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releases short-chain polysaccharides and monosaccharides, making them accessible for 

utilization by fermentative microorganisms (Liao et al. 2016). The hydrolysed biomass is then 

fed into fermentation by yeasts or bacteria, from which ethanol can be distilled (Figure 1.2). 

 

 

Figure 1.2 Schematic representation of biocatalysed bioethanol production from 
lignocellulosic biomass. The plant cell wall is made up of cellulose strands enmeshed by 
hemicellulose and further strengthened by lignin. Pre-treatment and enzyme hydrolysis are 
required to break down this complex material and release sugars for fermentation by 
microorganisms, such as yeasts or bacteria. From IFP Energies Nouvelles (2016).  
 

Traditional fermentation organisms, such as S. cerevisiae or Zymomonas mobilis, are only able 

to utilize simple C6 sugars (glucose and mannose). They cannot ferment C5 monomers (xylose 

and arabinose) or short-chain polymers (cellobiose and xylobiose) which are also released 

from lignocellulosic biomass; therefore, fermentation is only partially completed, adding to the 

cost of second-generation bioethanol production (Mosier et al. 2005). 

Converting the lignin to biofuels is incredibly challenging due to its structural diversity. 

However, lignin can be converted to heat and electricity or gasified for further use (Liao et al. 

2016). 

For a lignocellulosic bioethanol production process to be economically viable, the costs of 

extensive feedstock pre-treatment need to be reduced. This requires the production process 

to be extremely efficient. An ideal production microorganism would be robust against stresses 

associated with industrial-scale production, including high ethanol and moderate acid and pre-
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treatment derived toxin levels. The ability to withstand high temperatures while maintaining 

balanced growth with high production yields and being resistant to contamination in minimally 

sterilized conditions would also be advantageous (Liao et al. 2016). Genetic tractability is also 

of considerable importance, as no single organism is likely to fit every criterion. Recent 

advances in molecular biology readily allow metabolic engineering to explore every 

opportunity to increase productivity and yields, often including overexpression of desired 

pathways and knock-out of competing ones (Liao et al. 2016). 

In an effort to reduce enzyme hydrolysis costs, consolidated bioprocessing strategies have 

been developed. These aim at simultaneous, one-reactor cellulose hydrolysis and fuel 

production without the addition of supplementary enzymes. In one strategy, ethanol 

producers have been metabolically engineered to produce the required enzymes to digest 

cellulose. Z. mobilis, for example, was engineered by Vasan et al. (2011) to express an 

endoglucanase. In an alternative approach, naturally cellulolytic organisms, such as 

Caldicellulosiruptor bescii, have been engineered to produce ethanol (Chung et al. 2014). 

In an attempt to improve ethanol yields, traditional fermentation strains have been 

metabolically engineered to utilize a wider variety of carbohydrates. Several research groups 

have metabolically engineered Z. mobilis (Agrawal et al. 2012, Yanase et al. 2012) or 

S. cerevisiae (Bettiga et al. 2009, Brat et al. 2009) for xylose utilization, for example. However, 

catabolite repression effects observed will need to be overcome in order to achieve 

simultaneous utilization of hexose and pentose sugars (Liao et al. 2016).  

A possible alternative to these engineering approaches is the use of a novel ethanologenic 

species with wider substrate ranges. Thermophilic species of Clostridium, Thermoanaerobacter 

and Geobacillus are possible candidates for biofuel production from a variety of feedstocks 

(Barnard et al. 2010, Sanchez & Cardona 2008, Taylor et al. 2009).  

 

1.2 THERMOPHILIC MICROORGANISMS FOR BIOETHANOL PRODUCTION 

Thermophiles are a sub-category of extremophilic microorganisms, thriving at environmental 

temperatures between 40 and 70°C. They are potentially useful as microbial cellular factories, 

because they have a number of advantages over mesophilic microorganisms in industrial-scale 

bioethanol production processes.  
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the theoretical maximum on cellobiose, while reducing pyruvate accumulation to insignificant 

amounts (Cripps et al. 2009). 

 

 

Figure 1.3 Schematic representation of the major fermentative metabolic pathways in 
G. thermoglucosidasius. In TM242 lactate dehydrogenase and pyruvate formate lyase (in red) 
have been deleted, while pyruvate dehydrogenase (in green) has been upregulated. 
Abbreviations are: ADHE, bifunctional aldehyde/alcohol dehydrogenase; Pi, orthophosphate; 
P~P, pyrophosphate.  
 

