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ABSTRACT 
 

Pathogenic Gram-negative bacteria have evolved numerous mechanisms to 

evade the human immune system and have developed wide spread resistance to 

traditional antibiotics. One such modification is brought about by altering the lipid A 

head group with phosphoethanolamine (PEA) or 4-amino-arabinose residues. This 

alteration increases the resistance of the bacterium to cationic cyclic polypeptide 

antibiotics such as colistin and to naturally occurring antimicrobial peptides such as 

definsins. Lipid A phosphoethanolamine transferase is a member of the alkaline 

phosphatase superfamily and transfers PEA from phosphatidylethanolamine to the 1 and 

4’ positions of lipid A. The modification of lipid A with phosphoethanolamine masks 

the negatively charged phosphate groups on the bacterial surface and affects the 

interaction of cationic antimicrobial peptides with the bacterial surface thus conferring 

resistance. Many multidrug resistant Gram-negative bacteria posses multiple members 

of PEA transferase that specifically transfers PEA to lipid A or to the conserved inner 

core of the lipopolysaccharide.  

The recent emergence of multidrug resistant strains of Neisseria gonorrhoeae 

has raised concerns regarding their treatment and is causing a serious burden to the 

health system. Lipid A PEA transferase is conserved in both of the closely related 

pathogenic species of Neisseria, namely Neisseria gonorrhoeae and Neisseria 

meningitidis, and has been identified as a potential target for developing inhibitors that 

can lead to anti virulent therapy. 
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The current project is aimed at understanding the molecular structure and 

catalytic mechanism of a PEA transferase (EptA) from Neisseria meningitidis which 

will guide future studies directed towards developing inhibitors to the enzyme. EptA is 

predicted to be an integral inner membrane protein with a transmembrane domain at the 

amino terminal end of the molecule and a periplasmic facing soluble domain at the 

carboxyl end. Previous structural work on a truncated form of this enzyme suggested 

that the full-length protein was likely to be required for correct lipid substrate binding 

and catalysis. Therefore the focus of this study was the structural characterisation of 

full-length EptA from Neisseria meningitidis by X-ray crystallography as well as 

further biophysical studies.  

Working with membrane proteins presents an outstanding challenge, due to their 

amphipathic nature, and requires the establishment of efficient methods for the 

production of sufficient quantities of stable and folded protein for structural and 

biophysical studies. EptA was recombinantly expressed in Escherichia coli and purified 

in detergent micelles. The structural integrity of the recombinantly expressed and 

purified EptA were analysed by differential scanning fluorimetry, size exclusion 

chromatography coupled to multi-angle laser light scattering and circular dichroism 

spectropolarimetry. An activity assay was also developed to assess the functional 

integrity of the protein.  

EptA crystals that diffracted to 2.75Å resolution, revealed the structure of the 

previously uncharacterised membrane domain and the periplasmic facing soluble 

domain of the protein. The fold of the soluble domain was nearly identical to the 

previously obtained truncated soluble domain structure with a Zn2+ ion tetrahedrally 

coordinated by conserved residues. The membrane domain contains 5 transmembrane 

helices oriented approximately parallel to each other. Both the membrane domain and 
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soluble domain are linked by a helix that runs along the membrane surface and expected 

to interact with the phospholipid head groups. Two small helices located in a 

periplasmic loop between two transmembrane helices contain conserved residues that 

are implicated in substrate binding.  

The current crystal structure of EptA has a detergent molecule bound in the 

active site holding the two domains fairly close together and locking the enzyme in a 

conformation that is unable to accommodate the acceptor substrate, lipid A. Biophysical 

studies of EptA in different detergent micelles suggests that the enzyme can sample 

different conformational states to enable the binding of two very different-sized lipid 

substrates. 

The structural work presented in this thesis has made a significant contribution 

towards understanding the molecular architecture of EptA and its catalytic mechanism.  

The knowledge gained has established a strong foundation for designing structure-

guided inhibitors to the enzyme, which in turn can lead to novel therapeutic agents for 

the treatment of multidrug-resistant Gram-negative bacterial infections. Moreover the in 

vitro activity assay developed in this study can aid in screening the inhibitors for their 

potency. 
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AIMS  
 

To obtain structural and functional insight into the 

catalytic mechanism of Lipid A phosphoethanolamine 

transferase (EptA) from Neisseria meningitidis.  

