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ABSTRACT 

 

Phospholipids have important functions in organisms and are gaining interest 

as health supplements. Phospholipid supplements are commercially available as 

mixtures rather than individual phospholipid species due to complicated and costly 

production processes. The production of individual phospholipid species to be applied 

as supplements is performed enzymatically by phospholipase D (PLD) since 

enzymatic modifications are known to be more effective, less costly and do not employ 

toxic chemicals such as those used for chemical modification. 

PLD is used for the enzymatic modification of phospholipids because, in the 

presence of primary alcohols, it catalyses transphosphatidylation of the polar head 

group of phospholipids to synthesise a new modified phospholipid product. However, 

the substrate specificity of PLD towards primary alcohols and the limitation of the 

molecular size of the acceptor compounds have restricted the type of phospholipid 

species that can be synthesised by PLD. To overcome these limitations, protein 

engineering techniques were utilised by our collaborator from the Laboratory of 

Molecular Biotechnology, Nagoya University, Japan, to alter the substrate specificity 

of PLD from Streptomyces antibioticus (SaPLD). Through three rounds of site-

directed saturation (random) mutagenesis, mutant SaPLD with a novel capability to 

synthesise phosphatidylinositol (PI) using phosphatidylcholine (PC) and myo-inositol 

as substrates has been generated. The mutant enzyme, namely TNYR SaPLD, is 

capable of producing PI as mixtures of 1-PI and 3-PI isomers with a specificity ratio 

of 93:7. However, the structural features of the mutant enzyme that enables the 

synthesis of PI using a bulky acceptor such as myo-inositol as well as the positional 

specificity of the product are not yet fully understood. 



ABSTRACT 

 

iv  

 

To gain a better understanding of the substrate binding features of the mutant 

enzyme, TNYR SaPLD has been expressed, purified and crystallised for structural 

determination by X-ray crystallography. Cell line and media screening showed that 

E. coli BL21(DE3) and a defined-autoinduction media was the most suitable for over-

expression of the mutant enzyme. The enzyme which was expressed as extracellular 

protein, was recovered from the expression media by ammonium sulphate 

precipitation. The mutant SaPLD has no affinity tag and therefore was purified by ion-

exchange chromatography. Crystals of the enzyme were obtained by the hanging drop 

vapour diffusion method. The crystals diffracted to 2.49 Å at the MX2 beam line at 

the Australian Synchrotron and indexed on an orthorhombic lattice in space group 

P212121. The phase problem has been solved by the molecular replacement method 

using the wild type SaPLD structure (PDB ID 2ZE4) as the search model. A 

comparison of the engineered mutant and the wild type structure are presented. 

Co-crystallisation experiments using myo-inositol as the substrate have also 

been undertaken. However, the myo-inositol was only bound at partial occupancy in 

the catalytic site and cannot be confidently modelled. Co-crystallisation experiments 

using potassium phosphate (as substrate analogue) and myo-inositol to mimic the 

phosphate bound state of the enzyme have been undertaken in an attempt to stabilise 

a flexible loop which acts as the gate to the catalytic site and on which one of the 

mutated residues is located. This work was carried out to establish a structure of bound 

myo-inositol at higher occupancy at the active site. However, these experiments only 

revealed phosphate bound to the protein. Crystal soaking experiments using 1,2-

dibutyryl-sn-glycero-3-phosphocholine (diC4PC) as substrate for different time 

periods (30 minutes, 8 hours and 5 days) also have been undertaken. These 

experiments gave insight into the role of the catalytic residue, N185, which is part of 
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the HKD catalytic motif, and the mutated residues W187N and Y385R during 

transphosphatidylation. The open and closed state of the enzyme was also revealed by 

comparing the apoenzyme and substrate-bound structure of the enzyme. 
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Protein Engineering 

 

1.1.1 History and development of protein engineering 

Proteins are biological macromolecules that perform various biochemical 

functions such as enzymatic catalysis, molecular transport and molecular signalling 

and recognition. The primary structure of a protein determines its three-dimensional 

structure and function, consequently mutation of one amino acid can result in changes 

to the protein’s function1. In the case of enzymes these changes can affect the 

enzymatic reaction carried out by the molecule. The knowledge about the relationship 

between structure and activity grew rapidly at the beginning of the 1980s after the 

development of site-directed mutagenesis2,3, which allows specific alterations of 

amino acids in proteins. This technique allows scientists to study the role of specific 

amino acid residues in a protein. In the study of enzymes, the technique is particularly 

important as it allows one to identify functional residues in the active site of an 

enzyme. Site-directed mutagenesis was soon used not only to make changes to one or 

two amino acid residues but to construct modified proteins with altered functions, 

establishing a new research field namely protein engineering4. 

Gene cloning and the synthesis of oligonucleotides enable protein engineers to 

not only conduct investigations on the relationship between structure and activity of a 

protein, but also to alter the characteristics of naturally available proteins. These 

techniques are especially applicable to industrial biotechnology processes. For 
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example, enzymes are routinely engineered to optimise their activity, stability and 

substrate specificity5. Alteration of several amino acid residues in an enzyme is often 

needed to improve or alter its characteristics, therefore multiple mutations in various 

combinations must be introduced and screened. Several techniques and methods have 

been developed to introduce and screen as many combinations as possible4.  

 

1.1.2 Methods and techniques in protein engineering 

In general, two approaches are available in protein engineering: rational design 

and directed evolution. The two approaches often combined to semi-rational design or 

site-directed (designed) evolution5. In rational design, knowledge of the protein 

structure and function is applied in order to design a variant protein with the desired 

characteristics. Information regarding the targeted protein, such as overall structure of 

the molecule and the amino acid residues important for structural integrity as well as 

biological function are needed to design the desired properties. The benefits of this 

approach are higher probability of beneficial mutations and smaller library (collection 

of mutant proteins) size. However, it is a highly difficult approach since information 

about the targeted proteins are often insufficient to engineer a new variant with the 

desired properties. In contrast, directed evolution approaches do not require structural 

information since random changes are introduced to the targeted protein. The very 

large variant libraries generated by this method result in difficulties for screening 

function. Semi-rational design combines the strategy of rational design and directed 

evolution by introducing random mutations to certain amino acid residue(s) which 

predicted to play important functional roles of the targeted protein1-3. In the last 30 

years, new mutagenesis techniques, computational design tools and high-throughput 

screening methods have been developed for the advancement of protein engineering6. 
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Site-directed mutagenesis (SDM) is a Polymerase Chain Reaction (PCR)-

based mutagenesis method for introducing the desired mutation into a DNA sequence. 

In this method, a designed mutation is placed in designed primer pairs used for the 

PCR reaction resulting in the amplification a of mutated DNA sequence 7,8. The 

technique can be applied to introduce mutation(s) into a single gene or to several genes 

in a plasmid vector. There are two variants of SDM techniques for introducing 

mutation(s) into a single gene: overlap extension (OE-PCR) and megaprimer9. The 

OE-PCR method requires at least three rounds of PCR and four flanking primers, two 

of which carry the codon for the mutation. The megaprimer method requires two 

rounds of PCR with two flanking primers and one internal mutagenic primer. Site-

directed mutagenesis on the entire plasmid requires one round of PCR and two 

mutagenic primers which are complementary to the opposite strands of the double-

stranded DNA plasmid template. 

Random point mutations can be introduced into a segment of a gene (>100 bp) 

or an entire gene by Error-prone PCR (epPCR). This technique makes use of low 

fidelity Taq DNA polymerase to create random errors during the PCR reaction. The 

rate of errors can be further increased by adding MnCl2, increasing MgCl2 

concentration, biased dNTP ratios, including a nucleotide analogue, and/or using 

heavy water (D2O) in the PCR reaction10–12. 

DNA shuffling, random chimeragenesis on transient templates (RACHITT), 

iterative truncation for the creation of hybrid enzymes (ITCHY), and staggered 

extension process (StEP) are some examples of random mutagenesis techniques which 

shuffle segments of DNA sequences to produce chimeric sequences. In DNA 

shuffling, parent genes with >70% homology (obtained from different organisms or 

generated by epPCR) are cleaved into small fragments by DnaseI or mixtures of 
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restriction endonucleases, purified and reassembled by epPCR. The small fragments 

acts as primers and will align and cross-prime each other in the reaction, thus 

producing hybrid DNA strands9,13,14. RACHITT produces chimeric genes with 

approximately 10 to 12 crossovers per gene. The aligned fragments are generated from 

a parental gene. One strand of the gene acts as “transient template”, while the 

complementary strand is first cleaved into shorter fragments and then used as “donor 

fragments”. The “donor fragments” are annealed to the “transient template” then 

ligated into a continuous chimeric strand14,15. ITCHY recombines two non-

homologous template sequences, in which each template is first truncated from 

opposite ends before ligating the fragments14. The StEP technique uses a short primer 

extension time during the PCR step, consequently producing partially extended 

primers which randomly reanneal to different parts of the parental template during the 

subsequent PCR cycle, thus creating novel recombinants16. 

Semi-rational design combines not only the concept of rational-design and 

random mutagenesis, but also the techniques to create focused libraries. Some 

methods of choice are site-directed saturation mutagenesis (SSM), combinatorial 

active-site saturation test (CAST), and iterative saturation mutagenesis (ISM)17–19. 

SSM is a variant of the SDM technique, the difference between SDM and SSM lies in 

the mutagenic primers used in the experiment. In the SSM, a mixture of mutagenic 

primers resulting in a collection of clones with different codons at the targeted 

position, which will be translated into one of any 20 amino acids, is used in the PCR 

reaction. This technique can be used to make both single-site and multiple-site 

mutations libraries17,20. In the CAST technique, pairs of amino acids, the side chain of 

which are directed to the substrate binding site, are chosen to create libraries of 

mutants by means of saturation mutagenesis. The pairs are selected based on a 



LITERATURE REVIEW 

 

5  

 

geometric relationship with regards to the secondary structure of protein: “If one 

member of the pair occurs in the protein sequence at position n, then the second one 

is found at a sequence of (n+1) in a loop, (n+2) in a β-sheet, (n+3) in a 310 helix, and 

(n+4) in α-helix”21. The ISM technique focuses on sites of protein that may be 

catalytically crucial based on the three-dimensional structure. Each site, which may be 

composed of several residues, is randomised by saturation mutagenesis. The best hit 

from each library is used as the template for the next round of saturation mutagenesis, 

thereby maximizing the probability of obtaining additive and/or cooperative effects of 

mutations22. 

 

1.1.3 Industrial application of protein engineering 

Protein engineering techniques have been extensively applied in industrial 

biotechnology applications for optimisation of enzymes, production of biosensors as 

well as therapeutic peptides and proteins23. Enzymes as biocatalysts are utilised for 

chemical transformations, syntheses, and degradation of chemical compounds, 

especially due to its excellence concerning effectiveness, versatility and 

environmental friendliness compared to non-enzymatic catalysts. The vast majority of 

industrial processes are performed under harsh conditions, therefore industrial 

enzymes need to be engineered to improve their activity and stability against extreme 

conditions as well as in the presence of other chemical compounds. Industrial enzymes 

are also engineered to broaden their substrate specificity, accept novel and/or 

unnatural substrate(s), catalyse different type of reactions, and enhance their 

enantioselectivity. Detergent proteases, for example, are engineered to be stable under 

conditions of high temperature (~60°C) and in the presence of surfactants, fragrances, 

bleach and other laundry detergent components23–27. 



LITERATURE REVIEW 

 

6  

 

Proteins undergo conformational changes in response to environmental signal 

such as changes in pH and/or temperature and in the presence of certain compounds. 

In a biosensor, protein’s recognition mechanism is utilised to trigger an 

electrochemical transduction element to provide analytical information23,28,29. Protein 

engineering techniques are utilised to enhance the sensitivity, stability, selectivity, 

signal transduction, and surface tethering capability of the target proteins. For 

example, an acetylcholinesterase (AchE) based biosensor is used to detect 

environmental pollution caused by organophosphorus pesticides, therefore highly 

sensitive biosensor has been developed by utilising a double mutant version of AchE 

that can detect dichlorvos at attomolar (10-18 moles per litre) levels30,31. 

Protein engineering provides the tools to improve efficacy, safety and delivery, 

and at the same time reduce immunogenicity issues associated with the therapeutic 

proteins. Insulin is a classic example: human insulin was approved by the US FDA in 

1982 however, more recently insulin analogues (commonly engineered with one to 

three amino acid replacements) are preferred due to their multiple benefits including 

improved physiological profile and a reduced risk of hypoglycaemia32,33. Novel 

protein drugs with intracellular targets have been created by fusing together parts of 

different proteins, for example Denileukin Difitiox is an engineered fusion of 

Interleukin-2 (IL-2) and diptheria toxin to treat CD25 (IL-2R)-positive cutaneous T 

cell lymphomas (CTCL)34. 
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1.2 Phospholipids and Phospholipases 

 

1.2.1 Phospholipids: structure, main sources and health benefits 

Phospholipids (PLs) can be divided into two groups according to the alcohol 

molecule that links their polar headgroup with a non-polar tail: phosphoglycerides (or 

glycerophospholipids) and sphingomyelins. Phosphoglycerides are lipids which 

contain a phosphate group and two fatty acid chains connected by a glycerol molecule 

as the backbone (diacylglycerol). In this thesis, PLs exclusively refer to 

phosphoglycerides and not sphingomyelins. PLs are the fundamental building blocks 

of cell membranes. They have amphiphilic characteristics due to the presence of a 

hydrophilic phosphate group as well as hydrophobic fatty acid tails. A small polar 

group can be bonded to the phosphate group thus modifying the structure of the PL. A 

PL without an additional polar group is called phosphatidic acid (PA); this is virtually 

absent in most membranes. Small polar groups which are commonly found on 

membrane PLs include: choline (forming phosphatidylcholine), ethanolamine 

(forming phosphatidylethanolamine), serine (forming phosphatidylserin), or inositol 

(forming phosphatidylinositol). The chemical structure of PLs can be seen in Figure 

1.1. Some important roles of PLs in biological processes are: 1) maintenance of 

membrane integrity and assistance in membrane functions, 2) participation in various 

metabolic processes, and 3) regulation of basic biological processes35–37. 
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PLs are abundant in nature and can be isolated from both prokaryotes and 

eukaryotes (yeasts, algae, plants, and mammals), however the individual species of 

PLs vary in different sources. The most common PLs in bacteria are 

phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and cardiolipin (two 

phosphatidyl moieties joined by a central glycerol backbone, forming a dimeric 

structure38), while phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS) and phosphatidylinositol (PI) are the predominant PLs in 

eukaryotes. PLs, especially PC, are abundantly available in nature and can be extracted 

from soybean, vegetable oils, egg yolk, meats, fishes and animal organs. Lechitin is 

obtained from the process of degumming followed by physical refining of raw 

 

Figure 1.1 The chemical structure of phospholipids 

A small polar group that bonded to the phosphate group modifies the structure of the phospholipid. 
Figure modified from Karp et al. (2013)36 
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materials35,37,39. Generally, lecithin from crude soybean oil is composed mostly of PC 

(24%), PE (20%), PI (14%), and PA (7%). Liquid extraction or supercritical fluid 

extraction, solvent fractionation (using acetone or alcohol) and chromatography (using 

ethanol and isopropanol as solvents and silicic acid gel or aluminium oxide as 

chromatographic media) have been used to purify lecithin to certain degrees of purity 

for commercial applications34,38–40. 

Due to its abundance in food products, beneficial effects of dietary PLs have 

been a much-studied topic, and they have a “generally recognised as safe” (GRAS) 

status as food additives, drug delivery systems, and also used as emulsifying agents or 

surfactants in various products, such as: nutraceuticals, pharmaceuticals and foods42. 

PC as the main constituent of lecithin is the most well studied among PL species. PC 

is known to exhibit anti-inflammatory and anti-tumour properties, modulate 

immunological functions, improve blood lipid profile and enhance sporting 

performances. Supplementation of PS has been demonstrated to improve memory 

functions and cognition of patients affected by age related cognitive decline (ARCD) 

and/or early Alzheimer’s disease, as well as alleviate stress-related mood symptoms44–

46. External administration of PE supports the process of macro-autophagy, which 

protects cells against lethal stress and extends longevity of the model organisms47. PI 

is also attracting attention due to its beneficial effects such as improving blood lipid 

profile, preventing non-alcoholic fatty liver disease, and modulating immune 

systems48–50. 

PL supplements are commercially available as mixtures rather than individual 

PL species due to complicated production processes. To obtain highly pure PLs, 

several purification steps or physical modification are usually required. For example, 

N-acetylated PE can be obtained by treating the ethanol-insoluble fraction (obtained 
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from ethanol fractionation step) with acetic anhydride. Removal of N-acetylated PE 

and triglycerides by a deoiling process results in PI-enriched products37,46. 

Chromatographic purification techniques are not adequate to separate individual 

species of naturally occurring PLs, moreover at large scale this approach is highly 

complicated and costly. Therefore, chemical and enzymatical syntheses are used to 

obtain individual species of PL with defined structure and configuration. The synthesis 

can be divided into semi-synthesis and total synthesis. Semi-synthesis of 

phospholipids refers to modification of naturally existing PLs. The modification can 

be performed on phosphatidic head groups, fatty acid tails or both. The total synthesis 

of phospholipids involves the formation of ester or ether bonds that link the fatty acid 

tails to glycerol backbone, and the attachment of phosphate head group. The semi-

synthesis method requires fewer reaction steps and milder conditions however, the 

products are usually structural or stereo mixtures that are difficult to be isolated and 

purified. On the other hand, the obtained product from total syntheses methods are 

pure and stable but costly to produce. The production of PLs supplements in general 

are performed enzymatically, by phospholipases, through semi-syntheses 

methods35,41,43. 

 

1.2.2 Phospholipases: sources, classifications and industrial applications 

Phospholipases are a class of hydrolytic enzymes that catalyse the hydrolysis 

of acyl esters and phosphate esters on phospholipids. Phospholipases play important 

role in the metabolism of phospholipids, hence they can be found in both prokaryotes 

and eukaryotes. Phospholipases are classified into PLA1, PLA2, PLC, and PLD, based 

on their hydrolytic site on the phospholipid backbone as shown in Figure 1.2. 
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PLA1 (EC 3.1.1.32) hydrolyses the ester bond at the sn-1 position, producing 

a free fatty acid (FFA) and 2-acyl lysophospholipid. PLA1 has been identified in 

animals, plants, yeast, fungi, protozoa and bacteria. PLA1 isozymes are divided into 

two families: extracellular and intracellular. The two families share no sequence 

homology and apparently have distinct functions. The gene for intracellular PLA1 is 

evolutionarily conserved from yeast to mammals, and the enzyme appears to be 

involved in membrane transport and organelle maintenance. Six extracellular and 

three intracellular PLA1 enzymes have been identified in mammals. The extracellular 

PLA1 are: hepatic lipase (HL), endothelial lipase (EL), pancreatic lipase-related 

protein (PLRP-2), phosphatidylserine-specific PLA1 (PS-PLA1), membrane-

associated PA-specific PLA1α (mPA-PLA1α) and mPA-PLA1β. EL plays a role in 

high-density lipoprotein metabolism, while PS-PLA1, mPA-PLA1α, and mPA-PLA1β 

produce lipid mediators with multiple biological functions. The three intracellular 

PLA1, PA-preferring PLA1, p125, and KIAA0725p, were have been shown to be 

involved in vesicular transport51,52. 

