





 Categories
 Top Downloads









Login
Register
Upload











Search












	
Categories

	
Top Downloads

	
	
Login

	
Register







Search











	
Home

	Christian_Andersson_thesis-succinic.pdf

 Christian_Andersson_thesis-succinic.pdf


July 7, 2017 | Author: privaz81 | Category: Pulp (Paper), Biomass, Metabolism, Glycolysis, Citric Acid Cycle 


 DOWNLOAD PDF - 1.5MB



 Share
 Embed
 Donate



 Report this link







Short Description

Download Christian_Andersson_thesis-succinic.pdf...



Description


DOC TOR A L T H E S I S



ISSN: 1402-1544 ISBN 978-91-86233-17-4 Luleå University of Technology 2009



Christian Andersson Biobased Production of Succinic Acid by Escherichia coli Fermentation



Department of Chemical Engineering and Geosciences Division of Chemical Engineering



Biobased Production of Succinic Acid by Escherichia coli Fermentation



Christian Andersson



Luleå University of Technology



Biobased Production of Succinic Acid by Escherichia coli Fermentation



Christian Andersson



Division of Chemical Engineering Department of Chemical Engineering and Geosciences Luleå University of Technology SE-971 87 Luleå Sweden February 2009



Tryck: Universitetstryckeriet, Luleå ISSN: 1402-1544 ISBN 978-91-86233-17-4 Luleå  www.ltu.se



Abstract The prospects of peak oil, climate change and the dependency of fossil carbon have urged research and development of production methods for the manufacture of fuels and chemicals from renewable resources (biomass). The present thesis illustrates different aspects of biobased succinic acid production by a metabolically engineered E. coli strain. The main areas of the thesis are sugar utilisation and feedstock flexibility, and fermentation inhibition, both due to toxic compound derived from the raw material and the fermentation products themselves. The first part of this thesis aimed to investigate the fermentation characteristics of AFP184 in a medium consisting of corn steep liquor, inorganic salts and different sugar sources without supplementation with high-cost nutrients such as yeast extract and peptone. The effects of different sugars, sucrose, glucose, fructose, xylose, equal mixtures of glucose-fructose and glucose-xylose, on succinic acid production kinetics and yields in an industrially relevant medium were investigated. AFP184 was able to utilise all sugars and sugar combinations except sucrose for biomass generation and succinate production. Using glucose resulted in the highest yield, 0.83 (g succinic acid per g sugar consumed anaerobically). Using a high initial sugar concentration resulted in volumetric productivities of almost 3 g L-1 h-1, which is above estimated values for economically feasible production. However, succinic acid production ceased at final concentrations greater than 40 g L-1. To further increase succinic acid concentrations, fermentations using NH4OH, NaOH, KOH, K2CO3, and Na2CO3 as neutralising agents were performed and compared. It was shown that substantial improvements could be made by using alkali bases to neutralise the fermentations. The highest concentrations and productivities were achieved when Na2CO3 was used, 77 g L-1 and 3 g L-1 h-1 respectively. A gradual decrease in succinate productivity was observed during the fermentations, which was shown to be due to succinate accumulation in the broth and not as a result of the addition of neutralising agent or the subsequent increase in osmolarity. To maintain high succinate productivity by keeping a low extracellular succinic acid concentration fermentations were interrupted and cells recovered and resuspended in fresh media. By removing the succinate it was possible to maintain high succinic acid productivity for a prolonged time. Cells subjected to high concentrations of succinate were also able to regain high productivity once transferred into a succinate-free medium.
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In the last part of the thesis succinic acid production from softwood dilute acid hydrolysates was demonstrated. This study involved establishing the degree of detoxification necessary for growth and fermentation using industrial hydrolysates. Detoxification by treatment with lime and/or activated carbon was investigated and the results show that it was possible to produce succinate from softwood hydrolysates in yields comparable to those for synthetic sugars. The work done in this thesis increases the understanding of succinic acid production with AFP184, illustrate its limitations, and suggests improvements in the current technology with the long term aim of increasing the economical feasibility of biochemical succinic acid production. Keywords: Succinic acid, Escherichia coli, Flexibility, Productivity, Inhibition, Softwood
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Introduction The prospects of peak oil, climate change and the dependency of fossil carbon have moticvated research and development of production methods for the manufacture of fuels and chemicals from renewable resources (biomass). The main focus so far has been replacement of oil for transportation fuels, but the utilisation of petroleum for production of chemicals and materials could represent up to 15% of the petroleum usage [1]. White biotechnology, also called industrial biotechnology, is a fast evolving technology with the potential to substantially impact the industrial production of fuels and chemicals. Conventional, non-biological processes can be replaced by biochemical conversion of biomass resulting in reduction of greenhouse gas emissions and energy usage for the production of fuels and chemicals. By definition, the technology uses the properties of living organisms, such as yeast, moulds, bacteria, and plants, to make products from renewable resources. When utilising living systems the reactions involved generally occurs under mild conditions



