter similar to AcrB found in L. lactis (Gram-positive), was able 

to export ethidium bromide, suggesting a role of the central pore in substrate movement (Welch et al., 

2010). MexB showed promiscuity being able to form a functional complex with AcrA and TolC from E. 

coli and forms the same substrate profile as MexAB-OprM, possibly suggesting a role of MexB in 

substrate specificity. Additionally, when expressed alone MexB was able to transport ethidium bromide 

(Welch et al., 2010). It still remains unclear whether the central pore of TtgB (which would create a 

channel from the cytosol to the extracellular regions of the cell) allows for the translocation of butanol. 

The further investigation of potential channels in TtgB other than the central pore would be an 

interesting piece of future work. The model generated could be used in molecular dynamic simulations 

using all-atom models. This would provide information regarding the binding and potentially the 

translocation of putative substrates, such as butanol. Additionally, software tools such as CAVER (Jurcik 

et al., 2018) can be implemented which enables the identification of channels and tunnels in protein 

structures.  This could be useful in developing understanding surrounding possible channels that 

butanol molecules may be able to pass through. Further, there would be implications for engineering 

as the certain residues (those involved with substrate binding or translocation) could be mutated in 

order to further increase butanol flux, with the possibility of ultimately designing bespoke channels. This 

would make a good complement to an experimental structure of the TtgB-like protein and may also 

help to elucidate some mechanistic features.  

 
Interestingly, when analysing the original TtgB trimeric model (AcrB as a template) using QMEANBrane 

the lowest quality regions (those regions where the software is less able to rely on the template) were 

found to be the end of the helices and some internal loops (Figure 6.2), where orange regions are of 

lower quality). This low quality may stem from differences between the TtgB sequence and structure of 



173 
J. A. Linney, PhD Thesis, Aston University, 2021 

the AcrB template used to generate the trimeric homology model. This in turn could lead to a difference 

in substrate specificity, as both the central pore and regions above the transmembrane domains may 

be involved in substrate movement (Sennhauser et al., 2006). This would also explain why mutated AcrB 

is able to move butanol across the membrane, but WT AcrB is not (Fisher et al., 2014). It may be that 

only relatively small changes in the sequence / structure are required to enable movement of butanol 

as a substrate in AcrB. Interestingly, when Basler and colleagues (2018) applied the same point 

mutations (M355L, I466, S880P) to P. putida TtgB  that knocked in butanol activity in AcrB (Fisher et al., 

2014), there was found to be a reduction in survival. This could suggest a difference in structure or that 

the natural specificity of TtgB for butanol is higher than that of the mutated AcrB, and that introducing 

these mutations cannot lead to anymore gain of function. These residues are all found in the 

transmembrane helices of AcrB and are thought to impact the conformational changes of the protein. 

Residue 466 lines the central cavity and thus may be involved with the alcohol interactions. The 

introduction of a large residue (phenylalanine) at this point may impact the confirmational change of 

the protein. Additionally S880P, may also impact conformational change as proline is known to disrupt 

helices (Nilsson et al., 1998). The M355L mutation has been suggested to cause a shift in packing and 

helix arrangement, one that may be large enough to allow substrates to enter into the central pore from 

the cytoplasm. In combination these mutations did not lead to butanol tolerance, the phenotype of AcrB 

which did enable butanol movement and therefore, tolerance may already exist in TtgB.  

 
Aside from active transport, it may be that butanol transverses the membrane via a facilitated transport 

mechanism through GlpF. GlpF was overexpressed in E. coli BL21 and the effect of this on growth 

(measured as OD600) in several stressors was recorded. GlpF appeared to have a small benefit to cells 

when exposed to a low amount of exogenous butanol (5 mg/ml). It is not clear exactly through what 

mechanism the growth advantage is occurring as this benefit was also seen in culture with no exogenous 

butanol, suggesting that it is not specific to butanol. To investigate this further, other stressors which 

may have been mitigate by GlpF expression were also investigated, concentrations of stressors was 
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based on previous studies (Hosein et al., 2011; Wu et al., 2014; Guo et al., 2017). Firstly, ethanol was 

tested to see whether the apparent benefit was as a result of general alcohol tolerance. The expression 

of GlpF appeared to have no benefit on growth in 20 mg/ml ethanol suggesting that it may not have a 