PLA2 (EC 3.1.1.4) is the most well studied phospholipase. PLA2 hydrolyses 

the ester bond at the sn-2 position, producing a FFA and 1-acyl lysophospholipid. The 

 

Figure 1.2 The hydrolysis site of phospholipases 

Site of hydrolase activity by PLA1, PLA2, PLC and PLD is shown by red arrow. Figure modified 

from Denis (2015)53 
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PLA2 superfamily is divided into six types: secretory PLA2 (sPLA2), cytosolic PLA2 

(cPLA2), Ca2+-independent PLA2 (iPLA2), platelet-activating factor acetyl hydrolase 

(PAF-AH), lysosomal PLA2 (LPLA2), and adipose PLA2 (AdPLA2). sPLA2 has a 

molecular weight of 14-18 kDa and has been identified in mammals, insects, mollusks, 

reptiles, plants and bacteria. Seventeen forms of sPLA2 have been found to be widely 

distributed in various tissues with distinct physiological functions. cPLA2 and iPLA2 

have molecular weights of 61-114 kDa and 28-146 kDa respectively and have been 

identified in human and mouse tissue, while PAF-AH and LPLA2 have been identified 

in various mammalian tissues. AdPLA2 (18 kDa) has recently been isolated from 

human adipose tissue but can be found in various tissues. Ongoing studies on various 

human PLA2 focus on the development of PLA2 inhibitors as pharmaceutical agents 

for various diseases such as neonatal necrotizing enterocolitis (NEC), cardiovascular 

disease, Barth syndrome, and atherogenesis. 37,41,51,53–55. 

PLC (EC 3.1.4.3) are calcium-dependant phosphodiesterases that hydrolyse 

the glycerophosphate bond, releasing diacylglycerol (DAG) and the phosphorylated 

head-group. PLC is classified into two groups: phosphatidylinositol-specific PLC (PI-

PLC) and phosphatidylcholine-specific PLC (PC-PLC). The role of PC-PLC in 

mammals has not been studied, however PC-PLC activities in animal and bacteria has 

been elucidated. PC-PLC is involved in several cellular signalling pathways in 

animals, hemolytic properties in pathogenic bacteria, and lipid modelling under 

phosphate-limiting conditions in non-pathogenic bacteria51. The role of PI-PLC in 

mammals on the other hand has been well studied. There are total of 13 PI-PLC 

isozymes found in mammals, which are subdivided into six classes ((PI-PLC-β, PI-

PLC-γ, PI-PLC-δ, PI-PLC-ξ, PI-PLC-η, and PI-PLC-like). The isozymes are 

differentially regulated and co-expressed across tissues to form signalling networks, 
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that involves conversion of phosphatidylinositol(4,5)P2 into second messenger 

molecules (inositol(1,4,5)P3 and diacylglycerol), as well as alterations in membrane 

association or activity of various proteins that harbor phosphoinositide binding 

domains56. 

PLD (EC 3.1.4.4) hydrolyses the terminal phosphodiestric bond, releasing PA 

and the polar head-group. PA is a lipid second messenger, thus PLD belongs to a 

superfamily of signalling enzymes. Several isoforms of PLD have been identified and 

characterised in bacteria, yeasts (PLD1, PLD2, Spo-like), plants (C2-PLD and PXPH-

PLD), and mammals (PLD1, PLD2, PLD3, mitoPLD). In addition to hydrolysis, PLD 

catalyses transphosphatidylation in the presence of primary alcohols, releasing PA and 

a new phospholipid modified at the polar head 37,51. 

The industrial production of phospholipids by semi-synthetic methods, also 

known as phospholipid modification, is performed utilising phospholipases. PLA1 and 

PLA2 are utilised for FA transesterification in the industrial production of 

nutraceutical phospholipids. PI-PLC is also used for hydrolysis and transesterification 

of PI to produce inositol phosphate diester analogues. PLD, due to its unique 

transphosphatidylation reaction, has become the most commonly employed enzymatic 

modification to synthesise particular PL species from abundantly available PC. This 

reaction, in combination with protein engineering techniques, enables the production 

of unnatural or low-abundance phospholipids with nutraceutical or pharmacological 

value37,41,51. Among PLDs from various sources, Streptomyces sp. PLDs display the 

highest transphosphatidylation activity and exhibit broad substrate specificity, which 

make them suitable for industrial production of natural and synthetic PLs57–59. 
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1.2.3 Phospholipase D superfamily 

Enzymes that exhibit PLD activity were first discovered in plants60. Following 

this discovery, other enzymes were identified from virus, prokaryotes and eukaryotes 

as possessing PLD activity and thus were classically referred to as PLD. This 

classification was made based on biochemical characterisations of the purified 

enzymes. After the development of sequencing technology, the PLD superfamily 

classification was made based on the conserved catalytic HKD motif 

(HxKxxxxDx6GSxN or a variation of thereof). Some enzymes (i.e., some 

endonucleases) that previously were not classified as PLD, due to lack of PLD 

activity, have now been re-classified as members of the PLD superfamily by the new 

classification criteria. The classification of the PLD superfamily, based on the 

conserved catalytic HKD motif, are proposed to hydrolyse phosphodiester bonds 

through a similar reaction mechanism57–59,61. 

Briefly, the PLD superfamily is further classified into seven classes based on 

sequence homologies. PLDs from fungi and higher eukaryotes belong to class I, 

bacterial PLDs with lipase activities (Yersinia murine toxin (Ymt) and Streptomyces 

sp. PLD) belong to class II, bacterial cardiolipin synthase and phosphatidylserine 

synthase belong to class III and IV respectively, class V comprises Orthopoxvirus 

p37 lipase and Orthopoxvirus K4 endonculease, belong to class VI is putative 

endonuclease from Synechocystis sp., Nuc endonucleases belong to class VII and 

lastly, BfiI endonuclease belongs to class VIII. A common set of four conserved 

motifs can be observed within the superfamily, in which motifs II and IV comprise 

the catalytic HKD motifs. The catalytic HKD motifs are flanked by regulatory 

sequences. Significant internal homologies can be observed between motifs I and II, 

and between motifs III and IV, which suggests that PLD may be a bilobed 
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enzyme59,62. However, some endonucleases only have one catalytic HKD motif, Nuc 

endonuclease from Salmonella typhimurium being one example. Upon structure 

determination by X-ray crystallography, the enzyme was crystallised as homodimer 

with a 2-fold crystallographic axis of symmetry, which together with the observed 

internal homologies, support the gene duplication theory for the majority of the PLD 

superfamily. The function of motifs I and III however remain unclear59,63. 

The PLD superfamily share an SN2 ping-pong reaction mechanism, in which 

a covalent phosphatidyl-enzyme intermediate is formed followed by hydrolysis or 

transphosphatidylation (Figure 1.3 iii and iv). Each catalytic HKD forms half of the 

active site since mutation in either motif renders the enzyme inactive. In the case of 

S. typhimurium endonuclease, the crystal structure shows the monomers lie adjacent 

to each other forming a single active site held together by a series of hydrogen bonds. 

Further studies on bacterial PLD with 2-HKD motifs shown that the N-terminal 

histidine was the residue that acts as nucleophile, forming a phospho-histidine 

intermediate, while the C-terminal histidine serves as a general acid which donates a 

proton to the leaving group. The detailed reaction mechanism of PLD is as follows: 

(i) the N-terminal histidine breaks the phosphodiester bond of the phospholipid, while 

the C-terminal histidine protonates the leaving group, (ii) a covalent phosphatidyl-

histidine intermediate is formed and an the leaving group is released, (iii) the C-

terminal histidine activates a water molecule or a primary alcohol which undergoes 

nucleophilic attack on the phosphatidyl intermediate, (iv) the phosphatidic acid or 

phosphatidylalcohol products are released from PLD57–59,61. The reaction mechanism 

is presented at Figure 1.3. 
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1.3 PLD Mutant Engineered to Synthesise 1-Phosphatidylinositol 

The unique transphosphatidylation reaction of PLD (Figure 1.4) makes it 

useful for synthesis of unnatural or low-abundance phospholipids37,41,51. The reaction 

also creates the possibility of modifying the polar head of PLs with various bioactive 

compounds, and therefore the phosphatidyl moiety of PLs can be utilised as a 

biocompatible carrier for delivery of bioactive compounds. However, utilisation of 

PLD for synthesis of bioactive PLs was limited by two factors: first, the specificity of 

transphosphatidylation towards primary over secondary alcohols and second, the 

limitations in the molecular size and bulkiness of the acceptor compounds by the 

 

Figure 1.3 The reaction mechanism of PLD superfamily 

The reaction mechanism is based on biochemical studies of bacterial PLD enzymes. A covalent 

phospho-histidine intermediate is formed after a nucleophilic attack of the phospholipid’s phosphate 

group by the catalytic histidine. Second nucleophilic attack on the phospho-histidine intermediate 

by a water molecule or a primary alcohol released PA or phosphatidylalcohol respectively. X 

denotes H atom when the enzyme undergoes hydrolysis but denotes (CH2)nCH3 when the enzyme 

undergoes transphosphatidylation. R denotes diacylglycerol backbone. Figure modified from Selvy 

et al. (2011)59 
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enzyme. For example, synthesis of PI using PLD was not possible due to the fact that 

myo-inositol, a hydroxylated cyclohexanol, could not be accommodated as an acceptor 

compound by the enzyme64. 

To overcome the limitations of PLD’s transphosphatidylation, protein 

engineering technique were utilised by our collaborator from the Laboratory of 

Molecular Biotechnology, Nagoya University, Japan, in order to alter the substrate 

specificity of PLD from Streptomyces antibioticus (SaPLD) to accept myo-inositol 

(Figure 1.5)65. Myo-inositol is the most abundant stereoisomer of inositol in nature66, 

therefore myo-inositol was chosen as the substrate.  The resulting engineered SaPLD 

can be utilised for enzymatic synthesis of PI using abundantly available PC and myo-

inositol as substrates67. Compared to the chemical extraction of PI from natural sources 

such as soybeans, beef brain or pork kidney, enzymatic synthesis of PI is preferable 

 

Figure 1.4 Transphosphatidylation reaction of Phospholipase D 

Hydrolysis of phosphatidylcholine’s phosphodiester bond by Phospholipase D followed by a 

transphosphatidylation reaction in the presence of primary alcohols generates phosphatidyl esters.  
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since it does not involve the use of toxic solvents and therefore, the product is more 

suitable (i.e. high-purity) for pharmaceutical applications (e.g. as nutritional 

supplement)37. 

PLD from Streptomyces antibioticus was chosen as the source of pld gene 

cloning and expression because it has shown the strongest transphosphatidylation 

activity and broad substrate specificity among other PLD from various sources68,69. 

The substrate binding pocket of SaPLD became the target of the mutation strategy to 

design a variant that could accept myo-inositol. Overlap extension (OE-PCR) 

technique of site-directed saturated (random) mutagenesis was applied to develop the 

mutant library. In the first round of mutation, three residues were targeted namely 

W187, Y191 and Y385 (Figure 1.6). Those residues were chosen by taking into 

accounts the reaction mechanism of PMF-PLD70 (PLD from Streptomyces strain PMF) 

and the crystal structure of WT SaPLD71 to predict the space within the active site area 

that could potentially accommodate myo-inositol as the acceptor molecule65. 

 

Figure 1.5 Transphosphatidylation reaction of engineered SaPLD 

PC and myo-inositol are used as substrates in transphosphatidylation reaction of engineered SaPLD 

to synthesise phosphatidylinositol.  
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High-throughput screening and sequencing of the mutants harbouring novel 

PI-synthesis capability resulted in the identification of 90 mutant enzymes, however 

these mutants exhibited low positional specificity towards the hydroxy groups of myo-

inositol. The isolated mutant enzymes generated mixtures of several PI isomers (1-PI, 

3-PI, 4-PI, and 6-PI) due to the fact that myo-inositol has six chemically non-

equivalent hydroxy groups (none of the mutant enzymes were able to synthesise 2-PI 

and 5-PI). Further studies were focused on mutants that were able to synthesise 1-PI 

in higher ratios compared to the other isomers; this product was chosen as 1-PI is the 

only naturally occurring PL with confirmed biological effects. Through thin layer 

chromatography (TLC) analysis and later confirmed by high performance liquid 

chromatography (HPLC) analysis, mutants featuring a Y385R mutation were almost 

 

Figure 1.6 Construction of mutant SaPLD library 

Primers which carry degenerate codons NNS (where N = A/G/T/C and S = C/G) were used to create 

randomized mutation on the targeted residues (W187, Y191 and Y385). Overlap extension 

technique (OE-PCR) was used to join the fragments. Figure courtesy of Prof. Yugo Iwasaki from 

the Laboratory of Molecular Biotechnology, Nagoya University, Japan. 
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selectively able to synthesise mixtures of 1-PI and 3-PI (the ratio of 1-PI and 3-PI 

mixtures compared to 4-PI and 6-PI mixtures is 99 : 1). The TLC and HPLC analyses 

also show that when residue Y191 was preserved (not mutated/only residues W187 

and Y385 were mutated) higher ratios of 1-PI and 3-PI were generated72, suggesting 

that residue Y191 and Y385R were necessary for positional specificity towards 1-PI. 

The second round of saturation mutagenesis was carried out to prepare 

W187X-Y191-Y385R (X denotes any amino acids) mutants to evaluate the role of the 

mutation at the position 187. Second generation mutants with higher 1-PI specificity 

were obtained namely W187N-Y191-Y385R (NYR) which yields PI as mixture of 1-

PI and 3-PI in the ratio of 76 : 2472. The third round of saturation mutagenesis directed 

to the residue located at the acceptor-binding site of the NYR mutant which was 

predicted to play important roles in PI-synthesizing activity and positional specificity. 

G186T-NYR was the third generation of mutant SaPLD producing PI with ratio of 1-

PI to 3-PI = 93 : 7. This selectivity was presumably due to rigidification of the 

acceptor-binding site67. However, the exact reaction mechanism that enables the 

synthesis of PI using bulky acceptor such as myo-inositol is not yet fully understood. 

Further screening of the mutant libraries generated during the engineering of 

SaPLD to synthesise 1-PI managed to identify a mutant with the capability to 

synthesise phosphatidylglucose (PGlc) as mixtures of 1-PGlc and 6-PGlc namely 

KWY SaPLD (W187K, Y191W and Y385)73. Several studies have reported synthesis 

of 6-PGlc by PLD using PC and glucose as substrates74,75 but not 1-PGlc. WT PLD 

can synthesise 6-PGlc because the C6 hydroxyl moiety of glucose is a primary 

hydroxyl group which is a natural substrate for PLD, however the C1 hydroxyl group 

of glucose is a secondary hydroxyl group therefore only the engineered SaPLD can 

synthesise 1-PGlc73. 1-PGlc is a relatively new PL species first discovered in 
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mammalian tissue76 with limited availability in nature thus making the isolation 

procedure of pure 1-PGlc for scientific research very difficult77. Enzymatic synthesis 

of 1-PGlc using engineered SaPLD will further support the study of the importance of 

1-PGlc. 

 

1.4 Study of Protein-Ligand Interactions by X-ray Crystallography 

Enzymes as biocatalysts are often engineered to broaden their substrate 

specificity. Semi-rational design approaches, which introduces random mutation(s) 

to certain residues of the targeted protein based on its structural information, is the 

technique of choice in most cases26. This approach is usually aided by software which 

can predict the effect of the mutation, simulate ligand-docking, and predict the ligand-

bound conformation of the protein. However, there are cases where the software 

cannot account for the full effect of the mutation. These include complexities such as 

induced charges, multiple protonation states, multibody interactions as well as the 

adoption of energetically unfavourable poses of the ligand and the ligand’s ability to 

adopt many degrees of freedom in the binding pocket24,78,79. To overcome such 

problems, a combination of experimental analysis and three-dimensional structure 

determination of the protein-ligand interaction can provide more information for 

designing further optimisation strategies80. 

The study of protein-ligand binding interactions is a common approach for the 

study of enzyme mechanism and also for the application of structure-based drug 

design. In general, there are three commonly used techniques to introduce small 

ligands into proteins: co-expression in the presence of a ligand, co-crystallisation of 

the protein with the ligand and crystal soaking with the ligand. Even though the 
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techniques share a common goal, the experimental conditions and the aim of the study 

direct the selection of the appropriate method. 

Some proteins are better expressed and purified with the ligand of interest (co-

expression method), for example the expression levels of some nuclear receptors are 

highly dependent on the presence of the ligand81. In this case, the protein is expressed 

in the presence of alternative ligands with lower binding affinity. At the later stage of 

protein preparation (such as cell lysis, column purification, dialysis, and final 

concentration) the ligand of interest (which has higher affinity) is used in molar excess 

and will dilute out the original ligand used during the production step. Alternatively, 

the purified complex can be dialysed against a buffer without compound then 

incubated with the ligand of interest directly. There are cases where the protein is well 

expressed but deteriorates during purification and therefore, the ligand must be added 

to stabilize the protein whether during lysis or at a later stage of purification. 

Fluorescence- or light-scanning-based thermal stability assays are generally used to 

identify the suitable ligand and protein buffer conditions81,82. 

Incorporation of the ligand to the protein that can be expressed and purified 

without ligand can be performed by co-crystallisation or soaking methods. The ligand 

of interest is added to the purified protein to form a complex prior to the setup of 

crystallisation experiments in the co-crystallisation method. Alternatively, the ligand 

can be directly added to the protein during the crystallisation setup. This method is 

preferred especially if the ligand is quite insoluble or the protein aggregates easily. 

However, the protein-ligand complex might crystallise in a different conditions from 

that of the apoenzyme and as consequences separate crystallisation screening might 

be needed81–83. 
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Soaks method typically requires less material and time compared to co-

crystallisation, and therefore is often the method of choice to obtain crystals of 

protein-ligand complexes. In this approach, preformed crystals are incubated in the 

solution containing the ligand of interest. Even though protein crystals are formed by 

millions of closely-packed protein molecules, the solvent content of protein crystals 

is quite high (varies about 40% - 80%), and the crystals contain solvent channels, 

providing considerable access for the ligand to diffuse into the crystal lattice. 

However, ligand concentration and soaking time need to be optimised to obtain the 

complex. The ligand can be directly added to the crystals in the crystallisation drop 

or the crystals are moved into a drop containing the ligand solubilised in an artificial 

mother liquor. The disadvantageous of this method are steric hindrance might prevent 

ligand binding, or incompatible conformational changes might occur and destroy the 

crystal lattice81–84. 

 

1.5 Research Aims 

Mutant SaPLD with altered substrate specificity capable of 

phosphatidylinositol synthesis has been isolated through three rounds of site directed 

mutagenesis aimed at four residues of SaPLD (G186T, W187N, Y191Y and Y385R). 

TLC and HPLC analyses have confirmed that the TNYR SaPLD is capable of 

synthesising phosphatidylinositol using PC and myo-inositol as substrates. However, 

the mutant enzyme has low positional specificity towards the hydroxy group of myo-

inositol, thus the reaction produces mixtures of 1-PI and 3-PI in the ratio of 93:7. 

Additionally, among the existing mutant library a mutant with capability to synthesise 

PGlc as mixtures of 1-PGlc and 6-PGlc has been identified, namely KWY SaPLD. 
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The exact reaction mechanism that enables the synthesis of PI using a bulky 

acceptor such as myo-inositol by TNYR SaPLD and the synthesis of PGlc using 

glucose by KWY SaPLD is not yet fully understood. Therefore, the structural details 

that underlie the accommodation of the bulky acceptor molecules and the positional 

specificity of produced PI was investigated by structure determination of the mutant 

proteins using X-ray crystallography. The three main aims of this thesis are:  

1. To express and purify two variants of mutant SaPLD: TNYR and KWY; 

engineered SaPLDs that can synthesis 1-phosphatidylinositol and 1-

phosphatidyl-β-D-glucose respectively, to obtain protein for X-ray 

crystallography. 