with



high



product



specificity,



hence



reducing



the



formation



of



undesirable/harmful by-products. One well-known example of white biotechnology is glucose fermentation by the yeast Saccharomyces cerevisiae for the production of fuel ethanol. In order for biobased production of chemicals to be cost-competitive with fossil based alternatives it is essential to develop fermentations that produce building blocks, i.e. molecules that can be converted into a number of high-value chemicals or materials. Examples of building block or platform molecules are organic acids like lactic and acetic acid. Of special interest are molecules containing multiple functional groups, e.g. dicarboxylic acids. The presence of more than one functional group offers a greater range of possible reaction paths and thus an extended product portfolio. One such example is succinic acid, which is considered as one of twelve top chemical building blocks manufactured from biomass [2]. In addition to its own use as a food ingredient and chemical, succinic acid can be used to derive a wide range of products including: diesel fuel oxygenates for particulate emission reduction; biodegradable, glycol free, low corrosion deicing chemicals for airport runways; glycol free engine coolants; polybutylene succinate (PBS), a biodegradable polymer that can replace polyethylene and polypropylene; and non-toxic, environmentally safe solvents that can replace chlorinated and other VOC emitting solvents [3]. Therefore biobased production of succinic acid offers the opportunity for a widespread replacement of fossil fuel based chemicals.
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Introduction



Scope of the Present Work The present work addresses different aspects of succinic acid production by fermentation using metabolically engineered Escherichia coli. The objective was to further the understanding of the process and bring large-scale biobased production of succinic acid closer to realisation. In the current work, the fermentative capability of an E. coli mutant, AFP184, towards selected sugars was studied. The metabolic products from the fermentations were quantified and productivity and yield on each sugar was determined. The influence of osmotic stress and concentration of the main end-product, succinic acid, on productivity and cell viability was also established. Finally, fermentation of softwood dilute acid hydrolysates was demonstrated and the degree of detoxification necessary to generate a fermentable hydrolysate is determined.
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Production of Biobased Fuels and Chemicals Changing the raw material for transportation fuels and everyday chemicals from nonrenewable to renewable requires, apart from research in production technologies, sustainability of the raw material supply. The yearly biomass production must be shared between many interests, including human food, forage crops, and raw materials for the industry. The annual global production of plant biomass has been estimated to roughly 170×1012 kg, out of which approximately 75% are carbohydrates, 20% lignin, and 5% lipids, proteins, and other compounds [1]. Currently biomass as a production resource is underutilised, but increasing interest in biomass for production of fuels and chemicals will raise the demand on available biomass [4]. For this purpose it is important to certify that the supply of biomass is enough to sustain the present biomass consumers as well as the growing biobased fuel and chemical sectors. In the U.S. an estimated annual potential of 1.3×1012 kg biomass is available for conversion without interfering with current biomass uses [5], and hence offers a large potential for expanding the present production of biobased fuels and chemicals. By converting the carbohydrate fraction of these 130 billion tons to chemicals with an overall process yield of 0.5 kg chemicals per kg carbohydrate processed generates a net 50 billion tons worth of chemicals. Although current prices for biomass of interest for industrial conversion to chemicals (e.g. agricultural residues and forest biomass) are lower than the price of crude oil [4, 6], biologically produced fuels and chemicals have problems competing with their petroleum based counterparts. Industrial use of renewable feedstocks suffers from low raw material usage as only part of the biomass is converted into products. This is mainly due to lack of process or plant integration; the biocatalyst used can only achieve high yields on a selected part of the substrate while the rest is left unconverted as the production sites utilising the other parts of the feedstock often are not located within close proximity to each other. To increase raw material utilisation investments in new plants must be made. Fermentation products are also produced in dilute water solutions and the cost of downstream processing is high. Many types of biomass, especially lignocellulosics, are inherently resistant to processing and together with poor raw material utilisation and high capital costs it translates into high production costs and hence reduced competitiveness. The situation in the petrochemical industry is the reverse. Even if the feedstock (crude oil) is traded at a higher price than agricultural residues or forest materials, the processing costs are generally lower due to well implemented and mature processes and technologies. Utilisation of the raw material is very high and different processes refining various parts of the crude oil into high-value products are linked together in a petrochemical refinery [4]. The
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Production of Biobased Fuels and Chemicals petrochemical industry converts a set of initial building-blocks derived from crude oil in wide spectrum of products, literally thousands, and if the biotechnical process industries are to be competitive they need to develop in the same direction. The solution at present is an integrated production facility analogous to the petrochemical refinery called a biorefinery [7].