role in facilitating ethanol flux. This may be because the ethanol was exogenous which would mitigate 

the benefit of movement through GlpF (although ethanol is able to diffuse through the membrane more 

readily than butanol and thus may not benefit as much from a transporter / channel). Like butanol, the 

exact membrane proteins responsible for ethanol transport remain elusive (Kell et al., 2015). Pdr18, a 

yeast ABC transporter involved in multidrug resistance has been shown to increase ethanol tolerance 

and production when overexpressed in S. cerevisiae (Teixeira et al., 2012). Additionally in yeast, Fps1 an 

aquaglyceroporin with a similar role to GlpF in bacteria may also be involved (Kell et al., 2015). Secondly, 

cells were grown in NaCl to elucidate any role that GlpF may have in mitigating osmotic stress. Based on 

the ability of GlpF to facilitate the flux of water, there was increased potential for this mechanism to be 

responsible for the increase in growth. Despite this, there was found to be no significant difference in 

growth between expressing and control strains in 25 mg/ml NaCl. The growth of both strains was 

inhibited by the addition of NaCl to the media, and the extent of inhibition appeared to be the same for 

both strains. This would suggest that GlpF overexpression has no benefit to growth in inhibitory 

concentrations of NaCl. It may have been the case that the benefit pertained to the increased ability to 

scavenge glycerol, for use as a carbon source or in other metabolic pathways such as phospholipid 

synthesis. Whilst this explanation may make sense in a more dynamic system, the above experiments 

in E. coli were conducted in LB media which does not contain glycerol. However, there may be other 

components which can utilise GlpF as a channel other than glycerol. Using molecular dynamics,  Hub 

and De Groot (2008) have shown GlpF to have a lower free energy barrier than POPE and POPC for NH3. 

H2O, glycerol and urea (although this was by a small amount). As exogenous butanol was added and 

GlpF is a facilitator (passive) it would be unlikely that this passive transport of butanol would be 

beneficial in this situation. GlpF would only be useful as a butanol facilitator if there was a higher 

concentration of butanol inside the cell e.g. during fermentation. This again means that the increase 
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growth seen in E. coli was not due to the movement of butanol away from but from another function. 

Perhaps other toxic metabolites produced during growth can move through GlpF pores and away from 

the cell, thus reducing their associated toxicities. Ultimately, these experiments should be repeated in 

Clostridia to investigate endogenous butanol in the correct membrane environment. CLEAVE™ 

constructs were produced, however could not be tested due to COVID-19.  

 

7.5 Alternative strategies 
 
As briefly mentioned previously there are other avenue through which the efficiency of the ABE 

fermentative process can be improved. which do not necessarily concern the generation of a more 

robust strain. These include upstream (feedstock selection pretreatment and detoxification) and 

downstream (product recovery) operations, as well as processes relating to the fermentation set up.  

 
As discussed in the introduction (1.6.1 Non-engineering strategies) there may be increasing competition 

between fuel crops and food crops, either through the utilisation of food crops as feedstock in 

fermentation or through competition for limited land. The use of lignocellulose (waste biomass) 

circumvents this issue but it requires harsh pretreatment before it is suitable for use as a feedstock. 

Pretreatment can describe a range of enzymatic, chemical and physical methods to obtain the 

fermentable sugars. It is often the case that several of these different methods are combined, however 

a small change in operating conditions may have a significant effect on the sugar concentration and 

composition, and the amount of inhibitory compounds produced. This could then have a negative 

impact on the subsequent enzymatic hydrolysis and thus the cost of the substrate. These are important 

considerations and for optimisation, particularly if non-food crop feedstocks become more popular as 

a consequence of increased commercial interest in ABE fermentation (Birgen et al., 2019). Pretreatment 

can lead to the production of inhibitory compounds including acids such as methanoic acid which can 

cause an acid crash in the Clostridia (Maddox et al., 2000). Additionally, some of these products may 

inhibit further enzymatic pretreatment. Methods such as dialysis or solid-phase extraction / activated 

carbon are used to detoxify these inhibitory compounds. Developing pretreatment protocols which do 
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not produce these inhibitory compounds (e.g. by conducting at a lower temperature) is desirable (Birgen 

et al., 2019).  Alternatively, some co-culturing methods have been developed (see introduction) 

whereby a second bacterial species is able to replace an economically costly hydrolysis reaction, 

conventionally completed chemical / enzymatic means. However, coculturing may increase the risk of 

contamination. Developing new means of reducing contamination would increase the viability of co-

culturing as well as the use of longer-scale fermentations both of which carry a higher risk of 

contamination than single species batch cultures. Adding a divalent cation chelator could potential 

reduce phage infection (Yamamoto et al., 1968; Li et al., 2020). 