The following sub-aims were pursued for the purpose 

• To obtain sufficient quality and quantity of EptA for structural 

and biophysical studies. 

• Structural characterisation of EptA using X-ray diffraction 

• Biophysical characterisation of EptA  
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CHAPTER LAYOUT  

 
Chapter 1:  PHOSPHOETHANOLAMINE TRANSFERASE 

Presents a brief review on phosphoethanolamine transferase from Gram-

negative bacteria emphasising on EptA, a phosphoethanolamine 

transferase from pathogenic Neisseria. 

 

Chapter 2: DETERGENTS IN MEMBRANE PROTEIN 

PURIFICATION AND CRYSTALLISATION 

Presents a review on detergents, their properties and their use in 

membrane protein studies. This chapter was published as a book chapter 

in ‘The Next Generation in Membrane Protein Structure Determination’, 

Advances in Experimental Medicine and Biology, Volume 922. The 

authors of the manuscript are Anandhi Anandan and Prof Alice Vrielink. 

Initial draft was written by Anandhi Anandan and revised by Prof Alice 

Vrielink. 

 

Chapter 3: OPTIMAL CONDITION FOR EXPRESSION AND 

PURIFICATION OF EPTA 

Presents the optimisation of recombinant expression and purification of 

full-length EptA and biophysical characterisation of purified protein. 
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Chapter 4: ASSESSING THE ACTIVITY OF EPTA 

Presents the development and optimisation of an in vitro activity assay 

for full-length EptA and validation of the developed assay. 

 

Chapter 5: STRUCTURAL CHARACTERISATION OF EPTA 

Presents crystallisation and insight into the X-ray structure model of 

EptA.  

 

Chapter 6: BIOPHYSICAL CHARACTERISATION OF EPTA 

Presents the results from biophysical studies probing the conformational 

flexibility of EptA. 

 

Chapter 7: GENERAL DISCUSSION 

Presents a general discussion on the project emphasising the future work. 
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1.1 INTRODUCTION 

Phosphoethanolamine transferases (PEA transferase) are a class of enzymes 

found in Gram-negative bacteria which catalyse the transfer of phosphoethanolamine 

(PEA) from a donor substrate, phosphatidylethnolamine, to different sites on a receiver 

substrate, lipopolysaccharide (LPS) (Kim et al., 2006, Lee et al., 2004), 

lipooligosaccharide (LOS) (Cox et al., 2003, Trombley et al., 2015) and protein 

molecules on bacterial surfaces (Aas et al., 2006, Cullen et al., 2012). Gram-negative 

bacteria with a PEA decorated lipid A portion of LPS/LOS develop resistance to 

cationic antimicrobial peptides (CAMPs). The current project is aimed at understanding 

the molecular structure and catalytic mechanism of a PEA transferase called EptA from 

Neisseria meningitidis, which acts specifically on lipid A, catalysing the transfer of 

PEA from phosphatidylethanolamine to the 1 and 4’ positions of the lipid A moiety of 

LPS/LOS.  This chapter presents a relevant literature review on PEA transferases.  The 

early part of this chapter focuses on LPS/LOS of Gram-negative bacteria, it’s role in the 

host innate immune response to Gram-negative bacterial infection and escape 

mechanisms that have been developed by infecting bacteria to evade the host immune 

response. Since the project involves the study of EptA from pathogenic Neisseria, the 

latter part of the chapter will present background information on neisserial pathogen, 

EptA and the significance of the project. 

1.2 GRAM-NEGATIVE BACTERIA AND LPS 

Gram-negative bacteria are characterised by presence of a cell envelope, 

comprised of an inner membrane, peptidoglycan layer and an outer membrane. The 

inner membrane has a phospholipid bilayer while the outer membrane has an 

asymmetric structure with an inner phospholipid layer and an outer LPS layer. Both 
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membranes harbour numerous integral transmembrane and peripheral membrane 

proteins essential for cell signalling, metabolic functions and transport of molecules 

(Raetz et al., 2002). A schematic representation of the cell wall structure of Gram-

negative bacteria is presented in Figure 1.1A. LPS is called the endotoxin (Bishop, 

2005) and acts as an antigen.  In the event of an infection LPS are recognised as foreign 

molecules by the host immune system (Raetz et al., 2002, Rietschel et al., 1994) 

generating a cascade of immune responses. Though this response aids in clearing the 

infection initially, it can lead to septic shock to the host due to over production of TNF-

α and interleukin-1β by the host immune system.  