The Integrated Biorefinery The main concept of an integrated biorefinery is efficient conversion of all feedstock components into value-added products by combinations of thermochemical, biochemical, chemical and physical processes (Fig. 1). By process integration, the use of all feedstock components will be maximised including the use of by-products and waste streams. Today there exists a number of biorefineries or potential biorefineries such as corn dry and wet milling plants and pulp and paper mills [4, 7].
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Figure 1. Principal sketch of the biorefinery concept. Biorefineries are further classified as phase I, II or III biorefineries with phase III being the most sophisticated and versatile. A phase I biorefinery is typically limited to one type of feedstock (e.g. grain), producing one main product and one or two by-products/wastes,
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Production of Biobased Fuels and Chemicals hence having very little operational flexibility. Phase II biorefineries also use one type of feedstock, but can tailor production to fit current demands. Wet-milling plants are an example of a phase II biorefinery producing fermentations products, starch, corn syrup, corn oil, gluten, and meal. The phase III biorefineries are able to process varying feedstocks into a great number of products offering high flexibility of processing and adaptability to both product demand and raw material supply. Biorefineries typically use regionally available biomass; in the US biorefineries are constructed around corn wet, and dry mills and in Brazil around sugar cane processing plants. In Sweden the main source of biomass is the forest, in particular softwood, and it is suitable to develop biorefineries based on a lignocellulosic feedstock, the LCF biorefinery [7]. The LCF biorefinery is a phase III biorefinery with the potential to convert lignocellulosic biomass into energy, cellulose/hemicellulose derivatives, microbial fermentation products, lignin, and extractives. Plant biomass offers almost endless processing alternatives and product compositions. Carbohydrates in biomass, like cellulose, can be fermented to biofuels or chemicals. Lignin can be used as a natural binder, adhesive, in the production of carbon fibres or as a solid fuel. Plant biomass also contain proteins, fats, dyes, vitamins, flavouring agents, minerals and extractives and biorefinery concepts can except for supplying the chemical industry, generate products for food, feed, personal hygiene, and medicine. An example of an LCF biorefinery is hydrolysis and fermentation of softwood for production of succinic acid and ethanol (Fig. 2). The monomeric sugars derived from the softwood hydrolysate are distributed to different bioreactors. Part of the sugar is fermented to ethanol by S. cerevisiae and part is fermented to succinic acid by E. coli AFP184 (used in this work). The sugar not utilised by the yeast is recycled to the E. coli reactor. Spent yeast cells can be lysed and used as an in-house source of nitrogen and vitamins. The CO2 produced during ethanol fermentation is fed to the E. coli bioreactor since AFP184 utilise CO2 in producing succinate. Benefits from combining these two fermentations will be seen in a higher sugar utilisation and recovery of the carbon lost as CO2 in a conventional ethanol plant. The ethanol is distilled and used as transportation fuel, or reacted with succinate to form diethylsuccinate. The fatty acids and oils contained in the biomass can be utilised for biodiesel production. The succinate and diethylsuccinate make up useful building blocks for the chemical industry.
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Production of Biobased Fuels and Chemicals
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Figure 2. An LCF biorefinery based on ethanol and succinic acid fermentation. Biorefineries could also be constructed around currently existing industry. A pulp and paper mill could for example be modified into a lignocellulosic biorefinery, benefiting from already having the infrastructure and labour force to handle and process forest biomass [8]. In Kraft pulping wood chips are boiled together with sodium hydroxide and sodium sulphide in large digesters. The aim is to separate lignin and hemicellulose from the cellulose fibres without degrading the fibres. After separating the fibres from the spent pulping liquor (black liquor) the fibres are processed into paper pulp and the liquor is concentrated by multi-effect evaporation and processed to recover the cooking chemicals. Converting a Kraft mill into an integrated biorefinery involves recovering the hemicellulose and lignin fractions and turning them into high-value products. The hemicellulose is most easily attained by extracting it before the pulping process using acid, alkali or hot water as solvent [8, 9]. Lignin can be recovered from the black liquor either by precipitation by acidification or ultrafiltration [10]. An example of an LCF biorefinery based on a Kraft pulp mill with the hemicellulose extracted prior to pulping [8] and the lignin precipitated before the chemical recovery processes is shown in Fig. 3. The mill in Fig. 3 has also been equipped with a gasifier, in which the black liquor after evaporation is gasified, generating green liquor containing the pulping chemicals and hot synthesis gas [11]. The produced synthesis gas is cooled in a gas cooler generating low and medium pressure steam. The syngas can after cooling be further processed into chemicals or liquid fuels. The concept presented in Fig. 3 aims to use the extracted hemicellulose for chemicals production by fermentation and to produce pulp from the
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Production of Biobased Fuels and Chemicals cellulose. Converting the biomass into high-value products and materials provides a great opportunity for a Kraft pulp mill to expand its business and increase its revenue [8, 12].
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Figure 3. An LCF biorefinery based on a Kraft pulp mill.