2. To identify the suitable condition to crystallize the enzymes and elucidate 

their three-dimensional structures by X-ray crystallography, to elucidate the 

structural changes of the engineered enzymes. 

3. To obtain crystals of enzyme-substrate complex and elucidate their three-

dimensional structures by X-ray crystallography, to elucidate the enzyme-

substrate interactions. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 General Materials 

 

2.1.1 Chemical supply and crystallisation materials 

For growth media recipes, buffers, crystallisation stock solutions and materials see 

Appendix A, B and D respectively. 

Yeast extract and bacteriological grade agar were purchased from Astral Scientific, 

Australia. 

Chemicals and materials used for crystallisation were purchased from Hampton 

Research, USA. 

1,2-dibutyryl-sn-glycero-3-phosphocholine (diC4PC) was purchased from Avanti 

Polar Lipids, USA. 

Unless otherwise stated, the remaining chemicals were purchased from Merck KGaA, 

Australia. 

 

2.1.2 Recombinant plasmids 

The four different recombinant plasmid constructs prepared for expression of 

mutant Streptomyces antibioticus phospholipase D (SaPLDs) were prepared and 

supplied courtesy of Professor Yugo Iwasaki and Dr. Jasmina Damnjanovic from the 

Laboratory of Molecular Biotechnology, Nagoya University, Japan67,73. The 

pETKmS1-Term vector carries the parB (hok/sok) locus for plasmid stabilisation85, 



MATERIALS AND METHODS 

 

26  

 

kanamycin and chloramphenicol resistance genes, and the T7lac promoter (Appendix 

E)65,86. 

The first mutant, TNYR SaPLD has four mutated residues: G186T, W187N, 

Y191Y and Y385R. This mutant can synthesise 1-PI using PC and myo-inositol as 

substrates67. The second mutant is the inactive form of TNYR SaPLD, whereby the 

catalytic histidine 168 was mutated to alanine (H168A). 

The third mutant, KWY SaPLD, has three mutated residues: W187K, Y191W 

and Y385Y. This mutant can synthesise 1-phosphatidyl-β-D-glucose (1-PGlc) using 

PC and glucose as substrates73. The fourth mutant is the inactive form of KWY 

SaPLD, whereby the catalytic histidine 168 was mutated to alanine (H168A). 

 

2.1.3 Cell line 

Escherichia coli BL21(DE3) competent cells (Invitrogen, USA) were used for 

expression of TNYR SaPLD and KWY SaPLD. 

 

2.2 Protein Techniques 

 

2.2.1 Transformation of E. coli with pETKMS1-Term 

Chemically competent E. coli BL21(DE3) cells and transformation of 

recombinant plasmid into the cells were performed using the Inoue method87. 

Approximately 100 ng of pETKmS1-Term plasmid was added to 200 µL of competent 

cells and the mixture was incubated on ice for 30 minutes. The cells were heat shocked 

at 42°C for 90 seconds and incubated on ice for a further 2 minutes. Following this, 

800 µL of LB broth (Appendix A-1a) was added and the cells incubated for 45 minutes 

at 37°C to recover. The cells were pelleted by centrifugation at 7000 x g for 2 minutes 
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and 900 µL of the supernatant removed. The cell pellet was redissolved in the 

remaining 100 µL of supernatant and plated on LB agar (Appendix A-1b) plates 

containing 50 µg/mL kanamycin, followed by incubation at 37°C overnight. 

 

2.2.2 Protein expression and purification of mutant SaPLD 

2.2.2.1 Over-expression of mutant SaPLD 

A pre-culture was prepared by inoculation of 6 single colonies of BL21(DE3) 

containing the pETKmS1-Term vector (Section 2.2.1) into 15 mL of LB media 

containing 50 µg/mL kanamycin, followed by incubation at 37°C with 100 rpm 

shaking for 12 hours. 10 mL of pre-culture was used to inoculate 1 main culture of the 

defined-expression media (Appendix A-3). The defined-expression media is an 

autoinduction media88, whereby the glucose/lactose ratio in the growth medium 

controls the cell growth and protein production. The main culture was incubated at 

30°C with shaking at 100 rpm for 72 hours. 

 

2.2.2.2 Recovery of mutant SaPLD from the expression media 

Mutant SaPLD is expressed as an extracellular protein due to the presence of 

the pelB signal sequence in the vector, therefore SaPLD was recovered from the 

expression media by ammonium sulphate precipitation89. Before the ammonium 

sulphate precipitation, the culture was centrifuged at 8500 x g and 4°C for 20 minutes 

to remove the bacterial cells from the media. Solid ammonium sulphate was slowly 

added into the cell free supernatant until the supernatant was 90% saturated at 6°C. 

The precipitated mutant SaPLD was recovered from the ammonium sulphate 

saturated solution through centrifugation at 8500 x g and 4°C for 60 minutes. The 

pelleted protein precipitate was gently resuspended in approximately 60 mL double 
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distilled water (ddH2O). The resuspended crude SaPLD was then dialysed against 50 

mM sodium acetate pH 5.0 at 4°C overnight to precipitate out protein contaminants 

through a low pH precipitation procedure. The insoluble protein contaminants were 

removed from the solution by centrifugation at 3300 x g and 4°C for 30 minutes. The 

supernatant solution containing crude SaPLD was then dialysed at 4°C overnight 

against 20 mM TrisHCl pH 8.0 for fast performance liquid chromatography (FPLC) 

preparation. 

 

2.2.2.3 Purification of mutant SaPLD by FPLC 

The recombinant mutant SaPLD does not contain an affinity tag for 

purification65, therefore a series of liquid chromatography steps were needed to obtain 

highly pure protein suitable for crystallisation experiments90,91. The four 

chromatography columns used in the purification process are: 1) an anion exchange 

column (5 mL HiTrap Q FF, GE Healthcare, UK), 2) an amylose affinity column (5 

mL Maltose-Binding-Protein/MBPTrap HP, GE Healthcare, UK), 3) a cation 

exchange column (1 mL HiTrap CM FF, GE Healthcare, UK) and 4) a gel filtration 

column (HiLoad Superdex75 16/60, GE Healthcare, UK). The columns were operated 

using the FPLC Äkta™ Design System at 4°C. Prior to use, all buffers and ddH2O 

were filtered through a 0.2 µm membrane and degassed using a vacuum filter 

(Nalgene, Labware); the buffers were stored at 4°C. Before each use the columns were 

cleaned with 3 column volumes (CV) of ddH2O then equilibrated with 3 CV of Wash 

Buffer (Appendix B number 2-4), except for the gel filtration column which was 

cleaned with 1 CV of ddH2O and then equilibrated with 1 CV of Running Buffer 

(Appendix B-5) prior to use. Periodically, the columns were cleaned according to the 

manufacturer’s instructions. 
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a) Purification of mutant SaPLD by anion exchange chromatography 

The crude SaPLD which has been dialysed against 20 mM TrisHCl pH 8.0 was 

centrifuged at 3300 x g and 4°C for 30 minutes then passed through 0.4 µm filter to 

remove any precipitated protein contaminants. The crude SaPLD filtrate was then 

loaded onto the Q anion exchange column using a peristaltic pump (GE Healthcare, 

UK) at a flow rate of 2 mL/minute. Bound protein was eluted from the column using 

an optimised step elution (Damnjanovic J., personal communication) of Buffer B 

(which contains 500 mM NaCl; Appendix B-2) (Figure 2.1). The eluate was collected 

in 1 mL fractions in a 96 deep well block (Greiner Bio, Australia) and stored at 4°C. 

Sixteen micro litre of the various collected fractions were analysed by SDS-PAGE. 

 

b) Purification of mutant SaPLD by amylose affinity chromatography 

The buffers used for amylose affinity chromatography were similar to anion 

exchange chromatography buffers (Appendix B-3), therefore fractions containing 

semi-pure mutant SaPLD were pooled and then loaded onto an MBPTrap column 

using a peristaltic pump at a flow rate 0.5 mL/minute. This is to remove the E. coli 

maltodextrin-binding-protein which was a major contaminant in the SaPLD 

purification process. Mutant SaPLD does not bind to the MBPTrap column and 

therefore can be collected from the flowthrough of the column. Sixteen microlitre of 

the flowthrough portion was analysed by SDS-PAGE and the remaining material 

containing semi-pure mutant SaPLD was dialysed against 50mM sodium acetate pH 

5.0 at 4°C overnight to remove NaCl, as well as to prepare the protein for cation 

exchange chromatography. The E. coli maltodextrin-binding-protein that was bound 

to the MBPTrap column was eluted manually using the elution buffer (Appendix B-

3). 
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c) Purification of mutant SaPLD by cation exchange chromatography 

The semi-pure SaPLD which had been dialysed against 50 mM sodium acetate 

pH 5.0 was passed through a 0.4 µm filter to remove any precipitated protein 

contaminants. The semi-pure SaPLD filtrate was then loaded onto the CM cation 

exchange column using a peristaltic pump at a flow rate of 1 mL/minute. Bound 

protein was eluted from the column using an optimised step elution (Damnjanovic J., 

personal communication) of Buffer B (which contains 500 mM NaCl; Appendix B-

4) (Figure 2.1). The eluate was collected in 1 mL fractions in a 96 deep well block 

and stored at 4°C. Sixteen micro litre of the various collected fractions were analysed 

by SDS-PAGE. 

 

d) Purification of mutant SaPLD by gel filtration chromatography 

Fractions containing semi-pure mutant SaPLD were pooled and then loaded 

onto the gel filtration column to remove any remaining protein contaminants. The 

eluate was collected in 1mL fractions in a 96 deep well block and stored at 4°C. 

Sixteen micro litre of the various collected fractions were analysed by SDS-PAGE. 

Fractions containing purified mutant SaPLD were pooled and dialysed against the 

protein buffer (Appendix B-6) at 4°C overnight. Purified mutant SaPLD was snap 

frozen in liquid nitrogen (LiN2) for long term storage at -80°C. 
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2.2.2.4 SaPLD hydrolytic activity assay by TLC 

The recombinant mutant SaPLD does not contain an affinity tag that could be 

used for Western Immunoblot analysis, therefore an enzyme activity assay using Thin 

Layer Chromatography (TLC) was employed to confirm the expression and the 

activity of the protein. Either the semi-pure or pure protein can be used in the activity 

assay. The substrate used in the assay was 10 mg/mL 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) in ethylacetate. The mixture consisting of 10 µL protein (10 

µg), 100 µL substrate (1.27 µmol) and 90 µL 50 mM sodium acetate pH 5.6 was 

incubated for 18 hours at 37°C with shaking. The hydrolytic product was extracted 

from the reaction mixture by adding 200 µL chloroform : methanol (2 : 1), followed 

 

Figure 2.1 Ion exchange chromatography purification scheme 

 
The column containing the sample was washed with 3 CV of Buffer A. The targeted protein 

was eluted from the ion exchange column using an optimised step elution with 30% Buffer 

B (equivalent to 150 mM NaCl) for 6 CV. This was followed by a gradient elution of 30% 

to 100% Buffer B (corresponding to 150 mM to 500 mM NaCl) followed by an isocratic 

elution at 100% Buffer B (equivalent to 500 mM NaCl) for 3 CV. For detailed composition 

of the buffer, see Appendix B-2 and B-4. 

0

50

100

150

200

250

300

350

400

450

500

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12 14 16 18

N
aC

l 
C

o
n
ce

n
tr

at
io

n
 (

m
M

)

B
u
ff

er
 B

 (
%

)

Column Volumes (CV)



MATERIALS AND METHODS 

 

32  

 

by vigorous shaking for 10 minutes at room temperature and 10 minutes centrifugation 

at 10,000 rpm. Ten micro litre of the organic phase was spotted onto a silica gel 60 F 

254 TLC plate and developed in the mixture of chloroform : methanol : petroleum 

ether : acetic acid (4:2:3:1). The separated product was detected by spraying the plate 

with Molybdenum blue reagent (Merck KGaA, Australia, catalog number M1942)65,67. 

 

2.2.2.5 SDS-PAGE analysis 

SDS-PAGE using 10% (v/v) resolving gel and 5% (v/v) stacking gel was used 

to analyse the purity of the protein sample after each purification step. The protein 

samples were mixed with gel loading buffer (Appendix C-1) and heated at 95°C for 

10 minutes prior to loading on the gel. A 10 – 200 kDa unstained protein standard 

(New England Biolabs, Australia) was used as molecular weight markers. The gel was 

electrophoresed at 150 V for 100 minutes in SDS-PAGE running buffer (Appendix C-

2). The gel was stained in Coomasie blue followed by destaining in SDS-PAGE 

destain solution (Appendix C-3). 
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2.3 Crystallisation Techniques 

 

2.3.1 Screening of crystallisation conditions for mutant SaPLD 

Screening of crystallisation conditions for mutant SaPLD was carried out 

starting with the known crystallisation condition of wildtype SaPLD, which was 15% 

polyethylene glycol MWt-6000 (PEG6K) and 100 mM 2-(N-

morpholinoethanesulfonic acid (MES) buffer pH 6.071. The screening was conducted 

by the hanging drop vapour diffusion method using VDX 24 well plates (Figure 2.2). 

High vacuum grease was thinly applied to the rim of the wells in the 

crystallisation plate and 1 mL of reservoir solution (Appendix D) was added to each 

of the 24 wells. The crystallisation droplet was prepared on a siliconized coverslip by 

mixing 1 µL reservoir solution (PEG6K at different concentrations and 100 mM MES 

buffer at various pH) and 1 µL of mutant SaPLD (20-25 mg in 10 mM TrisHCl pH 

8.0). The coverslips were inverted over the well, sealed by the layer of high vacuum 

grease and incubated at 20°C. Thin needle cluster like crystals appeared after 5 days. 

 

Figure 2.2 Schematic diagram of hanging drop vapour diffusion method for 

protein crystallisation 
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2.3.2 Screening of additives for mutant SaPLD crystallisation conditions 

The crystallisation additive Screen HT™ kit HR2-138 (Hampton Research, 

USA) was used for screening of additives in an attempt to improve the crystal quality. 

The screening was conducted using the hanging drop vapour diffusion method in VDX 

24 well plates. The plates as well as crystallisation droplets were prepared as described 

in Section 2.3.1 except that the same reservoir solution (100 mM MES pH 4.3 and 

14% PEG6K) was used for the entire plate and 0.2 µL of each additive was added onto 

the crystallisation droplet. Larger crystals in the shape of needle cluster appeared after 

10 days in the drop with lauryldimethylamine N-oxide (LDAO). 

 

2.3.3 Microseeding of mutant SaPLD crystals 

Introducing seeds into new crystal drops can improve the quality of protein 

crystals92. Crystal microseeds were prepared from previously obtained needle clusters. 

A single drop with crystals was transferred into a 1.5 mL microcentrifuge tube. 50 µL 

artificial reservoir solutions (fresh reservoir solutions with the same composition as 

the reservoir solution used for setting up the crystallisation droplets) at 1% higher 

concentration of PEG6K was added to the crystal droplet in the tube. Two 

polytetrafluoroethylene (PTFE) seed beads (Hampton Research) were placed into the 

solution and the tube vortexed until the crystals were finely crushed (the drop becomes 

clear when observed under microscope). 0.2 µL of this seeds stock solution was added 

into a fresh crystallisation droplet. The remaining seeds stock was kept in 20°C 

constant temperature room. 
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2.3.4 Crystal soaking and co-crystallisation with substrates 

The mutant SaPLD has two substrates: phosphatidylcholine (PC) and myo-

inositol (for TNYR SaPLD) or D-glucose (for KWY SaPLD). In the co-crystallisation 

experiment, the substrate that has been dissolved in the protein buffer (10 mM TrisHCl 

pH 8.0) was added to the protein and incubated on ice for 1-2 hours. The substrates 

used in this experiment are 25 mM myo-inositol, 20 mM potassium phosphate or 2 mM 

1,2-dibutyryl-sn-glycero-3-phosphocholine (diC4PC) (final concentration). The 

protein-substrate mixture was then used for setting up fresh crystallisation droplets 

according to the procedure in Section 2.3.1. 

In the case of soaking experiments, crystals were transferred into a new drop 

of artificial reservoir solution which contained the substrate (final concentration of 

25 mM myo-inositol, 20 mM potassium phosphate or 2 mM diC4PC) and 1% higher 

concentration of PEG6K than the crystal growth condition. The drop was then placed 

back over the well solution and incubated at 20°C for certain soaking/incubation time. 

 

2.4 Data Collection 

 

2.4.1 Cryo-crystallography and shipping 

A single crystal, separated from the crystal cluster in the droplet, was briefly 

transferred into a cryo-protectant drop containing the artificial reservoir solution and 

20% (w/v) glycerol and mounted in a nylon loop and frozen in LiN2. The flash-cooled 

crystal was then loaded into a sample storage container (Australian Synchrotron Puck 

which can hold 16 pins for crystal storage). The puck was sent to the Australian 

Synchrotron within a CX-100 Dry Pack Dewar (Taylor-Wharton, Germany) at -190°C 

before the scheduled data collection time. 
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2.4.2 Diffraction data collection 

Crystal diffraction data was collected remotely from the MX1 

(macromolecular crystallography) or MX2 (micro crystallography) beam lines at the 

Australian Synchrotron, Melbourne. The crystal exposure to the beam and beam 

attenuation were optimised during data collection to obtain the highest resolution 

diffraction data and minimal radiation decay. On the MX1 beamline the crystal 

exposure time varied between 2-3 seconds with 0% beam attenuation. 1° oscillation 

per image of the data were collected using an ADSC Quantum 210r CCD detector on 

the MX1 beamline93. On the MX2 beamline the crystal exposure time was 1 second 

with 0% - 20% beam attenuation. The MX2 beamline is equipped with EIGER X 16M 

pixel detector which features continuous readout (“shutter-less” data collection), 

therefore the data are stored in the HDF5 format rather than one image per file94,95. All 

data sets (multiple diffraction images) were collected using 180° or 360° of rotation 

of the crystal. An example of a mounted crystal and a diffraction image from the 

Australian Synchrotron are shown in Figure 2.3. 
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2.5 Data Processing 

 

2.5.1 Data integration with X-ray Detector Software (XDS) and data reduction 

using AIMLESS 

X-ray Detector Software (XDS) is a computer program package for processing 

single-crystal diffraction data96. The diffraction images were recorded while the 

crystal was rotated in the X-ray beam. The images first need to be indexed and then 

the reflections integrated. In this process, XDS first determines the background noise 

to distinguish background from diffraction. The software then identifies strong 

reflections across a number of diffraction images and indexes the reflections to 

determine the possible Bravais lattice type, the unit cell parameters and the crystal 

orientation. 

 

Figure 2.3 Mounted crystal and single X-ray diffraction image 

 
A. An example image of TNYR SaPLD crystal seen during remote data collection. The crystal was 

mounted in a nylon loop under a stream of nitrogen gas at -173 °C. The path of the X-ray beam is 

shown by the red crosshair. B. An example of single diffraction image from an apo TNYR SaPLD 

crystal. The edge of the detector corresponds to 1.46 Å. 
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The integrated intensities from XDS are used to calculate the structure factor 

amplitude. Theoretically, the structure factor amplitude is proportional to the square-

root of the measured intensity, however prior to this calculation, systematic errors need 

to be accounted for. A data scaling procedure makes the data internally consistent by 

placing all the measured intensities on the same scale and accounting for radiation 

decay during the data collection process. An estimate of the intensity of each unique 

reflection, together with an estimate of its error is produced after the scaling process. 