LPS is comprised of an inner hydrophobic lipid A moiety and outer hydrophilic 

polysaccharide unit with varying length, characteristic of different bacterial species. 

Lipid A and outer polysaccharide unit are linked through a core oligosaccharide namely 

3-deoxy-D-manno-octulosonic acid residue (KDO) (Kabanov et al., 2010). The outer 

hydrophilic polysaccharide unit in enteric bacteria is long and neutrally charged and is 

called LPS (Figure 1.1B). On the other hand mucosal pathogens such as Neisseria, 

Haemophilus and Bordetella have shorter outer polysaccharide units and are termed as 

LOS (Griffiss et al., 1988)  (Figure 1.1B). The core and lipid A region of this complex 

molecule is well conserved among all Gram-negative bacteria (Rietschel et al., 1994) 

and are responsible for the cytotoxic properties of the molecule (Bishop, 2005) 

(Gaekwad et al., 2010). The lipid A structure contains a 1,4’-bisphosphorylated-β-D-

glucosaminyl-(1 6)-D-glucosamine disaccharide backbone with 4 to 7 fatty acid chains 

attached to the N-acetylglucosamine backbone. Different strains of Gram-negative 

bacteria exhibit fine variation in the lipid A structure which arises mainly from the 

nature, chain length, number, and location of acyl groups, types of hexosamines present, 

the degree of phosphorylation and the presence of phosphate substituents such as PEA 
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and amino-arabinose (Rietschel et al., 1993).  

Generally LPS /LOS are negatively charged due to the presence of phosphate 

moieties and acidic sugars. This negative charge can lead to electrostatic repulsion 

between the LPS/LOS molecules assembled in the outer membrane of Gram-negative 

bacteria and weaken the outer membrane. In order to maintain the membrane integrity 

bacteria sequester divalent cations, mainly Mg2+ to neutralise the negative charge and 

reduce this repulsion (Coughlin et al., 1983). Furthermore, the outer membrane stability 

is maintained by lateral interactions arising from hydrogen-bond donors and acceptors 

of the lipid A moiety. Along with this, the high number of acyl chains per molecule of 

lipid A increases the lateral hydrophobic space and reduces fluidity of the outer 

membrane (Nikaido et al., 1985). The tight lateral interactions between LPS/LOS and 

the low membrane fluidity of LPS/LOS enables the bacterial membrane to provide a 

permeability barrier to lipophilic solutes and detergents (Bishop, 2005). 
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Figure 1.1:   Structure of Gram-negative bacterial cell wall and LPS 

A. Schematic representation of the location of the cell wall in Gram-negative bacteria, 

the structure of the cell wall and the location of LPS. B. Architecture of LPS/LOS. Hep 

– heptose, KDO – 3-Deoxy-D-manno-2-octulosonic acid, GlcN – N-acetyl glucosamine, 

P – phosphate. Various hexose moieties in the O-antigen are represented as hexagons 
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LPS/LOS released from the bacterial surface during infection activates the host 

innate immune system by binding to the LPS-binding protein and mediating the toll like 

receptors (TLR4) signal transduction pathway (Beutler, 2003, Beutler et al., 2003). 

LPS/LOS bound LPS-binding protein interacts with cluster of differentiation proteins 

14 (CD14) on the surface of myeloid cells and transfers the LPS/LOS to CD14 

(Fitzgerald et al., 2004). The LPS/LOS is then transferred to the myeloid differentiation 

factor 2 (MD2) and TLR4 complex, which initiates a cascade of signalling pathways 

(Fitzgerald et al., 2004, Park et al., 2009). This in turn leads to the production of 

cationic antimicrobial peptides (CAMPs) (Ganz, 2003, Hoffmann et al., 1999, Jenssen 

et al., 2006), a variety of cytokine and chemokine molecules (Aderem et al., 2000), and 

signals the presence of an infection to the cells of the adaptive immune system (Iwasaki 

et al., 2015). These responses provide antibacterial defences, essential for controlling 

and clearing the infection. 