 
The fermentation itself can also be optimised. This can be through the addition of exogenous additives 

to mitigate product inhibition or to improve the physiological elements of the fermenting cells. This may 

include the addition of surfactants to form micelles, trapping butanol molecules inside (Li et al., 2020). 

Additives may also reduce the toxicity (see section 3.3.4 Addition of exogenous membrane active 

compounds: SSAs and references therein), however the scalability of these with increasing fermentation 

volumes may be an issue. Recently, the carotenoids lutein and zeaxanthin have been shown to reduce 

membrane fluidity and butanol penetration in the membrane of E. coli cells by 62% and 38%, 

respectively (Chia et al., 2021). Furthermore, this group have a suggested using tomato pomace (waste 

with no commercial value) which would act as both feedstock and a source of carotenoids. This could 

solve the scalability issue and represents a promising avenue of research. Further studies into 

compounds with a similar stabilising effect would be interesting to peruse. For example, the membrane-

active compounds from the University of Kent shown in the first chapter may require further 

investigations. However, the addition of exogenous membranes stabilising compounds not produced in 

a similar way to the carotenoid example above may have a limited application. Whilst they may offer a 

more tuneable means engineer membrane tolerance compared with genetic approaches, there will be 

an increasing demand for the compound as the fermentation volumes are scaled up. Depending on the 

source of the additive, this could incur a great cost to the process and make it less viable. Hence, it is 
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also important to simultaneously continue with genetic based approached which will not have this 

problem.  

 
Several product recovery methodologies exist each, including pervaporation(Azimi et al., 2019), liquid-

liquid extraction (LLE), gas stripping and adsorption, each of which having their own advantages and 

disadvantages (see (Kujawska et al., 2015; Friedl, 2016; Azimi et al., 2019)).  Whilst both offering high 

selectivity, the membranes used in pervaporation and the solid phases used in adsorption can be 

expensive. LLE also offers high selectivity but may be toxic to the microorganisms and whilst gas 

stripping is not toxic to the cells it offers low extraction efficiency and specificity. The ideal product 

recovery system may contain several different methods together. To improve this process, research into 

a non-toxic liquid extractant, cheaper pervaporation membranes, reusable solid-phases or more 

complex gas stripping protocols (to increase selectivity) needs to be carried out.    

 
Reducing the generation of inhibitory compounds in feedstock pretreatment and product toxicity will 

enable a higher cell density to be achieved during fermentation, resulting in more butanol being 

produced. Whilst this damage can be mitigated with in situ product removal, the costs of this may scale 

with increasing fermentation sizes. Thus, it is paramount to engineer more tolerant strains to reduce 

somewhat the intensity (and therefore costs) of in situ recovery. Improving the above features of ABE 

fermentation will help to reduce the costs associated with upstream and downstream operations. 

Combined with the development of robust cell factories the competitiveness of this this route of butanol 

production will increase and will become more viable.  
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8. Future work and conclusions 
8.1 Future work  
 
Whilst this project achieved most of the aims set out in Figures 1.10, 3.1, 4.1 and 5.1, the advent of the 

COVID-19 pandemic prevented some experiments from being carried out. Therefore, there were a 

number of future works which would have augmented this study. Firstly, investigating more potentially 

membrane active compounds that could be used as a fermentative additive to mitigate the damage of 

butanol, and additionally completing a more thorough investigation into the SSAs from the University 

of Kent. This will provide a better understanding of how to mitigate butanol membrane perturbations. 