This scaling requires a knowledge of the point-group symmetry of the diffraction 

pattern97. The Collaborative Computational Project Number 4 (CCP4) software 

package is used for these purposes. CCP4 is an integrated suite of programs for 

determination of macromolecular structures by X-ray crystallography98. AIMLESS is 

a program within CCP4 which performs ‘data reduction’ to the integrated intensities 

to calculate the averaged structure amplitudes. In the current version of ccp4i 

(graphical interface of CCP4 release 7.0.053) the ‘data reduction’ module contains the 

command ‘Find or Match Laue Group’ which determines the point-group symmetry 

and the command ‘Scale and Merge Intensities’ which calculates the averaged 

structure amplitudes. Therefore, by using AIMLESS on the XDS data integration file 

as input, the point-group symmetry, the structure factor amplitudes and data statistics 

including resolution, Rmerge, CC½, data completeness, signal to noise ratio and 

reflection multiplicity can be determined. Data integration and reduction were carried 

out by automated data processing which are part of Australian Synchrotron MX193 

and MX294 beamlines features. 
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2.5.2 Phase determination using PHASER 

During an X-ray diffraction data collection experiment the intensities of each 

of the diffraction spots from the crystal are measured. However, the phases of the 

scattered X-ray waves cannot be measured (the phase problem) and therefore must be 

determined mathematically99. This information is then used in the electron density 

equation to compute an electron density map of the crystal (Figure 2.4). 

In protein crystallography, phases can be derived from the atomic coordinates of a 

structurally similar protein through an inverse Fourier transform of the electron 

density equation by a method known as molecular replacement (MR)99. Wild type 

SaPLD (WT SaPLD) has previously been crystallised and the structure has been 

solved71, therefore the phase of the measured intensity can be derived by using 

PHASER MR within CCP498. PHASER MR100 uses the known structure of a molecule 

as a search model to orient the known molecule (in this case WT SaPLD), by rotation 

and translation function, into the unit cell of the unknown molecule (in this case TNYR 

or KWY SaPLD). At the same time it calculates the structure factor amplitude (Fcalc) 

and phases (ϕcalc) of the known molecule for each orientation in the unit cell. The 

 

Figure 2.4 Electron density equation 

 
The electron density equation represents the Fourier transform between the real space (where the 

atoms are) and the reciprocal space (the X-ray pattern). The reciprocal space is represented by the 

structure factor amplitudes and their phases. Structure factor amplitude is proportional to the square-

root of the measured intensity. The equation is used to solve the phase problem in X-ray 

crystallography85. 
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known molecule is found to be correctly oriented in the unit cell when the highest 

correlation between calculated structure factor amplitude (Fcalc) and observed structure 

factor amplitude (Fobs) is determined. An inverse Fourier transform is computed using 

the Fobs and ϕcalc from the known molecule in the correct orientation to generate an 

electron density map for interpretation of the model of the structure100. 

 

2.5.3 Model building and refinement 

The electron density map and the protein structure model can be visualised 

using the Coot software package. Two electron density maps were visualised in Coot: 

“sigma-A weighted” map (2Fobs-Fcalc) and “difference map” (Fobs-Fcalc) contoured at 

1σ and 3σ respectively. The “sigma-A weighted” (2Fobs-Fcalc) density map represents 

the electron density which is observed in the data and has been modelled. The 

“difference” density map, viewed at positive and negative contours, points out the 

difference between the observed structure factors (Fobs and ϕcalc) and calculated 

structure factors obtained from the model (Fcalc and ϕcalc). The protein model-

building/map-fitting tools available in Coot (including water molecules and ligand 

modelling) are utilised to improve the target model based on the observed electron 

density101. The improved structure is refined using phenix.refine. phenix.refine is a 

program within python-based hierarchical environment for integrated xtallography 

(PHENIX) software suite that supports crystallographic structure refinement against 

experimental data102. 

Cycles of refinement and model (re)building are carried out to produce an 

accurate model (to maximize the agreement between the target model and the X-ray 

data) which adequately explains the experimental observations while making physical, 

chemical and biological sense103. The initial protein model produced through 
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molecular replacement usually contains many errors. The refinement program, such 

as phenix.refine, will change the model to fix the errors, hence improving the 

agreement/fit between the calculated and observed structure factors. However, there 

are errors that the refinement programs cannot fix, such errors require new 

interpretation from the crystallographers which is carried out on a three-dimensional 

workstation (i.e. Coot)103. Crystallographic R-factor is calculated to measure the 

agreement between the model and the diffraction data, in which a small R-factor 

reflects low error (strong data agreement) of the model104. However, this new 

interpretation is prone to misinterpretation or overinterpretation. For example, too 

many water molecules (or other adjustable parameters such as temperature factor or 

alternate conformation) can be introduced to the model to compensate the errors in the 

model, or certain atomic models can be over-confidently fitted at a particular 

resolution of the crystal structure. To minimise the chances of misinterpretation or 

overinterpretation, a cross-validation method is employed105,106. This method divides 

the diffraction data into two sets: a large working set (comprising 90-95% of the data) 

and a complementary test set (comprising the remaining 5-10% of the data). The 

working set diffraction data is used in the crystallographic refinement process (hence 

the calculated R-factor is called Rwork) but the test set is not104,106. The “unused” or 

“free” test set, which cannot be driven down by refinement of a false model, is used 

for another R-factor calculation (hence called Rfree) and compared to the Rwork. An 

accurate model will have a small and similar Rwork and Rfree. The Rfree will be slightly 

greater (2-8% depends on the resolution of the crystal structure) than Rwork because 

the model is not fitted to the test set diffraction data103,104.  

One or more small molecules (i.e. ligand, substrate or cofactor) might be 

present in the protein crystal structure which may have been deliberately introduced 
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to, accidentally co-purified with, or is part of the crystallisation or cryo-cooling 

solutions of the protein107. Stereochemical restraints must be provided upon 

refinement process of the structure model. A monomer library has been developed for 

the Protein Data Bank (PDB) which stores the descriptions of ligands found in 

macromolecular structures108. Several small molecules were observed in the crystal 

structure of the TNYR SaPLD, therefore for the structure refinement process ligand 

geometry restraint information was generated using electronic ligand builder and 

optimisation workbench (elBOW) within PHENIX109 using the existing PDB file.  
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CHAPTER 3 

EXPRESSION, PURIFICATION 

AND CRYSTALLISATION OF 

MUTANT PHOSPHOLIPASE D 

 

3.1 Introduction 

Our collaborator from Laboratory of Molecular Biotechnology, Nagoya 

University, Japan, has cloned the extracellular PLD gene from Streptomyces 

antibioticus (SaPLD)69 and recombinantly expressed it in E. coli cells89. Through three 

rounds of mutational experiments performed by site-directed saturation (random) 

mutagenesis aimed at four amino acid residues that are predicted to be involved in 

substrate binding and recognition (G186T, W187N, 191Y, Y385R), mutant TNYR 

SaPLD with novel enzymatic PI-syntheses was isolated. TNYR SaPLD can synthesise 

PI as a mixture of 1-PI and 3-PI in the ratio of 93 : 767,72,110. Further screening of the 

existing mutant libraries identified a mutant (W187K, Y191W, 385Y, or KWY 

SaPLD) that can synthesise various isomers of PGlc (1-PGlc generated in excess 

compared to other PGlc isomers)73. To gain a detailed molecular understanding about 

the enzymatic reaction of the mutant enzymes, as well as in the interest of improving 

the positional specificity of the product (TNYR SaPLD to exclusively synthesise 1-PI 

and KWY SaPLD to exclusively synthesise 1-PGlc respectively), structural studies by 

X-ray crystallography were carried out. 

Protein crystallisation for X-ray diffraction analysis demands homogenous and 

exceptionally pure material. Through the advancement of molecular biology and 

genetic engineering, the production of recombinant proteins has been an integral part 
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of protein crystallography. Strategic approaches must be made to identify the optimal 

production and purification technique to obtain highly pure soluble protein in 

sufficient quantities for crystallisation experiments. The quality and size of the protein 

crystals determine the quality of diffraction data, while the quality of the diffraction 

determines the quality of the final structure of the protein, therefore obtaining single 

protein crystal that gives high resolution electron diffraction data is central to protein 

crystallography experiments. Protein crystal growth is generally empirical and heavily 

relies on a trial-and-error approach. Factors that influence crystal formation must be 

thoroughly searched and optimised to obtain the best possible crystals91,111. This 

chapter describes the approaches used to produce, purify, and crystallise mutant 

SaPLD for X-ray crystallographic analysis. 

 

3.2 Cell line and Media Screening for Over-Expression of Mutant 

SaPLD 

 

3.2.1 E. coli cell line screening 

E. coli is the most popular expression host to produce recombinant proteins. 

The system is well-studied and well-established, especially for production of globular 

proteins112. Various E. coli expression strains with different key features are available 

and must be carefully chosen to produce stably folded and enzymatically active mutant 

SaPLD in sufficient quantities for crystallisation experiments. Two E. coli expression 

strains were screened for over-expression of TNYR SaPLD: BL21(DE3) pLysS and 

Rosetta2(DE3). BL21(DE3) pLysS is a specialised strain for expression of toxic 

protein due to its ability to reduce basal expression levels; this strain was chosen due 

to leaky expression and the toxic nature of SaPLD. SaPLD is first accumulated in the 
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periplasm before being exported to the culture medium; its phospholipase nature might 

hydrolyse the cell membrane to some extent, thus leaky expression of SaPLD ia lethal 

for the cells86,89. Rosetta2(DE3) was chosen due to the high number of rare codons in 

the SaPLD gene (data not shown) which can reduce the quantity and quality of the 

synthesised protein113. Therefore, expression using Rosetta2 was expected to enhance 

the SaPLD production. BL21(DE3) as a general protein expression strain was used as 

positive control. 

Three small-scale cultures (100mL) of pLysS, Rosetta2, and BL21(DE3) were 

cultivated in the same manner as described in section 2.2.2.1, however LB media with 

autoinduction components added was used as expression media. The protein was 

recovered from the media by ammonium sulphate precipitation as described in section 

2.2.2.2. The cell culture supernatant and the dissolved protein precipitate were 

analysed by SDS-PAGE. Identical quantities of samples were loaded onto each lane 

of the gel, allowing a direct and semiquantitative comparison of the amount of TNYR 

SaPLD produced by each strain via the intensity of the band. The most intense band 

was observed from BL21(DE3), indicating that strain BL21(DE3) is the most suitable 

expression strain for mutant SaPLD (Figure 3.1). 
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E. coli strains containing pLysS vectors reduce basal expression of targeted 

protein through expression of T7 lysozyme, which inhibits T7 RNA polymerase. 

However, T7 lysozyme is a bifunctional protein that cuts a specific bond in the 

peptidoglycan layer of the E. coli cell wall, decreasing the growth rate of the cells114. 

This effect counteracts the purpose of autoinduction media which is designed to grow 

high densities culture, thus might explain lower expression yield compared to 

BL21(DE3). E. coli Rosetta2 carries the pRARE plasmid, which expresses extra 

tRNAs to enhance translation of seven rare codons (AGA, AGG, AUA, CUA, GGA, 

CCC, and CGG), for improving protein expression of the genes that contain many rare 

codons. In some cases, where distributions of rare codons result in a gene “codon 

landscape”, this approach does not enhance protein yield. “Codon landscape” is 

thought to modulates mRNA translational rates to facilitate correct co-translational 

 

Figure 3.1 SDS-PAGE of TNYR SaPLD expressed in different E. coli strain 

 
The band corresponding to TNYR SaPLD (54 kDa) is shown in the red box. Supernatant corresponds 

to the sample taken from the supernatant after the cells were pelleted by centrifugation. Precipitation 

corresponds to the sample taken after ammonium sulphate precipitation (90% saturation). MWt 

marker corresponds to the protein 10-200 kDa molecular weight marker. 
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protein folding, and provide adequate time for membrane translocation of secretory 

protein or transmembrane protein115. 

 

3.2.2 Expression media screening 

The T7 expression system is widely used for inducible expression of 

recombinant protein in E. coli. The system can be induced by lactose or isopropyl β-

D-1-thiogalactopyranoside (IPTG). The inducer is generally added when the culture 

reaches certain density during mid-log phase or even early stationary phase112. 

Previous study by our collaborator shows that the number of living cells rapidly 

decreased after IPTG induction which might be caused by the toxicity of SaPLD in 

the host cell, which in addition to leaky expression of the SaPLD significantly reduces 

the protein yield86. They found out that autoinduction using an optimised blend of 

glucose, lactose and glycerol, works better for over-expression of mutant SaPLD89. 

This might be caused by two factors: first, addition of 1% glucose is known to prevent 

leaky expression88 and second, IPTG-induced protein expression depends on the 

activity of host cells’ Lac permease which is highly variable and therefore makes the 

expression unpredictable112. Therefore, production of mutant SaPLD can be improved 

by growing the cells to high-density before induction, which can be achieved by 

screening the expression medium. 

Three small-scale cultures (100 mL) of TNYR SaPLD expressed in 

BL21(DE3) were cultivated in the same manner as described in section 2.2.2.1. The 

media used for screening were Terrific Broth (TB) and defined-expression media, LB 

was used as positive control. The autoinduction components were also added to the 

media. The protein was recovered from the media by ammonium sulphate 

precipitation as described in section 2.2.2.2. The cell culture supernatant and the 
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dissolved protein precipitate were analysed by SDS-PAGE. Identical quantities of 

samples were loaded into each lane of the gel, allowing a direct and semiquantitative 

comparison of the amount of TNYR SaPLD produced in each media via the intensity 

of the band. The most intense band was observed from the defined-expression media, 

indicating that defined-expression media is the most suitable expression media for 

mutant SaPLD (Figure 3.2). 

LB is the most common medium used for cultivating E. coli, however it is 

limited in carbohydrates and divalent cations, thus not suitable for cultivating high 

density culture. Moreover, the addition of glucose from autoinduction components 

generates acid from glucose metabolism which might exceed the buffering capacity of 

LB, creating unfavourable growth conditions for the cells.  In contrast, TB which is 

richer in tryptone and yeast extract, has glycerol as an extra carbon source and a 

buffering system utilising potassium phosphate, better supports high-density cell 

 

Figure 3.2 SDS-PAGE of TNYR SaPLD expressed in different 

expression media 

 
The band corresponding to TNYR SaPLD (54 kDa) is shown in the red box. Supernatant corresponds 

to the sample taken from the supernatant after the cells were pelleted by centrifugation. Precipitation 

corresponds to the sample taken after ammonium sulphate precipitation (90% saturation). MWt 

marker corresponds to the protein 10-200 kDa molecular weight marker. 
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culture112, thus yielding more protein as shown in the SDS-PAGE analysis (Figure 

3.2). Interestingly, even though the defined-media is not as rich as LB and TB, the 

protein yield was significantly higher. Higher cell density of the culture cultivated in 

defined-media as explained by Studier (2005)88, who formulated the recipe, was due 

to an adequate supply of mineral from salts, trace metals and sufficient amounts of 

carbohydrates to support growth without causing the culture to become irreversibly 

acidic, as well as good buffering capacity from the combination of sodium phosphate 

and potassium phosphate. Saturation densities of OD600 ~10 or greater was observed 

in the defined-media, by Studier (2005)88,  which might explain the high protein yield 

in the defined-media in this screening. 

 

3.3 Recovery, Purification and Activity Assay of Mutant SaPLD  

 

3.3.1 Recovery of mutant SaPLD from expression media 

Mutant SaPLD is expressed as extracellular protein due to the pelB signal 

sequence located upstream of the pld gene (Appendix E) and therefore can be 

recovered from the media by ammonium sulphate precipitation89. Increasing the ionic 

strength of the solution containing the protein, through the addition of salt, will reduce 

the protein solubility, causing the protein to self-associate, while remaining folded, 

leading to precipitation, a phenomenon known as salting-out. Salts that cause salting-

out tend to enhance the stability of the protein native conformation, therefore the 

pelleted protein can be resolubilised. Ammonium sulphate and other neutral salts can 

be used for protein precipitation, however ammonium sulphate is commonly used due 

to its high solubility116. Even though recovery of the secreted mutant SaPLD by 

ammonium sulphate precipitation is relatively simple, this method limits the 
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possibility of scaling-up the protein production due to the amount of media to be 

handled and ammonium sulphate used. 

 

3.3.2 Purification of mutant SaPLD by FPLC 

The recombinant mutant SaPLD used for this study has no affinity tag, 

therefore the column chromatography purification strategy chosen was ion-exchange 

chromatography. The principle of ion-exchange chromatography is separation based 

on charge characteristics. The charged groups on the protein surface bind to 

immobilised groups on the ion-exchange medium with opposite charge117. The net 

charge of the protein can be altered by changing the pH of the protein’s environment. 

The isoelectric point (pI) of mutant SaPLD is 5.51, therefore mutant SaPLD will bind 

to an anion-exchange column when the operating pH is greater than 5.51 and bind to 

cation-exchange column when the operating pH is less than 5.51. The protein then can 

be eluted from the column using a gradient of increasing the salt concentration which 

acts to compete with the protein for binding to the column. 

The protein pellet obtained from the ammonium sulphate precipitation step 

was first resolubilised and dialysed against 50 mM sodium acetate buffer pH 5.0. The 

purpose of the first dialysis is to  precipitate protein contaminants in a low pH 

environment, taking advantage of mutant SaPLD stability at low pH90. Extracellular 

protein is in general less contaminated, however due to the hydrolytic nature of SaPLD 

on the cell membrane of the host cells, more protein contaminants can be observed in 

the resolubilised pellet (Figure 3.2). After removing the precipitated contaminants by 

centrifugation, the protein was dialysed against 20 mM TrisHCl pH 8.0 so the net 

charge of the protein will be negative for the first column chromatography purification 

using an anion-exchange column (Q FF, GE Healthcare, UK). The elution profile 
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(using A280 detection) and its corresponding SDS-PAGE analysis are presented in 

Figure 3.3. 

 

 

 
 

Figure 3.3 TNYR SaPLD anion-exchange chromatogram and 

SDS-PAGE analysis 

 
A. The elution profile of TNYR SaPLD from a 5mL Q FF anion-exchange column over a NaCl 

gradient from 1L culture. The blue line represents the absorbance at 280 nm, the orange line 

represents the percentage of the elution buffer. B. SDS-PAGE analysis of the Q-column eluate. The 

band corresponding to TNYR SaPLD (54 kDa) is shown in the red box. S1-8 are samples from 

corresponding column fractions indicated by the green arrows on the chromatogram. MWt marker 

corresponds to the protein 10-200 kDa molecular weight marker. Column flow-through corresponds 

to the unbound contaminants collected when the protein was being loaded onto the column. 
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Fractions containing TNYR SaPLD (between S2 and S4 in the chromatogram) 

were pooled and loaded onto an amylose affinity column (maltose-binding 

protein/MBPtrap HP, GE Healthcare, UK) to remove the 40 kDa protein contaminant, 

which based on mass spectrometry analysis (data not shown) was identified as 

maltodextrin/maltose-binding protein from E. coli. Based on previous purifications, 

this major contaminant co-purified with mutant SaPLD even after size-exclusion 

chromatography. Therefore, an additional purification step using MBPtrap column 

was necessary to obtain pure protein for crystallisation experiments. In this 

purification step, the protein contaminant bound to the MBPtrap column while the 

mutant SaPLD was collected from the column’s flow-through. The protein 

contaminant was manually eluted from the column using buffer containing maltose. 