 

Pyruvate is the major substrate for these fermentation pathways. In G. thermoglucosidasius it 

is generated through glycolysis via the Embden-Meyerhof-Parnas pathway (EMP) (Cooper 

1978, TMO Renewables Ltd. unpublished data, Figure 1.4).  





1. General Introduction 
 
 

11 
 

reduction of acetyl-CoA to acetaldehyde by an AcDH.  Then, taking into account the 2 NADH 

produced during glycolysis, to fully restore redox balance, further regeneration of NAD+ 

through the ethanol yielding activity of ADH is required (Figure 1.5). 

 

 

Figure 1.5 Schematic representation of various ethanol production strategies. Mixed acid 
producers such as G. thermoglucosidasius require an extensive metabolic network to restore 
the cellular redox balance through regeneration of NAD+ during fermentation. Homoethanol 
producers, instead, use a more direct pathway via PDC (highlighted in green) and ADH to 
efficiently regenerate NAD+. Enzyme abbreviations are: AcDH, acetaldehyde dehydrogenase; 
ADH, alcohol dehydrogenase; AK, acetate kinase; LDH, lactate dehydrogenase; PDC, pyruvate 
decarboxylase; PDH, pyruvate dehydrogenase; PFL, pyruvate-formate lyase; PTA, 
phosphotransacetylase. 
 

In contrast to mixed acid producers, such as G. thermoglucosidasius, homoethanol producers 

use a more direct pathway via PDC and ADH to efficiently regenerate NAD+ with high ethanol 

yields desirable for biotechnological applications such as industry-scale bioethanol production. 

While the extensive metabolic engineering by TMO Renewables Ltd. has yielded a strain with 
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 ZpPDC ApPDC ZmPDC GoxPDC g GdPDC h SvPDC 

Buffer used for the 
characterisation of 
decarboxylase 
activity and stability 

50 mM potassium 
phosphate buffer 
pH 6.5, 2.5 mM 
MgSO4, 
0.1 mM TPP b 

 
50 mM sodium 
citrate buffer pH 5, 
1 mM MgCl2, 1 mM 
TPP f 

50 mM potassium 
phosphate buffer 
pH 6.5, 2.5 mM 
MgSO4, 
0.1 mM TPP b 

 
50 mM sodium 
citrate buffer pH 5, 
1 mM MgCl2, 1 mM 
TPP f 

50 mM potassium 
phosphate buffer 
pH 6.5, 2.5 mM 
MgSO4, 
0.1 mM TPP b 

 
50 mM sodium 
citrate buffer pH 5, 
1 mM MgCl2, 1 mM 
TPP f 

200 mM sodium 
citrate buffer 
pH 6.0, 5 mM 
MgCl2, 0.1 mM TPP 
 
Irreversible 
denaturation in 
50 mM MES 
buffer pH 6.5, 5 mM 
MgCl2, 0.1 mM TPP 

200 mM sodium 
citrate buffer 
pH 6.0, 5 mM 
MgCl2, 0.1 mM TPP 

50 mM sodium 
citrate buffer 
pH 5, 1 mM MgCl2, 
1 mM TPP f 

Accession numbers: 
GenBank (gene) 
GenBank (protein) 
PDB 

 
AF474145.1 
AAM49566.1 
NA 

 
AF368435.1 
AAM21208.1 
2VBI 

 
M15393.2 
AAA27696.2  
1ZPD 

 
KF650839.1 
AHB37781.1 
NA 

 
KJ746104.1 
AIG13066.1 
4COK 

 
AF354297.1 
AAL18557.1 
NA 

Amino acid sequence identity to ZpPDC 73% 63% 67% 71% 31% 

 

a. Bringer-Meyer et al. (1986), b. Gocke et al. (2009), c. Lowe & Zeikus (1992), d. Meyer et al. (2010), e. Siegert et al. (2005), f. Raj et al. (2002), g. van Zyl et al. 