Developing a more detailed molecular modelling system of the membrane using an all-atom model 

would be of value. This could be augmented by experimental data concerning the spatial binding / 

interaction of butanol within the membrane, which could be obtained using FTIR-ATR and particle 

scattering techniques (such as neutron reflectometry). Method development for assessing the phase 

transition temperature of various lipid model following butanol exposure was in progress before COVID-

19 and would be interesting to finish. Redoing the steric trapping experiments but placing the bR in a 

SMALP (styrene-maleic acid lipid particle) as opposed to a bicelles may enable a more specific 

understanding of butanol’s interaction with membrane proteins.  SMALPs have been used previously as 

scaffold for investigating membrane protein structure and function (Postis et al., 2015). It may be that 

the SMALP provides a more stability to the lipid portion of the membrane (due to the imposed lateral 

pressure of the SMA’s overall structure) reducing the possible indirect effect of membrane fluidisation 

on the folding of the bR. Styrene malaeic acid (SMA) is a co-polymers which can insert into the 

membrane and forms disc-like structures containing phospholipids and membrane proteins within it. 

The SMA polymer surrounds this portion of membrane forming a stable nanoparticle (Pollock et al., 

2018). 

 
It would be interesting to investigate further the importance if PG lipids and related cardiolipin. 

Previously cardiolipin (CL) has been reported to be a major component of the C. 

saccharoperbutylacetonicum membranes (Durre, 2005). Whilst standards were not included in the TLC 
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analysis, lipidomic analysis shows levels of CL were higher in the high butanol environment than in the 

low butanol environment suggesting a potential involvement of this lipid too. This is likely based on the 

similarities between the structures of PG and CL (CL is formed by the condensation of two PG molecules 

and contains four acyl chains with one glycerol headgroup). It is unclear whether PG and CL comigrate 

in the solvent system used. It would be interesting to trial different solvent systems using a CL standard 

to investigate this further. Future TLC could be done using a CL standard PG and CL are both negatively 

charged lipids and likely have a similar effect on membrane properties because of this. Therefore, it 

could be assumed that they act in a similar way and a both protective against butanol.  

 
The role of CL in other stressors has been examined. It has been suggested that CL can stabilise the 

membrane in response to compounds that induce fluidisation and acyl chain disorder such as toluene 

(Murínová and Dercová, 2014).  Toluene increases the acyl chain area to which the cell can respond by 

increasing the amount of CL in its membrane at the expense of PE. This effectively increases the 

headgroup volume as CL has a larger headgroup volume than PE and can therefore compensate for the 

increase in acyl chain volume. A reduction in CL content in P. putida was found to lead to a decrease in 

survival after toluene exposure (Bernal et al., 2007). Osmotic stress in E. coli also leads to increased CL, 

constant PG, and reduced PE. The bacteria’s survival may be linked to an increase in the ratio of anionic 

to zwitterionic lipids in the membrane (Romantsov et al., 2009). CL clearly plays some role in the stress 

response of membrane in bacteria; therefore, it is interesting that no CL was detected in the second 

round of mass spectrometry experiment. This is likely due to the mass range being 250-1250 Da for 

these experiments when CL is generally larger that this (as it contains four acyl chains, instead of the 

normal two acyl chains). As alluded to earlier, further experiments could use a more targeted method 

in order to quantify CL changes in different butanol environments. The ingression of butanol into the 

membrane may reduce charge density by increasing the area per lipid. The increased amount of anionic 

headgroups can counter this. Guo and colleagues (2020) report that a lower outer membrane charge 

density is more allows for more butanol assimilation, suggesting a link between greater charge density 
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and reduced butanol integration. Additionally, PE is a non-bilayer forming lipids (based on the shape of 

PE). A reduction in the portion of these types of lipids in favour of bilayer forming lipids e.g. PC and PG 

(Dowhan et al., 2016), would improve bilayer stability with increasing solvent concentrations. PG lipids 

would likely be the choice as PC lipids are absent or in very low concentrations in Clostridial membranes. 

CL also likely plays a role in membrane curvature, localising at highly curved regions of the membrane  

(Beltrán-Heredia et al., 2019), however the importance of this for butanol toxicity is unclear. Perhaps CL 

may be important in this regard if butanol impact the membrane curvature. Thus, based on the above 

data, having more PG lipids in the membrane yields a more resistant state of the membrane. This change 

is also seen in vivo where cells increase the amount of PG and CL. 