Fermentative Production of Organic Acids Organic acids make up a highly important group of building-block chemicals that can be produced from renewable resources by microbial fermentation. They occur as end-products and/or intermediates in metabolic pathways of yeast, filamentous fungi, and bacteria (Fig. 4). Presently large-scale production facilities for biomass derived organic acids exist for citric, acetic, and lactic acid [13]. Citric acid has by far the largest production volumes with more than 1.6 million tonnes being produced per year. It is mainly used as an acidulant in food products. The primary organisms used are the fungi Aspergillus niger, which produce final citrate titres of close to 200 g L-1, and the yeast Yarrowia liplytica reported to generate citric acid concentrations of 140 g L-1 [14, 15]. General production conditions include high substrate loads, low manganese and high dissolved oxygen concentration, constant agitation, and low pH [14].
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Production of Biobased Fuels and Chemicals Glucose
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Figure 4. Organic acids as intermediates/end-products of microbial carbohydrate metabolism. Lactic acid is a three-carbon monocarboxylic acid. It has been used by humans for a long time, primarily by fermentation of foodstuff as a means of preservation. Recently the interest in optically pure lactic acid for production of polylactic acid (PLA), a biodegradable plastic, has stimulated industrial-scale production of lactic acid. The most widely used biocatalysts are different species of lactic acid bacteria, but also fungi like Rhizopus oryzae are known to be good lactic acid producers [16]. Other bacteria such as E. coli have been engineered for homofermentative lactic acid production and have in mineral salt media been shown to produce lactic acid in excess of 100 g L-1 at volumetric productivities of > 2 g L-1 h-1 and yields around 95% of the theoretical [17]. Other acids with potentially large markets include malic, fumaric, and succinic acid [13]. Malic and fumaric acid are both four-carbon dicarboxylic acids which precede succinic acid in the reductive arm of the tricarboxylic acid cycle (TCA cycle or Kreb’s cycle, Fig. 4). These TCA intermediates can accumulate in filamentous fungi species when cultivated under nitrogen limited conditions; which arrest cell growth and hence carbon can be redirected towards the reductive arm of the TCA cycle [14]. Presence of carbon dioxide is also necessary since the pathways utilise CO2 fixation during conversion of glucose to malic and fumaric acid. Both
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Production of Biobased Fuels and Chemicals acids are polymer precursors currently produced from maleic anhydride. Apart from polymers, malic acid is also used in beverages, candy, and food, in metal cleaning, textile finishing, pharmaceuticals, and paints [14]. The best malic acid producing organism is Aspergillus flavus which in CaCO3 neutralised fermentations can accumulate extracellular malic acid to concentrations of 113 g L-1 at glucose yields of 0.94 g g-1 [18]. However, the volumetric productivity is very low, 0.59 g L-1 h-1. E. coli is a well-known organism that has been successfully engineered for organic acid production, benefiting from good productivities, easy handling, and the possibility of using low-cost media [19, 20]. Attempts have been made to engineer E. coli for malic acid production [21]. Obtained volumetric productivities were in the range of 0.75 g L-1 h-1 and further work is needed to develop strong malic acid producing mutants. Fumaric acid was produced by fermentation during the 1940s using Rhizopus arrhizus [14], but production was abandoned with the development of more efficient petrochemical routes. Production of fumaric acid with Rhizopus strains is done under aerobic conditions and good oxygen transfer is therefore necessary. However, Rhizopus species often grow on both the reactor impellers and walls resulting in reduced transfer rates. Insufficient oxygenation in R. oryzae leads to ethanol being produced instead of fumarate yield [22]. In batch fermentations it is necessary to control the pH by addition of a neutralising agent. The best results have been obtained when CaCO3 was used [23]. Except maintaining the fermentation pH utilisation of CaCO3 serves two purposes. It binds to fumarate creating calcium fumarate. The low aqueous soluibility of calcium fumarate leads it to precipitate during fermentation, hence lowering the extracellular organic acid concentration [24]. Keeping the extracellular acid concentration low benefits transport of produced organic acids out from the cells and reduce the effects of product inhibition. The carbonate in CaCO3 also serves as a source of CO2 for the enzyme pyruvate carboxylase that is active in the carboxylation of pyruvate to oxaloacetate (Fig. 4) [25]. Oxaloacetate is then further reduced to malate and finally fumarate in the reductive arm of the TCA cycle. Using CaCO3 in glucose batch fermentations with R. arrhizus has produced fumaric acid in concentrations around 100 g L-1 with mass yields and productivities of 0.7-0.8 and 1-2 g L-1 h-1 respectively [26, 27]. The downside of using CaCO3 is that it increases the viscosity of the broth. The cells can also interact with the calcium precipitates further increasing viscosity, lowering oxygen transfer rates, and complicating cell recycling. Another disadvantage of the use of CaCO3 the expensive and tedious downstream processing, which involves heating and acidification with sulphuric acid and the connected generation of large amounts of gypsum [24, 27]. In order to improve productivity fermentation should be combined with simultaneous product recovery. This was done with R. oryzae grown on rotating discs partly submerged in a fermentation medium [22]. The head
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Production of Biobased Fuels and Chemicals space of the rotary biofilm reactor was filled with air and as the discs revolved the cells were subjected both to high oxygen transfer in the air and to carbon dioxide in the medium. The produced fumarate was continuously removed and recovered by passing the fermentation broth over ion-exchange/adsorption columns. Since the cells were grown on the rotating plastic discs they remained in the reactor when the broth was circulated over the adsorption columns. The study demonstrated a yield of 0.85 g fumarate per g glucose and a volumetric productivity of 4.25 g L-1 h-1. The productivity could be maintained for close to two weeks. An issue with the rotary biofilm reactor that might limit its usefulness in industrial installations is its scale-up potential. Fumaric acid fermentations with Rhizopus strains have chiefly been demonstrated on glucose and although fumaric acid production by R. arrhizzus from xylose has been shown, productivities were low [28]. More research on conversion of other sugars than glucose, and industrial raw materials, such as lignocellulosic hydrolysates should be performed. For this means and in effort to increase yields and productivities metabolic engineering of either Rhizopus species or bacteria that already grows on and ferments five carbon sugars well constitute a largely untapped possibility [23].