(2014b), h. van Zyl et al. (2014a), i. Pohl et al. (1995) 
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POR, pyruvate ferredoxin oxidoreductase; TK, transketolase. Organism abbreviations and 
GenBank or SWISS-PROT accession numbers are: Ap, Acetobacter pasteurianus C7JF72 (NBRC 
3283), H1URW8 (NBRC 106471); Abr, Azospirillum brasilense P51852, Aor, Aspergillus oryzae 
AAD16178; Apa, Aspergillus parasiticus P51844; Apl, Arthrospira platensis P27868; Asy, 
Ascidia sydneiensis BAA74730; Ath, Arabidopsis thaliana Q9FFT4; Bsu, Bacillus subtilis P45694; 
Cgl, Corynebacterium glutamicum P42463; Clo, Clostridium spp. L74 A0A0M1IXY2; Cup, 
Cupriavidus necator Q59097; Dra, Deinococcus radiodurans A75387 (ALS), A75541 (E1); Eag, 
Enterobacter agglomerans P71323; Ecl, Enterobacter cloacae P23234; Eco, Escherichia coli 
CAA24740; Ehe, Erwinia herbicola AAB06571; Eni, Aspergillus (Emericella) nidulans P87208; 
Fan, Fragaria ananassa AAG13131; Gdi, Gluconacetobacter diazotrophicus A0A075Q354; Ghi, 
Gossypium hirsutum S60056; Gox, Gluconobacter oxydans A0A067Z5Y9 (DSM 3504), K7SJD8 
(H24); Gth, Geobacillus thermoglucosidasius A0A0M1QR06; Huv, Hanseniaspora uvarum 
P34734; Kla, Kluyveromyces lactis Q12629 (PDC), Q12630 (TK); Kma, Kluyveromyces marxianus 
P33149; Lkl, Lachancea kluyveri Q9P4E4; Mav, Mycobacterium avium Q59498; Mja, 
Methanococcus jannaschii Q57725; Mle, Mycobacterium leprae CAC31122 (ORF), CAC30602 
(E1); Mth, Methanobacterium thermoautotrophicum A69081 (ORF), C69059 (ALS); Ncr, 
Neurospora crassa P33287; Nta, Nicotiana tabacum P51846 (PDC), P09342 (ALS); Osa, Oryza 
sativa P51847 (PDC1), P51848 (PDC2), P51849 (PDC3); Pae, Pseudomonas aeruginosa G83123; 
Pfu, Pyrococcus furiosus Q51799; Pmu, Pasteurella multocida AAK03712; Psa, Pisum sativum 
P51850; Rca, Rhodobacter capsulatus P0CZ16; Sav, Streptomyces avermitilis AAA93098; Sce, 
Saccharomyces cerevisiae P06169 (PDC1), P16467 (PDC5), P26263 (PDC6), Q07471 (ORF); Sco, 
Streptomyces coelicolor T35828; Spo, Schizosaccharomyces pombe Q09737 (PDC1), Q92345 
(PDC2); Sst, Scheffersomyces stipites O43106; Sve, Sarcina ventriculi AF354297; Syn, 
Synechocystis sp. BAA17984; Vch, Vibrio cholerae A82375; Vvi, Vitis vinifera AAG22488; Zm, 
Zymomonas mobilis P06672; Zma, Zea mays P28516; Zbi, Zygosaccharomyces bisporus 
CAB65554; Zp, Zymobacter palmae Q8KTX6. G+ refers to Gram positive species. G- refers to 
Gram negative species. Scale bar represents 0.05 nucleotide substitutions per site.  
 

 

STRUCTURE AND FOLDING 

In general, the PDC quaternary structure is a tetramer of four identical subunits that bind in a 

dimer-of-dimers fashion. Each monomer is composed of approximately 550 amino acids with a 

relative molecular mass of around 60 kDa. Each monomer contains an N-terminal pyrimidine 

binding (PYR) domain, a central regulatory (R) domain, and a C-terminal pyrophosphate 

binding (PP) domain. 