1.3 CATIONIC ANTIMICROBIAL PEPTIDE 

Antimicrobial peptides are components of the host innate immune system and 

form the first-line of defence against invading microbes (Jenssen et al., 2006). These are 

found among all classes of life ranging from prokaryotes to humans and are considered 

to be the most ancient mechanism of immunity (Wiesner et al., 2010). They generally 

consist of short amphipathic molecules with a net positive charge and exhibit broad-

spectrum antimicrobial activity with bacteriostatic, microbicidal and cytolytic properties 

(Pasupuleti et al., 2012). Defensins and cathelicidins are examples of mammalian 

antimicrobial peptides found in high concentrations in epithelial cell secretions, 

phagocytes and inflammatory body fluids and mediate antimicrobial activity by 

permeabilisation of the bacterial membrane (Ganz, 2003). Antimicrobial peptides 

produced by bacteria and fungi are called bacteriocins and are highly active at smaller 
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concentrations against a restricted spectrum of bacterial infection (Wiesner et al., 2010). 

Polymyxins are a group of bacteriocins produced by the Gram-positive bacteria, 

Bacillus polymyxa, and kill Gram-negative bacteria by binding to their outer membrane 

LPS. Polymyxin B and polymyxin E (colistin) are commonly used endotoxin 

neutralizing agents and are widely used as a reference molecule for studying Gram-

negative bacterial activity and endotoxin neutralisation assays.  In addition to these 

natural peptides, a number of synthetic variants have been produced for treating 

multidrug resistant (MDR) infections (Steckbeck et al., 2014). CAMPs weaken the 

integrity of the bacterial outer and inner membranes and subsequently kill bacterial 

cells. Binding of the CAMPs to the anionic LPS/LOS is crucial for their activity and the 

mechanism of binding is mainly by electrostatic interactions (Wiesner et al., 2010). 

The CAMPs carry a net charge of +2 to +11 due to large number of lysine and 

arginine residues in their structure and they mediate the initial electrostatic interaction 

with the LPS of the bacteria (Pasupuleti et al., 2012). Moreover bactericins such as 

polymyxin B form hydrogen bonds to the phosphate group of lipid A at C-1 and C-4 

positions (Bhattacharjya, 2016) and binds to the LPS. The binding is further promoted 

by the interaction of hydrophobic residues from the CAMPs and LPS/LOS (Yeaman et 

al., 2003). This leads to a disturbance in the structure as well as the permeability of the 

outer membrane to peptide molecules. The peptides are inserted into the cytoplasmic 

membrane by electrostatic and hydrophobic interactions. This insertion activity affects 

the integrity of the membrane and various cellular processes leading to antibacterial 

activity (Yeaman et al., 2003) (Figure 1.2). 
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Figure 1.2:   Scanning electron micrograph image of Neisseria gonorrhoeae  

The figure was taken from Qu and co-workers (Qu et al., 1996). Left panel shows the 

control bacteria and right panel shows the effect of CAMPs (protegrin) treatment on the 

bacteria. Bar indicates 0.2μm. 

 

On the other hand, bacteria have developed a number of resistant mechanisms 

against CAMPs binding and activity. These resistance mechanisms include decreased 

affinity to CAMPs by substitution of anionic cell surface constituents with cationic 

molecules such as PEA or amino-arabinose (Petrou et al., 2016), modification of outer 

membrane structures, suppression of the expression of structural or functional CAMP 

targets, neutralisation of the CAMPs by secreting proteins and chemicals, alteration of 

the membrane efflux pumps to reduce the CAMPs accumulation within the bacterial 

cell and production of proteases (Yeaman et al., 2003). 

This study focuses on the alteration of the LPS/LOS structure brought about by 

the addition of PEA by a class of bacterial enzymes called PEA transferases.   

1.4 PEA TRANSFERASE  

A number of PEA transferases have been identified in Gram-negative bacteria 

and studies have shown that modification of the outer membrane with PEA is 

advantageous for pathogenesis in several bacteria. PEA transferase is a metalloenzyme 
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belonging to the alkaline phosphatase superfamily. They have conserved metal-binding 

residues and catalytic residues namely threonine or serine (Galperin et al., 2001). They 

transfer PEA from the donor substrate phosphatidylethanolamine to the acceptor 

substrate LPS/LOS. LPS/LOS has a complex structure as shown in Figure 1.1B and the 

addition of PEA occurs to various locations on LPS/LOS depending on the PEA 

transferase. Additionally, some Gram-negative bacteria expresses other PEA 

transferases that modify bacterial cell surface structures such as flagella (Cullen et al., 

2013) and pilin (Aas et al., 2006).  