  
A more targeted lipidomic approach to investigate the changes in the fatty acids of the phospholipids 

would be of interest. Particularly those which have proved difficult to detect accurately, for example 

cyclopropanation and accurate identification of acyl fatty acids. Cyclopropanation is a methylation 

modification made to unsaturated bonds via cyclopropane fatty acid synthase (CFA) encoded by the CFA 

gene (cfa). This results in a cyclic alkane moiety comprised of two carbons from the original acyl chain 

and the additional carbon from the methylation reaction (Grogan and Cronan, 1997). Cyclopropanation 

of double bonds may also mediate protection against butanol stress as they are thought to reduce 

membrane fluidity (To et al., 2011) and relative proportions of CFA in the membrane has increased upon 

exposure to butanol (Vollherbst Schneck et al., 1984). A cfaB knockout in P. putida DOE-T1E resulted in 

greater solvent sensitivity compared to wild type (Pini et al., 2009). Zhao and colleagues (2003) 

overexpressed the cyclopropane fatty acid (CFA) synthase gene in C. acetobutylicum and yielded 

resistance to butanol, however solvent production was impaired, suggesting a relationship between CFA 

and solventogenesis which may be responsible for the perceived increase in resistance. The 

replacement of unsaturated bond with CFA may make membranes more stable through promoting 

higher membrane order by limiting the rotations around the cyclopropane functional group (Poger and 

Mark, 2015). Patakova and others (2019) found C. beijerinckii cfa expression to be upregulated during 
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fermentation when butanol was clearly detectable, potentially suggesting a regulatory relationship 

between butanol and CFA synthase expression. Later work by the same group also showed cfa to be 

upregulated 30 minutes after the addition of butanol (Patakova et al., 2021). It has been indicated that 

the role of cyclopropanation is dual actioned – there is an increase in order of the acyl chains 

(cyclopropane FAs are more ordered than their unsaturated counterparts) whilst an overall increase in 

membrane fluidity is seen (due to interference with lipid packing) (Poger and Mark, 2015). Due to the 

lack of appropriate standards and sufficient fragmentation data the prevalence of cyclopropanation 

could not be determined. Again, this may require a more targeted methodology in order to accurately 

gauge. The molecular weight of cyclopropane moiety would be the same as an unmodified acyl chain 

with an additional carbon. For example pentene has the formula C5H10 (CH3CH=CHCH2CH3), which 

would be the same as a butane chain with a cyclopropane addition (CH3CH(CH2)CHCH3). This could 

potentially lead to difficulty in differentiation between CFA and unsaturated acyl chains when using 

untargeted mass spectrometry and may also have caused some cyclopropanated acyl chains to be 

misidentified as unsaturated bonds. It would be interesting to trial techniques such as transesterified 

gas chromatography coupled to a mass spectrometer. This would remove the fatty acids from the rest 

of the lipids forming fatty acid methyl esters (FAME), enabling a more specific analysis of the fatty acid 

composition.  

 
Finally, the further characterisation of the currently CLEAVE™ strains and their fermentations is of 

interest. In addition to this, the production of more strains such as ΔGlpF and +GlpF, ΔPgsA and +PgsA 

and ΔTtgB mutants in C. saccharoperbutylacetonicum N 1-4 (HMT) would be of interest in understanding 

the response to butanol more, and to developing more protective phenotypes. 

 

8.2 Conclusions 
 
In conclusion, butanol is a high-value chemical with promising applications as a biofuel as well as broad-

use industrially relevant platform chemical. The upscaling of butanol production via the more 

sustainable cell factory route is plagued by the associated product toxicity from ABE fermentation, with 
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butanol constituting to the majority of this toxicity. Due to this the generation of butanol using this 

method is economically costly and, despite growing international interest in this technology, remains to 

realise its full potential. There are many parts to the fermentation process which can be improved, such 

as feedstock optimisation and downstream processing and product recovery. The most important, 

however, is the generation of a highly robust and tolerant strain to be used in fermentation as this still 

remains a major bottleneck. In order for this to come to fruition, a deeper understanding of butanol’s 

interaction with the membrane, and how the cells react to rising butanol levels is needed. There have 

been several previous studies which have investigated the stress response of many types of bacteria to 

exogenous and endogenous butanol, both in terms of transcriptomics and metabolomics. Additionally, 

there are many studies which have aimed to engineer more productive and tolerant strains with this 

knowledge. This work aimed to increase the understanding surrounding butanol’s interaction with the 

membrane, pertaining to the phospholipids and the membrane proteins therein.  

