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Abstract  
 

Plant lignocellulosic biomass can be a source of fermentable sugars for the production 

of second generation biofuels and provide a viable alternative to fossil fuels. The 

hemicellulotic component of many bioenergy grasses, including Miscanthus, is 

comprised of arabinoglucuronoxylans. As xylans constitute the third most abundant 

biopolymer, we set out to investigate the uptake of its sugars and oligosaccharides, ie. 

L-arabinofuranose and xylobiose, by bacteria. Using a phylogenetic, phylogenomic 

and ‘in silico’ analyses of Galacto/Arabinofuranose SBP from E. coli (ie. GafAEc) we 

detected bacterial orthologs which could show ‘bias’ towards arabinose binding. The 

chosen SBPs for further characterisation were GafASw and GafASm from Shewanella 

sp. ANA-3 and Sinorhizobium meliloti 1021, respectively. Biochemical characterisation 

showed that GafASm bound L-arabinose 5 times higher affinity than GafAEc, and D-

fucose changed the thermal stability of the protein at similar levels to D-galactose. 

The enhanced affinity for both L-arabinose and D-fucose might suggest that GafSm 

system is involved in chemotaxis towards root mucilage. Strikingly, GafASw is unable 

to bind D-galactose which is an uncommon feature of arabinose-binding bacterial 

proteins. We resolved the GafASw and discovered that tilting of its Asp88 residue, 

prohibits the formation of a salt bridge found in GafAEc structure with D-

galactofuranose bound. This is attributed to the presence of a Phe residue at position 

17 instead of a Gln. Furthermore, the presence of a Phe residue instead of an Asn near 

the binding cavity, displaces a water molecule which would otherwise interact with 

the O6 in D-galactofuranose, as exemplified in GafAEc. Lastly, we created Transport 

Deletion (TD) mutants of E. coli which are unable to grow on L-arabinose (ie. TDara), 

D-xylose (ie. TDxyl) and D-glucuronic acid (ie. TDglcA). The strains recovered their 

growth when their respective secondary (MFS) were ectopically expressed, thus 

verifying their applicability as tools for detection of useful bacterial transporters. The 

usability of these strains in the discovery of endogenous and exogenous transporters 

for biomass-derived sugars was demonstrated by the use of TDxyl to show that an 

endogenous MFS transporter, ie. YagG, can import xylobiose. 
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Chapter 1 
 
General Introduction  
 
 
 
The following sections of the introductory chapter will provide the reader with a 

review of literature, pertinent to the research detailed in subsequent chapters of the 

text. The General Introduction starts with a brief description of the terminology which 

describes the sugars in the Haworth projection, as those will be used all throughout 

the thesis to refer to xylan-derived sugars. Thereafter, the importance and the 

structure of the xylan, with particular emphasis to bioenergy grasses is explained. The 

introduction proceeds to give details about the main stages involved in the 

consolidated bioprocessing of biomass by bacteria and re-orient focus to a neglected 

stage ie. transport. The bacterial secondary and ABC primary transporters will be 

described in greater detail because of the direct relevance of the following chapters to 

these kinds of systems.  Finally, the importance in engineering of transport systems 

for biofuel production is demonstrated by examples from yeast transporters which 

have been more extensively studied compared to bacteria. The chapter ends with the 

collective aims of the study and a brief thesis outline. 

 
1. 1 Composition and conformation of sugars in solution  
 
Sugars are complex species which can take multiple forms in solution, exhibiting a 

great constitutional, configurational and conformational isomerism. The present 

section will provide information about the terminology from carbohydrate chemistry 

used all throughout the thesis such as the pyranose and furanose forms of sugars, their 

D- and L- enantiomers and the α- and β- anomeric configurations.  
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1. 1. 1 Pyranose and furanose conformations of sugars in solution  

 
Acyclic aldehyde sugars in solution are spontaneously cyclized to form hemiacetals 

which are normally presented using the Haworth projection. These cyclic forms are 

either found in the six-membered ring form ie. pyranose or the five-membered ring 

ie. furanose forms (Figure 1. 1, bottom). The pyranose forms are thermodynamically 

most stable for most sugars in aqueous solution due to easily reachable transition 

states (Lough, 1972). The difference between the free energies of the two forms is large, 

reaching near 8 kJ/mol when neither of them exhibits steric clashes amongst their C1-

C5 (or C6) constituents (Angyal, 1984). As the constituents of pyranoses are fully 

staggered, these are more stable than five-membered rings of the furanoses. The 

staggered structure of pyranoses with the tetrahydrally co-ordinated oxygen atoms 

interacts better with the ‘structured’ component of liquid water as compared to 

furanoses (Angyal, 1984). The percentages of the pyranose and furanose forms of the 

sugars relevant to this study are listed in Table 1. 1.   

  

 

 

1. 1. 2 D and L enantiomers of sugars 

The linear form of sugars ie. Fischer projection is normally used to differentiate 

between the enantiomers D and L of the sugars. In a monosaccharide when the  

Table 1. 1 Percentages of pyranose and furanose forms of selected sugars 

Distribution of furan and pyran as percentages in D2O  derived from Collins and Ferrier R., 1995. 
* Galactose distribution is from Barlow and Blanchard, 2000. 
** Fucose distribution is from Angyal, 1972 
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Figure 1. 1 Conformations of the sugar arabinose  
All conformers and enantiomers are shown in the Haworth projection.  
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penultimate carbon is shown with a hydrogen on the left and a hydroxyl group on the 

right then it describes the D configuration of the sugar. However, when the opposite 

occurs ie. the last stereogenic carbon exhibits a hydrogen on the right and a hydroxyl 

group on the left, then the sugar is said to be an L enantiomer. In the Haworth 

projection, the cyclohexane structure of hexoses, will typically have their hemiacetal 

group (ie. C6 constituent) pointing up. In the case of pentoses this distinction is 

becoming evident in the furanose form when the C5 constituent, for example, L-

arabinofuranose is pointing down (Figure 1. 1, top and bottom) (Berg, 1980).  

 
1. 1. 3 Sugar epimerisation  

 
The epimerisation of a sugar relates to the anomeric center of a sugar which is created 

from the intramolecular formation of an acetal of a sugar hydroxyl group and an 

aldehyde ie. Fischer to Haworth projection (Osborn, 2006). The two possible 

stereoisomers formed are called anomers. In the Haworth projection, the a-anomer is 

the isomer with the anomeric substituent (ie. C1 or the carbon next to the anomeric 

oxygen of the ring) pointing on the opposite face to C5 hydroxymethyl group of 

hexoses.  The β anomer is described as the one with the anomeric carbon facing the 

same direction as the C5 of hexoses. This applies for the D- configuration, in the case 

of L – the α anomer has its anomeric group pointing upwards and in the β anomer 

pointing down (Figure 1. 1, middle).  

 
1. 2 Xylan biomass for biofuel production  
  
Fast growth in both world energy consumption and carbon dioxide emissions 

correlated with the usage of fossil fuels has motivated the quest to search for 

alternative sources which are renewable and impose a minimal threat to the 

environment stability (IPCC, 2013). Biofuels are a viable alternative and have the 

potential to occupy a high percentage of a non petrochemical-based fuel economy. 

Current EU directives aim to implement an increase in the percentage of renewable 

sources mixed in the transport fuels and expect to reach a 10% share by 2020 (Directive 
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2009/28/EC). Popular candidate feedstocks for biofuel production are the first-

generation including sugar crops (sugarcane), starch crops (corn, wheat) and oilseeds. 

Corn ethanol in US and sugarcane ethanol in Brazil are examples of the first-

generation biofuels actively produced to meet the increasing global demand which 

has quadrupled between 2000 and 2008 (Sims et al., 2010). However, the use of food 

crops as bioenergy feedstocks has come under high scrutiny as it can be a detriment 

to the food supplies and potentially increase their cost (Sims et al., 2010). Instead, the 

second-generation, or advanced biofuels, are an economically viable alternative to the 

first-generation as these are derived from non-food crops, such as grasses and 

agricultural waste.  

 
1. 2. 1 Lignocellulose component of plant biomass  

 
The growing concerns for the use of first generation feedstocks have increased the 

interest in developing second-generation biofuels which are derived from non-food 

biomass. Such material includes the by-products of agriculture (eg. cereal straw, sugar 

cane bagasse and forest residues) and dedicated bioenegry feedstocks (eg. switchgrass, 

Miscanthus spp. and Arundo donax) which are normally low input and high yielding 

grasses. This type of biomass is continuously receiving attention as a successful 

resource of fermentable sugars for biofuel production because it doesn’t raise the 

debate of food versus fuel.  

 
Production of second-generation biofuels from plant biomass normally refers to the 

lignocellulosic component of them, as this makes up the majority of the nonfood 

materials derived from grasses and agricultural waste (Naik et al., 2010). 

Lignocellulosic biomass describes the secondary walls of plant cells and constitutes 

the most abundant raw material for the production of biofuels (Ebringerová and 

Heinze 2000; Naik et al., 2010). The lignocellulose is a complex structure formed by 

the association of polysaccharides including cellulose and hemicellulose (Haldar, Sen 

and Gayen, 2016). Cellulose is a linear polysaccharide consisted of glucose monomers 

linked by a β- 1, 4- glycosidic linkage and is the most abundant component of plant  
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Figure 1. 2 Structure of lignocellulose  
A simplified structure of plant fiber showing the crystalline cellulose in green and 
hemicellulose in yellow. The polymer is shaped as a mesh of highly structured 
polysaccharides interlinked with eachother and phenols (ie. lignin). The linkages 
between hemicellulose and lignin shown here are acetyl (Ac), and ferulic acid (FA).  
Figure obtained from Ribiero et al., 2016.  



 

 21 

 

biomass on the earth (Tomme et al., 1995) (Figure 1. 2). The spaces between the two 

polysaccharides mentioned are filled by a complex organic polymer known as lignin 

(Figure 1. 2). The current study concentrates on the hemicellulotic component of the 

lignocellulose, and more specifically it focuses on the most common type of 

hemicellulose found in plants, ie. xylan.  

 
1. 2. 2 Structure of the xylan polysaccharide  

 
Xylan is the second most abundant polysaccharide in plants after cellulose, and 

constitutes the primary polysaccharide in the hemicellulose of plant cell walls  

 (Siqueira and Filho 2010, He et al., 2014). It is structured in such manner so that its 

residues are supporting the formation of an overlaying layer characterised by 

hydrogen and covalent bonds which link the xylan to cellulose and lignin, respectively 

(Beg et al., 2001) (Figure 1. 2). Xylan polysaccharide is a heteropolymeric polymer 

comprised of a backbone of repeating xylopyranosyl residues (shown in black in Figure 

1. 3) linked by a β-1,4 glycosidic bond.  The backbone is decorated with branch chains 

of 4-O-methyl-D-glucuronic acid (Chen, 2014) (shown in red in Figure 1. 3).  

 
Specifically, in the monocotyledonous Gramineae species, eg. bioenergy grasses, the 

hemicellulose also contains L-arabinofuranose (shown in green in Figure 1. 3) linking 

to the main chain as branch chains to the O2, ie. α-(1,2)-glycosidic bonds, and O3 

positions, ie. α-(1,3)-glycosidic bonds, of the D-xylopyranose residues. The α-L-

arabinofuranose residues are covalently bonded to ferulate residues (shown in blue in 

Figure 1. 3) which in turn link the AGX polysaccharide to lignin, as designated in Figure 

1. 2 (Anna, Zdenka and Thomas, 2005). The xylan from hardwoods, eg. dicotyledonous 

angiosperm trees, differs from softwood xylans in that they lack acetyl groups (shown 

in orange in Figure 1. 3) and the aforementioned L-arabinofuranose units (Heinze, 

Barsett and Ebringerová, 2005).  The studies on the type of sugars and the quantity of 

thereof in xylan of bioenergy grasses are important for the use of this polysaccharide 

in the biofuel production by consolidated bioprocessing.  
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Figure 1. 3 Basic structure of xylan polysaccharide. 
The xylan polysaccharide is comprised of a backbone of repeating xylopyranose 
residues with frequent decorations of arabinofuranose residues at positions 2- and 3-
OH. Some of the arabinofuranose residues are linked ferulic acids which act as 
brigding units between xylan and lignin. Methyl glucuronic acids branch off O4 of 
xyloses. The structure was produced in ChemDoodle.   
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1. 1. 3 Consolidated bioprocessing of xylan by bacteria   

 
Consolidated bioprocessing (CBP) of lignocellulose refers to the combining of the 

biological events involved in biomass-to-biofuel conversion. The process typically 

considers the optimisation of the following extracellular and intracellular reactions: 1. 

production of saccharolytic enzymes for the hydrolysis of polysaccharides present in 

pretreated biomass and 2. fermentation of hexose and pentose sugars in a bioreactor 

(Brodeur et al., 2011). The current study is concerned with a stage involved in the 

bioconversion but is hugely neglected in the studies conducted so far which improved 

CBP processes. This stage is the transport of the hydrolysed sugars and 

oligosaccharides into the cytoplasm of the engineered bacterium that produces the 

biofuel. As discussed later, the optimisation of transport processes in the fungal 

organism, Saccharomyces cerevisiae, is essential for enabling the utilisation of xylose 

derived from xylan. The bacterial transport systems haven’t received as much interest 

for this purpose, with the bulk of information gained for such systems derived from 

the study of their roles in bacterial pathogenesis, nutrient acquisition and response to 

extracellular ion content (Maloney, 2002). Limited studies exist to optimise the 

function of these transporters towards xylan utilisation and/ or engineer these systems 

in E. coli for biofuel production. The current study actively works in gaining more 

insights about the bacterial transport systems of the xylan-derived sugars 

arabinofuranose and xylobiose. Therefore, we suggest a review of the CBP as defined 

in literature to include the optimisation of the following stages: 1. Enzymatic 

hydrolysis of the pretreated biomass, 2. Uptake of hydrolysed sugars/ oligosaccharides 

via membrane transport systems, 3. Catabolism of imported sugars/ oligosaccharides 

and 4. Efflux systems for the produced biofuel (Figure 1. 4).  

 
1. 3.  Enzymatic hydrolysis of xylan  
 
Enzymatic hydrolysis of biomass is a commonly employed step following its chemical 

and/ or mechanical pretreatment (Brodeur et al., 2011). The diverse and heterogenic 

nature of xylan substitutions between different plant species gave rise to a plethora of  
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Figure 1. 4 Consolidated bioprocessing of biomass by bacteria  
The four stages the CBP should be considering for efficient bioconversion of xylan to 
biofuel are: 1. Enzymatic hydrolysis of the hemicellulotic polysaccharide, 2. Uptake of 
oligo-, mono-saccharides and sugar acids via membrane transport systems, 3. 
Intracellular catabolism of the importer sugars into biofuels and 4. Diffusion/ Assisted 
efflux of biofuels.  
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glycosyl hydrolases which enable the bacteria to inhabit such niches. The xylan 

enzymatic hydrolysis requires the collaborative activity action of several main chain 

and side group cleaving enzymes, including endo-β-1,4-xylanases (EC 3.2.1.8), β-

xylosidases (EC 3.2.1.37), α-arabinofuranosidases (EC 3.2.1.55), α-glucuronidases (EC 

3.2.1.139), feruloyl esterases (EC 3.1.1.73) and acetylxylan esterases (EC 3.1.1.72) (de Vries 

and Visser 2001) (Figure 1. 5). The following sections provide an insight into the 

activity of these enzymes from studied examples, with emphasis to xylanases/ 

xylosidases and arabinofuranosidases which are most relevant to the current study. 

All of the enzymes described below are classified into glycoside hydrolase families 

(GH) in the Carbohydrate Active Enzyme (CAZy) (www.cazy.org) database on the 

basis of their amino acid sequence similarities (Cantarel et al., 2009), and therefore 

will be referred to as such.  

 
1. 3. 1 Xylanases and xylosidases 

 
Xylanases are defined as hydrolases which randomly cleave β-1,4-linked D-

xylopyranose residues from the xylan backbone and are widespread within bacterial 

and fungal phyla (Collins et al., 2005; Juturu and Wu, 2012). Sequence based 

classification by CAZy database created two distinct groups ie. GH10 and 11 with also 

in GH5, 7 and 8 (Lafond et al., 2014).  GH10 family comprises primarily by endo-1, 4-β-

xylanases with some of its members being endo-1, 3-β-xylanases. This family also 

shows versatility on substrates, with some GH10 enzymes able to hydrolyse cellulose. 

Further, GH10 can tolerate glucose substitutions on xylose monomers, commonly 

found xyloglucans (Chakdar et al., 2016). Moreover, these enzymes are highly active 

on small xylooligosaccharides, indicating they can still processes further xylan 

hydrolysis products (Pollet, Delcour and Courtin, 2010) (shown in black in Figure 1. 5). 

GH10 normally have a high molecular mass, low pI and a (α-β)8-barrel fold 

conformation (Teplitsky et al., 2000). GH11 typically cleave xylan and 

xylooligosaccharides at β-1,4-xylosidic bonds, and their catalytic products are 

normally substrates for GH10 enzymes (Chakdar et al., 2016).  GH11 enzymes have 

smaller catalytic versatility as they only cleave unsubstituted xylose monomers which  
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Figure 1. 5 Consortium of bacterial hydrolases which act on xylan 
The enzymes are represented by circular sectors near the cleavage point. The structure of the 
monomers released are represented in black for xylose, green for arabinofuranose, blue for 
ferulate and red for methylglucuronic acid. The GH families are designated for each enzymatic 
function. The structure was produced in ChemDoodle.   
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was confirmed by their inability to attack the xylosidic linkage towards the non-

reducing-end next to a branched xylose. The rarer GH8 enzymes share similarity to 

GH11 in terms of their substrate specificity and action pattern, with 6 members already 

identified to be able to act on xylan (Collins, 2006; 2008).  

 
Xylosidases (EC 3.2.1.37) are required following xylanase and arabinofuranosidase 

activities. These cleave xylose residues from the non-reducing end of the xylose chain 

in an exo-acting manner. The xylanases act in close synergy with the xylosidases as 

the first create more reducing ends for the action of the latter. Further, 

arabinofuranosidases remove the arabinose side chains from AX and AGX 

polysaccharides to allow binding of β-xylosidases. Also, xylosidases remove the end 

products that otherwise prohibit xylanase activity (Sunna and Antranikian, 1997). 

 
Xylosidases from family GH3 are active in a range of substrates including AX, xylan 

and xylooligomers. The degree of polymerisation (DP) of the substrates for two GH3 

enzymes from Hypocrea jecorina and Talanomyces emersonic ranged from (xyl)2 to 

(xyl)5. Their ability to hydrolyse showed a decrease at oligomers with DP higher than 

6 (ie. equal or longer in size than xylohexaose).  GH39 xylosidases from 

Thermoanaerobacterium saccharolyticum and Clostridium stercorarium are active on 

xylooligomers with minimal activity on xylobiose, and much higher on xylotriose (Lee 

and Zeikus 1993, Wagschal et al., 2005). Neither show activity on AX, however C. 

stercorarium still binds the polymer (Adelsberger et al., 2009). The GH43 xylosidases 

from S. ruminantium, G. thermoleovorius and B. adolescentis are all active on 

xylooligomers ranging from (xyl)2 to (xyl)6. The S. ruminantium was particularly active 

on xylotriose, distinct to the rest which didn’t show any preference on the latter 

(Chakdar et al., 2016). The GH52 enzymes are a small family of xylosidases. Two 

examples have been found in Aeromonas caviae and Geobacillus stearothermophilus 

21 which hydrolyse xylooligomers to xylose (Nanmori et al., 1990). The enzyme from 

Aeromonas caviae were found to possess transglycolysation activity is observed as 

incubation leads to hydrolysis but production of xylotetraose and xylopentaose. The 

same is observed with G. stearothermophilus T-6 when incubated with pN-xylose, the 
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released xylose is made into xylooligomers. The study of the substrate specificity, 

activity and other biochemical properties of the abovementioned enzymes helps 

evaluate their usefulness in xylan hydrolysis.  

1. 3. 2 Arabinofuranosidases (AFs) 

 
The L-arabinose moieties that decorate the xylopyranose backbone can be released 

enzymatically by the activity of bacterial α-L-arabinofuranosidases (AFs) (Saha, 2000) 

(shown in green in Figure 1. 5), of which a number are known and are being 

investigated for commercial applications (Kurakake et al., 2011; McKee et al., 2012). 

These ezymes are members of five different families of glycosyl hydrolyses including 

GH3, GH43, GH51, GH54, and GH62, and can hydrolyze by net inversion (GH43) or 

retention (GH51, GH54) mechanism. Both reaction mechanisms release an 

arabinofuranosyl residue with the first causing inversion of the anomeric carbon 

whereas the latter conserves the carbon at its initial position (McCarter and Withers, 

1994). In the context of AGX, the xylose monomers may be either singly or doubly 

substituted with arabinose, and this has significant consequences in terms of the type 

of enzyme needed to remove the arabinose side chains (Lagaert et al., 2014). Also, 

some arabinose molecules may have ferulic acid molecules esterified to the 5’-OH 

which may subsequently be covalently tethered to ferulic acid residues attached to 

other arabinoxylan chains. Thus, most studies aim to characterize the exact substrates 

of the AFs in order to determine how appropriate they are to be used in enzyme 

cocktails or to decide what GHs be expressed by fermenting bacteria during 

deconstruction of xylan. The AFs of GH62 and GH54 families can release arabinose 

from AGX and branched arabinan (Lagaert et al., 2014). Similarly, AFs from GH3 can 

cleave arabinose from arabinan, AGX and arabino-oligosaccharides (Lagaert et al., 

2014). AFs from the GH51 family are more interesting in that they have a broader range 

of substrates including the AGX, arabinoxylan- oligosaccharides, arabinan and 

arabino- oligosaccharides. Equally interesting is the family GH43 which has members 

that hydrolyse arabinose at both C(O)3 and C(O)2 positions (Lagaert et al., 2010; 

McKee et al., 2012, Sørensen et al., 2006, 2007). A very intriguing candidate from this 

family is ACF39706, which was isolated from a compost mixture, and displays 
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bifunctional xylosidase/arabinofuranosidase activity. It was shown to be able to cleave 

both xylose and arabinose from arabino-oligosaccharides, arabinan and AGX 

(Wagschal et al., 2009). Its activity agrees with its positioning between xylosidases and 

arabinofuranosidases in a phylogenetic tree constructed by Lagaert et al., (2013), 

indicating that it could be an evolutionary indermediate. Such candidate AFs with 

broad substrate specificity and bifunctionality are great for biotechnological 

applications as they decrease the cost and complexity attached with using multiple 

enzymes. The extensive research for the efficient enzymatic release of L-arabinose 

derived from xylan underlines the importance of this sugar in the production of 

biofuels from lignocellulose-based feedstocks. Other enzymes specific to arabinan ie. 

polysaccharide of repetitively connected L-arabinofuranose sugars are the 

arabinosidases (EC 3. 2. 1. 99). These catalyses the endohydrolysis of 1-5-α 

arabinofuranosidic linkages to release arabinosides from arabinan which can be 

further decreased in size by the terminal-processing arabinofuranosidases.  

 
1. 4 Transport and catabolism of xylan-derived sugars  
 
 
The bacterial cell membrane is comprised of phospholipids which separate the 

bacterial cytoplasm from the ever-changing extracellular environment. These 

membranes owe their existence to the amphiphilic nature of the phospholipids 

(Figure 1. 6). A single phospholipid is comprised by a polar and hydrophilic head and 

a non-polar hydrophobic fatty acid tail. This characteristic allows them to arrange 

themselves in a bilayer, in such way that their heads are pointing outwards interacting 

with the water molecules via their hydrophilic phosphate groups, and their 

hydrophobic tails facing inwards towards the middle of the bilayer (Wilkins et al., 

1971). In Gram (+ve) bacteria, the membrane is attached to a thick layer of protective 

peptidoglycan, which collectively are known as the cell envelope. In the case of Gram 

(-ve) bacteria, these possess an extra membrane, ie. outer membrane, above a much 

thinner peptidoglycan layer (Figure 1. 6). The compartment formed in between the 

inner and the outer membrane is known as the periplasm. The bacterial membrane is 
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one of the most dynamic and fluid structure in the cell, and its predominant function 

is to regulate the passage of substances into and out of the cytoplasm. The membrane 

embedded or attached proteins that mediate the passage of the solutes through the 

membrane are universally referred to as transport systems or permeases (Romano, 

1986; Padan, 2009). These are the gateways for the entry of raw materials which are 

utilised by bacteria to produce products of economic value (Romano, 1986). Bacteria 

own a range of transporters which have been classified based on their mode of action 

and how they fuel the passage of the substrate across the membrane. These systems 

are described in detail in the following sections.  

 

  

Figure 1. 6 The cell membrane of Gram (-ve) and Gram (+ve) bacteria 
The distinct difference between the cell membrane of Gram negative and positive 
bacteria is the lack of an outer membrane in the latter. A thick peptidoglycan layer is a 
characteristic of the Gram (+ve) bacteria whereas the (-ve) posses only a thin layer found 
inside the periplasmic compartment. Figure taken from Berg, 2015.  
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1. 4. 1 Major types of bacterial transporters  

 
The released sugars/ sugar acids from the chemical pretreatment and the enzymatic 

hydrolysis of the xylan will have to face and surpass the double barrier present on the 

cell membrane of Gram (-ve) bacteria. In the current study, we are only focused on 

how the sugars make their way into the cytoplasm through the inner membrane with 

limited reference on the outer membrane transport.   

1. 4. 1. 1 Facilitated diffusion  

The outcome of unaided diffusion is an equilibration of solute concentrations on both 

sides of the bacterial membrane. When this equilibration is established by the 

function of a protein channel, the process is known as facilitated diffucion and 

constitutes the simplest form of transport. This process is not energy consuming and 

is known as passive transport.  These channels form the first class of the transport 

classification (TC) system (TC class 1, subclass 1. A. 1-36). One of the firstly discovered 

diffusion channels is the glycerol facilitator, GlpF (TC 1. A. 8. 1. 1) of Escherichia coli 

(Figure 1.7A) (Sweet et al., 1990, Fu et al., 2000).  

 
1. 4. 1. 2 Secondary transporters   

Unlike facilitated diffusion, the accumulation of a substance against a concentration 

gradient requires active transport and the expense of energy. The laws of 

thermodynamics define that some sort of energy is present to perform the uphill 

transport of substrates; this is achieved by the downhill gradient that could be 

dissipated (ie. translocation of a solute, different to the transported substrate, from its 

high to low concentration areas) or by the expense of chemical energy (Krämer, 1994). 

The type of transporters which employ the first method are known as secondary 

systems and the primary carriers use the latter (Krämer, 1994). The secondary active 

transporters (TC class 2, subclass 2. A. 1-80) energise the thermodynamic uphill 

transport of a substrate utilising the energy obtained from the thermodynamically 

favourable import or export of another solute, normally H+ or Na+ (Saier Jr, 2000b)  
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(Figure 1. 7B). These ion-driven systems are classified into three groups; uniporters, 

antiporters and symporters. Uniporters translocate one substrate at a time in one 

direction and the latter two transport two different substrates at the same time with 

inwardly or outwardly directed polarity. Symporters move two solutes towards the 

same direction; conversely, antiporters transport two substrates in opposite 

directions. A huge family comprised of members from the class in question, is the 

Major Facilitater Superfamily (MFS) (Pao, Paulsen and Saier, 1998). An example of a 

well-studied symporter is the xylose MFS transporter from E. coli (Figure 1.7B). This is 

a xylose:H+ symporter where the translocation of extracellular protons into the low 

proton environment of the cytoplasm drives the accumulation of intracellular lactose 

(Davis and Henderson et al., 1970). Despite the inherent difficulty in the crystallisation 

and structure elucidation of membrane embedded systems, there are XylE structure 

deposited in the Protein Data Bank (PDB) reporting the symporter in different 

conformational states (Quistgaard et al., 2013). This is mainly because of its high 

relatedness to the human glucose transporters (GLUT), which have been found to be 

implicated in brain diseases such as Alzheimer’s (Shah, DeSilva and Abbruscato).  

1. 4. 1. 3 Primary transporters  

Another major class of active transporters are the primary carriers. Primary transport 

uses energy directly; the light or chemical energy is converted into electrochemical 

energy which is used to transport a substrate against its concentration gradient.  
 
Primary transporters related to sugar uptake include the Phosphotrasferase systems 

(PTS) (TC class 4, subclass 4. A. 1-6), known also as group translocators. The bacterial 

PTS is a multiple component carbohydrate uptake system which facilitates the 

transport of monosaccharides across the inner membrane while concomitantly 

catalysing sugar phosphorylation. The series of events involved constitute a 

phosphorelay catalysed by a chain of soluble phosphotransferases (EI, HPr, EIIB and 

EIIA) which leads to an integral membrane protein (EIIC) which in turn imports the 

sugar into the cell (McCoy, Levin and Zhou, 2015) (Figure 1. 7E). The initial donor of 
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the phosphate group is the intermediate phosphoenolpyruvate (Kaback, 1968). 

Enzyme I (EI) catalyses the removal of the phosphate to produce pyruvate and 

subsequently donate it to the heat-stable phosphocarrier protein (HPr). Next, the 

phosphate group is passed on to the multimeric enzyme II (EII). EII is composed of 

three separate domains named EIIA, EIIB, and EIIC (Figure 1. 7E). The phosphate 

moves serially from HPr to EIIA, and then to EIIB. Binding of the sugar to the EIIC, 

causes the phosphate to be transferred from EIIB to the sugar and allow its passage 

through the EIIC pore (Begley, 1982).  This last transfer occurs without the need of a 

covalent EIIC-phosphate intermediate (Begley, 1982). 

 
Another major class of sugar-related primary transporters are the Adenosine 

TriPhosphate - binding cassette (ABC) transporters (Figure 7D). ABC transporters 

form a large superfamily of proteins with common function and an ATP-binding 

domain. These normally exhibit high affinity for a single or multiple related substrates 

(Wilkens, 2015).  In general, they are consisted of three overall components usually 

arranged in a co-transcribed operon. ABC transporters are often consisted of one or 

two transmembrane proteins and one or two ATPases which are attached to the 

cytoplasmic side of the inner membrane. The membrane associated ATPases utilise 

energy from the hydrolysis of ATP molecules to fuel the active transport, hence the 

superfamily name of ABC transporters. Most but not all of these uptake systems have 

a Substrate Binding Protein (SBP), also known as Extracytoplasmic Solute Receptor 

(ESR) (Wilkens, 2015). The SBPs are found in the periplasmic space of Gram (-ve) 

bacteria, or tethered on the cell wall of the Gram (+ve)s, and are responsible for the 

recognition and binding of the solute (Wilkens, 2015). The most studied example of 

this family is the E. coli maltose transporter (MalEFGK2) (TC3. A. 1. 1. 1) (Oldham et 

al., 2007).  

 
1. 4. 1. 4 SBP-dependent secondary transport 

A class characterised by a fusion of primary and secondary transport are the SBP-

dependent systems. These systems were identified much later than ABC transporters, 
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in what was an unexpected discovery in the late 1990s to find that SBPs can form part 

of an electrochemical gradient-driven (secondary) transporter (Forward 1997; Kelly 

and Thomas, 2001). The discovery was made by cloning and sequencing of genes 

encoding a C4-dicarboxylate SBP (DctP) from Rhodobacter capsulatus and a citrate 

SBP (TctC) from Salmonella enterica subsp. Typhimurium which showed that none of 

them was part of a usual ABC transporter-encoding operon (Forward 1997; Kelly and 

Thomas, 2001; Mulligan et al., 2007; Widenhorn et al., 1988). These SBPs were found 

to be part of a dctPQM of Rhodobacter capsulatus and tctABC of Salmonella enterica 

subsp. Typhimurium. These systems were showed to uptake dicarboxylates 

independent of ATP but with the exploiting the electrochemical ion gradient instead, 

making this a unique binding protein-dependent secondary transporter. The 

discovery of cognate systems and identification of more members of this newly found 

family led to the definition of the TRAP transporters (for tripartite ATP-independent 

periplasmic) which are encoded by dctPQM operons and TTT (for tripartite 

tricarboxylate transporters). The TRAP transporters are a large family of SBP-

dependent transporters which are found in bacteria and archaea but not in eukaryotes 

(Mulligan et al., 2007). The most appropriate to the current project are the TRAP 

transporters which due to the specificity of their SBPs to recognise substrates with a 

carboxylate or sulfonate group, they are able to import D-glucuronic acid (Vetting et 

al., 2015), a xylan branching side chain. The D-glucuronate SBP (ie. DctPglcA) from 

Burkholderia ambifaria is one of the recently structurally characterised DctPs (Figure 

1.7C) (Vetting et al., 2015). This system, similarly to any other TRAP transporter, 

includes an SBP (or ESR) designated as DctP, and two membrane components: a small 

one consisted of 4 transmembrane segments (ie. DctQ) and a larger domain made of 

12 transmembrane helices (ie. DctM) (Figure 6C) (Forward et al., 1997; Vetting et al., 

2015). 

 
1. 4. 2 Overview of secondary transporters  

 
The secondary transporters (Figure 1. 6A) normally present lower affinities for their 

substrates compared to the primary transporters and most importantly they don’t use 
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ATP to fuel transport. Instead, they combine the translocation of their substrates with 

the movement of a monovalent cation such as Na+ or H+, thus exploiting the available 

energy accumulated by the electrochemical potential gradient of the membrane. The 

three methods of secondary transport ie. symport, antiport and symport along with a 

description of their mode of action are provided in Figure 1. 8. There are four 

superfamilies which contain secondary carriers able to transport sugars (Chang et al., 

2004). The Major Facilitator Superfamily (MFS) is one of them with six of its 29 

families involved in sugar/ oligosaccharide transport (Chang et al., 2004). The MFS 

are most relevant to uptake of xylan-derived sugars with characterised members for 

xylose, arabinose and glucuronate uptake.  

 
1. 4. 2. 1 Major Facilitator Superfamily (MFS) 

 
The MFS transporters are found ubiquitously in bacteria, archaea and eukaryotes. The 

family includes members that act by solute uniport, solute-cation symport and solute-

cation and/or solute-solute antiport (Pao, Paulsen and Saier, 1998) (Figure 1. 8). These 

transporters typically contain a 12 transmembrane segment (Reddy et al., 2012). 

Substrates of the MFS family include amino acids, vitamins, nucleotides and of 

particular relevance here; sugars and oligosaccharides (Pao, Paulsen and Saier, 1998).  

 
The Sugar Porter family is the biggest of the MFS and includes both uniporters and 

solute/cation symporters. The family in question includes the phylogenetically related 

low affinity secondary transporters for pentose sugars: AraE (arabinose:H+) and XylE 

(xylose:H+) (Chang et al., 2004). The aforesaid transporters have extended sequence 

conservation and they both feature the 12 TM α-helical structure of the MFS 

(Henderson and Maiden, 1990). Their similarities extend to substrate specificity as 

AraE can also transport xylose (Krispin and Allmansberger, 1998).  

 
The XylE has attracted a lot of interest from a plethora of studies due to its high 

homology to the human glucose transporters GLUT1-4 (Henderson and Maiden, 

1990). The GLUT1-4 transporters are found in brain cells and have previously been  
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Figure 1. 8 Types of secondary transporters 
“A” designates a transported solute eg. a sugar molecule or oligosaccharide; “B” denotes the 
co-transported ion. The bilayer made of phospholipids is shown in dark blue. Uniport (blue): 
facilitated translocation of a single molecule at a time; the solute moves down its 
concentration gradient and reaches equilibrium. Symporters is a type of cotransporter which 
couple the transport of a neutral molecule (A) against its concentration gradient utilising 
the energy produced by the transport of a cation in the same direction, down its 
concentration gradient. Antiporters catalyse the countertransport of a solute against a 
cation, fuelled in the same manner as symporters, accumulating the solute against its 
concentration gradient. In some cases antiporters can transport two solutes where one 
molecule is imported in exchange for another substrate (in this case B is another substrate 
not an ion).  
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implicated in Alzheimer’s disease which raises their importance in research (Shah, 

DeSilva and Abbruscato, 2013).  Even though all of the key ligand binding residues are 

conserved between GLUT1-4 and XylE (apart from Gln415), XylE shows smaller 

specificity and remains ‘loyal’ to xylose. XylE is inhibited by glucose and no charged 

residue is involved in binding of xylose (Madej et al., 2014). 

 
An MFS system that has been exhaustively studied is the lactose permease from E. 

coli, ie. LacY. This transporter belongs to the glycoside-pentoside-hexuronide (GHP) 

family and it is a lactose/melibiose:H+. The galactose containing substrates reflect the 

requirement for a galactopyranosyl ring of D-configuration with a free hydroxyl group 

to be present for the binding to occur (Sandermann, 1977). The substrate is 

transported with a H+ ion in a 1:1 stochoimetry (Guan et al., 2006) against its 

concentration gradient. The 12 TM helices of the symporter are structured into two 

bundles of six linked by a long flexible loop. A central hydrophilic cavity is formed 

between the N-terminal domain (TM 1-6) and C-terminal domain (TM 7-12), with the 

first containing the sugar binding site and the second the residues involved in proton 

translocation (Kaback, 2006). LacY employs the alternating access mechanism of 

transport (Guan et al., 2006; Kaback et al., 2010), also known as rocker-switch 

mechanism (Slotboom, 2013). The mechanism involves conformational changes which 

facilitate the alternating access of the single sugar and proton binding sites to either 

side of the membrane, allowing binding when the transporter is in the outward-facing 

state and release of the ligand and proton when it switches to the inward-facing 

position (Figure 1. 9).   

 

The current study will utilise secondary systems to complement mutant strains which 

are unable to grow on xylan-derived sugars. Various other studies have attempted 

overproduction of membrane systems for complementation or to characterisation 

their function. The effects of their overproduction were studied by Wagner et al., 2007. 

The group created fusions of the membrane proteins YidC, YedZ and LepI to GFP and 

targeted these for overproduction in the membrane. They observed less respiratory 

chain complexes (ie. succinate dehydrogenase and cytochrome bd and bo3 oxidases 
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were reduced) in the membrane possibly caused by the saturation of the Sec-

translocon capacity. Further, the low Sec translocon capacity leads to accumulation of 

precursors of secretory proteins in the cytoplasm, which subsequently causes toxicity. 

The state of the respiratory chain in E. coli is controlled by various redox sensor 

systems including the Arc system. The data produced by Wagner et al., 2007 showed 

that the acetate-pta pathway was induced due to Arc system activation which is 

normally caused when Q pool is found in a mostly reduced state (ie. underactive 

respiratory chain). The size and function of the overproduced protein did not 

contribute in the level of toxicity, therefore improving the fitness of E. coli 

overproducers should focus on the Sec translocon system and increasing the efficiency 

of respiration under such conditions.  

 
1. 4. 3 Overview of ABC transporters  

 
The ABC transporters are a widespread type of primary carriers with representatives 

in all three domains of life ranging from bacteria to eukaryotes, including humans 

(Holland, 2003). They constitute one of the largest superfamilies and have been 

implicated in many human diseases including cystic fibrosis (Gadsby et al., 2006). 

Dreyfuss was one of the first to name these transporters during the early 1960s with 

the discovery of the thiosulfate transporter from Salmonella typhimurium (Dreyfuss, 

1964). However, it was not until later in 1980s that the first nucleotide sequences of 

these systems were reported with the first being the histidine-specific ABC system ie. 

HisJQMP (Higgins et al., 1982).  Later, Hyde et al., (1990) formally introduced the term 

ABC transporters in the first comprehensive review of these systems (Hyde et al., 

1990). 

 
While the composition of ABC transporter components is fairly variable, these can be 

divided into two categories; ABC importers and exporters. ABC importers catalyze the 

unidirectional uptake of amino acids (Higgins et al., 1982), of sugars (Dean et al., 1989), 

peptides (Tame et al., 1994) and vitamins (Borths et al., 2002). ABC exporters are 

known to catalyse the efflux of virulence factors such as haemolysin (Dinh et al., 1994). 
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Figure 1. 9 Mechanism of transport used by cation/proton symporters.  
The catalysis of transport can occur in either direction across the membrane which causes 
influx or efflux of molecules, indicated by the bidirectional arrows.  The process of influx is 
described starting from the top left and moving clockwise. The cation or proton binds first at 
its periplasmic exposed binding site. Then the substrate (eg. sugar or oligosaccharide) binds 
from the same side of the membrane, to its specific site on the protein at the hydrophobic 
cavity of the transporter. Binding of both substates causes a conformational change in the 
symporter which switches from the outward to the inward (cytoplasmic) facing conformation. 
First to be released into the cytoplasm is the sugar, followed by the cation/proton. After release 
of the substrates the empty symporter returns to the outward (periplasmic) facing 
conformation to continue with another round of binding. The phospholipid bilayer is shown 
in brown. Green (C-terminal domain) and orange (N-terminal domain) ovals denote the two 
halves of the symporter protein. 
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1. 4. 3. 1 Architecture of ABC transporters  

The part of the ABC systems which recognises and binds the substrate with high 

affinity are known as Substrate Binding Proteins (SBPs) or Extracytoplasmic 

Solute Receptors (ESRs) (Figure 1. 10). These were the firstly identified components 

of ABC transporters because they reside in the periplasmic space and therefore are 

easily extractable by cold osmotic shock (Neu and Heppel, 1965). These soluble 

proteins are responsible for substrate binding in a central cavity formed between two 

lobes, and deliver it to the membrane embedded domains, ie. transmembrane 

domains (TMDs), present in the cytoplasmic membrane. In Gram (+ve) and archaea, 

which lack an outer membrane and thus don’t have an extensive periplasmic space, 

the SBPs are tethered on the cell surface exposed to the extracellular environment. 

They normally attached to the cell wall via a lipid-anchor which involves a linkage 

with a cysteine residue or in the case of archaea via a transmembrane peptide. Some 

systems, eg. glycine betaine ABC system OpuABCD, have two substrate-binding 

domains (SBDs) with each fused to one of the TMDs. In other cases, the SBDs are used 

to eachother with the formed SBD complex attached to the TMDs thus resulting in a 

tetramer with two four extracytoplasmic substrate binding sites, eg. in the glutamine-

binding system, GlnPQ.  These systems are most frequently encountered in Gram 

(+ve)s and less often in Gram (-ve) bacteria (van der Heide and Poolma, 2002).  The 

presence of SBPs are not in all cases necessary as there are examples of redundant 

systems such as the aglEFGAK and thuEFGK from Sinorhizobium meliloti Rm1021 

which are both active in the uptake of trehalose, sucrose and maltose (Jensen et al., 

2002). Also, mutations can act to allow survival upon deletion of SBP- encoding genes, 

eg. deletion of malE led to further mutation of the respective strain and produced a 

maltose system which was fully functional containing the TMDs and ABC domain only 

(Davidson et al., 1992). The core of ABC systems is consisted of TransMembrane 

Domains (TMDs) and the Nucleotide Binding Domains (NBDs) which collectively 

make up the translocator (Figure 1. 10). Each one of the TMDs is normally consisted 

of six α-helices which transverse the cytoplasmic membrane. 
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Figure 1. 10  General architecture of ABC transporters 
The substrate binding proteins (SBPs) are water soluble and found in the periplasmic space. 
The Transmembrane Domains (TMDs, green and blue inside the membrane) are normally 
formed by 6 α-helices each which span through the cytoplasmic membrane of the cell. The 
Nucleotide Binding Domains (NBDs, green and blue inside the cytoplasm). Figure adapted 
from Chuang et al., 2014. 
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The NBDs or, ATP-binding domains, bind and hydrolyse ATP thereby fuelling 

transport. In the majority of these systems, there are two NBDs and two different 

TMDs (eg. maltose, histidine and glucose transporters). Less often, two copies of 

NBDs and one TMD comprise the translocator such as in the case of the vitamin B12 

(ie. Btu) transporter. There are examples of systems with these two components fused 

to each other (eg. siderophore and ribose transporters). The minimum number of 

subunits an ABC transporter can have are two (eg. glycine betaine and glutamate ABC 

systems). In these instances, the transporter exhibits a unique subunit formed by the 

fusion of SBPs to the N- or C- terminus of the TMDs, and a second subunit created by 

the NBD (Heide and Poolman, 2002).  

 
1. 4. 3. 2 E. coli maltose (MalEFGK2) ABC transporter as a model system   

E. coli genome contains around 65 predicted of ABC transporters which equal to 5% 

of its total genome (Moussatova et al., 2008). One of them and the most 

comprehensively studied is the maltose ABC transporter. It belongs to the 

carbohydrate uptake transporter family (CUT) (Saier Jr, 2000a) and is able to bind 

both maltose (ie. maltobiose) and oligosaccharides of thereof (ie. maltodextrins). The 

maltose uptake system from E. coli (ie. MalEFGK2) is comprised of an SBP found in 

the periplasm (ie. MalE or maltose binding protein, MBP), two TMDs (MalF and G) 

and a homodimer of MalK units which constitute the NBD (Figure 1. 11).  

The MalE (shown in beige in Figure 1. 11), like most SBPs, is produced in the cytoplasmic 

space and then is post-translationally exported in the periplasm via the Sec-translocon 

which recognises an N-terminal short peptide, referred to as signal peptide. During 

translocation of the MalE across the cytoplasmic membrane the signal peptide is 

cleaved off to produce the mature SBP. The MalE has been shown to bind both maltose 

and maltodextrin with high affinity (translates to low dissociation constant, ie. KD = 1 

μM). The high affinity exhibited by the SBP makes this ABC transporter a scavenging 

system; a property which is useful in chemotaxis. Structures of the MalE exist in both 

the bound (Sharf et al., 1992) and unbound form (Spurlino et al., 1991). Its structure 
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revealed it features the typical morphology featured of Class I carbohydrate SBPs, ie. 

two globular domains linked by a flexible hinge region consisted of three peptide 

stretches. The cleft formed in the middle of the two domains constitutes the binding 

cavity which is normally exposed to the solvent prior to ligand binding. The binding 

of the ligand causes drastic conformational changes in the MalE, thereby excluding 

the solvent in the cleft. Binding is stabilised by a number of van der Waals and 

hydrogen bond interactions with a contribution of residues from both domains (Sharf 

et al., 1992).   

The TMD component of the system is made of two integral membrane proteins, ie. 

MalF and MalG (shown in light blue in Figure 1. 11). MalF is comprised of 8 

transmembrane α-helices and MalG is made out of 6. Together they form the 

transmembrane channel which allows translocation of maltose from the SBP through 

to the NBD and into the cytoplasm (Jasco et al., 2009). MalF exhibits a peculiar feature 

not commonly found in the TMDs; it has an extra loop (ie. MalF P2) which extends in 

the periplasm and reaches behind the MalE as revealed by the protein crystal structure 

(Figure 1. 11). The interaction between P2 loop and MalE is thought to be strong and 

stable as is maintained when the P2 loop is expressed without the rest of MalF 

structure (Jasco et al., 2009). Comparison of the MalG sequence to other ABC 

transporter TMDs has led to the detection of a consensus sequence motif. The motif 

is referred to as EAA (ie. EAAX3GX9IXLP, X could represent any amino acid) and 

encodes for a cytoplasmic loop, thought to interact with the NBD and therefore 

indispensable for the function of the system. This was confirmed by site-specific 

chemical crosslinking, and by mutation of the most conserved residues of the EAA 

motif (Hunke et al., 2000, Mourez et al., 1997).   The mutagenesis studies led to 

decreased or full abolishment of transport functionality. The EAA was proved to be 

crucial for the stabilisation and association of the ATP-binding monomer MalK on the 

cytoplasmic membrane of E. coli, as it was found localised in the cytoplasm instead 

(Mourez et al., 1997).  
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Figure 1. 11 MalEFGK2 as a model system: architecture of its crystal strucutre  
Each polypeptide is coloured and labelled accordingly on the left-hand side subunits. The 
structure shown is the MalEFGK2 system at an intermediate state which is able to bind, 
but not hydrolyze ATP. In this state the NBDs (red and orange) are in the closed state with 
two molecules bound to them. MalE (MBP, beige) is open and maltose is bound in the 
translocation channel of MalF (light blue) and MalG (blue). A loop from MalG “scoop 
loop” is inserted into the binding pocket of MalE. PDB ID of the structure is 2R6G.  
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The ATPase domain is a homodimer (ie. MalK2, shown in red and orange in Figure 1. 

11), and it is one of the most well-studied of all ABC transporter subunits so far. When 

produced independently to the rest of the system the MalK2 catalyses ATP hydrolysis 

spontaneously (Morbach et al., 1993), unlike when encoded as a full ABC unit at which 

case its hydrolytic activity depends on the binding of the liganded SBP MalE 

(Davidson et al., 1992). The first crystal structure of the MalK ortholog from 

Thermococcus litoralis was not reflecting the physiological state of the NBD due to 

the short-timed existence as a dimer and the unusual arrangement of the monomers 

(Diederichs et al., 2000). The structures of MalK from E. coli produced in isolation and 

as part of the complex MalEFGK2 (Chen et al., 2003; Lu et al., 2005) have been 

elucidated and are in agreement with its biochemical analysis (Oldham et al., 2007). 

The structure of the MalK monomer is comprised of two separate domains ie. an N-

terminal nucleotide binding domain (NBD) and a C-terminus regulatory domain (RD) 

(Figure 1. 11). Its tertiary structure is highly conserved with a typical phosphate loop 

known as Walker A and a magnesium binding domain referred to as Walker B. They 

also own a switch region which harbors a histidine loop thought to coordinate the 

incoming molecule for ATP hydrolysis; a signature motif (LSGGQ) which is also 

conserved and a Q-motif (ie. conserved glutamine) positioned in between the Walker 

A and the signature (Biemans-Oldehinkel, Doeven and Poolman, 2005). The Walker 

A and B motifs are present in a RecA-like domain of the MalE, which is conserved in 

many ATPases (Story and Steitz, 1992; Walker et al., 1982). The signature motif is part 

of a helical subdomain which is specific to ABC transporters, thereby named as such 

(ie. ‘ABC signature sequence’) (Hyde et al., 1990). Mutational studies have attempted 

to assign roles to these domains. Variants of Walker A and B motifs prohibited ATP 

binding and hydrolysis thus abolishing transport. Q-motif has been implicated to 

participating in the communication between the NBD and the TMDs; although its 

mutation led to transport inhibition, the binding of ATP is left unaffected (Schultz, 

Merten and Klug, 2011). When MalK is mutated further with modifications of the 

conserved regions of the TMD, these reversed the inhibition of transport caused by 

Q-motif mutations (Hunke et al., 2000, Mourez et al., 1997).  The LSGGQ motif had 
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similar effect to Q-motif when mutated thus also implicated in the signalling between 

NBD and TMD (Browne, McClendon and Bedwell, 1996). 

1. 4. 3. 3 Structure of MalEFGK2 

 
The first ever fully crystallised structure of an ABC transporter is the one of B12 

transporter from E. coli (Locher et al., 2002). Since its elucidation, many more crystal 

structures of ABC transporter complexes have been solved. The MalEFGK2 structure 

was solved as an intact complex to a resolution of 2. 8 Å (Oldham, 2007) (Figure 1. 11). 

The transporter was immobilised to such state by mutating the MalK (E159Q). The 

latter allowed ATP binding to NBD but inhibited its hydrolysis.   

 
The structure of MalK as a monomer (Chen et al., 2003) is essentially the same with it 

being crystallised in the homodimeric state. Physiologically, the MalK is a dimer with 

two ATP molecules bound. The difference being the dimeric MalK purified on its own 

as opposed to it being solved bound to MalEFGK2, is that the latter has the Q-motif 

arranged into β-strands, whereas in the first the motif is found in a disordered state. 

The EAA motifs of the TMDs are structured into 2 small helices which make direct 

contact with the MalK cleft. The MalK cleft, as already mentioned, is consisted of the 

helical subdomain, the Q loop and the helix after the Walker A motif.  

 
The translocation domain (MalFG) is embedded in the membrane with the MalE SBP 

attached to it at its periplasmic interface (Figure 1. 11). The MalEFG exhibits a large 

solvent-filled cavity in its centre which spans from the periplasmic side to around in 

the middle of the lipid bilayer; this is large enough to accommodate the bulkiest ligand 

of the system, ie. maltoheptaose. At the bottom of the cavity there is a maltose ligand 

bound (circled in Figure 1. 11), stabilised by interacting with MalF but making no 

contacts with residues from MalG. Previous biochemical evidence, suggests that the 

MalF-maltose interaction is not a crystallisation artefact but a prerequisite for 

transport.  

 



 

 48 

MalE is found bound to the MalFG dimer in a way that covers the opening of the 

translocator. The MalE is present in the unbound form thus is in the open 

conformation; this is a structural state thought to be stabilised by binding to MalFG 

which in turn allows release of the maltose from MalE into the MalFG binding pocket. 

One of the most structurally important features present in the MalEFGK2, is the 

presence of a periplasmic loop (P3) from the MalG which reaches into the binding 

cavity of MalE (circled in Figure 1. 11). This is known as the scoop loop and is postulated 

to assist in displacing maltose from MalE and/or prohibit its re-entry back in the cavity 

once dislodged thus allowing for unidirectional transport.   

 
1. 4. 3. 4 Mechanism of action of MalEFGK2 

 
The plethora of biochemical and genetic data have allowed the proposal of a model 

for the transport of maltose by MalEFGK2 (Figure 1. 12). Once maltose has made its 

way into the periplasm through the outer membrane channel, it binds to MalE and 

stabilises it.  The bound form of MalE interacts with the inward-open state of the 

complex, in which the periplasmic interface of MalFG is shut and the MalK2 domain 

is open facing the cytoplasm. Suppressor mutations of the maltose-negative mutant 

(ie. malK809), which partially restored maltose transport were mapped in the 

periplasmic loops P2 and P1. Further data collected from cross-linking revealed that 

the Gly13 of unbound and bound form of MalE was in close contact to the Pro78 of 

MalG, proving that MalE is in permanent close cotant to the P1 loop of MalG via its N-

terminus (Daus et al., 2007). The interaction brings about conformational changes in 

the TMD which in turn causes the NBDs to move closer to eachother forming an 

intermediate, known as the pre-translocation complex. Thereafter, the ATP binding 

to the MalK monomers, provokes their closure, reorientation of the TMD subunits 

and the opening of MalE. This shifts the state of the complex into the outward-facing 

conformation during which the MalE releases maltose into the translocator binding 

site. This triggers ATP hydrolysis; there is no structure for the complex in a post-

hydrolysis state, however solved NBD isolated structures imply that ADP in their 

binding site is not able to maintain then into the closed MalK2 state (Lu et al., 2005).  
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Figure 1. 12 MalEFGK2 as a model system: mode of action 
The mechanism of transport of Type I importers, including sugar transport systems is 
exemplified here by MalEFGK2, based on the available structures (A) with the 
respective schematic diagrams (B) for each step.  The NBDs domain (shown in blue and 
sky blue) are tethered to two TMDs (orange and yellow). In some transporters, 
additional domains are present which can act as regulators of the activity (ie. C-
terminal  regulatory domain – shown in green). The binding of the maltose occurs by 
SBP MalE (pink). The states presented here are the inward-facing (4JBW), pre-
translocation (4KHZ), outward-facing (4KI0) and post-hydrolysis. The bound form of 
MalE docks onto the membrane embedded MalFG domains. These causes the NBDs 
(MalK2) to move nearer to eachother which in turn allows ATP binding. Binding of 
ATP causes MalK to close and reorients the TMD which adapts the outward-facing 
position. Subsequently the MalE opens up and releases the maltose molecule which 
diffuses through the membrane subunits and towards the TMD binding site. The TMD 
domains then hydrolyse ATP and release the maltose in the cytoplasm, resetting the 
structure into the inward-facing structure so it’s ready to bind and translocate the next 
molecule. Figure obtained from Beek, Guskov and Slotboom, 2014.  
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Therefore, following ATP hydrolysis the TMDs are likely to reorient towards the 

cytoplasm causing the release of the substrate. MalE dislocates from the TMD domain 

and the rest of the complex enters the inward-facing resting state so the transport 

cycle can start again (Figure 1. 12).    

 
1. 4. 4 Bacterial transporters and catabolic pathways involved in utilisation of 

xylan-derived sugars  

 
The fermenting bacterium should preferably import the hydrolysed sugars quickly 

and efficiently by employing a combination of the transporters mentioned above. 