Harper et al performed a phylogenetic analysis of predicted PEA transferases 

and the results showed six main families of the enzyme depending on the location of 

PEA substitution on LPS/LOS (Harper et al., 2017). They are PEA transferase specific 

to 

• lipid A 

• 6th position of second heptose in the inner core region of LPS/LOS 

• 3rd position of second heptose in the inner core region of LPS/LOS 

• Galactose residue in LPS 

• KDO   

• Proteins on bacterial surface such as flagella and pilin 

Some Gram-negative bacteria possess multiple genes to express different PEA 

transferases specific for the addition of PEA to different locations on LPS/LOS while 

others express a single PEA transferase that adds PEA to different locations on 

LPS/LOS. Haemophilus ducreyi have three genes lptA, ptdA and ptdB and catalyses 

PEA modifications at two different sites on the acceptor LPS molecule: a PEA transfer 
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onto lipid A and a PEA transfer onto the KDO moiety of its core oligosaccharide. H. 

ducreyi does not modify its LOS with amino-arabinose (Trombley et al., 2015). PEA 

transferases, CptA and EptB, modify the heptose II or KDO core sugars of the LPS in 

Salmonella enterica and Escherichia coli respectively causing polymyxin B resistance 

in these enteric organisms (Lee et al., 2004, Reynolds et al., 2005). Pathogenic 

Neisseria spp. has three PEA transferases that add PEA to LOS. EptA modifies the lipid 

A while Lpt-3 and Lpt-6 adds PEA to the heptose II core sugar at the third or sixth 

position, respectively (Cox et al., 2003, Kahler et al., 2005, Mackinnon et al., 2002). In 

both Neisseria meningitidis and Neisseria gonorrhoeae the addition of PEA to lipid A 

contributes to resistance to polymyxin B, protegrin-1 and LL-37 (Tzeng et al., 2005). 

Additionally, N. gonorrhoeae has another PEA transferase that modifies the major pilin 

subunit protein (PilE) of type IV Pili required for colonisation (Aas et al., 2006). In 

contrast, a single PEA transferase, called EptC, from Camphylobacter jejuni, is 

responsible for modification of both lipid A and the flagellar rod protein FlgG with PEA 

(Cullen et al., 2012, Cullen et al., 2013).  

Pathogenic Gram-negative bacteria decorate the 1 and 4’ positions of lipid A 

with PEA to reduce the net negative charge on the bacterial surface (Raetz et al., 2002). 

The addition of PEA decreases the net change of the bacterial surface from -1.5 at 

neutral pH to -1 and increases the lateral interaction of LPS in a more specific manner 

(Nikaido et al., 1985) leading to decreased affinity to CAMPs binding and increased 

resistance. Depending on the bacterial species the modification of lipid A with PEA can 

result in the replacement of a phosphate group at the C-1 position, as reported in H. 

pylori (Tran et al., 2006), or the addition of PEA to the phosphate groups at the C-1 and 

C-4’ positions or both, as reported in pathogenic Neisseria spp. (Cox et al., 2003). This 

modification alone has been reported to cause significant polymyxin B resistance in 



CHAPTER 

certain species, such as neisserial pathogens (Tzeng et al., 2005), while other species 

such as S. enterica require additional modifications such as the addition of amino-

arabinose to different sites of lipid A (Anaya-Lopez et al., 2013, Tamayo et al., 2005).  

1.5 MULTIDRUG RESISTANT GRAM-NEGATIVE BACTERIA  

Gram-negative bacterial infections have been effectively treated with antibiotics 

in the past. More recently however pathogenic bacteria are increasingly gaining 

resistance to antibiotics (Levy, 2005). The increase in multidrug resistance severely 

limits the therapeutic options available to treat bacterial infections. MDR bacteria retain 

their acquired resistance by incorporating a resistance mediating gene into their genome 

(Nikaido, 2009). This escalates the problem associated with treating MDR Gram-

negative (MDR-GN) bacteria. The development of new antimicrobial agents is essential 

to efficiently combat the virulence of the bacteria (Pereira et al., 2013, Unemo et al., 

2012).  