Biobased Succinic Acid Production Succinic acid, a dicarboxylic acid with the molecular formula C4H6O4, was first discovered in 1546 by Georgius Agricola during dry distillation of amber. Currently, succinic acid is manufactured from petrochemical resources through oxidation of n-butane or benzene followed hydrolysis and finally dehydrogenation. Succinic acid is currently as a surfactant, detergent extender, foaming agent, in the food industry for pH reduction, as a flavour and antimicrobial agent, and in the manufacture of health products such as vitamins and pharmaceuticals [3]. Succinic acid can also be used to synthesise other chemical starting blocks e.g. tetrahydrofuran and butanediol. Both being large-volume chemicals currently used as solvents and for polymer production [13]. Potential new markets for biobased production of succinic acid are expected to come from the synthesis of biodegradable polymers; polybutylene succinate (PBS) and polyamides, and various green solvents [2]. Since succinic acid is a common intermediate in the energy metabolism it can also be produced by microbial conversion of biomass utilising fungal or bacterial fermentation [29]. Different conversion pathways for succinic acid applications from fermentation are outlined in Fig. 5.
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Figure 5. Value-added products that can be derived from succinic acid. Biochemical production of succinic acid has been demonstrated using a number of organisms including Bacteroides ruminicola and Bacteroides amylophilus, Anaerobiospirillum succiniciproducens,



Actinobacillus



succinogenes,



Mannheimia



succiniciproducens,



Corynebacterium glutamicum, and Escherichia coli [30-36]. One of the most thoroughly investigated organisms is A. succiniciproducens. It is a strict anaerobe and has been characterised in a number of studies both with regards to preferred medium composition [37-41] and processing conditions [42, 43]. Achievements with A. succiniciproducens include conversion of hardwood hydrolysates into succinate with a mass yield of 0.88 gram succinate per gram glucose [44] and recently continuous production in an intergrated membrane bioreactor-electrodialysis system with an impressive volumetric productivity around 10 g L-1 h-1 [45]. The main drawback with the organism is that it does not seem to tolerate succinic acid concentrations in excess of 30-35 g L-1. A facultative anaerobe, M. succiniciproducens, isolated from bovine rumen has been shown to produce succinate as its main fermentation product with yields in the order of 0.7 gram succinate per gram sugar consumed [32] and with succinate concentration of approximately 50 g L-1 [46]. The volumetric productivities demonstrated with M. succiniciproducens has been high, up to 3.9 g L-1 h-1 [47], but final titres and yields should still be improved. The
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Production of Biobased Fuels and Chemicals organism has been also been demonstrated to ferment industrially derived glucose and xylose from hardwood hydrolysates [48]. A. succinogenes is also a facultative anaerobe inhabiting the bovine rumen. The organism has been shown to produce succinic acid in impressive concentrations (105.8 g L-1) with good yields (approximately 0.85 gram per gram glucose) [49-51]. The fermentations that have reached succinate concentrations of more than 80 g L-1 have been neutralised with MgCO3. When using NH4OH or sodium alkali final concentrations were in the range of 60 g L-1, which is lower than concentrations achieved by a number of E. coli strains [19, 52, 53]. The fermentations were conducted in either vial flasks or 1 L reactors and the results have not been repeated in pilot or production-scale bioreactors. Under anaerobic conditions E. coli is known to produce a mixture of organic acids and ethanol [54]. Typical yields from such fermentations are 0.8 moles ethanol, 1.2 moles formic acid, 0.1-0.2 moles lactic acid, and 0.3-0.4 moles succinic acid per mole glucose consumed. If the objective is to produce succinic acid, the yield of succinic acid relative the other acids must be increased. In the 1990s USDOE initiated the Alternative Feedstock Program (AFP) with the aim to develop a number of metabolically engineered E. coli strains with increased succinic acid production. The two most promising mutants developed by the program were AFP111 and AFP184 [31, 55, 56]. AFP111 is a spontaneous mutant with mutations in the glucose specific phosphotransferase system (ptsG), the pyruvate formate lyase system (pfl) and in the fermentative lactate dehydrogenase system (ldh) [31]. The mutations resulted in increased succinic acid yields (1 mole succinic acid per mole glucose) [56]. AFP184 is a metabolically engineered strain where the three mutations described above were deliberately inserted into the E. coli strain C600 (ATCC 23724), which can ferment both five and six carbon sugars and possess strong growth characteristics [55]. AFP184 is has been used throughout the current work. Other interesting succinic acid producing E. coli biocatalysts include strains engineered to make succinate during aerobic metabolism [34], AFP111 overexpressing heterologous pyruvate carboxylase [33, 52], and strains developed from combinations of metabolic engineering and natural selection able to produce high succinic acid titres in mineral media [19, 57]. Technologies for biological production of succinic acid from renewable resources have seen massive improvements in the past five to ten years. Nevertheless, further improvement is still needed if the biochemical conversion methods should be cost-competitive in a long term perspective. Regardless of the chosen biocatalyst the manufacturing cost of succinic acid is affected by productivity and yield, raw material costs and utilisation, and recovery methods.
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Production of Biobased Fuels and Chemicals From a downstreaming perspective, succinic acid concentrations should be high and the quantity of other fermentation products (carboxylic acids and ethanol) low. High levels of byproducts reduce the succinate yield and increase the cost of separation. The presence of colouring substances, often from added complex nutrients, and other impurities will also interfere with product separation, requiring additional purification steps, for example treatment with activated carbon and filtration. Therefore a potential biobased succinic acid production process should promote both efficient fermentation and product recovery. To this end a biocatalyst able to generate high succinate titres without by-product formation should be used. The organism should also utilise a wide range of sugar feedstocks in a medium supplemented minimum amounts of complex nutrients and to be economically feasible preferably achieve volumetric productivity above 2.5 g L-1 h-1 [2].
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Production of Biobased Fuels and Chemicals
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Escherichia coli as a Platform for Industrial Production of Succinic Acid