Following translocation of the sugars into the cytoplasm, these are shuttled into the 

primary catabolic pathways. The products thereof end up in the central bacterial 

metabolism, which allows the bacterium to obtain energy in the form of ATP and use 

it to reproduce (York, 2017). Very often the ecological niche of the bacterium 

determines its metabolic properties, similarly to its transport capabilities (Okie et al., 

2015). Here, we identify some of the bacterial transporters reported in literature which 

are likely to be considered for engineering of the bacterial membrane transport during 

Step 2 of metabolic engineering for biofuel production (Figure 1. 3). Additionally, as 

the bacterial catabolic pathways (Step 3 in Figure 1. 3) have thus far been the main 

focus of the engineering efforts, a brief description of them for each xylan-relevant 

sugar is also included.  

  
1. 4. 4. 1 Bacterial transporters and catabolic pathways for xylose  

 
The utilization of monomeric xylose specifically in E. coli is mediated by the gene 

products of the xyl regulon. The transcription of this operon is controlled by the TF 

XylR which responds to D-xylose in the cytoplasm (Song and Park, 1997). This gene 

cluster is consisted of an ABC transporter encoded by the operon xylFGH, the 

catabolic enzymes ie. xylose isomerase and a xylokinase encoded by the operon xylAB. 

Additionally, the cluster includes the aforementioned TF encoded by 

xylR, downstream of xylH of the xylFGH operon, which is being transcribed in an  
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autoregulatory fashion (Song and Park, 1997). E. coli possesses also a low affinity 

proton/xylose symporter which belongs in the MFS family. This is encoded by the xylE 

(Davis and Henderson, 1987) (Figure 1. 13). Despite the scarce information available 

for the control of xylE, there is evidence that xylE is also regulated by XylR (Song and 

Park, 1997). Typical to MFS transporters, XylE binds xylose with lower affinity than its 

ABC counterpart, ie. XylF. Deletion mutants of xylE were used to calculate its affinity 

which ranges from 63 to 169 μM (Sumiya et al., 1995). Purified XylF was shown to 

import xylose with 100 to 300 times stronger affinity (Ahmed et al., 1982) than XylE. 

Import of xylose in the cytoplasm leads to activation of the XylR by direct interaction 

with the sugar; XylR is normally present at basal levels during growth on glucose so 

that sufficient number of its monomeric form are ‘ready’ to respond to xylose when 

required. The activated TF binds to promoter regions at the intergenic region between 

xylFGH and xylAB and activates their transcription (Song and Park, 1997). The 

clustering of genes encoding for transporter systems with genes for catabolic enzymes 

and TFs is a typical example of bacterial spatiotemporal and gene order organisation 

to allow for rapid induction of genes as a response to sugars or, in this case, specifically 

to D-xylose (Sobetzko et al., 2012; López-Maury, Marguerat and Bähler, 2008).  

At present, only a few studies reported on the existence of dedicated ABC and MFS 

systems for the import of xylo-oligosaccharides released by the activity of extracellular 

endoxylanases (see Section 1. 3. 1). So far, these systems have been predominantly 

identified in Gram (+ve) bacteria. In Streptomyces thermoviolaceus, an ABC 

transporter, BxlEFG (operon doesn’t include gene for an ATPase subunit), was shown 

to actively take up xylodextrins (Figure 1. 13). The recombinant binding protein, BxlE, 

presents the highest affinity for xylobiose in the lower nanomolar range (KD = ~ 10-8 

M) and xylotriose in the higher nanomolar range (KD = ~ 10-7 M). The same study has 

identified BxlR as a potential repressor of the bxlEFG transcription is relieved in the 

presence of xylobiose (Tsujibo et al., 2004). A cognate system, known as XynEFG 

(Figure 1. 13), has been identified in another Gram (+ve) bacterium, ie. Geobacillus 

stearothermophilus (Shulami et al., 2007).  The purified SBP from this system, XynE, 

was shown by ITC to be able to recognise and bind xylodextrins of variable length,  
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Figure 1. 13 Bacterial transport and catabolism of xylose/ xylodextrins.  
Intermediate metabolites shown: D-xyl-5P = D-xylulose-5-phosphate, D-gly-3P = D-
glyceraldehyde-3-phosphate, D-ery-4P = D-erythrose-4-phosphate, D-fru-6P = / Enzymes: 
XylA = xylose isomerase, XylB = xylulokinase, / PPP: pentose phosphate pathway, TktA,B = 
transketolases, TalB = transaldolase. All chemical structures were produced in the 
ChemDoodle. The transporter and membrane structures were obtained from the Library of 
Science and Medical Illustrations (www.somersault1824.com). PDB ID of protein structures 
used: XylE = 4JA4, XylF = 3M9X. 
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ranging from xylobiose to xylohexaose, and presented the highest affinity for 

xylotriose (KD = 50 to 80 nM) (Shulami et al., 2007). Interestingly, Shulami et al. (1999)  

reported the discovery of a xylodextrin ABC transporter from Bacillus 

stearothermophilus T-6 which mediated the import of methyl-α-D-glucuronosyl-

xylotriose, a degradation product of side groups of xylan (see Section 1. 3. 3) (Shulami 

et al., 1999). Such examples demonstrate the level of adaptability bacteria exhibit for 

growth on xylan.  

 
1. 4. 4. 2 Bacterial transporters and catabolic pathways for arabinose  

 
The uptake of monomeric arabinose has been studied extensively in the workhorse of 

molecular biology, ie. E. coli. The MFS transporter AraE (Griffith et al., 1992) can 

uptake arabinose with low affinity (140-320 μM) as shown by studies in membrane 

vesicles (Daruwalla et al., 1981). Higher affinity transporter from E. coli is the AraFGH 

ABC system which binds L-arabinose with 1 μM binding affinity (Hogg, 1977) (Figure 

1. 14). Both of the above systems have orthologs identified in various species including 

Clostridia (Mitchell, 2016) and Bacilli (Mota, Sarmento and Sa-Nogueira, 2001). A more 

recent discovery of an arabinose transporter in E. coli is the galacto/arabinofuranose 

ABC system denoted as YtfQRTYjfF. Horler et al., (2009) reported the crystal structure 

of SBP YtfQ bound to galactofuranose to make the first discovery of a furanose specific 

transporter (Figure 1. 14). This SBP binds arabinofuranose at a similar KD with 

galactofuranose, and is thought to be used to supply substrates for production of UDP-

galactofuranose for the cell wall in Mycobacteria (Horler et al., 2009); or for 

arabinofuranose uptake from arabinan and xylan by root and plant symbionts as well 

as pathogens. An arabinoside dedicated transport system hasn’t been identified in E. 

coli yet, however such systems have been shown to exist in plant-associated bacteria.  

AbnEFJ, an ABC system from Geobacillus stearothermophilus, was shown to bind 

arabino-oligomers using ITC. AbnE was shown to bind xylodextrins, from xylotriose 

to xylooctaose, with nanomolar affinity and arabino-oligosaccharides in the 

micromolar range (Shulami et al., 2011). Further, AraNPQ and AraT are ABC transport  
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Figure 1. 14 Bacterial transport and catabolism of arabinose/ arabinosides. 
Enzymes in degradation pathway I of arabinose: AraA = L-arabinose isomerase, AraB/K = 
Ribulokinase, AraD = L-ribulose-5-phosphate 4 epimerase/ Enzymes in degradation 
pathway III: Ab-AraA = L-arabinose -1-dehydrogenase, Ab-AraB = L-arabinolactonase , Ab-
AraC = L-arabonate dehydratase, Ab-AraD = Deoxyarabonate dehydratase and Ab-AraE = 
Ketoglutaric semialdehyde dehydrogenase./ Transporter systems shown here: AraE = 
arabinose MFS transporter, AraFGH = arabinopyranose ABC transporter, YtfQRTYjfF = 
galacto-arabinofuranose ABC transporter, AraNPQ-MsmX = arabinoside ABC transporter 
and AraT = arabinosides MFS transporter.  
TCA = tricarboxylic cycle, PPP =pentose phosphate pathway  
All chemical structures were produced in the ChemDoodle. The transporter and membrane 
structures were obtained from the Library of Science and Medical Illustrations 
(www.somersault1824.com). PDB ID of protein structures used: XylE = 4JA4, XylF = 3M9X 
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and MFS systems from Bacilli and Clostridia predicted to bind arabino-oligomers as 

they are not essential for arabinose uptake, however are homologous to components  

of systems for transport of malto-oligosaccharides and multiple sugars (Rodionov, 

Mironov and Gelfand, 2001) (Figure 1. 14).  

 
Once inside the cell, arabinose is catabolised by the AraBAD enzymes which 

constitute the primary catabolic pathway. An isomerase (AraA) and a kinase (AraB) 

convert L-arabinose to L-ribose-5-phosphate. An epimerase (AraD) converts the latter 

to D-xylulose-5-phosphate which is shuttled into xylose catabolism and into the 

pentose phosphate pathway of the central metabolism (Gross and Englesberg, 1959) 

(Figure 1. 14). More recently, an alternative pathway was discovered in Azospirillum 

brasilense (Watanabe et al., 2016) that includes the Ab-AraABCD (or AraYLCM) 

enzymes (Figure 1. 14). The Ab-AraA is thought to recognise the furanose form of L-

arabinose which is inferred by the catalytic product of the reaction ie. L-arabino-1,4-

lactone. Only the oxidation of L-arabinofuranose would lead to the production of the 

five-membered ring of L-arabino-1,4-lactone.   

 
1. 4. 4. 3 Bacterial transporters and catabolic pathways for glucuronic acid   

 
Glucuronic acid is imported in E. coli by the MFS transporter for hexuronates, namely 

ExuT; a member of the MFS family (MataGilsinger and Ritzenhthaler, 1983) (Figure 1. 

15). Recently, TRAP systems specific to glucoronate and galacturonate have been 

discovered in various bacteria but not in E. coli. The carboxylic group of these sugar 

acids interact with a conserved arginine residue of the ESR binding site (Vetting et al., 

2014).  This is considered a conserved mechanism of TRAP systems in the recognition 

of substrates with carboxylic acid groups (Fischer et al., 2015).   

 
The glucuronates, produced in the mammalian gut as a detoxification product, are 

imported into E. coli via ExuT and converted to 2-dehydro-3-deoxy-gluconate by the 

activity of UxaCAB, in the order mentioned (Ashwell, Wanba and Hickman, 1958). An 

additional two enzymatic steps catalysed by KdgK and Eda, lead into Glycolysis of the 

central metabolism (Figure 1. 15). 
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Figure 1. 15 Bacterial transport and catabolism of D-glucuronic acid. 
Enzymes in degradation pathway I: UxaA = Altronate dehydrogenase, UxaB = 
Altronate oxidoreductase, UxaC = Uronate isomerase.  
Transport: ExuT = MFS transporter for glucuronates and galacturonates, 
DctPQMglcA  = TRAP transporter 
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1. 4. 5 Are membrane transporters important in the engineering for biofuel 

production?  

A great amount of research for the production of biofuels and value-added products 

has focused on the metabolic engineering of the bacterial cell factories. Metabolic 

engineering can be defined as the purposeful modification of the cellular activities 

with the aim of strain improvement (Bailey, 1991). Progress in metabolic engineering, 

and synthetic biology, have allowed the engineering of bacteria to optimize the 

endogenous transcription regulation and activity of the enzymes that participate in 

limiting steps of primary and secondary cellular metabolism. The reconstruction of 

advanced biofuel pathways in genetically tractable heterologous hosts, such as 

Escherichia coli, has focused particularly in balancing the gene expression and the 

enzyme activities in order to maximize the metabolic flux. The engineering 

approaches applied to modify the metabolic pathways are not within the scope of this 

study and therefore will not be further discussed. However, in the wider context of 

the host engineering, metabolite transport has been a Cinderella subject mainly 

because the cell boundaries are normally ignored by metabolite engineers. Even 

though sugar transport contributes significantly to the flux towards the product, and 

the efflux transporters ensure the accumulation of the product in the extracellular 

space of the fermenters, these two cellular processes have been somewhat neglected. 

This is evident from published reviews which consolidate the progress made in the 

engineering of microbes for biofuel production. These provide current advances 

mainly for the stages of enzymatic hydrolysis and intracellular metabolism, and thus 

fail to pay attention to the intermediate stage ie. sugar uptake (Alper and 

Stephanopoulos, 2009; Wackett, 2011; Kambam and Henson, 2010; Balan, 2014; Liao et 

al., 2016).  

1. 4. 6 Transport engineering efforts  

Although, there have been some efforts to expand substrate utilization capability by 

engineering the substrate specificity of sugar transporters, no significant progress has 
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been made yet (Pierce, 2008). Most of the limited studies which attempted transport 

engineering concentrated on enabling uninhibited uptake of xylose in yeast. Xylose 

can enter the cells by facilitated diffusion through some yeast hexose transporters 

(Hamacher et al., 2002; Saloheimo et al., 2006). This endogenous transport is enough 

to allow growth on xylose, however it becomes a bottleneck when the culture is 

growing in low to moderate xylose concentrations as the MFS transport is inhibited 

by glucose (Gárdonyi et al., 2003; Parachin et al., 2011; Tanino et al., 2012). One study 

has tried to shift the substrate specificity of glucose/xylose symporter, GXS1 from 

Candida intermedia and XUT3 from Scheffersomyces stipites, by directed evolution 

using random mutagenesis (Young et al., 2012). The activity of the mutated 

transporters was tested in Saccharomyces cerevisiae and the study identified five 

enhanced transporters including one with improved growth rates on xylose by 70% 

and several that improved the kinetics and diauxic shift dynamics of cells when grown 

on glucose and xylose (Young et al., 2012). Despite the accomplishments of the latter 

study, it didn’t succeed in producing mutants without glucose competitive inhibition 

of xylose transport. However, in a later study from the same group the engineering of 

GXS1 into a xylose transporter was reported (Young et al., 2013). This was achieved by 

targeted mutation of apparently important residues participating in the recognition 

of the sugar. They firstly identified a short six-residue motif (G-G/F-XXX-G) in the 

transmembrane span 1 (TMS1) which contained a Phe residue potentially important 

in the recognition of the monosaccharides. The group then used saturation 

mutagenesis to fully explore the effects of all possible amino acid substitutions on 

positions Val38, Leu39 and Phe40 of the motif. One of the triple mutants they produced, 

showed attenuated glucose growth to the same level as the negative control with 

enhanced xylose uptake efficiency as compared to the wild-type GXS1 (Young et al., 

2013). Despite eradicating the glucose transport capacity, glucose supplied at 

moderate concentrations (ie. 5 g/L) still inhibited xylose transport. Ideally, the xylose 

transport shouldn’t be inhibited in a lignocellulose mixture, as glucose and xylose will 

be hierarchically utilized and thus cause a decrease in the rate of sugar consumption 

by the fermenting yeast. Farwick and his coworkers addressed the issue of competitive 
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inhibition and achieved glucose and xylose co-fermentation (Farwick et al., 2014). The 

group successfully engineered the galactose transporter (ie. Gal2) and hexose 

transporter (ie. Hxt7) from Saccharomyces cerevisiae so that the inhibition by glucose 

was abolished and the transporters were made able to bind xylose with higher 

affinities. They achieved this by using a growth assay to screen for mutants with 

glucose insensitivity (ie. evolutionary engineering) as well as an error-prone PCR 

approach followed by site-directed mutagenesis of the identified residues. One of the 

mutants they produced, ie. Gal2-N376F showed unobstructed transport of xylose by 

glucose, with moderate velocity (Farwick et al., 2014). An additional mutant, ie. Hxt7-

N370S, showed very high Ki value for glucose inhibition, accompanied with decreased 

affinity for the latter and augmented affinity for xylose as compared to the WT. In a 

similar study, the G-G/F-XXX-G motif of the HXT7 was identified and contradicted its 

position as identified by Young et al. (2013) (Apel et al., 2016). This group evolved S. 

cerevisiae using serial dilution and plating on solid medium with 2% xylose as the sole 

carbon source. The evolution experiments led to the detection of a mutant which 

sustained significant growth on xylose. The phenotype was tracked to a single 

mutation in the Hxt7, ie. F79S, which prompt reconsideration of the position of the 

motif and positioned it 40 amino acids downstream the site reported by Young et al. 

(2013). The contradiction in the position of the motif as presented by Apel and her 

group, underlines how important it is that multiple research groups are involved in 

transporter engineering studies, in order to propel towards efficient biofuel 

production.  

1. 4. 7 Importance of membrane transport engineering 

The limited studies which exist, demonstrate that the molecular engineering of 

transport proteins represents a critical step in metabolic engineering. It is therefore, 

of great interest to know how important are the transporters in controlling growth 

rate in general. In the case of a fast-growing yeast ie. Kluyveromyces marxianus, a 

pHauxostat was used to select strains for even faster growth (Groeneveld et al., 2008). 

An evolved strain was isolated which was able to grow 30% faster than the inoculated 
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strain. This unprecedented decrease in doubling time to 52 min, apparently produced 

one of the fastest eukaryotes reported. The reduced doubling time was accompanied 

by an approximate 40% increase in the surface area while not changing the cell volume 

as the shape shifted from spheroid to cylindrical (Groeneveld et al., 2008). These 

results suggested that the processes which were most limiting to growth rate are 

potentially the ones occurring in the membrane processes, including substrate uptake. 

This assumption was tested and confirmed by quantification of the extend of control 

the membrane processes exert on growth; this was achieved using an equation which 

calculated the relative increase in maximum growth for each 1% increase in the 

activities of all membrane processes (Groeneveld et al., 2008). Indeed, an astonishing 

80% of the growth rate increase was attributed to outer membrane processes, and only 

20% was ascribed to intracellular processes (Groeneveld et al., 2008).  

1. 5 Scope of the study  
 
As the transport capacities of the fermenting bacteria haven’t attracted much interest, 

this study will attempt to gain more insights on the transport of xylan-derived sugars. 

Most of the attention is given to the transport of the L-arabinofuranose, by trying to 

identify ABC transport systems specific to this sugar. The search is initiated using the 

YtfQ SBP from E. coli, a galacto/arabinofuranose protein. We will attempt to identify 

orthologous systems from bacteria which thrive in xylan and root mucilage- rich 

niches by applying an approach which combines bioinformatic, phylogenetic and 

synteny analysis. Any systems identified, potentially with a ‘bias’ towards 

arabinofuranose binding, will be investigated by biochemical and structural analysis 

to characterize any interesting features these SBPs may exhibit compared to YtfQ.  

Lastly, we perform gene knockouts in E. coli to create strains which cannot grow on 

xylan-derived sugars which is later used to identify a transporter that can transport 

xylobiose. The analysis is actively attempting to extend the engineering efforts so that 

they include or at least contemplate the modification of membrane systems to obtain 

higher biofuel yield, thus steering the CBP in different directions as is currently 
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exhaustively focused on the extracellular hydrolysis of the polysaccharides and their 

downstream intracellular catabolism. 

 

1. 6 Thesis outline  
 
The dissertation contains a general introduction followed by three main results 

chapters, and ends with a general summary and conclusions. First and second results 

Chapter are directly related whereas the third Chapter focuses autonomously in the 

investigation of a specific aim which forms part of the generic scope of the study. 

Therefore, these chapters will include an introduction to the concepts behind the 

research conducted and its aims are explained. The first Chapter describes the 

phylogenetic analysis and the literature review performed to identify SBPs from ABC 

transport systems which show high preference in binding the xylan-derived L-

arabinofuranose. Also included in this chapter, are the optimisation efforts for the 

overproduction of the selected SBPs. The second results Chapter (ie. Chapter 3) 

includes the biochemical and structural analysis of these SBPs to define the ligand 

specificity and determine the molecular determinants for the binding of L-

arabinofuranose. Further, the production and verification of engineered E. coli strains 

which cannot grow on xylan-derived sugars and sugar acids is presented in Chapter 4. 

The application of these strains in transport engineering of bacteria for biofuel 

production is explained and exemplified by their use in the identification of an E. coli 

secondary transporter for xylobiose.  The final Chapter of the thesis is a recap of the 

main results of the study, with an outline of the conclusions and how these are 

implicated to the improvement of CBP for biofuel production.  
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Chapter 2 
 
 
Identification and overproduction of 
bacterial Galacto/Arabino - furanose 
(Gaf) substrate - binding proteins  
 

 
This chapter reports the definition of a family of substrate – binding proteins (SBPs) 

for Galacto/Arabinofuranose (Gaf) using phylogenetic and genomic neighbourhood 

analysis and attempts to discover Gaf proteins specific for L-arabinofuranose. The 

study uses a galacto/ arabinofuranose binding protein from E. coli (YtfQ) as the 

starting query to identify bacterial orthologs (ie. GafAs) for the construction of 

phylogenetic trees to infer relevance to arabinose uptake and attempts to discover Gaf 

proteins specific for L-arabinofuranose. It also considers the function of the proteins 

encoded by genes in the genetic proximity of the gafABCD operons and identifies 

systems linked specifically to arabinose uptake and catabolism for experimental study. 

Predictions of the transcription regulation of these systems are taken into account to 

aid selection of three candidate GafAs for experimental characterization. Different 

approaches to overproduce the cloned exogenous gafA genes using various E. coli 

overproducing strains and plasmids are described. The purification of two GafA 

proteins and their verification using biophysical techniques are then reported. 

Succeeding efforts to optimize the purity of the proteins by screening different 

periplasmic extraction methods are explained. The chapter concludes with the 

optimization of the protein yields by using different rich overproducing media to yield 

sufficient protein for further biochemical and biophysical analysis 
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2. 1 Introduction  
 
Biofuels have the potential to occupy a high percentage of a non petrochemical-based 

fuel economy. The production of so-called first-generation biofuels involves utilizing 

sugar crops (sugarcane) or starch crops (corn, wheat). However, these are under 

increased scrutiny as they are considered to be responsible for a rise in food prices and 

the land conversion associated with their production may actually increase carbon 

dioxide emissions (Fargione et al., 2008). In comparison, second generation biofuels 

are made from lignocellulosic feedstocks derived from non-food crops (eg. 

Miscanthus, switchgrass), agricultural waste and municipal waste. The latter have a 

plethora of benefits over the first-generation feedstocks including the following: 1. no 

energy for replanting as the plants are perennial, 2. they are fast growing and they can 

be harvested twice a year, 3. they require low amounts of fertilizer, therefore 

minimising the adverse effects on the environment, 4. they can grow on marginal land, 

and 5. they are not used for food products. These advantages increase the likelihood 

that second generation biofuels will be used more extensively to meet the increasing 

demand in biofuels. In that case, the structure of the cell walls of both the first and 

second-generation feedstocks should be taken into account, since the agricultural 

waste are the remnants of crop harvesting. The cellulose, an important structural 

feature of the plant cell walls, is a polysaccharide comprised of β (1à4) linked D - 

glucose monomers, therefore also commonly known as glucan. Another common 

structural feature of these plant feedstocks is the hemicellulotic composition of their 

cell walls, which is principally comprised of xylans which can constitute about 25% of 

the total polysaccharide in the biomass (Table 2. 1). More specifically, the 

hemicellulotic component of grasses (ie. switchgrass, Miscathus), sugarcane and rice 

bran is the arabinoglucuronoxylan (AGX) polysaccharide (Vogel, 2008). The two 

major components of the plant feedstocks, cellulose and hemicellulose, are 

anticipated to become significant substrates in the future for bioconversion of the 

polysaccharides to ethanol or other higher molecular weight alcohols (Somerville, 

2007). Therefore, the abundancy and the type of these polysaccharides in the plant 

cell wall plays a determining factor in choosing an appropriate feedstock. Another 
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defining factor to be taken into account in the choice is the extent of the lignification 

in the feedstock’s cell wall. Lignin is the third major component and it’s a phenolic 

polymer which associates itself with the rest of the cell wall polysaccharides through 

hydroxycinnamic acids (Somerville, 2007). The strong cross linking between the lignin 

and cellulose/ hemicellulose is well known to negatively affect the hydrolysis of 

monomeric sugars and therefore decreasing the rate of biodegradation. Ultimately, 

the feedstock should therefore be delignified prior to hydrolysis. Examination of Table 

2. 1, clearly shows that Miscanthus x giganteus is the most attractive candidate to be 

used as a second-generation bioenergy feedstock as it possesses a very high percentage 

of cellulose and xylan (47.3% and 25.5%, respectively) and a distinctly lower amount 

of lignin (12%) compared to its counterparts. Following careful selection of the 

bioenergy feedstock, one should ideally consider the type of the xylan present, as this 

is the most heterogeneous polymer and thus appropriate engineering of the 

fermenting bacteria and yeast is required for the efficient transport and catabolism of 

the polymer.  

Table 2. 1. The percentage composition(%) of polysaccharides in potential 
feedstocks   
  

All the data were obtained by samples analyzed at the National Renewable Energy Laboratory (Wiselogel and 
Johnson, 1996) apart for the Miscanthus x giganteus (Hodgson et al., 2011).  
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Despite this disadvantage, the first-generation biofuels are still not the preferred 

choice due to their limitations ie. raise the food vs. fuel debate, require high amounts 

of fertiliser and they make use of arable land. Nonetheless, the non-food parts of 

current food crops left behind following harvesting and extraction can still be utilised 

for biofuel production and are essentially falling within the second-generation 

feedstocks.   

 
2. 1. 1 Chemical pretreatment of xylan from feedstocks for L- arabinose 
release  
 
A large body of research has focused on the pretreatment of bioenergy feedstocks with 

the general aim of achieving high percentages of released monosaccharides and 

oligosaccharides to be fermented by biofuel-producing microbes. Pretreatment is a 

critical step to remove the lignin layer, increase porosity and to decrystallise the 

cellulose component so that the hydrolytic enzymes can access efficiently the 

polysaccharides (Dantas, Legey and Mazzone, 2013). Pretreatment with dilute acid is 

one of the most efficient pretreatment methods. Combined with high temperatures 

(ie. 100 – 160 °C), the xylan is hydrolysed to release sugars from the cell wall into the 

hydrolysate (Chen et al., 2007). Previous studies have reported that such pretreatment 

led to complete or near complete conversion of hemicellulose into soluble mono- and 

oligosaccharides in corn stover (Schell et al., 2003), switchgrass (Li et al., 2010) and 

Miscanthus x giganteus (Ji et al., 2015; Li et al., 2013). The higher xylan solubilisation 

compared with cellulose breakdown could be attributed to the fact that the xylan is 

more labile and amorphous than glucan, and it also exhibits a lower degree of 

polymerization (Himmel, Baker and Overend, 1996). Also, the acid hydrolysis under 

mild conditions is a suitable method to selectively release arabinose as the α-1 →   2/3 

bonds, connecting arabinose moieties to the xylan backbone, are more sensitive to the 

effects of pH and temperature than the β-1 → 4 bonds between the xylose residues of 

the xylan, as the first are more accessible than the latter (González et al., 1986). One 

study has detected release of up to 99% of the total arabinose from bagasse xylan 

following 30 mins in 0.2 M HCl prior to enzymatic saccharification. In similar studies, 
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high yields of arabinose were achieved following acidic pretreatment of wheat bran 

(94.9%), Miscanthus x giganteus (44.8%), corn hull (89%), corn stover (24.4%) (Table 

2. 2) (Kurakake et al., 2005; Aguedo et al., 2013; Ji et al., 2015). The percentages of 

arabinose released are not comparable as each of the grass and crop mentioned exhibit 

varying levels of arabinose in the AX/ AGX backbone. These levels are reflected by the 

arabinose to xylose ratio in the xylan component of each feedstock as reported in the 

Table 2. 2. As an example, the ratio of arabinose to xylose in the AX of bagasse is 8 

times lower than the one in corn hull which is very likely to imply a lower arabinose 

content. This is evident by comparing the amount of arabinose released following acid 

hydrolysis; the same pre-treatment conditions achieved an 89% release of arabinose 

from the total amount present in corn hull as compared to 99% release from bagasse. 

The varying degrees of arabinose release shown in Table 2. 2 are attributable to the 

concentration and the type of the acid used, the temperature, the duration of the 

reaction, the preheating speed and whether a combination of chemical with physical 

techniques was employed or not. These are all parameters which are controlled to 

minimize the production of growth inhibitors (5-hydroxylmethylfurfural, furfural), 

which would decrease the total sugar yield. No matter what the exact conditions of 

the acidic pre-treatment, it is evident that a substantial amount of L-arabinose is 

released in the mixture which is then available for uptake and catabolism by 

fermenting bacteria and yeast.   

Table 2. 2. The yield of arabinose released following acidic pretreatments of 
grasses.   
  

* arabinose yield released based on total arabinose present in the cell wall of each grass.  
** ratio of arabinose to xylose in arabinoxylan prior to any pretreatment. 
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2. 1. 2 Enzymatic hydrolysis of xylan from feedstocks for L- arabinose 
release  
 
Additionally, to the chemical pretreatments described above, the Section 1. 3. 2 in the 

General Introduction explains in detail the role of arabinofuranosidases and provides 

more information about the research performed to identify these enzymes. Their 

hydrolytic action to release L-arabinofuranose branches from the xylan 

polysaccharide can be exploited following the chemical pretreatment and increase the 

titer of these sugar in the fermenting media. Pretreatment of biomass described above, 

is necessary before enzymatic hydrolysis to allow for easy and quick accessibility to 

convert xylan to xylooligosaccharides and arabinose (Timung et al., 2016). The 

pretreatment leads to partial delignification, lowers crystallinity extend of cellulose 

and increases the volume of the pores in the surface of the feedstock therefore 

improving the enzymatic digestibility of the biomass. The yields are much improved 

in a process where acidic or alkaline pretreatment precedes enzymatic hydrolysis 

(Maurya et al., 2015).  The extensive study of enzymatic hydrolysis after pretretment 

underlines the importance of this sugar in the production of biofuels from 

lignocellulose-based feedstocks and pinpoints the requirement of appropriate 

transport systems for the furanose form of the sugars.  

 
2. 1. 3 Bacterial transport of the furanose form of sugars 
 
The bacterial transport of the released arabinose has attracted much less interest than 

the strategies employed for its release, such as the dilute acid pre-treatment and the 

enzymatic hydrolysis mentioned above.  While engineering of bacteria and yeast to 

utilise the xylan-derived xylose more efficiently has had some success (Xiao et al., 

2011), L- arabinose has a unique property that has not been considered in relation to 

rational engineering. This is the fact that arabinose, uniquely for a cell wall 

polysaccharide component, is found exclusively in the furanose form in arabinoxylans 

(α-L-Araf) and not the pyranose form seen for other sugars (Figure 2. 1). This 
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important chemical difference has been given almost no consideration in strategies 

for improving pentose use by bacteria used in the manufacture of biofuels. Hexose 

and pentose sugars in solution form ring structures that are usually formed by 6- 

membered pyranose rings. For glucose the pyranose form accounts for over 99.9% of 

the molecule, which perhaps partially explains why this phenomenon had not been 

widely considered, but for other related hexoses (eg. D-galactose) a small proportion, 

around 8%, is found in the 5- membered furanose form. The biological implications 

of this significant furanose component amongst an excess of pyranose forms attracted, 

until very recently, little apparent interest. It is now clear that, as might have been 

predicted, bacteria have evolved to utilize even small furanose components of sugars 

through furanose-specific transporters (Horler et al., 2009; Bagaria et al., 2011). For 

arabinose an even greater fraction (over 12%) is in the furanose form (at 25 °C in water  

 

 

57% is α-pyranose, 30.5% β- pyranose, 8% α-furanose and 4.5% β-furanose) (H. 

Conner and Anderson, 1972). The existence of a specific arabinofuranose transporter 

in biology has not previously been considered but given that all arabinose found in 

Figure 2. 1. Equilibrium composition of the L - arabinose isoforms in aqueous 
solution 
The percentage of the six membered ring of L-arabinose ie. pyranose form and its 
five membered ring isoform ie. furanose, at 25 ºC in water.  
The chemical structures were produced in ChemDoodle.  



 

 69 

plant biomass is in the furanose form it would seem an attractive idea for bacteria that 

live exclusively on this substrate to have developed a specific transporter.  

 
The study of Horler et al. (2009) discovered the first example of furanose – specific 

transport systems and showed that these exist in bacteria. The study set out to 

elucidate the function and structure of uncharacterized ATP-binding cassette (ABC) 

transporters in the model bacterium Escherichia coli. One of them is encoded by the 

ytfQRTytfF operon and was predicted to be a sugar transporter and the operon was 

known to be regulated by the galactose-responsive transcription factors GalR and 

GalS, suggesting that it might be a galactose-specific transporter. Using intrinsic 

tryptophan fluorescence spectroscopy the authors screened a range of ligands for 

binding to the purified recombinant YtfQ protein, the substrate binding protein (SBP) 

component, and demonstrated that it binds D-galactose in the low μM concentration 

range. Surprisingly, this binding was an order of magnitude weaker than that of a 

previously characterized ABC transporter for galactose, the Mgl system (Horler et al., 

2009). This mystery was resolved when the crystal structure of YtfQ was determined 

to 1.2 Å and found that it resembled other sugar binding SBPs in structure, except that 

the bound ligand was the furanose form of galactose and not the pyranose form. 

Additionally, the study used HSQC NMR methods to investigate the species bound to 

the protein and acquire a spectra that distinguished the pyranose and the furanose 

forms. Only immediately after ligand release is an excess of the furanose form seen; 

when remeasured over a day later the released D-galactose had reached a resting 

equilibrium that is almost exclusively the pyranose form. 

 

Finally, the crystal structure of YtfQ also suggests a key binding site adaptation in YtfQ 

where the movement of an Asp residue out of the binding pocket permits binding of 

the extended furanose form (Horler et al., 2009). Recalculation of the affinity based 

on the 7.7% of galactose that is in furanose form in solution, resulted in a KD 0.13 μM, 

which is very similar to the KD of MglB for D- galactopyranose (0.14 – 0.48 μM) (Miller 

et al., 1980). Hence, E. coli expresses concomitantly two high-affinity transporters for 

galactose that recognise the two forms of the sugar. Interestingly, E. coli has recently 
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also been demonstrated to have both types of transporters for ribose, suggesting that 

recognition of both furan and pyran forms is not unique to galactose (Bagaria et al., 

2011). In the context of L-arabinose transport, YtfQ was also shown to bind the L-

arabinose at the low μM concentration range similarly to galactose. It is predicted to 

bind the furanose form of L-arabinose as E. coli has a well structurally and 

characterized ABC system dedicated to L-arabinopyranose transport, ie. AraFGH 

(Quiocho et al., 1974; Quiocho and Vyas, 1984). Therefore, in a similar manner to 

galactose, two transporters are likely responsible for scavenging the full content of 

arabinose found in the extracellular habitat of E. coli. This discovery has direct 

biotechnological implications as such transport systems are of vital importance in 

optimization of the transport of xylan-released arabinose by the fermenting bacteria 

and achieving higher growth rates and biofuel production. The expression of both of 

pyranose and furanose transport systems by the fermenting strain will allow uptake of 

the total pool of arabinose. This could be investigated in E. coli as it is more amenable 

in the lab so there are prospects of studying the co-expression of both systems (ie. 

ytfQRTyjfF and araFGH), since there is no evidence to prove that gafABCDEc operon 

is induced in the presence of arabinose (Liu et al., 2005; Zheng et al., 2004). 

 
2. 1. 4 Study aims  
 
Given that there is experimental data which demonstrates that furanose transporters 

have evolved in nature and that the YtfQ binds arabinofuranose, as well as D-

galactofuranose the study set out to investigate the orthologues of this SBP from a 

range of bacterial phyla. The aim was to identify how diverse this group of SBPs is, and 

focus on bacteria that thrive in close proximity to arabinose-rich polysaccharides such 

as rhizobial symbionts and plant pathogens. The YtfQ orthologues from such bacteria 

are expected to exhibit different ligand specificities and affinities, therefore we aimed 

to find one with selectivity for L-arabinofuranose over D-galactofuranose. Following 

expansion of this group by identification of the orthologous systems, we suggest the 

name of galactoarabinofuranose (ie. Gaf and complete operon: gafABCD) and the SBPs 

are referred to as GafAs. Since the genomic neighborhood of the gaf locus in E. coli 
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has no genes related to arabinose or galactose utilization, the search was focused on 

analysing the genomic context of the gaf genes and establishing any relevance to the 

uptake and catabolism of these sugars. Additionally, predictions of transcription 

regulation of the gaf operons, along with reporter assays from previous studies were 

taken into account in the selection of three GafAs for further experimental 

characterisation. The collected indications for the selected candidate GafAs provided 

enough evidence to point towards a potentially enhanced affinity for arabinose and a 

greater ligand specificity than YtfQ. To study these proteins experimentally, they were 

overproduced into E. coli and purified. Their downstream analysis required high levels 

of yield and purity and therefore following purification, the proteins were analysed by 

FT-ICR-MS and also overproduced in a range of rich media.   
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2. 2 Materials and Methods  
2. 2. 1 Computational analysis  

2. 2. 1. 1 Phylogram construction and synteny analysis  

Identification of the orthologs and gene neighbourhood analysis were obtained from 

the Basic Local Alignment Search Tool (BlastP), the BioCyc database collection 

(https://biocyc.org) and the SEED viewer 

(http://core.theseed.org/FIG/seedviewer.cgi) (Altschul, 1990; Keseler et al., 2012; 

Overbeek, 2005). Multiple sequence alignments and the homology were performed 

using the online sequence analysis software MAFFT (Katoh, 2002) using the L-iNS-I 

refinement method or Clustal Omega (Sievers et al., 2014). The sequence alignments 

were curated in the Gblocks 0.91b tool of the phylogeny.fr (Dereeper et al., 2008). The 

alignnments were inputted in the PhyML 3.0 for automatic model selection using the 

Akaike Information criterion (AIC). The AIC estimates the relative quality of statistical 

models and chooses one based on the quantity of information lost when a given 

method is used to represent the process which generated the data.  The substitution 

model parameters as calculated by the AIC are described in the Table 2. 3 and their 

use in the phylotrees constructed is designated. The construction of the phylograms 

was performed in the PhyML 3.0 using the maximum – likelihood method (Guindon 

et al., 2005) based on the substitution model and the parameters calculated by the 

AIC. The confidence of the branches was inferred using 500 bootstrap replications. 

The produced newick files were inputted into Interactive Tree Of Life (iTOL) to 

display and annotate the trees (http://itol.embl.de) (Letunic et al., 2006).  Further 

annotations were made in the scalable vector graphics editor, Boxy SVG. Functional 

annotations of the genes involved in the arabinose, galactose and xylose metabolism 

and related pathways were derived from the SEED comparative genomic database, 

PATRIC 3. 4. 2 (https://www.patricbrc.org), Biocyc and the Microbial Genomic 

context Viewer (MGcV, http://mgcv.cmbi.ru.nl) (Keseler et al., 2012; Wattam et al., 

2016; Overbeek, 2005; Overmars et al., 2013).  
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2. 2. 1. 2 Regulon predictions and fitness browser  
 
The predictions for the transcriptional regulation of the gaf operons were obtained 

from RegPrecise online database (http://regprecise.lbl.gov/RegPrecise/) (Novichkov 

et al., 2013). The Fitness browser (http://fit.genomics.lbl.gov/cgi-

bin/myFrontPage.cgi), a depository online database of genome – wide fitness 

experiments for bacteria, was used to detect the effects on growth phenotypes of 

bacteria when gafA is deleted (Wetmore et al., 2015; Rubin et al., 2015).  

 

 
 
2. 2. 1. 3 Online tools for examination of the gafAs coding sequence  
 
The gene sequences of the gafASw, gafASm, gafACb and araFCb were codon optimized 

for overexpression in the E. coli using the online Jcat tool (http://www.jcat.de) (Grote 

et al., 2005). The relative adaptiveness values, W, for each codon in the coding 

sequences, prior- and post- optimisation, were measured in the Graphical Codon 

Usage Analyser (GCUA, http://gcua.schoedl.de) (Fuhrmann et. al., 2004). These were 

plotted in GraphPad Prism 7.0 and presented in the Figure A2. 1 of the Appendix. The 

figure includes the codon adaptiveness index (CAI) for each coding sequence and 

shows the increase in favourability for expression in E. coli. The CAI values were 

calculated in the GenScript Rare Codon Analysis Tool 

Table 2. 3. Substitution model parameters for maximum – likelihood 
phylotree construction as calculated by the AIC.  
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(https://www.genscript.com/tools/rare-codon-analysis) and their reproducibility was 

tested by recalculation in the CAIcal server (http://genomes.urv.es/CAIcal/) (Puigbò 

et al., 2008). 

The nucleotide sequences had their identified signal peptides removed, as predicted 

by the SignalP 4.1 Server for all of the chosen gafAs (Figure A2. 2). The above signal 

peptide predictions were enhanced by predictions of the lipopeptides for the genes of 

the gram – positive Clostridium beijerinckii NCIMB 8052. The analysis happened in 

PRED – LIPO (http://biophysics.biol.uoa.gr/PRED-LIPO/) (Bagos et al., 2008) and 

LipoP 1. 0 Server (http://www.cbs.dtu.dk/services/LipoP/) (Juncker et al., 2003) 

(Figure A2. 2A&B). 

2. 2. 2 Strains, media and Reagents  

2. 2. 2. 1 Lysogeny broth and agar  

The lysogeny broth (LB) was made in distilled water using 10 g/ L tryptone, 5 g/ L yeast 

extract and 10 g/ L NaCl. LB agar was made in smaller volumes of 150 ml using 1. 5 g 

tryptone, 0. 75 g yeast extract, 1. 5 g NaCl and 2. 25 g of 1.5 % (w/w) agar No.1 

bacteriological. The pH of the liquid agar was balanced at 7. 5 prior to autoclaving. All 

the reagents were sourced from OXOID of Thermo Scientific Ltd.  

2. 2. 2. 2 Overproduction media 

Terrific broth (TB) was prepared in 900 ml of distilled water using 12 g/ L tryptone, 24 

g/ L yeast extract and 4 ml glycerol. Following autoclaving at 121 °C for 20 mins, the 

volume was adjusted to 1 L by adding 100 ml of a sterilized salt mixture containing 170 

mM KH2PO4 and 720 mM K2HPO4. Power broth (PB) was purchased from Molecular 

Dimensions Ltd. Each 100 g of the powder were dissolved in 1 L of distilled water and 

autoclaved as described above. The Autoinduction (AI) media powder, including the 

trace elements, was purchased from Formedium Ltd. Each 34.85 g of the powder were 

dissolved in 1 L of distilled water and autoclaved as described above. The chemical 
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constitution of each media is summarised in Table   2. 4 below.  

2. 2. 2. 3 Antibiotics and expression inducing agents  

Antibiotics were added to the media or agar where appropriate; ampicillin was used 

at 100 μg/ml, from a 1000-fold stock which was sterilized with passage through a 0.22 

μm filter and stored at 4 °C. Isopropyl-beta-D-thiogalactopyranoside (IPTG) was 

weighed and dissolved in distilled water to 10 ml. This was then filter sterilized using 

a 0.22 nm filter. All aliquots were stored in sterile Universal tubes, wrapped in 

aluminium foil to prevent photodegredation and stored at 4 °C. Large scale protein 

expression cultures needed larger amounts of IPTG and thus 1 M IPTG was prepared 

for that as described above. IPTG was added to cells such that its final concentration 

was 0.5 - 1 mM. Ampicillin and IPTG was sourced from Melford Laboratories Ltd. 

Arabinose induction of the pBADcLIC vector was achieved by adding appropriate 

amounts of a 1000-fold stock to the culture, at a final concentration of 20 mM. 

Arabinose was sourced from Sigma – Aldrich and prepared similarly to ampicillin and 

IPTG.  

Table 2. 4.Chemical constitution of the media used for the GafAs 
overproduction. 

*1000x Trace elements stock: CaCl
2 
(20mM), MnSO

4 
(10mM), ZnSO

4 
(10mM), CoCl

2 
(2mM), , CuSO

4 
(2mM), NiCl

2 
(2mM), NaMoO4 (2mM), Na

2
SeO

3
 (2mM) and FeCl

3 
(50mM)  
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2. 2. 2. 4 Strains and plasmids  

The genotypes of bacterial strains that were used for the work of this chapter are 

described in Table 2. 5. The plasmids used and constructed during this work are listed 

in Table 2. 6.   

 

 

 

2. 2. 3 Molecular Biology techniques 

2. 2. 3. 1 Preparation of plasmid DNA 

Plasmid DNA was isolated from 10 – 20 ml of overnight grown bacterial cultures using 

the Wizard Plus SV miniprep kit from Promega that employs the alkaline lysis method 

for plasmid recovery. The manufacturers recommended protocol was used.  

Table 2. 5. Strains used in the work of this chapter. 

Table 2. 6. Plasmids used in the work of this chapter 
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2. 2. 3. 3 Agarose gel electrophoresis 

The DNA fragments were resolved by electrophoresis using 1% (w/v) agarose gel in 

TBE buffer. TBE buffer was made up with 1.62 g/l Tris (Invitrogen), 2.75 g/l boric acid 

(Fisher Scientific) and 0.95 g/l EDTA (Fisher Scientific). The 1 % agarose gels were 

prepared by pouring molten agarose directly into a horizontal electrophoresis tank, 

including a comb to create appropriately sized wells and then allowing the gel to set. 

Ethidium bromide (EtBr) from Invitrogen, was used to stain the DNA and was added 

at 7 μl per 100 ml of molten agarose before pouring into the tank. Following drying, 

the comb and the tape were removed and the gel was submerged in TBE buffer. 

Normally, 5 to 10 μl of sample was loaded in each well; this was prepared by mixing 

the DNA with 1- 2 μl of  6x stock of sample loading buffer (NEB). Each gel contained 

at least one DNA ladder (Bioline Hyperladder or NEB) to act as a marker. DNA 

separation was performed by applying a potential difference of 80 Volts for 50 

minutes. EtBr stained DNA was visualised on a transilluminator (Syngene Imaging 

System).  

2. 2. 3. 4 Table of primers 

The primers used in this work are shown in Table 2. 7. All primers were sourced from 
either Integrated DNA Technologies UK Ltd (IDT) or Sigma.  

 

 
2. 2. 3. 5 Polymerase Chain Reaction (PCR)  

PCR was used for the amplification of genes for cloning and screening. High fidelity 

Table 2. 7. Primers used in the work of this chapter 
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DNA polymerase (Phusion from NEB) was used for cloning. The reaction setup for a 

typical Phusion PCR reaction consisted of Phusion HF or GC buffer (5x), 200 μM of 

each dNTP, 0.5 μM of each forward and reverse oligonucleotide primers, 1 unit 

Phusion polymerase and either genomic or plasmid DNA template (< 250 ng). The 

standard reaction volume was 50 μl and the final volume was made up with sterile 

distilled deionised water. The whole process was performed on ice in 0.5 ml or 0.2 ml 

PCR tubes. Following a 2 minute of initial denaturation step (95 °C), the target DNA 

was amplified by 35 cycles of 98 °C for 10 secs, 55 - 65 °C for 30 secs and 72 °C for 30 

secs per kilobase of target amplicon. The run finished with a final extension step of 10 

minutes at 72 °C, and the PCR product was removed from the thermal cycler (Techne 

TC-312 or T100 Bio-Rad Thermocyclers) and kept in the fridge prior to running on the 

gel or stored in the – 20 °C.  

Successful cloning of genes was verified by PCR screening using the GoTaq polymerase 

from Promega. The GoTaq Green Master mix used, included Taq DNA polymerase, 2X 

Green GoTaq reaction buffer, 400 μM of each dNTP and 3 mM MgCl2. The reaction 

set up for a standard GoTaq 50 μl reaction included mixing 25 μl of the master mix, 

with 2. 5 μl of each primer (10 M) and 1 – 5 μl of genomic or plasmid DNA template (< 

250 ng). The reaction volume was topped up to 50 μl using nuclease - free water. 

Following preparation of the samples on ice, these were transferred in the thermal 

cycler to undergo PCR set as follows: initial denaturation of 2 mins at 95 °C, 35 cycles 

of 95 °C for 45 secs, 55 – 65 °C for 45 secs and 72 °C for 1 kilobase of the target amplicon. 

Following the final extension step at 72 °C for 5 mins, the PCR product was resolved 

on DNA agarose gel.  

2. 2. 3. 6 PCR clean up  

The PCR clean up ensured isolation of the amplicon from the rest of the PCR reaction 

compoments, in case the PCR product was intended to be used in a subsequent 

cloning reaction.  The Monarch PCR clean up kit from NEB was used and the protocol 

provided with it was followed.  



 

 79 

2. 2. 3. 7 Gel extraction  

DNA components were purified by running on a 0.7 % agarose gel electrophoresis and 
extracted from the gel using a Promega Wizard SV gel and PCR Clean- Up system kit, 
before switching to one provided by NEB (Monarch). The gel extraction happened 
following the instructions on the protocols provided with each kit.  

2. 2. 3. 9 Conventional Ligation  

The DNA sequence of the gafASm was PCR amplified from the genomic DNA of 

Sinorhizobium meliloti 1021 using the primers gafASmF and gafASmR (Table 2. 6). The 

PCR product was cloned into the overproducing vector using restriction enzymes 

from NEB which created overhangs. The pET20b vector and the PCR amplicon were 

digested in separate reactions of double digestion (ie. NcoI and XhoI) by mixing 1 unit 

of each enzyme with 10X NEB buffer and 1000 ng of DNA. The final volume of the 

reaction was up to 50 μl using nuclease-free water. The same procedure was followed 

for the subcloning of gafACb into pMALp5X. The gafACb was PCR out the pET20b 

vector with a 5’ blunt end and an SbfI site introduced at the 3’ end. The pMALp5X 

vector and the produced amplicon were digested separately in double digest reactions 

with XmnI and SbfI.  

Following PCR clean up of the digestions, the restricted insert and vector were mixed 

in a ligation reaction to allow cloning. The molar ratio of the two fragments in the 

ligation reaction was 1:3 vector to insert. T4 DNA ligase, T4 DNA ligase buffer from 

NEB and nuclease – free water were added in the ligation mixture to a final volume of 

20 µl. The approach taken was incubation of the ligation mixture at 16 °C, kept in the 

thermocycler overnight. For the semi – blunt end ligations into pMALp5X vector, the 

ligation mixture was incubated for an extra four hours at 4 °C.   The ligated plasmids 

were kept in – 20 °C prior to host transformation.  

2. 2. 3. 10 Gibson assembly  

The gafASw, gafACb and araFCb sequences were further modified by the addition of 

50 bps of upstream and downstream homology to the overproducing vector. These 
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were then synthetically produced by the GeneArt services of Invitrogen or IDT gene 

block services. The Geneart gene strings were resuspended in distilled water to reach 

final concentration of 100 ng/μl and the IDT blocks to a final concentration of 10 ng/μl. 

These were then inserted into pET20b vector by cloning using the Gibson Assembly 

Master Mix kit from NEB. The vector was digested with EcoRI to allow linearization 

and PCR cleaned up (Section 2. 2. 3). The reaction mixture included 70 ng of the EcoRI 

restricted pET20b with 3x molar excess of the Geneart gene strings calculated using 

the formula:  

𝑝𝑚𝑜𝑙𝑠	 = 	 (𝑤𝑒𝑖𝑔ℎ𝑡	𝑖𝑛	𝑛𝑔)	𝑥	1,000	/	(𝑏𝑎𝑠𝑒	𝑝𝑎𝑖𝑟𝑠	𝑥	650	𝑑𝑎𝑙𝑡𝑜𝑛𝑠) 
 
 
Nuclease – free water was added to a final volume of 20 μl in each reaction tube. The 

samples were incubated in a thermocycler at 50°C for 15 to 30 minutes (suggested in 

the assembly of 2 or 3 fragments). Following incubation, the samples were kept on ice 

or stored at –20°C for subsequent transformation. 

 
2. 2. 3. 11 LIC independent cloning (LIC)  

Ligation independent cloning was used to ligate PCR products of the gafACb with 

pBADcLIC2005. pBADcLIC2005 is a modified version of the commercially available 

pBAD vectors with the inclusion of a LIC cassette at the site of cloning (modified by 

Dr. Eric Geertsma).  

Primers were designed such that a dedicated LIC tail was added to the PCR product, 

which was designed to be complementary to the LIC cassette in vectors. The gene of 

interest was amplified using PCR and purified using gel extraction. The vectors were 

linearised by digesting with the SwaI. The linearised vectors were purified by gel 

extraction. Both the insert and vector DNA were treated with T4 DNA polymerase 

which was supplied from Novagen. The 3’ à 5’ exonuclease activity of T4 DNA 

polymerase produces long, complementary overhangs on the vector and the insert. To 

do this, 200 ng of linearised vector was made up to 10 μl with sterile water and treated 

with T4 DNA polymerase in the presence of dCTP for pBAD vectors (1.5 μl of 25 mM 
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dCTP, 3 μl 5x buffer and 0.5 μl T4 DNA polymerase). The reaction was incubated at 

room temperature for 30 minutes, after which T4 DNA polymerase was deactivated 

by incubation at 75 °C for 20 minutes. A volume of insert DNA corresponding to a 1:1 

and molar ratio with vector was treated with T4 DNA polymerase but this time in the 

presence of dGTP. Both the LIC ready insert and vectors can be stored at -20 °C for 

several months.  

The LIC-ready components were mixed in a 1:3 ratio of vector to insert and incubated 

at room temperature for 20 min. 1.5 μl of 25 mM EDTA was added and the reaction 

was incubated at room temperature for another 15 min. 2 μl of the reaction was used 

to transform into competent cells using the heat shock method. Transformation of 

pBAD based constructs was done into competent cells of DH5α strain of E. coli. 

2. 2. 3. 12 Heat - shock transformation of bacterial cells 

The plasmids were transformed in chemically competent E. coli cells by heat – shock. 

The chemically competent cells were prepared from overnight E. coli cultures. These 

were inoculated into 50 – 100 ml LB in 250 ml conical flasks at a starting OD600 of 0.1. 

The culture was grown to exponential phase (ie. O.D600 = 0.4 – 0.6) in 37 °C at a rotor 

with constant 220 rpm shaking. All steps followed occurred on ice. After the culture 

reached exponential phase, it was centrifuged at 4500 rpm and 4 °C for 10 mins. The 

collected pellet was washed with 10 ml 0.1 M CaCl2 solution. Following two additional 

centrifugation – washes steps, the pellet was resuspended in 1 ml of 0.1 M CaCl2/ 15% 

glycerol mixture. The 100 μl aliquots were kept at -80 °C until transformation.  

For the transformation, one 100 μl aliquot of the E. coli strain was mixed with 2-4 μl 

of plasmid and kept on ice for 30 mins incubation. Thereafter, the eppendorf tube 

containing the mixture was placed on a heat block set at 42 °C, for 2 mins to allow 

heat shock of the cells and uptake of the plasmid DNA. The cells were then incubated 

at 37 °C for 1 to 2 hours with constant shaking at 200 rpm. Following outgrowth, 100 - 

150 μl of the culture was plated on selective agar media.  
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2. 2. 3. 13 Restriction 

Restriction of plasmids was performed prior to cloning of the constructs, and 

following cloning for screening purposes. All restriction enzymes were supplied from 

New England Biolabs Inc. One unit of the restriction enzyme/s, was/were mixed with 

1 μg total plasmid DNA and 5 μl of 1 x CutSmart buffer. Nuclease – free water was 

added in the mixture to reach a final volume of 50 μl. Where allowed, the reaction was 

terminated by heat inactivation at 65 °C or 80 °C for 2o mins. The restricted plasmids 

were resolved on a 1 % DNA agarose gel. 

2. 2. 4 Expression of recombinant proteins  

2. 2. 4. 1 Small scale production in E. coli (BL21 DE3 or Star or Tuner)  

The expression of the cloned constructs for production in E. coli was IPTG dependent 

for all vectors used in this study, apart from pBADcLIC which was induced by 

arabinose. For the initial small scale trial expressions, falcon tubes containing 20 ml 

of cell culture in LB were grown at 37 °C, with appropriate antibiotic and  shaking  was 

set  220  rpm. Once the OD600 reached mid-exponential phase (0.4 – 0.6), the cells 

were cooled and 1 mM of IPTG was added in the culture. The growth was then resumed 

at 37 °C or 20 °C. To check expression, the cells were collected at appropriate 

timepoints and spun down (13000 rpm, 10 mins). Then the pellets were mixed with 

sample buffer and cells were lysed by a 7-mins incubation at 95 °C. The cells were spun 

down to remove insoluble cellular debris. The lysates were resolved on a 12 % SDS-

PAGE gel to assess protein production. 