Recently, the polymyxin group of CAMPs, including polymyxin B and colistin 

have been reconsidered for treating MDR-GN bacterial infections (Hancock et al., 2006, 

Zavascki et al., 2007) due to lack of new antibiotics that can efficiently clear MDR-GN 

bacterial infections. Derivatives of polymyxin B, colistin (Vaara et al., 1985) and 

synthetic CAMPs are being engineered (Deslouches et al., 2015) to treat MDR bacterial 

infections. Colistin is a narrow spectrum antibiotic, active against Gram-negative 

bacteria including carbapenemase producers such as Enterobacteriaceae and 

mycobacterial species and extensively drug resistant species such as Klebsiella 

pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii (Karaiskos et al., 

2014). However Gram-positive cocci and some Gram-negative cocci such as Neisseria 

spp., Burkholderia and Brucella spp are not susceptible to colistin (Karaiskos et al., 

2017). Gram-negative cocci have a number of mechanisms such as altering the structure 
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of lipid A with addition of PEA or amino-arabinose, the efflux pumps and formation of 

capsules that enable them to confer resistance to polymyxin antibiotics (Olaitan et al., 

2014). Some Gram-negative bacteria like pathogenic Neisseria are intrinsically resistant 

to polymyxin antibiotics while others such as E. coli and S. enterica exhibit acquired 

resistance, triggered by their environment (Lee et al., 2004, Olaitan et al., 2014). The 

intrinsic modification of LOS with PEA addition in pathogenic Neisseria intrinsically 

plays a key role in contributing to polymyxin resistance (Kahler et al., 1998, Tzeng et 

al., 2005).  

1.6 PATHOGENIC NEISSERIA  

Bacterial genus Neisseria are Gram-negative diplococci that include the two 

known human pathogens N. meningitidis and N. gonorrhoeae causing meningitis and 

gonorrhoea respectively. N. meningitidis is transmitted by respiratory droplets and 

colonizes the upper respiratory tract causing meningitis and septicaemia in young 

children and in immune-compromised adults. In contrast, N. gonorrhoeae is a non-

capsulated pathogen, transmitted by sexual contact and colonizes the urogenital tract 

leading to pelvic inflammatory disease. Although gonorrhoea has a low level of 

mortality, it contributes to various complications such as inflammation to reproductive 

organs in both men and women rendering them infertile, and increases the susceptibility 

to AIDS when untreated (Miller, 2006). Despite their preference to colonize distinct 

human mucosa and elicit markedly different disease responses, both of these human 

pathogens share extensive genetic and antigenic similarities (Rahman et al., 2000, 

Tinsley et al., 1996).   

In the case of neisserial infections, the bacteria produce an array of molecules 

that enables them to colonize and infect the host cells. The bacterial capsule and their 

outer membrane composition activate the host immune cells and mediate inflammation. 
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The bacterial outer membrane is predominantly composed of LOS (Griffiss et al., 

1988). Biosynthesis of LOS in both N. meningitidis and N. gonorrhoeae occurs via 

identical pathways resulting in a variable outer core consisting of branched 

oligosaccharides attached to lipid A through the conserved inner core composed of two 

3-deoxy-D-manno-2-octulosonic acid (KDO) molecules and two heptose moieties 

(Rietschel et al., 1994, Schneider et al., 1988). Lipid A from both N. meningitidis and N. 

gonorrhoeae consists of a 1, 4’- bisphosphorylated β –D-glucosaminyl-(1 6)-D-

glucosamine disaccharide backbone. The disaccharide also harbours 3-

hydroxydodecanoic acid residues at the 3 and 3’positions and 3-dodecanoyloxy 

teradecanoic acid residues at the 2 and 2’ positions (Kulshin et al., 1992, Takayama et 

al., 1986). The chemical structure of LOS from Neisseria is shown in Figure 1.3. The 

oligosaccharides exhibit immunogenic properties while lipid A is associated with the 

toxic properties of the bacteria (Virji, 2009). 