The SDS-PAGE analysis of the protein obtained after purification by amylose affinity 

chromatography is presented at Figure 3.4. 

 

Figure 3.4 SDS-PAGE of TNYR SaPLD purified using amylose affinity 

column 

 
The band corresponding to TNYR SaPLD (54 kDa) is shown in the red box. Maltodextrin/maltose-

binding protein from E. coli (40 kDa) is shown in the blue box. Q FF fractions corresponds to the 

pooled fractions from the eluate of the Q column. MBPt flow-through corresponds to the flow-

through of the amylose affinity column (MBPtrap HP). MBPt eluate corresponds to the eluate from 

the amylose affinity column. MWt marker corresponds to the protein 10-200 kDa molecular weight 

marker. 
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The partially purified TNYR SaPLD was then dialysed against 50mM sodium 

acetate pH 5.0 to remove the salt and to make the protein positively charged for the 

third column chromatography purification using anion-exchange column (CM FF, GE 

Healthcare, UK). The elution profile (A280 chromatogram) and its corresponding SDS-

PAGE analysis are presented in Figure 3.5. 

 

 
 

Figure 3.5 TNYR SaPLD cation-exchange chromatogram and SDS-PAGE 

analysis 

 
A. The elution profile of TNYR SaPLD from a 1mL CM FF cation-exchange column over a NaCl 

gradient. The blue line represents the absorbance at 280 nm, the orange line represents the 

percentage of the elution buffer. B. SDS-PAGE analysis of the CM-column eluate. The band 

corresponding to TNYR SaPLD (54 kDa) is shown in the red box. S1-5 are samples from 

corresponding fractions indicated by the green arrows on the chromatogram. MWt marker 

corresponds to the protein 10-200 kDa molecular weight marker. Column flow-through 

corresponds to the unbound contaminants collected when the protein was being loaded onto the 

column. 
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Fractions containing TNYR SaPLD (between S1 and S3 in the chromatogram) 

were pooled and loaded onto a gel filtration chromatography column (HiLoad 16/600 

Superdex 75 pg,  GE Healthcare, UK) to remove the remaining protein contaminants. 

The elution profile (using A280 detection) and its corresponding SDS-PAGE analysis 

are presented in Figure 3.6. 

 

 
 

Figure 3.6 TNYR SaPLD gel-filtration chromatogram and SDS-PAGE 

analysis 

 
A. The elution profile of TNYR SaPLD from the gel filtration column (HiLoad 16/600 Superdex 

75 pg) using an isocratic gradient of 100% elution buffer. The blue line represents the absorbance 

at 280 nm, the orange line represents the molecular weight standards. B. SDS-PAGE analysis of the 

gel filtration column eluate. The band corresponding to TNYR SaPLD (54 kDa) is shown in the red 

box. S1-9 are samples from corresponding fractions indicated by the blue arrows on the 

chromatogram. MWt marker corresponds to the protein 10-200 kDa molecular weight marker. 
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Fractions containing TNYR SaPLD (between S2 and S5 in the chromatogram) 

were pooled, dialysed against 10 mM Tris HCl pH 8.0 (storage buffer), concentrated 

(Amicon ultra-15 centrifugal filter unit MWCO 30 kDa, Merck KGaA, Australia), 

snap frozen in LiN2, and stored at -80°C for crystallisation experiments. SDS-PAGE 

analysis of TNYR SaPLD from each purification step is presented at Figure 3.7. The 

protein is sufficiently pure for crystallisation experiments. 

 

  

 

Figure 3.7 SDS-PAGE of TNYR SaPLD from each purification step 

 
The band corresponding to TNYR SaPLD (54 kDa) is shown in the red box. Cell free supernatant 

corresponds to the crude protein in defined media after 72 hours cultivation followed by 

centrifugation to remove the cells and cell debris. (NH4)2SO4 precipitation corresponds to the 

resolubilised protein pellet after ammonium sulphate precipitation. pH 5.0 dialysis corresponds to 

the crude protein after overnight dialysis against 50 mM sodium acetate pH 5.0 followed by 

centrifugation to remove protein contaminants. pH 8.0 dialysis corresponds to the crude protein 

after overnight dialysis against 20 mM Tris HCl pH 8.0 followed by centrifugation to remove 

protein contaminants. Q FF eluate corresponds to the pooled fractions from the eluate of the Q 

column. MBPtrap flow-through corresponds to the flow-through of the amylose affinity column 

(MBPtrap HP). CM eluate corresponds to the pooled fractions from the eluate of the CM column. 

S75 eluate corresponds to the pooled fractions from the eluate of the gel filtration column. The 

amount of protein loaded into line 6-10 (Q FF eluate – concentrated TNYR SaPLD) was equal for 

each line (5 mg). 
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The KWY SaPLD was expressed and purified in the same manner as TNYR 

SaPLD. The elution profile from each column purification was identical, however the 

yield was significantly lower (1 mg per litre of cell growth media) and more 

contaminants were co-purified along with the KWY SaPLD. Due to the impure state 

of the protein and scale-up limitation, further work on this mutant has been postponed. 

The remaining research was focused on the TNYR SaPLD. SDS-PAGE analysis of 

the KWY SaPLD from each purification step is presented in Figure 3.8. 

  

 

Figure 3.8 SDS-PAGE of KWY SaPLD from each purification step 

 
The band corresponding to KWY SaPLD (54 kDa) is shown in the red box. Cell free supernatant 

corresponds to the crude protein in defined media after 72 hours cultivation followed by 

centrifugation to remove the cells and cell debris. (NH4)2SO4 precipitation corresponds to the 

resolubilised protein pellet after ammonium sulphate precipitation. pH 5.0 dialysis corresponds to 

the crude protein after overnight dialysis against 50 mM sodium acetate pH 5.0 followed by 

centrifugation to remove protein contaminants. pH 8.0 dialysis corresponds to the crude protein 

after overnight dialysis against 20 mM Tris HCl pH 8.0 followed by centrifugation to remove 

protein contaminants. Q FF eluate corresponds to the pooled fractions from the eluate of the Q 

column. MBPtrap flow-through corresponds to the flow-through of the amylose affinity column 

(MBPtrap HP). CM eluate corresponds to the pooled fractions from the eluate of the CM column. 

S75 eluate corresponds to the pooled fractions from the eluate of the gel filtration column. 
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The inactive form of the TNYR SaPLD (inTNYR SaPLD) was expressed and 

purified in the same manner as the TNYR SaPLD. The elution profile from each 

column purification was identical, and the yield was 22 mg per litre of cell growth 

media (compared to the yield of the active TNYR SaPLD which was 7.5 mg per litre 

of cell growth media). Due to the inactivity of the protein, the cell wall of the 

expression host cell might be not hydrolysed (thus the protein is less toxic to the host 

cell) resulting in a higher yield. SDS-PAGE analysis of inTNYR SaPLD from each 

purification step is presented at Figure 3.9. 

 

 

 

Figure 3.9 SDS-PAGE of inTNYR SaPLD from each purification step 

 
The band corresponding to inTNYR SaPLD (54 kDa) is shown in the red box. Cell free supernatant 

corresponds to the crude protein in defined media after 72 hours cultivation followed by 

centrifugation to remove the cells and cell debris. (NH4)2SO4 precipitation corresponds to the 

resolubilised protein pellet after ammonium sulphate precipitation. pH 5.0 dialysis corresponds to 

the crude protein after overnight dialysis against 50 mM sodium acetate pH 5.0 followed by 

centrifugation to remove protein contaminants. pH 8.0 dialysis corresponds to the crude protein 

after overnight dialysis against 20 mM Tris HCl pH 8.0 followed by centrifugation to remove 

protein contaminants. Q FF eluate corresponds to the pooled fractions from the eluate of the Q 

column. MBPtrap flow-through corresponds to the flow-through of the amylose affinity column 

(MBPtrap HP). CM eluate corresponds to the pooled fractions from the eluate of the CM column. 

S75 eluate corresponds to the pooled fractions from the eluate of the gel filtration column. The 

amount of protein loaded into line 6-10 (Q FF eluate – concentrated inTNYR SaPLD) was equal for 

each line (5 mg). 
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3.3.3 Hydrolytic activity assay of TNYR SaPLD by TLC 

The hydrolytic activity of the TNYR SaPLD was analysed using 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) as the substrate as described in section 2.2.2.4. 

The purpose of this assay is to confirm that the purified protein is SaPLD and to ensure 

that the purified SaPLD is active for elucidation of enzyme-substrate interactions by 

X-ray crystallography. The reaction mixture was analysed by TLC and is presented at 

Figure 3.10. 

The TNYR SaPLD mutant is able to hydrolyse DOPC into PA and choline37 

which can be separated by TLC65. The phospholipid backbone of DOPC and PA was 

detected by the molybdenum blue reagent as a blue spot due to the spontaneous release 

of inorganic phosphate by the acid of the reagent followed by the formation of a 

molybdate blue compound118. The result confirms that the purified protein is SaPLD 

in its active form. 

 

 

 

Figure 3.10 Hydrolytic activity assay of TNYR SaPLD by TLC 

 
Phosphatidic acid and the remaining DOPC were visualised by molybdenum blue. Different 

volumes of mixture was spotted on the TLC plate: 3, 5, 7, and 10 μL. 
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3.4 Crystallisation of TNYR SaPLD  

 

3.4.1 Screening of crystallisation conditions for TNYR SaPLD 

Wildtype SaPLD (WT SaPLD) was previously crystallised by our collaborator, 

therefore the screening of crystallisation conditions for mutant SaPLD was carried out 

around the crystallisation condition of wildtype SaPLD71, which was 15% PEG6K and 

100 mM MES buffer pH 6.0. The first crystals obtained were “fan-shaped” needle 

clusters which were not suitable for X-ray crystallography (Figure 3.11 A-C). 

Lowering the pH (from pH 6.0 to pH 4.0 – 5.0) was found to improve the crystals form 

(Figure 3.11 D-E). Single needles were able to be separated from the cluster using 

micro-tools (Hampton Research, USA). Crystals were sent to the Australian 

Synchrotron for X-ray diffraction data analysis and data collection. Despite being very 

thin the crystals diffracted well (to 2 Å), therefore further crystallisation experiments 

were largely focused on obtaining enzyme-substrate complex crystals. 
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Since the crystals are better formed at lower pH, crystallisation experiments 

using sodium acetate buffer at lower pH were performed. No crystals formed when 

sodium acetate was used, suggesting that MES is required for TNYR SaPLD crystal 

formation. Another crystallisation experiment by layering mixtures of paraffin oil and 

silicon oil in different ratios, over the well solution to control the rate of vapour 

diffusion119 was also performed. It was thought that the needle clusters might forms 

as a result of the high rate through which protein supersaturation occurs during 

crystallisation, therefore slowing the vapour diffusion rate by layering oil over the well 

solution might improve the shape and size of the crystals120. However, no 

improvement was observed from this experiment. 

 

 

 

 

Figure 3.11 TNYR SaPLD needle cluster crystals 

 
(A-C). “Fan-shaped” crystal needle clusters. The crystallisation condition was (A) 100 mM MES pH 

6.0, 18% PEG6K, (B) 100 mM MES pH 5.7, 17% PEG6K, (C) 100 mM MES pH 5.5, 14% PEG6K. 

(D-E) The form of the crystal needle cluster was improved at lower pH. The crystallisation condition 

was (D) 100 mM MES pH 4.3, 16% PEG6K, (E) 100 mM MES pH 4.0, 17% PEG6K. (F) Zoomed 

image of the point of the needle crystal. 
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3.4.2 Screening of additives for TNYR SaPLD crystallisation conditions 

From screening crystals grown in different conditions by X-ray diffraction data 

collection, it was found that the TNYR SaPLD crystals diffracted best from the 

crystallisation condition of 100mM MES pH 4.3, 14% PEG6K. In this crystallisation 

condition, additive screening, using Additive Screen HT™ kit HR2-138 (Hampton 

Research, USA), was performed. Additives in protein crystallisation are chemicals 

that can improve the quality, size, or numbers of crystals formed, but not they are not 

necessarily needed for crystal formation. Additives can be small molecules, chemicals, 

detergents, and salts121.  The Additive Screen kit contains 96 unique reagents, however 

it was found that most of the reagents did not support TNYR SaPLD crystal formation. 

The best improvement was obtained using lauryldimethylamine N-oxide (LDAO) as 

an additive. Despite the use of LDAO, the crystals still appeared as needle clusters, 

however the needles were slightly thicker and appeared more like plates, as shown in 

Figure 3.12. 
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Zwitterionic detergents such as LDAO are commonly used to solubilise 

membrane proteins due to its amphipathic nature which maintains the native 

conformation of amphiphilic membrane protein122. Although SaPLD is a soluble 

protein, its catalytic reaction proceeds on lipid-water interfaces which is facilitated by 

a hydrophobic patch on its surface59. The addition of LDAO might enhance the 

solubility of SaPLD in the crystallisation droplet, making it better able to translate and 

rotate to associate with the faces of a growing crystal, thus resulting in the formation 

of larger  crystals123. 

 

3.4.3 Microseeding technique for crystallisation of inTNYR SaPLD 

In protein crystallisation, seeding is a well-known technique to improve the 

quality of crystals obtained. This technique separates the spontaneous nucleation event 

 

Figure 3.12 TNYR SaPLD crystallised with LDAO as additive 

 
The crystallisation condition was 100 mM MES pH 4.3, 14% PEG6K, 0.5% (w/v) LDAO. The 

crystals appeared after 10 days incubation at 20°C. The crystal was observed using a polarizing 

filter. 
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from the ordered growth of crystals. The separation is needed because spontaneous 

nucleation is more likely to occur at a high level of protein supersaturation while a 

lower level of supersaturation supports slow and ordered growth of large crystals. 

There are two seeding methods: microseeding and macroseeding. Microseeding is 

more widely used because it is an easier method. The microseeds are typically 

prepared by crushing previously obtained crystals into crystalline particles, then 

introduced to the new drop containing fresh protein to serve as crystal nuclei for 

growth92. 

The inactive TNYR SaPLD was successfully crystallised using the same 

crystallisation conditions as the active mutant. The crystals were also obtained in the 

form of needle clusters obtained (Figure 3.13A). Microseeding techniques were used 

to improve the quality of the inTNYR SaPLD crystals, and single plate-shaped crystals 

were obtained (Figure 3.13B). However, this technique has not yet been successfully 

implemented for the active mutant. 

 

Figure 3.13 inTNYR SaPLD crystallised by microseeding technique 

 
A. Needle cluster crystals of inTNYR SaPLD grown without microseeding. The crystallisation 

condition was 100 mM MES pH 4.3, 13% PEG6K, 0.5% (w/v) LDAO. B. Plate crystals of inTNYR 

SaPLD obtained by microseeding methods. The crystallisation condition was 100 mM MES pH 4.0, 

18% PEG6K, 0.5% (w/v) LDAO. 
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CHAPTER 4 

STRUCTURE AND REACTION MECHANISM OF 

TNYR SaPLD 

 

4.1 Introduction 

The functional food industry is advancing rapidly along with the advancement 

of understanding of the role of nutrition in health maintenance and disease prevention. 

Research has focused on identifying the physiologically active compounds that have 

the potential to prevent or reduce chronic diseases and serve as adjuncts in therapies124. 

Among various functional foods, the health-beneficial effects of dietary phospholipids 

(PLs) for cognitive functions, inflammatory diseases and lipid metabolism among 

other benefits, have been long recognised. The fatty acid portion (FAs) of the PL can 

be incorporated into cellular membranes and alter the membrane characteristics, such 

as membrane fluidity. The chain length and the degree of saturation of FAs also 

contribute to the biological properties of eicosanoid, a signalling molecule46,125. The 

head-group that modifies PLs such as choline, ethanolamine, inositol or serine, also 

contribute to various health-benefits. For example supplementation of 

phosphatidylcholine (PC) have been shown to reduce the development of arthritis126, 

supplementation of phosphatidylserine (PS) improves memory functions of 

cognitively impaired patients127, while supplementation of phosphatidylinositol (PI) 

modulates lipid and cholesterol metabolism48. 

PLs are an essential part of biological membranes and therefore can be found 

in almost all kinds of plants/animal-derived food products. Eggs, milk, meats and fish 

are the major animal-based sources of PLs while vegetable seeds and cereal grains are 
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the major plant-based sources of PLs. The concentration and composition of individual 

PL species are greatly varied, for example the major PLs in egg yolks are PC (66%) 

and PE (19%) while in soybean the major PLs are PC (15%) and PE (12%). In contrast, 

PI and PS are less abundant in foods46,128. The individual species of PLs cannot be 

separated but can only be enriched by means of solvent extraction due to the different 

solubility properties. Chemical modification is employed to improve the properties of 

PLs such as oxidative stability, colour and odour, while enzymatic modification is 

used to synthesise particular PL species. The production of particular PL species to be 

applied as supplements is performed enzymatically by phospholipase D since 

enzymatic modifications are known to be more effective, less costly and do not employ 

toxic chemicals used in chemical modification processes37,43,51,128. 

Phospholipase D (PLD) [EC 3.1.4.4] is an enzyme that hydrolyses the 

phosphodiester bond of phospholipids (PL), releasing phosphatidic acid (PA) and a 

polar head group. In the presence of a primary alcohol as the acceptor substrate, PLD 

also catalyses transphosphatidylation of the polar head group of PLs, releasing a new 

phospholipid modified at the polar head59. As explained in Section 1.3 of this thesis, 

the unique transphosphatidylation reaction of PLD is utilised for the synthesis of 

unnatural or low-abundance phospholipids41 however the substrate specificity of PLD 

towards primary alcohols and the limitation of the molecular size of the acceptor 

compounds have restricted the type of PL species that can be synthesised by PLD64. 

Therefore, using site-directed saturation mutagenesis our collaborator from 

Laboratory of Molecular Biotechnology, Nagoya University, Japan, has altered the 

substrate specificity of PLD from Streptomyces antibioticus (SaPLD) to accept myo-

inositol. The three rounds of site-directed saturation mutagenesis targeting four 

residues that were predicted to play roles in substrate specificity generated the mutant  
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TNYR SaPLD (G186T, W187N, Y191 and Y385R) with the ability to synthesise PI 

as mixtures of 1-PI and 3-PI in the ratio of 93 : 767. However, the exact mode of 

substrate binding and the mechanism that enables the synthesis of PI is not yet fully 

understood. 

To gain a better understanding about the mode of substrate binding specificity, 

TNYR SaPLD has been successfully expressed, purified and crystallised, as discussed 

in Chapter 3. Co-crystallisation and crystal soak experiments using the enzyme’s 

substrates have been undertaken as described in Section 2.3.4. The crystal structures 

of TNYR SaPLD with and without substrate bound in the active site have been solved. 

This chapter will discuss the structural details that underlies the accommodation of the 

bulky acceptor molecule and the positional specificity of the product PI as investigated 

by the structure determination of the protein using X-ray crystallography. 

Additionally, structural information might support further mutational strategies to 

construct mutant SaPLD that could produce higher levels of purity of 1-PI. 

 

4.2 The Overall Structure of TNYR SaPLD 

The crystal structure of the TNYR SaPLD apoenzyme was solved from a 

crystal obtained by the method of vapour diffusion from 100 mM MES pH 4.3, 14% 

PEG6K, 0.5 % (w/v) LDAO and 22 mg/mL protein in 10 mM TrisHCl pH 8.0 buffer. 