 
2. 2. 4. 2 Large scale production in E. coli (BL21 DE3 or Star or Tuner)  

 
For the large  scale  expression  10  ml  cells  were  grown  overnight  at  37 °C,  with  

shaking  at 220 rpm and used to inoculate up to 2 L LB containing ampicillin.   Cells 

were grown to an OD600 of 0.4 – 0.6 and IPTG added to a concentration of 1 mM. Once 

induced constructs of p150 were grown for 5 hours at 20 °C, with shaking at 220 rpm 

in Rosetta pLysS and p60 for various 60 times, as detailed in the results section.   Once 
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grown cells are spun down at 5000 rpm for 20 min at 4 °C and the pellet was treated 

appropriately to release the periplasmic contents.  

 
2. 2. 5 Periplasmic extraction  

 
The collected pellet from the large-scale production was subjected to periplasmic 

extraction following the ICOS (Ice cold osmotic shock), STE (Sucrose – Tris – EDTA) 

or TSE (Tris – Sucrose – EDTA) procedure. The ICOS method included a first step of 

resuspending each gram of the pellet in a 4 ml of sucrose mixture which included 750 

Mm sucrose, 50 mM Tris- HCl (pH = 8) and 5 mM EDTA. The resuspended pellets 

were incubated on ice for 15 mins and then centrifuged down at 8500 xg for 20 mins 

at 4 °C. The supernatant was removed (sucrose fraction) and kept on ice. Each gram 

of the remaining pellet was resuspended in 4-5 ml of a solution containing 5 mM 

MgCl2 and half a tablet of protease inhibitor. Following, 40 μl of 15 mg/ml of lysozyme 

(ie. 0.15 mg/ml final concentration) were added in the mixture and the sample was 

incubated on ice for 30 mins. The samples were spin down at 8500 xg for 20 mins and 

the supernatant (lysozyme – treated fraction) was kept on ice. The collected fractions 

were dialysed against Phosphate Buffered Saline or Tris- HCl/ NaCl buffer (pH=7.5).  

The TSE method is essentially a modification of the first step of ICOS. The latter uses 

a sucrose mixture containing the following: 500 mM sucrose, 200 mM Tris- HCl and 1 

mM EDTA. 1 ml of sucrose mixture was added in the centrifuged pellet, for each 100 

ml of the collected culture with an OD600 equal to 1. The resuspended culture was 

incubated on ice for 30 mins and centrifuged down at 16000 xg for 30 mins, at 4 °C. 

The supernatant was dialysed overnight at the same buffers mentioned in the ICOS 

procedure.  The pellet was discarded.  

The STE method is similar to the ICOS, however the collected pellet is treated with 

solid lysozyme instead of liquid and the treatment happens at the same step with the 

sucrose at 30 °C. Each pellet from the culture was resuspended in 15 ml of STE buffer 

(ie. 500 mM sucrose, 50 mM Tris- HCl and 5 mM EDTA). 13 mg of lysozyme were 
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added and the sample was incubated at 30 °C for 1 – 2 hours. Following, the sample 

was centrifuged at 12000 rpm for 15 mins at 4 °C. The supernatant was collected and 

dialysed to remove EDTA prior to the purification.   

2. 2. 6 Protein purification techniques 	

2. 2. 6. 1 Nickel-affinity chromatography using gravity flow columns  

The periplasmic extract containing the protein of interest was mixed with Ni
2+

-NTA 

resin (Qiagen) equilibrated with buffer A (50 mM Tris-HCl, pH 7.8, 200 mM NaCl, 

20% glycerol) supplemented with 20 mM imidazole. The mixture was incubated for 1 

h at room temperature in a disposable polystyrene column (Pierce). Subsequently, the 

resin was washed with buffer A containing 25 mM imidazole, for 20 column volumes 

(CV) to remove weakly binding contaminants. Bound His-tagged protein was eluted 

with elution buffer A containing 250 or 500 mM imidazole.  

2. 2. 6. 2 Nickel-affinity chromatography using HisTrap HP columns  

The periplasmic extract containing recombinant protein was filtered through a 0.2 μm 

filter. A 5 ml HisTrap column (GE Healthcare) was equilibrated with buffer A (50 mM 

Tris-HCl pH 8, 200 mM NaCl and 20 mM imidazole) and connected to an AKTA 

Purifier P-900. Filtered supernatant was then injected into a pre-equilibrated column. 

The column was washed with 7 CV of wash buffer (50 mM Tris-HCl, pH 8, 200 mm 

NaCl and 25 mM imidazole) to remove weakly bound contaminants. A gradient was 

applied over 20 CV from 10 to 500 mM imidazole to elute His-tagged bound protein. 

Purification was monitored by detecting the absorbance of the column eluent at 280 

nm (A280). Fractions were collected with an automated F-950 Fraction Collector (GE 

Healthcare) and were run on SDS-PAGE gel for analysis.  

2. 2. 7 Protein concentration determination  

2. 2. 7. 1 Bradford assay  

A set of protein standards were produced by serially diluting a stock solution of bovine 



 

 85 

serum albumin (BSA) from 200 μg/ml to 6.25 μg/ml. The protein of unknown 

concentration was serially diluted by at least 2 times. 50 μl of each of dilutions of BSA 

and unknown sample was added to 1.5 ml of Bradford reagent (Bio-Rad) in a cuvette. 

The absorbance was measured at 595 nm wavelength. A graph of protein 

concentration versus absorbance (A595) was plotted and the concentrations of the 

unknown samples were calculated using the standard curve.  

2. 2. 7. 2 Using A280/extinction coefficient  

A NanoDrop ND-1000 spectrometer was used to confirm the results from the Bradford 

assay by measuring the absorbance at a wavelength of 280nm. The molecular weight 

and the extinction coefficient of purified proteins were calculated using the peptide 

property calculator tool available on Northwestern University website 

(http://www.basic.northwestern.edu/biotools/proteincalc.html). Protein 

concentration was determined using the Beer-Lambert equation: 

𝑐	 = 	
𝜀	𝑙		
𝐴 	 

 
Where: 
 

A = absorbance 
ε = extinction coefficient 
l = length of wavelength path 
c = protein concentration 

 
2. 2. 8 Dialysis, concentrating and storage of protein  

Dialysis facilitated buffer exchange of the periplasmic extracts and the purified 

fractions. Dialysis was performed using 0.33 or 3.33 ml/cm dialysis tubing (sourced 

from Spectrum Labs) that is activated by rinsing with distilled water. Mediclips were 

used to seal the end of the tubing and then the sample pipetted into the dialysis tubing 

which was placed in a beaker containing the dialysis buffer at least 100x the volume to 

be dialysed. The first dialysis step lasted approximately five hours and the second 

dialysis step was done overnight, with all dialysis performed at 4 °C. Protein 
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concentration was increased using a MWCO 5000 (Da)  Vivaspin columns, which were 

supplied from GE Healthcare. These columns use centrifugation to reduce the amount 

of solvent while preventing the protein from passing through the membrane. These 

were occasionally used for rapid buffer exchange. The protein was normally stored at 

–80 °C for long periods, or at 4 °C for routine use.  

 

2. 2. 9 Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR- 
MS / FT-MS) 

A CoEMS‟s Burker apex ultra 9.4 Tesla spectrometer was used for Fourier transform 

ion cyclotron resonace mass spectrometry of protein complexes. Purified protein after 

removal of the His-tag was dialysed into water and concentrated to 200 μM and given 

to Adam Dowle in the Technology Facilty, University of York, for analysis using the 

CoEMS‟s mass spectrometry equipment. Samples were diluted to between 10 and 100 

μM to give a final concentration of 50 % (v;v) aqueous methanol, 1% (v;v) formic acid, 

before introduction into the mass spectrometer.FT-ICR-MS was performed using an 

Apex ultra Fourier Transform Ion Cyclotron Resonance mass spectrometer (Bruker 

Daltonics, Bremen, Germany) equipped with a 9.4 T superconducting magnet, 

interfaced to a Triversa NanoMate nanoESI source (Advion BioSciences, Ithaca, NY). 

Instrument control and data acquisition were performed using Compass 1.3 for Apex 

software (Bruker Daltonics). Nitrogen served as both the nebulizer gas and the dry gas 

for nanoESI. Observed precursors were manually selected for sustained off-resonance 

irradiation (SORI) fragmentation in the infinity ICR cell, with argon used as both the 

cooling and collision gas. Bruker data Analysis software (version 4.0) was used to 

perform the spectral processing and peak picking for both MS and SORI 

fragmentation spectra. Monoisotopic masses of proteins were calculated using the 

SNAP 2.0 algorithm in dataAnalysis (repetitive building block: C 4.9384, N 1.3577, O 

1.4773, S 0.0417, H 7.7583). 
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2. 3 Results  
2. 3. 1 Phylogenetic analysis shows that GafAs are widespread in bacteria. 

The first step in the detection of GafAs which could be more arabinose specific 

involved identification of bacterial orthologues of YtfQ from E. coli. These were used 

to construct a circular phylogram which was intended to be used for explorative and 

informative purposes and to investigate the extend of occurrence of the orthologs in 

different bacteria phyla. Also, due to the abundancy of the GafAs used, which were 

derived from a variety of phyla, the extensive tree produced was used to detect 

potential horizontally transferred gafAs.  

The initial searches for this purpose were performed in the SEED viewer and targeted 

orthologs from bio-industrially important bacteria and plant symbionts with 

representatives from various phyla and classes. These resulted in the identification of 

orthologs from Clostridium beijerincki NCIMB 8052 (Firmicutes), a saccharolytic 

mesophile with a great number of fermentation products including butanol and 

acetone (Johnson et al., 1997); Saccharophagus degradans (γ–proteobacteria), a unique 

bacterium able to degrade 10 different complex polysaccharides (Ekborg, 2005), 

Sinorhizobium meliloti 1021 (α-proteobacteria), a rhizosphere bacterium considered an 

agriculturally important nitrogen fixer (Honeycutt, McClelland and Sobral, 1993), 

Sorangium cellulosum So ce56 (δ–proteobacteria); a prominent producer of fungicides 

and bactericides which thrives on cellulose and xylan polysaccharides (Huntley et al., 

2013) and Variovorax paradoxus S110 (β-proteobacteria), an endophytic bacterium 

especially important because of its use in the biodegradation of biogenic compounds 

and anthropogenic contaminants (Han et al., 2010). The repertoire of GafA proteins 

was then expanded by BLASTP analysis using the protein sequence of YtfQ and the 

GafAs mentioned above as the starting query for each individual search. These focused 

on identifying orthologues with the highest identity from each bacterial phylum by 

restricting the search.  Thereafter, the lowest scoring GafAs from α, β, γ and δ 

proteobacteria as well as Firmicutes, Spirochaetes and Actinobacteria, which still 

presented at least 45 % or higher identity to the query protein sequence were inputted 
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on new BlastP searches. The fresh searches intended to collect more GafAs and expand 

the collection by restricting the search for each bacterial orthologue to its respective 

phylum or class. Additionally, the analyses were also performed without restriction. 

The process was repeated until previous results were observed again, so that the 

sequence space was fully explored and a non–redundant set of GafAs was produced. 

To avoid creating large and impractical clades, only one bacterium from each species 

was included in the downstream phylogenetic analysis. The identified protein 

sequences, which amounted to 110, were used to produce a phylogram as described in 

Materials and Methods Section 2. 2. 1. 1. The produced tree is shown in Figure 2. 2.  

The phylogenetic tree revealed that the orthologues are widespread within the 

bacterial phyla and classes tested. The γ-proteobacteria occupied the majority of the 

tree, however this is expected to be an artifact because of the unequal number of 

sequenced bacterial genomes present to-date between the different phyla/ classes. 

The γ-proteobacteria form three distinct clades, with the one governed by 

Enterobacteriales being larger. The phyla/ classes form unique clades which separate 

themselves from eachother, with only a few exceptions where some candidates cluster 

with distantly - related rather than cognate GafAs. Some exceptions include the GafAs 

from γ-proteobacteria Cellvibrio japonicus Ueda107 and Marinomonas sp. MWYL1; 

these are found in the α – proteobacteria which could indicate horizontal gene transfer 

has occurred between them. The use of non–orthologous protein sequences ensured 

the formation of an outgroup which clustered itself away from the orthologous GafA 

clades. The outgroup was consisted of SBPs of ABC transport systems from E. coli 

including the D-galactopyranose SBP, ie. MglB, the L- arabinopyranose ABC SBP, ie. 

AraF, the D-ribopyranose SBP, ie. RsbB and the predicted L-arabinopyranose SBP from 

C. beijerinckii NCIMB 8052. Within this outgroup, the most evolutionary related SBP 

to the GafAs is the RsbB as it shows the lowest branch length.  

2. 3. 2 Further ‘in silico’ analysis of gafA genes suggests functions in arabinose 

transport  
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Figure 2. 2. Phylogram reveals GafAs are widespread in bacterial phyla/ classes.  
Phylogenetic tree from maximum likelihood analysis of the GafAs alignment. Parameter 
values of the LG+ G + I + Γ model were used as calculated by AIC. The GafAs are found 
widespread in many bacterial phyla and classes.  
The most notable GafAs from this analysis are the ones belonging to Cellvibrio japonicus 
Ueda107 and Marinomonas sp. MWYL1 which clustered with α - proteobacteria rather than 
the γ – proteobacteria clades. This could be indicative that these gafA genes were laterally 
transferred.  
The values annotated on top of each node correspond to the evolutionary distance, which is 
measured in amino acid substitutions per site. The bootstrap values, present at the bottom 
each node, are provided as a fraction of 1. 
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‘In silico’ analyses were employed to gather further indications for GafA candidates 

which could point towards arabinose binding. The GafAs identified above by BlastP 

and Biocyc searches were patterns of gene analysis for synteny. The function of the 

neighboring genes of the gafAs was taken into consideration to establish a potential 

‘bias’ towards arabinose binding versus galactose. Further, RegPrecise, an online 

database for the prediction of transcriptional regulatory networks in prokaryotes, was 

used to obtain indications on the transcription factors regulating the expression of the 

gafABCD operons and how these could be responsive to arabinose or galactose 

presence. RegPrecise performs manual curation taxonomic-specific reconstructions of 

bacterial regulons using comparative genomics by analysing regulons of a particular 

TF inferred in a set of closely related genomes. The database takes into account the 

functional classification of each TF based on the role of the genes in a particular 

metabolic pathway or biological process (Novichkov et al., 2007).  

 
2. 3. 2. 1 Phylogenomic synteny analysis reveals arabinose - related gene clusters in many 

GafA clades  

The GafA candidates identified from the phylogenetic analysis in the Section 2. 3. 1, 

had their genomic neighborhood analysed (20 kb upstream and downstream the 

gafABCD operon) using the following databases: Biocyc, Microbial Genomic context 

Viewer (MGcV), SEED viewer and PATRIC. The analysis showed that many of these 

bacterial operons are in proximity to genes encoding products involved in arabinan/ 

arabino-oligosaccharides hydrolysis and arabinose catabolism as well as uptake. 

Taking this into consideration, further investigation involved correlating the genomic 

context with the positioning of the GafA proteins on the phylogenetic tree. This 

approach was an attempt to detect whether there are any apparent clades relevant to 

arabinose utilization.  

The subset of GafAs included in this analysis was considerably reduced compared to 

the phylogenetic analysis of Section 2. 3. 1. This way the phylogenomic analysis was 

limited to the GafA candidates which presented an interesting genomic context 
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relevant to arabinose or galactose. However, a few GafAs with low or no genetic 

context relevance to arabinose or galactose utilisation retained in the analysis in order 

to allow for construction of clades with true relations and avoid the rise of ‘artifacts’ 

or unrealistic clustering. The protein sequences of the candidates were aligned into 

MAFFT online alignment program using the L-INS-i iterative refinement method, 

which is normally used in the analysis with less than 200 protein sequences which 

contain one conserved domain and long gaps (Katoh, 2002). The choice was based on 

the fact that sequences with low identity to GafAs ie. the arabinopyranose dedicated 

transporters AraF from E. coli and C. beijerinckii NCIMB 8052 and the galactopyranose 

transporter MglB from E. coli were also included in the analysis. These sequences 

acted as the outgroup in the phylogenetic analysis, which is expected to position itself 

outside the clades formed by the GafAs ie. ingroup. This way one can examine how 

the GafAs relate to the evolutionary history of these SBPs, and also examine whether 

they form a clade which would suggest a tighter evolutionary and possibly functional 

relationship. Following curation of the alignment and as described in Materials and 

Methods Section 2. 2. 1. 1, a model for the construction of the phylogram was 

automatically selected using the AIC function (Table 2. 5). Similarly, to the extended 

tree shown in Figure 2. 2, the maximum – likelihood method was also used to create 

the current phylotree. The branches were inferred with high accuracy as the bootstrap 

was set at high value (ie. 500).  

The unrooted phylogram produced is shown in Figure 2. 3. The latter was generated 

to assist in categorizing the different orthologs into clades and help study the 

relatedness between them. Subsequently, the above phylogram was made into rooted 

and was annotated with the genomic context of the GafAs to produce a phylogenomic 

tree to relate their inferred ligand specificities with their evolutionary distances 

(Figure 2. 4).  

Group A is formed by a single clade and it’s the smallest one in the tree. It is only 

comprised of sequences from γ-proteobacteria (Figure 2. 4). The clade in question is 

predicted to be functionally distinct from the γ proteobacteria clade of the group A.  
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Figure 2. 3. Unrooted tree reveals the clade classification of the GafAs. 
The unrooted tree was produced using the maximum - likelihood method, by using the LG + G 
+ I + Γ parameters as calculated by AIC. The classification of the GafAs into separate 4 groups 
is apparent.  
 
Names of the bacteria each GafA (and the non-orthologous proteins) belong to (by phylum/class):   
γ – proteobacteria – MglB/ AraF/ RsbB/ YtfQ= Escherichia coli K-12 MG1655, Rahaq2_4397= Rahnella 
aquatilis CIP 78.65, KKA50977= Salmonella enterica subsp. salamae, CKO_03603= Citrobacter koseri 
ATCC BAA-895, Sbal223_2147= Shewanella baltica OS223, Shewana3_2073 (ie. GafASw)= Shewanella sp. 
ANA-3, Sde_0766= Saccharophagus degradans 2-40, Cja_3019= Cellvibrio japonicus Ueda10, XALc_0941= 
Xanthomonas albilineans GPEPC7 / a – proteobacteria – AZOLI_p50374= Azospirillum lipoferum 4B, 
AZL_e03600= Azospirillium sp. BSD, AZOBR_p440158= Azospirillum brasilense Sp245, BRADO1807= 
Bradyrhizobium sp. ORS 278, Snor_0124= Starkeya novella DSM 506, TMO_a0248= Tistrella mobilis 
KA081020-065, SM_b21587(ie. GafASm)= Sinorhizobium meliloti 1021, USDA257_c12040= Sinorhizobium 
fredii USDA 257 / Firmicutes – SELR_00790= Selenomonas ruminantium subsp. lactilytica TAM6421, 
CLJU_c34870= Clostridium ljungdahlii DSM 13528, Cspa_c46990= Clostridium 
saccharoperbutylacetonicum N1-4(HMT), Cbei_4462(ie. GafACb) / Cbei_4450(ie. AraFCb)= Clostridium 
beijerinckii NCIMB 8052, KNP414_03425= Paenibacillus mucilaginosus KNP414 / Actinobacteria – 
AMED_4397= , SVEN_6717= Streptomyces venezuelae, KSE_74110= Kitasatospora setae ATCC 33774, 
Sros_6213= Streptosporangium roseum DSM43021, MSMEI_1672= Mycobacterium smegmatis MC2 155, 
Xcel_0419 = Xylanimonas cellulosilytica DSM 15894 / β – proteobacteria – CFU_2333= Collimonas 
fungivorans Ter331, Hsero_1033= Herbaspirillum seropedicae SmR1, Rpic_4095= Ralstonia picketti 12JR , 
BURMUCGD1_6221= Burkholderia multivorans CGD1, Bphyt_4808= Burkholderia phytofirmans PsJN, 
Aave_2255= Acidovorax citrulli AAC00-1, Vapar_1044= Variovorax paradoxus S110, A1D30_23855= 
Acidovorax sp. GW101-3H11 / δ – proteobacteria – Sce3308= Sorangium cellulosum So ce56 / 

Spirochaetes – Spica_2216= Treponema caldaria DSM 7334 
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The genomic context of these GafAs is governed by many genes encoding for transport 

systems, as well as catabolic and hydrolytic enzymes involved in the xylan utilization. 

The most intriguing candidate from group A, is the Shewana3_2073 from Shewanella 

ANA sp. 3, as its genomic context is governed by a huge cluster for xylan utilization 

(Figure 2. 4 and 2. 5). The Shewana3_2086 protein is predicted to have xylanolytic 

activities whereas the Shewana3_2077 and Shewana3_2078 are predicted 

arabinofuranosidases, which are all actively involved in xylan deconstruction. Along 

with the GafABCD, the uptake of the released hydrolysed products is facilitated by 

Shewana3_2081 which is a predicted symporter for arabinosides and belongs in the 

Glycoside– Pentoside- Hexuronide: cation symporter family of the MFS. The strongest 

aspect of this cluster is the presence of two catabolic pathways: the primary 

degradation pathway for arabinose (ie. araBAD) and the degradation pathway III 

mentioned above. This ensures that the entire pool of arabinose released is efficiently 

shuttled into the intracellular catabolism with the arabinofuranose fraction catalysed 

into L-arabinono – 1, 4 – lactone by L-arabinose 1-dehydrogenase (Ab-AraA) and the 

arabinopyranose conversion into L- ribulose, by the first enzyme of the primary 

degradation pathway, L- arabinose isomerase (AraA). 

The orthologs occupying the group B are from α and γ proteobacteria (Figure 2. 3).  

The evolutionary relatedness between the three subgroups of group B is high as they 

share a common ancestor (bootstrap value: 399). Examination of the phylograms 

shows that the GafAs from the γ proteobacteria (eg. YtfQ), present in the B2 subgroup, 

do not neighbor with genes related to arabinose utilisation. The absence of arabinose 

related cluster of genes denotes that the gafABCD operon from these bacteria is very 

unlikely to form part of a rapid response to arabinose – rich environments. This is 

inferred by the fact that genes whose products form part of a series of events, such as 

arabinose hydrolysis, signaling, acquisition and intracellular catabolism, are normally 

found colocalized. As a result of colocalization, a transcription factor’s search for its 

regulatory sites is expedited; thus, allowing for quick transcription and translation as 

those are coupled spatially and temporally. Thus, the transcription factors synthesized 

near their genes can rapidly bind colocalized sites (Warren and ten Wolde, 2004;  
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Hershberg et al., 2005; Golding and Cox, 2006). Additionally, all of the four candidates 

comprising this node are from bacterial pathogens/ symbionts of animal hosts, ie. 

Escherichia coli, Citrobacter koseri ATCC BAA-895, Salmonella enterica subsp. 

salamae and Rahnella aquatilis CIP 78.65.  Herbivorous mammals rely on resident gut 

bacteria to gain energy from the main food sources as they lack enzymes for 

degradation of polysaccharides. Analysis of the microbiota of the rumen and the 

human large intenstine, the main primary degraders of cellulose and hemicellulose 

where Clostridium spp., Ruminococcus spp., Eubacterium spp., Prerotella spp., 

Bacteroides spp. and Roseburia spp. (Flint et al., 2012). These bacteria are known to 

have extensive operons for hemicellulotic utilisation which would be taken into 

account in our synteny analysis, if these had a direct ortholog for GafA. Apart from 

the Clostridium spp., and the bacteria from this node, we failed to identify direct GafA 

orthologs in the genome of the rest of the aforesaid gut species and therefore focused 

our analysis towards the bacterial plant pathogens and rhizosphere bacteria.  

 
The rest of the group B is consisted of plant symbionts which thrive in the rhizosphere 

and some of them induce nodule production, such as Bradyrhizobium sp. ORS 278 and 

Sinorhizobium fredii USDA 257. The corresponding genomic context of these bacteria 

is governed by genes responsible for the production of the arabinopyranose ABC 

transporter, ie. AraFGH and the L-arabinose degradation pathway III, ie. Ab-

AraABCD. The presence of the pyranose transporter indicates that these bacteria are 

utilizing the full 100 % of L-arabinose present in the extracellular space. This is not 

surprising as the root exudates ie. mucilage of many plants such as pea, cowpea, maize 

and rice are rich in galactose and arabinose. Specifically, the concentrations of these 

sugars in the mucilage range from 14% to 34% for arabinose and 20.3% to 34% for 

galactose (Knee et al., 2001; Moody et al., 1988; Basic et al., 1986; Chaboud and Rougier, 

1984). Interestingly, arabinose is found primarily in the furanose form whereas only 

galactopyranose subunits are present in these sugar – rich exudates (Basic et al., 1986; 

Moody et al., 1988). This explains the fact that the starting substrate of the degradation 

pathway III is the furanose form of arabinose and not the pyranose. Even though the 

first enzyme of this pathway, ie. Ab-AraA (L- arabinose 1-dehydrogenase), has not 
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been crystallised bound to arabinofuranose, the recognition of the latter is inferred by 

the fact that the product of the reaction is the L-arabino- 1, 4 – lactone (Watanabe et 

al., 2006), which couldn’t be produced by the oxidation of the pyranose form. This is 

expected to serve for rapid shuttling of the substrate into intracellular catabolism 

following transport, as the requirement for conversion into the pyranose form is 

circumvented. In the crowded bacterial environment of the rhizosphere, this is 

offering a competitive edge to the bacterium and accelerates colonization of the niche. 

Further, the two last candidates from Sinorhizobium meliloti 1021 and Sinorhizobium 

fredii USDA 257, neighbor with an arabinofuranosidase and a predicted ABC 

transporter for arabinosides. The presence of these two enzymes points towards 

effective utilization of arabinan which is a frequent side chain of the pectic 

rhamnogalactan I (Mohnen, 2008).  

The group C is comprised solely by Firmicutes (Figure 2. 3). Careful examination of 

the genomic context of the gafAs from this subgroup (Figure 2. 4), shows that the most 

interesting candidate is the Cbei_4462 from Clostridium beijerinckii NCIMB 8052. The 

synteny analysis revealed the presence of the araFGH operon in its arabinose gene 

cluster which encodes for the pyranose dedicated ABC transport system, similarly to 

the α - proteobacteria from group A. The genomic neighborhood resembles the one 

from shewana3_2073, in that it contains the araBAD operon which encodes the 

catabolic enzymes for arabinose utilization. It also exhibits a feature not so common 

across the genomic context of the GafAs studied here; it contains a predicted two – 

component system for sensing extracellular arabinose. A typical two - component 

system is comprised of a histidine kinase sensor which senses the extracellular cue 

and an intracellular response regulator which mediates the cellular response (Bourret, 

1995). In this case the roles are predicted to be carried out by AraJ and AraI 

respectively. The operon also includes a gene predicted to encode for AraR; an 

arabinose regulated repressor, ie. cbei_4456 (Mota, Sarmento and de Sa-Nogueira, 

2001; Zhang et al., 2011). A comparative genomic study which reconstructed the AraR 

regulons in Clostridium spp. detected AraR binding sites upstream the araBAD, 

araFGH as well as itself in C. beijerinckii NCBI 8052 (Zhang et al., 2011). The study also 
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showed that the regulon extended to the pentose phosphate pathway of the central 

carbon metabolism, as binding sites were identified in the regulatory region of tkt 

(cbei_4454) and tal (cbei_4455). The close proximity of the latter genes and the 

common regulation exerted in this arabinose cluster, underlines the importance of 

arabinose utilization to C. beijerinckii NCBI 8052; this serves for rapid shuttling of the 

products of the L-arabinose primary catabolic pathway into pentose phosphate 

pathway for NADPH generation and subsequently the aromatic amino acid 

production via the chorismate biosynthesis I. Additionally, the presence of gafABCD 

operon in this huge cluster denotes the importance of the arabinofuranose uptake in 

utilizing the full context of arabinose found in the environmental niche of this 

bacterium.   

The group D is comprised mainly by Actinobacteria, with many containing arabinose 

related genes in their genomic context (Figure 2. 3 and 2. 4).  Their genomic context 

comprises the araBAD genes which are present in all of the operons of these bacteria 

as well as an abundancy of genes involved in the xylan hydrolysis. These encode for 

enzymes with xylosidase (xynB) and xylanase (xynA) as their predicted functions. The 

xylanases are glycosidases which catalyse the endohydrolysis of 1,4 –β -D- xylosidic 

linkages present in xylan (Whistler and Masak, 1955). The produced xylo-

oligosaccharides of the previous reaction are the substrate of the xylosidases which 

hydrolyse the non-reducing end xylose residues from them. In the case of the 

Xylanimonas cellulosilytica DSM 15894, abfB encodes for arabinofuranosidase which 

hydrolyse the non-reducing end of arabinofuranose residues in the xylan and 

arabinosides. The synergistic action of these hydrolases creates a pool of transportable 

xylo-oligosaccharides and monosaccharides, including xylotriose, xylobiose, xylose 

and arabinose. The presence of the operons for AraFGH and the xylopyranose ABC 

transporter ie. XylFGH, in the cluster of Xylanimonas cellulosilytica DSM 15894 

ensures that the arabinose and xylose released is efficiently transported inside the cell.  

The last group, denoted as Group E, is governed by β - proteobacteria. The genomic 

contexts from the Acidovorax species (Aave_2255 and A1D30_23855) and Variovorax 
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paradoxus S110 (Vapar_1044), contain unique features which haven’t been observed in 

the previous gene clusters examined. These are predicted to be in the same genomic 

operon with the araFGH and are very likely to be co-expressed as the first in the gene 

expression order are the SBP encoding genes ie. araF and ytfQ. Such organisation 

shuffles the gene arrangement of both systems which seemed fixed during the present 

analysis, prior to examination of these genomes from the Comamonadaceae genus. 

One apparent reason for this permutation in the genomic order, is that it potentially 

serves for an even speedier response to the arabinose pool present in the extracellular 

space, compared to the α - proteobacteria of the group A which exhibit the araFGH in 

the same cluster but not the in same operon as gafABCD.  

 
To summarise the analysis a more holistic approach was followed by mapping 

arabinose related functions present in each cell of selected bacteria (Figure 2. 6). The 

schematic depiction includes the loci names of the gafABCD neighboring genes near 

the respective extracellular or subcellular function each gene encodes for (Figure 2. 

6). Inspection of the diagram, shows that the most arabinose - relavant genomic 

neighbourhood of gafABCD are the ones from: Shewanella sp. ANA – 3 

(Shewana3_2073), Shewanella baltica OS223 (Sbal223_2147), Clostridium beijerinckii 

NCBI 8052 (Cbei_4462), Saccharophagus degradans 2-40 (Sde_0766) and 

Xanthomonas albilineans GPEPC73 (XALc_0945). The choice of the above was based 

on whether their arabinose - related clusters could act individually to utilise efficiently 

arabinose by containing at least one (or none) gene encoding for functions of the 

arabinose initial utilisation stages ie. hydrolysis, sensing and at least one gene for the 

late utilisation stages ie. transport and catabolism. However, the above choice was 

irrespective of the amount of genes products in each cluster which participate in the 

individual stages.  

 

2. 3. 2. 2 RegPrecise predictions show that arabinose - responsive transcription factors 

regulate GafA expresssion   

 
Even though the examination of the genomic context is a good indication of what the  
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substrate of the transporter might be, it cannot distinguish sufficiently between 

arabinose and galactose transport cause the clustering is species-dependent and there 

aren’t enough galactose-related proteins to allow for confident predictions. Therefore, 

the search was refocused towards predictions on the regulation of the expression of 

the gafABCD operons. Regarding the characterized GafAEc, the ytfQRTyjfF (or 

gafABCDEc) operon was predicted to contain two binding sites for the galactose 

repressor GalR (and GalS) upstream of the promoter at positions -97.5 and +57.5 

relative to the predicted transcriptional start (Horler et al., 2009). The regulation was 

experimentally confirmed by a recent study contacted by Qian et al. (2016) which 

employed ChIP-chip assays to detect GalR target sequences in vivo and further validate 

the analysis using ChIP-qPCR. The analysis confirmed that the predicted regulatory 

site positioned at +57.5 (ie. GTGGAAACGCTTACT) is a genuine site of GalR binding. 

Notably, the most significant signal obtained from the ChIP-qPCR, as inferred by the 

occupancy units (ie. background – substracted enrichment relative to a 

transcriptionally inert gene) was produced by the binding at the regulatory site of 

gafAEc mentioned above (Qian et al., 2016).  Despite the evidence provided above, it 

is still unclear whether the regulation exerted by GalR is galactose dependent. 

Nevertheless, global gene expression analysis of a ΔgalR mutant using DNA tiling 

microarrays did not detect any effect in gafABCDEc expression (Qian et al., 2016). As 

the experiment was performed in the absence of D-galactose, it could indicate that 

the gafABCDEc is subjected to regulation by GalR solely in the presence of D-

galactose, thereby activating rather than repressing the expression. Furthermore, the 

operon in question was also shown to be regulated by the arabinose 

activator/repressor AraC in ChIP-chip and ChIP-qPCR assays, in a similar manner to 

the study by Qian and his coworkers (Stringer et al., 2014). However, the repression 

was shown to be arabinose independent as the expression of gafAEc wasn’t affected 

by the presence of this sugar. Though its expression was slightly upregulated in a 

ΔaraC mutant background, revealing a weak repression exerted by AraC which was 

shown to be irrespective of arabinose presence (Stringer et al., 2014). This non-

canonical regulation of ytfQRTyjfF expression by AraC and the fact that the WT levels 
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of expression are not significantly lower than that of the ΔaraC mutant might suggest 

that the regulation exerted by this TF is not the sole one. It is evident that GalR is a 

potential candidate for the additional transcriptional control, which could very likely 

exert a stronger effect than AraC. One could also speculate that the binding of AraC 

leading to the weak repression of the galABCDEc operon is actually an artifact of 

vertical gene transfer during evolution. Regardless of the accurate regulation applied 

on the operon, the binding of both AraC and GalR indicates that this transport system 

is not arabinose neither galactose specific, as confirmed by their similar KD values 

(Horler et al., 2009). Also, proteins from 2D gels of the periplasm from E. coli which 

grew in LB media or glucose MOPS minimal media were N-terminally sequenced and 

revealed the presence of YtfQ at both conditions (Richard Horler thesis, 2009; Corbin 

et al., 2003; Lopez-Campistrous et al., 2005).  

The RegPrecise online software was used to gain further insight on the regulation of 

gafABCD expression from other bacteria (Novichkov et al., 2013). This software is a 

web resource for collection, visualization and analysis of transcriptional regulons 

reconstructed by comparative genomics. The search revealed that a homolog of the 

transcription factor AraR, likely regulates the expression of the gafABCD operon 

(cbei4459-4462) in Clostridium beijerinckii NCIMB 8052. Studying of the 

transcriptional regulation of the L- arabinose catabolic pathway in Bacillus subtilis, 

has provided insights in the structure and function of AraR of Gram (+ve) bacteria. 

This transcription factor consists of a GntR-type DNA-binding domain in its N-

terminus, and an effector recognition domain which is shared with regulators from 

the GalR/LacI family (Mota, Tavares and S'a-Nogueira, 1999). Experimental data 

obtained by DNase I footprinting, showed that in the absence of the effector 

arabinose, AraR represses the expression of 13 genes, including the araR gene, the 

genes involved in arabinose catabolism (araABD and araE) and arabinoside 

degradation (araNPQ, abfA, abnA, and abfA2), and two genes with unknown functions 

(araLM) (Raposo et al., 2004). In the case of the cognate bacterium, Clostridium 

beijerinckii NCIMB 8052, the RegPrecise database provides predictions for not just the 

transcriptional regulation of the gafABCD operon but for all of its arabinose – related 
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genomic neighbourhood (See Section 2. 3. 2. 1), which apparently constitutes an AraR 

regulon (Figure 2. 5). In the predicted regulon, the AraR binding sites are found in the 

regulatory regions upstream the araI, galM, gafB, araA, araR and araF genes. 

Interestingly, the gafACb (ie. cbei_4462) is not predicted to be directly subjected to 

regulation by AraR, which is an unusual example of transcriptional order for ABC 

systems, where the SBP – encoding gene is typically expressed first in copious 

numbers. Instead, the gafACb is predicted to be co-transcribed as a single unit with 

the genes encoding for the arabinose two - component regulatory system (ie. araI and 

araJ, cbei_4463 and cbei_4464 respectively).  

Furthermore, the search in the RegPrecise database revealed further indications for 

the regulation of gafASw expression in Shewanella sp. ANA-3 (Shewana3_2073). This 

is predicted to be regulated by AraR ortholog of Shewanella, similarly to gafACb. This 

further enhances the indications that this PBP might recognize and transport the 

arabinofuranose over galactofuranose.  

2. 3. 3 Experimental evidence to correlate SMb_21587 and Shewana3_2073 with 

arabinose uptake 

The predictions obtained from the RegPrecise provided satisfactory indications to 

point towards substrate specificities exhibited by the GafAs. The collection of the 

indications was further strengthened by literature search which identified studies 

with implications on the induction of the gafABCD expression and the effect of its 

deletion in the bacterial fitness. Furthermore, the inability of specific candidate 

bacteria to grow on certain carbon sources of interest, such as arabinose and galactose, 

provided strong evidence for the incapacity of the respective GafAs in transporting 

these ligands. 

2. 3. 3. 1 The expression of SM_b21587-90 is induced by L-arabinose, D-fucose and talose  

Experimental evidence for the induction of GafA expression from Sinorhizobium 

meliloti 1021 were provided by a study conducted by Mauchline and his colleagues who 
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mapped the solute-binding protein-dependent transportome of the bacterium. The 

study employed reporter assays by cloning the putative promoter regions for the ABC 

operons of S. meliloti upstream of reporter genes (ie. lacZ, gusA and gfp) (Mauchline 

et al., 2006). They showed that the expression of GafA (SM_b21587), and the rest of 

the operon, was heavily induced by D-fucose (40-fold), L-arabinose (10–33-fold), and 

talose (11-fold) (Table 2. 8, see next page) (Mauchline et al., 2006). Considering that 

the induction profile corresponds to the specificity of the solute transported and that 

D-fucose (5-methyl-L-arabinose) is a structural derivative of the L-arabinose, it is not 

surprising it induces heavily the expression of SMb21587. These gene expression assays 

were the first experimental evidence found in the search to manage successfully to 

indirectly correlate SM_b21587 with its presumptive ligands. Another approach used 

to correlate the GafAs with specific ligands was performed by examination of the 

Fitness browser which provided the change in bacterial fitness following deletion of 

the GafAs.  

2. 3. 3. 2 Deletion of Shewana3_2073 decreases growth fitness of Shewanella3_2073 on 

arabinose  

The Fitness browser of MicrobesOnline provided the phenotype fitness of certain 

strains identified in this study following disruption of gafAs by transposon insertion 

(Wetmore et al., 2015). The Fitness browser is an online database which displays 

thousands of genome-wide fitness assays. The data in this database were collected 

using randomly barcoded transposons, each one inserted at a random location in the 

genome of a single strain. The uniqueness of the technique lies in the fact that each 

transposon includes a random barcode therefore the insertion location and the 

identity of the linked DNA bar code are detected by PCR using transposon specific 

primers followed by Illumina sequencing (TnSeq) (Wetmore et al., 2015). The mutant 

fitness profiling was achieved by Barseq, during which the barcode was amplified by 

PCR and quantified by Illumina sequencing. The Barseq was performed twice for each 

barcode, once prior to the experiment in selective media ie. barcode abundancy of 

strain pregrown in rich media, and following termination of growth in selective media  
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(Wetmore et al., 2015). This way the fitness of the mutant strains was equal to the log2 

change in abundance during growth (typically 4 to 6 generations).  The gene fitness 

was roughly the average of the fitness of the strains that have mutations within that 

gene. The values of the fitness of the genes were a measure of how well the mutant 

grew in comparison to itself prior the experiment initiation, to other mutants and to 

the wild-type (WT) strain. For example, a fitness equal to 0 meant that the gene had 

no effect on the growth, and that the mutant probably grew well as other mutants or 

similarly to WT. However, when the fitness was negative, that meant that the gene is 

important to the fitness of the mutant and that the mutants were more abundant at 

the start of the experiment that at the end. For example, fitness = -1 meant that 

mutants in the gene were half as abundant at the end of the experiment, compared to 

the start. Conversely, a positive fitness value designated that the gene was a burden to 

the fitness of the strain and its absence is benefiting growth at the given media. The 

gene loss was considered to exert a strong phenotype to the mutant strain if its fitness 

value were higher than +2 and smaller than -2. A second layer of confirmation was the 

statistical test of the reproducibility of the data obtained by the fitness values of all 

the mutants of a given gene. The test produced t scores, which indicated how reliably 

a gene fitness value is different from zero. Strong fitness phenotypes (-2> |fit| > +2) 

with t scores smaller than 4 for positive fitness values or higher than -4 for negative 

fitness values, were considered unreliable.  

Essentially, any considerable decrease in the gafA fitness of a particular ΔgafA::Tn5 

mutant strain when grown in a given carbon source would reflect how essential is the 

GafA in transporting the respective sugar. All the selective media included in the 

study, out of which a large percentage are based on minimal media supplemented 

with carbon source, are outlined in the study by Price and his colleagues (Price et al., 

2016). The fitness effects of the gafAs included in the Fitness browser are summarised 

in Table 2.  No considerable fitness effects were observed when gafAs were disrupted 

in E. coli (ytfQ), Sinorhizobium meliloti 1021 (sm_b21587), Burkholderia phytofirmans 

PsJN (bphyt_4808) and Herbaspirillum seropedicae SmR1 (hsero_1033). These are 

expected results when E. coli is taken as a paradigm, as it possesses well characterised 
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ABC systems for the transport D-galactopyranose and L-arabinopyranose, MglABC 

and AraFGH respectively, as well as secondary transport systems. Therefore, if any 

negative effects on fitness were to be exerted by the loss of YtfQ, these are 

compensated by the function of the aforesaid systems.  In the case of Sinorhizobium 

meliloti 1021, an ABC transporter system ie. AraABC (systematic identifiers 

SM_b20895, SM_b20894 and SM_b20893), has been previously shown to be required 

for intracellular accumulation of radiolabelled L-arabinose (Poysti et al., 2007). This 

ABC system is confirmed to be participating in the L-arabinose uptake as SM_b20895 

deletion causes a reduction in fitness of -4. 2 (t- score = -9. 9). Additionally, the study 

by Mauchline and his coworkers mentioned in Section 2. 3. 3. 2, has identified gene 

operons for ABC transport systems inducible by galactose, including the sma0203-05 

(induced 19-fold by galactose) and smb21343-45 (induced 6-fold by galactose). Even 

though none of the above systems caused a reduction in fitness of the Sinorhizobium 

meliloti 1021 on growth with D-galactose, it could be that growth deficiency is only 

presented in a double mutant or that a secondary transporter is compensating for the 

loss of either ABC systems. An ambiguous result was obtained in the case of 

Acidovorax sp. GW101-3H11; the deletion of A1D30_23855 (ie. GafA) had an apparent 

effect on the fitness of the bacterium when grown in L-arabinose albeit with somewhat 

unreliable t score (-2. 5). As mentioned in the Section 2. 3. 2. 1, the predicted AraF SBP 

(ie. A1D30_23860) is co-transcribed with the gafA in the same operon (ie. araFGH), 

therefore we speculate that the presence of this arabinopyranose–specific SBP 

compensates for the loss of A1D30_23855 in the aforementioned mutant background 

and growth conditions. The participation of A1D30_23860 in the L-arabinose transport 

was verified by the Fitness browser, as it is shown to cause a reduction in fitness (ie. -

4.5) with a highly reliable t- score (ie. -8.7). The A1D30_23855 is expected to be 

involved in D-galactose transport (fitness = -3.4, t- score = -4.5) and most notably, the 

A1D30_23860 is also active with an undisputed reduction in fitness (ie. -5.6, t score = 

-8.5) of the respective Acidovorax sp. GW101-3H11 mutant when grown in D-galactose. 

The negative fitness effect is not unforeseen, as the AraF ortholog from E. coli shows 

promiscuous activity in that it is also able to bind D-galactose, though with a 2-fold 
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weaker KD than L-arabinose (Miller et al., 1983). Such result points towards the high 

importance of this system in transporting arabinose as well as galactose and tempts 

one to speculate that this bacterium lacks the D-galactopyranose system, ie. MglABC. 

This wasn’t further pursue as it falls out of the scope of the study. The most important 

result relevant to the scope of this study is concerned with the deletion of 

shewana3_2073 which caused a notable decrease in gene fitness of Shewanella sp. ANA 

3 when grown on arabinose. The t score (-4.2) of the experiments ascertained the 

above result, therefore underlining the importance of GafABCD from Shewanella sp. 

ANA 3 in transporting L-arabinose. Further search in list of the experiments failed to 

detect an effect of this deletion on growth with D-galactose.  As a result the search 

was refocused in finding literature regarding the growth of Shewanella sp. ANA 3 on 

sugars including D-galactose.   

2. 3. 3. 3 Shewanella sp. ANA 3 inability to grow on galactose implies that GafA doesn’t 

transport galactofuranose 

An additional evidence in the search for GafAs with higher likelihood to bind 

arabinofuranose over galactofuranose came from growth assays of the study contacted 

by Rodionov and his coworkers (Rodionov et al. 2010). Their analysis, similar to the 

current study, employed comparative genomic techniques, such as the analysis of 

conserved operons and regulons, and subsystems based approach to predict and 

experimentally verify carbohydrate utilization pathways in a group of 19 species from 

the genus Shewanella. They predict that the Shewana3_2073-76, identified here, is 

actively partaking in arabinose uptake. Most notably, they showed using growth 

experiments (ie. shaking flasks) that Shewanella sp. ANA-3 failed to grow on minimal 

media supplemented with D-galactose. They proceeded to confirm the latter 

phenotype using a microplate – based growth assay, which produced the same result. 

The inability of the strain to grow on D-galactose could be accounted on the absence 

of the catabolic pathway responsible for D-galactose breakdown, however these are 

suggested to be conserved in all Shewanella spp. examined. As far as the transport of 

is concerned, the GalP which is the secondary system for D-galactose uptake, was only 
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predicted to be present in a subset of species and Shewanella sp. ANA-3 wasn’t one of 

them. They attributed this to gene loss throughout evolutionary history of the bacteria 

due to the features of the ecological niches they colonize (Rodionov et al., 2010). 

Therefore, based on these data the Shewana3_2073 SBP is unlikely to recognise and 

bind D-galactofuranose.  

2. 3. 4  Selection of GafA candidates for further characterization  

The flowchart presented in Figure 2. 7 outlines the methodology of the process 

followed in the selection of GafAs which could potentially show smaller ligand binding 

specificity, and preferential binding of L- arabinofuranose over D- galactofuranose. 

The analysis showed that the Shewana3_2073, Cbei_4462 and SM_b21587 are strong 

candidates to satisfy the aims of the study. These will be referred to as GafASm, 

GafACb and GafASw, respectively, throughout the rest of the dissertation. 

Furthermore, the predicted arabinopyranose SBP from Clostridium beijerinckii 

NCIMB 8052, ie. Cbei_4450, was also included in the candidates as a negative control 

of arabinofuranose binding. The latter will be referred to as AraFCb.  
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2. 3. 5 Cloning of gafACb and araFCb genes into overproducing vectors and 

expression trials 

The first step followed in the methodology of characterizing SBPs is the cloning of the 

respective protein encoding genes in overexpression vectors. The genes are cloned in 

- frame with tags like hexahistidine to facilitate purification of the proteins. In the 

current study, the gafACb and araFCb sequences had their endogenous lipoprotein 

signal peptides removed and were codon – optimized for E. coli. They were initially 

cloned into the pET20b(+) vector to direct overproduction in the periplasm using the 

pelB leader sequence. Further efforts to achieve overproduction of GafACb, included 

subcloning of its coding sequence into the pBADcLIC and pMALp5X vectors. All 

plasmid constructs produced were tested in small scale expression trials for 

overproduction of the GafACb and AraFCb in various E. coli BL21 (DE3) strains 

including BL21 (DE3) Star and BL21 (DE3) Tuner cells. 

2. 3. 5. 1 Strategy for periplasmic expression of gafACb and araFCb  

The gafACb and araFCb were cloned in the pET20b vector first which belongs in the 

most commonly used protein overexpression systems ie. pET. The vectors of the pET 

expression systems drive successful overproduction via a T7 promoter, which is 

induced by the chromosomally expressed T7 RNA polymerase (Giordano et al., 1989). 

More specifically, the pET20b (+) vector carries an N-terminal pelB sequence from 

Erwinia carotova, which serves for periplasmic localization of the overproduced 

proteins via the Sec- translocon system (Lei et al., 1987). The choice to use this vector 

instead of the cognate pET21b (+), which allows for cytoplasmic expression, was based 

on the fact that both GafACb and AraFCb contain more than one cysteine residues so 

there is a chance that their tertiary structure features a disulphide bond. This 

speculation was enhanced by the fact that the crystallised structure of the orthologous 

GafAEc contains a disulphide bond (Horler et al., 2009). As disulphide bond formation 

requires the oxidative conditions of the periplasm, the overproduction in the 

reductive cytoplasmic compartment is deemed unsuitable because it will lead to 
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protein misfolding and aggregation. The favourable oxidative conditions of the 

periplasm are not alone sufficient in mediating disulphide bond formation as the 

spontaneous protein oxidation is extremely slow and incompatible with cell growth 

and activity. Therefore, the oxidation of the thiol groups of the cysteine residues is 

catalysed enzymatically by the disulphide bond (Dsb) system present in the 

periplasmic compartment of E. coli (Kadokura, Katzen and Beckwith, 2003; Messens 

and Collet 2006). The enzymes of this system (ie. DsbA, B, C, D and G) facilitate the 

formation and rearrangement of the disulphide bonds in the mature polypeptide 

allowing the overproduced proteins to adapt their functional conformation in the 

periplasm (De Marco, 2009). Additional to the disulphide bond facilitation, the 

periplasm only contains a small proportion of the total cellular protein; therefore, the 

expression into this compartment results in a substantial purification upon 

periplasmic extraction.  

As the periplasmic accumulation was ensured by including the pelB signal sequence, 

the design of the coding sequences to be synthesized involved detection and removal 

of the endogenous lipoprotein signal peptide as described in Materials and Methods 

Section 2. 2. 1. 3. The SBPs from the Gram (+) bacteria are also referred to as 

lipoproteins as the absence of a periplasmic space doesn’t allow the existence of 

soluble periplasmic proteins. The lipoproteins are normally found anchored to the 

outer leaflet of the plasma membrane via a diacylglyceride. During the early stages of 

their production, they are localized in the cytoplasm as preprolipoproteins, which 

contain an N-terminal signal peptide. The N-terminus is recognized by the Sec or the 

Twin-arginine translocation (Tat) pathways which in turn facilitate translocation 

across the cytoplasmic membrane (Hutchings et al., 2009; Thompson et al., 2010). 

Following translocation, the –SH group of a conserved cysteine residue is modified by 

the transfer of a diacylglyceryl moiety from a glycerophospholipid; a reaction 

catalyzed by a prolipoprotein diacylglyceryltransferase (Braun and Wu, 1994). The 

cysteine residue is normally found immediately downstream of the signal peptide and 

is part of a conserved N-terminal lipoprotein sequence referred to as the lipobox motif 

(von Heijne, 1989). Later stages in the process include further reduction in the protein 
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length by a type II signal peptidase which cleaves the precursor immediately upstream 

of the lipid – modified cysteine. In the case of the gafACb, the first 22 amino acid 

residues were predicted to be a lipoprotein signal peptide with the conserved lipobox 

identified spanning from the 20th to 23rd residue (ie. LSG¯C) (Sutcliffe and Harrington, 

2002) (Figure A2. 2A). The conserved Cys residue at the 23rd position is anticipated to 

be acting as the lipid anchor following the addition of the diacylglyceryl moiety. 

However, the prediction by the SignalP detected a longer signal peptide, and 

positioned the cleavage site between residues 28 and 29 (ie. SGA¯GG), and for that 

reason an additional 4 residues downstream the predicted lipoprotein were excluded 

(Figure A2. 2A). Regarding the araFCb sequence, the first 20 residues were predicted 

to be the lipoprotein signal peptide with the lipobox motif sequence predicted to be 
18IGG¯C21 (Cys21 predicted to be the conserved cys residue) (Figure A2. 2B). As the 

SignalP software predicted with high confidence the presence of a signal peptide 

formed by residues 1 – 32, an additional 11 residues downstream the predicted 

lipoprotein were also omitted from the coding sequence of the araFCb (Figure A2. 2B).  

The resulting coding sequences were codon – optimized in Jcat for overexpression in 

E. coli (Grote et al., 2005). The codon optimized sequences were then chemically 

synthesized and cloned into pET20b by Gibson assembly so that the coding sequence 

was in frame with a 3’ nucleotide sequence encoding for a hexahistidine tag (Materials 

and Methods Section 2. 2. 3. 10). This resulted in two different vectors: pCD01 and 

pCD02, expressing an N-terminally pelB tagged and C-terminally hexahistidine tagged 

gafACb and araFCb. The successful cloning of the constructs in pET20b was verified 

by PCR screening and digestion by BsaI (Figure 2. 8A). The sequence of the inserts 

cloned were confirmed by sequencing.  Expasy was used to calculate the expected 

monoisotopic mass of the proteins for the overproduction trials on the section below; 

these are 39.77 kDa for AraFCb and 34.89 kDa, including the pelB peptide.  

2. 3. 5. 2 Small scale expression trials of gafACb and araFCb in pET20b 
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The produced pCD01 and pCD02 vectors were transformed into the expression strain 

E. coli BL21 (DE3) and used in small scale expression trials. Small-scale test expression 

is widely used as a predictive tool to determine which of the derivative clones actually 

produces soluble protein and to establish the optimal scale for the large-scale 

growth. The expression trials were performed initially at 37 °C growth temperature, 

and at later trials at 20 °C. Also, two other variants of the BL21 (DE3) strain, ie. Star 

and Tuner strains, were used in the expression trials in an attempt to achieve 

overproduction. The collected cell fractions were lysed and the protein content was 

resolved by SDS-PAGE. The expression trials at 37 °C were done as described at 

Materials and Methods Section 2. 2. 4. 1. Sampling of the culture occurred hourly 

during an incubation course of 4 hours after addition of 1 mM IPTG, including a final 

sampling at 24 hours. The proteins were not overproduced in the aforementioned 

conditions. However, the BL21 (DE3) cells overexpressing the constructs grew very 

well, reaching an OD600 of approximately 2.5 at 4 hours incubation following 

induction by IPTG. Therefore, the failure could not be attributed to toxicity caused by 

overproduction.  

 
The second overproduction trial involved lowering the incubation temperature from 

37 °C to 20 °C. This is a commonly used approach in the initial troubleshooting steps 

for protein overproduction, as lower growth temperature decreases the rate of protein 

production. Due to the reduced growth rate, the starting OD600 of the culture was 

doubled as compared to the 37 °C trials (ie. OD600 = 0.1). The culture was sampled at 

0, 15 and 24 hours after induction with IPTG.  The GafACb and AraFCb showed no 

accumulation throughout the incubation course (not shown).  

In order to circumvent the inherent obstacles associated with overexpression of 

exogenous proteins in E. coli, the subsequent trials involved using different 

backgrounds of BL21 strains to optimise and maximise overproduction. The first trial 

attempted overexpression of the gafACb and araFCb in the BL21 (DE3) Star cells, 

which lack the RNAse E therefore stabilising the mRNA constructs of the gafAs. The 

overproduction was performed at 20 °C and the sampling occurred at the same  
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Figure 2. 8. Screening for cloning and overexpression of gafACb and araFCb in 
pET20b  
A) Agarose gel to verify recombinant pET20b plasmid with gafACb (pCD01) and araFCb 

(pCD02). The DNA agarose gel (1 %) stained with ethidium bromide, shows the 
products of restriction digestion of pCD01 (lanes 3-4) and pCD02 (lane 5). The plasmids, 
including the empty vector at lane 1, were digested with BsaI. The arrows represent the 
DNA fragments which contain full or partial sequence of the inserted gene. The BsaI 
restriction produced the following bands in the respective plasmids: pET20b/ Top 
band= 2041 bps, Bottom band= 1675 bps, pCD01/ 1

st
 band = 2041 bps, 2

nd
 band= 1822 bps 

and 3
rd

 band= 818 bps, pCD02/ Top band= 2754 bps, bottom band= 2041 bps. M 
(Molecular marker) = Generuler plus 1 Kb.  