Structural variation of the LOS is an important factor in determining the 

pathogenic potential of the bacteria. Both meningococci and gonococci show a great 

deal of structural heterogeneity in the LOS within and among strains. The structural 

variation in the LOS arises from varying the length and carbohydrate composition in the 

oligosaccharide chain (Stephens, 2009, Yazdankhah et al., 2004). The inner core of the 

LOS is relatively well conserved with minor heterogeneity (Plested et al., 1999). The 

second heptose molecule (Hep ll) of the inner core has a heterogenous addition of PEA 

or glucose at the C3 position and/or PEA addition to C6 or C7 positions (Mackinnon et 

al., 2002, O'Connor et al., 2006). Additionally, one or both of the phosphoryl groups on 

the disaccharide of lipid A exhibit PEA addition (Cox et al., 2003) as shown in Figure 

1.3.  
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Figure 1.3:   Chemical structure of LOS expressed in N. meningitidis 

Addition of PEA to the phosphate head group of lipid A region (red), 3rd (blue) and 6th 

(orange) position of heptose are brought about by EptA, Lpt-3 and Lpt-6 respectively. 

 

These pathogens exhibit frequent phase variation by reversibly switching their 

gene expression on and off, especially in regions that are involved in interactions with 

the host and the environment (Snyder et al., 2001). This allows them to successfully 

escape the host immune system, colonize the respective mucosa and cause infection in 

susceptible hosts.  Phase variation also enables the bacterium to exhibit different 

phenotypes with altered antigenic properties (Schneider et al., 1984). 
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1.7 MDR NEISSERIA 

Infections caused by Neisseria have been effectively treated with antibiotics in 

the past, however more recently these pathogenic bacteria, especially N. gonorrhoeae 

has recently been labelled as ‘MDR-Neisseria gonorrhoeae’ (MDR-NG) due to the 

development of increased resistance to an extended spectrum of antibiotics including 

cephalosporin, ceftriaxone and cefixime (Tapsall, 2009, Tapsall et al., 2009, Unemo et 

al., 2012). Neisseria spp. undergo rapid gene mutations and can horizontally transfer 

DNA from other species in the environment into their own genome (Hill et al., 2010). 

The controlled expression of such mutated and transferred genes allows the bacteria to 

modify their drug efflux pumps, inactivate drugs and alter the drug target site (Stoltey et 

al., 2012). As a result bacteria quickly develop resistance to antimicrobial drugs and 

antibiotics. The emergence of MDR-NG has significantly complicated the treatment of 

gonorrhoea (Whiley et al., 2012) and has been identified as an urgent public health 

threat. N. meningitidis has also been reported to exhibit resistance to antibiotics and 

require higher dosage of antibiotics for effective treatment (Jorgensen et al., 2005, 

Oppenheim, 1997). As mentioned earlier, both of these pathogens are resistant to 

CAMPs, such as polymyxin and colistin, that are used as a last resort treatment for 

MDR-GN bacterial infections.  

The PEA decoration of lipid A has been reported to be one of a major 

contributing factor in conferring resistance to CAMPs by pathogenic neisserial sp. 

(Lewis et al., 2009, Tzeng et al., 2005). Other factors that modulate CAMP resistance 

are action of MtrC-MtrD-MtrE efflux pump and type IV pillin secretion system in 

Neisseria meningitidis (Tzeng et al., 2005, Tzeng et al., 2015). Enzyme EptA 

responsible for the addition of PEA to lipid A is encoded by lptA gene. This gene is a 

part of an operon and is located downstream to a putative phosphoserine 
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aminotransferase gene (serC) and upstream to a putative nitroreductase gene (nfnB) 

(Tzeng et al., 2015). Two promotors found upstream of serC and lptA respectively can 

initiate the expression of lptA gene in N. gonorrhoeae. Moreover lptA gene has a 

polynucleotide repeat stretch at its 5’ terminal that can undergo high frequency mutation 

(Tzeng et al., 2015) enabling phase variable expression of the gene in pathogenic 

Neisseria (Snyder et al., 2001). This inturn allows the pathogenic Neisseria to present 

different levels of CAMP resistance within a population. 

The modification of lipid A with PEA also enhances meningococcal adhesion to 

human endothelial and epithelial cells (Takahashi et al., 2008) and, in the case of N. 

gonorrhoeae infection, enables gonococci to resist complement mediated killing by 

human serum (Lewis et al., 2013) promoting the survival of the organism in the human 

male urethra (Packiam et al., 2014). Moreover, an analysis of LOS from severe N. 

meningitidis infection showed LOS with extensive PEA decoration (John et al., 2016). 

In contrast, Neisseria commensals that colonize the human pharynx without causing 

disease lack PEA modification (John et al., 2012). These studies clearly show that PEA 

decorated lipid A is essential for disease progression and suggest that EptA inhibition 

can aid in controlling neisserial infection, specifically in the case of MDR-NG. 