 
Firstly, using liposomes as in vitro model membranes, the effects of butanol on the membrane were 

investigated using a range of spectroscopic techniques. It was found that exposure to butanol led to 

membrane fluidisation, swelling and an increase in permeabilisation, along with a reduction in integrity 

and force resistance. Compositional variations in the phospholipids of the membrane were investigated 

to try and obtain lipid phenotype that would provide more protection. It was seen that increasing the 

portion of some species that reduce membrane fluidity made liposomes less permeable. This included 

increasing the fatty acid chain length and altering the proportion of different geometric isomers of 

unsaturated bonds. Increasing the portion of POPG, an anionic lipid seemed to reduce liposome 

permeability too. It should be noted that some species which increased the rigidity of the membrane 

appeared to have no impact on the associated toxicity of butanol. Furthermore, butanol was found to 

cause membrane protein unfolding in bicelles. The aims for this Chapter set out in Figure 1.7 and 3.1 

were largely met. A deeper and more holistic understanding of how butanol perturbs membrane 

properties and functions has been generated.  
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A combination of thin layer chromatography and lipidomics were employed to investigate the changes 

that Clostridium saccharoperbutylacetonicum N 1-4 (HMT) undergo throughout fermentation. Total 

lipids were extracted from cell mass using a modified Bligh Dyer extraction method. Levels of oleic acid 

and POPG were significantly higher in later time points of fermentation. Lipidomics revealed a reduction 

in PE lipids and an increase in PG lipids, consistent with TLC. There were some discrepancies between 

TLC and lipidomics, possibly due to different methodologies. It is clear that the cells undergo a shift in 

membrane composition following increasing butanol concentrations in fermentation. The aims for 

Chapter 4 set out in Figure 1.7 and 4.1 were mostly met through and have shed light on how the 

lipidome of solventogenic Clostridia changes throughout fermentation. However, more targeted 

lipidomic analysis is needed for a complete understanding. This would represent the first analysis of the 

whole lipidome of C. saccharoperbutylacetonicum N 1-4 (HMT) throughout fermentation. These data 

provide understanding as to how the cells respond to rising butanol levels and will be of use in future 

engineering endeavours.  

 
Chapter 6 of this thesis pertained to the culmination of previous experiments to generate a more 

tolerant and highly producing strain. This involved selecting some protein targets for genetic 

engineering and these include an enzyme, PssA involved in lipid biosynthesis, and two membrane 

proteins: a transporter, TtgB and a channel, GlpF. GlpF showed a non-butanol specific increase to E. coli 

growth rate, potentially suggesting an unrelated mechanism of action. The transporter TtgB was 

overexpressed and showed a significant increase in growth rate in early portions of the fermentation. 

PssA was overexpressed and knocked out using CLEAVE™. There was no discernible impact of 

overexpression and knocking out PssA appeared to significantly reduce the viability of the cells in the 

later stages of fermentation. It would be interesting to see the changes in the lipid composition between 

the ΔPssA, +PssA and WT and see if there is any correlation with the response to butanol. Also, how 

these changes impact the structure and function of membrane proteins found to be important in the 

butanol stress response. Creating a ΔTtgB would help to solidify the role of this transporter in enabling 
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a higher growth rate in a butanol-specific mechanism. Ultimately the aims of Chapter 6 set out in Figures 

1.7 and 5.1 were not met entirely. Some genetically engineered strains were produced, however due to 

the COVID-19 pandemic, their characterisation was limited in its scope. At time of writing, no other work 

has attempted to modify the lipidome of C. saccharoperbutylacetonicum N 1-4 (HMT) in order to 

improve tolerance to butanol. Additionally, there have been no butanol transporters / channels native 

to C. saccharoperbutylacetonicum N 1-4 (HMT) identified.  

Collectively, the work in this thesis has enabled a more detailed understanding as to how butanol 

negatively impacts the cellular membrane and its constituents. Further the response of the cell in terms 

of its lipidomic changes has also been elucidated to a certain degree. Finally, industrially relevant strains 

have been genetically engineered with the aim of obtaining a highly producing strain. There are still 

more questions to be answered regarding the ideas explored in the above work. However, this work 

provides insights into product toxicity and rationale metabolomic engineering strategies which will be 

valuable in the development of the ABE process as a whole. When combined with improved feedstock 

utilisation (e.g. lignocellulose and non-food crops) and processing (in situ recovery), the economic 

feasibility of this process can be greatly improved such that it can rival conventional means and reduce 

the dependence on non-renewable fossil fuel based methods. 
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