B) i) SDS-PAGE of GafACb overproduction trial in BL21 DE3 at 37 °C. The collected 
fractions were sampled hourly on a 4 hours post-induction timecourse, including a final 
sampling at 24 hours. The cell lysates were resolved by Coomassie-stained 12% SDS-
PAGE. The analysis showed that GafACb is not overproduced during the incubation 
course. ii) SDS-PAGE of AraFCb overproduction trial in BL21 DE3 at 37 °C. All 
conditions are the same as described above. There are low level of AraFCb 
overproduction, peaking at 2 hours following indution.  

C) i) SDS-PAGE of the overproduction trials of GafACb and AraFCb in BL21 (DE3) Star cells 
at 20 °C. The collected fractions were sampled at 0, 15 and 24 hours following induction. 
The cell lysates were resolved by Coomassie-stained 12% SDS-PAGE. The analysis 
showed that neither GafACb nor AraFCb overproduced during the incubation course. 
ii) SDS-PAGE of the AraFCb overproduction trials in BL21 (DE3) Tuner at 20 °C. The 
sampling occurred at the same timepoints as above. The AraFCb showed high levels of 
overproduction at 15 hours following induction by IPTG. 

The time the respective sample was collected in each instance is indicated above. M 
(Molecular marker) = Prestained Protein Marker, Broad Range NEB (7-175 kDa). The bands 
of the overproduced proteins are indicated with an arrow.  
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interval times mentioned above. The proteins didn’t overproduced as they presented 

the same protein profile with the control (data not shown). Additionally, 

overexpression was also tested in BL21 (DE3) Tuner cells at the same conditions tested 

with the BL21 (DE3) Star cells. The Tuner cells are lacZY deletion mutants of BL21. The 

lac permease (LacY) mutation allows uniform entry of IPTG into in the population of 

the overproducing host cells, which produces a concentration-dependent and 

homogeneous level of induction. By adjusting the concentration of IPTG, expression 

can be regulated, thus a lower-level expression may enhance the solubility and activity 

of difficult target proteins. The AraFCb was overproduced at high levels at 15 hours 

following induction (Figure 2. 8Cii). However, the GafACb did not show any 

considerable level of overproduction (not shown).  

2. 3. 5. 3 Cloning of gafACb into pBADcLIC and small scale expression trials  

Following the unsuccessful overproduction trials of GafACb when expressed in 

pET20b, further efforts aimed to achieve overproduction of GafACb included 

subcloning of the coding sequence into the pBADcLIC vector. The pBAD system has 

been used successfully used previously to obtain high yield of soluble SBPs (Mulligan 

et al., 2009). It allows addition of the decahistidine tag to either the N or C-terminus 

of the protein. The expression of the cloned construct is under the control of the PBAD 

promoter. The PBAD promoter, is derived from the araBAD operon, and is inducible by 

arabinose which lifts the AraC - mediated repression. The araC gene is ectopically 

expressed by pBADcLIC, ensuring that the uninduced levels are kept at a minimum. 

Therefore, the tight control of expression levels exerted by the araC - PBAD promoter 

system helps to avoid the deleterious effects due to the uninduced expression of toxic 

genes (Guzman et al., 1995). As GafACb is predicted to bind arabinofuranose, the use 

of pBADcLIC is not coincidental, since the presence of arabinose as an inducer could 

potentially stabilise the production of GafACb by accumulation of the bound form. 

The sequence was amplified from the pCD03 by PCR using the primers gafACb-pBADF 

and gafACb-pBADR to produce an amplicon which included upstream and 

downstream homologous sequences to pBADcLIC. The amplicon also included the 
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pelB sequence of the pET20b upstream the gafACb to target the overproduction in the 

periplasm, as pBADcLIC lacks a signal peptide N-terminal tag. Cloning of the 

produced amplicon into pBADcLIC by ligation independent cloning (see Materials 

and Methods, Section 2. 2. 3. 11) resulted in the production of the pCD03 expressing a 

gafACb tagged with a pelB sequence on its N-terminus and a decahistidine on its C-

terminus.  The insertion of the construct in the vector was confirmed by restriction 

digestion using NdeI (Figure 2. 9A).  

The expression trials were performed at 20 °C growth temperature (Materials and 

Methods Section 2. 2. 3. 11). The trials included screening overproduction by BL21 

(DE3), BL21 BL21 (DE3) Star cells. Sampling of the culture occurred at 0, 17 and 24 

hours after addition of 10 mM arabinose. The unusually high concentration of 

arabinose used is to maintain the levels of inducer throughout the incubation course 

as part of it would inevitably be shuttled into the intracellular catabolism of the BL21 

DE3 strains. The lysed fractions were resolved on 12% SDS-PAGE gel (Figure 2. 9B). 

The expression profiles showed that there wasn’t any overproduction of the GafACb 

in any of the three strains tested (Figure 2. 9Bii). The similarity of the aforementioned 

expression profiles with the ones from the overproducing strains with the empty 

vector (Figure 2. 9Bi) was incredibly high. The only dissimilarity being an enlarged 

band presented at 17 hours following induction in BL21 Star cells. This is unlikely to 

be the GafACb as it seemingly has a lower size (<30 kDa). 

2. 3. 5. 1 Cloning of gafACb into pMALp5X and small scale expression trials 

Final efforts to overproduce GafACb included subcloning of the coding sequence into 

the pMALp5X vector. The gafACb was subcloned without the pelB sequence and a 

start codon as the cloning into pMALp5X creates N-terminal translational fusions with 

a natural affinity tag ie. malE.  The malE encodes for the Maltose Binding Protein 

(MBP- 43.4 kDa), therefore there is no need for tagging the GafACb with a signal 

peptide as the fusion is directed in the periplasm by the MBP’s leader peptide (Riggs, 

2000). The subcloning was undertaken as described in the Materials and Methods  
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Figure 2. 9. Screening for cloning and overexpression of gafACb in pBADcLIC 
A) Agarose gel to verify recombinant pBADcLIC plasmid with gafACb (pCD03). The DNA 

agarose gel (1 %) stained with ethidium bromide, shows the products of restriction 
digestion of pCD03 (lanes 2-3). The plasmids, including the empty vector at lane 1, were 
digested with NdeI. The arrows represent the DNA fragments which contain full or 
partial sequence of the inserted gene. The NdeI restriction produced the following 
bands in the respective plasmids: pBADcLIC/ Top band= 2481 bps, Bottom band= 1658 
bps, pCD03/ Top band = 2642 bps, Bottom band= 2481 bps. M (Molecular marker) = 
Hyperladder I  

B) i) SDS-PAGE of control expression trial of pBADcLIC in BL21 DE3, (DE3) Star and (DE3) 
Tuner at 37 °C. The collected fractions were sampled at 0, 17 and 24 hours following 
induction with 10 mM arabinose. The cell lysates were resolved by Coomassie-stained 
12% SDS-PAGE. ii) SDS-PAGE of GafACb overproduction trial in BL21 DE3, (DE3) Star 
and (DE3) Tuner at 37 °C. All conditions are the same as described above.  

The time the respective sample was collected in each instance is indicated above each gel. 
The BL21 DE3 strain tested at each occasion is indicated below the gels. 10 μl of sample were 
loaded in each well. M (Molecular marker) = Blue Prestained Standard, NEB (11-190 kDa). 
The bands of the overproduced proteins are indicated with an arrow.  
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Section 2. 2. 3. 9 and verified by restriction analysis using BsaI (data not shown). The 

expression trials were performed at 37 °C growth temperature (Materials and Methods 

Section 2. 2. 4. 1). The trials included screening overproduction by BL21 (DE3) and BL21 

(DE3) Tuner cells. Sampling of the culture occurred hourly during an incubation 

course of 3 hours after addition of IPTG, including a final sampling at 24 hours. The 

lysed fractions were resolved on SDS-PAGE gels (Figure 2. 10). The malE::gafACb gene 

fusion produced large amounts of recombinant fusion protein (72 kDa) in both strains 

tested, reaching maximum yield at 3 hours following induction by IPTG at both BL21 

DE3 (Figure 2. 10A) and Tuner cells (Figure 2. 10B). Unlike the typical overproduction 

by pET vectors, the high levels of the fusion protein are retained at 24 hours following 

induction. This is attributable to the fact that MBP offers extra protection to its 

downstream passenger protein from proteolytic degradation. Dissimilar to its intrinsic 

chaperone activity, its protective properties haven’t been experimentally determined 

however they have been confirmed by studies which employed this tag (Rosano and 

Ceccarelli, 2014; Nallamsetty and Waugh, 2006). 

2. 3. 6 Cloning of GafASw and GafASm and expression trials  

The remaining selected GafAs, ie. GafASw and GafASm, were cloned in pET20b vector 

in a similar fashion to the GafACb and AraFCb. The optimization of the overproducing 

conditions involved screening their expression in the E. coli BL21 DE3 cells and the 

Star and Tuner aforesaid derivative strains.  

2. 3. 6. 1 Cloning of GafASw and GafASm into pET20b  

GafASm was cloned into pET20b using the traditional restriction-ligation technique 

(Materials and Methods Section 2. 2. 3. 9) as its sequence was amplified by PCR from 

the Sinorhizobium meliloti 1021 genome (supplied by Prof. Peter Young, University of 

York). The primers were designed in such way that the native signal peptide as 

predicted by SignalP (Figure A2. 2D) was excluded from the PCR amplification. As the 

gene wasn’t synthetically produced the coding sequence wasn’t codon optimized for  
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Figure 2. 10. Successful overproduction of GafACb fused to MBP 
A) SDS-PAGE of the malE::gafACb overexpression trials in BL21 DE3 cells at 37 °C. The 

fractions were collected every one hour throughout a 4 hours post-induction timecourse, 
including a final sampling at 24 hours.. The cell lysates were resolved by Coomassie-stained 
12% SDS-PAGE. The analysis showed that the MBP-GafACb fusion protein (72 kDa) reaches 
high overproduction levels at 3 hours, which are retained at 24 hours possibly because of 
the protection against proteolysis gained by the MBP fusion.  

B) SDS-PAGE of the malE::gafACb overexpression trials in BL21 (DE3) Tuner cells at 37 °C. All 
conditions are the same as described above. The analysis showed that the MBP-GafACb 
fusion protein (72 kDa) reaches high overproduction levels at 3 hours following induction 
with IPTG. 

The time the respective sample was collected in each instance is indicated above each gel. 10 μl 
of sample were loaded in each well. M (Molecular marker) = Smart Multi Color Pre-stained 
Protein Standard (14-120 kDa). The bands of the overproduced proteins are indicated with an 
arrow.  
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expression in E. coli, conversely to the strategy followed with the cloning of gafACb 

and araFCb. Despite the fact that the overproducing strain and the S. meliloti 1021 are 

distantly related bacteria which belong to different branches of the Proteobacteria, 

GafAEc and GafASm show very high sequence identity (75%). Furthermore, E. coli has 

been previously used multiple times with great success in the overproduction of ABC 

SBPs from Sinorhizobium spp. without the requirement for codon optimization 

(Jebbar et al., 2005; Oswald et al., 2008). The obtained positive transformants were 

screened for the insertion of the constructs using restriction by BsaI (Figure 2. 11A). 

The cloning of gafASw followed the exact same strategy as the one with the gafACb 

and araFCb as described in Section 2. 3. 5. 1. Only difference was the prediction of the 

native signal peptide which happened in SignalP only (Figure A2. 2C), as the 

Shewanella spp. are Gram (-) bacteria and thus there wasn’t a need to use the LipoP 

or PRED-LIPO softwares. Verification of the obtained plasmid was done with BsaI 

restriction (Figure 2. 11A). Following verification of the cloned constructs by 

sequencing, the produced plasmids were referred to as pCD05 and pCD06, which 

expressed an N-terminally pelB tagged and C-terminally hexahistidine tagged versions 

of gafASm and gafASw, respectively.  

2. 3. 6. 2 Small scale expression trials of GafASw and GafASm 

The produced pCD05 and pCD06 vectors were transformed into the expression strains 

E. coli BL21 (DE3), Star and Tuner and used in small scale expression trials. The 

conditions used in the expression trials are as described for gafACb (Section 2. 3. 5. 3). 

The collected cell fractions were lysed and resolved by 12% SDS-PAGE. The analysis 

showed that the GafASw was overproduced in BL21 Star cells prior to induction with 

IPTG, possibly because of the leakiness of the T7 promoter (Figure 2. 11Bi). However, 

in the case of the BL21 Tuner cells the overproduction levels are healthier for both of 

the proteins as they are reaching high levels at 15 to 24 hours following induction 

(Figure 2. 11Bii).  
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Figure 2. 11. Screening for cloning and overexpression of gafASm and gafASw in 
pET20b  
A) DNA agarose gel (1%) to verify recombinant pET20b plasmid with gafASm (left) and 

gafASw (right). The gels stained with ethidium bromide, shows the products of restriction 
digestion of pCD05 (lanes 1, left gel) and pCD06 (lane 2 and 3, right gel). The plasmids, 
including the empty vector at lane 1 of the left gel and lane 2 of the right gel, were digested 
with BsaI. The arrows represent the DNA fragments which contain full or partial sequence 
of the inserted gene. The BsaI restriction produces the following bands in the respective 
plasmids: pET20b/ Top band= 2041 bps, Bottom band= 1675 bps, pCD05/ Top band = 2605 
bps, Bottom band= 2041 bps, pCD06/ Top band= 2595 bps, Bottom band= 2041 bps 

B) i) SDS-PAGE of the overproduction trials of GafASm and GafASw in BL21 (DE3) Star cells 
at 20 °C. The collected fractions were sampled at 0, 15 and 24 hours following induction. 
The cell lysates were resolved by Coomassie-stained 12% SDS-PAGE. The analysis showed 
that only GafASw shows overproduction albeit at low levels. ii) SDS-PAGE of the 
overproduction trials of GafASm and GafASw in BL21 (DE3) Tuner at 20 °C. The sampling 
occurred at the same timepoints as above. Both of the trialed proteins showed 
overproduced at moderate levels at 15 and 24 hours following induction by IPTG.  

The time the respective sample was collected in each instance is indicated above. The proteins 
overproducted at each instance are indicated below the gels. 10 μl of sample were loaded in 
each well. M (Molecular marker) = Prestained Protein Marker, Broad Range NEB (7-175 kDa). 
The bands of the overproduced proteins are indicated with an arrow.  
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2. 3. 7 Large scale expression trials of GafASm and GafASw 

Following the identification of optimal conditions for the overproduction of GafASm 

and GafASw, their production was scaled up in larger volume of media (Materials and 

Methods Section 2. 2. 4. 2) so as to obtain adequate amounts for the biochemical and  

structural characterisation of the proteins. The periplasmic extraction from the 

harvested cellular mass occurred by ice cold osmotic shock, with or without lysozyme. 

Thereafter, the overproduced proteins in the obtained periplasmic extracts were 

purified using gravity flow columns or an ÄKTA FPLC purifier machine.  

 
2. 3. 7. 1 Identification of two protein species following the purification of GafASm 

 
The GafASm production was scaled up in the optimised conditions as predetermined 

by the small scale expression trials (Section 2. 3. 6. 2). The large scale expression was 

performed using a volume ranging from 0.8 to 1L of LB media.  By the end of the 

incubation course (ie. 17 – 20 hours following induction with IPTG), the culture was 

centrifuged and the cellular mass was collected. The periplasmic content including 

the overproduced proteins were released by the osmotic shock treatment. The 

principle behind the periplasmic extraction is the application of a chemical or 

mechanical pressure to cause the disruption of the outer membrane and the 

peptidoglycan cell wall and consequently release of the periplasmic contents. The 

products of the process are a) the supernatant which contains the periplasmic extracts 

and b) the remaining pelleted fraction which is enriched in vesicles with intact 

cytoplasmic membrane ie. spheroplasts. Excessive care is taken following 

peptidoglycan removal as the spheroplasts are susceptible to rupturing due to 

mechanical pressure ie. centrifugation. Some of the previously employed methods 

include the osmotic shock (Neu and Heppel, 1965), lysozyme – EDTA treatment 

(Malamy and Horecker, 1964), polymyxin digestion (Cerny and Teuber, 1971) and the 

chloroform extraction (Ames et al., 1984) which all have successfully shown to reach 

up to 90% recovery of the target proteins (Donohue-Rolfe and Keusch, 1983; Chen et 

al., 2004; Chen et al., 2005). The polymyxin digestion technique was avoided, as it has 
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previously been shown to release cytoplasmic proteins (Teuber and Bader, 1976; Dixon 

and Chopra, 1986). Since the cytoplasmic proteins outnumber the ones residing in the 

periplasm by approximately a 10–fold (Ishihama et al., 2008), even a low level of release 

would still cause substantial contamination. In the case of the chloroform treatment, 

a study has shown that it releases the higher total quantity of proteins from E. coli in 

comparison to cold osmotic shock (Lall, Eriho and Jay, 1989). Also, the activity of 6 

periplasmic localized proteins in the extract was assessed and the results were 

assumed to be proportional to their relative abundancy in the periplasmic extract. The 

enzymes released from the chloroform treatment retained the highest activity in E. 

coli as compared to the cold osmotic shock. However, the same study never assessed 

the level of contamination by cytoplasmic proteins and therefore the clarity of the 

technique cannot be ascertained (Lall, Eriho and Jay, 1989). Additionally, the presence 

of chloroform in the periplasmic extract could potentially cause denaturation of the 

overproduced protein, as this organic solvent has been previously proved to be able 

to do so (Asakura, Ada and Schwartz, 1987). Since retaining the quality of the 

overproduced proteins was essential to their downstream characterisation studies, the 

chloroform treatment was also avoided. This study focused on using the osmotic 

shock method instead, on its own or in combination with lysozyme treatment. More 

specifically, the periplasmic extractions were done following either the Ice Cold 

Osmotic Shock (ICOS) or the Tris-Sucrose-EDTA (TSE) method. The first step of the 

ICOS is very similar to TSE, as they both include treatment of the harvested cells with 

Tris-HCl (pH=8), sucrose and EDTA during incubation on ice. Only difference is the 

additional step in ICOS which involves treatment of the pellet, obtained from the first 

step, with lysozyme in the presence of divalent cations (ie. Mg2+). These methods are 

extensively explained and compared in the Section 2. 3. 8 below.  

 
Following periplasmic extraction of the GafASm with ICOS or TSE, the extract was 

dialysed in Phosphate Buffered Saline (pH= 7.5) or NaCl-Tris (pH= 7.5) and purified 

using an ÄKTA FPLC purifier or by gravity flow columns as described in the Materials 

and Methods Section 2. 2. 6. SDS-PAGE analysis of the purified fraction of GafASm 

which was extracted with ICOS, contained considerable level of contaminants and two  
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Figure 2. 12 Purification of GafASm from cultures of BL21 (DE3) Star cells 
A) (Left) Coomassie stained SDS-PAGE of the first purification run of ICOS – extracted GafASm by 

Ni
2+ 

 affinity chromatography showing the fractions from the flow through, the washing and the 
elution steps. The high level of contaminants co-purified with the GafASm necessitated a second 
purification run. (Right) Coomassie stained SDS-PAGE of the second successive purification run 
of GafASm by Ni

2+ 
 affinity chromatography showing the fractions from the flow through, the 

washing and the elution steps. The run increased the purity of the elute. Two protein species are 
present in the purified fraction (indicated with arrow) which are hypothesized to be a pool of fully 
processed GafASm and its counterpart with partially cleaved or fully unprocessed pelB sequence.  

B) SDS-PAGE gel of the purification run of TSE – extracted GafASm by Ni
2+ 

 affinity chromatography. 
The collected fractions from the flow through, the washing and elution steps are indicated. The 
level of contamination in the purified fraction is minimal and considerably lower compared to the 
ICOS – extracted fraction.    

FT = flow through, W = washing steps, E = elution steps. The concentration of imidazole used is 
designated below the washing and elution steps.  
Molecular markers (M) used: M1 = , M2 = Color protein standard (broad range, 11 - 245 kDa), M3 = 
Blue protein standard (broad range, 11 – 190 kDa) , M4 = Smart Multi Color Pre-Stained Protein 

Standard (14 – 120 kDa) 
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overproduced species are clearly distinguished (Figure 2. 12A). The acquired fraction 

underwent an additional purification run with increasing concentrations of imidazole 

in the washing buffer so as to eliminate any non-specific proteins binding to Ni-NTA 

agarose and subsequently decrease the level of contaminants. Indeed, the 

contamination was reduced, however part of the GafASm overproduced protein was 

eluted during the washing steps with 30 – 40 mM of imidazole (Figure 2. 12A). 

Therefore, in the future purification runs the imidazole concentration of the wash 

buffer was kept at the lowest value tested (ie. 25 mM), which wasn’t sufficient to 

compete with the overproduced protein for binding to the Ni2+ ions. Notably, both of 

the bands with the highest intensity from the first purification run were retained in 

the eluted fraction of the second purification run. Therefore, there is a strong 

possibility that both species are His-tagged as they were co-purified at both successive 

runs. The predominant explanation to this observation would be the presence of an 

uncleaved form of GafASm with a larger mass than the processed form. This 

hypothesis is enhanced by previous studies which showed that a specific group of 

cytoplasmic proteins (Jacobson and Rosenbusch, 1976; Ajouz et al., 1998; Yaagoubi et 

al., 1994; Berrier et al., 2000) and recombinant proteins targeted in the cytoplasm were 

released following treatment with the osmotic shock method (Thorstenson et al., 1997; 

LaVallie et al., 1993). Additionally, the first step of the ICOS renders the peptidoglycan 

more susceptible to lysozyme activity as the EDTA acts on the lipopolysaccharide and 

increases the permeability of the outer membrane. Strikingly, treatment with the 

same concentration of lysozyme from egg white has been shown to be able to 

permeabilise the outer membrane of E. coli completely and it also exerted a time-

dependent permeabilisation effect on the inner membrane. The presence of two 

protein species was confirmed by FT- ICR –MS (Section 2. 3. 8) which led to screening 

for an appropriate variation of cold osmotic shock method at later stages in the study. 

Unlike in ICOS, when the extract derived from the TSE method was purified it was 

much cleaner and didn’t require a second purification run; this could be potentially 

attributed to the absence of lysozyme.  

 
2. 3. 7. 2 Large scale overproduction of GafASw 
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Figure 2. 13 Purification of GafASw from cultures of BL21 (DE3) Star cells 
A) (Left) Coomassie stained SDS-PAGE of the first Ni

2+ 
- based purification run of ICOS – extracted 

GafASw. The fractions obtained from the flow through, the washing and the elution steps are 
indicated. The ICOS periplasmic extraction releases high level of contaminants which were co-
purified with the GafASw and led to a second purification run. (Right) Coomassie stained SDS-PAGE 
of the second successive purification run of GafASw by Ni

2+ 
 affinity chromatography showing the 

fractions from the flow through, the washing and the elution steps. The run increased the purity of 
the elute considerably with no contaminants present. 

B) SDS-PAGE gel of the purification run of TSE – extracted GafASw. The collected fractions from the flow 
through, the washing and elution steps are indicated. The level of contamination in the purified 
fraction is negligible and considerably lower compared to the first purification run of the ICOS – 
extracted fraction.   

FT = flow through, W = washing steps, E = elution steps. The concentration of imidazole used is designated 
below the washing and elution steps.  
Molecular markers (M) used: M1 = Prestained Protein Marker, Broad Range NEB (7-175 kDa), M2 = Color 
protein standard (broad range, 11 - 245 kDa), M3 = Blue protein standard (broad range, 11 – 190 kDa) , M4 

= Smart Multi Color Pre-Stained Protein Standard (14 – 120 kDa) 
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The GafASw was overproduced at the same conditions as GafASm described above. 

Following periplasmic extraction by ICOS or TSE the acquired fraction was purified 

by on a Ni2+ based column as described at Materials and Methods Section 2. 2. 6.  The 

purification of the ICOS – derived extract (Figure 2. 13Ai) was shown to contain higher  

contamination than the TSE (Figure 2. 13B) as similarly to the purified fractions of 

GafASm (Figure 2. 12A,B). Thus, the purified fraction from the ICOS extract underwent 

an additional Ni2+ based purification step, which increased the purity (Figure 2. 11Aii). 

As this was also the case for the GafASm, it became a standard that the excessive 

amounts of contaminants in the eluted fractions were removed by extra runs of Ni2+ - 

based purifications.  

 

2. 3. 8 FT- ICR - MS analysis of purified SBPs: Detection of the undefined form 

of GafASm in the purified fraction.  

Fourier-transform ion cyclotron resonance (FT-ICR-MS) was used to ensure that the 

recombinant protein produced and purified is the one expected and that is not 

modified in any way during synthesis. The SDS-PAGE runs of the purified fraction of 

GafASm showed that there are two species present with very similar size (Figure 2. 

14A); FT-ICR-MS analysis was used to confirm existence of both protein species in the 

purified fraction. The accuracy of this technique results from the extremely high 

resolution achievable (mass resolving power of up to m/Δm50% » 400,000 at full width 

half maximum) (Marshall and Hendrickson, 2008). At these resolutions it is possible 

to measure the monoisotopic masses of proteins to well within half a Dalton.  

The technique was firstly used to study the purified fraction of GafASm. As shown in 

Figure 2. 10, there seem to be two protein species co-purified following Ni2+ based 

column purification. The accurately measured mass of the sample verified the 

existence of the three protein species in the fraction. As the protein species present 

are predicted to be the same protein due to the similarity in between this assures a 

low response factor and therefore the abundance of the species can be approximated  
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Figure 2. 14. FT-ICR-MS analysis of purified GafASm and GafASw. 
A) FT-MS spectrum of 60 μM GafASm. The presence of two protein species (ie. 33,003.05 and 

33,423.241 m/z, mass errors = 0.719 and  419.47 Da respectively) was detected.  
B) FT-MS spectrum of 60 μM GafASw. The analysis confirmed the presence of a single 

protein species (ie. 32,740 and 32,741.591 m/z, mass errors = -3.18 and –2.2 Da respectively).  
The protein sequence used to calculate the monoisotopic masses of the two proteins are 
shown.  
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by their relative percentages. The obtained mass of the most abundant species ie. 

33003.051 Da was in agreement with the expected monoisotopic mass of the pelB - 

cleaved GafASm (Figure 2. 14A). There was also an additional signal detected for a 

species with a mass of 33423.241 m/z. The large mass difference between expected and 

this mass could point towards the presence of a large adduct. Searches in the Unimod 

online database of protein modifications for mass spectrometry failed to detect an 

adduct modification whose size would justify the difference. A more logical 

explanation is the presence of a fraction of unprocessed GafASm with longer sequence 

ie. pelB not fully processed. We anticipate this to be the result of accumulation of 

GafASm with partially cleaved or completely uncleaved pelB sequence. To support this 

hypothesis, the search for potential uncleaved species with calculated monoisotopic 

mass similar to the observed one (ie. 33423.241 Da), identified the ↓QPAMA-GafASm 

with a mass of 33430.8 Da. The latter species represents the mature protein with 5 

amino acids from pelB retained attached to the N-terminus due to non-canonical 

cleavage. This is investigated below by screening different periplasmic extraction 

methods of the overproduced proteins on the basis that unprocessed species could be 

accumulating in the cytoplasm and therefore a more sensitive periplasmic extraction 

method would isolate only periplasmic components. The same analysis with GafASw 

confirmed the presence of the correct protein species with a mass error equal to 3.15 

for the major component (Figure 2. 14B). 

2. 3. 9 Screening of periplasmic extraction methods to avoid purification of the 

undefined form of GafASm.  

The existence of two protein species following large scale production and purification 

of GafASm was confirmed using FT-ICR-MS. The protein species with the larger size 

(33423.241 Da) is expected to be GafASm with partially uncleaved pelB sequence. This 

is pointing towards leakage of cytoplasmic components during a supposing 

periplasmic extraction process, and thus these species appear up following 

purification. To solely isolate the processed form of GafASm, and avoid any 

implications on functionality caused by the retained pelB sequence, the next 
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experiments focused on screening different periplasmic extraction methods aiming to 

detect a sensitive one which does not disrupt the bacterial inner membrane.  

2. 3. 9. 1 Comparison of three variations of the osmotic shock method for the 

periplasmic extraction of GafAEc 

 
The periplasmic extraction of the overproduced proteins was performed using the ice 

cold osmotic shock method, with or without the lysozyme treatment.  Three different 

variations of the method were tested and compared for their ability to release the 

protein of interest in a relatively clean extract. The initial periplasmic extraction runs 

involved using the STE extraction buffer following cell culture harvesting by 

centrifugation. STE buffer is a Sucrose rich solution containing Tris buffer and EDTA. 

The role of sucrose is mainly to rise the extracellular osmolality which causes the cells 

to shrink and release water along with periplasmic contents into the surrounding 

medium. Additionally, sucrose can go through the outer membrane to enter the 

periplasmic space but is unable to penetrate the inner membrane. The presence of 

sucrose at the water–inner membrane interface presumably helps to stabilize the 

membrane (Strauss and Hauser, 1986) and therefore prevents cell lysis. Sucrose is also 

a well-known protein stabilizer, protecting the released proteins. EDTA facilitates 

periplasmic extraction by chelating divalent ions, which normally stabilize the 

lipopolysaccharide (LPS) in the outer membrane, resulting in LPS release and 

increased permeability of the outer membrane (Leive, 1965). Also, chicken egg 

lysozyme powder is added in the mixture to degrade the thin peptidoglycan wall of 

the E. coli. The above method was applied at multiple instances for isolation of the 

periplasmic fraction following overproduction. However, the yield of the released 

protein wasn’t adequate at some occasions or the purity wasn’t as high as expected, 

probably because of the release of cytoplasmic contents from a fraction of the cell 

mass. This would be a plausible explanation for the release of the unprocessed GafASm 

form with the uncleaved pelB sequence retained. If indeed leakage of cytoplasmic 

contents is feasible followed periplasmic extraction, it would be attributed to the use 

of lysozyme which disrupts the peptidoglycan and renders the inner membrane more 
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susceptible to lysis. This propagated further investigation of different variations of 

osmotic shock methods for isolation of the periplasmic fraction. Two additional 

methods were investigated out of which one excludes the lysozyme treatment:  

a) Ice-cold osmotic shock (ICOS): the method is very similar to the one described 

above, however with increased levels of sucrose (0.5 M to 0.75 M). The EDTA 

concentration remains the same (5 mM) whereas the Tris-HCl concentration 

is decreased (50 mM to 20 mM). In contrast to the STE method, the pellet is 

treated firstly with the extraction buffer and following an extra centrifugation 

step, 40 μl of lysozyme (15 mg/ml) is added per gram of culture (approximate 

final concentration is 0.15 mg/ml). The treatment with lysozyme happens in 

presence of MgCl2 (5 mM) as cations decrease the efficacy of lytic activity thus 

avoiding complete cellular lysis (Boland et al., 2004). Another discrepancy to 

the STE method is that the lysozyme treatment occurs on ice for a shorter time 

as opposed to 30 °C. The ICOS was firstly described with minor modifications 

to its current protocol by Witholt and his colleagues to produce spheroplasts 

from E. coli at various stages of growth (Witholt et al., 1976).  
 

b) TSE method: a modified method of the ice-cold osmotic shock used by Quan 

and colleagues. The method was claimed to give the purest and cleanest 

periplasmic fraction. They used mass spectrometry to analyse the contents of 

the periplasmic fraction following TSE extraction and the results of this 

analysis showed that the average signal coming from cytoplasmic and inner 

membrane proteins is 13-fold lower than the average signal of outer membrane 

proteins and 23-fold lower than that of periplasmic proteins (Quan et al., 2013). 

The group also showed that amongst the 100 most abundant proteins, only 

eight were cytoplasmic; the rest are either outer membrane proteins (21%) or 

periplasmic proteins (71%). The method uses a similar extraction buffer to the 

above two methods though, Tris is added at 5 to 10-fold increased 

concentration and EDTA at lower levels. A unique feature of this method is 

that lysozyme is not used to treat the cells, which might explain the high purity 
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of the recovered periplasmic fraction.  

The three methods were compared for the periplasmic extraction of a control protein 

ie. GafAEc. GafAEc was previously characterised in GHT lab therefore it has defined 

overproduction conditions (ie. BL21 DE3, harvesting 4 hours following induction). The 

pellet of the overproducing BL21 cells from the same biological replicate was divided 

into three portions of equal mass. Each one was treated with one of the three different 

methods described above and the whole cell, spheroplast and periplasmic extracts 

where run on an SDS-PAGE gel. The whole cell and spheroplast samples were 

dissolved in sample buffer after standardisation according to the OD600 (divided by 3) 

at time of harvesting. The results show that the periplasmic fraction of the ICOS 

method has the highest yield of protein, albeit it shows the highest contamination 

with membrane and cytoplasmic proteins (Figure 2. 12A). The TSE method recovered 

the lowest yield of protein compared to the rest three, however it has the lowest level 

of contaminants. Lastly, the STE method showed moderate levels of recovery of the 

periplasmic overproduced protein as compared to the other two methods. Also, the 

level of contamination was halfway between ICOS and TSE (Figure 2. 15A).  

Subsequent, the periplasmic fractions were purified using Ni2+- affinity 

chromatography in separate columns. Each column was washed 3 times with wash 

buffer containing 20 mM imidazole and eluted using elution buffer with 150-250 mM 

of imidazole. 10 ul from each 2 - 3 ml fraction (flow through, washing steps, elution 

steps) were run on an SDS-PAGE gel and stained on Coomassie blue. The results show 

that the highest yield of GafAEc was retrieved from the ICOS, however the protein 

was co-purified with a high level of contaminants (Figure 2.15B). The purified protein 

from TSE method presented the lowest yield but the highest purity. Therefore, the 

comparison showed that the ICOS is a good method for recovering high yield of the 

protein however if one aims to achieve a purer fraction of overproduced protein TSE 

periplasmic extraction is the best method out of the ones tested (Figure 2. 15B). A 

second purification step might be necessary for the ICOS as the contaminants will give 

high background error in ESI-MS and native MS at the following steps in the  
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Figure 2. 15. Testing of three different variations of osmotic shock method for for 
periplasmic extraction of YtfQ. 
A) A single biological replicate of BL21 DE3 pET21b (ytfQ) was induced with 1 mM IPTG at OD600 = 0.5. 
The cellular mass was collected by centrifugation 4 hours following induction and separated into three 
fractions of equal mass. Each fraction was treated separately with one of the following methods: ICOS, 
STE or TSE, to release the periplasmic contents of the cells. The reagents used at each one of the three 
methods are designated on the table. SDS- PAGE analysis followed by staining using Coomasie blue 
showed that the highest yield is retrieved by using ICOS whereas the TSE recovered the cleanest 
periplasmic preparation. (0= whole cells extract, 1= spheroplast extract, 2= periplasmic fraction and 
3=supernatant following first centrifugation step at ICOS method).  
B) Purification of the isolated periplasmic fractions from the three different methods using a Ni

2+
 - based 

column. The column was equilibrated and washed with 20 mM imidazole following binding of the YtfQ 
at the column. The YtfQ fraction was eluted off the column using 250 mM imidazole at 8 successive steps 
of 2 ml each. The results show that a trade off exists between purity and the yield of the protein with TSE 
retrieving the purest fraction albeit with the lowest concentration whereas the opposite occurs when the 
cells are treated with ICOS.  (FT= flow through, W= washing steps, E= elution steps, Lysate= periplasmic 
fraction prior to purification). 
FT = flow through, W = washing steps, E = elution steps. The concentration of imidazole used is 
designated below the washing and elution steps. Molecular markers used: Page Ruler Prestained (10 to 
250 kDa).All concentrations mentioned are in mM. 
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characterisation of the GafAs.  

2. 3. 8. 2 Lysozyme treatment during ICOS causes release of the uncleaved form of 

GafASm  

Given that the ICOS method increases the yields but decreases the purity achieves we 

sought out to analyse the two steps of the process separately. The fractions from the 

first step (treatment with sucrose mix), and from the second step (lysozyme addition) 

of the ICOS extraction were purified separately to identify the stage/s at which the 

unprocessed form of GafASm is accumulated. The purification process occured as 

described in Materials and Methods Section 2. 2. 5. The eluted fractions were resolved 

on 12% SDS-PAGE gels (Figure 2. 16). Treatment with the sucrose fraction led to 

release of the processed GafASm, which should be localised only in the periplasm 

(Figure 2. 16Ai). The treatment with lysozyme in the presence of Mg2+ led to 

accumulation of the processed and the unprocessed forms of GafASm, therefore 

confirming that lysozyme is not only dissolving the peptidoglycan wall, but could 

potentially exert a destabilision effect on the inner membrane to a yet unknown 

extend, however enough to release the unprocessed forms (Figure 2. 16Aii). 

Nonetheless a study carried out by Derde et al. (2013), which studied the effects of hen 

egg white lysozyme on the outer and inner membranes of E. coli, showed that the 

same concentration tested here was able to increase the permeability of the inner 

membrane (Derde et al., 2013). Also provided that the initial step of the ICOS 

treatment applies high osmotic pressure on the bacterial cell as well as high 

centrifugal forces, it is likely that the cells are rendered more susceptible to lysozyme 

- induced permeability which would be sufficient to cause lysis and release of 

cytoplasmic contents.  

The high resemblance of the first step of the ICOS extraction to the TSE method, 

suggested a final experiment. The next experiment sought out to examine the effect 

of replacing the sucrose mix of ICOS with the TSE one. As described above the TSE 

sucrose mix contains 250 mM less sucrose, 4x less EDTA and 10x more Tris-HCl 

(pH=8).  Essentially the experiment tested that TSE won’t lead to release of the  
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Figure 2. 16.  Lysozyme treatment releases undefined GafASm species during 
ICOS.  
A) SDS-PAGE gel of purified GafASm following extraction by ICOS. A single biological replicate 
of BL21 (DE3) Star pCD05 was induced with 1 mM IPTG at OD600 = 0.5. The cellular mass was 
collected by centrifugation at 18 hours following induction. The fractions collected from the 
two successive steps of ICOS were purified using a Ni

2+
 based column. SDS- PAGE analysis 

followed by staining using Coomasie blue revealed that the unprocessed form of GafASm is 
retained in the pellet and not released following treatment with the sucrose mix (i). The 
lysozyme inclusion in the treatment at step 2 of ICOS is possible to have caused the release of 
the unprocessed forms (ii).  
B) SDS-PAGE gel of purified GafASm following extraction by ICOS with a modified first step to 
resemble TSE. All the conditions are as described above, apart from the step 1 of ICOS which 
utilised a TSE – like sucrose mix. The SDS-PAGE analysis showed that again the presence of the 
unprocessed species occurs after addition of lysozyme. The use of only TSE or the first step of 
ICOS for periplasmic extraction of GafASm prevents co-purification of the unprocessed forms 
with the fully pelB cleaved species.  
PE= periplasmic extract, FT= flow through, Eluted fractions = Elution using 500 mM imidazole. 
The bands of the unprocessed forms of GafASm are indicated with an arrow. M = Biorad 
precision Plus protein Std.   
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putative unprocessed forms of GafASm. Indeed, this was the case as it failed to do so, 

whereas the additional step with lysozyme treatment released a heterogeneous pool 

of GafASm with two of the major bands predicted to be the partially processed forms 

of the protein (Figure 2. 16B). 

2. 3. 10 Screening of overproduction media to increase production yields of the 
SBPs 

Owing to the low yield of protein released by TSE as compared to ICOS (Figure 2. 10, 

11, 13) the levels of the proteins were optimised by screening different media to achieve 

higher final cell density. Assuming that the levels of accumulation of recombinant 

proteins are retained unchanged and independent of media composition, then the 

increase in biomass yields alone will serve to increase the production of the 

recombinant protein. To examine the effect of media composition on the production 

of GafASm and GafASw, the relative level of expression was analyzed using three 

different media formulations which are richer than LB. The media tested included the 

Power Broth (PB) (Broedel E., M. Papciak and R. Jones, 2001), Terrific Broth (TB) 

(Tartoff and Hobbs, 1987) and Autoinduction (AI) (Studier, 2005) media. More 

information on the preparation of the aforementioned media is found in the Materials 

and Methods Section 2. 2. 2. 2.  The BL21 (DE3) Star cells were inoculated in the 

respective media and used in small scale expression trials in an identical manner as 

explained in the Section 2. 3. 4. 3. The induction of expression by IPTG occurred at the 

start of the exponential phase in all cases apart from the AI media, where induction is 

not required as it contains lactose (allolactose); a natural inducer of Plac. At the early 

stages of growth in AI media, the limited concentration of glucose present in the AI 

media prevents uptake of lactose. During mid to late exponential phase, once glucose 

reaches near - depletion levels, the lactose is taken up by the cells and converted into 

allolactose by β-galactosidase. Thereby, it lifts repression of the T7 lac by binding on 

LacI repressor, and consequently allows T7 RNA polymerase to induce expression of 

the gene of interest. The sampling occurred just before addition of IPTG and 20 hours 

following induction. In the case of AI media, the sampling happened at 18 hours 

following initiation of incubation at 20 °C. The collected fractions were lysed and run  
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Figure 2. 17. Screening of different media for overproduction of GafASm and 
GafASw. 
Coomassie stained SDS-PAGE gels from expression trials using three different rich media for optimisation 
of the GafASw and GafASm yields.   
A. Expression profiles of the GafASw and GafASm when overproduced in LB media. 
B. Expression profiles of the GafASw and GafASm when BL21 Star cells are grown in Power Browth (PB) 

media. The final OD
600 

was 1.5x higher than when LB was used.  High overproduction levels are 
achieved for GafASw and moderate for GafASm.  

C. Expression profiles of the GafASw and GafASm when BL21 Star cells are grown in AI media. The final 
OD

600
 was the same with the final OD

600
 when overproduction happened in LB. Both proteins are 

overproduced at moderate levels.  
D. Expression profiles of the GafASw and GafASm when BL21 Star cells are grown in Terrific Browth (TB) 

media. The final OD
600 

was 2x higher than when LB was used.  High overproduction levels are achieved 
for GafASw and moderate in the case of GafASm. 

The predetermined overproducing conditions tested in the trials above were: gafASw and gafASm 
expression from pET20b in BL21(DE3) Star cells at 20 °C. The sampling occurred at 0 and 20 hours 
(timepoint at which the protein yields reached near - maximum in LB) following induction of expression 
with IPTG. The sampling for the Autoinduction (AI) media occurred at 18 hours following initiation of 
growth at 20 °C.  
Time (t) is equal to the number of hours post induction (not applicable to AI media) and arrows indicate 
the position of an overproduced protein.  
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on a 12% SDS-PAGE resolving gel. The analysis showed that GafASw and GafASm were 

successfully overproduced in the PB and TB media, respectively (Figure 2. 17 B, D). As 

the final cell biomass was doubled in PB as compared to LB, the first replaced the 

latter in the overproduction of GafASw. 
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2. 4 Discussion  

The furanose form of arabinose is a frequent sidechain present in the 

arabinoglucuronoxylan of the bioenergy grasses. The high quantities of this sugar 

released following chemical and enzymatic pretreatments of the grasses, raise its 

importance as a carbon source for the fermenting bacteria at downstream stages of 

the biofuel production. Its complete release from the xylan polysaccharide following 

chemical pretreatment is considered necessary despite many studies use industrial 

cocktails of hydrolases which do not include L-arabinofuranosidases (). A more 

correct methodology should aim for efficient removal of L-arabinofuranose instead as 

this would free more sites for xylanases to bind on the backbone of xylan (Li et al., 

2014; Sakamoto et al., 2011). Therefore, the high titer of L-arabinofuranose in the 

fermenting media demands optimisation of the transport machinery for its uptake 

which will increase growth rates and consequently lead to higher titre of biofuel. The 

work described here, identified bacterial orthologue SBPs of an established ABC 

GalactoArabinofuranose (Gaf) SBP; ie. YtfQ from E. coli (Horler et al., 2009), with 

potentially preferential binding of arabinose over galactose. The investigation was 

prompted assuming that the various ecological niches the bacteria reside in, would 

act as an evolutionary pressure and ultimately give rise to different subsets of binding 

specificities for the GafAs. Particular focus was given to the SBPs from bacterial 

symbionts and pathogens, as the efficient uptake and utilisation of arabinofuranose, 

present in the arabinoxylan and the root exudates, is expected to provide a 

competitive edge in the colonization of the crowded soil environment (Basic et al., 

1986; Aguedo et al., 2013; Ji et al., 2015). 

Initial phylogenetic analysis, including all the GafAs, showed that these are 

widespread across a range of bacterial phyla and classes thus underlining that a 

necessity exists for the transport of the furanose form of sugars, and particularly for 

arabinofuranose. When the phylogenetic analysis was performed including a reduced 

number of GafAs which exhibit interesting genomic context related to arabinose or 

galactose utilisation, the separation into individual clades became apparent. The 
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general trend of clustering was dictated by the phylum/class, in such way that GafAs 

of the same class clustered with their most cognate GafAs from the same phyla. Only 

notable difference is the clustering of γ-proteobacterial GafAs (Cellvibrio japonicus 

Ueda107 and Marinomonas sp. Mw1) within the clade of α-proteobacterial ones which 

could be due to horizontal gene transfer.  Preliminary analysis using the online 

database HGTree gave more insights to the presumptive gene transfer event. HGTree 

(Jeong et al., 2016) provides putative genome-wide horizontal gene transfer events for 

prokaryotic genomes by reconstruction of maximum likelihood trees for each 

orthologous gene and for respective 16S rRNA. The two trees are reconciled under 

parsimony framework so they give rise to reliable predictions. Using only a 

phylogenetic tree to infer vertical evolution could be unreliable because statistically 

significant sequence is not necessarily the result of vertical evolution (Koski and 

Golding, 2001; Ravenhall et al., 2015). Therefore, any predictions made by HGTree will 

differ to our trees in that they are supported by 16S rRNA reference trees. The database 

predicts that GafAs from Cellvibrio japonicus Ueda107 and Marinomonas sp. Mw1 are 

both the product of horizontal gene transfer from α-proteobacteria of mainly 

Agrobacterium, Rhizobium species. This would provide an explanation of why they 

cluster in the α-proteobacteria clade. However, the same applies for some γ-

proteobacteria from the large cluster which includes GafAEc, rahaq2_4397 (Rahnella 

aqualitis) and asa_2140 (Aeromonas salmonicida subsp. salmonicida A449). This 

would explain why the Rahaq2_4397 and KKA50977 from γ-proteobacteria cluster 

with α’s in the smaller tree constructed. When α-proteobacteria, eg. snov_0124 

(Starkeya novella) and atu3222 (Agrobacterium fabrum str. C58), are the starting query 

in HGTree they still represent donors of GafAs to γ-proteobacteria. Therefore, we 

expect that the GafAs from γ-proteobacteria were derived from α-proteobacteria by 

either horizontal or vertical gene transfer. Most notably, the shewana3_2073 (ie. 

GafASw) and sbal223_2147 (Shewanella baltica OS223) are predicted to be derived from 

a horizontal event from either of sde_0766 (Saccharophagus degradans), cja_3019 

(Cellvibrio japonicus) and mmwyl1_3535 (Marinomonas sp. Mw1). Therefore, we 

predict that the GafASw could have been horizontally transferred from cognate 
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bacteria of the same phyla, who themselves obtained gafAs from α-proteobacteria. 

However, more evidence is required to conclude on definite horizontal gene transfer 

events, such as examination of genomic signature (eg. GC bias, nucleotide 

composition and codon usage) to corroborate the above predictions. Since the current 

study is oriented towards biochemical analysis of SBPs, we don’t pursue this further.  

The genomic context of GafASw and GafACb shows high relevance to 

arabinan/arabinose utilisation. Most of the arabinofuranosidases found in close 

proximity to the gaf operons in the bacteria analysed, are classified in CAZy as 

members of the GH43 and GH62 family. These enzymes normally catalyse hydrolysis 

by inversion of the anomeric carbon, which releases the β anomer of L-

arabinofuranose. The latter is implied from examination of a GH62 

arabinofuranosidase from S. coelicolor; its resolved structure was co-crystallised with 

β-L-arabinofuranose bound, representing the product state of inverted catalytic 

process which retained the furan form (Maehara et al., 2013). Most GH43 

arabinofuranosidases with crystal structures are bound to arabino-xylooligomers and 

therefore we are unable to infer the same conclusion as above. XALc_0946 

(Xanthomonas albilineans), Xcel_0412 (Xylonimonas cellulolytica) and AMED_3994 

(Amycolatopsis mediterranei) all neighbor with gaf operons and are 

arabinofuranosidases from GH51 and GH54 families. These hydrolyse by retention of 

the anomeric carbon (Bouraoui et al., 2016) and thus are often co-crystallised with α-

L-arabinofuranose as their catalytic product (Hoevel et al., 2003). The above analysis 

combined with the fact that the aforesaid gene operons are both predicted to be 

regulated by arabinose-controlled TFs, are solid indications for a preference towards 

arabinose released from plant polysaccharides or root exudates.  Unlike gafASw and 

gafACb, gafAEc is likely to the induced by GalR as suggested by Horler et al., 2009. 

Also, galactose is present in LB and MOPS minimal media as GafAEc was co-purified 

with it bound at both conditions. Assuming that the galactose concentrations are 

present at induction levels, and considering that: 1. GafAEc is present in both of the 

aforesaid conditions and 2. AraC exerts a non-canonical regulation to the GafABCDEc, 

then the expression is most likely to be regulated by GalR/S.  Deletion of GafASw 
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causes a decrease in fitness of Shewanella sp. ANA3 when grown on minimal media 

with arabinose (Wetmore et al., 2015) and the bacterium in question cannot grow on 

galactose (Rodionov et al., 2010). The first proves the essentiality of the system in 

uptake of L-arabinose and raises questions about the existence of an arabinopyranose 

transporter; the second finding points out that in case the GafABCD is present when 

galactose is in proximity to Shewanella sp. ANA3 then it is unable to recognise this 

ligand. These indications led to us to choose the above two candidates for further 

characterisation along with GafASm. The operon expressing the latter is induced in 

the presence of L-arabinose and D-fucose which are prominent monosaccharides of 

the root mucilage (Nguimbou et al., 2012; Tyler, 1965).  

Due to consecutive failures to overproduce the GafACb and only achieving this at a 

late stage in the project the characterisation of this ortholog wasn’t possible. GafASw 

and GafASm both overproduced at moderate levels when the incubation temperature 

was lowered to 20 °C and the RnaE was not produced in the cell ie. BL21 Star cells. 

These conditions slow down the production rate (Schein and Noteborn, 1988; Vasina 

and Baneyx, 1997) and also decrease the protein aggregation which is favoured at 

higher temperatures (Baldwin, 1986; Schellman, 1997). Further they promote its 

stabilisation at the RNA level. However, when working at the lower end of the 

temperature range, slower growth and reduced synthesis rates can result in lower 

protein yields. Therefore, we used different overproducing media to achieve higher 

yields; indeed, TB and PB sustained overproduction and allowed higher cell density 

by the end of the incubation.   

The periplasmic extraction of overproduced GafASm using ICOS, resulted in isolation 

of two protein species. The analysis with FT-ICR-MS showed the presence of a larger 

species which was assumed to be GafASm with partially processed PelB sequence. The 

observed size of the undefined species doesn’t fully match the predicted size of the 

possible combinations for partially cleaved GafASm. N-terminal sequencing would be 

a suggestion to resolve this issue, albeit the protein was extracted using TSE, which 

was shown not to release the undefined version of the protein. Other studies have 
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reported such incident when attempted to overproduce exogenous periplasmic in E. 

coli, including the pelB tagged Vpu protein from HIV-1 (Deb et al., 2017) and pelB 

tagged alkaline phosphatase IV from Bacillus subtilus (Koksharov et al., 2013). 

Assuming the unprocessed version of the protein is still anchored on the inner 

membrane or localised in the cytoplasm then treatment with TSE is not efficient in 

releasing cytoplasmic contents. Interestingly, a band with almost double the 

molecular weight than AraFCb was identified by peptide mass fingerprinting to be 

DnaK (data not shown), which is a cytoplasmically localised chaperone. The fraction 

for AraFCb extraction was treated with ICOS rather than TSE, verifying the potency 

of the first.  
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Chapter 3  

Biochemical and structural analysis of 
GafASm from Sinorhizobium meliloti 
1021 and GafASw of Shewanella sp. ANA 
– 3 
 
The work presented in this chapter aims to provide biochemical insights into the 

function of both of the selected GafAs, ie. GafASm and GafASw, and structural 

information about the binding cavity of GafASw. The introduction emphasizes the 

importance of SBPs in functional transport engineering as they determine the substrate 

specificity of their ABC transport systems. Different classes of SBP are introduced with 

examples from characterised ABC systems, such as MglB and GafAEc. Thereafter, the 

reader is introduced to the techniques involved in the characterisation of the SBPs in 

this study. The first part of the Results concentrates on the efforts to characterize the 

binding specificity of the GafASm and draw comparison to GafAEc. Further, as GafASm 

its proven to bind galactose, its presence in the overproducing media leads to the next 

experiments which intended to purify ligand – free protein. The following sections 

include the biochemical analyses used to determine the binding constants of GafASm 

ligands. The second part of the chapter focuses on the determination of the binding 

specificity of GafASw, followed by a buffer assessment, similarly to GafASm. 

Subsequently, the binding constants are determined and the inability of GafASw to 

bind galactose but still bind L-arabinose is verified. As this is a desired feature of a GafA 

protein, the final part of the chapter describes the efforts to crystallise the GafASw and 

obtain its structure. The structure is compared to the GafAEc, and the unique features 

of the binding cavity of GafASw which render D-galactose binding unfavourable while 

retaining L-araf binding, are identified and explained.  
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3. 1 Introduction 

This study is originated following the discovery of the furanose-specific GafABCDEc 

system from E. coli made by Horler et al. (2009). The SBP of this system is able to bind 

L-araf; an abundant branching unit of the plant polysaccharide xylan (Horler et al., 

2009).  Horler et al.’s discovery has underlined the importance of ABC transport in 

scavenging the full content of sugars released in the extracellular environment of 

bacteria, including both pyranoses and furanoses. As an effort to gain more 

information about L-arabinofuranose-specific transport we identified potential 

candidate SBPs, ie. GafASw and GafASm, which based on their genomic context, 

predictions and experimental data about their expression as well as growth assays (see 

Chapter 2) suggested that they seem to be ‘biased’ towards arabinose over galactose 

binding. Further analysis of how these GafAs bind the sugar in question and how this 

differs to the E. coli ortholog, ie. GafAEc, will ultimately lead to direct engineering of 

the GafAs in an effort to increase the transport efficiency of this xylan-derived sugar.  

The above approach is essentially targeting solely the SBPs of the ABC systems for 

metabolic engineering, avoiding any modifications on the membrane-bound 

components such as the transmembrane domain (TMD) and the nucleotide-binding 

domain (NBD). This is a logical strategy as it has been suggested that, as far as binding 

protein-dependent ABC transporters are concerned, the substrate specificity is 

exclusively determined by their SBPs and the transmembrane components act only as 

a nonspecific pore to allow substrate translocation across the inner membrane 

(Dawson, Hollenstein and Locher, 2007). The subsequent sections will introduce the 

reader to the different classes of the bacterial SBPs that exist and also provide notable 

examples of carbohydrate binding ones.   

 
3. 1. 1 Structural classification of SBPs 

 
The first SBP protein to be crystallised was the L-arabinopyranose binding protein 

(AraF) (Quiocho et al., 1974), and due to rapid advances in protein crystallisation and 

structure elucidation, many more structures have been deposited in the Protein Bank 
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Database (PBD) since then. The general structure of SBPs includes two α/β domains, 

featuring a central β-sheet formed by five β-strands which are surrounded by α-helices 

(Figure 3. 1). A hinge region connects the two domains, with the binding site normally 

located buried in between the two domains.  The hinge allows for flexibility and free 

rotation of the domains in the absence of the ligand (Tang et al., 2007). This structural 

state of the protein is known as the apo- or open-unliganded (Quiocho et al., 1996), 

from which transitions to the closed-liganded state by trapping the ligand in between 

its two domains. The binding process is known as the “Venus Fly-trap” mechanism 

because of its apparent resemblance to how the Venus flytrap captures an insect.  