Two monomers are tightly bound together in a dimer. Two TPP molecules bind across both 

subunits in each dimer, with the pyrimidine ring binding to the PYR domain from one subunit 

and the pyrophosphate group binding to the PP domain from the other, thus forming two 

active sites in the dimer (Figure 1.7). The Mg2+ ion anchors the TPP diphosphate group to the 

protein. Two dimers bind together to form a homotetramer. However, the dimer-dimer 

interaction is less tight than the interaction between the monomers within a dimer (Dobritzsch 

et al. 1998).  
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Figure 1.7 PDC structure and conceptual scheme of TPP binding to the active protein. 
(A) Cartoon representation of one monomer of ZmPDC. PYR-domain, PP-domain and R-domain 
coloured brown, cyan and yellow, respectively. Termini of the peptide are labelled N (PYR) and 
C (PP). (B) Overall structure of the homotetrameric ZmPDC. (C) Conceptual scheme of TPP 
binding to the active protein. PDC is effectively a dimer of dimers. Each dimeric monomer 
(blue) shares two TPP molecules (red) connecting the end-terminals as indicated. The 
orientation of TPP is highlighted by the pyrimidine ring. Adapted from Pei et al. (2010) and 
Waite (2010). 
 

 

Denaturation and renaturation studies of the ZmPDC showed that its correct folding and 

activity strongly depends on the binding of the cofactors TPP and Mg2+ (Pohl et al. 1994). 

Cofactor-free renaturation results in an inactive enzyme. No activity is regained after cofactor-

free refolding, even after incubation with excess cofactors. However, in the correctly folded 

protein TPP and Mg2+ are reversibly bound, and the holoenzyme has been shown to be greatly 

stabilised by cofactor binding. Once formed, the enzyme retains its tetramer formation even 

after dissociation from cofactors. The formation of catalytically active enzyme does, however, 

require cofactor binding. 
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1.5 PROJECT AIMS AND OBJECTIVES 

The overall objective of this project was to introduce a thermoactive PDC and acetaldehyde-

reducing ADH into the host platform G. thermoglucosidasius, in order to channel pyruvate 

through the PDC-ADH pathway away from acetate production and towards higher ethanol 

yields. It was hypothesized that expression of a functional PDC-ADH pathway in 

G. thermoglucosidasius increases ethanol yields. 

This involved: 

- Exploring potentially suitable bacterial PDCs through ASR, which generated inferred 

ancestral PDCs, and through comparison of extant mesophilic bacterial PDCs. 

-  Expanding the knowledge on bacterial PDCs available by characterizing ZpPDC in 

vitro, including the crystal structure, and in vivo in G. thermoglucosidasius. 

- Finding an appropriate ADH partner to complete the pathway and design a PET 

operon. 

- Testing the PET operon under fermentative conditions in G. thermoglucosidasius.  

Towards the overall objective, alternative approaches to cloning the wt Zppdc were explored, 

especially focussing on codon harmonization and ancestral sequence reconstruction in search 

of a novel, potentially more thermoactive PDC. 

 

1.6 PROJECT OUTLINE 

Chapters 3 to 7 describe the characterization of ZpPDC, and the design and development of a 

producer of ethanol (PET) operon for expression in G. thermoglucosidasius. ZpPDC is one of 

the most thermostable bacterial PDCs currently known, with an in vitro thermoactivity of up to 

65°C. Previous attempts to express this enzyme in G. thermoglucosidasius were promising with 

PDC activity observed up to a 50°C growth temperature (Taylor et al. 2008). Furthermore, 

unlike ApPDC and ZmPDC, there are currently no patent restrictions on ZpPDC, thus making it a 

great candidate for the optimization and evaluation of a PET pathway in 

G. thermoglucosidasius for biotechnological applications. 
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Chapter 3 describes the ZpPDC crystal structure and in vitro characterization, which gives vital 

information to further our understanding of bacterial PDCs. Please note that the data 

presented in this Thesis does not necessarily follow a chronological order. Unfortunately, the 

crystal structure data was not available for consideration in design approaches throughout this 

project.  

Chapter 4 characterizes the expression of wt ZpPDC in aerobic cultures in 

G. thermoglucosidasius. The in vitro data suggest that purified ZpPDC is thermostable within 

the growth temperature range of G. thermoglucosidasius. Expression in this host at various 

growth temperatures resulted in detectable PDC activity in the unfractionated cell extract up 

to 65°C. However, with increasing growth temperature the activity rapidly decreased.  

Codon harmonization was explored as one approach to improve recombinant expression of 

the ZpPDC in G. thermoglucosidasius. Chapter 5 discusses a genome sequencing study to 

gather the information required for codon harmonization as described in Chapter 6. Applying 

this method did indeed improve detectable PDC activity in G. thermoglucosidasius cultures 

grown up to 65°C.  