Escherichia coli Sugar Metabolism In E. coli sugars are metabolised in different ways depending on structural similarities between the sugars and the properties of the enzyme systems responsible for uptake and degradation. The present work deals with succinic acid production from monosaccharides available in Sweden. Raw materials are likely to come from wood hydrolysates, but agricultural residues and products e.g. wheat straw and sugar beets, are also possible sources of carbohydrates. Focus in this thesis is on the metabolism of glucose, fructose, and xylose; glucose and xylose being the most abundant sugars in lignocellulosic biomass, while fructose and glucose are the components of sucrose, a widely available disaccharide. Metabolism of other hemicellulose sugars; arabinose, galactose, and mannose, was demonstrated during fermentation of softwood hydrolysates and will also be discussed (paper IV). In the following sections the metabolism of each of the sugars will be described and the effects of the mutations in AFP184 discussed.



Glucose The first step in the glucose metabolism of E. coli is glycolysis (also called EmbdernMeyerhof- Parnas (EMP) pathway). In glycolysis one mole of glucose is taken up by the cell, phosphorylated and converted into 2 moles of pyruvate generating small amounts of metabolic energy. In the energy metabolism of E. coli the fate of pyruvate depends on the environmental conditions. When oxygen is available, pyruvate molecules enter the TCA cycle and are oxidised to CO2. Under anaerobic conditions E. coli will instead undergo mixed acid fermentation and produce a mixture of organic acids and ethanol [54]. However, when metabolising glucose under anaerobic conditions the mutations in the pfl and ldh genes significantly influence the ratio of the products formed. The mutations in AFP184 direct the metabolic fluxes so that the only end-products that accumulate in any significant amounts are succinic acid and acetic acid. The mutations in the ldh and pfl genes limit the generation of the by-products lactic acid, formic acid, ethanol and acetic acid, although a small amount of pyruvic acid also accumulates. The sugar metabolism of AFP184 for glucose, fructose, and xylose is outlined in Fig. 6.
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Escherichia coli as a Platform for Industrial Production of Succinic Acid Anaerobic
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phosphoenolpyruvate carboxylase directs the carbon flow from phosphoenolpyruvate (PEP) to oxaloacetic acid by fixing CO2. Oxaloacetate is then reduced to malate, fumarate, and finally succinate via the reductive arm of the TCA-cycle. From a carbon balance a yield of 2 moles of succinic acid for every mole of glucose consumed is obtained. Carrying out a redox balance shows that ~15 % of the carbon must be committed to the glyoxylate shunt to generate the necessary amount of reducing equivalents (NADH). The maximum theoretical yield of succinate from one mole of glucose is thus 1.71 (1.12 gram per gram glucose). The anaerobic activity of the glyoxylate shunt has been demonstrated for AFP111 after aerobically inducing isocitrate lyase [33]. Since AFP184 carry the same mutations as AFP111 it is assumed in the present study that the glyoxylate shunt also is active in AFP184.
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Glucose