 
Fukami-Kobayashi et al. (1999) have attempted to classify the SBPs based on the 

connectivity of their secondary structural elements and the topology of the β-sheets 

in the center of the structure (Fukami-Kobayashi et al., 1999). The group has defined 

two Classes based on the criteria above, and a third one was later introduced by Lee 

et al. (1999) following the discovery of a zinc-binding protein, ie. TroA (Lee et al., 

1999). Generally, although with some clear exceptions, SBPs with the same type of 

substrates are grouped in the same class. Conversely, the size of the protein does not 

correlate with the class it belongs to (Berntsson et al., 2010). The unique structural 

elements distinguishing the SBPs into the three classes are mentioned in the sections 

below. 

 
3. 1. 1. 1 Class I SBPs 

 
The members of the Class I are characterised by a unique hinge region formed by three 

distinct strands connecting the lobes (highlighted in Figure 3. 1), thus positioning the 

N- and C-terminus within the same domain. Further, the β-sheet topology of the 

overall structure is β2β1β3β4β5 (Fukami-Kobayashi et al., 1999). The present class is 

the most relevant to this study, as its most prominent members are SBPs binding 

carbohydrates (ie. D-ribose, D-glucose, D-galactose, D-xylose and L-arabinose). Other 

members include SBPs responsible for binding of natriuretic peptides, autoinducer-2  
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Figure 3. 1. Distinct features of the SBPs classes and examples of their members. 
A distinct feature of most of the SBPs members from Class I are the three interconnecting 
segments between their two domains. This class includes the SBPs for L-arabinopyranose, 
D-allopyranose, D-glucose, D-galactopyranose and D-ribopyranose.  
The Class II is comprised by members with various features: The SBP shown at (A) contains 
two relative short hinges connecting the two domains. This feature is encountered in the 
structures of maltodextrin (shown here), molydbate, thiamine, and SBPs for iron binding. In 
(B) the SBPs structure contains an additional domain which increases its size considerably 
compared to other structures. Such feature is commonly detectable in SBPs for di and 
tripeptides, cellobiose, arginine and nickel. The group C of the Class II is comprised by 
members typically found in TRAP systems, such as SBPs which bind sialic acid, ectoine, 
glucuronic acid and galacturonic acid. These entail a large helix which functions as a hinge 
region.  
A unique characteristic found in members of the Class III is a single connection between the 
two domains in the form of a rigid helix. Some examples from this class include the vitamin 
B12, zinc, heme and siderophore SBPs.  
The proteins used to illustrate the features are: Class I = AraF (E. coli, 1ABE), Class II (A) = 
MaltodextrinBP (E. coli, 4MBP), (B) = OppA (Lactococcus lactis, 3DRF), (C) = SiaP 
(Haemophilus influenzae, 2WYP), Class III = BtuF (E. coli ,1N2Z). The classification presented 
here is based on Fukami-Kobayashi et al., 1999. The distinct features of each class are 
highlighted with blue or red.  
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and branched chain amino acids such as the leucine/isoleucine/valine binding protein  

(Sack et al., 1989). The SBPs of this class mainly interact with Type I ABC transporters, 

with some of the SBPs showing high  primary sequence identity to ligand binding 

domains in lac-repressor type transcription factors (Berntsson et al., 2010); as a result, 

such incorrectly annotated proteins are often retrieved following BlastP searches of 

Class I SBPs.  

 
3. 1. 1. 2 Class II SBPs  

 
The Class II is the most variable in terms of the distinguishing features of its members. 

The β-sheet topology of this class is β2β1β3βnβ4, with n indicating the domain 

swapped strand after the initial cross-over from the N-terminal to the C-terminal 

domain (Fukami-Kobayashi et al., 1999). A subset of the members of this class form a 

unique group in that they contain an extra domain (highlighted in Figure 3. 1B) 

therefore, extending their size which typically ranges from 55 to 70 kDa (Berntsson et 

al., 2010). These SBPs interact with Type I ABC importers and recognise diverse ligands 

including di- and tri-peptides, nickel ions, cellobiose and arginine (Berntsson et al., 

2010). The extra domain in some of these peptide-specific SBPs lengthens their 

binding cavity to accommodate large ligands, ie. comprised of more than 20 peptide 

residues.  

 
A larger group within the Class II, includes members which bind carbohydrates, 

putrescine, thiamine as well as ferric or ferrous ions. The distinct feature of this group 

is that they have two short strands which form the hinge region (Figure 3. 1A). A well-

studied example belonging of this category is the Maltose binding protein (MBP, 

MalE) from E. coli (See General Introduction 1. 4. 3) (Spurlino, Lu and Quiocho, 1991).  

 
Another example of unique structural elements exhibited by a subset of this class, are 

the SBPs from the TRAP transporter systems (tripartite ATP-independent periplasmic 

transporter). In contrast to the ABC transporters, the TRAP systems employ an 

electrochemical current (of H+ or Na+) to achieve the uphill translocation of their 

substrates. The SBPs of TRAP systems are also known as ESRs (extracellular solute 
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receptors) to distinguish them from their ABC counterparts. A distinguishing feature 

of the TRAP ESRs is the presence of an extra helix that spans across both domains 

(highlighted in Figure 3. 1C) (Berntsson et al., 2010). All of the ESR structures 

elucidated to date contain this long helix; examples of TRAP systems are ectoine (ie. 

UehA) (Lecher et al., 2009), lactate (Gonin et al., 2007), sialic acid (Severi et al., 2005) 

and glucuronic acid (Vetting et al., 2015). The conserved interaction between an 

arginine residue in the ESRs binding cavity and the carboxylate group of the substrates 

has been postulated to restrict the substrate range of TRAP systems to carboxylate-

containing substrates (Fischer et al., 2015).  

 
3. 1. 1. 3 Class III of SBPs 

 
This class encompasses members with an α-helix serving as the interconnecting hinge 

region between the two domains (Berntsson et al., 2010) (Figure 3. 1). The helix is 

thought to increase the inflexibility of the structure, as reflected by the minimal 

movement of the domains upon ligand binding. An example of this rigid structure is 

the BtuF, the SBP responsible for the vitamin B12 uptake in E. coli, which rotates a mere 

4° upon substrate binding (Hvorup et al., 2007).  

 
3. 1. 2 Bacterial SBPs involved in binding of xylan-derived sugars 

 
Some of the first monosaccharide-specific SBPs to be characterised were from E. coli. 

These included the ribopyranose-binding protein (RbsB) (Mowbray and Cole, 1992), 

the galactopyranose/glucose-binding protein (MglB) (Vyas et al., 1983) and the 

arabinopyranose-binding protein (AraF) (Figure 3. 2). Since then a huge progress has 

been made using E. coli as the workforce and overproducing host to identify and 

characterise novel SBPs. One of the SBPs identified with pivotal importance to this 

study was the furanose-specific SBP ie. YtfQ (GafAEc) (Horler et al., 2009). As already 

mentioned, the furanose forms of sugars are highly unfavoured in solution, with the 

6-membered ring form ie. pyranose being the predominant form. However, such 

concentrations still appear to be adequate for bacteria that are scavenging carbon and 

competing with other species in the colonisation of niches including the cell wall of  
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Figure 3. 2. Examples of bacterial SBPs from E. coli involved in the binding of 
xylan-derived monosaccharides.  
(A) The 3D structures of the GafAEc (purple, 2VK2), AraF (olive green, 1ABE) and XylF (green, 3MA0) 

from the ABC transport systems responsible for uptake of galacto-arabinofuranose, 
arabinopyranose and xylopyranose, respectively. The structures are shown in the same orientation 
to demonstrate the conservation of fold in these SBPs. The ligands are shown in the stick format 
(green carbons).  

(B) The binding sites of the 3 SBPs to illustrate the conservation of the triad Asn, Asp (or Asn) and 
Arg at the bottom of the binding site. The triad is also part of binding sites from other sugar SBPs 
including MglB (D-galactopyranose), RsbB (D-ribopyranose) and AlsB (D-allopyranose). 
Hydrogen bonds/ salt bridges at GafAEc binding site are indicated with dashed lines.   

The annotated binding sites were derived from Maqpool et al., 2015. 
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plants and the rhizosphere, to justify an extra dedicated transporter. Combining the 

function of the arabinopyranose-specific transport system (ie. AraFGH) and the 

arabinofuranose-specific system (ie. GafABCD) will enable a bacterium to rapidly and 

fully utilise the 100% of the L-arabinose present in the solution. Another important 

SBP for such application is the XylF from the xylopyranose-specific ABC system ie. 

XylFGH; this system is capable of scavenging be responsible for the transport of the 

released monosaccharides from the backbone of the xylan feedstock.  

 
3. 1. 2. 1 Binding cavity of xylan-relevant carbohydrate SBPs 

 
The SBP of interest in this study, ie. GafAEc, binds L-arabinose and D-galactose with 

similar binding affinity which was found to be 1.3 μM and 1.7 μM respectively (Horler 

et al., 2009). When the relative furanose concentrations in solution are taken into 

account, the KDs are even lower and equal to 0.24 and 0.30 μM for L-arabinofuranose 

and D-galactofuranose, respectively (Horler et al., 2009). The crystal structure of 

GafAEc was obtained with D-galactofuranose bound and upon closer examination the 

structure exhibits features commonly found in monosaccharide SBPs. It shares a very 

similar fold to XylF and AraF (Figure 3. 2A), as they all three belong to Class I SBP and 

therefore harbour three short peptide stretches as their hinge region which connects 

their N-terminal to C-terminal domain. The bottom side of the binding site contains 

conserved arginine, asparagine and aspartate residues with some also seen in AraF 

and XylF cavity (Figure 3. 2B). The triad is also conserved in other monosaccharide 

SBPs not presented here including RbsB, AlsB (D-allopyranose) and MglB (D-

galactopyranose) (Maqpool et al., 2016). When GafAEc binding cavity is compared to 

its closest sequence and structural homologue, the D-ribopyranose binding protein 

RbsB, a specific adaptation in GafAEc is detected, where a phenylalanine in RbsB is 

now an arginine (Arg17) in GafAEc (Figure 3. 2B). The same observation is made when 

GafAEc is compared to its L-arabinopyranose counterpart, ie. AraF. The addition of a 

positive charge supports the formation of a salt-bridge, formed with Asp90, which 

changes its conformation in such way that it now points away from the binding 

pocket. This extra ‘space’ generated is to accommodate the extended form of the 
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furanose sugars (Maqpool et al., 2016). Characteristics of the binding sites similar to 

the aforesaid give rise to unique ligand specificity, therefore we are prompted to gain 

more structural information about any of the two selected GafAs with distinctive and 

interesting ligand binding capabilities.     

 
3. 1. 3 Techniques employed in the characterisation of SBPs  
 
The biochemical characterisation of SBPs is essential when one would like to 

investigate the ligand binding specificity and perform thermodynamic analysis so that 

comparison can be drawn between orthologs. An extensive biophysical analysis is 

normally preceding the determination of the thermodynamic parameters, ie. binding 

affinities, enthalpy of reaction (ΔH°) and Gibbs free energy (ΔG), to ensure that the 

calculated values of the aforesaid parameters are accurate. The proteins in the current 

study had their stability and activity assessed in different acidic and alkaline buffers 

using differential scanning fluorimetry (DSF). Following purification of GafASm with 

Guanidine hydrochloride (GnHCl) to remove potential prebound ligand, the refolding 

of the protein back to its active state was confirmed using Circular Dichroism (CD). 

Finally, the monomeric state of GafASw in buffer was confirmed using Size Exclusion 

Chomatography - Multi-Angle Laser Light Scattering (SEC-MALLS). The initial 

thermodynamic analysis of the proteins proceeded with a DSF qualitative assessment 

of binding to determine the ligand specificities. The binding of the ligands was 

confirmed with intrinsic fluorescence experiments which some leading to 

determination of KD values. Lastly, the calculated KD values were confirmed using 

Isothermal Titration Calorimetry (ITC). The following section introduces the basic 

principles of each of the aforementioned techniques.  

 
3. 1. 3. 1 Differential scanning fluorimetry (DSF)  

 
The ability of the SBP to maintain its activity and stability at different temperatures 

and buffer conditions is a direct outcome of its inherent structure and conformation. 

A reliable and inexpensive method which can quickly provide such important 

information about the SBPs is the Differential scanning fluorimetry (DSF) or the 
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Thermal Shift assay. While known for a long time (Weber and Laurence, 1954), 

thermal shift analysis has recently become a widely established method for efficient 

screening of ligand binding or conditions which improve stability of the protein. As 

buffers, salts and other nonspecific detergents normally exert a stabilising effect on 

the proteins, DSF is a convenient assay used for screening such ingredients to 

facilitating selection of conditions which lead to a stable and fully active protein. The 

plethora of these conditions are tested in a fast and easy manner as the assay requires 

low protein concentration and amount of dye. Although the idea that the fluorescence 

increases when dye molecules accumulate to the hydrophobic regions of a protein has 

been known for more than 60 years (Weber and Laurence, 1954), it is only recently 

that this robust method has been put into application as a protein – ligand interaction 

screening method (Cummings et al., 2006, Sorrell et al., 2010). As firstly decribed by 

Koshland (1958) and Linderstrøm-Lang (1959), the binding of ligands stabilises the 

protein and increases its thermal stability (Koshland, 1958; Linderstrøm-Lang and 

Schellman, 1959). The site-specific binding of ligands influences the stability of the 

protein and usually increases its melting temperature; thus, DSF is a frequently 

employed in elucidating information concerning function studies, including allosteric 

effectors or in the case of the current study for the determination of the substrate 

specificity. The stabilizing effect of the ligands on the protein is thought to be the 

outcome of the coupling between two mutual processes under equilibrium: binding 

and unfolding (Fukada et al., 1983, Sturtevant 1987). The extra free energy is believed 

to be accounted for the shift in the unfolding temperature of the protein when bound 

to a ligand (Shrake and Ross, 1990; 1992). Further, conformational changes could also 

be contributing to this effect, as mutations which changed the packing of the inner 

core modified the protein stability (Richards, 1997).  

 
The method is based on the non-specific binding of the environmentally sensitive dye, 

SYPRO orange, to the protein hydrophobic surfaces. SYPRO orange is considered the 

dye with the most favourable properties, owning to its high signal-to-noise ratio. 

Other dyes, such as 1,8- ANS, can be tested in case no unfolding transition is observed 

with SYPRO orange. When the protein unfolds during thermal denaturation, the 
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exposed hydrophobic surfaces bind the dye, resulting in increase in fluorescence by 

displacing water (Figure 3. 3A). As mentioned above, an increase in the melting 

temperature ie. Tm (also known as the temperature of hydrophobic exposure, ie. Th) 

of the protein + ligand samples compared to protein- only indicates that the protein 

binds the ligand.  The Tm for each condition is equal to the midpoint of the sigmoidal 

curve which plots the raw fluorescence signal against the temperature (Figure 3. 3A). 

In the present study, the Tm of the proteins was calculated using the curves of the 

first derivative of the fluorescence emission as a function of temperature plotted 

against temperature. In such cases, the Tm is equal to the x axis value at the minimum 

of each curve (Figure 3. 3B).  

 
3. 1. 3. 2 Circular dichroism (CD) 

 
The unique tertiary structure of each protein is stabilized by multiple weak 

interactions, which includes hydrophobic interactions, hydrogen bonds and ionic 

interaction. This complex network of interactions determines the function of proteins 

(Rawn, 1989; Nelson and Cox, 2000). Nelson and Cox (2000) have suggested multiple 

treatments with reagents that can disrupt the intramolecular interactions and severely 

impact or cause collapse of the three-dimensional structure of the proteins, leading to 

complete loss of function. This illustrates the relationship between the conformation 

of the mature protein and its function.   

 
The CD technique measures the unequal absorption of right- and left-handed 

circularly polarized light by the molecule. Proteins are optically active molecules 

because of the asymmetric carbon atom of their amino acids (ie. chiral 

chromophores), present in the L or D configurations.  More importantly, the 

dextrorotary and levorotary nature of the secondary elements of a protein, such as α-

helices and β-barrels, impart a distinct CD and produce unique CD spectral signatures 

making the method suitable for assessment of the structural stability (Figure 3. 4C). 

The obtained CD spectra can be readily used to estimate the fraction of a molecule 

found in the β-sheet, the α-helix or the β-turn conformation (Whitmore and Wallace, 
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Figure 3. 3. Principle of Differential Scanning Fluorimetry.  
A) The thermal shift assay is normally performed in a real-time qPCR machine and the protein 

is subjected to increasing temperatures ranging from 25 ∘C to 95 ∘C, in the presence of a dye 
(eg. SYPRO orange). As the protein begins to unfold the dye binds to the hydrophobic areas, 
which were previously unexposed, thus displacing water and causing a surge in the 
fluorescence signal. Thereafter the signal begins to decrease as the protein denatures 
completely which leads to dye dissociation. The whole process gives rise to a sigmoidal curve 
which represents cooperative unfolding of the protein. The Tm corresponds to the midpoint 
of the denaturation curve which can be calculated by non-linear fitting of the sigmoidal 
curves to a Boltzmann Equation.  

B) The DSF data can also be presented with the first derivative of the fluorescence emission as 
a function of temperature (-dF/dT) plotted against temperature. The Tm in these melt 
derivative plots, is equal to the x value at the minimum of the curve. The example shown, 
confirms that the presence of ligands stabilises the protein and increases the Tm.  

The figure at (A) was produced by Goran tek-en as part of the Creative Commons organisation.   
The melt derivative plot of figure (B) is derived from this study and presents the change in the 
melting temperature of GafASm in the presence of D-galactose or L-arabinose. ΔTm corresponds 
to the change in the Tm of the unbound protein (black) compared to the bound forms (blue and 
orange).  
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Figure 3. 4. Use of circular Dichroism for confirmation of renatured protein 
structure.  
A) Treatment with GnHCl can release prebound ligands from purified proteins. 
B) Function of Circular Dichromator: Monochromatised light goes through a Photo 

Elastic Modulator (PEM) which converts the linear polarised light into alternating 
(circularised) left and right handed polarised light. The two polarisations are 
differently absorbed when a chiral chromophore is present in their pathway. The 
difference in absorption is then detected by a Photo Multiplier Tube (PMT) and 
produces the CD signal (AL-AR).  

C) Characteristic CD spectral signatures for α-helices (blue), β-sheets (red) and random-
coil (black). 

The structure of GafAEc is shown at (A) bound to D-galactofuranose.  The figure at (B) was 
obtained from the ASTRID2 webpage of ISA facilities (AARHUS University). The CD 
spectra of the secondary elements was obtained from Lehninger Principles of Biochemistry 
(6

th
 Edition 2013, H. Freeman and Company). 
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2008); therefore, the CD is a valuable tool to analyse changes in the protein 

conformation.  

 
A circular dichroism spectrophotometer is also commonly termed as a circular 

dichroism spectropolarimeter or a circular dichrograph (Greenfield et al., 2007). 

Inside the spectrophotometer there is a source of monochromatic linearly polarised 

light which becomes either left- or right- circularly polarised light (CPL) by passing it 

through an optical element known as the photo-elastic modulator (ie. PEM) (Figure 

3.4B). This is a piezoelectric element which when in oscillation (typically around 50 

kHz), induces stress to the attached silica component which in turn becomes a 

quarter-wave plate (Greenfield et al., 2007). This in turn retards the linearly polarised 

light to produce left and right – polarised light at the drive frequency. On the other 

side of the sample position there is a light detector (ie. PMT) (Figure 3.4B). When 

there is a sample in the light path then the recorded light intensity is not constant, 

but instead it reflects the chirality of the molecule as the left- and right- CPL absorbed 

differ. By using an amplifier tuned to the frequency of the PEM, it is feasible to 

quantify the difference in intensity between the two CPLs (vAC).  Also, the average 

total light intensity of PEM oscillations is taken into account to calculate the vDC, 

which accounts for any variations in the total light level. These two parameters, vAC 

and vDC, are then used to calculate the circular dichroism signal (Greenfield et al., 

2007).   

 
3. 1. 3. 3 Intrinsic fluorescence of proteins  
 
Fluorescence is comprised of two steps, the first one includes the absorption between 

electronic energy levels and the second one is the emission at a longer wavelength 

because of the vibrational energy disseminated to the surroundings (Lakowicz, 1999; 

Möller and Denicola, 2002). Since the absorption and emission have different 

detection wavelengths, the sensitivity of fluorescence assays is high and one can 

measure the fluorescence in the nanomolar range. Although remarkable progress has 

been achieved in the fluorescent labelling of proteins and the application thereof, 

several shortcomings still exist.  The tedious and time-consuming procedures 
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encountered during labelling of the targets may lead to unpredicted complications 

during the experimental runs. It is generally accepted that some of the labels act by 

forming covalent interactions with the biomolecules, which can lead to structural and 

functional changes of the target protein. In order to avoid this drawback, one can 

utilize the intrinsic fluorescence of the proteins originating from its aromatic acid 

constituents to explore conformational changes upon ligand addition (Ghisaidoobe 

and Chung, 2014).  The amino acids which exhibit characteristic ultraviolet 

fluorescence are the aromatics ie. tryptophan (Trp), tyrosine (Tyr) and phenylalanine 

(Phe) (Teale and Weber, 1957). Trp is the most abundant and is present at 

concentrations near 1 and close to 3 mol % in membrane proteins (Lakowicz, 1999).  

The phenyalanine contribution to the overall intrinsic fluorescence of a protein is 

insignificant, by virtue of its low absorptivity and very low quantum yield (Table 3. 1). 

Despite the similar quantum yield of Tyr and Trp, the latter features an indole group 

which is held responsible for its high molar absorption coefficient and slightly higher 

quantum yield (Table 3. 1). Therefore, the fluorescence spectrum of a protein, which 

contains all three amino acids, will usually resemble that of Trp ie. absorbance at 280 

nm, and emission at around 350 nm (Teale and Weber, 1957). Exciting the protein at 

280 nm ensures that both Trp and Tyr are excited and therefore the fluorescence 

spectrum of the protein could also be the product of the combined Trp and Tyr 

absorption, depending on the position and abundancy of these amino acids in the 

polypeptide. However, Trp absorbs 5 times more than Tyr at 280 nm, therefore the 

contribution of the former to the overall signal produced is substantial compared to 

the latter (Chen, 1972; Fasman, 1976). If the researcher wishes to obtain a signal mostly 

derived from the Trp residues then the protein can be excited at 295 nm; at such 

wavelength Trp absorbs almost 30 times more than the Tyr (Chen, 1972; Fasman, 

1976). Excitation at 297 nm ensures exclusion of tyrosine contribution in the 

fluorescence signal (Chen, 1972).  The intrinsic fluorescence of the protein becomes a 

useful tool in quantifying the binding affinity for ligands, only when Trp (and Tyr) 

residues are exposed on the surface and near the bind ing cavity of the SBPs. In such 

incidents, ligand addition shifts the positions of these residues significantly and gives 
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rise to quantifiable change in the fluorescence which can be titrated. The fluorescence 

intensity is linearly related to the concentration of the fluorophore only when dilute 

solutions of the fluorophore are included in the experiments; thus, the protein 

concentration is advised to be kept at 0.5 to 1.5 μM or at concentrations with less than 

0.5 absorbance at the excitation wavelength (Möller and Denicola, 2001). In GHT lab, 

the determination of ligand affinities of GafAEc occurred using its intrinsic 

fluorescence at protein concentrations from 0.5 to 1 μM.  

 

3. 1. 3. 4 Isothermal Titration Calorimetry 

 
The interaction between a protein and a ligand, causes heat release or absorption. The 

only technique able to measure this heat exchange is the Isothermal Titration 

Calorimetry (ITC). This technique is suitable for the investigation of the energetics of 

ligand binding as the analysis results in important thermodynamic information about 

the binding process.  

 
The instrument is consisted of two identical cells, one known as the reference and the 

other is the sample cell. These are made of a highly efficient thermally conducting and 

inert material (eg. gold). The two cells are found embedded in an adiabatic jacket 

(Figure 3. 5A) (Wiseman et al., 1989). The ligand is placed in a syringe device, which 

injects the ligand into the sample cell during the titration and it acts as a stirrer to 

allow mixing of the protein with the ligand (Figure 3. 5A). During the titration, the 

heat released by the binding of the ligand causes a temperature change. This gives rise  

 

Table 3. 1 Fluorescence properties of aromatic amino acids in water (pH= 7).  

*The quantum yield is defined as the ratio of photons absorbed to photons emitted through fluorescence, and gives the 
propability the excited state was deactivated by fluorescence and not by a non-radiative mechanism. The quantum yield of 
the aromatic amino acids was calculated as follows: the intensity of the fluorescence emitted at right angles to the direction 
of excitation is compared with the intensity of the light scattered in the same direction by a glycogen solution (quantum 
yield =1) (Teale and Weber, 1957).  
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Figure 3. 5. Basic principle of Isothermal Titration Calorimetry (ITC).  
(A) Schematic diagram of the components that constitute a isothermal titration 
calorimeter.  
(B) The experiment produces an isotherm which includes the titration thermogram 
(upper section). The thermogram presents the heat per unit of time released following 
each injection of the ligand into the protein. An exothermic reaction releases heat and 
negative peaks are obtained. The individual peaks are intergrated by the software which 
produces a Wiseman plot (lower section). The heat released per mole of injectant is 
plotted against the molar ratio of the two reactants. An appropriate model is chosen and 
the isotherm is fitted to calculate the binding enthalpy ΔH, the binding constant Ka and 
the stochiometry (N). These data are then used to calculate the Gibb’s free energy (ΔG) 
and entropy (ΔS).   
The figure was taken from Song et al., 2015. 



 

 166 

to a difference in temperature between the reference and sample cell. The difference 

in temperature is measured and power is used to compensate and calibrate the sample 

cell back to the initial temperature in between the injections (Wiseman et al., 1989). 

The differential power applied to the sample cells compared to the reference cell is 

monitored and the power is plotted as a function of time to produce a titration 

thermogram (Figure 3. 5B). The data analysis software produces a baseline and 

integrates the area occupied by each peak. The peak area is directly analogous to the 

heat liberated or absorbed upon ligand binding. The heat change is normalised to 

account for one mole of injectant and an ITC binding isotherm is produced by plotting 

the normalised heat against the molar ratio (Figure 3. 5B).   

 

The binding isotherm is used to calculate the following:  

a) stoichiometry (n): is equal to the molar ration at the inflection point of the 

isotherm.  

b) affinity constant (Ka): Ka is calculated using the slope at the inflection point of 

the isotherm; depends on the chosen model.  

c) enthalpy change (ΔH): defines the heat emitted (ie. negative ΔH) or absorbed 

(ie. positive ΔH) by a reaction at a constant pressure. This is equal to the y axis 

value at the lower plateau, provided the upper plateau (ie. 0 kj per mol) is 

reached.  

d) Gibbs free energy (ΔG) and change in entropy (ΔS): ΔG defines the change in 

free energy between the reactants and the ligand bound complex produced, 

and measure the capacity of the system to do work. Negative ΔG means the 

reaction proceeds spontaneously whereas positive ΔG reactions require energy 

input. The ΔS defines the change between the reactants and the formed 

complex. A positive ΔS indicates that the disorder of the system is increasing. 

These two values are calculated by the Gibbs–Helmholtz equation, using the 

thermodynamic parameters mentioned above.  
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3. 1. 4 Objectives of the current chapter  

 
The current study adapts a strategy aiming to obtain more information about L-

arabinofuranose binding, the way itself has developed through natural evolution. The 

aim will be to gain insights into the selected candidates described in Chapter 2 (ie. 

GafASm and GafASw), by using thermodynamic and structural analysis. The kinetic 

analysis will be employed to identify whether the ligand binding specificity of GafASm 

or GafASw differs to the one GafAEc exhibits. Following identification of unique 

ligand binding specificities, the exact binding affinities (KD) will be quantified for the 

ligands which presented the highest affinities. Next, a structural analysis will be 

employed to allow for a structure-function relationship study. The purpose will be to 

identify the unique features of the binding cavity for the GafA candidate with the most 

relevant binding specificity to the scope of this study. We hope that the search for an 

SBP which presents a higher substrate specificity and renders L-arabinofuranose 

binding, will ultimately pave the way to direct engineering of GafAEc for a more 

efficient utilization of the released L-arabinofuranose. Such engineering might 

decrease the ligand specificity and prevent competitive inhibition of L-

arabinofuranose binding by sugars found in the lignocellulosic mixtures eg. D-

galactose.   
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3. 2 Materials and Methods  
3. 2. 1 Purification of ligand free protein using Guanidine hydrochloride 
(GnHCl) 

3. 2. 1. 1 Buffers preparation   

The wash buffer contained the following: 50 mM Tris-HCl buffer pH 7.8, 150 mM NaCl, 

20% glycerol and 20 mM imidazole. Appropriate volume of 6 M Guanidine 

hydrochloride (GnHCl) stock was added in separate aliquots of the wash buffer, so 

that the final concentrations of the different aliquots were 2 M, 1.5 M, 1 M and 0.5 M 

GnHCl. The elution buffer was made up of 50 mM Tris-HCl buffer pH 7.8, 150 mM 

NaCl, 20% glycerol and 500 mM imidazole. The refolding buffer contained the same 

reagents with the wash buffer, mixed with 5o0 mM arginine monohydrochloride, 4 

mM glutathione reduced and 0.4 mM glutathione oxidised. All reagents mentioned 

were sourced from Sigma-Aldrich Ltd.  

3. 2. 1. 2 In-column denaturation and refolding  

 
The periplasmic extract containing recombinant protein was filtered through a 0.2 μm 

filter. A 5 ml HisTrap column (GE Healthcare) was equilibrated with buffer A (50 mM 

Tris pH 8, 200 mM NaCl and 20 mM imidazole) and connected to an AKTA Purifier 

P-900. Filtered supernatant was then injected into a pre-equilibrated column. The 

column was washed with 2 CV of wash buffer (50 mM Tris, pH 8, 200 mm NaCl and 

25 mM imidazole) to remove weakly bound contaminants. The bound protein was 

denatured with 30 CV of buffer containing 2 M GnHCl, followed by 4 CV of each of 

the wash buffer, mentioned in Section 3. 2. 1. 1, containing decreasing GnHCl 

concentrations. Finally, the column was washed with 5 CV reforlding buffer, followed 

by wash buffer protein and the protein was eluted with 50 mM KPi buffer, 200 mM 

NaCl, 20% glycerol, 500 mM imidazole pH 7.8.  
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3. 2. 1. 3 Denaturation by dialysis  

For the purpose of comparing the different methods of GnHCl denaturation, the 

protein was dialysed overnight in 500 ml of denaturation buffer containing 50 mM 

Tris-HCl buffer pH 7.8, 150 mM NaCl and 2 M GnHCl, following its purification in the 

absence of GnHCl (see Chapter 2, Section 2. 2. 6. 2). Subsequently, one of the samples 

contained in the dialysis tube was transferred into a fresh dialysis buffer containing 

50 mM Tris-HCl buffer pH 7.8 and 150 mM NaCl and a different one was placed in a 

fresh dialysis buffer containing refolding buffer and Tris-HCl/NaCl at the aforesaid 

concentrations.  

 
3. 2. 1. 4 Denaturation by dilution  
 
A single fraction obtained following dialysis in the presence of GnHCl, was refolded 

by addition of equal volume of refolding buffer. The protein sample was stored in -80 

°C. 

 
3. 2. 2 Biochemical and biophysical techniques 
 
3. 2. 2. 1 Differential scanning fluorimetry  
 
The thermal unfolding of GafASw and GafASm proteins in different buffers with or 

without the presence of ligand, was monitored using DSF. Separate fractions of the 

proteins were dialysed in the buffers described in the Table 3. 2.   

Table 3. 2. Salts used in buffer and pH screening of GafAs 
*PBS contained 137 mM 
NaCl, 2.7 mM KCl, 10 mM 
Na

2
HPO

4
 and 1.8 mM 

KH
2
PO

4
.   

**0.1 M solution of citric acid 
was used to pH the Tris 
sodium citrate. 500 ml were 
added in 1200 ml of 75 mM 
buffer to decrease pH to 4.5. 
200 ml were added to 1000 
ml of 60 mM buffer to reach 
pH = 5.5.  
a
The Merck Index 12th ed., 

(Entries# 2387 and 8746); 
b
Dawson et al., 1969; 

c
Gerhardt et al., 1981; 

d
Good et al., 1966; 

e
Pearse, 

1980. 
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The proteins were dyed with the fluorescent SYPRO orange supplied with the Protein 

Thermal Shift kit from Thermo Fisher Scientific (Applied Biosystems). The 

experiment was performed in a real - time PCR instrument ie. StepOnePlusTM Real 

Time PCR Systems.  Protein - ligand solutions were dispensed into the wells of a 96 - 

well thin wall PCR plate (ie. Genomic Fast Optical 0.1 ml plates) which were supplied 

from Fisher Scientific. Each well contained 3 μM protein, 0.1 × (2.5 μl of 0.8 ×) SYPRO 

orange and appropriate volumes of ligands. Different stocks of the ligands were 

prepared, so that 2 μl were transferred in each well to reach desired concentrations of 

0.6, 6, 60, 600 and 1200 μM.  A final well volume of 20 μl was filled up by the protein’s 

buffer.  For each run, there were 8 reference wells where ligands were excluded. Also, 

4 reference wells were included which did not contain protein or ligand but only 

buffer. The plates were sealed with optical sealing tape (Bio-Rad). The instrument run 

was set as instructed in the manual by the Applied Biosystems. The plate was heated 

up to 99 °C in increments of 0.5 °C. 

 
The data analysis was undertaken using Microsoft Excel. Firstly, the representative 

temperatures applied to the wells throughout the timecourse were obtained by 

averaging the melt region temperature for each timepoint, ie. the temperatures 

applied on the wells of the plate were marginally different for each timepoint. This 

marginal variability in temperatures for each well was not taken into account in the 

Tm calculations, as the differences were down to the third decimal point, and the 

nature of the experiment was qualitative. The temperature averages for each 

timepoint were matched to the respective –d(RFU)/dt values from the melt derivative 

data. The minimum –d(RFU)/dt value for each replicate of the samples containing 

protein only was detected and the temperature at that point was noted. The average 

of the temperatures at the collected minima points was equal to the Tm of the protein 

without the presence of any ligand. The standard deviation for the average was 

calculated using the respective function in Microsoft Excel. The same analysis was 

applied for each replicate of the protein with added ligands at the various 

concentrations mentioned above. The ΔTm was calculated by subtracting the average 

Tm for the protein-only sample from each replicate of the individual ligand 
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concentrations. This resulted in 8 (or 4) ΔTm values for each concentration of the 

ligand tested, which were thereafter averaged to obtain the plotted ΔTm values. A t-

test was performed to assess whether the mean values calculated for the ΔTms are 

equal. The ΔTm mean values were always compared to the one condition that caused 

the highest ΔTm in presence of the respective ligands. The analysis was performed in 

Microsoft Excel using the respective function by applying a two – tailed distribution 

with two – sample unequal variance. The percentage in decrease of stability was 

calculated by using the difference between the highest Tm (or ΔTm for the activity) 

and the condition in question. The difference was divided by: a) the Tm of the 

condition in question, for the stability or b) the ΔTm at highest activity and thereafter 

multiplied by 100 to calculate the percentage. The data were plotted in GraphPad 

Prism 7.0.  

 
3. 2. 2. 2 Circular Dichroism (CD) spectroscopy 
 
CD spectra analysis was used to assess the stability of GafASm fractions which were 

treated with GnHCl during purification, or in succeeding dialysis steps. The spectra 

were obtained using a J-810 spectropolarimeter (Jasco) controlled by the supplied 

software SpectraManager version 1.53.00 (Jasco). Protein was dialysed into 50 mM NaF 

and 20 mM Tris-HCl pH 7.5 and diluted to a concentration of 6 μM. The spectrum was 

recorded at 20 °C (Peltier temperature controller) in a 1 mm pathlength quartz cuvette 

(Starna) between 180 – 240 nm at 100 nm/minute with 1 nm pitch. The molar elipticity 

(θ) obtained from the values was corrected by subtracting the buffer control, and were 

plotted against the wavelength (nm) in GraphPad Prism 7.0.  
 

3. 2. 2. 3 Fluorescence spectroscopy  

 
Tryptophan and tyrosine fluorescence spectroscopy was performed using a FluoroMax 

4 fluorescence spectrometer (Horiba Jobin-Yvon) with connected water bath to 

maintain temperature. The maximum emission for each protein was determined by 

spectra analysis ie. excitation at wavelengths 280, 295 and 297 nm at slit widths equal 

to 3 nm. This is further refined once a ligand which binds is found to maximise the 
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change in fluorescence upon binding.  

The kinetic experiments for quantification of the binding affinities were performed in 

3 ml quartz cuvettes (Starna) and purified protein was used at the concentration of 1.5 

μM or 1 μM or 0.5 μM in PBS or Tris – HCl, pH = 7.5. Total volume of the sample was 

3 ml, which was excited at 280 nm for GafASm and 297 nm for GafASw with slit widths 

of 3 nm. Εmission was monitored at 330 (GafASw) or 342 nm (GafASm) with slit widths 

of 3 nm. The fluorometer operated in a time-based acquisition mode with a run time 

between 360-500 seconds and an integration time of 1 second. Increasing 

concentrations of ligand were added to the protein solution at intervals of 25-50 secs 

to ensure stabilisation of fluorescence levels following each ligand injection. The last 

injections of each run ensured that protein reached saturation as there was no further 

change in the fluorescence signal; therefore, the cumulative ligand concentration 

depended on the KD of each protein for it. Any quantifiable fluorescence change was 

noted and transferred to Microsoft Excel for data analysis. The cumulative 

fluorescence change for each timepoint was plotted against the cumulative 

concentration of ligand in SigmaPlot 11. The data were fitted to a single rectangular 

hyperbola, using the equation below and non-linear regression (Michaelis-Menten 

model) was used to calculate the dissociation constant (KD).  

𝑦	 = 	
𝛼𝑥	

	𝑏	 + 	𝑥	 

 

At the equation above the change in fluorescence is represented by y and x represents 

the cumulative concentration of ligand. The b is the dissociation constant (KD) and a 

represents fluorescence when curve flattens at high concentration of x. The presented 

binding saturation graphs were plotted in GraphPad Prism 7.0. Representative table 

of the data used to calculate the dissociation constant (KD) of arabinose to GafASw is 

given below in Table 3. 2 as an example.  
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3. 2. 2. 4 Isothermal Titration Calorimetry (ITC) 

Calorimetry experiments were performed in the VP-ITC instrument (MicroCal Inc., 

GE Health Sciences). During a typical ITC run, the calorimeter cell was loaded with 

1.4 ml of protein, and the syringe contained 300 μl of ligand. The ligand concentration 

in the syringe was in 10- or 7- times excess compared to the protein in the cell. The 

concentration of the protein in the cell was chosen according to c value, where c = 

[protein]/ (predicted) KD. Experiments were carried out in PBS or Tris-HCl (NaCl), pH 

7.5 at 25°C. The solutions in the cell and syringe were both degassed at 20 °C for 10 

min before use. A typical run included 27 titrations which were performed as follows: 

the first preliminary injection of 2 μl of ligand solution was followed by 26 injections 

of 10 μl each, delivered at an injection speed of 10 μl s-1. Each injection was added at 3 

min intervals with a stirring speed of 307 rpm. The acquired raw titration data were 

analysed in MicroCal Origin 7 software where binding isotherms were fitted by an 

iteration process using the one-set of sites model. Baseline adjustment is done 

manually for each measurement. The goodness of the fit was determined by an 

algorithm in the software (least square method). The binding isotherm is then 

observed by integrating the obtained peaks and by plotting the resulting heats of each 

injection against the ratio of titrant to the protein concentration. The values for Ka 

and ΔH can be determined using the equations for single set of identical sites as 

Table 3. 3 Representative Fluorescence data for binding of L-arabinose to GafASw. 
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explained in the “MicroCal Tutorial Guide for fitting ITC Data” booklet.  

3. 2. 2. 5 Size Exclusion Chromatography Multi-Angle Laser Light Scattering (SEC- 

MALLS) 

Size exclusion chromatography (SEC) coupled with multi angle laser light scattering 

is a technique, which can determine the molecular weight of proteins and their 

complexes in solution (Folta-Stogniew and Williams, 1999). The apparatus includes a 

fractionation device, a multiangle light scattering (LS) detector and a concentration-

calculating device (ie. refractive index detector) connected in series. Light passing 

through solvent interacts with the macromolecule (protein), and the interactions 

leads to scattering off the axis of the incident light beam. The LS detector uptakes the 

signal and determines the molecular mass, molecular root mean square (rms) radius 

size and aggregation state of the protein.  The refractive index (RI) detector measures 

the concentration of the protein which is then used in the estimation of the protein 

molar mass. The masses are determined for each fraction eluted separately.  

The experiment was conducted at room temperature (20 ±2°C). Solvent was 0.2 µm 

filtered before use and a further 0.1 µm filter was present in the flow path. The 

Superdex 200 10/30 GL SEC column (supplied from GE Healthcare) was equilibrated 

with at least 2 column volumes of solvent before use and flow was continued at the 

working flow rate until baselines for UV, light scattering and refractive index detectors 

were all stable. The samples of the GafASm (120 μl of each 0.5 mg/ml, 1 mg/ml, 2 mg/ml 

and 4 mg/ml present in 50 mM Tris, 150 mM NaCl at pH=7.5) were injected and 

separated on the Superdex column of the Shimadzu HPLC system (at 0.5 ml/min). 

Wyatt Dawn Heleos LS detector recorded the light scattering data and the Wyatt 

Optilab rEX refractive index detector with an SPD-20A UV detector assessed the 

concentration of the sample. Shimadzu LC Solutions software was used to control the 

HPLC and Astra V software for the HELEOS-II and rEX detectors. The Astra data 

collection was 1 minute shorter than the LC solutions run to maintain synchronisation. 
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Blank buffer injections were used as appropriate to check for carry-over between 

sample runs. Data were analysed using the Astra V software. 

MWs were estimated using the Zimm fit method with degree 1. A value of 0.172 ml/g 

was used for refractive index increment (dn/dc) based on a control sample of BSA. 

3. 2. 2. 6 Protein crystallisation and structure determination  

The Hydra-96 Microdispenser (Robbins Scientific Corporation) and the Mosquito 

Crystal (TTP Labtech) robots were used to dispense commercially sourced 

crystallisation solutions and the protein-ligand solution containing GafASw with L-

arabinose. The crystallisation screen prepared was in the vapour-diffusion sitting–

drop method containing 150nL of crystallisation solution and 150nL of GafASw and L-

arabinose at the final concentrations of 8mg/mL and 1.25mM respectively.  The 

crystallisation condition which produced the crystal used to solve the structure of this 

protein was 0.2M Ammonium Nitrate, pH 6.2, 20% PEG 3,350 (B7 of the PEG/ION HT 

tray, Hampton Research). This crystal (Figure 3.6A) was harvested from the sitting–

drop and coated in a solution of the aforementioned crystallisation solution 

supplemented with glycerol as the cryo-protectant, to a final concentration of 20% 

(v/v).  Reflection data were collected to a resolution of 1.7 Å using the macromolecular 

crystallography (MX) Beamline I03 at the Diamond Light Source, Hartwell Science 

and Innovation Campus and processed with DIALS (Figure 3.6B). A Matthews 

coefficient of 2.1 Å3 /Da was calculated with a solvent content of 42.04%. The CCP4i2 

suite of programs was used to scale the data and solve the structure. The processed 

DIALS data was scaled using AIMLESS, POINTLESS, Ctruncate and FreeRflag (Evans, 

2011; Evans and Murshudov, 2013). Indexing permitted the determination of the crystal 

system, the unit cell dimensions and assignment to each spot on the image an index, 

quoted as three integers: h, k, and l. Data collection and processing statistics are 

summarised in Table 3.4. The structure was solved by molecular replacement using 

MOLREP (Vagin and Teplyakov, 2010; Lebedev et al., 2008) using the coordinates for  
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Figure 3. 6. Crystallisation of GafASw. 
A) Image of the crystal which produced the GafASw structure during 

crystallisation trials. The well shown is B7 of the PEG/ION HT tray which 
contained 0.2M Ammonium Nitrate, pH 6.2, 20% PEG 3,350.  

B) Diffraction of crystal shown at (A) obtained at Beamline I03 at the 
Diamond Light Source.   
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an Escherichia coli galactofuranose binding protein, YtfQ (PDB: 2VK2) as the search 

model. The initial model built by MOLREP was then refined using continuous cycles 

of REFMAC5 (Murshudov et al., 2011; Vagin et al., 2004; Nicholls et al., 2012) followed 

by manual model building in COOT (Emsley et al., 2010) until the final structure was 

obtained. The final structure was then deposited with the PDB ID 5OCP via wwPDB 

(Berman, Henrick and Nakamura, 2003). 

 

 

 

 

 

 

Table 3. 4. Parameters for data collection 
and refinement of the GafASw structure 
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3. 3 Results 
3. 3. 1 GafASm shows similar ligand specificity to GafAEc 

The first step in the biochemical analysis of the GafASm was the qualitative 

assessment of binding to determine the ligand specificity of the protein. This was 

performed using Differential Scanning Fluorimetry (DSF); a rapid and inexpensive 

screening method to identify the ligands that bind and stabilise the purified protein 

(See Introduction Section 3. 1. 4. 1).  

The experiment was performed as described in the Methods and Materials Section 3. 

2. 2. 1. As the data would be solely used in a qualitative manner to analyse the ligand 

binding, the choice of the protein buffer was not taken into consideration. Instead, 

the GafASm was dialysed in a commonly used phosphate buffer ie. Phosphate buffered 

saline (PBS- 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4), 

maintained at near neutral pH (7.5).  For each ligand concentration, 8 replicates were 

included in an effort to increase statistical significance of the results. As the number 

of the wells in the microplates was inadequate for the number of replicates included, 

two separate runs were performed to test the full spectrum of target ligands.  

The results showed that the melting temperature of the unbound form of GafASm was 

52.4 °C at the first run and 56 °C at the second (Figure A3. 1). The presence of L-

arabinose caused the largest Tm change as it increased the thermal stability of the 

protein by 27.4 % (ie. increase of 14.4 °C), at 1.2 mM total sugar concentration (Figure 

3. 7). The extent of the temperature shift is believed to be proportional to the affinity 

of the ligand for a given protein (Matulis et al., 2015; Bullock et al., 2015), provided that 

the ligand concentration exceeds its KD value (Matulis et al., 2015). Thus, this result 

suggests that GafASm binds L-arabinose with the highest affinity compared to the rest 

of the ligands tested. Furthermore, the presence of D-fucose increased the thermal 

stability of GafASm by 11.7 °C, a change very similar to the one induced by D-galactose 

(ie. 11.6 °C at 1.2 mM [sugar]) (Figure 3. 7, S3. 1), suggesting that the two ligands bind 

with similar affinities. The D-talose and D-allose caused considerably lower ΔTm 
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Figure 3. 7. The ligand binding specificity of GafASm resembles that of GafAEc, 
recognising both arabinose and galactose with high affinity.  
(A) The DSF analysis of GafASm was perfomed in a 96-well plate format using a real-time PCR 
system. The binding of the ligands was tested in PBS buffer at tenfold range of dilutions, apart from 
the highest concentration. Each concentration included 8 replicates. The data were plotted as the 
change in the Tm of the unbound form of GafASm compared to the Tm of the bound forms. The 
log10 of the concentrations tested is plotted on the x axis.  
(B) The ΔTms were tabulated next to the respective structure of the sugars tested. The order of 
ligands presented is as determined by the ΔTm at 1200 μΜ of total sugar concentration. The 
respective furanose concentrations at 1200 μM are also shown; the calculated values are based on 
their relative percentages in aqueous solution at 25 to 31 ∘C. The KD of GafAEc for the ligands, which 
was previously calculated using intrinsic fluorescence, is also provided for comparison.  
All structures were produced in ChemDoodle. NC = There was no change observed in the Tm of the 
protein supplied with ligand/ NB = No binding detected due to no apparent change in fluorescence 
upon addition of ligand. 
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compared to the aforementioned ligands, suggesting that GafASm exhibits lower 

affinities towards them (Figure 3.7). Similar to GafAEc, GafASm doesn’t bind glucose 

as there is no change in its thermal stability in the presence of this sugar, even up to 

1. 2 mM. The furanose form of glucose is found in negligible concentrations (<0.1%) in 

aqueous solution due to its unstable nature caused by the cis interaction between the 

3OH and the 4-substituent (Figure 3.7) (Sinnott, 2007); the same principle applies for 

the xylofuranose (not shown). However, when arabinose and galactose are considered, 

their pyranose forms are destabilised by a single axial –OH at position 4, whereas the 

furanose forms have all the substituents (ie. positions 3 and 4 of the ring) trans to each 

other (Figure 3.7); therefore, they present higher levels of furanose compared to xylose 

and glucose (Sinnot, 2007). The profound scarcity of D-glucofuranose form in solution 

confirms the selectivity of the GafAs towards the furanose form over the pyranose 

form of sugars, as both GafAEc and GafASm remain inert in the presence of D-glucose 

(Horler et al., 2009). Such assumption is further enhanced by the bacterial D-

galactopyranose-specific SBP, ie. MglB, which is able to recognise and bind D-

glucopyranose (Zukin et al., 1977); firstly because of the similarity between the 

pyranose forms of the galactose and glucose ligands and secondly due to the mere fact 

that the pyranose form of glucose is seen in great abundancy by the bacteria.  

The values for the ΔTms calculated here suggest the order of ligand preference of 

GafASm, which shows great resemblance to that known for GafAEc (Figure 3.7) 

(Horler et al., 2009). The order of ligand preference for GafAEc is derived from the 

binding affinities of the abovementioned ligands as calculated by intrinsic 

fluorescence experiments (Horler et al., 2009). The only exception in this observation 

is the binding of D-galactose and D-fucose, as the latter exhibits 6 times lower affinity 

for GafAEc, when compared to the first. In contrast, the change in the denaturation 

Tm of GafASm upon presence of D-galactose is very similar to D-fucose.  

3. 3. 2 CD analysis of GnHCl-pretreated GafASm  
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Since SBPs have high affinity to their respective ligands, and generally exhibit a very 

low off-rate for the ligand-binding equilibrium (Miller et al., 1980), highly purified 

proteins very often contain a bound ligand (Miller et al., 1980; Severi et al., 2005). For 

any downstream analysis including biochemical and structural studies the prebound 

ligand needs to be removed. Because the SBPs are typically very stable and easily 

refolded, reversible denaturation with GnHCl (Miller et al., 1983) is used followed by 

extensive washes during purification and thorough dialysis following purification.  

 
Purified fractions of GafAEc contained 40% of the protein prebound to D-galactose 

(Horler et al. 2009). The hypothesis that D-galactose could be present in the rich 

overproduction media (ie. LB) was proved wrong as the co-purification of the GafAEc 

with D-galactose persisted when the protein was overproduced in M9 minimal media 

supplemented with glucose (Horler et al., 2009). Therefore, the D-galactose is 

expected to be sourced endogenously potentially via a novel metabolic route. It is 

established that in sugar starvation conditions, E. coli produces minimal amounts of 

galactose intracellularly (Death and Ferenci, 1994). The endogenously accumulated 

pool of galactose (around 200 μM) is sufficient to act as an inducer and activate the 

expression of mgl/gal operons which in turn actively assimilate and catabolise glucose 

(Death and Ferenci, 1994). One can assume that glucose, unless exogenously supplied, 

is not found in LB media, as described by Miller (1987). However, a study which 

examined the physiology of E. coli during growth in LB broth, has concluded that this 

media contains less than 100 μM fermentable sugars which are utilizable by E. coli 

(Sezonov, Joseleau-Petit and D'Ari, 2007). Therefore, it is possible that the scarcity in 

sugars, and potentially D-glucose, would cause the accumulation of D-galactose as 

described by Death and Ferenci (1994). Although the assumptions mentioned require 

concrete investigation, the fact that GafAEc was purified prebound to D-galactose is 

an adequate indication for us to seek to purify ligand – free GafASm, as the latter was 

also shown to bind D-galactose (Section 3. 3. 1). 

Ligand-free proteins can be obtained by reversible denaturation with guanidine-

hydrochloride (GnHCl), followed by dialysis against a large volume of ligand-free 
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buffer (Miller et al., 1983). This approach is commonly used in the purification of 

ligand/free di-/tri-peptide-specific SBPs (eg. OppA, MppA, DppA), as these peptides 

are found in ample amounts in tryptone which is added in LB media as a carbon source 

(Maqbool et al., 2011; 2012). The GnHCl is thought to act by engaging in transient 

stacking interactions with planar π-systems of the side chains of the aromatic amino 

acids which causes displacement of water from the hydration surface of the protein 

(Mehrnejad et al., 2010). Molecular dynamic simulations have shown that GnHCl is 

more efficient than urea in inducing denaturation of the polypeptides by destabilizing 

the α-helices (Camilloni et al., 2008), therefore GnHCl is considered a stronger reagent 

for the denaturation of α-helix rich protein, such as SBPs. Dissimilar to GnHCl, the 

simulation proved that urea acts by mainly destabilizing the β-sheets of the tertiary 

structure of the proteins (Camilloni et al., 2008). This was confirmed by the study of 

Mehrnejad and his coworkers (2010), which showed that GnHCl was almost three 

times faster than urea in eradicating the helicity of the peptide (Mehrnejad et al., 

2010). As the koff rate of D-galactose from either GafAEc or GafASm are unknown, the 

treatment with GnHCl was performed during purification of the protein or during 

overnight dialysis following purification, which both provide enough time to facilitate 

displacement of the ligand (Materials and Methods, Section 3. 2. 1). Treatment by 

dilution is considered a faster denaturation technique and therefore was avoided as it 

could cause release of the ligand only for part of the co-purified fraction. Following 

successive washes with decreasing concentrations of GnHCl (ie. 2 M, 1.5 M, 1 M and 

0.5 M) inside the Ni2+ purification column, the protein was also washed with refolding 

buffer. Likewise, the purified protein fraction which was dialysed in the presence of 

GnHCl (and PBS or Tris/HCl, pH=7.5), was subjected to an extra dialysis run in 

refolding buffer (and PBS or Tris/HCl, pH=7.5). The refolding buffer included L-

arginine which is thought to have a stabilizing effect on the purified protein and 

prevents its aggregation during renaturation back to its native conformation (Shiraki 

et al., 2002; Reddy, 2005; Taneja and Ahmad, 1994).  The positive effects of arginine in 

avoiding aggregation is a product of its characteristics which resemble the action of 

GnHCl in protein denaturation. The similarities in the properties of the above 
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reagents don’t lead to the same abilities, as binding of L-arginine on the protein 

surface is far more limited compared to GnHCl, therefore the former only suppresses 

intermolecular interactions rather than destabilizing the protein in a fashion the latter 

operates in (Arakawa et al., 2007). Additionally, the refolding buffer included reduced 

glutathione in combination with its oxidised form which was added at 10 times less 

concentration than its reduced counterpart. Such mixtures facilitate the reformation 

of the disulphide bonds during refolding (Okumura et al., 2011). GafASm has both 

residues which form a disulphide bond in GafAEc (ie. between Cys 127 and 191) 

conserved and therefore it is predicted to form one itself. The protein was not treated 

with reducing agents such as β-mercaptoethanol or DTT, so the disulphide bond is 

expected to remain intact during protein denaturation by GnHCl.  However, the 

glutathione mixture was still included in the refolding buffer to reverse any 

spontaneous reduction of the disulphide bonds, as these were shown to be susceptible 

to reduction by mild alkaline conditions (Florence, 1980).  

All the GnHCl – treated fractions, were analysed with circular dichroism to detect 

whether they refolded properly (Figure 3. 8). Following normalisation of the obtained 

data to account for minor differences in the concentration of the samples, the spectra 

of all of the fractions presented the same profile to the untreated purified fraction 

(Figure 3. 8). This is indicative that the fractions have all reverted back to their native 

conformations and can be used in the downstream thermodynamic analysis. Such 

analysis proved valuable in verifying that the protein is present in its native 

conformation prior to undertaking extensive and expensive experiments with it. 

Additional to the investigation of renaturation of the GafASm, its stability and activity 

in different buffers and pH was also examined. 

3. 3. 3 Screening of GafASm stability and activity in acidic and alkaline buffers.  