The previously solved crystal structure of WT SaPLD (PDB ID: 2ZE4)71 was used as 

the search model to derive the phases of the measured diffraction intensities of the 

TNYR SaPLD crystal by the molecular replacement (MR) method99 using PHASER 

MR within CCP498. The WT SaPLD structure was chosen for the MR method because 

the more similar the search model to the target model (both in primary and tertiary 

structure), the higher the likelihood of the search model to be correctly oriented in the 
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unit cell of the target model129, which is shown by the high score of the log-likelihood-

gain on intensities (LLGI) after MR (Table 4.1). LLGI is the sum of the log-likelihood 

for individual reflections minus the log-likelihood for an uninformative model130, the 

water molecules and small molecules which have been modelled into the search model 

as well as incorrectly aligned side-chains will increase the log-likelihood for an 

uninformative model (because they haven’t been modelled in the target model yet) 

thus lower the LLGI score. Therefore, to prepare the search model for the MR method, 

the water molecules, small molecules and mutated side chains were first removed from 

the search model. 

 The crystal of the TNYR SaPLD apoenzyme diffracted to 2.49 Å resolution 

at the MX2 beam line at the Australian Synchrotron. The crystal indexed on an 

orthorhombic lattice in space group P212121 with unit cell dimensions of a = 59.01 Å, 

b = 84.47 Å, c = 98.37 Å (α, β and γ = 90°). Solvent content analysis131 of the TNYR 

SaPLD crystal shows that the structure contained one molecule within the asymmetric 

unit with an estimated solvent content of 45.52%. The final fully refined structure had 

a final R-work of 18.68% and R-free of 24.88%, the agreement between the R-values 

indicates that over-fitting is unlikely103,105. 
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Table 4.1 Data collection and refinement statistics of TNYR SaPLD 

Data collection  

Beamline Australian Synchrotron (AS) MX2 

Space group P212121 

Unit cell dimensions (Å) a = 59.01 

b = 84.47 

c = 98.37 

α = β = γ = 90° 

Resolution (Å) 49.18 – 2.49 (2.60 – 2.49) 

Total reflections 116941 (12155) 

Unique reflections 17690 (1869) 

Completeness (%) 99.5 (95.4) 

Rmerge 0.096 (0.714) 

Average I/σ 9.8 (1.6) 

Multiplicity 6.6 (6.5) 

CC ½ 0.998 (0.838) 

Refinement data 

LLGI 4713 

R-work (%) 18.68 

R-free (%) 24.88 

Protein atoms 3739 

Ligand atoms 18 

Water molecules 44 

RMS (bonds) (Å) 0.007 

RMS (angles) (°) 0.95 

Ramachandran favoured (%) 94.19 

Ramachandran outliers (%) 0.20 

Average B-factors 50.7 
Values in parentheses are for the highest resolution shell 

 

The TNYR SaPLD adopts a monomeric bilobed structure with a pseudo-

dimeric architecture, composed of an N-terminal lobe and a C-terminal lobe (Figure 

4.1 A). The pseudo-dimeric architecture is the hallmark of the PLD superfamily 

containing an HKD catalytic motif59. TNYR SaPLD consists of 13 α-helices and 2 β-

sheets made of 16 β-strands (8 β-strands for each β-sheet). The β-sheets form a β-

sandwich fold at the interface of the two lobes (Figure 4.1 B). The 13 α-helices flank 

the β-sandwich fold, with two helices running diagonally on each side of the β-sheet 

(Figure 4.1 C). These two diagonal helices are thought to provide the necessary 

framework for keeping the active site in an open and accessible conformation for 
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substrate entry63. Several flexible loops are found at the interface of the lobes, 

surrounding the conserved catalytic HKD-motifs which might contribute to the broad 

substrate specificity of SaPLD. The conserved catalytic HKD-motifs (numbered 

according to the crystal structure of TNYR SaPLD) H168 and H442, K170 and K444, 

and N185 and N459, respectively for each lobe are located next to each other on the 

loops. The residues D200 and D467 which coordinate the catalytic histidine residues 

can also be observed on the loops (Figure 4.1 D).  The overall structure of the TNYR 

SaPLD is similar to PLD from Streptomyces strain PMF63,70 (PMF PLD; PDB ID 

1V0S) which is an α-β- α-β sandwich with overall dimensions of approximately 72 Å 

x 52 Å x 46 Å.  

 

 



STRUCTURE AND REACTION MECHANISM 

 

70  

 

The active site of the enzyme contains two bound water molecules in a bridged 

position making hydrogen bonds with the catalytic histidine (H168 and H442), lysine 

(K170 and K444) and asparagine (N185 and N459) residues. The histidine-

coordinating aspartate residues (D200 and D467) also make hydrogen bond contacts 

with the catalytic histidine residues (Figure 4.2 B). The mutated residues G186T, 

W187N, Y191 and Y385R are observed around the catalytic HKD-motifs (Figure 4.2 

C). 

 

 

 

 

Figure 4.1 The overall crystal structure of TNYR SaPLD 

A. Pseudo-dimeric architecture of TNYR SaPLD. The N-terminal lobe is colored in orange and the 

C-terminal lobe in yellow. B. The β-sandwich fold at the interface of the lobes. N-terminal β-sheet 

is colored in orange and the C-terminal β-sheet in yellow. C. The α-helices of the sructure colored 

in yellow with the diagonal helices colored in orange. D. The conserved catalytic HKD motif, 

represented as orange-colored sticks, are located next to each other on the yellow-colored flexible 

loops; the mutated residues G186T, W187N, Y191, Y385R are represented as magenta-colored 

sticks. 
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Analysis of the topographic features of the TNYR SaPLD in comparison to the 

wild type (WT SaPLD; PDB ID 2ZE4) using the computed atlas of surface topography 

of proteins (CASTp) server132 showed that the TNYR SaPLD has a larger catalytic 

pocket volume and wider opening area as presented in Table 4.2. The mutation of 

residues W187 to an asparagine and Y385 to an arginine might contribute to the 

expansion of the catalytic pocket and opening area thus providing more space for 

 

Figure 4.2 The catalytic site of TNYR SaPLD 

A. Fo-Fc difference electron density map of the active site of apo-TNYR SaPLD without water 

molecules included in the model. B. 2Fo-Fc electron density map of the active site with 2 water 

molecules modelled into the active site. The yellow dashed lines represent the hydrogen bonds 

between the side chain of the catalytic residues and water molecules (hydrogen bonds are drawn if 

the distance is 2.5 – 3.5 Å). C. 2Fo-Fc electron density map of the active site of apo-TNYR SaPLD 

with the mutated residues shown in magenta-colored stick and catalytic HKD in orange-colored stick 

representation. The water molecules are represented as red sphere. The Fo-Fc map is contoured at 3 

σ and the 2Fo-Fc maps are contoured at 1.0 σ. 
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accommodation of the bulky myo-inositol substrate to modify the polar head of 

phosphatidyl moiety (Figure 4.3). Additionally, mutation of tryptophan which is 

nonpolar into asparagine which is polar is more favourable for hydrogen bonding with 

myo-inositol. Likewise, the mutation of residue 385 from tyrosine which is nonpolar 

into arginine which is polar (Y385R) is more favourable for hydrogen bonding with 

the phosphate group of the phosphatidyl moiety as well as with myo-inositol. 

Table 4.2 Surface topography of WT SaPLD and TNYR SaPLD 

Protein WT SaPLD TNYR SaPLD 

Pocket MS volume (Å3) 963.3 1513.8 

Pocket SA volume (Å3) 224.4 540.7 

Pocket MS area (Å2) 736.2 860.4 

Pocket SA area (Å2) 385.7 553.6 

Opening MS area (Å2) 113.6 166.7 

Opening SA area (Å2) 40.5 54.0 

MS volume: volume based on the molecular surface 

SA volume: volume based on the solvent-accessible surface 

MS area: total area of the opening based on the molecular surface 

SA area: total area of the opening based on the solvent-accessible surface 
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Figure 4.3 Comparison of the catalytic site of WT and TNYR SaPLD 

Side view and top view of the catalytic pocket of the A. WT SaPLD and B. TNYR SaPLD. The 

catalytic pocket is presented as a cyan-colored surface, the HKD catalytic motif as orange-colored 

sticks and the mutated residues as magenta-colored sticks. C. Super-imposed stick representation of 

the catalytic histidines and the four mutated residues (G186T, W187N, Y191 and Y385R) of SaPLD. 

The WT is colored in green, the TNYR is colored in yellow, the catalytic histidines are colored in 

orange and the water is represented as red sphere. 
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Mutation of the residue G186T was predicted to enhance the positional 

specificity of the 1-PI synthesis by rigidification of the loop67. Further observation of 

the loop showed that the relative B-factor of the loop in which residue G186T located 

(residue 183  – 200) is higher compared to the WT SaPLD (Table 4.3). The B-factor 

value is the measurements of the local mobility of a protein, thus high B-factor value 

indicates that the protein has high flexibility133. However, the use of different 

refinement strategies scaled B-factors differently in different structures134, therefore 

the relative B-factor of each individual structure’s main chain was calculated prior to 

comparing its value. The relative B-factors were calculated by the following formula, 

Brelative = Bx/ B̅ 

Where Bx is the average B-factor of the loop’s main-chain and B̅ is the average B-

factor of the overall structure’s main-chain. Studies by Uesugi et al. on PLD from 

Streptomyces septatus (TH-2PLD) showed that the residues 188-203, which 

correspond to residues 186 – 201 of SaPLD, are important in catalysis and substrate 

recognition and particularly form the entrance gate of the phospholipid substrates58. 

Further studies by the same group showed that mutation of residue G188 to 

phenylalanine (residue that corresponds to the mutation of G186T) improved the 

thermostability of the TH-2PLD135, which indicates the role of the residue in loop 

rigidification. However, the role of residue T186 of SaPLD in enhancing positional 

specificity of the PI product, is as yet to be determined. 
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Table 4.3 B-factor value of the loop region (residue 183-200) of 

the WT SaPLD and TNYR SaPLD 

Protein WT SaPLD TNYR SaPLD 

Main chain B-factor (Å2) 12 ± 0.1 51.5 ± 0.0 

Side chain B-factor (Å2) 12.2 ± 0.1 50.1 ± 0.0 

B-factor average (Å2) 12.4 ± 1.6 51.8 ± 2.2 

Relative B-factor 0.7 1.0 

The average B-factor value ± RMSD calculated using Baverage within CCP4 software package98 

 

After refinement of the SaPLD crystal structure, the residues 378 – 384 exhibit 

weak electron density. These residues are part of the loop region (residues 376 – 390) 

where the Y385R mutation is located. This loop region was predicted to be the 

substrate entrance gate of the enzyme64. The relative B-factor of the loop region was 

very high (80.9 ± 3.1 Å2 and relative B-factor 1.6), which further suggests the 

flexibility of the loop. In order to obtain further insights into the protein-substrate 

interactions, co-crystallisation experiments using myo-inositol were carried out. 

 

4.3 TNYR SaPLD in Complex with Ligands 

 

4.3.1 TNYR SaPLD in complex with myo-inositol 

The crystal structure of TNYR SaPLD in complex with myo-inositol was 

solved from co-crystallisation experiments using 20 mM myo-inositol (final 

concentration). The crystallisation condition was 100 mM MES pH 4.3, 14% PEG6K 

and 26 mg/mL protein. The crystal diffracted to 1.99 Å at the MX1 beam line at the 

Australian Synchrotron. The crystal indexed on an orthorhombic lattice in space group 

P212121 with unit cell dimensions of a = 58.69 Å, b = 83.71 Å, c = 98.75 Å (α, β and 

γ = 90°). The statistics of the data collection and refinement are presented at Table 4.4. 
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Table 4.4 Data collection and refinement statistics of TNYR SaPLD 

in complex with myo-inositol 

Ligand 20 mM myo-inositol 

Co-crystal / soak co-crystal 

Data collection  

Beamline AS MX1 

Space group P212121 

Unit cell dimensions (Å) a = 58.69 

b = 83.71 

c = 98.75 

α = β = γ = 90° 

Resolution (Å) 48.06 – 1.99 (2.04 – 1.99) 

Total reflections 496982 (31457) 

Unique reflections 34143 (2284) 

Completeness (%) 99.7 (96.5) 

Rmerge 0.092 (0.609) 

Average I/σ 19.2 (3.7) 

Multiplicity 14.6 (13.8) 

CC ½ 1.000 (0.965) 

Refinement data 

LLGI 7862 

R-work (%) 17.61 

R-free (%) 21.60 

Protein atoms 3776 

Ligand atoms 30 

Water molecules 173 

RMS (bonds) (Å) 0.006 

RMS (angles) (°) 0.93 

Ramachandran favoured (%) 95.99 

Ramachandran outliers (%) 0.20 

Average B-factors 29.7 
Values in parentheses are for the highest resolution shell 

After the protein had been completely modelled in the electron density map, 

extra difference electron density was observed in the catalytic site of the enzyme 

(Figure 4.4 A) however the density was not large enough to be able to confidently 

model the myo-inositol into the structure, suggesting that the myo-inositol might only 

be partially occupied in the catalytic site (Figure 4.4 B and C). When the myo-inositol 

was modelled in the active site and refinement carried out, the distances between the 

myo-inositol and the catalytic residues are not favourable for hydrogen bonding 

(Figure 4.4 D and E). Since the enzymatic reaction of the PLD superfamily undergoes 

an SN2 ping-pong mechanism, in which a covalent phosphatidyl-enzyme intermediate 
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was formed followed by hydrolysis or transphosphatidylation59, it was suspected that 

phosphatidyl-enzyme intermediate might be needed to stabilise the myo-inositol in the 

active site of the enzyme. Additionally, the electron density of the loop-gate region 

(residue 376 – 390) has not improved and its relative B-factor has increased (from 1.6 

in the apo structure to 2.0 in the myo-inositol bound structure) which further suggests 

the need of the phosphatidyl-enzyme intermediate to facilitate tight binding and 

correct orientation of myo-inositol tightly bound in the structure. 

To better visualise the myo-inositol in the active site as well as to stabilise the 

loop, soaking and co-crystallisation experiments using potassium phosphate and myo-

inositol were carried out. The phosphate ion was expected to mimic the phosphatidic 

head group of PC, triggering molecular recognition of the substrate by the enzyme to 

adopt an enzyme-substrate intermediate-like conformation. This form of molecular 

recognition is more accommodating for structural analysis due to slow and tight-

binding interaction between the enzyme and the ligand without substrate turnover136. 

This strategy could overcome the problem of the transient nature of enzyme-substrate 

intermediate in structural analysis137. 
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Figure 4.4 Catalytic site of TNYR SaPLD in complex with myo-inositol 

A. Fo-Fc difference electron density map of the active site of TNYR SaPLD in complex with myo-

inositol without myo-inositol included in the model. B. 2Fo-Fc electron density map of the active site 

with myo-inositol modelled into the active site, C. the 90° rotation view. D. The catalytic HKD and 

the mutated residues of TNYR SaPLD in relation with the myo-inositol, E. the 90° rotation view. 

The yellow dashed lines indicates hydrogen bond distances between the side chains and the myo-

inositol (hydrogen bonds are drawn if the distance is 2.5 – 3.5 Å), the distances that are too far or 

too near have been marked. The mutated residues are shown in magenta-colored stick and catalytic 

HKD in orange-colored stick representation, the myo-inositol is shown in ball-and-stick 

representation and green bonds. The Fo-Fc map is contoured at 3 σ and the 2Fo-Fc maps are contoured 

at 1.0 σ. 
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4.3.2 TNYR SaPLD in complex with phosphate 

The crystal structure of TNYR SaPLD in complex with phosphate (PO4) was 

solved from a crystal obtained by co-crystallisation of the enzyme in the presence of 

20 mM potassium phosphate (KH2PO4) and 20 mM myo-inositol (final concentration). 

Crystals were obtained from 100 mM MES pH 4.6, 14% PEG6K, 0.5 % (w/v) LDAO 

and 22 mg/mL protein. The crystal diffracted to 2.01 Å at the MX1 beam line at the 

Australian Synchrotron. The crystal could be indexed on an orthorhombic lattice in 

space group P212121 with unit cell dimensions of a = 58.90 Å, b = 84.50 Å, c = 98.93 

Å (α, β and γ = 90°). The statistics of the data collection and refinement are presented 

at Table 4.5. 

Table 4.5 Data collection and refinement statistics of TNYR SaPLD 

in complex with phosphate 

Ligand 20 mM KH2PO4, 20mM myo-inositol 

Co-crystal / soak co-crystal 

Data collection  

Beamline AS MX1 

Space group P212121 

Unit cell dimensions (Å) a = 58.90 

b = 84.50 

c = 98.93 

α = β = γ = 90° 

Resolution (Å) 48.32 – 2.01 (2.06 – 2.01) 

Total reflections 243830 (17114) 

Unique reflections 33702 (2419) 

Completeness (%) 99.8 (98.0) 

Rmerge 0.136 (0.673) 

Average I/σ 9.4 (2.3) 

Multiplicity 7.2 (7.1) 

CC ½ 0.996 (0.824) 

Refinement data 

LLGI 6849 

R-work (%) 15.82 

R-free (%) 21.28 

Protein atoms 3818 

Ligand atoms 23 

Water molecules 416 

RMS (bonds) (Å) 0.006 

RMS (angles) (°) 0.92 

Ramachandran favoured (%) 96.9 

Ramachandran outliers (%) 0.00 

Average B-factors 22.2 

Values in parentheses are for the highest resolution shell 
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Difference electron density was observed in the region of the catalytic site of 

the enzyme (Figure 4.5 A) into which a phosphate (PO4) ion could be modelled and 

refined (Figure 4.5 B and C). The phosphate makes hydrogen bond interactions with 

catalytic H168, H442, K444, N459 and a catalytic water molecule. The catalytic water 

molecule makes hydrogen bond interactions with catalytic K170 and N185 and is 

predicted to play a role in the first hydrolysis of choline from PC or the second 

hydrolysis of the phospho-histidine enzyme intermediate which generates PA as the 

product (Figure 4.5 D and E). The positively charged R385 has moved (compared to 

the apo-structure) due to presence of the negatively charged phosphate and makes a 

hydrogen bond with the phosphate. Additionally, an alternate conformation of the 

catalytic N185 was observed, in which one of the alternate conformations makes a 

hydrogen bond with the active-site water molecule. In the phosphate bound structure, 

the mobility of the loop-gate region (residue 183 – 200) has increased (relative B-

factor value of 1.5 compared to 1.0 in apo structure) which indicates the loop’s role in 

the catalytic reaction of the enzyme. However, despite being co-crystallised with both 

potassium phosphate and myo-inositol, only phosphate was observed in the catalytic 

site of the enzyme. 
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4.3.3 TNYR SaPLD in complex with phosphatidic acid 

To gain further insights into the interactions of TNYR SaPLD in the presence 

of phosphatidylcholine, the single protein crystal was soaked in 2 mM 1,2-dibutyryl-

sn-glycero-3-phosphocholine (diC4PC), the enzyme’s substrate, for different time 

periods (30 minutes, 8 hours and 5 days). The crystal structures of the protein in 

complex with the PA, the enzyme’s hydrolysis product, has been solved. The statistics 

of the data collection and refinement are presented at Table 4.6. 