Xylulose



PEP



ATP



Pyruvate



ADP



ATP ADP



Glucose 6-P PEP



Xylulose 5-P



Ribose 5-P



Glyceraldehyde 3-P



Sedoheptulose 7-P



Pyruvate Fructose 6-P



Fructose



ATP ADP Glyceraldehyde 3-P 2H, ATP CO2



PEP ATP



Erythrose 4-P



Fructose 6-P



2H, CO2 ATP



Pyruvate 2H



Acetate



Lactate Oxaloacetate



ADP



2H, CO2 LP



Acetyl-CoA



Glyceraldehyde 3-P 4H



2H



Malate



Glyoxylate



Ethanol



Isocitrate



Fumarate



2H



Citrate



Succinate



Figure 6. Anaerobic glucose, fructose and xylose metabolism of AFP184. Note that some metabolites are excluded. The reactions blocked by the mutations in AFP184 are shown by crosses. E. coli has two hydrophobic membranes surrounding its cytoplasm, the cytoplasmic (or inner) membrane and the outer membrane. The outer membrane contains special proteins, porins, which forms pores across the membrane that allow glucose and other small solutes to diffuse through the membrane into the periplasm (the volume between the inner and outer membrane). The diffusion of glucose across the outer membrane into the cytoplasm is a passive process depending on the concentration gradient across the membrane. The two main porins for glucose uptake during concentrations above 0.2 mM are OmpC and OmpF
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Escherichia coli as a Platform for Industrial Production of Succinic Acid [58], as described under the section Osmotic stress in Escherichia coli. Normally in E. coli, glucose is taken up and phosphorylated by the phosphotransferase system (PTS), which is a system of transport proteins [59, 60] that internalise glucose (Fig. 7).
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Figure 7. Glucose uptake systems in E. coli. The glucose uptake process starts with Enzyme I (EI) taking a phosphate group from PEP, generating phosphorylated EI and pyruvate. EI is said to be non sugar-specific, meaning that its activity is not linked to a specific sugar substrate; instead it will assist in the uptake of many sugars for example fructose, glucose, and mannose [58]. The phosphate group is then transported to a sugar specific enzyme II complex via the phosphohistidine carrier protein (HPr). In E. coli there are 21 different enyme II complexes [59]. The ones responsible for glucose uptake and phosphorylation are IIGlc and IIMan where the former is more efficient. The IIGlc complex consists of the glucose-specific enzymes, IIAGlc and IIBCGlc . IIAGlc is a soluble enzyme and IIBCGlc is an integral membrane protein permease. The gene, ptsG, encoding the glucose-specific permease IIBCGlc normally represses the genes encoding the enzymes in the IIMan complex. AFP184 was metabolically engineered to have the glucose-specific permease knocked out, resulting in an organism where the genes for the IIMan complex is no longer repressed and glucose uptake can commence through the complexes IIABMan and IICDMan. The affinity and capacity of the mannose permease system is somewhat lower for glucose than the glucose specific uptake system and lower growth rates has been reported in mutants relying on the IIMan complex [61].
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Escherichia coli as a Platform for Industrial Production of Succinic Acid Two other systems that are important for glucose internalisation in E. coli, which lacks a functional glucose-specific permease, are the GalP and Mgl systems [58]. GalP is a galactose:H+ symport that has the ability to transfer both galactose and glucose into the cytoplasm. The Mgl system consists of a galactose/glucose periplasmic binding protein (MglB), an integral membrane transporter protein (MglC), and an ATP-binding protein (MglA). Glucose imported via GalP or Mgl is not phosphorylated. The phosphorylation necessary before entering glycolysis is performed by the cytoplasmic enzyme glucokinase. Instead of using PEP as a phosphate donor, this phosphorylation is ATP dependent. Uptake and phosphorylation by glucokinase has been reported as slower than when conducted by the PTS [62].



Fructose The fructose metabolism of AFP184 (Fig. 6) is similar to glucose, but with the main difference that the PTS for fructose is intact and fructose is thus internalised and phosphorylated by the fructose specific PTS and not by the mannose PTS or by glucokinase [63-65]. A redox balance for succinate production by fructose metabolism gives a maximum theoretical molar yield of 1.20 (mass yield 0.79). The lower succinate yield is due to more PEP being committed to pyruvate during uptake and phosphorylation of fructose reducing the availability of PEP for conversion to oxaloacetate.



Xylose Xylose metabolism differs from the two other sugars since xylose is not a PTS substrate. Uptake of xylose is instead governed by chemiosmotic effects [66, 67]. An initial increase of external pH has been reported as xylose is consumed by E. coli [67]. This increase was interpreted as an influx of protons (or efflux of hydroxyl groups) accompanying a protonmotive force driven transport of xylose into the cells. Once inside the cell, xylose is isomerised by xylose isomerase to xylulose which is phosphorylated by xylulose kinase to xylulose 5-phosphate [66, 68]. Xylulose 5-phosphate then enters the pentose phosphate pathway and after conversion to either fructose 6-phosphate or glyceraldehyde 3-phosphate it enters the glycolytic pathway (Fig. 6). The maximum theoretical yield of succinate from xylose calculated by a redox balance is 1.43 moles per mole xylose (mass yield 1.12).
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Other Sugars Arabinose, galactose, and mannose are all sugars present in softwood hemicellulose and hence interesting for industrial production of succinic acid from lignocellulosic biomass. Due to the mutation in the PTS of AFP184 the metabolism of these sugars are not repressed by the presence of glucose (Paper III). Mannose, a PTS sugar, is metabolised in manner similar to fructose since the PTS for mannose is not subjected to any mutations. Galactose enters the cell via either the GalP-proton symport or the Mgl system, it is phosphorylated by galactokinase and through a series of reactions it enters glycolysis as glucose 1-phosphate [69, 70]. Arabinose catabolism starts by conversion to D-ribulose, which subsequently is phosphorylated by the enzyme L-fuculokinase [71]. Arabinose enters glycolysis after further conversion as hydroxyacetone phosphaste (in equilibrium with glyceraldehyde 3-phosphate).



Effects of pH and Organic Acids on Escherichia coli Metabolism Organic acids and acid stress affect microbial cells by influencing energy generation, intracellular pH homeostasis, and the integrity of cellular proteins and DNA [72]. For the present aim of producing large quantities of organic acid by fermentation to be successful, the impact of organic acids on cell physiology, functionality, and viability needs to be considered.



Energy Generation and pH Homeostasis The chemiosmotic theory outlines that a proton concentration gradient across the cytoplasmic membrane is generated and used as a pool of energy for ATP synthesis [73]. An essential component for generating the proton gradient is the relative impermeability of the cytoplasmic membrane to protons. Protons are channeled into the cell by active transport via the membrane bound enzyme ATP synthase. This enzyme concomitantly catalyses the phosphorylation of ADP from the energy obtained by the movement of protons along the proton gradient. The energy stored in the proton concentration gradient is called the protonmotive force (PMF) and is formed by two contributors; the difference in proton concentration (ΔpH) and the difference in charge, called membrane potential (ΔΨ), between the cytoplasm and surrounding medium. The PMF is written as the sum of the membrane potential and the pH gradient and is given in V or mV.
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Escherichia coli as a Platform for Industrial Production of Succinic Acid PMF = ΔΨ − ZΔpH



(1)



where Z, which converts the proton concentration difference to electric potential, is given by:



Z = ln 10



RT F



(2)



where F is Faradays constant and R the ideal gas constant and T is the absolute temperature. The PMF in E. coli actively undergoing cell division, is in the range of -140 to -200 mV [74]. If ΔpH increases the membrane potential is reduced to keep a stable PMF. A very large PMF would create a massive pull on extracellular protons and result in increased influx and acidification of the cytoplasm. There are two main factors that affect the pH homeostasis system in E. coli; the pH of the medium and the concentration of organic acids produced during fermentation. In the advent of a reduction of the extracellular pH, bacteria respond by changing the activity of the ion transport systems responsible for bringing protons into the cytoplasm [75]. E. coli is a neutrophile and thus grows best at near neutral pH. The cytoplasm usually has a pH somewhat above that of the surrounding medium. For growth of E. coli in a near neutral medium the internal pH is in the range of 7.4 to 7.9 [76]. When E. coli is subjected to extreme acid stress the pH gradient across the membrane increases and creates a strong influx force for protons. The cytoplasmic membrane of E. coli has very low proton permeability, but at large ΔpH the net influx of protons increases nevertheless. It is hypothesised that protons travel across the membranes by using protein channels or damaged parts of the lipid bilayers [74]. It has been shown that E. coli cannot maintain a ΔpH of more than 2 pH units [74] resulting in acidification of the cytoplasm. E. coli has been demonstrated to survive acid stress down to pH 2-3 for several hours [77]. However, as the cytoplasmic pH decrease due to improper enzyme function, protein denaturation and damage on the purine bases of DNA, the low pH environment will eventually kill the cells (for a description of how E. coli survive acid stress see Acid Resistance Systems). The second source of cytoplasmic pH perturbations, weak acids, works differently. Organic acids, like acetate, lactate, and succinate are all produced during anaerobic fermentation of various carbon sources e.g. glucose. Those acids have pKa values in the range of 4 and in a cultivation medium at pH 7, which is a common cultivation pH for E. coli, the acids dissociate and lower the pH. In an industrial fermentation the pH is kept constant at optimal levels by addition of acid and base. If the pH of the medium is lowered to values below the pKa of the
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Escherichia coli as a Platform for Industrial Production of Succinic Acid organic acids, the acids remain undissociated and hence uncharged. An uncharged organic acid can travel across the cell membrane by passive diffusion [75]. Once inside the slightly alkaline cytoplasm the acid dissociates increasing the proton concentration inside the cell, lowering the cytoplasmic pH and dissipating the trans-membrane proton gradient and the protonmotive force [78]. Studying the effects on growth of different organic acids derived from hemicellulose hydrolysates in cultures of the ethanologenic E. coli LY01 it was shown that the acids reduced growth more at lower pH than at neutral or slightly alkaline [79]. The effects of a lower pH and the presence of organic acids are thus more severe when present together.



Organic Acids – Metabolic Uncoupling and Anion Accumulation The effect of organic acids on growth is not only due to the lowering of the cytoplasmic pH, but also includes anion specific effects. The growth inhibition caused by acetate anions is proposed to be linked to methionine biosynthesis [80]. It was suggested that the inhibition caused by acetate is an effect of the anion affecting an enzyme in the methionine biosynthesis pathway leading to accumulation of homocysteine, a metabolite that has been shown to inhibit growth in E. coli. As explained above, the protons generated by dissociation of organic acids in the cytoplasm affects cells both by reducing the cytoplasmic pH thus damaging protein structures and DNA, and by reducing ΔpH thus disrupting the protonmotive force. The reduction of ΔpH can be mediated by what is called an uncoupler. Synthetic uncouplers are lipophilic compounds that travel across cell membranes in both undissociated as well as in dissociated form (Fig. 8). The protonated form of the species crosses the membrane and releases its proton upon entry into the alkaline cytoplasm. The deprotonated form is then pushed to the external side of the membrane by the electrical gradient. The anion is again protonated, diffuses into the cytoplasm and releases another proton. Protons however are not able to cross the membranes and remain in the cytoplasm. The cycle continues until the protonmotive force is completely disrupted [81].
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Figure 8. Mechanism of uncoupling. HX represents the undissociated acid and X- the acid anion. Whether organic acids are able to act as true uncouplers is a matter of debate. It has been argued against organic acids being true uncouplers due to their inability to diffuse through the cell membranes, instead they will accumulate in the cytoplasm like protons [81]. This was contradicted in a study proposing that both acetate and lactate permeates through the membranes at comparable rates in both undissociated and dissociated form and in this way they catalytically dissipate the protonmotive force [82]. This model also purports that since acetate could freely traverse the cell membrane it would not accumulate in the cytoplasm. In the study it was observed that the intracellular acetate concentrations did not reach levels predicted by ΔpH. In contrast, another investigation showed that acetate accumulation increased with increasing external acetate concentration and an equilibrium between the intracellular acetate and ΔpH occurs when the external acetate concentrations was 60 mM or more [83]. It was found that acetate accumulated as long as the intracellular pH and thus the pH gradient was kept high [83, 84]. However, as the intracellular pH decreased acetate accumulation ceased. The effects of organic acids can thus be two-fold. Even though it cannot be said that organic acids act as uncouplers per se, the growth inhibiting effects seems to originate both from acidification of the cytoplasm and of anion accumulation. In E. coli K-12 even low ( 
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