The cytoplasm has been shown to be able to rapidly recover its pH back to 

physiological levels when the acidity of the extracellular space was intentionally 

decreased by addition of HCl (Wilks and Slonczewski, 2007). However, in the same  
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Figure 3. 8. Far UV circular dichroism spectra of GnHCl pretreated GafASm.  
CD analysis was performed on GafASm following treatment with GnHCl denaturant for the 
release of any prebound galactose. The GnHCl treatment happened either during the Ni

2+
-

based
 
purification run, with or without the presence of refolding buffer (dotted line); or by 

overnight dialysis with 2M GnHCl (continuous line), followed by dialysis (orange) or dilution 
(olive green) in refolding buffer.  The blank-corrected data are plotted in the spectra shown 
on the left, whereas the normalized data correcting for protein concentration are shown on 
the right. The analysis shows that all fractions retain their secondary structure elements 
intact, indicating that the full fraction of GafASm refolds back to its mature conformation 
following treatment by GnHCl. The obtained spectra are similar to CD plots of proteins rich 
in α-helices ie. a common feature of SBPs.  
The run was performed on J-810 spectropolarimeter with 6 μM of GafASm in 50 mM NaF and 
20 mM Tris-HCl (pH=7.5). Graph was plotted in GraphPad Prism 7.0.  
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conditions periplasmic acidification persisted and never recovered, indicating that its 

pH is primarily determined by the pH of the extracellular environment (Wilks and 

Slonczewski, 2007). In a biotechnological context, the acidification or alkalinisation 

of the periplasm of bacteria during fermentation is very likely as the lignocellulosic 

biomass is pre-treated with H2SO4 or NaOH. A robust sugar-binding SBP for such 

application will be required to retain its activity in fluctuating pHs which are defined 

by the extracellular environment (Wilks and Slonczewski, 2007). Thus, the search for 

efficient transport systems of xylan-derived sugars should take into account the 

stability and activity of SBPs in acidic or alkaline conditions. For this reason, we 

employed DSF to study the stability and activity of GafASm across the pH spectrum, 

in an effort to identify the conditions were the protein is retaining full binding 

capacity of L-arabinose and D-galactose.  The screen also served for detection of a 

suitable buffer since it is known that the ionic strength of the buffer can modulate the 

magnitude of the electrostatic interactions and consequently has the capacity to 

influence the binding of the ligands (Papaneophytou et al., 2014). Such information is 

therefore useful for the binding assays to follow, so that the determination of the 

binding affinities is deemed trustworthy.  

The stability of the GafASm was reflected by how high its Tm was in the conditions 

tested. This is a common indicator of protein stability as it has been demonstrated 

multiple times that augmented thermal stability is correlated with high structural 

order and low protein flexibility (Ericsson et al., 2006; Vedadi et al., 2006; Nettleship 

et al. 2008). Also, this is frequently an indicator of increased conformational 

homogeneity of the protein, therefore the assay can give indications about the 

monodispersity of the sample (Vedadi et al., 2006; Nettleship et al. 2008;).  

3. 3. 3. 1 GafASm partially retains stability but loses activity at highly acidic conditions  

Separate fractions of GafASm were dialysed in buffers with acidic pH range (Table 3. 

2, Section 3. 2. 2. 1). The choice of the buffers was based on their pKa which defines 

their effective pH range ie. the range where the buffering properties that maintain the 
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pH of the solution are active (Blackwell, 1954; Joseph, 1958). The buffers used were 

Tris sodium citrate (TrisNaCit) for pHs 4.5 and 5.5 and Bis-Tris methane (BisTrismeth) 

at pH 6.6. HEPES buffer (pH = 7.2) was also included as a representative of near-

neutral conditions. Conditions near the isoelectric point of the GafASm (ie. pI = 4.93) 

were avoided as they could cause precipitation of the protein. All buffers were 

supplemented with 150 mM NaCl. The rhizosphere normally features higher salinity 

than bulk soil, as the roots actively remove water and trace elements which are 

essential to their survival but exclude sodium salts which are toxic to their growth, 

therefore causing salinization (Miller and Wood, 1996). It has been suggested that the 

rhizobia species have adapted to a salt tolerance near 300 mM, which is the minimal 

level of tolerance that can support symbiosis in the root (Roumiantseva et al., 2011). 

Specifically, Sinorhizobium meliloti 1021 is able to grow on LB (ie. ≈ 84 mM NaCl) and 

at NaCl concentrations near 300 mM; however, exhibiting poor growth rates at 400 

mM (Miller-Williams, 2006). Nonetheless, the periplasm of S. meliloti 1021, might not 

see the elevated levels of the extracellular NaCl in the rhizosphere due to the transport 

activity of BetC. This transporter accumulates high levels of glycine betaine inside the 

cell which in turn acts as an osmoprotectant (Roumiantseva and Muntyan, 2015). The 

bet genes are active at basal levels in normal salinity levels but their expression is 

increased as a response to osmotic stress induced by elevated levels of NaCl 

(Roumiantseva and Muntyan, 2015). Taking these into consideration, we decided to 

include 150 mM NaCl in the buffers, a value halfway between the NaCl concentration 

found in LB and in a halophilic environment (ie. 340 -400 mM) (Olliveier et al., 1994), 

such as rhizospheres.  

The investigation was performed by DSF analysis as described in Materials and 

Methods, Section 3. 2. 2. 1. Eight replicates were included for each buffer condition and 

each ligand. Also, wells without any protein added and having only buffer were 

included in the run as a negative control. The results of the data analysis are shown in 

Figure 3. 9. The protein was most stable at buffer TrisNaCit (pH = 5.5) as it presented 

the highest Tm compared to the rest three buffers (Figure 3. 9A). Similarly, high Tms 

are attained from GafASm when present in moderately acidic conditions, ie. 
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BisTrisMeth and HEPES (Figure 3. 9A). Only in highly acidic conditions, ie. pH = 4.5, 

did the protein show a somewhat decrease, in Tm (ie. 7.26 °C) and in its stability 

compared to pH = 5.5.  The negative impact of highly acidic conditions seen here is 

supported by the fact that increased hydrogen-ion concentration has a strong viability 

effect and reduces the symbiosis capabilities of Sinorhizobium meliloti (Lowendorf, 

1981; Graham et al., 1982). 

The activity of the GafASm was heavily reduced in very acidic conditions at pH = 4.5 

(Figure 3. 9B, S3. 2). The difference between the ΔTm at pH = 4.5 and pH = 6.6 was 

shown to be highly significant when compared by t-test (p = 2.74e-15). There was 

approximately a loss of 12 °C on the ΔTm for both arabinose and galactose, which 

amounts to a notable 32 % decrease in activity and therefore underlines the extend of 

the consequences of acidic conditions. However, less acidic conditions are better 

representatives of the pH changes that occur in the rhizosphere; particularly in the 

rhizoplane of the nitrogen fixing leguminous host plants. As these plants fix nitrogen 

in the form of ammonia ions (ie. NH4
+), they release protons which in combination 

with secreted organic acids decrease the pH of the rhizosphere (Hellweg, Pühler and 

Weidner, 2009). One study measured the pH in the leguminous plants rhizosphere 

following acidification and found that it ranges from 5.3 to 5.5 (Nye, 1981). At such 

conditions, the activity of GafASm appears decreased albeit not in the same extend as 

in pH = 4.5. In agreement with this observation is the reduced growth of S. meliloti 

1021 observed at pH 5.75 compared to neutral conditions (Hellweg et al., 2009). 

Therefore, in the event of acidification, the GafASm is still able to bind arabinose 

present in the released mucilage, albeit with less efficiency which is agreeable with the 

decline in its ability to form symbiosis at lower pH. The activity of the GafASm appears 

unaffected at higher pH, as the ΔTms for L-arabinose are insignificantly different (p = 

0.201) between HEPES and BisTrisMeth (Figure 3. 9B).  
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Figure 3. 9. GafASm shows partial loss of activity but retains stability at low pH.  
The GafASm was dialysed in different acidic buffers and its stability was tested using DSF. 
Its ability to bind L-arabinose and D-galactose was also tested as a measure of its activity in 
acidic environment.  
(A) Tabulated data from the DSF analysis of GafASm present in acidic and neutral buffers 

ranging from pH 4.5 to 7.2. The stability of GafASm in the different buffers was assessed 
based on its Tm. Notably, the stability at the lowest pH tested (ie. Tris sodium citrate, 
pH = 4.5) is lowered compared to less acidic buffers. 

(B) The change in the Tm upon binding of arabinose and galactose was used as a measure 
of the protein activity. In very acidic pH (ie. Tris sodium citrate, pH = 4.5) the activity is 
heavily impacted as the ΔTm is only one third for arabinose, and one fourth for galactose 
when compared to the ones measured in HEPES.  

Eight replicates were included for each of:  protein only, protein + D-galactose, protein + 
Larabinose, buffer only. The ligands were supplied at the highest previously tested 
concentration ie. 1200 μM.  All buffers were supplemented with 150 mM NaCl. Asterisks 
represent the significance of difference of the data when compared to HEPES buffer, *p < 
0.05, **p < 0.001.  

B 
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3. 3. 3. 2 GafASm maintains activity but slightly loses stability at highly alkaline 

conditions 

The DSF analysis of stability and activity in alkaline buffers proceeded in a similar 

manner as described above in Section 3. 3. 3. 1. The buffers used were PBS and Tris 

(base) at pH = 7.5, Bis-Tris propane (BisTrisProp) at pH 8.5 and Glycine (NaOH) at 

pH =9.5 to cover the lower alkaline spectrum. All buffers were supplemented with 150 

mM NaCl as explained above in Section 3. 3. 3. 1.  

GafASw retained its stability across the pH tested, however it presented a partial loss 

(13%) at pH = 9.5 (Figure 3. 10A, S3. 3). The activity was the highest at BisTrisProp (pH 

= 8.5) however it was reasonably maintained across all basic pH tested. When 

compared to BisTrisProp (pH = 7.5), the protein lost activity ranging from 10% to 12% 

in the rest of the pHs examined.  

The ability of this SBP to retain good stability and activity across alkaline conditions 

could be attributed to its requirement in colonization of the plant root. Even though, 

the extent to which the presence of L-arabinose and D-galactose promote 

maintenance of growth of S. meliloti in natural soil varies, based on the microbial 

competition and availability of these sugars, D-galactose presence was indeed shown 

to enhance the growth of this bacterium (Bringhurst, Cardon and Gage, 2001). An S. 

meliloti biosensor strain, which constitutively expressed DsRed, was able to utilize α-

galactosides (eg. melibiose and stachyose) and increase its growth in alfalfa, clover 

and barrel medic seed wash (Bringhurst, Cardon and Gage, 2001). The presence of 

these galactosides is expected to increase the pool of monomeric D-galactose in the 

root mucilage. Nevertheless, root exudates from a variety of plants are known to 

contain D-galactose (Nguimbou et al., 2012; Koroney et al., 2016; Aulakh et al., 2001). 

It is clear from the DSF analysis that D-galactose binding is maintained at high pH; 

such result underlines the importance of D-galactose import in alkaline conditions.  
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Figure 3. 10. GafASm shows partial loss of stability at highly alkaline 
conditions. 
The GafASm was dialysed in different alkaline buffers and its stability was tested using DSF. 
Its ability to bind arabinose and galactose was also tested and used as an indicator of its 
activity in basic environment.  
(A) Tabulated data from the DSF analysis of GafASm present in alkaline ranging from pH 

7.5 to 9.5. The stability of GafASm in the different buffers was assessed based on its Tm. 
The SBP exhibits the highest Tm in Tris buffer (pH = 7.5). However, the Tm is kept at 
similar levels in PBS (pH = 7.5) and Bis-Tris propane (pH = 8.5).  

(B) The change in Tm upon binding of arabinose and galactose assessed the activity of the 
protein. Even though, all of the ΔTms are significantly different to Bis-Tris propane, 
high ΔTms are observed for all alkaline buffers, indicating good activity across the lower 
alkaline pH range.  

8 replicates were included for each of:  protein only, protein + D-galactose, protein + L-
arabinose, buffer only. The ligands were supplied at the highest previously tested 
concentration ie. 1200 μM.  All buffers were supplemented with 150 mM NaCl. Asterisks 
represent the significance of difference of the data when compared to Bis-Tris propane 
buffer, *p < 0.05.  
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3. 3. 4 Intrinsic fluorescence spectroscopy of GafASm  

The intrinsic fluorescence (see Section 3. 1. 4. 3 for introductory notes) of GafASm was 

exploited to determine the binding affinities for the abovementioned ligands. As 

different excitation wavelengths affect different aromatic amino acids, the number of 

these in the mature form of GafASm was taken into consideration. This was calculated 

to be four tryptophan (Trp), five tyrosine (Tyr) and nine phenylalanine (Phe) residues. 

As GafAEc produced respectable amounts (4 - 6.5%) of fluorescence quench upon D-

galactose binding (Horler et al., 2009), we then seek out to check the position of 

GafASm aromatic residues by mapping them on GafAEc structure.  The two structures 

share 3 Trp, 4 Tyr and 5 Phe at conserved positions (Figure 3. 11A). Mapping the 

conserved residues to the structure of GafAEc showed that 2 of the Trp residues are 

near the binding cavity, out of which one (ie. W16) participates in pi-stacking 

interaction to stabilise D-galactofuranose binding (Figure 3. 11B). Further, two Tyr 

residues (ie. Y99, Y194) are predicted to contribute to the fluorescence emission as 

they are positioned in proximity to the binding site (Figure 3. 11B).  

The intrinsic fluorescence emission experiments were performed as described at 

Materials and Methods, Section 3. 2. 2. 3. Firstly, the spectra analysis detected the 

excitation wavelength of the protein at which the change in fluorescence emission was 

monitored during the kinetic analysis.    

3. 3. 4. 1 Spectra analysis for determination of the excitation wavelength 

Before fluorescence spectroscopy can be used, the technique needs to be optimised 

for the protein under investigation. Initially, the best excitation wavelength is 

investigated through a series of scans which measure the emission intensity between 

300 and 450 nm at two excitation wavelengths, ie. 280 nm and 295 nm, with the buffer 

only and then with 1 μM of GafAEc.  
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Figure 3. 11. Conserved aromatic residues of  GafASm are located near the 
GafAEc binding cavity  
A) Primary sequence alignment of the GafASm with GafAEc to detect conserved aromatic amino 

acids. The conserved tryptophan and tyrosine residues detected close to the binding site are 
highlighted with yellow and light blue, respectively.  

B) Position of the conserved aromatic residues from GafASm which reside close to the binding 
site of GafAEc. The respective aromatics are referred to the primary sequence of (A) by 
numbering. The analysis is essential for the intrinsic fluorimetry assays of GafASm, which will 
quantify the change in binding based on the emission of the aromatics present near the binding 
cavity of the SBP and will be responsive to conformational changes.  

The signal peptide is shaded in blue. The numbering corresponds to the position of the aromatic 
residues in the tertiary structure of GafAEc.  
W: tryptophan, Y: tyrosine, α-D-Galf: α-D-galactofuranose, 1: W16, 2: W71, 3: Y99, 4: Y194. 
Two β-sheets near Y194 (4) were omitted from the structure to allow for unobstructed view.  
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The results of the analysis are shown in Figure 3. 12. To detect any shifts in the 

fluorescence emission 100 μΜ were added in the protein mixture, as it has already 

been shown by DSF to bind GafASm (Section 3. 3. 1). Both excitation wavelengths 

produced similar fluorescence emission spectra of GafASm (Figure 3. 12A), and 

therefore the choice was based on the signal difference upon ligand addition. When 

GafASm was excited at 280 nm in the presence of 200 μM L-arabinose the emission 

signal showed a 3.8% decrease and a minor blue shift.  Excitation at 280 nm is thought 

to produce emission due to the absorbance of both Trp and Tyr residues (Lakowicz, 

1999); such possibility would be in agreement with the positioning of these residues 

near the binding site as detected in GafAEc structure (Figure 3. 12B). At wavelengths 

longer than 295 nm, the absorption is due primarily to tryptophan (Lakowicz, 1999). 

Therefore, the change in fluorescence emission at 295 nm was also assessed by 

addition of 200 μM L-arabinose. There was no signal change observed at 295 nm 

excitation, and therefore we can assume that the tyrosine residues are responsible for 

the majority of the signal produced at 280 nm. 

The reliability of the spectra analysis at 280 nm was assured by addition of 300 μM of 

D-galactose, which produced a signal change compared to the protein only sample 

(Figure 3. 12B). The negative control used was D-glucose which doesn’t bind as it failed 

to produce the hypochromic and hypsochromic changes in the signal seen with the 

two ligands above (Figure 3. 12C).  

3. 3. 4. 2 Equilibrium ligand titrations for determination of the KDs 

The measured parameters obtained from the spectra analysis, ie. λmaxEm= 341 at 280 

nm excitation, were used in the titration runs which aimed to determine the KD of L-

arabinose and D-galactose. The experiment was performed as described in Materials 

and Methods, Section 3. 2. 2. 3. 

The analysis produced a persistent drift in the fluorescence signal that persisted and 

never stabilised, following each ligand addition (data not shown). Since the KD of the 

ligand binding determines at which magnitude the concentrations of the protein and  
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Figure 3. 12. Fluorescence spectra analysis of  GafASm.  
A) Emission scan between 300 – 450 nm when excited at 280 nm (blue), 295 nm (red). 

The solid lines represent spectra of  GafASm only and dashed lines indicate spectra 
obtained following addition of  100 μM L-arabinose. A change in signal is only 
produced by excitation at 280 nm, indicating that Tyr residues might be the primary 
source of  the side chains who’s environment change upon ligand binding.   

B) Emission scan between 300 – 450 nm of  GafASm when excited at 280 nm in the 
presence of  D-galactose. The solid lines represent spectra of  GafASm only and dashed 
lines indicate spectra obtained following addition of  300 μM D-galactose. There is a 
hypochromic and a blue shift in signal produced, verifying reproducibility of  emission 
obtained at 280 nm excitation in the presence of  a bound ligand.   

C) Same spectra analysis as in A and B but in the presence of  D-glucose which was used 
as a negative control. The signal shows a negligible decrease which probably accounts 
for buffer dilution.  
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ligand should be, it might be that D-galactose and L-arabinose have a KD in the 

nanomolar range and therefore require less amount of protein in the titration. 

Decreasing the concentration of the protein by half, from 1 to 0.5 μM, still produced a 

drift during the titration time-course with L-arabinose and it also decreased the size 

of the quench between the titrations (data not shown). Horler et al. (2009) did not 

come across this observation when they titrated the binding of the aforementioned 

ligands to GafAEc. This could be attributed to the kon rate difference between the 

GafAEc and GafASm. As these parameters are unknown the scenario where GafASm 

has a faster kon rate of binding than GafAEc is examined; in such case the GafASm is 

much faster than GafAEc in forming an association with the L-arabinose/ D-galactose 

leading to quicker depletion of the furanose form of the sugars. Therefore, the drift 

produced in the signal could be attributable to the rates of tautomerisation between 

the pyranose to furanose forms of the sugars, ie. how fast the furanose form is 

replenished in solution following its binding by the SBP. Anderson and Garver (1973) 

calculated the half-time for the approach of each sugar tautomers to its equilibrium 

level using gas-liquid chromatography and showed that these are: 16.2 minutes for 

galactofuranose, 6.4 minutes for α-arabinofuranose and 7.2 minutes for β-

arabinofuranose (Anderson and Garver, 1973). As the longest titration in this 

experiment lasted 6 mins there wouldn’t be adequate time for the furanose form of L-

arabinose to equilibrate back to its starting concentration; however, some amount 

would still slowly accumulate during the time-course, possibly accounting for the 

progressive decrease in the fluorescence signal. To further investigate whether this 

observation is attributable to the slow tautomerisation of the furanose forms, the 

interconversion rate was increased by performing the experiment at higher 

temperature, ie. 35 °C instead of 25 °C (Isbell and Pigman, 1938). Addition of dimethyl 

sulfoxide (DMSO) to increase the furanose concentration (Franks et al., 1989) was not 

an option as this reagent is a potent protein denaturant (Arakawa, Kita and Timasheff, 

2007). The drifting pattern in the quench of the signal was still observable at the 

higher temperature, however the protein reached saturation (ie. stabilisation of the 

fluorescence signal) approximately 10 seconds faster than it did at 25 °C (Figure A3. 4). 
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Due t0 the failure of the experiment to produce reliable quench in the signal, ITC was 

employed instead to calculate the KD of the sugars.   

 
3. 3. 5 ITC analysis of L-arabinose binding to GafASm 

 
Due to the failure of intrinsic fluorescence of GafASm to produce a reliable quench 

the measurement of the KD for L-arabinose binding was attempted using ITC (see 

Section 3. 1. 4. 4 for introductory notes). The experiment was performed as explained 

in Section 3. 2. 2. 4 using 70 μM of protein titrated with 27 consecutive injections of L-

arabinose at 10 times higher concentration.  

 
The analysis showed that the GafASm binds arabinose in the high nanomolar range 

(ie. KD = 438 nM) which corresponds to 3 times tighter binding than GafAEc (Figure 

3. 13). The number (n) of binding sites was more than a unity (1.32 per mol of sites) 

which may be due to underestimation of the protein concentration. The result 

confirms the necessity for higher scavenging capacity of GafASm to achieve faster 

accumulation of the L-arabinofuranose present in the root exudates. Furthermore, a 

high affinity system will be suited in the case that the bacterium is utilising the carbon 

source as a chemoattractant. Chemotaxis is the response of motile bacteria to 

environmental chemical gradients by moving towards chemoattractants or away from 

repellents (Cui and Davidson, 2011). Arabinose, as already mentioned, makes up a 

large proportion of the sugars in the pea plant mucilage and is found at physiologically 

relevant concentrations which were enough to allow growth of Rhizobium 

leguminosarum (Knee et al. 2001). Both S. meliloti and Rhizobium leguminosarum 

presented low performance in forming symbiosis and nodules when they lost the 

capacity to utilize certain carbon sources (Poysti et al., 2007). The correlation between 

carbon assimilation and rhizosphere occupancy underlines how important it is for the 

bacterium to be able to detect the L-arabinofuranose at a distance from the roots and 

move towards them. This is demonstrated by the high affinity verified here which 

allows for scavenging capacities.    
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Figure 3. 13. Representative binding isotherm for the interaction of GafASm 
with L-arabinose. 
The top panel (thermogram) represent heat differences upon each injection of ligand and 
the lower panels (isotherm) show integrated heats of injection (■) and the best fit (solid 
line) to a one-site binding model using Microcal Origin software.  
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3. 3. 6 The ligand specificity of GafASw differs from GafAEc and GafASm 

As the ligand specificity of GafASm appears to be similar to GafAEc, the attention was 

refocused to characterisation of GafASw. The initial steps in its characterisation were 

concerned with the biochemical characterisation of GafASw. The first step in the 

biochemical analysis of the GafASw was to determine its ligand specificity using DSF, 

similarly to the approach followed with GafASm (Section 3. 3. 1). The experiment was 

performed as described in the Methods and Materials Section 3. 2. 2. 1. The analysis 

was done in a similar manner to GafASm; the buffer used was PBS and two runs were 

performed to cover the whole range of ligands tested.  

The results of the analysis are presented in Figure 3. 14. The melting temperature of 

the unbound form of GafASw was 47 °C at the first run and 43 °C at the second run 

(Figure A3. 5).  Similarly, to GafASm (Section 3. 3. 1) the L-arabinose causes the highest 

Tm shift and stabilises the protein by 14.4 %, indicating that it could bind with the 

highest affinity (Figure 3. 14, S3. 5). The ligand which produced the second highest 

shift in the analysis was D-allose, and not D-galactose as observed with GafASm. This 

ligand caused an increase in stability of around 11 % which amounts to a 4.9 °C increase 

in the Tm of the GafASw. A shift in the Tm was also caused by the presence of D-

fucose; the presence of this ligand induced an approximate 4.6 % increase in stability 

of the GafASw and therefore it’s predicted to bind with the third highest affinity. A 

direct comparison of the binding affinities with GafAEc or GafASm cannot be drawn 

at this stage as the order of magnitude at which the binding occurs could be different 

for each protein.  

Upon further examination of the results and when all of the assessed ligands are taken 

into consideration, notable discrepancies exist between the apparent ligand specificity 

of GafASw and of GafASm and GafAEc. GafASw is unable to bind D-galactose and D-

talose (Figure 3. 14) as they both fail to produce a change in Tm (Figure A3. 5) and 

therefore, the protein appears to exhibit a narrower ligand 
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Figure 3. 14. GafASw shows different ligand specificity to GafAEc, as it doesn’t 
bind D-galactose or D-talose.  
(A) The DSF analysis of GafASw was perfomed in a 96-well plate format using a real-time PCR 
system. The binding of the ligands was tested in PBS buffer at tenfold range of dilutions, apart 
from the highest concentration (ie. 1200 μM). Each concentration included 8 replicates. The data 
were plotted as the change in the Tm of the unbound form of GafASw compared to the Tm of the 
bound forms (or the Tm of the ligand -protein mixtures). The log10 value of the concentrations 
tested is plotted on the x axis against the ΔTm.  
(B) The ΔTms were tabulated next to the respective structure of the sugars tested. The order of 
ligands presented is as determined by the ΔTm at 1200 μΜ of total sugar concentration. The 
respective furanose concentrations at 1200 μM are also shown; the calculated values are based on 
their relative percentages in aqueous solution (from 25 to 31 ∘C). The KD of GafAEc for the ligands, 
is also provided for comparison (Horler et al., 2009).  
*The ΔTm values indicate the Tm difference between of the samples of protein with ligand 
(at1200μM) and protein only/ NC = There was no change observed in the Tm of the protein 
supplied with ligand/ NB = No binding detected due to no apparent change in fluorescence upon 
addition of ligand/ NT = Not tested in the intrinsic fluorescence assays performed by Horler et al. 
(2009)/ All structures were produced in ChemDoodle. 
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specificity compared to GafAEc and GafASm. Assuming that Shewanella sp. ANA-3 

encounters D-galactose in its natural environment and that the gafABCDSw is 

expressed during such encounter, the inability of GafASw to bind this sugar is the first 

indication to confirm the hypothesis that failure of Shewanella sp. ANA-3 to grow on 

D-galactose (Rodionov et al., 2010) could be attributed to the lack of dedicated 

transport systems (see Section 2. 3. 3. 3). The structural similarities between D-

galactose and D-talose could provide the first indications about the evident 

discrepancy in binding. Both D-talose and D-galactose are hexoses and therefore their 

furanose forms exhibit a longer hemiacetal linkage with two carbon atoms facing away 

from the sugar ring (Figure 3. 14). Unlike hexoses, the furanose form of pentose sugars, 

ie. L-arabinofuranose, have a shorter hemiacetal linkage by one carbon and therefore 

could be accommodated to a potentially smaller binding cavity, leading to exclusion 

of the furanose forms of hexoses. However, this is unlikely as D-fucofuranose, which 

has a similar hemiacetal linkage to D-galactofuranose, is still able to bind (Figure 3. 

13). Examination of D-fucofuranose structure shows that the C6 is a methyl and not an 

alcohol group (ie. –CH2OH), so the extra hydroxyl group in D-galactofuranose and D-

talofuranose could be the determining factor in the abolishment of their binding. 

An additional ligand included in the analysis was the L-fucofuranose which failed to 

cause a shift. We anticipate that this is attributed to its low concentration in solution 

similarly to D-glucofuranose. Due to the C6 hemiacetal linkage and the hydroxyl 

constituent in C4 facing the same plane of the sugar ring (Figure 3. 13), the furanose 

form of L-fucose is expected to less favoured in solution compared to its D-anomer.  

3. 3. 7 Screening of the activity and stability of GafASw in acidic and alkaline 

conditions 

The activity and stability of the GafASw in both acidic and basic buffers was assessed 

by DSF in an identical manner to GafASm in terms of the methodology applied (see 

Section 3. 3. 3).  

3. 3. 7. 1 The activity and stability of GafASw is severely decreased at high acidity 
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The results of the screening in acidic conditions are shown in Figure 3. 14. The GafASw 

was the most stable at HEPES (pH= 7.2) and it also showed maximal activity at this 

condition (Figure 3. 15A, B). In highly acidic conditions (pH= 4.5) the SBP presented a 

more than 40% decrease in stability (Figure 3. 15A, S3. 6B) and complete loss of activity 

when compared to HEPES, demonstrating how the binding is pH-dependent (Figure 

3. 14B). Despite the relatively high stability of the GafASw in less acidic conditions (ie. 

pH= 5.5), GafASw retained half its maximal activity at such conditions.  

This is in discordance to the acid-tolerant nature of the L-arabinose isomerase from 

Shewanella sp. ANA-3 (Rhimi et al., 2011). The enzyme in question was highly active at 

pH = 5.5 to 6.5 and retained more than 80% of its activity from pH= 4.0 to 8.5. 

Remarkably, this protein preserved more than 60% of its relative activity at pH 3.0 and 

3.5 (Rhimi et al., 2011), which are conditions that haven’t been tested at the present 

study. This raises a ‘pH optima anomaly’, as the SBPs are more likely to be affected by 

the changes in the extracellular pH as compared to intracellular enzymes, cause of the 

lack of the extra barrier the inner membrane offers. In fact, the cytoplasm of E. coli is 

capable of recovering its physiological pH after a drop in the external pH; unlike the 

periplasmic space which instead adopted the acidity (Wilks and Slonczewski, 2007). 

The oxymoron observation here could be attributed to the presence of acidic patches 

present in the intracellular space of the bacteria (Morimoto et al., 2016, 2017). In such 

conclusion came a group which studied a selection of enzymes from the acidophile 

Ferroplasma acidiphilum (Golyshina et al., 2006). These enzymes presented optimal 

activities and stabilities at much lower pH than the mean cytoplasmic pH (ie. 5.6) of 

this bacterium (Macalady et al., 2004). Therefore, the L-arabinose isomerase 

robustness in acidic environments could be due to the variable pH occurring in the 

cytoplasm and not necessarily because of a potential acidic habitat, which would be 

unsupported by the complete loss of activity of GafASw seen here. Nonetheless, 

Shewanella sp. ANA-3 thrives in estuarine and aquatic environments which are 

primarily alkaline (Saltikov et al., 2003). 
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Figure 3. 15. GafASw shows complete loss of activity and stability at very low 
pH.  
The GafASw was dialysed in different acidic buffers and its stability was tested using DSF. 
Its ability to bind L-arabinose and D-allose was also tested as a measure of its activity in 
acidic environment.  

(A) Tabulated data from the DSF analysis of GafASm present in acidic and neutral 
buffers ranging from pH 4.5 to 7.2. The stability of GafASm in the different buffers 
was assessed based on its Tm. Notably, the stability at the lowest pH tested (ie. Tris 
sodium citrate, pH = 4.5) appears severely impacted compared to less acidic buffers. 

(B) The change in the Tm upon binding of L-arabinose and D-allose was used as a 
measure of the protein activity. In very acidic pH (ie. Tris sodium citrate, pH = 4.5) 
the activity is completely lost as there is no ΔTm.  

Eight replicates were included for each of:  protein only, protein + D-allose , protein + L-
arabinose, buffer only. The ligands were supplied at the highest previously tested 
concentration ie. 1200 μM.  All buffers were supplemented with 150 mM NaCl. Asterisks 
represent the significance of difference of the data when compared to HEPES buffer, *p < 
1e-

5
, **p < 1e

-10
.  
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3. 3. 7. 2 GafASw retains full activity and stability at alkaline buffers  

Unlike in acidic conditions, the GafASw preserved full activity across the alkaline 

conditions tested (Figure 3. 15B, S3. 4). The differences between the conditions were 

found to be insignificant (=0.018 < p < 0.031) showing that the SBP retains maximal 

capacity for binding of L-arabinose and D-galactose. Also, the SBP was unaffected at 

high pH, as its stability only showed a mere 2.45 % drop (Figure 3. 15A).  

The robustness of this SBP across the basic spectrum seen here, could be an 

evolutionary result of Shewanella sp. ANA-3 thriving in environments which are 

primarily alkaline. The strain sp. ANA-3 was originally isolated from a brackish 

estuarine environment and is known to thrive in aquatic or marine environments 

(Saltikov et al., 2003). In fact, most of the Shewanella spp. have been isolated from 

such environments including Huon River estuary in Australia (ie. Shewanella olleyana; 

Skerrat, 2002), Antartic coastal marine (ie. Shewanella frigidimarina and Shewanella 

livingstonensis; Bozal et al., 2002), and the Baltic sea (ie. Shewanella baltica, 

Shewanella hafniensis and Shewanella morhuae; Satomi et al., 2006; Hambright et al., 

2016). The pH of open-ocean seawater typically ranges between 7.8 and 8.4 when 

measured in situ, with estuarine environments having slightly lower pH, fluctuating 

from neutral to 7.5 (Ringwood and Keppler, 2002). Therefore, the periplasmic space 

of this bacterium is expected to be basic which would justify the preservation of 

activity and stability of GafASw at such conditions.   

3. 3. 8 Thermodynamic analysis of L-arabinose, D-allose and D-galactose 

binding to GafASw using intrinsic fluorimetry and ITC. 

The biochemical analysis for GafASw proceeded in a similar fashion to GafASm 

(Sections 3. 3. 4, 3. 3. 5) by using intrinsic fluorimetry and ITC to confirm the 

qualitative analysis done by DSF and calculate the binding affinities of the ligands. 

The two ligands, ie. L-arabinose and D-allose, which are predicted by DSF to show the 

highest affinity for GafASw were included in the analysis. Also, as the main difference  
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Figure 3. 16. GafASw retains almost full stability and activity across alkaline 
conditions. 
The GafASw was dialysed in different alkaline buffers and its stability was tested using DSF. 
Its ability to bind L-arabinose and D-allose was also tested and used as an indicator of its 
activity in moderately basic buffers.  

(A) Tabulated data from the DSF analysis of GafASw present in alkaline buffers ranging 
from pH 7.5 to 9.5. The stability of GafASm in the different buffers was assessed 
based on its Tm.  

(B) The change in Tm upon binding of arabinose and galactose assessed the activity of 
the protein. The activity is fully retained across the lower alkaline pH spectrum as 
the ΔTm are insignificantly different.  

8 replicates were included for each of:  protein only, protein + D-galactose, protein + L-
arabinose, buffer only. The ligands were supplied at the highest previously tested 
concentration ie. 1200 μM.  All buffers were supplemented with 150 mM NaCl.  
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between GafASw and GafAEc is the inability of the first to bind D-galactose, this ligand 

was also included in the assays to verify it does not bind.  

 
3. 3. 8. 1 Spectra analysis of GafASw  

 
Initially, the SBP was analysed for changes in spectra upon L-arabinose addition to 

detect the most useful wavelength for emission intensity, from 300 to 450 nm in a 

similar manner to GafASm (see Section 3. 3. 4. 1).  When excited at 280 nm, the protein 

showed a somewhat hyperchromic shift, at around of 8.6 %, and a minor red shift of 

around 3 nm (Figure 3. 17A). This indicated that the Tyr residues of the protein are 

more than likely to be contributing to the fluorescence emission change upon binding.  

 
Further, we attempted to check whether there is a collective contribution by both Tyr 

and Trp residues by exciting the GafASw at 295 nm. The results showed that such 

wavelength caused a larger hyperchromic change (ie. 12 %) and a small blue shift of 

around 5 nm (Figure 3. 17B). The hyperchromic change decreased to 9.5% when the 

protein was excited at 297 nm, with no shift observed. Since the fluorescence emission 

upon excitation at 297 nm is attributed to Trp residues only, we can assume that the 

effect seen at the 295 nm is caused by the conformational change of both Trp and Tyr 

residues. However, mapping the conserved Trp and Tyr residues of GafASw (Figure 3. 

18A) to the GafAEc binding cavity reveals that the Tyr194 is replaced by a Trp residue 

in GafASw. Therefore, if this residue was to be accounted for the fluorescence change 

seen at 295 nm, its replacement by a Trp suggests otherwise.   

 
Nonetheless, GafASw might contain Tyr residues close to its binding cavity which are 

not taken into consideration in the current assessment because they are not conserved 

in the GafAEc sequence.  

 
 



 

 206 

  

Figure 3. 17. Fluorescence spectra analysis of GafASw 
A) Emission scan between 300 – 450 nm when excited at 280 nm. The solid lines represent 

spectra of GafASm only and dashed lines indicate spectra obtained following addition 
of 100 μM L-arabinose.  

B) Emission scan between 300 – 450 nm of GafASw when excited at 295 nm in the presence 
of L-arabinose. The solid lines represent spectra of GafASw only and dashed lines 
indicate spectra obtained following addition of 100 μM L-arabinose. There is a 
hyperchromic and a minor blue shift in signal produced. 

C) Emission scan between 300 - 450 nm of GafASw when excited at 297 nm in the presence 
of 100 μM L-arabinose. Only a minor increase in signal is observed upon addition of 
ligand. 

The solid lines represent spectra of GafASw only and dashed lines indicate spectra obtained 
following addition of 100 μM L-arabinose. 
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Figure 3. 18. Mapping of the conserved aromatic residues from GafASw on 
GafAEc structure. 
A) Primary sequence alignment of the GafASw with GafAEc to detect conserved aromatic 

amino acids. The conserved tryptophan and tyrosine residues detected close to the 
binding site are highlighted with yellow and light blue, respectively. The tyrosine at 
position 194 of GafAEc is replaced by a tryptophan in GafASw, which could potentially 
contribute to the intrinsic fluorescence emitted upon ligand binding. 

B) The position of the conserved aromatic residues designated at (A).  
The signal peptide is indicated in blue. The numbering corresponds to the position of the 
aromatic residues in the tertiary structure of GafAEc.  
W: tryptophan, Y: tyrosine, α-D-Galf: α-D-galactofuranose, 1: W16, 2: W71, 4: Y194. Two β-
sheets near Y194 (3) were omitted from the structure to allow for unobstructed view.  
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3. 3. 8. 2 Intrinsic fluorescence analysis and ITC confirm GafASw inability to bind D-

galactose 

 
The binding of D-galactose was assessed by excitation of GafASw at 297 nm as 

determined in the spectra analysis (Session 3. 3. 9. 2). Addition of 300 μM of D-

galactose maintains the same fluorescence intensity and fails to produce a 

hyperchromic change or blue shift (Figure 3. 19A) as observed with L-arabinose 

(Figure 3. 16B). This was further corroborated by a time-based assay where the protein 

was excited at the aforesaid wavelength and titrated with D-galactose. Monitoring the 

fluorescence emission at 327 nm (λmax) showed that the addition of D-galactose at 150 

μM final cumulative concentration caused a decrease in the signal and not an 

enhancement, as it would be expected in hyperchromic shifts. The quenching in signal 

is not representative of true binding and is most likely to be cause by photobleaching 

of the protein’s autofluorescence (Amar and Chung, 2014).  This was exemplified by 

the striking similarity between the fluorescence profiles of adding only buffer in the 

protein and D-galactose addition (Figure 3. 19B).  

 
As GafASw presents an inability to bind D-galactose in comparison to high affinity 

exhibited by its close orthologue GafAEc, this result required further confirmation. 

ITC analysis was employed to further support this considering its importance in the 

current study. The experiment was performed as described in Section 3. 2. 2. 4 of the 

Materials and Methods, using 100 μM of protein titrated with 27 consecutive injections 

of 1 mM D-galactose. The addition of D-galactose failed to produce a substantial 

change in power as presented in heat changes of the isotherm in Figure 3. 20, thus 

assuring that binding does not occur. The minor fluctuations represented by the 

insignificant peaks are background noise most likely attributed to buffer additions.  

 
3. 3. 8. 3 D-allose binds to GafASw with micromolar affinity  
 
Similarly to D-galactose, the binding of D-allose to GafASw was assessed by  intrinsic 

protein fluorescence and ITC. Measurements were performed either in PBS (ie. 10 mM  
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Figure 3. 19. Intrinsic fluorescence analysis of GafASw with D-galactose 
indicates no binding  
A) Emission scan between 300-400 nm of 0.5 μM GafASw when excited at 295 nm. The 
solid lines represent spectra of GafASw only and dashed lines indicate spectra obtained 
following addition of 300 μM cumulative concentration of D-galactose.  
B) Fluorescence change upon additions of D-galactose (orange) in the protein mixture 
resembles the titration during which only buffer was added. Each addition occurred at the 
timepoints corresponding to the peaks and added 25 μM of sugar. The cumulative 
concentration of D-galactose by the end of the run was 150 μM.  
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Figure 3. 20. ITC analysis to confirm that GafASw doesn’t bind D-
galactose 
The top panel (thermogram) represent heat differences upon each injection of 
ligand and the lower panels (isotherm) show integrated heats of injection (■).  
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final [PO4
3-]) or in 50 mM Tris (with 150 mM NaCl), as the protein was shown to retain 

its full activity at these conditions (see Section 3. 3. 7. 2).  The ionic strength of the 

buffers was calculated using the Biomol buffer calculator (Beynon, 1988) and found to 

be very similar (ie. 0.025 M for PBS and 0.04 M for Tris), therefore this variable is not 

expected to hinder the binding of D-allose.  

 
The intrinsic fluorescence of GafASw at 327 (ie. Emλmax) was decreased by the addition 

of D-allose until saturation was achieved (Figure 3. 21A). The average maximal 

fluorescence change was about 4% (Figure 3. 21A) and the dissociation constant 

calculated using the one-site model for specific binding from triplicate measurements 

was 24.8 ± 0.22 μM (Figure 3. 21B). ITC analysis was performed using 120 μM of GafASw 

titrated by 27 consecutive additions of L-arabinose at 10 times higher concentration. 

The average measured KD from triplicate runs was 27.4 ± 0.43 μM which is very near 

the value obtained from intrinsic protein fluorescence (Figure 3. 22). GafAEc exhibits 

a similar binding affinity for D-allose (ie. 30.3 ± 4.4 μM), which falls within the range 

of the GafASw when the large stand ard deviation is considered (Horler et al., 2009).  

 
The similarity in the calculated KDs  between the two proteins indicates that D-allose 

features a structure which is accommodated in the binding cavity of GafASw, therefore 

the same residue modifications which perturb binding of D-galactose and D-talose 

(see Section 3. 3. 6) are unlikely to effect the recognition of D-allose as the magnitude 

of binding is the same with GafAEc. The D-allofuranose hemiacetal linkage at C5  

substituent is pointing up in the Haworth projection of the structure (Figure 3. 14) as 

opposed to D-galactofuranose and D-talofuranose, where C5 is facing the opposite 

direction. We predict that the residues near this side of D-allofuranose will interact 

with the C5 substituent and promote ligand binding. We wouldn’t be able to verify 

this without the crystal structure of GafASw as a similar sugar structure, ie. D-

glucofuranose, is not favoured in solution as already discussed above. 

 

To confirm the order of ligand preference exhibited by GafASw, an intrinsic 

fluorescence-based competition assay was performed. The protein was firstly 
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Figure 3. 21. Intrinsic fluorescence analysis of D-allose binding on GafASw.  
(A) Fluorescence change in 1 μΜ GafASw upon multiple additions of D-allose, at 297 nm excitation 

wavelength and 321 nm emission. The averages values of the fluorescence signal as designated 
by the green lines were used to calculate the difference in fluorescence (ΔΣfluorescence) in 
between the additions.  

(B) Graphpad plot of the ΔΣfluorescence  against cumulative concentration of D-allose. The model for 
one-site specific binding was used to calculate the binding affinity (KD) and maximal density 
of the binding site (Bmax) 

(C) Displacement of D-allose from 3 μΜ of GafASw upon addition of equimolar concentration of 
L-arabinose, as indicated by a quench in the fluorescence signal.  

The concentrations added at each titration are indicated by the green (D-allose) and grey (L-
arabinose) arrows. 
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Figure 3. 22. ITC analysis shows D-allose binds to GafASw at micromolar range  
The top panel (thermogram) represent heat differences upon each injection of ligand and 
the lower panels (isotherm) show integrated heats of injection (■). the lower panels 
(isotherm) show integrated heats of injection (■) and the best fit (solid line) to a one-site 
binding model using Microcal Origin software. The parameters designated were calculated 
from three replicates.  
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saturated by addition of 250 μM D-allose which caused a 5.5 % enhancement in the 

fluorescent signal. Following, an equimolar concentration of L-arabinose was added 

which provoked a 1.6% of quench in fluorescence, verifying that it binds stronger than 

D-allose (Figure 3. 21C).  

 
3. 3. 9. 4 L-arabinose binds to GafASw  weaker than GafAEc 
 
The same strategy with D-allose was followed for the quantification of the binding 

affinity of L-arabinose to GafASw. To obtain a reliable saturation curve the 

concentration of GafASw was kept within the low micromolar range (0.5 μM), similar 

to the KD of GafAEc for L-arabinose. Higher concentrations of protein (ie. 1.0 and 1.5 

μΜ) produced shallow binding curves (data not shown) and therefore were avoided. 

Keeping the protein concentration low though led to small enhancement (~1.5%) in 

the fluorescent signal upon addition of L-arabinose (Figure 3. 23A). The KD was still 

calculated using the one-site specific binding model and shown to be 6.64 ± 0.66 μM 

(Figure 3. 23B). To corroborate and ensure the result above is reliable, ITC was 

performed using 120 – 170 μM GafASw titrated with 27 successive injection of 1.2 – 1.7 

mM L-arabinose.  The binding affinity as calculated by ITC was 1.5 times lower (ie. 4.19 

± 0.54 μM) than the intrinsic protein fluorescence (Figure 3.23B, 3. 24). Considering 

the latter produced small fluorescence change, we are inclined to accept the results 

from ITC analysis. Therefore, GafASw was shown to have the ability to bind L-

arabinose as predicted by the arabinose-controlled transcriptional regulation exerted 

in its operon and the heavy relevance of its genomic neighborhood to arabinose 

utilisation (see Chapter 2). Albeit, the binding affinity appears around 3.5 times and 

10 times less tight than GafAEc (Horler et al., 2009) and GafASw (Section 3. 3. 5), 

respectively. This could reflect the abundancy of L-arabinose each of the respective 

bacteria encounters in its close proximity. A potentially higher pool of 

arabinofuranose near Shewanella sp. ANA-3 would imply it doesn’t require the strong 

scavenging activity  of an SBP like GafASm to accumulate equal concentrations of the 

sugar.  
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Figure 3. 23. Intrinsic fluorescence analysis of L-arabinose binding to 
GafASw.  
(A) Fluorescence change in 1 μΜ GafASw upon multiple additions of L-arabinose. 
(B) Graphpad plot of fluorescence change against cumulative concentration of L-

arabinose. The model for one-site specific binding in GraphPad Prism 7.0 was used 
to calculate the binding affinity (KD) and maximal density of the binding site (Bmax). 
The concentrations added at each injection are indicated on top of the grey arrows. 
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Figure 3. 24. ITC analysis shows L-arabinose binds to GafASw at low 
macromolar range.  
The top panel (thermogram) represent heat differences upon each injection of ligand 
and the lower panels (isotherm) show integrated heats of injection (■). The lower panels 
(isotherm) show integrated heats of injection (■) and the best fit (solid line) to a one-
site binding model using Microcal Origin software. The parameters designated were 
calculated from three replicates.  
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3. 3. 9 Solving the structure of GafASw 
 
In addition to the biochemical characterisation undertaken during the project, a 

collaboration was set up with the York Structural Biology Laboratory (YSBL), in which 

they would attempt to crystallise the GafASw bound to L-arabinose, so that the 

molecular determinants which lead to abolishment of D-galactose binding were 

exemplified. Reyme Herman solved the crystal structure of GafASw in collaboration 

with Prof. Anthony Wilkinson of YSBL. The crystallographers were provided with 3 ml 

of 125 μM and 3 ml of 250 μM GafASw purified from Power Broth cultures together 

with L-arabinose, which was added at double the concentration of the protein. Crystal 

growth trials were set up with GafASw and exogenous L-arabinose as described in the 

Materials and Methods section 3. 2. 2. 6. Following incubation for a number of weeks, 

the PACT and JSCG+ plates were examined under the microscope and crystals were 

discovered to have grown in some of the conditions assessed (Figure 3. 6). The crystals 

were diffracted to near 3 Å with a low X-ray yield source. The arabinose-GafASw were 

then diffracted with a thinner Xray beam using the macromolecular crystallography 

(MX) Beamline I03 at the Diamond Light Source, Hartwell Science and Innovation 

Campus, Oxford, Uk.  Reflection data were collected to a resolution of 1.7 Å and 

following data collection and post processing, a PDB file was produced which allowed 

analysis of the structure.  

 
3. 3. 9. 1 Characteristics of the GafASw 3D structure  

 
The structure was crystallised as a dimer which led to further investigation of the 

possibility that the SBP is forming a homodimer. We determined the oligomeric state 

of isolated GafASw by static light scattering coupled to size-exclusion 

chromatography (SEC-MALLS), testing different concentrations (ie. 0.5-3 mg/ml) in 

the event where the dimer formation is favoured at higher concentrations. GafASw 

(Figure 3. 25) was found to have a molecular mass near 32.2 kDa, which matches the 

monomeric state of the protein, proving that its domains do not form stable dimers. 

Thus, the elucidated structure is a crystallisation dimer due to the way the protein 

packs itself within the salt lattice. Traces of the dimer were indeed  
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Figure 3. 25. GafASw exists in monomeric form in solution. 
A) SEC-MALLS analysis of GafASw at four different concentrations, ie. 0.5, 1, 2 and 3 

mg/ml, present in 50 mM Tris/ 150 mM NaCl. The monomer (ie. 32.2 kDa) is the 
prevalent form in solution as only traces of the dimer (ie. 32.2 kDa) are present.  

B) Native ESI-MS analysis of GafASw (500-5000 m/z)). Protein was dialysed in 10 mM 
ammonium acetate and dissolved in 0.001 % formic acid/ 3 % methanol prior to the 
run.  

GafASw structures were prepared on MacPymol.  
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detectable in solution (Figure 3. 24A), however not at high enough concentrations to 

justify a physiological homodimer. Native Electrospray Ionization mass spectrometry 

(ESI-MS) was used to corroborate the results above (Figure 3. 25B). The ESI-MS is an 

excellent technique for the study of intact biomolecular structure in the near-native 

state as present in the gas phase and has been successful previously in detecting 

protein complexes (Loo et al., 1997; Zhang et al., 2013; Benesch et al., 2007). Upon ESI-

MS analysis of the protein (35 μM) under native conditions (85.5 : 11.5 : 3 : 0.001, 

water:ammonium acetate:methanol:formic acid), the only detectable protein species 

in the m/z space weighed 32.75 kDa verifying the monomeric state of the GafASw 

(Figure 3. 25B).  

 

The structure shows residues 1 to 287 (+6) of mature GafASw protein with the His-Tag 

packed against the structure (data not shown), apparently without perturbing folding 

or ligand binding. There are two domains connected by a hinge region created from 

three peptide stretches (highlighted in red at Figure 3. 26, 3.27Α) with binding cavity 

buried in between them, verifying that is a member of the Class I SBPs. The N-terminal 

domain is consisted of the residues 1-102 and 245-269 and contains six parallel β-

strands, with five of them being surrounded by four α-helices; two found on top and 

two on bottom of the β-sheet (Figure 3. 27A). The order of the β-strands in the N-

terminal domain is β2-β1-β3-β4-β5-β11 (Figure 3. 27B). The C-terminal domain 

encompasses the remaining residues (ie. 103-244 and 270-287). It features five β-

strands aligned horizontally, in a perpendicular fashion, against the β-sheet of the N-

terminal domain. The order of the strands is β7-β6-β8-β9-β10-β12 (Figure 3. 27B), with 

β12 positioned anti-parallel to the rest. A single disulphide bridge was detected formed 

between the residues Cys124 and Cys187 (Figure 3. 26, 27A). All the aforementioned 

features are conserved in GafAEc, confirming their ortholog relationship. The most 

important resemblance between them is binding of the furanose form of sugars; as the 

GafASw was crystallised with α-L-arabinofuranose bound.  

 

 



 

 220 

  

Figure 3. 26. GafASw belongs to Class I of SBPs. 
Back view of GafASw structure to show the three connecting strands (red) which constitute 
the hinge region between N-terminal domain (blue) and C-terminal domain (green).  The 
disulphide bond is presented in yellow.  
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Figure 3. 27. Structure of GafASw in the closed-liganded state.  
A) Tertiary structure of GafASw to show the α-helices and β-sheets. The bound ligand, ie. 

α-L-arabinofuranose is shown in the spheric format (green/red balloons) buried in 
between the two domains. The disulphide bond is designated in the spheric format as 
formed between the residues Cys124 (green) and Cys187 (yellow).  

B) Topology diagram of GafASw produced in Pro-origami software. The β-strands are 
shown as arrows and the α-helices as cylinders. The β-sheet of the N-terminus domain 
is highlighted in blue and the C-terminus one in red. The blue to red colouring scheme 
presented corresponds to the structure in (A) and represents the direction of secondary 
elements from the N- to the C-terminus. The structure follows the same topology with 
GafAEc which is distinct to Class I SBPs; however, with additional β-sheets (β-11 and 
12) and α helix (α10).  
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3. 3. 9. 2 Binding cavity of GafASw 

 
The structure of GafASw was isolated as a monomer in Pymol to facilitate the study of 

its binding cavity. The stacking of L-arabinofuranose in the binding pocket of GafASw 

is stabilized by the contribution of the aromatic side chains of tryptophan 14 and 

phenylalanine 167, which act as a binding surface above and below the plane of the 

furan ring (Figure 3. 28A). Excluding these aromatic residues allows the hydrogen 

bonding interactions of the remaining residues with the ligand to be clearly examined 

(Figure 3. 28B). The oxygen atom of the furan ring is forming a hydrogen bond with 

the guanidino group of arginine 89. The oxygen atom of C1 is H-bonded with the 

glutamate 11 and the one at C2 is bound by Ser12, Asn195 and Asp223 (Figure 3. 28B).  

Asp223 is also participating in hydrogen bonding with C3 oxygen, as well as Arg143 

does. The C4 oxygen is not bound by any residue. The C5 oxygen forms a hydrogen 

bond with the Asp88 and the Arg89. GafASw, same to GafAEc, harbours the three 

residues commonly found in monosaccharide SBPs at the bottom of their binding 

pocket, ie. asparagine, aspartate and arginine (see Section 3. 1. 2) (Figure 3. 28B).  

 
3. 3. 9. 3 Comparison of GafASw binding site to GafAEc 

 
The high identity of the primary protein sequences of GafASw and GafASm (ie. 

67.57%) also applies for their tertiary structure. DaliLite server (Holm and 

Rosenström, 2010) was used to compare the 3D structure of GafASw against those in 

the Protein Data Bank (PDB), which returned a 61% identity similarity to GafAEc; that 

is the highest compared to the rest of the PBD structures, with second result being 

30% less similar ie. ribopyranose SBP (ie. RsbB) from Thermoanarobacter 

tengcongensis. The two structures were superimposed in Pymol to compare their 

binding sites. Most of the interactions mentioned above are conserved (Figure 3. 29A) 

apart from some ‘peculiarities’ of the GafASw which explain its inability to bind D-

galactofuranose.  The salt bridge between Arg17 and Asp90 of GafAEc (ie. Arg15 and 

Asp88 in GafASw) is not present in GafASw and instead the Asp88 appears tilted by 

around 45° with respect to its counterpart, ie. Asp90, in GafAEc (Figure 3. 29B).  
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Figure 3. 28. Binding pocket of GafASw with the ligand β-L-arabinofuranose. 
A) L-arabinofuranose and residues within 5.9 Å to represent the stacking interactions 

between the aromatic residues (Trp14 and Phe167) that act as the binding surface 
above and below the plane of the carbon ring.  

B) The binding cavity of GafASw showing residues within 3.5 Å without the aromatic 
residues from (A). The carbon backbone of the ligand is numbered C1 to C5.  
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Figure 3. 29. Tilting of Asp88 hinders D-galactofuranose binding in GafASw.  
A) The amino acid chains involved in coordinating D-galactofuranose by GafAEc (cyan) or 
L-arabinofuranose by GafASw (green) are labelled by their positions in the PDB files 2VK2 
and 5OCP, respectively. The presence of Phe at position 107 could perturb the interaction 
of C6 with the H2O molecule (designated in the box).  
B) Closer view of the compared binding sites to present the tilting of Asp88 in GafASw. The 
distance between the C5 oxygen of a hypothetical D-galactofuranose and the carboxylate 
side chain of Asp88 is 1.9 Å, whereas between the C6 oxygen and the carboxylate of the 
backbone is 4.3 Å. The tilting in GafASw is shown using arrows which represent an 
approximate 45∘ shift of the Asp88 compared to Asp90, to face the bound L-
arabinofuranose.  
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This leads to direct interaction of Asp88 with the C5 oxygen atom of L-

arabinofuranose, while still maintaining hydrogen bonding with Asp90 (Figure 3. 