 

Figure 4.5 Catalytic site of TNYR SaPLD in complex with phosphate 

A. Fo-Fc difference electron density map of the active site of TNYR SaPLD in complex phosphate 

without phosphate included in the model. B. 2Fo-Fc electron density map of the active site with 

phosphate and a water molecule modelled into the active site C. The catalytic HKD and the mutated 

residues of TNYR SaPLD in relation with the phosphate and a catalyic water molecule. The figure 

on the right showing the 90° rotation view of the catalytic site. The yellow dashed lines indicates 

hydrogen bond distances between the side chains and the phosphate and the catalytic water 

(hydrogen bonds are drawn if the distance is 2.5 – 3.5 Å). The mutated residues are shown in 

magenta-colored stick and catalytic HKD in orange-colored stick representation, the phosphate is 

shown in ball-and-stick representation and green bonds, and the catalytic water is represented as a 

red sphere. The Fo-Fc map is contoured at 3 σ and the 2Fo-Fc maps are contoured at 1.0 σ. 
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Table 4.6 Data collection and refinement statistics of TNYR SaPLD 

in complex with phosphatidic acid 

Ligand 2 mM diC4PC 2 mM diC4PC 2 mM diC4PC 

Co-crystal / soak 30 minutes soak 8 hours soak 5 days soak 

Data collection  

Beamline AS MX1 AS MX1 AS MX1 

Space group P212121 P212121 P212121 

Unit cell dimensions (Å) a = 59.58 

b = 84.36 

c = 98.96 
α = β = γ = 90° 

a = 58.58 

b = 84.43 

c = 99.07 
α = β = γ = 90° 

a = 58.66 

b = 84.49 

c = 98.99 
α = β = γ = 90° 

Resolution (Å) 48.66 – 2.42 

(2.52 – 2.42) 

48.13 – 2.21 

(2.28 – 2.21) 

48.19 – 1.99 

(2.04 – 1.99) 

Total reflections 141439 (14458) 184204 (15226) 251070 (17691) 

Unique reflections 19635 (2003) 25376 (2126) 34444 (2474) 

Completeness (%) 99.8 (98.4) 99.9 (98.4) 99.9 (99.0) 

Rmerge 0.130 (0.606) 0.188 (0.802) 0.091 (0.367) 

Average I/σ 9.9 (2.3) 7.6 (2.0) 13.0 (4.0) 

Multiplicity 7.2 (7.2) 7.3 (7.2) 7.3 (7.2) 

CC ½ 0.997 (0.929) 0.994 (0.760) 0.998 (0.948) 

Refinement data 

LLGI 4254 5816 7268 

R-work (%) 18.34 17.78 15.73 

R-free (%) 24.01 23.97 19.39 

Protein atoms 3745 3751 3819 

Ligand atoms 38 38 38 

Water molecules 69 143 291 

RMS (bonds) (Å) 0.007 0.007 0.006 

RMS (angles) (°) 0.99 0.99 0.88 

Ramachandran favoured (%) 94.99 96.19 96.79 

Ramachandran outliers (%) 0.40 0.60 0.00 

Average B-factors 35.2 26.8 20.9 

Values in parentheses are for the highest resolution shell 

Extra electron density was observed on the catalytic site of the enzyme (Figure 

4.6 A, C and E) which correspond to PA and a water molecule (Figure 4.6 B, D and 

F). In order to clearly observe the conformational changes of the catalytic site, the 

electron density and some residues that did not show conformational changes was 

omitted from the figure and presented at Figure 4.7. Root-mean-square-deviation 

(RMSD) value of the respective residues of the PA-bound structures in comparison to 

the apo-structure is presented at Table 4.7. RMSD value measures the conformation 
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similarity between two superimposed structures, identical conformation will have zero 

RMSD value138. 

 

Figure 4.6 The electron density map of the catalytic site of 

TNYR SaPLD in complex with PA 

A, C, E. Fo-Fc difference electron density map of the active site of TNYR SaPLD in complex PA 

without PA included in the model. B, D, E. 2Fo-Fc electron density map of the active site with PA 

and a water molecule modelled into the active site. A and B. 30 minutes soak experiment, C and D. 

8 hours soak experiment, E and F. 5 days soak experiment. The mutated residues are shown in 

magenta-colored stick and catalytic HKD in orange-colored stick representation, the PA is shown in 

ball-and-stick representation and yellow bonds, and the catalytic water is represented as red sphere. 

The Fo-Fc map is countured at 3 σ and the 2Fo-Fc maps are contoured at 1.0 σ. 
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Figure 4.7 The catalytic site of TNYR SaPLD in complex with PA 

The conformation of the catalytic residues after A. 30 minutes, B. 8 hours and C. 5 days of diC4PC 

soaks D. Super-imposed stick representation of the catalytic residues (H168, H442 and N185) and 

the mutated residues (G186T, W187N, Y191 and Y385R) of TNYR SaPLD of different time periods 

of diC4PC soaks. The 30 minutes diC4PC-soak structure is colored in green, the 8 hours diC4PC-

soak structure is colored in cyan, the 5 days diC4PC-soak structure is colored in magenta, the PA is 

shown in ball-and-stick representation and yellow bonds, and the water is represented as red sphere. 

For the superimposed structure, the PA and water molecule after 30 minutes soak are colored in deep 

purple and red respectively while the PA and water molecule after 5 days soak are colored in light 

purple and pink respectively. The yellow dashed lines indicates hydrogen bond distances (hydrogen 

bonds are drawn if the distance is 2.5 – 3.5 Å). 
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Table 4.7 RMSD value of the catalytic residues and mutated residues of PA-

bound structure in comparison to apo-structure 

Residue 30 minutes soak 8 hours soak 5 days soak 

H168 0.028 0.073 0.047 

N185 0.510 0.315 0.200 / 0.288* 

T186 0.628 0.214 0.335 

N187 1.215 0.755 0.198 

Y191 0.190 0.220 0.357 

R385 3.142 3.302 3.191 

H442 0.235 0.103 0.133 

The RMSD calculated using Superpose within CCP4 software package139 

*The residue N185 adopts an alternate conformation, thus has two different RMSD values 

 

Notable changes are observed on the catalytic N185 and the mutated residue 

N187 and R385 (Figure 4.7). Upon 30 minutes diC4PC soak the residue N185 turned 

and moved away from the active-site water molecule (Figure 4.7 A and D), shown by 

increase in RMSD value (Table 4.7), which suggest that the residue N185 was 

involved in the hydrolysis of choline moiety. Additionally, the residue R385 moves to 

the opposite direction, which also shown by high RMSD value, but has not make 

hydrogen bond yet with the phosphate head (Figure 4.7 A and D) probably due to the 

presence of polar choline moiety (which cannot be modelled in the structure due to 

insufficient electron density). The phosphate head of the phosphatidyl moiety is 

observed in a slightly different orientation (Figure 4.7 D) which might suggest that the 

choline moiety was still attached to the phosphatidyl moiety despite the weak electron 

density. 

After 8 hours of soaking residue N187 is observed to be at similar 

conformation as seen in the 30 minutes soak structure while the residue R385 moves 

further (Figure 4.7 B and D), which might suggest that some of the choline moiety 

was probably still bound to the phosphatidyl moiety and the hydrolysis has not yet 
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finished. However, no phosphatidyl-enzyme intermediate was observed, probably due 

to the nature of protein intermediates which are transiently formed and weakly 

populated137. After 5 days of soak (Figure 4.7 C) the enzymatic reaction has fully 

finished, the catalytic N185 adopts an alternate conformation which suggests that 

N185 plays an important role in the transphosphatidylation. Different conformations 

of N187 are observed throughout the different time periods of diC4PC soak, which 

suggests that the mutated residue plays role not only in the transphosphatidylation but 

also in the hydrolysis of the choline moiety from phosphatidylcholine. The residue 

R385 makes a hydrogen bond with the phosphate group which suggests that this 

residue binds tightly to the phosphatidyl moiety during transphosphatidylation to 

support the positional specificity of 1-PI synthesis. 

The PC bound structure of the inactive (H168A) WT SaPLD (PDB ID 2ZE9) 

has been solved by our collaborator65. When the structure was compared to the PA 

bound structure of the TNYR SaPLD, notable differences are observed at the mutated 

residue Y385R (Figure 4.8). The side chain of R385 of TNYR SaPLD has moved to 

make a hydrogen bond contact with the phosphate group of PA, thus providing more 

space for the bulky myo-inositol which is predicted to be positioned where the active-

site water is located as seen in Figure 4.8 B65. Additionally, the phosphate head of PA 

was observed in a different position which might be caused by the movement of the 

negatively charge phosphate group towards the positively charged arginine (R385) 

side chain in the TNYR structure. 
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4.3.4 Conformational changes of the structure upon binding to various ligands 

Upon binding of the ligand (substrate or product), several conformational 

changes were observed in the structure. Notable changes occur at one of the structure’s 

flexible loops (residues 376 – 390) which, upon the presence of ligand, moves toward 

another nearby loop (residue 123 – 132) and closes the aperture on the interface of the 

protein that leads to the active site (Figure 4.9). These two loops act as “gates” to the 

active site of the protein64. 

 

 

 

Figure 4.8 Comparison of the catalytic site of PA-bound 

WT and TNYR SaPLD 

Stick representation of the catalytic site of  A. inactive WT SaPLD and B. TNYR SaPLD. The 

mutated residues of WT structure are colored in orange while the TNYR structure is colored in 

yellow. The catalytic histidines of both structures are colored in cyan, the PA is shown in ball-and-

stick representation and green bonds and the water is represented as a red sphere. 
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The two loops maintain “close” state during different time period of diC4PC 

soak, however slight conformational changes can be observed (Figure 4.10). The 

relative B-factor analysis of the two loop-gates during different time period of diC4PC 

soak (Table 4.8) shows that the two loops play important role in catalysis. The relative 

B-factor values of the first loop-gate (residue 183 – 200, in which 3 out of 4 mutated 

residues are located) were high during the soak period and the values did not differ 

much between the different time points. Moreover, the values are similar to the relative 

B-factor value of the PO4 bound structure. The high relative B-factor values suggest 

the loop’s important and active role in the catalytic reaction which makes the loop 

highly mobile. Additionally, the relative B-factor value of the particular loop was 

much higher compared to the WT structure, which might be related to the mutant 

 

Figure 4.9 TNYR SaPLD loop movements upon ligand binding 

A. Super-imposed ribbon diagram of the two gate-like loops that adopt conformational changes upon 

ligand binding. B and E. The “open” state of the loops in the absence of the substrate. C and F. The 

loops moved in the presence of myo-inositol but remain “open”. D and G. The “close” state of the 

loops in the presence of phosphate or phosphatidic acid. The apo-structure is colored in green, the 

myo-inositol bound structure is colored in cyan, the phosphate bound structure is colored in magenta 

and the phosphatidic acid bound structure is colored in yellow.  
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enzyme’s capability to accept bulky myo-inositol. On the other hand, the relative B-

factor values of the second loop-gate region (residue 376 – 390) were not only high 

during the soak period, but the values also differ between the different time points. 

The mobility of the loop was the lowest after 30 minutes of soak, which indicates that 

the loop might be tightly closed when the catalytic reaction just started and gradually 

became more mobile as the reaction continues. 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 TNYR SaPLD loop movements upon different time period of 

diC4PC soak 
A. Super-imposed ribbon diagram of the two gate-like loops that adopt conformational changes upon 

different time period of diC4PC soak. The two loops adopt “close” conformation in the presence of 

PA, however slight conformational changes were occurred. The structure represented as solid 

surface: B. 30 minutes, C. 8 hours and D. 5 days of diC4PC soak. The apo-structure is colored in 

green, the 30 minutes soak structure is colored in cyan, the 8 hours soak structure is colored in 

magenta and the 5 days soak structure is colored in yellow.  
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Table 4.8 Relative B-factor value of the two loop-gates of the PA-bound structure 

diC4PC soak period 

30 minutes 8 hours 5 days 

Residue 

183-200 

Residue 

376-390 

Residue 

183-200 

Residue 

376-390 

Residue 

183-200 

Residue 

376-390 

Main chain B-factor 

(Å2) 

51.6 ± 

0.1 

48.2 ± 

0.1 

40.9 ± 

0.1 

46.2 ± 

0.1 

30.0 ± 

0.1 

19.0 ± 

0.2 

Side chain B-factor (Å2) 
50.8 ± 

0.1 

35.0 ± 

0.1 

40.9 ± 

0.1 

31.6 ± 

0.0 

32.4 ± 

0.1 

28.0 ± 

0.2 

B-factor average (Å2) 
51.9 ± 

3.5 

48.6 ± 

3.3 

41.2 ± 

3.1 

46.5 ± 

3.4 

31.2 ± 

4.1 

22.0 ± 

4.2 

Relative B-factor 1.5 1.4 1.6 1.8 1.5 2.1 

Overall main chain B-

factor (Å2) 
35.0 ± 0.1 26.1 ± 0.1 19.4 ± 0.1 

Overall side chain B-

factor (Å2) 
32.0 ± 0.1 24.7 ± 0.1 19.7 ± 0.1 

Overall B-factor 

average (Å2) 
35.3 ± 2.7 26.8 ± 2.5 20.7 ± 2.9 

Wilson B-factor (Å2) 35.0 28.0 20.0 

The average B-factor value ± RMSD calculated using Baverage within CCP4 software package98 

 

4.4 The structure of inactive TNYR SaPLD 

The inactive form of TNYR SaPLD, whereby the catalytic histidine, H168, 

was mutated to alanine (H168A) was also expressed and purified in an attempt to 

capture the enzyme-substrate intermediate. The pure protein was used for co-

crystallisation and soak experiments using all three ligands (phosphate, diC4PC and 

myo-inositol), however no ligand was found to be bound to the crystal structure. The 

crystal structure of the inactive TNYR SaPLD (inTNYR SaPLD) apoenzyme was 

solved from a crystal obtained in the crystallisation condition of 100 mM MES pH 4.8, 

16% PEG6K, 0.5 % (w/v) LDAO and 26 mg/mL of protein. The crystal diffracted to 

1.87 Å at MX2 beam line at the Australian Synchrotron. The crystal could be indexed 

on an orthorhombic lattice in space group P212121 with unit cell dimensions of a = 
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58.85 Å, b = 84.38 Å, c = 99.15 Å (α, β and γ = 90°). The statistics of the data collection 

and refinement are presented at Table 4.9. 

Table 4.9 Data collection and refinement statistics of inactive TNYR SaPLD 

Data collection  

Beamline AS MX2 

Space group P212121 

Unit cell dimensions (Å) a = 58.85 

b = 84.38 

c = 99.15 

α = β = γ = 90° 

Resolution (Å) 48.27 – 1.87 (1.91 – 1.87) 

Total reflections 553247 (32151) 

Unique reflections 41349 (2492) 

Completeness (%) 99.7 (94.8) 

Rmerge 0.105 (0.764) 

Average I/σ 15.2 (2.5) 

Multiplicity 13.4(12.9) 

CC ½ 0.999 (0.886) 

Refinement data 

LLGI 9151 

R-work (%) 15.53 

R-free (%) 20.31 

Protein atoms 3882 

Ligand atoms 18 

Water molecules 390 

RMS (bonds) (Å) 0.006 

RMS (angles) (°) 0.84 

Ramachandran favoured (%) 96.59 

Ramachandran outliers (%) 0.00 

Average B-factors 25.5 
Values in parentheses are for the highest resolution shell 

 

The flexible loop which act as the gate of the active site was observed in a 

different orientation but maintains the open conformation of the structure, which 

further demonstrates the flexibility of this loop (Figure 4.11 A). The resolution of the 

crystal structure was quite high for alternate conformations of the residue R385 to be 

observed (Figure 4.11 B), which further demonstrates that the presence of the substrate 

stabilises the flexible loop. The HKD-catalytic motifs as well as the three mutated 

residues are observed in the same conformation as in the active apoenzyme, except 
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residue D467, which acts to coordinate the catalytic-histidine. This residue is observed 

in different conformations, probably due to the absence of the residue H168 (Figure 

4.11 A). 
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Figure 4.11 Comparison of the inactive and active form of TNYR SaPLD 

A. The flexible loop which serves as the gate of the active-site was observed in different orientation. 

B. Super-imposed sticks representation of the catalytic motifs and the mutated residues. C. The 2Fo-

Fc electron density map of the active site of the inactive TNYR SaPLD. The active enzyme is colored 

in magenta, the inactive enzyme is colored in green. The 2Fo-Fc maps are contoured at 1.0 σ. 

 



FINAL DISCUSSION 

 

94  

 

CHAPTER 5 

FINAL DISCUSSION 

 

Phospholipase D (PLD) [EC 3.1.4.4] catalyses the unique 

transphosphatidylation reaction of the polar head group of PLs in the presence of a 

primary alcohol to release a new phospholipid modified at the polar head. This unique 

reaction is widely utilised for the synthesis of unnatural or low-abundance 

phospholipids. Among various sources of PLD, PLD from Streptomyces antibioticus 

(SaPLD) has shown the strongest transphosphatidylation activity and broad substrate 

specificity, thus making it an excellent enzyme for PLs modification. Our 

collaborators from the Laboratory of Molecular Biotechnology, Nagoya University, 

Japan, have engineered the SaPLD to broaden the enzyme’s substrate specificity and 

overcome the enzyme’s limitation regarding the molecular size and bulkiness of the 

acceptor compounds. Through three rounds of site directed saturation (random) 

mutagenesis a mutant namely TNYR SaPLD (G186T, W187N, Y191, Y385R) 

capable of producing PI with ratio of 1-PI:3-PI of 93:7 has been obtained. Compared 

to the chemical extraction of PI from natural sources, the enzymatic synthesis of PI is 

preferable and more suitable for pharmaceutical applications because it does not 

involve the use of toxic solvents. 

Structural studies of the mutant protein using X-ray crystallography have been 

carried out to better understand the molecular details for substrate binding and the 

mechanism that enables the synthesis of 1-PI. To prepare the mutant TNYR SaPLD 

enzyme for crystallisation experiments, host cell and expression media screening 

followed by a series of column chromatography purification steps have been carried 

out. Cell line and media screening showed that E. coli BL21(DE3) and a defined-
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autoinduction media were the most suitable for over-expression of the mutant enzyme. 

The enzyme which was expressed as extracellular protein, was recovered from the 

expression media by ammonium sulphate precipitation. The mutant SaPLD has no 

affinity tag and therefore was purified by ion-exchange chromatography: anion-

exchange chromatography using a HiTrap Q FF column and cation-exchange 

chromatography using a HiTrap CM FF column (GE Healthcare, UK). Amylose 

affinity chromatography was employed to remove E. coli maltodextrin/maltose-

binding protein which was a major contaminant of the expression and purification 

protocol and gel filtration chromatography was employed to remove the remaining 

protein contaminants. A hydrolytic activity assay of TNYR SaPLD by thin layer 

chromatography (TLC) confirmed that the purified protein is in its active form. 

Crystals of the enzyme were obtained by the hanging drop vapour diffusion 

method. Single-plate shaped crystals were obtained after optimisation of the 

crystallisation conditions to low pH (pH 4.3-5.0), with the addition of 

lauryldimethylamine N-oxide (LDAO) to the crystallisation drop and, after employing 

a microseeding procedure. The diffraction data of the crystals were collected remotely 

from the MX1 or MX2 beam lines at the Australian Synchrotron, Melbourne. The 

beamlines feature automated data processing which carried out the data integration 

and reduction, and the auto-processed data of the crystal was used in the thesis. The 

crystal structure of the apo-enzyme and the enzyme in complex with substrate or 

ligand have been solved by the molecular replacement method. The structures give 

some insights regarding the accommodation of myo-inositol as a substrate and 

enzyme-substrate interactions. 