Chapter 7 describes the design and creation of a PET operon pairing the codon harmonized 

Zppdc with the G. thermoglucosidasius ADH6. In vitro characterization of ADH6 kinetics and 

temperature optimum was performed by Dr. Luke Williams. All other work was performed by 

the author. In vitro coupled assays with these two enzymes were functional up to 70°C, 

indicating the potential for in vivo expression. The expression of the PET operon was 

successfully tested in G. thermoglucosidasius in aerobic cultures and tube fermentations up to 

65°C. The discussion to this chapter also explores future work and several approaches to 

improve PDC activity in Geobacillus spp. 

Chapter 8 presents ancestral sequence reconstruction as an alternative approach to finding a 

thermoactive bacterial PDC. 

Chapter 9 is a general discussion and sums up the major findings of this Thesis. 
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proeteolysis. The gel was routinely run at 75 mA for ~25 min and stained with Coomassie Blue 

staining solution with gentle agitation (15-30 min, destain in destain solution for 30-90 min). 

Gel imaging was done using the G:BOX and accompanying software (Syngene) with a UV filter 

and set to 0-100 ms. 

 

2.4.5 ENZYME ACTIVITY ASSAYS 

Enzyme activities were measured using a Varian Cary® 50 or Cary® 60 Bio UV/visible light 

spectrophotometer and a single-cell peltier temperature controller (Agilent Technologies), 

with the accompanying software CaryWinUV Kinetics Application 3.00.  

It was confirmed that under all assay conditions the rate of reaction was directly proportional 

to the enzyme concentration. 

 

2.4.5.1 PDC ACTIVITY ASSAY 

The PDC activity assay is a coupled enzyme assay that follows the oxidation of NADH to NAD+ 

spectrophotometrically at 340 nm (Pohl et al. 1994) (Figure 2.1). 1 mole of NADH is oxidised 

per mole acetaldehyde reduced, thus the rate of NADH oxidation is directly related to PDC 

activity.  

 
 

PDC        ADH 
pyruvate -----------------------> acetaldehyde ----------------------------> ethanol 

         I--->   CO2                                   NADH --> NAD+ + H+ 

 
 

Figure 2.1 Schematic representation of the pyruvate decarboxylase coupled assay. 
Acetaldehyde production by pyruvate decarboxylase (PDC) was coupled to the activities of 
alcohol dehydrogenase (ADH) and the rate of NADH oxidation was measured at 340 nm. 
 
 

The standard assay was carried out at 30°C using commercially available ADH (Saccharomyces 

cerevisiae ADHs, Sigma). See Table 2.9 for volumes and concentrations used in the assay. The 

background rate was measured for 1 min before initiating the reaction with the addition of the 

substrate, sodium pyruvate. The reaction rate was measured over 2 min.   
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SYPRO®-Orange is a fluorescent dye that specifically binds to hydrophobic residues of a 

protein. As the protein unfolds, more residues become available, which results in a significant 

increase in fluorescence emission (Figure 2.2). A denaturing temperature (Td) can be assigned 

by using a derivative plot (rate of change in fluorescence with respect to change in 

temperature). The Td is the temperature at which the rate of change in fluorescence with 

change in temperature is at its maximum, i.e., the temperature at the peak in the derivative 

plot. 

 

 

Figure 2.2 Schematic representation of the thermal shift assay showing the intercalation of 
SYPRO®-Orange. Shown is the derivative plot, i.e. the rate of change in fluorescence with 
respect to change in temperature. The Td is the temperature at which the rate of change in 
fluorescence with change in temperature is at its maximum. Adapted from Morant (2014). 
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3. CHARACTERIZATION AND CRYSTAL STRUCTURE OF THE ZYMOBACTER PALMAE 

PYRUVATE DECARBOXYLASE 

3.1 INTRODUCTION 

PDCs are relatively wide-spread in plants and fungi, but are rarely found in bacteria. At the 

time of writing, only six bacterial PDCs have been described, including the one found in 

Zymobacter palmae (ZpPDC). The Zymomonas mobilis enzyme (ZmPDC) has been extensively 

studied, with a variety of structural variants published (PDB entry 1ZPD, Dobritzsch et al. 1998; 

2WVA, 2WVG, 2WVH, Pei et al. 2010; 3OEI, Meyer et al. 2010; 4ZP1, Wechsler et al. 2015). 