29B). The tilting of Asp88 translates to inability of the SBP to bind sugars  

similar in structure to D-galactofuranose, as such sugars will have their hemiacetal 

group (C5 and C6) pointing towards the direction of Asp88, as seen in GafAEc. If we 

were to fit the D-galactofuranose to the binding cavity of GafASw and assuming this 

would place its hemiacetal group at an identical position to the C5 linkage of the L-

arabinofuranose, it’s binding appears disrupted (Figure 3. 28B). In such case, the 

hydrogen bond between the oxygen of C5 from D-galactofuranose and the carboxylate 

group of the Asp88 (or 90) side chain shortens from 2.5 Å to 1.9 Å (bond shown in 

pink at Figure 3. 29B).  Also, the size of the hydrogen bonding between the oxygen of 

C6 and the carboxylic group of Asp88 backbone, extends from 2.7 Å to 4.3 Å, 

demonstrating the unfavourability of the binding. The mean donor-acceptor distances 

in protein secondary structure elements are close to 3.0 Å (Jeffrey, 1997).  The 

hydrogen bonds have been categorised based to their relative distances between 

donor-acceptor: (i) ‘strong, mostly covalent’ = 2.2 - 2.5 Å (energy of bond = 40-14 

kcal/mol), (ii) ‘moderate, mostly electrostatic’ (energy of bond = 15-4 kcal/mol) = 2.5 

– 3.2 Å and (iii) ‘weak, electrostatic’ = 3.2 – 4 Å (energy of bond 4 kcal/mol) (Jeffrey, 

1997). Indeed, in GafASw the binding of L-arabinofuranose involves hydrogen bonding 

from the category (i) and (ii). However, in the case of D-galactofuranose the 

hypothetical bonds are either too weak (4.3 Å) or too strong (1.9 Å). Further, a residue 

which could potentially lead to perturbation of D-galactofuranose binding is the 

phenyalanine 107 (Figure 3. 29A). This is an asparangine in GafAEc, which due to its 

charged nature permits the presence of a water molecule and its interaction with the 

oxygen of C6 (Horler et al., 2009). We predict that the hydrophobicity of the 

phenylalanine would dislocate the water molecule and hinder stabilisation of the C6 

at this position (Figure 3. 29A).   

 
3. 3. 9. 4 Comparison of GafASw with ribopyranose and ribofuranose SBPs 

 
The binding cavity of GafASw was compared to the D-ribopyranose SBP from E. coli 
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(ie. RsbBEc) (Mowbray and Cole, 1992) because of their high homology (ie. most 

homologous non-GafA SBP to GafASw with sequence identity equal to 33%). The most 

notable feature is the conservation of Asp88 in RsbBEc, albeit at a further ~30∘ tilting 

compared to GafASw (Figure 3. 30A). This places its Asp88 at an approximately overall 

75∘ tilted position when compared to GafAEc. Such shift facilitates hydrogen bonding 

with the C1 and C2 oxygen atoms of the ribopyranose. The Arg at position 17 is replaced 

by a phenyalanine residue as the formation of a salt bridge (ie. GafAEc) or hydrogen 

bonding (ie. GafASw) is not supported due to the Asp88 shifted positioning (Figure 3. 

30A). This observation led us to assume that the Asp88 is essential for stabilisation of 

the bound ligand, with its degree of tilting determined by the length and the 

substituent of the C5 and/or C6 of the furan ring (Figure 3. 30B). The long hemiacetal 

group at C5 of the D-galactofuranose ‘forces’ the Asp88 away and facilitates the bridge 

formation. When it comes to GafASw, the hemiacetal group of the pentose L-

arabinofuranose is shorter and therefore allows the carboxylate group of the Asp88 

side chain to move closer to it and form a hydrogen bond with C5 substituent. In the 

case of RsbBEc, the Asp88 interacts with the oxygen atoms of the anomeric carbon (C1) 

and C2 in the ribopyranose and therefore causes the residue to be almost 

perpendicularly positioned against the sugar ring (Figure 3. 3B).  

 
We predict that because of the non-variable substituents at the C1 and C2 positions 

(ie. typically a hydroxyl group), the position of the Asp88 will be conserved if the plane 

of the sugar ring is sat in such way that these substituents face the aspartate in 

question, similarly to RsbBEc binding cavity (Figure 3. 3B, C). This is indeed the case 

when the binding cavity of other pyranose binding proteins are examined; for 

example, allopyranose SBP (ie. AlsBEc, 1RPJ) (Chaudhuri et al., 1999), arabinopyranose 

SBP (ie. AraFEc, 1ABE) (Quiocho et al., 1984), xylopyranose SBP (ie. XylFEc, 3M9X) 

(Sooriyaarachchi et al., 2010) and galactopyranose SBP (ie. MglBEc, 2HPH) (Cuneo et 

al., 2007) all have the Asp residue in question perpendicularly positioned and 

interacting with both C1 and C2 (or just the C1) substituents. Notably, this relationship 

observed between the C5 and C6 of furanose rings and C1 (, C2) substituents from 

pyranose rings with Asp88 is confirmed by examination of the binding cavity of a  
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Figure 3. 30. Tilting of Asp88 is determined by the length and substituent of the 
nearest carbon in the sugar ring 
A) The amino acid chains involved in coordinating D-ribopyranose by RsbBEc (magenta) or 
L-arabinofuranose by GafASw (green) are labelled by their positions in the PDB files 2DRI 
and 2VK2, respectively.  
B) Upper view of the superimposed binding sites of GafASw (green) with GafAEc (cyan) and 
RsbBEc (magenta) to show the proximity of C6 and C1 constituents of the sugars to Asp88.  
C) Side view of the superimposed binding sites of GafASw (green) with GafAEc (cyan) and 
RsbBEc (magenta) to show the overall tilting of the Asp88 residue.  
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ribofuranose SBP from Hahella chejuensis (ie. Rfbp, 3KSM) (Bagaria et al., 2011). Based 

on this discrepancy observed between the furanose and pyranose binding proteins 

regarding interactions with the Asp88 of their respective SBPs, we would expect that 

the oxygens of C5 and C6 substituents in the ribofuranose ring to hydrogen bond with 

the Asp88 and provoke a tilted position, similar to D-galactofuranose since they are 

both hexoses with equally elongated hemiacetal group. Surprisingly, the structural 

equivalent to Asp88 in RfBPHc, ie. Asp127 was instead perpendicularly positioned, like 

the pyranose forms mentioned above, with the oxygen atoms of C3 and C2 forming 

hydrogen bonds with its carboxylate group, and the C6 constituent interacting with 

an asparagine residue instead at the opposite side of the ring (Figure 3. 31A, B). This 

confirmed the notion that the Asp88 remains facing directly the sugar ring, unless an 

elongated C5 (ie. L-arabinofuranose) or an even larger C6 (ie. D-galactopyranose) 

hemiacetal groups from the furan forms need to be accommodated.  
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Figure 3. 31. Asp127 interacts with C3 and C2 of ribofuranose in RfbpHc 
A) Side view of the amino acid chains involved in coordinating D-ribofuranose by RfbpHc 

(light brown) or L-arabinofuranose by GafASw (green) are labelled by their positions in the 
PDB files 3KSM and 2VK2, respectively. The structureal equivalent of Asp88, ie. Asp127, 
interacts with C2 and C3 of the ribofuranose ring.  
B) Upper view of the superimposed binding sites of GafASw (green) with GafAEc (cyan) and 
RsbBEc (magenta) to show the proximity of C6 and C1 constituents of the sugars to Asp88.  
Oxygen atoms are shown in white and the carbon atoms in black font.  
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3. 4 Discussion  
 
The discovery that furanose-specific (Horler et al., 2009) ABC systems exist has raised 

their importance in strategies for optimisation of the transport capacity of fermenting 

bacteria for biofuel production. Here we focus in the transport of the furanose form 

of arabinose, an abundant sugar which exists as a branching unit of the xylan 

backbone. Bioinformatics analysis of the biochemically and structurally characterised 

SBP of GafAEc (Horler et al., 2009), detected GafASw and GafASm as potential 

candidates for further characterisation because of their strong bias towards arabinose 

utilisation. Following overproduction of GafASw and GafASm in E. coli (see Chapter 

2), we sought out to biochemically and structurally characterise the candidates using 

DSF, intrinsic protein fluorescence and ITC.  

 
3. 4. 1 The role of GafASm in S. meliloti 1021  

 
Different to other GafAs, the genomic neighbourhood of gafASm doesn’t have a strong 

relevance to monosaccharide arabinose, but it does to arabinosides instead. It 

neighbors with arabinoside ABC transport system, AraNPQ and a putative 

arabinofuranosidase, ie. AbfB. This denotes its importance in the uptake of 

arabinofuranose released from xylan and arabinan. The absence of genes encoding for 

catabolic enzymes, more hydrolases, transcription factors and two-component 

systems for sensing indicates that these are possibly in close proximity with other 

arabinose-related transport systems. Such assumption is highly possible, considering 

the significant number of genes encoding for ABC transport systems in Sinorhizobium 

meliloti and in Rhizobia species ranging from 40-70% of all of the transporter proteins 

encoded in the genome (Mauchline et al., 2006; Giulani et al., 2011). There are 200 ABC 

genes in Sinorhizobium meliloti, 216 in Mesorhizobium loti, 269 in Rhizobium 

leguminosarum, and 240 in Bradyrhizobium japonicum compared with 67 

in Escherichia coli and 124 in Pseudomonas aeruginosa (Mauchline et al., 2006). BlastP 

searches of the arabinopyranose binding protein AraFEc against the Sinorhizobium 

meliloti 1021 genome detected a predicted orthologue, ie. SM0020_05120. However, 
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examination of its genomic cluster didn’t detect any arabinose-relevant genes. 

Nonetheless, we would not be able to draw relevance to arabinose by the catabolic 

genes for the arabinose degradation pathway III, Ab-araABCDEF, as these were 

detected to be carried on a megaplasmid, ie. pSymB megaplasmid, and not on the 

chromosome (Poysti et al., 2007).  

 
More information about gafABCDSm was derived from the study done by Mauchline 

et al., (2006), which mapped the SBP-dependent transportome of S. meliloti 1021. The 

fact that the expression of gaf system is induced by the presence of L-arabinose, D-

fucose and talose but not by D-galactose was a good indication that this transporter 

might be unable to bind D-galactose (Mauchline et al., 2006). Conversely to 

assumption D-galactose binds GafASm, though the system is unlikely to be a 

dedicated D-galactofuranose transporter since it doesn’t induce its expression. Even 

though we weren’t able to measure the binding affinity for D-galactose, Bourdès et al. 

(2012) developed a FRET-based biosensor to rapidly screen the binding affinities of the 

plethora of ABC systems found in Sinorhizobium and Rhizobium species. The direct 

ortholog of GafASm from Rhizobium leguminosarum bound D-galactose with 5. 3 μM 

binding affinity. Due to the incredibly high sequence identity (87 %) between the two 

orthologues, we expect the GafASm to bind galactose with similar affinity. Bourdès 

and his coworkers tested whether arabinose binds to RL2376-79, prompt by a different 

study conducted by Ramachandran et al., (2011) which showed by microarray analysis 

that presence of L-arabinose causes upregulation of the aforesaid operon. However, 

Bourdès report incorrectly that the D conformer caused the upregulation in the 

Ramachandran et al. (2011) study, and actually proceeded in testing this conformer for 

binding to RL2376. When D-arabinose was tested there was no change in FRET-ratio 

and therefore the group concluded that it doesn’t bind. Assessing the hypothetical 

scenario of D-arabinofuranose binding, this would resemble D-allofuranose in that 

they both have their hemiacetal group pointing upwards in respect to the furan ring. 

However, this group in D-arabinofuranose is smaller by a carbon molecule, since it’s 

a pentose, and thus its hydroxyl group might not be extending long enough to reach 

the residue which interacts with O6 from D-allofuranose. The rest of the presumptive 
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interactions are predicted to be conserved as they are the same with L-

arabinofuranose. Nonetheless, the D-arabinose is not as abundant in nature and most 

importantly is not found in xylan (Saha and Bothast, 1999), pectin (Prade et al., 1999) 

or root mucilage (Tyler, 1965; Wise, 1960) therefore, due to its low physiological 

importance for adaptation of R. leguminosarum in the rhizosphere is not suprising the 

D conformer doesn’t bind.  

The Tm of GafASm in the presence of D-fucose was stabilized to the same extend with 

D-galactose, therefore they are thought to be binding with similar affinities. However, 

GafAEc binds D-galactose with a 6 times higher affinity than D-fucose (Horler et al., 

2009). A potentially enhanced affinity for D-fucose compared to GafAEc, could have 

been the result of evolutionary adaptation in rhizosphere as this sugar is a prominent 

component of the plant root mucilage. D-fucopyranose accounts for 20% of the total 

sugar content of the mucilage released by the root cap of maize (Zea mays L.) 

(Chaboud, 1983), 9% in cowpea (Moody et al., 1988) and approximately 8% in rice 

(Oryza sativa L.) mucilage (Chaboud and Rougier, 1984). An environmental niche rich 

in fucose would potentially act as an evolutionary force and shape the ligand binding 

specificity of GafASm differently to its orthologs. Even though the furanose form 

accounts only for 5% of the total fucose in aqueous solution (Angyal, 1984), the highly 

competitive environment of the rhizosphere would mean that species equipped with 

the necessary transport systems for utilisation of all or most furanose forms of sugars, 

would exhibit increased fitness compared to the rest and therefore gain a competitive 

edge.  

Furthermore, a high affinity system will be suited in the case that the bacterium is 

utilising the carbon source as a chemoattractant. For example, in Azospirillum 

brasilense, SbpA is involved in chemotaxis towards D-galactose, L-arabinose and D-

fucose and is the SBP for a high affinity ABC transporter for D-galactose (Van 

Dommelen et al., 1997). The similarity of GafASm to SbpA binding specificity is 

underlying the importance these sugars have in the chemotaxis and success of 

symbiosis between bacteria and plant roots. The examples are not limited to SbpA; a 
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more extensively studied SBP is ChvE from Agrobacterium tumefaciens. This SBP was 

shown to participate in chemotaxis and virulence gene induction by working with the 

VirA/VirG two component system (Kemmer, Liang and Nester; 1997) and respond to 

sugar binding during infection of plants. Its multiple functionalities are activated 

following binding of a broad set of sugars including glucose, galactose, galacturonic 

acid and glucuronic acid (He et al., 2009; Hu et al., 2012), thus highlighting the crucial 

role a high affinity sugar SBP can play in the fitness of a bacterium; in this case by 

promoting virulence signalling. Such capacity will potentially offer a competitive 

advantage to the bacterium. An interesting arabinose-related ABC transporter is the 

AraABC transporter which is encoded by the pSym plasmid; this was shown to be 

necessary for arabinose uptake but its expression was unresponsive to galactose 

(Poysti et al., 2007). AraBCD was hypothesised to carry out a similar role to ChvE since 

the level of its expression is drastically increased in the presence of seed exudates 

(Poysti et al., 2007) and therefore could offer an increased competition phenotype. 

This transporter is more than likely to be specific for the pyranose form of arabinose, 

as there is already one chromosomal copy for the furanose form and is also able to 

bind glucose which is not a property of the GafAs as demonstrated with GafAEc 

(Horler et al., 2009), and further established in the current study. When the araA was 

conjugated into a ΔchvE mutant of A. tumefaciens with a virE reporter plasmid, it 

failed to induce virE therefore is unable to complement the virulence gene induction 

in the absence of ChvE (Geddes and Oresnik, 2012). If a hypothetical solution 

containing only L-arabinofuranose is assumed then GafASm would have a binding 

affinity of 52.5 nM(ie. 12% of overall L-arabinose content) (Table 3. 5), demonstrating 

the high  scavenging capabilities of the system. Therefore, there is a possibility that 

GafA could carry out a similar function to ChvE, as the arabinopyranose-specific ABC 

transporter from S. meliloti 1021 fails to do so. Further, for Sinorhizobium meliloti 

species, the uptake of disaccharides such as trehalose and sucrose was found to 

increase the competitiveness of the species for nodule occupancy in the root of alfalfa 

legume. This was exemplified by mutating the ABC transport systems responsible for  

for transport of trehalose/ sucrose which in turn led to poor nodulation phenotype 
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(Jensen, Peters and Bhuvaneswari, 2002). To confirm the importance of the GafABCD 

system in nodule occupancy and utilisation of seed exudates, the respective operon 

can be deleted and it’s the effect on growth of S. meliloti 1021 in presence of seed 

exudates and individual sugars can be assessed. Further, its potential as an inducer 

can be assessed using the A. tumefaciens virE reporter strains AT11043 similarly to the 

experiment performed with araA by Geddes and Oresnik (2012).  

 
3. 4. 2 The role of GafASw in Shewanella sp. ANA3  

 

The expression of gafABCD system from Shewanella sp. ANA3 is predicted to be 

regulated by the arabinose controlled AraR TF. Along with its arabinose related 

expression, the operon is found in a huge cluster for arabinan utilisation suggesting 

that this bacterium is encountering this polysaccharide frequently and is probably 

importing the L-arabinofuranose monomers by employing the GafABCD transporter. 

Along with the above indications, the bacterium is unable to grow on D-galactose 

(Rodionov et al., 2o1o). This was not attributed to the absence of metabolic enzymes 

Table 3. 5. Binding of various ligands to purified GafAs using DSF, 
intrinsic fluorescence and ITC. 

All quantitative assessment of ligand binding was done by intrinsic protein fluorescence apart from: 
*Binding affinity as calculated by ITC,  
(+), Indicates binding as assessed qualitatively by DSF/ NB, No binding of the ligand as confirmed by DSF 
NB*, No binding of the ligand as confirmed by DSF and/or intrinsic fluorescence and/or ITC.  
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for galactose catabolism as these are present in all Shewanella genomes analysed by 

Rodionov et al., 2o10. Instead, the growth phenotype of the Shewanella species is 

consistent with the distribution of the galactose secondary transporter, ie. GalP, as the 

strains which lacked the transporter including Shewanella sp. ANA 3 failed to grow on 

D-galactose. Using BlastP we found that the mosaic distribution of galP relation to 

galactose transport doesn’t apply to gafABCD distribution. Only one of the galactose 

‘growers’, ie. S. baltica, harbours the gaf operon whereas S. loihica PV-4 and S. woodyi 

do not. Therefore, there isn’t high confidence in relating the positive phenotype to the 

presence of GafABCD. If all strains had it, then it might be that the system contributes 

to galactose import in the cell. However, since GafAEc binds D-galactose and 

Rodionov et al., (2010) established a correlation between transport and inability of 

Shewanella spp. (including sp. ANA 3) to grow on galactose, we are prone to believe 

that GafASw is: a) unable to bind galactose or b) since its regulated by AraR, is not 

responsive to galactose thus cannot enable growth in such conditions.  

 
Biochemical analysis of GafASw revealed its ligand specificity and showed that indeed 

this SBP is unable to bind D-galactose. This unique feature is within the few cases 

arabinose related proteins lack specificity for galactose. The arabinopyranose AraFEc 

from E. coli (Declerck and Abelson, 1994), GafAEc (Horler et al., 2009) and AraE from 

Bacillus subtilis (Krispin and Allmansberger, 1998). This principle extends to catabolic 

enzymes as AraA, the first enzyme in the arabinose catabolism, binds D-galactose 

(Wallace et al., 1978). The structural analysis attributed this inability to tilting of 

Asp88 disrupting a salt bridge with a nearby Asn residue and the presence of a 

phenylalanine residue instead of an asparagine, compared to GafAEc. The 

phenylalanine residue is predicted to disrupt interaction of the O6 of galactofuranose 

with a water molecule and thus destabilizing its hypothetical binding. Such 

observation increases the bioindustrial importance of this transporter as the binding 

of L-arabinofuranose is not inhibited by D-galactofuranose.  

 
The binding affinity for L-arabinofuranose is 4 times and 12 times weaker than GafAEc 

and GafASm (Table 3. 5), potentially indicating that Shewanella sp. ANA3 encounters 
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high arabinofuranose concentrations in its close proximity which would excuse a 

lower affinity. The high capacity of the bacterium to increase the arabinofuranose 

concentration when grown near arabinan is implied by the large arabinose-utilisation 

cluster. RegPrecise and Rodionov et al., (2010) have assigned roles to all of the genes 

in close proximity to gafABCD and showed that there is a plethora of arabinosidases 

and arabinofuranosidases. Specifically, they identified 2 arabinosidases, one predicted 

to reside extracellularly and one in the periplasm. Also, 3 arabinofuranosidases are 

thought to be present in the cluster, with each localized in separate compartments ie. 

one in the cytoplasm, one in the periplasm and the last found extracellularly 

(Rodionov et al., 2010). Based on localization of these enzymes in different 

compartments we designed a model for arabinan utilization shown in Figure 3. 32. The 

model predicts that the hydrolysis of arabinan produces arabinosides and 

arabinofuranose which make their way into the periplasmic space through the outer 

membrane porin (ie. OmpAAra, also expressed in the cluster). In the periplasm, the 

arabinofuranosidase (AbfA) hydrolyses terminal non-reducing arabinofuranose which 

in turn binds to GafASw and gets translocated into the cytoplasm (Figure 3. 32). The 

endohydrolytic activity of arabinosidases (ie. AbnA and Arb43) further decreases the 

arabinosides to a transportable size (ie. arabinobiose to arabinotetraose) which enter 

the cytoplasm through the arabinosides (Figure 3. 32). In the cytoplasm, the 

arabinofuranosidase AbfA releases arabinofuranoses and further fuels the primary 

catabolism of arabinose. The model increases the importance of GafASw in arabinose 

transport in the furanose form, as its positioned very close to its substrate and 

therefore allows for rapid uptake avoiding equilibration to the pyranose form. 

Nonetheless, a BlastP search of the arabinopyranose SBP from E. coli, AraFEc, yielded 

no match in Shewanella sp. ANA-3. Combined with the notable decrease in fitness 

upon deletion of gafASw, as reported by the Fitness browser (Wetmore et al., 2015), 

we are prompt to speculate that the GafABCDSw is the only dedicated transporter for 

L-arabinose monomers. The absence of an arabinopyranose dedicated system may 

suggest that arabinan and xylan are the only source of arabinose easily accessed by 

this bacterium. Since the estuarine environments exhibit high level of biodiversity, we  
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Figure 3. 32. Model for arabinan utilisation by Shewanella sp. ANA 3, MR4 and 
MR7 
The released arabinosides and arabinose from the activity of the extracellular 
arabinosidase and arabinofuranosidase make their way into periplasm through the outer 
membrane porin (OmpA

Ara
). In the periplasm, the arabinosidases (AbnA and Arb43) cleave 

the arabinosides into smaller products which travel through the AraT secondary 
transporter into the cytoplasm. The periplasmic arabinofuranosidase (AbfA) catalyses the 
production of arabinofuranose which binds on GafASw and translocates through into the 
cytoplasm via the transmembrane domain of the GafBCDSw.The model is based on the 
predictions of Rodionov et al., 2010.  
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cannot completely exclude the presence of galactose in such environment, or be 

definite about its enrichment by arabinan or xylan polymers. Nonetheless, arabinan 

utilisation genes have previously been identified in bacteria from estuarine and 

mangrove environments including Mangrovimonas-like strains (Dinesh et al., 2016), 

Strepromyces xiamenensis (Xu et al., 2009), Mangrovibacterium diazotrophicum 

(Huang et al., 2014) and Halomonas avicenniae (Soto-Ramírez et al., 2007). 

 
3. 4. 3 Structure of GafASw  

 
The structure of GafASw follows the pattern of Class I SBPs with an additional α-helix 

and two β-strands that are also found in GafAEc and MglB and align perfectly until 

the penultimate residue. The binding of L-arabinofuranose is similar to other SBPs 

and involves two aromatic residues that stabilise the binding by stacking the plane of 

the sugar ring in between then. It also contains a disulphide bond which is seen in LivJ 

and LivK SBPs but not in other solved structures. The location of the bond outside the 

binding cavity would suggest that is not implicated in the function of the protein. The 

superimposition of GafAEc, GafASw and RsbEc showed that the tilting of Asp88 is 

deduced by the extend of the hydroxymethyl group at the C5 or C6 of the ring. Notably, 

this is confirmed by analysis of the binding cavity of the ribofuranose binding SBP, ie. 

RfBPHc, with the aspartate residue positioned perpendicularly against the sugar as 

there is no extended C6 group, and it interacts with the O2 and O3 instead.  

 
We weren’t able to predict whether the GafA ortholog we failed to characterise, ie. 

GafACb, is unable to bind D-galactofuranose merely by aligning the sequence as all of 

the residues of the binding cavity are conserved (Figure 3. 33). However, there is a 

methionine present in the phenylalanine position of GafASw (designated by a blue 

circle, Figure 3. 33) which is not predicted to cause water exclusion. The neutral and 

nonpolar methionine is considerably smaller than asparagine found in GafAEc, and 

therefore we don’t expect it to stabilise the water molecule at such position. Most 

importantly, we wouldn’t be able to predict the extend of tilting the respective Asp 

residue has in GafACb. Nevertheless, Clostridium beijerinckii NCBI 8052 has been  
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Figure 3. 33. Multiple structure-based alignment of the amino acid sequences 
of GafASw, GafAEc, GafASm and GafACb. 
Triangles indicate residues in direct contact with the respective ligand in both GafASw and 
GafAEc. The stars designate the aromatic residues that form part of the binding site. The 
circle is the position of the Phe107 in GafASw thought to cause water exclusion and 
destabilisation of D-galactofuranose binding.  
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shown to actively accumulate radioactive labelled galactose (Mitchell, 1996). The 

accumulation was credited to an ATP-driven system rather than the glucose 

phosphotransferase system which galactose failed to bind (Mitchell, 1996). and a 

BlastP search detected a direct homolog with 50 % identity to the galactopyranose 

MglBEc denoting the importance of D-galactose uptake to this bacterium. 

 
Two residues are thought to cause abolishment of D-galactofuranose binding by 

GafASw; ie. the first is Phe17 which disrupts the salt bridge and provokes the 

movement of Asp88 to face and interact with the bound sugar. The second important 

residue is Phe107 thought to cause water exclusion and destabilisation of D-

galactofuranose binding. The structure alignment at Figure 3. 34, investigates the 

conservation of these two residues in various GafAs. The Phe17 is also present in GafA 

from Shewanella baltica os195 and is also expected to be unable to bind D-

galactofuranose like its close ortholog ie. GafASw. Interestingly, the GafAs from 

Xylanimonas cellulosilytica DSM 15894 (ie. Xcel_0419), Variovorax paradoxus S110 (ie. 

Vapar_1044) and Herbaspirillum seropidicae SmR1 (ie. Hsero_1033) have an 

asparangine residue instead of glutamine or phenynalanine at position 17. Also, they 

all feature a phenylalanine at position 107, similarly to GafASw and unlike GafAEc 

which has an asparangine. These observations point towards a potentially different 

binding specificity.  

 
 3. 4. 4 Biotechnological importance of GafAs  

 
The two SBP proteins tested here were both robust in alkaline buffers and maintained 

full capacity to bind L-arabinose. Therefore, they are perfect candidates for 

engineering into bacteria to uptake the arabinose released from NaOH pretreated 

biomass. Furthermore, the importance of GafAs for such purpose can be assessed by 

using E. coli in competition assays of GafABCDEc with AraFGH in actively released 

arabinofuranose. Ectopic expression of the two systems in separate low copy plasmids 

will ensure inducible expression at similar levels. The arabinofuranose can be released 

in a mixture of arabinan with exogenously supplemented L-arabinofuranosidase. In  



 

 241 

  

Figure 3. 34 Multiple structure-based alignment of the amino acid sequences 
of various GafAs.  
Triangles indicate residues in direct contact with the respective ligand in both GafASw and 
GafAEc. The stars designate the aromatic residues that form part of the binding site. The 
circles (blue shade) designate the position of the Phe107 in GafASw thought to cause water 
exclusion and destabilisation of D-galactofuranose binding and Phe17 in GafASw which 
disrupts the salt bridge in the binding cavity.  
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such experimental set the E. coli strains expressing the two systems, should preferably 

be tagged with a fluorophore so their abundance is tractable with both a growth curve 

and a tag. Furthermore, the GafABCDSw can be expressed in E. coli, as Shewanella sp. 

ANA3 is a cognate γ-proteobacterium, and also assess its ability to compete with 

AraFGH for binding of L-arabinose derived from arabinan.  

 
In a bioreactor setting, the abundance of sugars will be much higher as not only xylan 

will be present but cellulose and pectin-derived oligosaccharides as well. The 

galactose from pectin will compete with arabinose for binding to the GafAEc, however 

such issue will not be encountered if GafASw is used, either in Shewanella sp. ANA3 

or engineered in the fermenting bacterium. This is the case for AraFEc which is 

subjected to competitive inhibition by galactose with a Ki= 5. 5 x 10-4 mols/L (Hoggs, 

1972). Similarly, AraABC arabinose transporter from pSymB of S. meliloti 1021 is also 

subjected to such inhibition as competitive assays using radiolabelled arabinose, 

showed that supplementation with galactose greatly reduced the accumulation of  

arabinose in S. meliloti 1021 (Geddes and Oresnik, 2012). Similar experiments can be 

performed with GafAEc and GafASw to demonstrate the inability of D-galactose to 

inhibit L-arabinose binding to GafASw.   
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Chapter 4  
 
Creation of transport deletion (TD) 
strains in E. coli and their application 
in identification of an endogenous 
xylobiose transporter 
 
 
This chapter focuses on the transport of the products of AGX enzymatic hydrolysis ie. 

D-glucuronic acid, L-arabinose, D-xylose and also xylo-oligomers produced during 

enzymatic hydrolysis of xylan. A prologue for xylo-oligomers and xylobiose transport 

is provided as the aims of this Chapter include identification of an endogenous 

xylobiose transporter from E. coli. Additionally, a brief introduction is provided to 

exemplify the use of engineered E. coli mutants with abolished transport for xylan-

relevant sugars, the so-called Transport Deletion (TD) mutants. Initially, the efforts 

to create the TD strain for arabinose, ie. TDara, are described. Next, the experiments 

to test its functionality and robustness as a TD mutant by adding back araE MFS 

transporter, are explained. The same approach applied for the pre-defined TD 

mutants for D-xylose (TDxyl) and D-glucuronic acid (TDglcA) is described. Lastly, the 

importance of TD mutants in identifying transporters able to uptake xylan-derived 

sugars/sugar acids is established by the discovery of a cryptic gene in E. coli which 

encodes for a transporter able to uptake xylobiose.  

 
4. 1 Introduction  
 
4. 1. 1 Xylo-dextrins, transport and utilization. 
  
The degradation of hemicellulose is an important part of the cycle of carbon and 

several organisms which reside near these polysaccharides have adopted in such 

niches by hydrolyzing and metabolizing hemicellulose (see General Introduction) 

(Shulami et al., 2007). The combined activity of endoxylanases and xylosidases on the 
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xylan backbone leads to release of a cocktail of soluble xylo-oligomers with varying 

length. These are transported inside the cell via membrane transporters; thus far, the 

identified ones belong to the ABC and the secondary transport systems. In 2012, Han 

et al. identified and described a cluster in the thermophile Caldanaerobius 

polysaccharolyticus which encodes for genes with putative xylanolytic activities (Han 

et al., 2012). This cluster included an ABC transporter, a xylosidase, a two-component 

system and genes responsible for the metabolism of xylose liberated in the process. 

They purified the SBP and showed that it bound xylooligomers with the following 

binding preference based: xylotriose> xylobiose> xylotetraose. Shulami et al. (2011) 

described a xylo-oligomer-specific ABC transport system present in Geobacillus 

stearothermophilus and encoded by the operon xynDCEFG. Interestingly, this system 

is also responsive to regulation by XylR, similar to the xylose ABC transport system in 

E. coli. Additionally, Tsujibo et al. (2004), building on their discovery of an 

intracellular β-D-xylosidase (ie. BxlA) (Tsujibo et al., 2001) in Streptomyces 

thermoviolaceus OPC-520, attempted to characterise its genetic neighbouring operon, 

bxlEFG, present in a predicted xylo-oligosaccharide utilisation cluster (Tsujibo et al., 

2004).  This operon encoded for a predicted ABC transporter with an SBP protein (ie. 

BxlE) exhibiting a signature sequence which is unique to Class I carbohydrate SBPs. 

The recombinant BxlE bound xylobiose with the highest affinity (KD = 8.75 x 10-9 M) 

followed by xylotriose (KD = 8.42 x 10-8 M). The lowest affinity was measured for 

xylohexaose (KD = 1.16 x 10-6 M). The calculated KD values are similar to the ones SBPs 

exhibit for chitinobiose (Schlösser and Schrempf, 1996), cellobiose and cellotriose 

(Xiao et al., 2002) from cognate Streptomyces species.  

 
The studies described above combined with the recent development of synthetic 

genetic constructs (Czar et al., 2009) have opened the opportunity to use these and 

other similar genes to engineer a bacterial strain able to uptake and ferment 

xylooligosaccharides to ethanol. Expressing and regulating these functionalities into 

E. coli can potentially enable its growth on xylan and xylodextrins.  
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4. 1. 2 Can E. coli grow on xylo-oligomers?  

 
As already alluded to, E. coli can grow on monomeric xylose as the sole carbon source. 

The transport systems XylE from the MFS family and XylFGH from the ABC transport 

family import xylose into the cell, the first one with much lower affinity than the latter 

(Sumiya et al., 1995; Ahlem et al., 1982). 

 
Despite the presence of xylose dedicated systems in E. coli, this bacterium cannot grow 

on xylo-oligomers as the sole carbon source (Qian et al., 2003; Rosanna Henessey, 

personal communication). Qian et al. (2003) attempted to change this by successfully 

introducing a plasmid expressing xylanolytic activities in E. coli. This plasmid included 

a novel xylooligosaccharide utilization operon from Klebsiella oxytoca, ie. xynTB. The 

gene xynT encodes a xylooligomer/cation symporter; and xynB encodes an 

intracellular β-xylosidase, which cleaves the linkage between the xylose monomers. 

The E. coli cells ectopically expressing xynTBKo were assessed in their ability to utilise 

a mix of xylooligomers (ie. xylose to xylohexaose) using thin layer chromatography 

and densitometry. The results demonstrated that expression of these genes enabled 

utilisation of xylooligosaccharides with an efficiency inversely proportional to the 

oligomer length (Qian et al., 2003).  

 
4. 1. 3 The need for xylo-oligomer transporters during fermentation  

  
Cocktails of xylan degrading enzymes with negligible amounts of exo-xylanase or β-

xylosidase are preferred as their activity limits the release xylo-oligosaccharides 

(Vázquez et al., 2002) and produces mainly xylose which is readily fermentable. 

Attempting to minimise the release of xylodextrins stems from the inhibitory activity 

they exert on cellulases which leads to lower glucose yields from cellulose (Selig et al., 

2008; Qing et al., 2010; Zhang et al., 2012). Ultimately, one would exogenously supply 

β-xylosidase to lead to complete hydrolysis of the xylo-oligosaccharides into xylose 

and remove their negative effects, as suggested by Li et al., 2014. However, this would 

increase the cost of the process and therefore one might try to increase the production 

of the released xylanases and xylosidases by the fermenting bacterium. Though, the 
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high yield of such enzymes would speed the hydrolysis of xylo-oligosaccharides into 

monosaccharides, the excessive production could overwhelm the bacterial cells which 

are not natural overproducers of such enzymes. Another option to overcoming this 

issue, is by utilising the naturally occurring activities of the bacterial transport systems 

in the membrane. By identification of dedicated bacterial strains which produce 

transporters with high affinity for xylo-oligosaccharides, eg. xylobiose and xylotriose, 

would increase the rate of uptake of these sugars and their degradation in the bacterial 

cytoplasm. To circumvent the toxicity excess transporter monomers in the bacterial 

membrane can cause, these can be expressed ectopically in low copy bacterial vectors, 

eg. pWKS30 (Wang and Kushner, 1998).  

 
4. 1. 4 Transport deletion (TD) mutants for identification of useful transporters  

 
Metabolic engineering studies for xylan utilisation, similar to Qian et al., (2003) (see 

Section 4. 1. 3) have employed a strategy which considered more stages than just the 

extracellular or intracellular hydrolysis of the polysaccharide. The aforesaid group 

took into account the contribution of the transport systems in the uptake of xylobiose 

and xylodextrins, therefore emphasising their role in the efficient utilisation of xylan. 

A study conducted later to the above, followed a consolidated bioprocessing approach 

by modifying two E. coli strains to cooperatively accomplish enzyme production so 

that their engineered features led to higher efficacy in xylan hydrolysis and biofuel 

production (Shin et al., 2010). Despite the fact that the main focus is again the 

hydrolysis of the sugars, this group included the XynT transporter used by Qian and 

his co-workers, which potentially maximised the potential of the cell to uptake the 

released xylooligomers.   

However, other studies which introduced chromosomally or ectopically expressed 

genes to enable E. coli growth on xylan, never included a transport system in their 

engineering efforts therefore neglecting the fact that the hydrolysed sugars need to 

cross the membrane barrier. For example, Bokinsky et al. (2011), engineered E. coli 

strain BW25113 to degrade xylan by introducing a plasmid which they named as 
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pXylan. The products of pXylan were a successfully secreted endoxylanase (Xyn10B) 

and a cytosolic β-xylosidase (Gly43F). The plasmid constitutively expressed the 

functionalities without causing toxicity to the cells (Bokinsky et al., 2011). The strain 

bearing the plasmid gained the ability to grow on birchwood xylan and switchgrass 

pretreated with ionic liquid (IL) (Bokinsky et al., 2011). They reported that the Χyn10B 

was able to hydrolyse pretreated switchgrass and mainly release xylotriose and 

xylobiose (ie. trisaccharide and disaccharide of xylose, respectively) (Bokinsky et al., 

2011). However, since E. coli is not thought to transport xylobiose and xylotriose (Qian 

et al., 2003), it is unknown how the strain imported these xylooligomers. One can 

assume that mutation of endogenous xylose transporters increased their promiscuity 

and made them capable to import xylosides, which might explain the long lag phase, 

reaching 20 hours at times (Bokinsky et al., 2011). Also, IL pretreatment has been 

shown to release xylose in its monomeric form which could account for fuelling the 

initial growth stages during lag phase (Sun et al., 2013; Socha et al., 2014). Although, 

the strain gained the ability to grow on IL-pretreated switchgrass, the true capabilities 

of pXylan weren’t fully assessed as the strain was not optimised for transport.  

Useful tools have been created for studying and optimising the activity of glycolytic 

hydrolases. Alvira et al. (2010) have reported the use of enzymatic microassays run in 

2 ml eppendorf tubes for rapid assessment of wheat straw hydrolysis. A different study 

conducted by Wolfrum and coworkers, has created a laboratory-scale assay which 

allowed multiple samples from various feedstocks to be screened simultaneously 

following a small-scale enzymatic hydrolysis step (Wolfrum, Ness and Scarlata 2013). 

The lack of interest on engineering of transport systems for biofuel production, means 

that not many tools are available for quick and reliable assessment of the bacterial 

transport capabilities. This could explain why some studies are discouraged from 

optimising bacterial transport systems.  

The current study is building up on previous work carried out in the Thomas lab to 

create E. coli growth deficient strains by deletion of targeted transport systems. These 

strains, namely Transport Deletion (TD) mutants, will ideally show reduced or 
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abolished growth as compared to the WT when grown in minimal M9 media 

supplemented with the respective xylan-derived sugar or sugar acid. Previous Thomas 

lab workers have created TD strains for D-xylose (ie. TDxyl) and D-glucuronic acid (ie. 

TDglcA). The features of these strains are summarised in Table 4. 1. Functional 

redundancy conferred by other native transport systems is common (Desai and Rao, 

2010; Hasoma et al., 2004) and therefore deletion of targeted systems often doesn’t 

lead to complete growth abolishment. For example, in the case of TDxyl, the araH (ie. 

membrane subunit of the L-arabinopyranose) was also deleted as the double mutant 

ΔxylExylH was still able to grow on D-xylose due to the promiscuous activity of the 

AraFGH system (Henrique Neves, personal communication). The TD mutants are 

considered useful tools for identification of exogenous transporters when the deletion 

of the endogenous transport systems is sufficient to cause a near-abolishment growth. 

The TDxyl has already been used successfully in the Thomas lab to identify exogenous 

MFS transporters for xylooligomers (Rosanna Henessey, personal communication) by 

screening for restoration of growth when the respective transporter genes were 

ectopically expressed in the TDxyl strain.  

 
4. 1. 5 Lambda red recombineering and Flp recombinase 
 
Genetic recombination is a process by which a molecule of nucleic acid is broken and 

then joined to a different DNA molecule. The λRed system is a tool commonly used 

by molecular biologists for cloning or genome engineering. The technique is based on 

homologous recombination and allows for direct modification of E. coli DNA, without 

the requirement for restriction sites (Daiguan et al., 2000). The naturally occurring 

recombination system of E. coli involves the enzymes RecABCD (Kowalczykowski et 

 
Table 4. 1. Transport deletion (TD) mutants created in GHT lab 
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al., 1994); even though the λRed system is not produced by E. coli but derived from 

the λ bacteriophage there is interplay between the two systems during transfection. 

The technique is also known as recombineering, as it is a recombination-mediated 

genetic engineering method.   

 
Murphy et al. (1991), was the first to test the red system in E. coli and showed that it 

was able to promote recombination between the bacterial chromosome and linear 

dsDNA molecules which entered the cell via electroporation (Murphy et al., 1991). The 

system was proven to be far more efficient than other systems used at the time for 

making gene replacements as PCR generated species could be used in the reaction 

(Murphy et al., 1991). Recombineering plasmids (eg. pKD46 and pSIM8) carry the 

genes which encode the constituents of the red system ie. exo, beta and gam. Exo has 

a 5’- to 3’-dsDNA exonuclease activity, which can generate 3’-overhangs on linear DNA 

(Figure 4. 1A). Beta recognises and binds the single-stranded DNA (3’-overhangs) and 

promotes single stranded annealing which finally generates the recombinant DNA 

(Figure 4. 1A). The Gam, ‘guards’ the whole process as it prevents RecBCD nuclease 

from degrading the double-stranded linear DNA fragments (Sharan et al., 2009).  

 

For gene replacements or deletions, usually a cassette encoding for a drug-resistance 

gene is amplified by PCR which incorporates at least 50 bases of flanking homology to 

the gene to be deleted (Figure 4. 1B). The double stranded DNA (dsDNA) amplified 

during PCR is electroporated into cells expressing the λRed genes. These genes are 

normally carried on plasmids, eg. pKD46 (Datsenko and Warren, 2000) and pSIM18 

(Datta, Constantino and Court, 2006), which are allow production of the λRed system 

upon induction eg. with L-arabinose or caused by temperature shift. The 

recombinants are selected by growth on respective antibiotic. Following confirmation 

of the deletion, the antibiotic resistance cassette is typically removed, a process 

performed by the Flp recombinase or flippase introduced on a second plasmid (ie. 

pCP20).  
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Figure 4. 1 Recombineering using the λRed system 
A) Overview of bacteriophage λ recombination. The Exo enzyme is shown as an orange 

pentagon and beta. Gam, which is not shown here, is ’guarding’ the process by 
preventing RecBCD system from degrading the dsDNA. Figure taken from Sharan et 
al., 2009.    

B) Process involved in deletion of genes using recombeeniring. Figure taken from 
Levarski et al., (2011).  
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The Flp recognises both FRT sites which flank the inserted antibiotic sequence and 

catalyses recombination between the two sites causing removal of the cassette 

(Schlake and Bode, 1994) (Figure 4. 1B). 

 

4. 1. 6 Aims of the current chapter  

 
Here, we create a TD strain for arabinose (ie. TDara) by deletion of araE encoding the 

arabinopyranose MFS transporter and araH, of the AraFGH ABC system. We attempt 

to functionally complement and ‘validate’ all three TD strains (ie. TDara, TDxyl and 

TDglcA) by re-introducing ectopic expression of their MFS transporters. To 

demonstrate the application of the produced TD strains, we use the TDxyl strain to 

phenotype the function of a putative MFS transporter from E. coli potentially involved 

in the xylo-oligomer import, ie. YagG.   
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4.2 Materials and Methods 
 
4. 2. 1 Bacterial strains, plasmids and growth media  
 
All the strains and plasmids used in the study are listed in Table 4. 2 below.  

 

 
 

LB media used for the overnight inoculation of the strains was prepared as described 

in Section 2. 2. 2. 1 of Chapter 2. The minimal M9 media used in the microplate-based 

growth assays was supplied from VWR International (ie. M9 medium broth powder 

biotech grade). 1 mM total concentration of MgSO4 was added in the autoclaved M9 

media prior to the growth assays. All the sugars used in the growth assays (ie. D-xylose, 

Table 4. 2. Bacterial strains and plasmids used in the study 
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L-arabinose and D-glucuronic acid) were supplied from Sigma-Aldrich, and xylobiose 

from Tokyo Chemistry Industry UK Ltd.  

4. 2. 2 Molecular Biology techniques  

 
All the techniques used in the study for this Chapter are described in Chapter 2 at the 

following sections: Plasmid DNA extraction (2. 2. 3. 1), Agarose gel electrophoresis (2. 

2. 3. 3), PCR (2. 2. 3. 5), PCR clean up (2. 2. 3. 6), Gel extraction (2. 2. 3. 7), Conventional 

ligation of constructs into the low copy vector pWKS30 (2. 2. 3. 9), LIC independent 

cloning of constructs into pBADcLIC (2. 2. 3. 11), Restriction (2. 2. 3. 13) and heat-shock 

transformation of E. coli (2. 2. 3. 12). The pWKS30 plasmid was digested with XhoI and 

EcoRI for cloning of araE and exuT, and with EcoRI and BamHI for cloning of xylE. 

The cloning was confirmed by M13 PCR screen and DNA sequencing.  

 
The list of primers used for the amplification of the MFS transporter sequences from 

the genomic DNA of E. coli are shown in Table 4. 2.  

Table 4. 3. Primers used in the work of this chapter 

The emphasised sequences correspond to synthetic functional features added in the respective amplicons 
for cloning into the pWKS30 vector. The underlined sequences indicate restriction enzyme sites,  italics 
are for the stop codons and bold font designates added Shine Dalgarno sequences.  
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4. 2. 2. 1 Electroporation of dsDNA into E. coli cells 
 
An overnight culture was diluted one hundred times in fresh LB and grown to an 

OD600 ranging between 0.4 and 0.6. The cells were placed on ice for 20 mins and the 

all of the next steps took place on ice. The cells were centrifuged (4500 rpm for 10 

mins) and the pellet was washed with 10% glycerol. The washing procedure was 

repeated 3 times. The cells were resuspended in 10% glycerol solution and distributed 

in 75 μl aliquots. 1 to 3 μl of dsDNA (ie. 200 – 500 total ng) was added to the aliquot 

prior to electroporation. The aliquot was transferred to a 0.2 cm gap eletroporation 

cuvette and was subjected to an electrical field of 12 kV/cm, 25 μF and 200 Ω for 5 

milliseconds using the electroporator MicroPulser (Bio-Rad®). Immediately after the 

electrical pulse, the cells were mixed with 950μl of pre- warmed LB or SOC medium. 

The culture was incubated at 37 °C for an hour of outgrowth and then plated in LB 

plates with the appropriate antibiotic.  

4. 2. 3 λRed-mediated gene disruption  

 
Single gene mutations were inserted in strains using the λ-recombinase system 

(Datsenko and Wanner, 2000). The primers araEF and araER (KO) were used to 

amplify the kanR cassette from the respective Keio collection mutant (ie. E. coli 

BW25113 ΔaraE). The PCR incorporated extra 300 bps upstream and downstream of 

the amplicon homologous to the start and end of araE gene, respectively. The same 

process was followed for the amplification of araH::kanR cassette. The sequence of E. 

coli MG1655 strain is identical to BW25113 as far as these two sites are concerned.  

 
The pKD46 plasmid (see Section 4. 1. 5) was transformed into E. coli MG1655 WT strain. 

A single transformant was inoculated into LB and grown to exponential phase at 30 

°C, to maintain plasmid propagation, in the presence of arabinose for the induction of 

exo, gam and beta genes. As the MG1655 strain contains the catabolic genes for L-

arabinose, as opposed to BW25113, a higher concentration of inducer was included, ie. 

20 mM. The growth was stopped during the exponential phase at growth OD600 = 0.4 
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to 0.6. Electroporation competent cells were prepared which were electroporated with 

the respective dsDNA containing the kanR insertions, as described at Section 4. 2. 2. 1. 

Following outgrowth the culture was plated on LB plates containing 30 μg/ ml 

kanamycin. The colonies obtained were replated on kanR plates to confirm the 

phenotype and subsequently made chemically competent as described in Section 2. 2. 

3. 12.  

 
4. 2. 3. 1 Curing of kanR cassette using pCP20 

 
The chemically competent Δ(gene of interest)::kanR strains were transformed with 

pCP20 as described in Section  2. 2. 3. 12. Single transformants were grown in LB at 42 

°C overnight to allow expression of Flp recombinase. A loopful of culture was plated 

in LB plates without selection, and grown overnight at 37 °C to ensure complete 

removal of pCP20. Up to 25 colonies from each deletion genotype were tested for loss 

of kanR cassette and pCP20 by re-plating individual colonies at separate plates 

containing 30 μg/ ml kanamycin, 100 μg/ ml ampicillin and no antibiotic. The curing 

of kanR was also verified by PCR screening using the same primers as in Section 4. 2. 3.  

 
4. 2. 4 Microplate-based growth assays in minimal M9 media 

 
Prior to each growth assay 3 to 5 colonies (ie. biological replicates) for each genotype 

were inoculated for overnight growth into 1 ml of M9 media supplemented with 

glucose (20 mM), MgSO4 (1 mM) and ampicillin (100 μg/ml) when required to 

maintain and propagate the plasmid constructs.  Following overnight incubation, the 

cultures were diluted 10 times and their cell density (OD600) was measured using a 

spectrophotometer. To ensure initial cell density was equal for all cultures and any 

changes observed during the growth assay are attributed to the growth assay 

parameters, the cultures were standardized to an OD650 of 0.25 using fresh M9 media. 

For each microplate growth assay, a 96-well Corning Costar® plate was prepared by 

loading 144 μl of M9 media in each well. The media was supplemented with 1 Mm 

IPTG, 10 or 20 mM of sugar/ sugar acid, 1 mM MgSO4 and 100 μg/ ml ampicillin where 

required. 6 μl of culture was added in each well for a starting OD650 of approximately 
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0.01. Blank controls of the M9 media lacking cultures were included to standardise the 

results during data analysis. Positive controls for the TD assays were the WT strains 

and in some assays glucose was included. The readings were taken in the Infinite 200 

PRO plate reader from Tecan®.  

Data analysis was performed using Microsoft Excel for all assays. The plotted data for 

each genotype, at each timepoint, are the average of 3 (or 5) biological replicates.  The 

average for the blank controls was calculated, and substracted from each timepoint of 

the samples. The standard errors were calculated as the square root of the standard 

deviation divided by the number of biological replicates (3 or 5). The graphs presented 

in the Chapter were produced in GraphPad Prism 7.0, whereas the ones in Appendix 

were created in SigmaPlot.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 257 

4. 3 Results  
 
4. 3. 1 Creation and functional complementation of TD mutants  
 
4. 3. 1. 1 Ectopic expression of exuT restores growth of TDglcA  
 
The TDglcA, is an E. coli BW25113 strain with the gene encoding for the hexuronate 

MFS transporter, exuT, deleted. The mutant strain was produced and tested by co-

workers in GHT lab, who confirmed that TDglcA shows complete abolishment of 

growth on minimal media supplemented with D-glucuronic acid (data not shown). 

Here, the applicability of this strain as a TD mutant was tested by functional 

complementation with re-introduction of exuT in trans.   

 
The exuT gene was cloned into the low-copy vector, pWKS30 as described in Section 

2. 2. 3. 9. TDglcA pWKS30 (exuT) was tested for recovery of growth in M9 media 

supplemented with 10 mM or 20 mM D-glucuronic acid as the carbon and energy 

source, in a microplate-based assay. The pWKS series of vectors have been created 

especially for overproduction of proteins which are toxic in E. coli in high copy number 

(Wang and Kushner, 1991). The expression of exuT, which is under the control of the 

lac promoter, was induced by IPTG during the incubation course. The growth of the 

culture was monitored via absorbance measurements every 30 minutes, over a total 

timespan of 24 hours. The first assay performed, showed that TDglcA pWKS30 (exuT) 

presented partial complementation of phenotype at 20 mM D-glucuronic acid (Figure 

4. 2). Therefore, in the second growth assay the above strains were re-tested and also 

included TDglcA pWKS30 (exuT) without addition of IPTG to assess the growth with 

leaky expression of exuT.  

 
The deletion of exuT in TDglcA cells completely abolished growth during the course 

of incubation, confirming the results from previous Thomas lab workers and affirming 

its applicability as a TDglcA at 10 mM D-glucuronic acid. Also, the growth experiment 
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Figure 4. 2 Un-induced ectopic expression of exuT restores growth of TDglcA 
A) Growth curve of TDglcA (ie. E. coli BW25113 ΔexuT) with exuT expressed in trans, in minimal 
media supplemented with 10 mM D-glucuronic acid. The exuT expression was induced using 1 
mM IPTG (nabla) or kept un-induced (triangles). The WT (circles) and TDglcA (squares) are 
also shown for comparison. The cell density (OD650) measurements were taken every 30 
minutes across a 24-hours timecourse. Each timepoint is the average OD650 from 5 biological 
replicates and the error bars are standard errors calculated from the standard deviation.  
B) Same growth assay with (A) in presence of 20 mM D-glucuronic acid.  



 

 259 

suggested that the uninduced culture presented leaky expression of exuT, which was 

sufficient to restore the growth near WT-like levels at both 10 and 20 mM (Figure 4. 

2A, B). As expected the culture supplemented with higher concentration of glucuronic 

acid grew to a higher biomass by the end of the incubation course (Figure 4. 2B). 

Conversely, the induced culture showed reduced growth at 20 mM concentration of 

substrate compared to the uninduced TDglcA pWKS30 (exuT) and the BW25113 WT 

(Figure 4. 2B). As the latter phenotype was not observed in the presence of 10 mM 

glucuronic acid, it could potentially be attributed to the high influx of the D-

glucuronic acid and due to its acidic nature, it could have caused the intracellular pH 

to drop thus leading to cell lysis. Similar observations were made before with the 

accumulation of metabolites causing depression of growth such in the case of gluconic 

acid and lactic acid build up halting the growth of Gluconacetobacter xylinus (Liu et 

al., 2016).  

 
4. 3. 1. 2 Deletion of araE and araH abolishes growth of E. coli on L-arabinose  

 
The TDara strain was constructed by deletion of genes encoding for the characterised 

L-arabinose transport systems of E. coli, ie AraE (Daruwalla, Paxton and Henderson, 

1981) and AraH from the AraFGH ABC transport system. The parental strain 

genetically modified here was the E. coli MG1655 as the BW25113 used to create TDglcA 

and TDxyl is deficient in the araBAD catabolic genes for arabinose. This BW25113 

strain is normally used for induction of the λRed system which is under the control of 

the pBAD promoter (Datsenko and Wanner, 2000) and therefore retaining the 

catabolism of arabinose would deplete its inducing activities.  The araH and araE were 

successively deleted in the order mentioned, using the λRed recombineering system 

as described in Section 4. 2. 3. The single mutants and the double mutant (ΔaraHaraE) 

created, were tested for growth defects on a microplate growth assay including 20 mM 

L-arabinose as described in Section 4. 2. 4.  

 
Deletion of araE extended the lag phase by 6 hours as compared to the WT (Figure 4. 

3). This is in accordance with the study by Hanosa et al. (2004) which showed that the  
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single mutant did not exit lag phase not until after 12 hours. The growth assay was 

distinctly different from ours, as this group assessed the ΔaraE mutant of E. coli W3110 

at a pH-stat under argon gas phase to ensure anaerobic conditions. Also, the minimal 

media used was enriched with more mineral salts than M9 and the strain was supplied 

with 3 times higher arabinose concentration (Hasona et al., 2004). Despite the 

discrepancies in the set-up of the assay, the ΔaraE mutant tested here also exhibited 

a 12-hours lag phase.  