The active site of the enzyme is deeply buried within the core of the protein to 

accommodates the amphiphilic nature of the phospholipid substrate, which has 
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hydrophilic head group and hydrophobic fatty acid chain. Two loops are found at the 

opening of the active site which upon binding of the phospholipid substrate adopts a 

closed conformation. The conformational changes observed in the protein suggests 

that the two loops act as the gates to the active site. Residues 376 – 390 form one 

highly flexible loop that moves toward the second loop, comprised of residues 183 – 

200, to close the active site upon substrate binding. All of the mutated residues are 

located on both loops, with G186T, W187N and Y191 located at one loop and Y385 

at the other loop. 

Analysis of the mutant structure and comparisons with the wild type enzyme 

show that the mutations have provided a larger catalytic pocket volume and wider 

opening area to accommodates binding of a bulky myo-inositol to modify the polar 

head of the phosphatidyl moiety. Mutation of W187 to an asparagine and Y385 to an 

arginine, which are non-polar residues to polar residues, are more favourable for 

hydrogen bonding with the substrate which might contribute to the broadened 

substrate specificity of the enzyme. Furthermore, mutation of W187 to an asparagine 

also increased the volume of the catalytic pocket due to the change from a bulky 

tryptophan side chain to a less bulky asparagine side chain. 

The mutation of G186 to threonine was predicted to enhance the positional 

specificity of the 1-PI synthesis by rigidification of the loop. The side chain of T186 

also did not make any contacts with the surrounding residues which might support the 

rigidification of the loop. Moreover, the relative B-factor value of the TNYR SaPLD’s 

loop was higher compared to the relative B-factor value of the WT SaPLD’s loop 

which suggests higher flexibility. Therefore, the role of T186 for supporting positional 

specificity of the PI product is as yet to be determined. 
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Co-crystallisation of the enzyme with myo-inositol has been carried out to gain 

further insights into the protein-substrate interactions as well as to stabilise the highly 

flexible substrate entrance loop (residues 376 – 390) which was also the location of 

the mutated residue, Y385R. The crystal structure of the enzyme with the myo-inositol 

bound in the active site revealed myo-inositol with partial occupancy and unfavourable 

distances for hydrogen bonding with the catalytic residues. Furthermore, the myo-

inositol bound structure also revealed that the loop-gates, although having undergone 

a slight movement, remained in an open conformation; this may have been due to the 

fact that myo-inositol was not tightly bound in the active site. This result suggests that 

a covalent phosphatidyl-enzyme intermediate might be needed to stabilise the myo-

inositol in the active site of the enzyme. 

Co-crystallisation experiments using potassium phosphate and myo-inositol 

were carried out to mimic the phosphatidyl-enzyme intermediate conformation of the 

enzyme and to obtain a structure of bound myo-inositol at higher occupancy at the 

active site. The crystal structure of the protein complex from the co-crystallisation 

experiments has been solved however these experiments only revealed phosphate 

bound to the protein. In the phosphate bound structure, the relative B-factors for 

residues in the loop-gates have increased compared to the apo structure, which 

indicates that residues 183 – 200 of the enzyme form a flexible loop which have 

important role in the catalytic reaction. 

TNYR SaPLD protein crystals were also soaked in 1,2-dibutyryl-sn-glycero-

3-phosphocholine (diC4PC) for different time periods (30 minutes, 8 hours and 5 days) 

to gain further insights into enzyme-substrate interactions. In the presence of PC, the 

enzyme hydrolyses the phosphodiester bond of the PC, releasing the choline group 

followed by hydrolysis of the phosphatidyl intermediate to release phosphatidic acid 
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(PA) as the final product, as explained in detail at Section 1.2.3. Crystal structures of 

the protein in complex with PA, the enzyme’s hydrolysis product, have been solved. 

The choline group and phosphatidyl-enzyme intermediate were not observed in the 

structure, probably due to the rapid hydrolysis process and transient nature of the 

enzyme-intermediate for observation by X-ray crystallography. However, the 

movement of the mutated residue, Y385R, after 30 minutes and 5 hours of PC soak 

suggest that hydrolysis of the choline group was taking place since the presence of the 

positively-charged choline will not allow binding of positively-charged R385 to the 

negatively-charged phosphate group of PC, even though the residue has moved toward 

the phosphate group of PC. The side chain of R385 finally makes hydrogen bond 

contacts with the phosphate group of PC when the choline group has been hydrolysed. 

The movement of the mutated residue, Y385R, has not only provided more space in 

the catalytic pocket of TNYR SaPLD for a bulky myo-inositol substrate but also bound 

the phosphatidyl-moiety to support PI synthesis with positional specificity towards 1-

PI. A different conformation of the side chain of N185 and mutated residue W187N 

were also observed during different time periods of PC soak which demonstrated their 

role in the hydrolysis of the choline moiety from the diC4PC and in the 

transphosphatidylation, even though their specific role remained unclear. 

 The two loop-gates of the TNYR SaPLD were identified through the co-

crystallisation and soak experiments. The loop gates adopt an open conformation in 

the apo-structure and myo-inositol bound structure but adopt a close conformation in 

the phosphate or PA bound structure, as shown in schematic diagram in Figure 5.1. 

The conformational change of the residue R385 in the presence of the PC to make 

contacts with the phosphate head group of PC was observed when the loop-gates adopt 

a close conformation. 
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Figure 5.1 Schematic overview of the loop-gates movement upon 

ligand binding 
A. Apo-TNYR, B. TNYR – myo-inositol complex, C. TNYR – phosphate complex and D. TNYR – 

PA complex. The loop-gates are highlighted in magenta. The hydrogen bond contact is indicated by 

dashed-lines. 
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The inactive form of TNYR SaPLD has been successfully expressed, purified 

and crystallised. The apo-enzyme crystal structure has been solved, however the 

crystal structure of the enzyme-substrate/product complex has not yet been obtained. 

The inactive enzyme-substrate/product complex was thought to give additional 

insights on the mutated residues which role were unclear. However, the apo-crystal 

structure confirmed the role of residue D467 to coordinate the catalytic H168 and 

further demonstrate the flexibility of the enzyme’s loop-gates. 

This thesis reveals the structural details that underlie the accommodation of 

bulky myo-inositol and gives insight on the enzyme-substrate interactions. For future 

studies, the TNYR SaPLD enzyme structure in complex with phosphatidylinositol 

(PI), the enzymatic product of TNYR SaPLD, might reveal the catalytic role of residue 

N185 as well as mutated residue W187N and Y191 in the enzymatic process. 
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APPENDIX A 

GROWTH MEDIA 

 

1. Luria-Bertani Medium (LB) 

a. LB broth (LBB) 

10 g/L NaCl 

5 g/L yeast extract 

10 g/L tryptone 

The solid ingredients were dissolved in the desired volume of ddH2O followed 

by autoclaving. 

 

b. LB agar (LBA) 

10 g/L NaCl 

5 g/L yeast extract 

10 g/L tryptone 

15 g/L bacteriological grade agar 

The solid ingredients were dissolved in the desired volume of ddH2O followed 

by autoclaving. 
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2. Terrific Broth (TB) 

12 g/L tryptone 

24 g/L yeast extract 

4 mL/L glycerol 

2.31 g/L monopotassium phosphate (KH2PO4) 

12.54 g/L dipotassium phosphate (K2HPO4) 

The ingredients were dissolved in the desired volume of ddH2O followed by 

autoclaving. 

 

3. Defined-Expression Media 

Solution A 

5 g/L monopotassium phosphate (KH2PO4) 

5 g/L dipotassium phosphate (K2HPO4) 

4.4 g/L disodium phosphate (Na2HPO4) 

3 g/L ammonium sulphate ((NH4)2SO4) 

5 g/L yeast extract 

The solid ingredients were dissolved in the desired volume of ddH2O followed by 

autoclaving. 

 

Solution B 

300 g/L magnesium sulphate heptahydrate (MgSO4.7H2O) 

The solid ingredient was dissolved in the desired volume of ddH2O followed by 

autoclaving. 
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Solution C 

100 g/L ferrous sulphate heptahydrate (FeSO4.7H2O) 

The solid ingredient was dissolved in the desired volume of 0.1 M HCl followed 

by autoclaving. 

 

Solution D 

40 g/L calcium (II) chloride (CaCl2) 

10 g/L manganese (II) sulphate heptahydrate (MnSO4.7H2O) 

2.9 g/L cobalt (II) chloride hexahydrate (CoCl2.6H2O) 

3 g/L copper (II) sulphate pentahydrate (CuSO4.5H2O) 

0.36 g/L sodium molybdate (VI) dihydrate (Na2MoO4.2H2O) 

10 g/L boric acid (H3BO3) 

10 g/L zinc sulphate heptahydrate (ZnSO4.7H2O) 

The solid ingredients were dissolved in the desired volume of 0.1M HCl followed 

by autoclaving. 

 

Solution E 

50 mg/mL kanamycin 

The solid ingredient was dissolved in the desired volume of ddH2O followed by 

filter sterilisation. 
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Autoinduction components 

60 % Glycerol 

60 % (v/v) glycerol was made in the desired volume of ddH2O followed by 

autoclaving. 

10 % Glucose 

100 g/L glucose was dissolved in the desired volume of ddH2O followed by filter 

sterilisation. 

8 % Lactose 

80 g/L lactose was dissolved in the desired volume of ddH2O followed by filter 

sterilisation. 

 

Final composition of defined-expression media 

Solution A 1000 mL 

Solution B     10 mL 

Solution C    0.4 mL 

Solution D       1 mL 

Solution E       1 mL 

60 % Glycerol     10 mL 

10 % Glucose       5 mL 

8 % Lactose     25 mL 

The mixture makes up 1 main culture of the defined-expression media. The 

solutions were mixed prior to addition of pre-culture. 
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APPENDIX B 

COLUMN CHROMATOGRAPHY BUFFERS 

 

1. Stock Solutions for Column Chromatography 

1M Tris-HCl pH 8.0 

Tris was dissolved in small volume of ddH2O then brought to pH 8.0 by addition 

of concentrated HCl. The buffer solution was brought up to the desired volume 

with ddH2O. 

 

2M sodium acetate pH 5.0 

Sodium acetate was dissolved in the desired volume of ddH2O to make 2M 

sodium acetate solution. 

Glacial acetic acid was diluted in ddH2O to make 2M acetic acid solution. 

The 2M acetic acid solution was then used to bring the 2M sodium acetate solution 

to pH 5.0. 

 

3M NaCl 

NaCl was dissolved in small volume of ddH2O then brought up to the desired 

volume with ddH2O. 

 

2. Anion Exchange Chromatography Buffer 

Wash Buffer (Buffer A) 

20 mM Tris 

pH 8.0 
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1 M Tris-HCl pH 8.0 stock solution was diluted in ddH2O to make the desired 

volume of buffer. 

 

Elution Buffer (Buffer B) 

20 mM Tris 

500 mM NaCl 

pH 8.0 

Certain amount of 1 M Tris-HCl pH 8.0 stock solution was added to certain 

amount of 3 M NaCl stock solution. The mixture then brought up to the desired 

volume with ddH2O to make the desired volume of buffer. 

 

3. Amylose Affinity Chromatography Buffer 

Wash Buffer (Buffer A) 

20 mM Tris 

150 mM NaCl 

pH 8.0 

Certain amount of 1 M Tris-HCl pH 8.0 stock solution was added to certain 

amount of 3 M NaCl stock solution. The mixture then brought up to the desired 

volume with ddH2O to make the desired volume of buffer. 

 

Elution Buffer (Buffer B) 

20 mM Tris 

150 mM NaCl 

50 mM maltose 

pH 8.0 
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Maltose was dissolved in mixture of certain amount of 1 M Tris-HCl pH 8.0 stock 

solution and certain amount of 3 M NaCl stock solution. The mixture then brought 

up to the desired volume with ddH2O. 

 

4. Cation Exchange Chromatography Buffer 

Wash Buffer (Buffer A) 

50 mM sodium acetate 

pH 5.0 

2 M sodium acetate pH 5.0 stock solution was diluted in ddH2O to make the 

desired volume of buffer. 

 

Elution Buffer (Buffer B) 

50 mM sodium acetate 

500 mM NaCl 

pH 5.0 

Certain amount of 2 M sodium acetate pH 5.0 stock solution was added to certain 

amount of 3 M NaCl stock solution. The mixture then brought up to the desired 

volume with ddH2O to make the desired volume of buffer. 

 

5. Gel Filtration Chromatography Buffer 

The buffer used for gel filtration chromatography has the same composition as the 

amylose affinity chromatography’s wash buffer. Which was: 

20 mM Tris 

150 mM NaCl 

pH 8.0 
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Certain amount of 1 M Tris-HCl pH 8.0 stock solution was added to certain 

amount of 3 M NaCl stock solution. The mixture then brought up to the desired 

volume with ddH2O to make the desired volume of buffer. 

 

6. Protein Buffer 

10 mM Tris 

pH 8.0 

Certain amount of 1 M Tris-HCl pH 8.0 stock solution was brought up to the 

desired volume with ddH2O to make the desired volume of buffer. 
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APPENDIX C 

SDS-PAGE MATERIALS 

 

1. Loading Buffer (5x stock) 

100 mM Tris-HCl (pH 6.8) 

10 % (w/v) SDS (electrophoresis grade) 

0.5 % (w/v) bromophenol blue 

50 % (v/v) glycerol 

The ingredients were dissolved in the desired volume of ddH2O. 

 

2. Running Buffer (1x stock) 

25 mM Tris 

250 mM glycine 

0.1 % (w/v) SDS (electrophoresis grade) 

pH 8.3 

The solid ingredients were dissolved in small volume of ddH2O then brought to 

pH 8.3 by addition of concentrated HCl. The buffer solution was brought up to 

the desired volume with ddH2O. 
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3. SDS-PAGE Staining and Destaining Solution 

a. Stain solution 

2.5 g coomasie brilliant blue R250 

450 ml methanol 

450 ml ddH2O 

100 ml glacial acetic acid 

 

b. Destain solution 

20% (v/v) ethanol 

10% (v/v) glacial acetic acid 

The mixture was brought up to the desired volume with ddH2O. 
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APPENDIX D 

CRYSTALLISATION MATERIALS 

 

1.  Crystallisation Solutions 

Stock Solutions 

1 M MES 

MES salt was dissolved in the desired volume of ddH2O to make 1 M MES salt 

solution. 

MES free acid was dissolved in the desired volume of ddH2O to make 1 M MES 

free acid solution. 

The 1 M MES salt solution was then used to bring the 1 M MES free acid solution 

to the desired pH. 

The 1 M MES solution was passed through 0.2 µm membrane prior to use. 

40 % PEG 6K 

PEG 6000 was dissolved in the desired volume of ddH2O to make 40 % (w/v) 

PEG 6000. 

The 40 % PEG 6000 solution was passed through 0. 2µm membrane prior to use. 

 

Reservoir Solutions 

100 mM MES (pH 4.0 – 6.0) 

13 % - 20 % PEG 6K 

The mixture then brought up to the desired volume with ddH2O (passed through 

0.2 µm membrane) to make the desired volume of reservoir solution. 
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APPENDIX E 

SaPLD EXPRESSION VECTOR AND PROTEIN 

SEQUENCE 

 

1.  SaPLD Expression Vector 

 

 

 

 

Figure 1. SaPLD Expression Vector  

 
The pld gene is located downstream of a T7lac promoter of pETKMS1-Term vector. The 

vector carries the parB (hok/sok) locus for plasmid stabilisation, pelB signal sequence, 

kanamycin (KmR) and chloramphenicol (CmR) resistance genes. Plasmid map supplied 

courtesy of Professor Yugo Iwasaki and Dr. Jasmina Damnjanovic (Laboratory of Molecular 

Biotechnology, Nagoya University, Japan).  
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2. WT SaPLD Protein Sequence 

ADTPPTPHLDAIERSLRDTSPGLEGSVWQRTDGNRLDAPDGDPAGWLLQTPGCWGD

AGCKDRAGTRRLLDKMTRNIADARHTVDISSLAPFPNGGFEDAVVDGLKASVAAGH

SPRVRILVGAAPIYHLNVVPSRYRDELIGKLGAAAGKVTLNVASMTTSKTSLSWNH

SKLLVVDGKTAITGGINGWKDDYLDTAHPVSDVDMALSGPAARSAGKYLDTLWDWT

CRNASDPAKVWLATSNGASCMPSMEQDEAGSAPAEPTGDVPVIAVGGLGVGIKESD

PSSGYHPDLPTAPDTKCTVGLHDNTNADRDYDTVNPEENALRSLIASARSHVEISQ

QDLNATCPPLPRYDIRTYDTLAGKLAAGVKVRIVVSDPANRGAVGSGGYSQIKSLD

EISDTLRTRLVALTGDNEKASRALCGNLQLASFRSSDAAKWADGKPYALHHKLVSV

DDSAFYIGSKNLYPAWLQDFGYIVESPAAAQQLKTELLDPEWKYSQQAAATPAGCP

ARQAG 

 

 

3. TNYR SaPLD Protein Sequence 

ADTPPTPHLDAIERSLRDTSPGLEGSVWQRTDGNRLDAPDGDPAGWLLQTPGCWGD

AGCKDRAGTRRLLDKMTRNIADARHTVDISSLAPFPNGGFEDAVVDGLKASVAAGH

SPRVRILVGAAPIYHLNVVPSRYRDELIGKLGAAAGKVTLNVASMTTSKTSLSWNH

SKLLVVDGKTAITGGINTNKDDYLDTAHPVSDVDMALSGPAARSAGKYLDTLWDWT

CRNASDPAKVWLATSNGASCMPSMEQDEAGSAPAEPTGDVPVIAVGGLGVGIKESD

PSSGYHPDLPTAPDTKCTVGLHDNTNADRDYDTVNPEENALRSLIASARSHVEISQ

QDLNATCPPLPRYDIRTYDTLAGKLAAGVKVRIVVSDPANRGAVGSGGRSQIKSLD

EISDTLRTRLVALTGDNEKASRALCGNLQLASFRSSDAAKWADGKPYALHHKLVSV

DDSAFYIGSKNLYPAWLQDFGYIVESPAAAQQLKTELLDPEWKYSQQAAATPAGCP

ARQAG 

 

 

4. KWY SaPLD Protein Sequence 

ADTPPTPHLDAIERSLRDTSPGLEGSVWQRTDGNRLDAPDGDPAGWLLQTPGCWGD

AGCKDRAGTRRLLDKMTRNIADARHTVDISSLAPFPNGGFEDAVVDGLKASVAAGH

SPRVRILVGAAPIYHLNVVPSRYRDELIGKLGAAAGKVTLNVASMTTSKTSLSWNH

SKLLVVDGKTAITGGINGKKDDWLDTAHPVSDVDMALSGPAARSAGKYLDTLWDWT

CRNASDPAKVWLATSNGASCMPSMEQDEAGSAPAEPTGDVPVIAVGGLGVGIKESD

PSSGYHPDLPTAPDTKCTVGLHDNTNADRDYDTVNPEENALRSLIASARSHVEISQ

QDLNATCPPLPRYDIRTYDTLAGKLAAGVKVRIVVSDPANRGAVGSGGYSQIKSLD

EISDTLRTRLVALTGDNEKASRALCGNLQLASFRSSDAAKWADGKPYALHHKLVSV

DDSAFYIGSKNLYPAWLQDFGYIVESPAAAQQLKTELLDPEWKYSQQAAATPAGCP

ARQAG 

 

 