Other bacterial PDCs include those from Acetobacter pasteurianus (ApPDC, PDB entry 2VBI), 

Gluconoacetobacter diazotrophicus (GdPDC, PDB entry 4COK, van Zyl et al. 2014a), 

Gluconobacter oxydans (GoPDC, van Zyl et al. 2014b), and the only known Gram-positive 

species possessing a PDC, Sarcina ventriculi (SvPDC, Lowe & Zeikus 1992).  

ZpPDC was first described by Raj et al. (2002). Recombinantly expressed ZpPDC displayed the 

highest specific activity (130 U/mg of protein) and lowest KM for pyruvate (0.24 mM) when 

compared to other bacterial PDCs (Raj et al. 2002). Furthermore, in a comparison of 

irreversible denaturation effects with increasing temperature, ZpPDC exhibited the highest 

thermostability of these PDCs (see General Introduction section 1.4 for more detail). It 

retained 100% activity after 30 min incubation at 60°C and 80% activity after incubation at 

65°C for 30 min. 

ZpPDC being one of the most thermostable bacterial PDCs currently known prompted 

attempts to utilize ZpPDC to produce a homo-ethanologenic Geobacillus spp. In the first 

attempt Taylor et al. (2008) expressed ZpPDC aerobically in G. thermoglucosidasius grown at 

45-50°C, and assayed the clarified cell extract for PDC activity by monitoring NADH depletion 

dependent decrease in absorbance at 340 nm (standard coupled assay). They found that with 

an increase in growth temperature from 45°C to 48°C PDC activity dropped sharply from 1067 

to 89 nmol/min/mg total protein. No activity was detectable in cells grown at 50°C. 

The disparity between high in vitro thermostability and limited in vivo expression of active PDC 

at higher temperatures is striking, and encouraged further investigation into ZpPDC 

thermostability and thermoactivity presented in this chapter, together with attempts to 

optimize expression in G. thermoglucosidasius (described in Chapter 4).  
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Furthermore, the ZpPDC crystal structure is of great interest as it gives vital information to 

further our understanding of bacterial PDCs. This may allow for the rational design of PDCs 

with improved thermostability and thermoactivty by improving the TPP-binding site efficiency 

at higher temperatures.  

No published crystal structure was previously available for the ZpPDC. This chapter details the 

characterization of kinetic and thermal properties of the ZpPDC from Z. palmae ATCC 51623 

recombinantly expressed and purified from E.coli and the determination of the crystal 

structure of the ZpPDC by X-ray crystallography to 2.15 Å resolution. The structure was 

submitted to the PDB (entry: 5EUJ, Buddrus et al. 2016). General concepts of X-ray 

crystallography are briefly introduced below.  

 

This work is based on a collaboration between the University of Bath, UK, and the University of 

Waikato, New Zealand, supported by a Microbiology Society research visit grant (RVG14-10). 

The author particularly wishes to acknowledge support from Dr. Emma Andrews and Professor 

Vic Arcus at the University of Waikato, New Zealand, and Dr. Susan Crennell at the University 

of Bath.  

 

STRUCTURE DETERMINATION BY X-RAY CRYSTALLOGRAPHY  

X-ray crystallography is a widely-used technique. The prerequisite for solving the 3-

dimensional structure of a protein is a well-ordered crystal made of repeating protein units 

that will strongly diffract X-rays so that a diffraction pattern can be produced from which the 

structure can be determined. 

Nucleation and crystal growth are affected by a number of environmental conditions, including 

protein and precipitant concentration, buffer type, pH, temperature, and the presence and 

concentration of metal ions or ligands. They must all allow the protein to be under 

supersaturated conditions. Failing to meet these conditions results in the protein remaining 

soluble or precipitating out of solution (Figure 3.1). 
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Figure 3.1 Crystallisation phase diagram. The diagram shows theoretical conditions for crystal 
nucleation and growth. A protein spontaneously precipitates under unfavourable conditions. 
However, in the nucleation zone a small number of crystal nuclei tend to form. If they re-enter 
the metastable zone, in which the protein is supersaturated, they can grow and form ordered 
crystals. During vapour-diffusion, water evaporates shifting the conditions to the nucleation 
zone allowing nuclei to form. This causes the protein concentration in the liquid phase to 
decrease and the system shifts back into the metastable zone. This is indicated by the 
trajectory of the dotted arrow. Adapted from Extance (2012) and Sherwood & Cooper (2011). 