 
Growth of the ΔaraH is less defective compared to ΔaraE. The strain enters 

exponential phase at the same time with the WT (Figure 4. 3). However, the WT strain 

reached 1.2 times higher OD650 compared to ΔaraH. Similar to ΔaraE, this is consistent 

with the study conducted by Hanosa and coworkers (Hanosa et al., 2004).  

 
In the case of the double mutant, the deletion of both transport systems is sufficient 

to cause a strong defective phenotype on growth in L-arabinose. MG1655 ΔaraEaraH 

strain only showed residual growth following 21 hours of incubation which could be 

partially attributed to facilitated diffusion (ie. spontaneous passive transport of solute 

via transmembrane integral proteins) of the sugar (Khankal et al., 2008). Facilitated 

diffusion was shown to occur in LacY mutants which lacked both aforementioned 

transport systems (Morgan-Kiss, Wadler and Cronan, 2002; Goswitz and Brooker, 

1993). Arabinose was able to diffuse homogeneously across the membrane of such 

mutants and induce the expression of a GFP reporter which was under the control of 

pBAD (Morgan-Kiss, Wadler and Cronan, 2002). Deletion of the endogenous 

transport systems led to the creation of TDara, which was tested for its applicability 

as a TD strain by functional complementation with araE.  

4. 3. 1. 3 Ectopic expression of araE from pBADcLIC partially restores growth of TDara 

on L-arabinose.   

 
The next experiment was performed to confirm the strain is able to regain ability to 

grow on arabinose, therefore verifying its applicability in testing exogenous 

transporters for reversing transport deficient phenotypes. We attempted this by re-
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introducing the araE gene in trans in TDara, similarly to the strategy followed for 

TDglcA (Section 4. 3. 1. 1). The araE was cloned into pBADcLIC vector as described in 

Section 2. 2. 3. 11. The choice of this vector is not accidental, as the expression of the 

cloned constructs is under the promoter present in pBAD vector which is derived from 

the upstream region of araBAD catabolic genes of E. coli (Dunn et al., 1984). Therefore, 

this places the araE expression under the control of L-arabinose. In a bioindustrially 

scaled-up culture supplied with xylan-derived sugars the abundancy of L-arabinose 

would eliminate the need for an exogenously supplied inducer if pBAD-regulatable 

plasmids are used.  

 
TDara was transformed with pBAD (araE) and was grown in a microplate assay as 

described in Section 4. 2. 4. To allow for statistical significance 3 different biological 

replicates were included for each genotype. The results are shown in Figure 4. 4.  

In both concentrations tested (ie. 10 and 20 mM arabinose), pBAD(araE) only partially 

complements the TDara phenotype (Figure 4. 4). The final OD650 of the strain appears 

2.5 times decreased than the WT, with a shallower log phase which is much longer in 

higher concentration of the sugar, ie. 20 mM (Figure 4. 4). This could be caused by 

toxicity of excess transporter units in the membrane (Laible et al., 2004); or it could 

potentially be attributed to insufficient transporter units in the membrane to allow 

for restoration back to WT levels. As the pBADcLIC is a high copy number plasmid is 

likely to be the outcome of the first. This is exemplified by the AraE overproduction 

in the single ΔaraH mutant (Figure A4. 1B). The mutant grows similar to the WT strain 

(see Section 4. 3. 1. 2), however the presence of araE under the control of pBAD causes 

a growth defect at both 10 and 20 mM L-arabinose (Figure A4. 1B, A4. 2B). Despite the 

apparent toxicity in ΔaraH mutant, the ΔaraE pBAD(araE) presents shorter lag phase 

than ΔaraE, but the latter reaches almost doubled cell density compared to the first 

by the end of the incubation when grown at 10 mM L-arabinose (Figure A4. 1A). 

Though, the shortened lag phase persisted when grown at 20 mM, both strains grew 

to the same OD650 by the end of the run (Figure A4. 2A). This could indicate at which 

growth stages each system is more important. It is apparent that AraE, as a low affinity 

but high capacity system, is participating in the early stages of growth as its deletion 
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extends the lag phase (Figure A4. 1A, Figure A4. 2A). At the start of the incubation, 

the carbon source is still present in abundance and the cells haven’t had the chance 

to accumulate enough ATP; therefore, in order to allow for fast and energy inexpensive 

utilisation of L-arabinose the cells are likely to employ the AraE system. However, at 

the later stages of growth, during the transition from explonential phase to stationary 

phase, the L-arabinose is expected to be present at much lower concentrations due to 

consumption by the strain and therefore at such stages the high affinity transporter 

ie. AraFGH is expected to be actively transporting the sugar. Indeed, this is evident by 

the decreased OD650 during the stationary phase and at the end of the incubation 

course as compared to WT (Figure A4. 1B, Figure A4. 2B)   

 
4. 3. 4 Ectopic expression of araE from pWKS30 partially restores growth of TDara on 

L-arabinose.   

 
The araE was cloned into the pWKS30 vector to circumvent potential toxicity caused 

by the high copy number of pBADcLIC vector, which would explain the reduced 

complementation levels of TDara. The cloning happened as described in the Materials 

and Methods Section 2. 2. 3. 9. The plasmid was transformed into the aforementioned 

strains which were tested for complementation by a microplate assay as described in 

the Sections above.  

 
The ectopic expression of araE from pWKS30 partially recovered the growth of TDara 

in both 10 mM and 20 mM (Figure 4. 5). However, in 10 mM arabinose the TDara 

pWKS30(araE) strain grew better than the respective one with pBAD(araE) (Figure 4. 

4), when both are compared to the WT profiles. This could be because of the use of a 

low copy vector which would alleviate any toxicity caused by excess AraE units in the 

membrane. The pWKS30(araE) was not a burden to the single mutants as opposed to 

pBAD(araE) further endorsing the possibility that the AraE lower production is not 

toxic to the cells anymore. In fact, it successfully recovered the growth of the ΔaraE 

strain (Figure A4. 3). However, this could also be attributed to the fact that the high 

concentration of the inducer used in this experiment is enough to overcome the “all  
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Figure 4. 4 Ectopic expression of araE from pBADcLIC partially restores 
growth of TDara. 
A) Growth curve of TDara with pBAD(araE) (squares). The araE expression was induced 
by 10 mM L-arabinose. The WT (circles) and TDara (triangles) are also shown for 
comparison. The cell density (OD650) measurements were taken every 30 minutes across 
a 24-hours timecourse. Each timepoint is the average OD650 from 3 biological replicates 
and the error bars are standard errors calculated from the standard deviation.  
B) Same growth assay with (A) in presence of 20 mM of L-arabinose.  
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Figure 4. 5 Ectopic expression of araE from pWKS30 partially restores 
growth of TDara. 
A) Growth curve of TDara with pWKS30(araE) (squares) in minimal media supplemented 
with 10 mM L-arabinose. The araE expression was induced with 1 mM IPTG. The WT 
(circles) and TDara (triangles) are also shown for comparison. The cell density (OD650) 
measurements were taken every 30 minutes across a 24-hours timecourse. Each 
timepoint is the average OD650 from 3 biological replicates and the error bars are standard 
errors calculated from the standard deviation.  
B) Same growth assay with (A) in presence of 20 mM of L-arabinose.  
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or none” effect of the Plac promoter in the pWKS30 previously observed (Novick and 

Weiner, 1957) as compared with low concentrations of L-arabinose used which would 

sustain the all or none induction of the pBAD vector (Siegele and Hu, 1997; Khlebnikov 

et al., 2000).  

 
4. 3. 5 Functional complementation of TDxyl with pWKS30 (xylE) 

 
The gene encoding for the xylose MFS transporter, ie. xylE, was cloned into a low-copy 

vector, ie. pWKS30, for ectopic expression in the TDxyl to test the level of the 

restoration of growth and the capacity of the strains to revert back into WT-like 

growth. The xylE sequence was firstly cloned into the pCR-II blunt vector as a blunt 

PCR product. The xylE insert was then subcloned into pWKS30. The pWKS30 (xylE) 

was transformed into chemically competent TDxyl and WT BW25113 cells for the 

subsequent growth assays.  

The TDxyl pWKS30 (xylE) was tested for recovery of growth in M9 media 

supplemented with 10 mM or 20 mM of xylose as the sole carbon and energy source, 

as decribed at Materials and Methods Section 4. 2. 4. The expression of xylE, which is 

under the control of the lac promoter, was induced induced during the incubation 

course using 1 mM of IPTG. The growth of the culture was monitored via absorbance 

measurements every 30 minutes, over a total timespan of 24 hours, similar to Sections 

4. 3. 3 and 4. 3. 4.  

The results of the incubation showed that the ectopic expression of the xylE, restores 

the growth at higher levels than the WT (Figure 7). However, the complemented 

TDxyl presents a longer lag phase than the WT, irrespective of the xylose 

concentration. This could be attributed to the fact that the elevated XylE levels 

imposed toxicity to the cells and slowed their growth rate. As expected the WT 

BW25113 culture supplemented with higher concentration of xylose grew at higher 

biomass by the end of the incubation course compared to 10 mM of xylose. Likewise, 

the complemented strains showed growth levels dependent on sugar concentration. 

Interestingly, the BW25113 pWKS30 (xylE) presented a longer lag phase than the WT,  
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Figure 4. 6 Ectopic expression of xylE from pWKS30 restores growth of 
TDxyl. 
A) Growth curve of TDxyl with pWKS30(xylE) (nabla) in minimal media supplemented 
with 10 mM D-xylose. The xylE expression was induced with 1 mM IPTG. The WT (circles) 
and TDxyl (squares) and are also shown for comparison. The cell density (OD650) 
measurements were taken every 30 minutes across a 24-hours timecourse. Each 
timepoint is the average OD650 from 3 biological replicates and the error bars are standard 
errors calculated from the standard deviation.  
B) Same growth assay with (A) in presence of 20 mM of D-xylose.  
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potentially for the same reason the complemented mutants did, but grew to a higher 

OD650 by the end of the incubation. This was not the case for the same strain that grew 

at 10 mM of substrate, which reached a similar OD650 to the WT by the end of the 

incubation (Figure 4. 6A). This could be because the secondary transporters are more 

efficient at higher substrate concentrations, and therefore there is higher 

accumulation of xylose inside the cells when grown at 20 mM. The deletion of XylE, 

XylH and AraH replacement in TDxyl cells completely abolished growth during the 

first 22 hours of incubation, at both xylose concentrations (Figure 4. 6B). Following 22 

hours of incubation, some residual growth is observed which might be partly due to 

diffusion (Khankal et al., 2008).  

4. 3. 2 Case study: Application of TDxyl in identification of a transporter which 

imports xylobiose in E. coli  

4. 3. 2. 1 YagG from E. coli is a putative xylooligomer MFS transporter  
 
Qian et al. (2003) (see Section 4. 1. 3) assessed the phylogenetic distribution of the 

XynT xyloside transporter from Klebsiella oxytoca and found that the conservation of 

the orthologues was not species dependent (Figure 4. 7A). The analysis found 

homologos of the XynTB operon in Gram (-ve) γ-proteobacteria Klebsiella pneumoniae 

and E. coli but also in Firmicutes such as Clostridium acetobutilicum (Figure 4. 7A). 

Interestingly, their phylogenetic tree includes five XynT orthologs in E. coli found in 

two of the groups (Figure 4. 7, Group II and IV). Group II contains the GusB (or UidB), 

YihP and YihO. None of them have been shown, or predicted to be involved in xyloside 

transport. GusB is a glucuronide-specific secondary transporter (Poolman et al., 1996) 

whereas YihO is a putative sulfoquinovose (ie. sulfonic acid derivative of glucose) 

symporter, as its deletion abolishes growth of E. coli in the aforesaid carbon source 

(Denger et al., 2014). The yihP is present in the same operon with the yihO and it is 

speculated to act as an efflux system for  3-sulfopropanediol (an end product of 

sulfoquinovose metabolism) (Denger et al., 2014). Nonetheless, the cluster encoding 

for the two aforementioned transport systems includes yihQ which produces an α-

glucosidase and is active against α-glucosyl fluoride (Okuyama et al., 2004). The  
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Figure 4. 7. YagG is a putative xyloside transporter 
A) YagG is part of the unrooted phylogenetic tree produced by Qian et al. 2003 which 
demonstrated the relationship between the XynT orthologs. The abbreviated bacterial names 
are followed by the gene name. The transporters were proposed to form five separate Groups 
with Group I containing the starting query ie. XynT

Ko
, which was characterised to be a xyloside 

transporter. YagG (circled) from E. coli neighbors with a XynB homolog and is found in group 
IV. The figure was rotated 90∘ clockwise to allow for better view of Group IV. Reprinted from 
Qian et al., (2003). 
B) XylP from Xantomonas citri pv. citri strain 306 (ie. Xaxo XylP, underlined) clusters itself in 
the same clade with YagG. XylP is part of a xylan utilsation operon, which contains β-
xylosidase and xylanases for xylooligomers. Taken from Chow et al., (2015).   
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confirmed function of this enzyme affirms the function predictions for the two 

transport systems found in proximity to it. The orthologs present in Group IV are more 

relevant to xylose uptake compared to Group II. The YicJ is a putative xyloside 

transporter which is present in the same operon with YicI. The operon is a predicted 

member of the XylR regulon (Garcia-Vallve and Romeu, 1999). Okuyama et al. (2004) 

have shown that the YicI is a α-xylosidase of the GH 31 family which is mostly active 

on isoprimeverose (ie. disaccharide comprised of xylose and glucose molecules), α-

xylosyl fluoride and xyloglucan oligosaccharides. The enzyme was barely active on 

pNP α-xyloside (Okuyama et al., 2004), potentially indicating that YicI is failing to 

recognise xylooligomers. Okuyama et al. (2014) haven’t reported the localisation of the 

hydrolase; in any case it is cytoplasmic then the cognate transporter, YicJ, is more 

likely to recognise and transport isoprimeverose and xyloglucans over xylooligomers. 

Use of online automated softwares for detection of the subcellular/ extracellular 

localisation of E. coli proteins, ie. STEP db 2.0 (Sub-cellular Topologies of E. coli 

Polypeptides) and EchoLOCATION,  predict that YicI is localised in the cytoplasm 

and thus not secreted.  

 
Another  member of the Group IV, is the XylPXc transporter from the Xanthomonas 

citri pv. citri strain 306. A study has shown that this bacterium owns a cluster of genes 

specific to the hydrolysis and utilisation of xylan (Chow et al., 2015) (Figure 4. 7B). The 

group employed a recombinant xylanase (Xyn10A) from the aforementioned cluster 

to hydrolyse xylan and used the hydrolysate as a carbon source for Xantomonas citri 

pv. citri strain 306. The presence of the oligosaccharides in the hydrolysate induced 

the expression of xylanases/xylosidases, ie. xyn10A, B, C and an α-glucuronidase ie. 

aug67, thus indicating the importance of the cluster in the utilisation of AGX. This 

was exemplified by the hydrolytic functions of Xyn10A and C which produced a 

mixture of MeGX3 (ie. methylglucuronoxylotriose), xylotriose and xylobiose (Chow et 

al., 2015). Additionally, the presence of xylotriose was able to increase the expression 

of xyn10A, xyn10C and agu67. BlastP search of XynTKo restricted to Xanthomonas citri 

pv. citri strain 306 produced a highest identity match. Using the WP code of this 

protein in UniPrac (UniProt Archive), we were able to trace the match which was 
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found to be XylPXc with XAC4257 as its locusID. The result confirmed their 

phylogenetic relationship reported by Qian et al. (2003) (Figure 4. 7B). XAC4257 is 

found immediately downstream the xylanases of the above study, therefore suggesting 

possible implication of the transporter in the import of xylobiose and xylotriose. 

Another interesting candidate present in Group IV is the YagG from E. coli. YagG is 

annotated as a putative xylosidase in Ecocyc, and TCDB (Transport Classification 

Database) classified it as a member of the glycoside-pentoside-hexuronide (GPH) 

transporters (Saier et al., 2016). YagG clusters itself very closely to both XylPXc and YciI 

(Figure 4. 7A) indicating evolutionary and potentially a functional relationship. It 

presents a 27 % sequence identity to XynTKo and 36 % to XylPXc.  Also YagG is found 

in the same operon with YagH which is a direct homolog of XynB from Klebsiella 

oxytoca (Qian et al., 2003). As XynB is active on xylodextrins, the YagH is predicted to 

have a β-xylosidase activity and has previously been classified as a GH 43 family 

hydrolase (Garcia-Vallve and Romeu, 1999). Since YicJ, as already mentioned above, 

is unlikely to be a xyloside transporter we chose to phenotype the function of YagG in 

an effort to validate the usability of TDxyl and potentially discover an endogenous E. 

coli xyloside-specific transporter.  

 
4. 3. 2. 2 Ectopic expression of yagG restores growth of TDxyl xynB on xylobiose 
 
To test the specificity of a putative xyloside transporter we require more than just the 

defective growth of TDxyl. To validate the xyloside-specific transport, an intracellular 

xylosidase is required to cleave the imported xyloside into xylose monomers which 

will subsequently be shuttled into the intracellular catabolism to fuel growth and 

produce a distinct phenotype during the growth assays. We therefore used a derivative 

of the TDxyl strain produced in Thomas lab, kindly provided by Rosanna Henessey. 

This derivative, ie. TDxyl arsB::xynBKp (also referred here as TDxyl xynB) expresses an 

intracellular β-xylosidase from Klebsiella pneumoniae that is a direct homolog of the 

XynB from Klebsiella oxytoca used by Qian and his coworkers. Similar to its ortholog, 

XynBKp was found to be active on xylobiose and xylotriose (Rosanna Henessey,  
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personal communication). The TDxyl xynB has already been used with success to 

identify exogenous transporters for xylobiose and xylotriose (unpublished data). The 

yagG was cloned into the pWKS30 as described in the Section 2. 2. 3. 9. The resulting 

pWKS30 (yagG) was transformed into the strains to be tested in the microplate assay 

in a format similar to Sections 4. 3. 3, 4, 5. The results of the growth assay on 10 mM 

xylobiose are shown in Figure 4. 8. The growth assay showed that TDxyl xynB failed 

to grow confirming that the strain requires a dedicated transporter for the xylobiose 

(Figure 4. 8). Both, the BW25113 WT failed to grow underlining the inability of E. coli 

to naturally uptake and catabolise xylobiose. The ectopic expression of yagG in TDxyl 

xynB permitted growth on xylobiose which indicated that YagG can transport the 

disaccharide.  Strikingly, the growth pattern of BW25113 xynB pWKS30(yagG) 

compared to TDxyl xynB pWKS30(yagG) resembles what is observed with xylE when 

overexpressed in the respective strains (Figure 4. 8 and 4. 4B). The xylose 

concentration is essentially the same between the two assays (ie. 20 mM), though it is 

potentially lower in this assay considering the β-xylosidase could become 

overwhelmed by the intracellular pool of xylobiose accumulated in the cytoplasm. 

This could explain for the higher OD650 reached in the assays which tested xylE 

compared to the assays assessed here with yagG. Overall, in both assays the BW25113 

(or BW25113 xynB) expressing the constructs presented a shorter lag phase than the 

respective TDxyl (or TDxyl xynB). This could be explained by the presence of other 

transporters in the WT compared to TDxyl, which are able to transport xylose or 

adapted to transport xylobiose, leading to faster accumulation of the sugars and 

subsequently shorter lag phase.   
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4. 4. Discussion  
 
Many tools have been produced for the fast screening of glycolytic hydrolases that act 

on various pre-treated feedstocks. Conversely, little to none attention has been given 

to the import of the hydrolysed xylan and as far as we are concerned no previous study 

has reported the creation of ‘biotools’ to serve identification of useful transport 

systems for xylan-derived sugars. The current study has produced and tested the 

function of strains useful in the engineering of membrane transport for biofuel 

production. These strains are called Transport Deletion (TD) mutants owing to their 

abolished or defected growth on the specified sugar/sugar acid. The TD mutants 

created are unable to grow on xylan-derived sugars/ sugar acids ie. D-xylose, L-

arabinose and D-glucuronic acid. The growth of TD strains can revert back to partial 

or near-WT levels by re-introduction of their relevant MFS transporters. This validates 

their function as useful tools for identification of exogenous transporters by 

phenotyping. To further endorse their essentiality, an endogenous transporter from 

E. coli, ie. YagG, which is potentially cryptic is found to be able to transport xylobiose 

using the TDxyl strain.  

 

4. 4. 1 ‘Validation’ of TDglcA strain by recovering its growth   

 

The deletion of exuT is sufficient to cause abolishment of growth on D-glucuronic 

acid. The study which mapped the hexuronate transport system in the E. coli 

chromosome obtained a similar observation (Mata-Gilsinger and Ritzenthaler, 1983); 

the various strains bearing mutated copies of exuT failed grow on D-galacturonic acid. 

As ExuT can transport both D-galacturonic acid and D-glucuronic acid, we anticipate 

that the growth defects extend to D-galacturonic acid as reported by Mata-Gilsinger 

and Ritzenthaler (1983). This is indeed the case (data not shown), which extend the 

function of TDglcA to a TDgalcA. This strain can be particularly useful for the 

transporter studies regarding pectin which is rich in D-galacturonic acid (Worth, 

1967).  
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The TDglcA phenotype is able to be rescued by low copy production of ExuT. The 

basal expression of exuT from the plasmid appeared high enough to allow transport 

of D-glucuronic acid in amounts sufficient to propagate growth and induce the 

hexuronate catabolic genes. When induced the production of ExuT seems to cause a 

concentration-dependent phenotype, as at 20 mM the complemented strain grows to 

a lower final cell density compared to WT, while remaining unaffected in 10 mM.  A 

possible explanation to this is the toxicity caused by the overproduction of membrane 

transporters which is a common obstacle in the crystallographic analysis of such 

systems. A different explanation, which is supported by the concentration dependent 

phenotype observed, is that the acidic nature of the substrate is lowering the 

intracellular pH thus leading to cell death. Similar observations were made before 

with the accumulation of metabolites causing depression of growth such in the case 

of gluconic acid and lactic acid build up halting the growth of Gluconacetobacter 

xylinus (Liu et al., 2016).  These hypotheses are easily tested by growing the TD strain 

with or without ectopic expression of exuT in glucose. The absence of an acidic 

substrate will clarify the cause of the growth defect in the complemented strain.  

 

4. 4. 2 Creation of a TD mutant strain for L-arabinose  

 

The TDara is an E. coli MG1655 strain lacking the two arabinose transport systems, ie. 

AraE and AraFGH. The defective phenotype presented here has previously been 

reported but not in the form of growth assays. Horazdovrsky and Hogg (1989) 

investigated the three components of the AraFGH and how essential they were to 

growth in arabinose using complementation plasmids expressing combinations of the 

constructs.  They reported that their respective TDara strain presented very low 

accumulation of L-arabinose (Horazdovrsky and Hogg, 1989). This was reversed by 

ectopic expression of the plasmid encoding for AraFGH, which increased intracellular 

L-arabinose levels by 100 times. The TDara strain reported in their study, lacked the 

whole araFGH operon whereas the present study reports that araH gene knockout, is 
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sufficient to deactivate the transport system. The phenotype is only evident when both 

transport systems are absent. As the deletion of araE led to elongation of the lag phase 

and the deletion of araH decreased the final OD650 we are prompt to speculate that 

the two systems are more active at different stages of the growth deduced by the 

concentration of L-arabinose present in the growth media. This speculation is 

supported by the inherent features of the systems, with the low affinity AraE being 

more active at high concentrations of arabinose ie. at the start of the incubation and 

AraFGH, as a high affinity system, being efficient at lower concentrations of the sugar 

ie. by the end of the growth assay. A study conducted by Mergele et al. (2008) 

investigated the timing and the dynamics of single cell expression for arabinose 

utilisation has concluded that the two systems could be orchestrated in such manner 

that they act like a single protein; this would explain the differing phenotypes 

observed here by the single mutants.  

 

Regarding the inadequate complementation profile seen in TDara and single mutants 

with pBAD (araE), three presumptive events could be occurring:  

 

(i) The expression of araE from a high copy number plasmid overwhelms the 

bacterial cells and therefore causes an early halt of growth and entry into the 

stationary phase. This is supported by the defective growth of ΔaraH only 

observed in the presence of AraE when ectopically produced. To test this, the 

araE can be subcloned into a medium-copy vector and transformed into 

ΤDara and the individual single mutants to be re-tested in growth assays 

using the same sugar concentrations. Medium copy plasmids with pBAD 

promoters and various antibiotic resistance have recently been created (ie. 

pBR322) (Chakravartty and Cronan, 2015).  

(ii) Excess arabinose inside the cell can be toxic when it leads to L-ribulose-5-

phosphate (ie. intermediate metabolite of arabinose catabolism) 

accumulation (Koita and Rao, 2012). If the flux of arabinose is greater than the 

pentose phosphate pathway can accommodate it can lead to L-ribulose-5-
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phosphate accumulation and increase toxicity (Koita and Rao, 2012). Even 

though this was suggested by Koita and Rao (2012) to excuse the presence of 

arabinose efflux pumps in E. coli, we identified no other study which 

attributed toxicity of arabinose due to its increased flux overwhelming 

intracellular metabolism. These arabinose efflux systems could become 

essential when higher concentrations of L-arabinose are encountered which 

are physiologically relevant. In fact, this phenomenon of L-arabinose-induced 

toxicity was only reported in vitro when the enzyme that removes L-ribulose-

5-phosphate is deleted (ie. L-ribulose-5-phosphate-4-epimerase) (Englesberg 

et al., 1962).  The possibility that this is the cause of the decreased growth is 

further diminished when the results are taken into consideration, as the 

TDara pBAD (araE) grew at higher OD650 at 20 mM as compared to 10 mM. 

(iii) The last possibility is related to all-or-none induction of genes the L-

arabinose exerts to pBAD promoter when araE expression is responsive to its 

concentration (Siegele and Hu, 1997). Siegele and Hu have used pBAD(gfp) 

constructs to track the response of E. coli populations to intermediate 

concentrations (ie. 13. 3 mM) of L-arabinose. The group analyzed population 

distributions and revealed that the pBAD system displays an all-or-nothing 

expression pattern similar to the lac system. They showed that in uninduced 

cells the background expression of the ara regulon leads to a wide 

distribution of ara uptake proteins at basal level. When they supplied inducer 

at the aforesaid concentrations, the population induced high production of 

the arabinose uptake systems in such way that led to a heterogenous timing 

of gene induction across the population, giving rise to a mixture of induced 

and uninduced cells.  The first retain stable production of the uptake systems 

whereas the second go through stochastic events which maintain basal level 

of the transporters (Siegele and Hu, 1997). However, whether the uninduced 

cells will finally accumulate enough L-arabinose to induce expression (in our 

case of araE) depends on how high the inducer concentration is. In the case 

of lac promoter (Novick and Weiner, 1957), the uninduced cells actually 
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presented a growth advantage over the induced cells therefore outreplicating 

them as the growth assay (Novick and Weiner, 1957). Again, Siegele and Hu 

suggested the L-arabinose levels deduce whether the induced cells will 

outperform the uninduced (Siegele and Hu, 1997). This is agreeable with the 

results seen here as TDara pBAD(araE) strain, whose growth is solely 

dependent on the araE induction by arabinose, reaches stationary phase 

following 10 hours of incubation at 10 mM arabinose (Figure 4. 4). This could 

be attributed to uninduced cells fully outperforming the induced cells the 

therefore completely switching off expression of araE (ie. all or none 

induction), despite some arabinose inducer still being present. Whereas in 

the case of 20 mM there is a prolonged exponential phase, which is still active 

by the end of the 24 hours of incubation. Due to the higher concentration of 

arabinose in the media the rate of induction seems to outperform the rate at 

which uninduced cells outreplicate induced cells. To test whether the higher 

rates of induction would be fast enough to bring about higher numbers of 

induced cells and fix them as the prominent population in the culture (ie. all 

or none induction), higher concentration of L-arabinose can be supplemented 

in the media. In this case, we expect that the induced cells will become the 

predominant pool in the culture fast enough to decrease the prolonged log 

phase and grow similarly to WT.  Another way to test this is by decoupling 

the araE expression from L-arabinose concentration and remove this 

autocatalytic phenomenon. This was attempted by Khlebnikov et al. (2010), 

by placing the araE expression under the Ptac promoter which is inducible by 

IPTG, on a low copy vector. The uncoupling led to homogeneous expression 

of the araBAD promoter across the system, as tracked by gfp under the control 

of the promoter in question (Khlebnikov et al. 2010).  This was indeed 

attempted in the present study, however based of the (i) assumption a low 

copy vector (pWKS30) was used to circumvent any potential toxic effects 

caused by high copy number pBAD vector. The Ptac promoter is stronger than 

the Plac (Aman, Ochs and Abel, 1988) present in pWKS30 (Wang and 
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Kushner, 1991) so we didn’t expect to see the homogeneous response to 

arabinose observed by Khlebnikov et al (2010). Nonetheless, the IPTG-

inducible araE expression actually improved the phenotype of the TDara as 

in 10 Mm arabinose it led to 37.5 % difference in final OD650 compared to WT, 

whereas TDara pBAD(araE) grew to a 56 % lower final OD650 compared to WT 

(Figure 4. 5). Based on the results by Novick and Weiner (1957) the Plac is still 

subjected to all or none induction when induced with methyl-β-D-

thiogalactoside (TMG). However, the group tested 111 to 166 times lower 

concentration of inducer than the IPTG concentration used in our 

experiments. Therefore, we expect that 1mM IPTG will be sufficient to allow 

for the induced population of the culture to outperform the uninduced. When 

the ΔaraE single mutant is taken into consideration one should account for 

the positive feedback loop exerted by the basal expression of the 

chromosomal copy of araFGH, ie. when adequate amount of arabinose is 

transported inside the cytoplasm by the ectopically produced AraE, then the 

induction threshold is reached and more units of AraFGH act synergistically 

with the AraE to accumulate further arabinose in the cell. This is confirmed 

by the phenotype of the ΔaraE mutant which is restored to almost WT levels 

(Figure A4. 3A). Therefore, the control of the two transport systems by two 

distinct promoters finally accomplishes complementation of the defected 

growth presented by the ΔaraE mutant.  

 

Despite the moderate complementation levels of TDara by pBAD(araE) and pWKS30 

(araE), this strain can still be used for identification of exogenous transporters of 

arabinose or arabinosides on the basis that the assessment is qualitative. Nonetheless, 

one can use the ΔaraE single mutant instead of the TDara and screen for decrease of 

lag phase duration by exogenous transporters expressed on pWKS30.  
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4. 4. 3 ‘Validation’ of a TDxyl strain by recovering its growth  

 
Similar to TDglcA and TDara, the phenotype of TDxyl is somewhat rescued when the 

MFS transporter XylE is expressed ectopically. Unlike TDglcA, the complemented 

TDxyl grows well in 20 mM xylose, possibly because of the neutral nature of the xylose 

compared to glucuronic acid.  It is tempting to try and perform an interpretation of 

the results similar to the complementation of TDara with pWKS30, however this could 

lead to wrong conclusions because the single mutants weren’t tested in such 

conditions and the xylE was only expressed in pWKS30 and not in higher copied 

plasmids. A comparison between the two experiments can still be drawn though, as 

the same vector was used for both constructs and the carbon source is present in the 

same concentrations. The TDara pWKS30(araE) failed to reach a final OD650 higher to 

the WT unlike the TDxyl pWKS30(xylE) which did on both sugar concentrations 

tested. This could be attributed to the binding affinities of the MFS transporters in 

question; XylE shows 3 times higher affinity than AraE (ie. 63 – 169 μM compared to 

140-320 μM for the latter) (Sumiya et al., 1995; Daruwalla, Paxton and Henderson, 

1981), therefore rendering it more active at lower sugar concentrations, normally 

present at the end of the exponential phase compared to the start of the incubation 

(Kazuki Iizuka, collaboration).  

 
The production of XylE causes the lag phase to elongate at both TDxyl and BW25113 

indicating that this could be the outcome of excess XylE units causing toxicity. This is 

not uncommon, as it has previously been shown that the production of the glycerol-

3-phosphate MFS antiporter (ie. GlpT) in E. coli, when induced by IPTG during the 

incubation course, it causes a plateu which lasts for approximately 2.5 hours before 

the strain is able to continue growing (Gubellini et al., 2011). Possible toxicity can be 

tested by growing the strains on glucose and assess the XylE presence irrespective of 

its transport activities. Despite the extended lag phase, the TDxyl was still used to 

show the capacity of endogenous YagG to transport xylobiose with success.  
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4. 4. 3 Detection of a transporter from E. coli able to import xylobiose 

 
Employing the derivative strain of TDxyl, TDxyl xynB, we identified a transport 

system in E. coli which can transport xylobiose. This is the first reported system in E. 

coli which can transport a xyloside. Currently we cannot be sure if the YagG is a 

dedicated xylobiose transporter as the TDxyl xynB pWKS30 (yagG) should be tested 

for growth recovery on more xylosides, to help define the specificity of the system.  

This experiment was not performed during the present study due to time limitation 

and the high cost attached with purchasing xylotriose and larger xylooligomers.  

 

A very important question following this discovery is why is WT E. coli unable to grow 

on xylobiose if it possesses YagG. One possibility is that the yagGH operon is 

inactivated and therefore not expressed in presence of xylobiose. The operon indeed 

lies within a cryptic gene island derived from a prophage named as CP4-6 prophage 

by Blatnerr et al. (1997) (Casjens, 2003; Garcia-Vallvè and Romeu, 1999). Garcia-Vallvè 

and Romeu calculated the G+C content of yagH and found it was 64% which differed 

distinctly for the G+C of E. coli glycolytic hydrolases (ie. 52.6 ± 3.2% and from the 

average for the E. coli genome (ie.  50.8 %). Also, their study showed that the 

percentage of G+C at the third codon position for yagH was 87.9% which is much 

different than the general value for E. coli genes which was found to be 58.2 % (Garcia-

Vallvè and Romeu, 1999). In their phylogenetic analysis using the UPGMA 

(Unweighted Pair Group Method with Arithmetic Mean) method they showed that 

the yagH positioned itself as an outgroup away from the E. coli GHs in the produced 

dendrogram (Garcia-Vallvè and Romeu, 1999). They suggest that the yagH was 

acquired through a transduction event based on the fact that argF gene, which is also 

present in the CP4-6 prophage, was acquired in such manner (Van Vliet, Boyen, and 

Glansdorff, 1988). These indications suggest that the yagGH operon is horizontally 

transferred. However, putative XylR and CRP binding sites have been detected 

upstream the yagGH operon in a computational study (Laikova, 2001). The regulation 

has not been verified experimentally and therefore the operon might not be 

responsive to xylose via XylR. This can be tested by growing WT and TDxyl xynB in a 



 

 282 

mixture of sugars containing a small amount of xylose and a larger amount of 

xylobiose. The xylose will ensure activation of XylR, which in a hypothetical scenario 

will activate the expression of yagGH leading to growth. A positive phenotype can be 

attributed to the transport activity of YagG by RT-qPCR analysis. Also, a β-

galactosidase reporter assay of the yagGH promoter region would clarify whether it is 

responsive to xylose. The experiment can be repeated with TDxyl to test the putative 

xylosidase activity of YagH. The current study attempted to clarify the activity of the 

YagH by cloning the whole operon in pWKS30 and use it to restore growth of TDxyl 

on xylobiose. Despite the strain failing to grow (data not shown), YagH could still be 

a xylosidase as the operon was cloned as found in the chromosome and therefore the 

yagH was placed in distance from the Plac. Irrespective of the regulation of yagGH 

expression by E. coli, the YagG is shown here to be able to transport xylobiose which 

raises its bioindustrial importance. The discovery is vital for engineering E. coli to 

utilise xylan derived sugars, as is shown here that despite yagG being a horizontally 

acquired gene, its sequence didn’t require codon optimisation for production in E. coli 

and it didn’t impose toxicity when overexpressed in the low copy vector pWKS30.  
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Chapter 5  
 
 
Conclusion  
 
 
Combustion of fossil-fuels increases the levels of atmospheric carbon dioxide 

(CO2) and correspondingly becomes a great contributor to the anthropogenic 

climate change. Plants are a potential alternative to petroleum-based fuels, as they 

fix CO2 via photosynthesis, leading to neutral carbon emission if used for 

combustion of biofuels. The hemicellulotic component of studied plant feedstocks, 

including bioenergy grasses, is made of a xylan polysaccharide.  Xylan represents 

the most abundant hemicellulosic polysaccharide and is composed primarily of 

xylose, arabinofuranose, and glucuronic acid. Bacteria have evolved a plethora of 

enzymatic strategies for hydrolyzing xylan into its oligometic and monomeric 

sugars which are used to power growth in vicinities to such polysaccharides. These 

mechanisms have been extensively studied and many enzymes have reported for 

activity to different types of xylan and oligomers. An overlooked stage in the 

bioconversion of biomass into biofuel is the import of the released sugars and 

oligosaccharides. Given the propensity of bacterial organisms to control the 

transport of sugars in response to the nutritional status of their environment, an 

understanding of the mechanisms and identification of sugar uptake systems is 

critical to enable metabolic engineering strategies to be designed to achieve 

optimal substrate utilization and fermentation performance. The present study 

worked towards this purpose, to identify and characterise bacterial systems which 

are specific to L-arabinofuranose and xylobiose.  

 
Chapter 2 used the galacto/ arabinofuranose binding protein from E. coli 

(YtfQ/GafAEc; Horler et al., 2009) as the starting query to identify bacterial orthologs 
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(ie. GafAs) and by phylogenetic, phylogenomic and ‘in silico’ searches to infer 

relevance to L-arabinose uptake. As E. coli does not encounter arabinofuranose as 

much as plant symbionts and pathogens do, we hypothesized that some of the 

orthologs from such bacteria could exhibit unique features that enhance L-

arabinofuranose uptake. Unlike L-arabinofuranose, the furanose form of D-galactose 

is not a structural unit of plant polysaccharides ie. galactans of pectin, which suggest 

that GafAs from plant bacteria might be oriented towards arabinofuranose binding 

(Jones, Seymour and Knox, 1997; Bhattacharjee and Timell, 1964). GafAEc presents 

almost equimolar affinity for arabinose and galactose (Horler et al., 2009), and is also 

able to bind a wide range of substrates which can exist in their furanose forms from 

moderate to low amounts in solution. Therefore, one of the aims was to identify an 

ortholog with limited specificity compared to GafAEc and preferably enhanced affinity 

for L-arabinofuranose. The phylogenetic tree produced included 110 GafA orthologs 

and demonstrated that these are widespread in bacterial phyla including α, β, γ, δ-

proteobacteria, Firmicutes and Spirochaetes.  Further, the number of candidates was 

reduced to include gafAs with interesting genomic context which related to arabinan, 

xylan or galactose utilization. Many of the orthologs neighbored with 

arabinofuranosidases from families GH43, GH51, GH54 and GH62 as classified by 

CAZy. Irrespective of their mechanism of action, there are examples of resolved 

structures from all aforesaid families co-crystallised with the furan form of arabinose 

as their product, underlining the need for an arabinofuranose-specific transport 

system for both bacterial systems and engineering strategies (Maehara et al., 2013; 

Bouraoui et al., 2016 and Hoevel et al., 2003). The three selected GafAs were GafACb 

and GafASm from Shewanella sp. ANA-3 and Clostridium beijerinckii NCIMB 8052 

respectively due to their arabinose-related genomic context, predictions of arabinose-

regulated expression (Novichkov et al., 2013) and inability to grow on galactose (only 

presented by Shewanella sp. ANA-3) (Wetmore et al., 2015). GafASm from S. meliloti 

1021 was also included in the downstream analysis, as its expression is induced in L-

arabinose and D-fucose (Mauchline et al., 2006), two sugars that are prominent in the 

root mucilage (Nguimbou et al., 2012; Tyler, 1965). GafASm and GafASw, 
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overproduced in BL21 Star cells, and their presence was confirmed by FT-ICR-MS 

analysis.  

Chapter 3 characterised the two GafAs by biochemical and structural analysis. 

GafASm is able to bind D-galactose despite its expression not being induced by it. The 

change in the thermal stability of the GafASm in the presence of D-fucose was similar 

to D-galactose, suggesting that the two ligands might bind with equimolar or similar 

affinities. In the case of GafAEc, D-fucose binds 6 times weaker than D-galactose 

(Horler et al., 2009); therefore, a potentially enhanced affinity for D-fucose presented 

by GafASm suggests that this sugar might be a chemoattractant derived from 

mucilage. L-arabinose bound GafASm with 5 times higher affinity than GafAEc, 

supporting the previous assumption that GafABCD system might be involved in 

chemotaxis and also allowing for a competitive advantage in the rhizosphere.  

 
Biochemical analysis of GafASw revealed its ligand specificity and showed that this 

SBP is unable to bind D-galactose. This inability is a unique feature of GafASw and 

places it amongst the few cases of arabinose-related bacterial proteins that lack 

specificity for galactose (Declerck and Abelson, 1994, Wallace et al., 1978). The 

structural analysis attributed this inability to tilting of Asp88 disrupting a salt bridge 

with a nearby Asn residue and the presence of a phenylalanine residue instead of an 

asparagine, compared to GafAEc. The Asp88 is instead interacting with the C5 of 

arabinofuranose. The phenylalanine residue is predicted to disrupt interaction of the 

O6 of galactofuranose with a water molecule and thus destabilizing its hypothetical 

binding. GafASw binds L-arabinofuranose with 4 times and 12 times weaker affinity 

than GafAEc and GafASm, potentially indicating that it encounters higher amounts of 

this sugar in its environment. This is suggested by the large arabinose utilization 

cluster which includes gaf operon and a range of extracellular, periplasmic and 

cytoplasmic arabinofuranosidases. Both GafASm and GafASw showed high stability 

and activity at highly alkaline buffers and therefore are excellent candidates to be 

considered import of sugar from alkaline pretreated biomass. Also, the narrow ligand 

specificity of GafASw, increases its bioindustrial importance as the binding of L-

arabinofuranose is not inhibited by D-galactofuranose, normally found in galactans of 
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pectin (Motherway, Fitzerald and van Sinderen, 2010) and potentially in pretreated 

biomass. 

Chapter 4 produced and tested the function of strains useful in the engineering of 

membrane transport for biofuel production. These strains are called Transport 

Deletion (TD) mutants owing to their abolished or defected growth on the specified 

sugar/sugar acid. Since the aim of the study is oriented towards utilization of xylan, 

we developed TD strains unable to grow on sugars/ sugar acids commonly found in 

xylan. The TD mutants created by Thomas lab co-workers are unable to grow on D-

xylose and D-glucuronic acid. The first was named TDxyl, which doesn’t produce the 

xylose secondary transporter, XylE and the membrane subunits, XylH and AraH, of 

the xylose and arabinose ABC systems, respectively. The TDglc shows a complete 

abolishment of growth in glucuronic acid because of not producing the ExuT MFS 

transporter of hexuronates. The present study added TDara in the collection of xylan 

TD mutants, a strain unable to grow on minimal media supplemented with arabinose. 

The deletion of araE and araH by λRed-assisted recombination was sufficient to 

abolish growth of E. coli MG1655 on arabinose.   

 
The growth of TD strains was reverted back to partial or near-WT levels by re-

introduction of their relevant MFS transporters. This validated their function as useful 

tools for identification of exogenous transporters by phenotyping. TDara 

overproducing araE from the high-copy vector pBADcLIC grew to moderate levels 

compared to the WT strain. This could be attributable to the all-or-none induction of 

genes when under the expression of ParaBAD promoter. However, araE expressed from 

the low copy vector pWKS30 shortened the lag phase of the ΔaraE single mutant, and 

resembled the WT growth. Therefore, we conclude that ΔaraE can be used for the 

same application as a TDara would.  

 
To further endorse the essentiality of TD strains, an endogenous transporter from E. 

coli, ie. YagG, which is potentially cryptic is found to be able to transport xylobiose 

using the TDxyl strain. Employing the derivative strain of TDxyl, TDxyl xynB (encodes 

for an intracellular xylosidase from Klebsiella pneumoniae), we identified a transport 
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system in E. coli which can transport xylobiose. This is the first reported system in E. 

coli which can transport a xyloside. The ectopic expression of YagG from pWKS30 

enabled growth of TDxyl xynB on xylobiose without apparent toxicity from 

overproduction. The discovery adds YagG in the repertoire of systems to be considered 

for engineering of bacteria in production of biofuels.  

 
The ultimate envision for the study is to incorporate the above functionalities into E. 

coli to improve the uptake of xylan-derived sugars and oligosaccharides for biofuel 

production. To work towards this aim, we obtained an ethalogenic E. coli strain 

produced by Woodruff et al., (2013) that bears chromosomal copies of the 

homoethanol pathway from Zymomonas mobilis, and has deleted genes encoding for 

endogenous fermenting pathways. The engineered strain, namely LW06, produced 

ethanol approaching the minimum inhibitory concentration for E. coli growth (ie. 30 

g/L) which approximated 80% of theoretical yield for engineered E. coli strains 

(Woodruff et al., 2013). Due to deletion of native competing pathways, the 

fermentation byproducts were kept at limited concentrations (ie. succinate, acetate, 

formate and lactate) (Woodruff et al., 2013).  As the strain also bears a chromosomal 

copy of bla gene it has ampicillin resistance. To enable downstream engineering of the 

strain we deleted bla gene using the λRed system (data not shown) and created CD01 

strain. The modified CD01 can still produce ethanol as assessed qualitatively using 

aldehyde indicator plates (Conway et al., 1987) (data not shown).  

 
CD01 can be further engineered by introducing the following functionalities studied 

here:  

(a) GafASw can be engineered to recognise the membrane components of the Gaf 

system in E. coli (ie. GafBCEc) (Figure 5. 1). Because of the high homology 

between GafAEc and GafASw, the latter might require minimal engineering to 

dock on the membrane proteins of the native Gaf system. If this fails, the whole 

system can be ectopically expressed or replace GafABCDEc in the chromosome.  
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(b) The exuT can be tested for uptake of methylglucuronic acid, or a demethylase 

(Shulami et al., 1999) can be targeted in the E. coli periplasm to remove the 

methyl group and allow import and catabolism of glucuronic acid.  

(c) All engineered components should be under Pxyl promoter (Figure 5. 1) so that 

they are responsive to the sugar found in the highest abundance in xylan, ie. 

xylose. This will alleviate the phenomenon of sugar utilisation hierarchy (ie. 

glucoseàarabinoseàxylose) and also remove the need for exogenously 

supplied inducers eg. IPTG. Induction by xylose will also ensure production of 

gafABCDEc and yagG in the presence of xylan as these are not known to be 

responsive to arabinose or xylooligomers, respectively. 

(d)  The production of hydrolases is another stage to be considered in CBP of xylan 

by E. coli. These can be produced by a second strain to alleviate the burden of 

overproduction caused by multiple genes ectopically expressed in E. coli. The 

importance of arabinofuranosidases in utilisation of xylan is demonstrated by 

the synergistic action of these enzymes with endo-xylanases, which led to 

higher amounts of xylose liberated from xylan backbone (Goldbeck et al., 2014). 

An interesting candidate to be engineered into E. coli is a recently discovered 

bifunctional enzyme, ie. Ac-Abf51A, from Alicyclobacillus sp. A4. The enzyme 

is both an exo-α-L-arabinofuranosidase and endo-xylanase shown to be able to 

hydrolyse arabinose and xylose from wheat arabinoxylan (Yang e t al., 2015). 

The gene can be tagged with OsmY for secretion, a tag that has been used 

successfully to produce and secrete endo-xylanases in the extracellular 

environment of E. coli (Bokinsky et al., 2011).  

 

Further to engineering a single or multiple E. coli strains as described above, 

additional work should focus on mutating the Gln19 and Asn107 residues of GafAEc 

to Phe so that it resembles GafASw. This way the worker can exemplify whether 

the abolishment of D-galactofuranose binding is solely dependent to the presence 

of aromatic amino acids at these two positions. Additionally, it would be useful 
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to introduce mutations in the aforesaid sites so that engineered GafAEc resembles the 

GafAs Xylanimonas cellulosilytica DSM 15894 (ie. Xcel_0419), Variovorax paradoxus 

S110 (ie. Vapar_1044) and Herbaspirillum seropidicae SmR1 (ie. Hsero_1033) so that it 

features an Asn and Phe at positions 19 and 107, respectively. Binding assays using the 

engineered versions of GafAEc will shed light on potentially altered binding 

specificities and/or affinities of these orthologues.  

 

Moreover, the TDara can be utilised in competition assays with actively released 

arabinofuranose from arabinan. We have already cloned the gafABCDEc and araFGH 

in pWKS30 for these competition growth assays, where the cytoplasmic accumulation 

of the released arabinofuranose will be monitored using GFP/RFP under the control 

of pBAD promoter. Nonetheless, monitoring the growth of these two strains without 

the reporter would still provide useful information, since a potentially shorter lag 

phase for the TDara overproducing the Gaf system over the pyranose-specific system 

would imply faster more efficient uptake of the released carbon source. The 

engineered versions of GafAEc mentioned in the last paragraph can be included in 

these experiments to test how they differ to the endogenous version during the 

competition assays. The presence of D-galactose in competition assays of GafAEc vs. 

GafAEc (E19F, N107F) would give us an indication of the level of inhibition on uptake 

exerted.   
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Appendix  
 

 
  

Figure A2. 1. Optimisation of the GafA and AraFCb coding sequences for 
expression in E. coli.  
Codon usage is presented by the heat maps which plot the relative adaptiveness, W, 
values as a function of the residue number. The top heat maps for A, B and C 
correspond to the relative adaptiveness per amino acid of the coding sequence of 
GafACb, AraFCb and GafASw prior to codon optimization in Jcat, respectively. The 
bottom heat maps correspond to the coding sequence obtained after optimisation. 
The codon adaptiveness index (CAI) for each sequence, before and after 
optimisation, is designated at the top of each heat map.  The heat maps of GafASm 
and the control protein, YtfQ, are shown in D and E respectively.  
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Figure A2. 3. Multiple structure-based alignment of YtfQ (GafAEc) against GafACb 
(Cbei_4462) and its closely related orthologues.  
The orthologues of the GafACb with the highest identity score were obtained by BlastP 
search. The structure-based alignment was performed in ESpript3.0 using the YtfQ structure 
(PDB: 2VK2) as the template. The GafAs from Firmicutes contain from 45 (GafACb) to 57 
(PM3016_1312) amino acids prior to the first secondary element of the YtfQ structure. The 
predicted lipobox for the Firmicutes GafAs is shaded in blue and the conserved Cys lipid 
anchor residue is designated with a blue asterisk. Following cleavage, there is an additional 
20 – 27 amino acid residues retained in these GafAs when compared to YtfQ. Conversely, the 
GafAs from the Gram (-) bacteria (ie. YtfQ and PMI16_00902) retain only 3 amino acids 
upstream the mature protein following cleavage of the predicted signal peptide by SignalP. 
As the role of the extra amino acids in the GafAs from Firmicutes couldn’t be predicted these 
were excluded from the coding sequence prior to cloning of gafACb into pMALp5X.  
The name tags correspond to the GafAs from the following bacteria:  
M945_RS04880 = Clostridium saccharobutylicum DSM 13864, Ccel_1223 = Clostridium 
cellulolyticum H10, Cspa_c46990 = Clostridium saccharoperbutylacetonicum N1-4(HMT), 
PM3016_1312 = Paenibacillus mucilaginosus 3016, PMI16_00902 = Herbaspirillum sp. CF444 
Only the first 80 amino acids are shown as the signal peptide and lipoprotein sequences are 
included.  
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Figure A3. 1. Raw melt derivative data for the ligand specificity of GafASm  
A) The raw derivative data of the DSF analysis to demonstrate the change in the Tm of 

the unbound form GafASm (black) compared to the Tm of the bound forms with D-
galactose (orange) or L-arabinose (grey) are present in the buffer. The arabinose 
showed the largest Tm, which potentially indicates that it binds to the protein the 
strongest.  

B) The raw derivative data of the DSF analysis to illustrate the change in the Tm of the 
unbound form GafASm (black) compared to when one of the following sugars is 
included in the denaturation runs: D-glucose (purple), D-allose (grey), D-talose (red) 
or D-fucose (blue). The highest Tm change is caused by D-fucose but when both runs 
are taken into account the GafASm shows the highest binding affinity for L-
arabinose.  

The plotted data of the thermal denaturation profiles correspond to the highest 
concentration of ligand tested for each sugar (ie. 1200 μM). The calculated Tms indicated 
are the average of 8 replicates for each sugar. For each replicate, the Tm is represented 
by the minimum value of the first derivative of the fluorescence emission plotted as a 
function of temperature (-dF/dt). Two different plots were produced in GraphPad Prism 
7.0, as they were derived from two separate experiments due to the limited number of 
wells in each microplate.  
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Figure A3. 6. Titration of GafASm with L-arabinose at 25 and 35 ∘C. 
A) The intrinsic fluorescence signal produced by GafASm undergoes 

quenching upon addition of L-arabinofuranose at 25 ∘C, albeit exhibiting a 
drifting pattern. 

B) The same run was performed at 35 ∘ C, which increases the furanose forms 
in the solution.  

The concentration of the protein was 0.5 μM. Each addition added 1.25 μM L-
arabinose accumulating 7.5 μΜ total sugar by the end of the run. The ligand 
additions are indicated by the peaks in signal.  
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Figure A4. 1 Ectopic expression of araE from pBADcLIC in single mutants in 
presence of 10 mM L-arabinose. 
A) Growth curve of ΔaraE pBAD(araE) (nabla). The araE expression was induced by 
10 mM L-arabinose. The WT (filled circles) and ΔaraE (open circles) are also shown 
for comparison. The cell density (OD650) measurements were taken every 30 minutes 
across a 24-hours timecourse. Each timepoint is the average OD650 from 3 biological 
replicates and the error bars are standard errors calculated from the standard 
deviation.  
B) The same growth assay as (A) for ΔaraH strain. Shown in: filled circles = E. coli 
MG1655 WT, nabla= MG1655 ΔaraH and open circles = MG1655 ΔaraH pBAD (araE). 
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Figure A4. 2 Ectopic expression of araE from pBADcLIC in single mutants at 20 
mM L-arabinose.  
The growth curves presented here are the same strains and conditions presented in 
Figure A4. 1, however the starting concentration of L-arabinose in each well was 
doubled, ie. 20 mM.  
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Figure A4. 3 Ectopic expression of araE from pWKS30 in single mutants at 10 
mM L-arabinose. 
A) Growth curve of ΔaraE pWKS30(araE) (nabla). The araE expression was induced 
with 1 mM IPTG. The WT (filled circles) and ΔaraE (open circles) are also shown for 
comparison. The cell density (OD650) measurements were taken every 30 minutes 
across a 24-hours timecourse. Each timepoint is the average OD650 from 3 biological 
replicates and the error bars are standard errors calculated from the standard 
deviation.  
B) The same growth assay as (A) for ΔaraH strain. Shown in: filled circles = E. coli 
MG1655 WT, nabla= MG1655 ΔaraH and open circles = MG1655 ΔaraH pBAD (araE). 
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Abbreviations  
ABC ATP binding cassette 

ATP 

AG 

AGX 

CBP 

Adenosine triphosphate 

Arabinoxylan 

Arabinoglucuronoxylan 

Consolidated BioProcessing 

D-galf D-galactofuranose 

D-galp D-galactopyranose 

D-ribof D-ribofuranose 

D-ribop 

dsDNA 

D-ribopyranose 

Double stranded DNA 

ESI-MS 

FT-ICR-MS 

IL 

Electrospray ionization mass spectrometry 

Fourier-transform ion cyclotron resonance mass spectrometry 

Ionic Liquid 

L-araf L-arabinofuranose 

L-arap L-arabinopyranose 

MFS Major Facilitator Superfamily 

NBD Nucleotide binding domain 

SBP Substrate binding protein 

SEC-MALLS Size Exclusion Chromatography -Multi-Angle Laser Light Scattering 

TC 

TDara 

TDglcA 

TDxyl 

Transporter classification 

Transport deletion mutant for L-arabinose 

Transport deletion mutant for D-glucuronic acid 

Transport deletion mutant for D-xylose 

TF Transcription factor 

TMD Transmembrane domain 

TRAP Tripartite ATP-independent periplasmic transporter 

YSBL York Structural Biology Laboratory 
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