 

Vapour-diffusion uses a hanging or sitting drop of protein solution mixed with precipitant 

solution suspended above an undiluted precipitant solution reservoir. These are left to 

equilibrate during which water diffuses from the drop to the reservoir, gradually changing the 

conditions experienced by the protein. If successful, supersaturating conditions are eventually 

met and nucleation followed by crystal growth occurs.  

For X-ray diffraction experiments a beam of parallel X-rays is directed onto the crystal. Heat 

and free radicals generated from the primary X-ray causes damage to the crystal. To minimize 

this, the crystal is cooled to 100 K using a stream of nitrogen gas. Before mounting the crystal, 

it is soaked in cryoprotectant, such as a glycerol-containing buffer. This replaces some of the 

water in the crystal and prevents the formation of ice that would destroy the crystal.  

When the primary X-ray beam hits the crystal most of it passes straight through the crystal. 

However, some X-rays interact with the electrons on each atom causing them to oscillate. This 

oscillation creates new sources of X-rays that are scattered in all directions. Scattered X-rays 

that positively interfere with one another create a diffracted beam which can be recorded on a 

detector. The X-ray diffraction experiment aims to determine the intensity of the diffracted 
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3.2.5 STRUCTURE SOLUTION AND REFINEMENT  

The structure was solved by molecular replacement using ApPDC (PDB entry: 2VBI, 76% amino 

acid identity) as the starting model. The structure was refined by iterative cycles of manual 

building and modelling in Coot (Emsley et al. 2010) and refinement in Refmac5 (CCP4i suite) 

(Winn et al. 2001; Potterton et al. 2003; Vagin et al. 2004). The quality of the final model was 

checked using MolProbity (http://molprobity.biochem.duke.edu/index.php, Chen et al. 2010).  

 

 

3.3 RESULTS 

3.3.1 CLONING OF WT ZPPDC FOR EXPRESSION IN E.COLI 

The wt Zppdc had previously been cloned into pET28a to generate the enzyme with a C-

terminal hexa-histidine-tag (see plasmid map below, Figure 3.3).  
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Figure 3.3 Plasmid map of pET28 ZpwtPDC. The neomycin phosphotransferase gene (labelled 
kanamycin resistance) confers resistance to kanamycin. In the presence of a T7 RNA 
polymerase, the Zppdc is expressed from the T7 promoter under the control of the lac 
operator. LacI encodes the lac operon repressor. The f1 origin is the origin of replication from 
an f1 phage.  
 

 

Sequencing of this construct and comparision to the GenBank entry AF474145.1 showed that it 

was erroneous, and thus required correction by site-directed mutagenesis, changing the codon 

for alanine 292 to the correct valine (see Figure 3.4 for PCR results). Sequencing confirmed the 

presence of the correct nucleotide sequence. 
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Figure 3.5 Nickel-affinity chromatogram for recombinant wt ZpPDC. The dark blue line is the 
absorbance at 280 nm (mAU). The green line indicates the imidazole concentration in the His-
elute buffer. ZpPDC elutes at 120-200 mM imidazole. 

 

 

Figure 3.6 Size-exclusion chromatogram for recombinant wt ZpPDC. The dark blue line is the 
absorbance at 280 nm (mAU).  
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Figure 3.7 SDS-PAGE analysis of wt ZpPDC size-exclusion chromatography fractions. His-
tagged wt ZpPDC (monomer size of 61.8 kDa) was purified by nickel-affinity chromatography 
followed by further purification and buffer exchange through size-exclusion chromatography. 
Lane M contains the protein size marker, with sizes given in kDa (unstained protein molecular 
weight marker, Thermo Fisher Scientific). 
 

 

3.3.3 ENZYME CHARACTERIZATION 

Kinetic properties were analysed using the standard coupled assay at 30°C, pH 6.5. The data 

were analysed using the non-linear fit model from the enzyme kinetics module in SigmaPlot 

(Figure 3.8), resulting in a Vmax of 165 ±3 µmol/min/mg and a KM for pyruvate of 

0.67 ±0.06 mM.  

 

  
















































































































































































































































