Agents that inhibit the mechanism of resistance exhibited by the bacteria could 

be used along with antibiotics to extend their efficacy to treat the drug resistant bacteria 

(Heras et al., 2015). Clavulanic acid is an example of such an agent that has been 

successfully used in the clinic to overcome resistance towards β-lactam antibiotics. 

Clavulanic acid inhibits β-lactamase which is synthesised by the bacteria to degrade the 

lactam ring of β-lactam antibiotics such as penicillin and cephalosporin (Maddux, 

1991). Similarly, inhibiting PEA transfeases, that enables the bacteria to change the 

surface charge, can restore the efficacy of CAMPs. A structure based inhibitor to PEA 
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transferase could be used as an anti-virulent agent for the treatment of MDR Gram-

negative bacterial infections.  

1.8 STRUCTURE BASED DRUG DESIGN 

Structure based drug design has become a powerful tool in the pharmaceutical 

industry. Structure based drug design is an iterative process which uses the knowledge 

of the three dimensional structure of a potential target such as an enzyme, to identify 

and optimise the interaction of a small molecule inhibitor to the target such that it will 

achieve at least micromolar binding affinity (Anderson, 2003). 

Briefly, structure based drug design involves identifying an ideal drug target 

such as an enzyme, which has proven function in pathology (Gashaw et al., 2012) and 

analogues of the target within and across other species (Hughes et al., 2011). Once the 

target is identified, X-ray crystallography or NMR (Nuclear Magnetic Resonance) 

spectroscopy is used to determine the 3-D structure of the target and characterise the 

substrate binding site. Small molecules that would specifically bind to the target protein 

and inhibit the action of the target are then identified and further structural 

characterisation of the ligand bound target carried out to establish interactions that 

mediate binding. This analysis also provides the opportunity to optimise the design of a 

ligand for increased target specificity and affinity. After multiple cycles of the above 

steps, the compound with highest specificity and affinity for the target is ready for 

further drug development (Anderson, 2003, Gane et al., 2000, Whittle et al., 1994)

Towards the ultimate aim of finding an inhibitor to PEA transferases, structural 

studies of EptA from N. meningitidis were undertaken. EptA is the only lipid A 

modifying enzyme found in the Neisseria spp. Given the similarity in the genetic 

makeup of N. meningitidis and N. gonorrhoeae, this study will be using PEA transferase 
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from N. meningitidis to study the mechanism of enzyme action and to identify 

inhibitory ligands, which can later be applied for treating MDR-NG.  

More recently a plasmid mediated mobile colistin resistance gene (mcr-1) has 

been discovered in E. coli from pigs and poultry. Colistin resistance is mediated by the 

MCR-1 protein, a PEA transfearase, homologous to EptA from Neisseria, that adds 

PEA to the lipid A moiety of the organism (Liu et al., 2016). The gene coding for MCR-

1 is located on the plasmid and can be transmitted from one genome to another (Liu et 

al., 2016). Currently E. coli strains with mcr-1 gene have been detected in the human 

urinary tract infections and the rapid transmissible nature of the mcr-1 gene has resulted 

in a significant challenge to the health system necessitating the development of new 

strategies for addressing the MDR problem. Lately multiple variant of mcr-1 genes 

namely mcr-2 (Xavier et al., 2016), mcr-3 (Yin et al., 2017) and mcr-4 (Carattoli et al., 

2017) have been identified in various strains of Gram-negative bacteria adding to the 

threat caused by MDR. EptA from Neisseria and MCR-1 exhibit 40% sequence identity 

(Hu et al., 2016). Therefore it is anticipated that any understanding of the EptA structure 

from Neisseria species will be relevant to MCR proteins.  

1.9 STRUCTURAL STUDY OF EPTA  

The structure and tertiary fold of an enzyme dictates how it binds to its substrate, 

regulates and performs catalysis. X-ray crystallography has been an important technique 

to study protein structure and function. A crystal structure of the macromolecule 

provides a detailed understanding of the positions of amino acid residues and their side 

chains around the active site and enables hypotheses to be made concerning the 

chemical mechanism. Hence, to provide such detailed atomic information, a structural 

study of EptA was undertaken using X-ray crystallography. 
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EptA is predicted to be an integral inner membrane protein with a 

transmembrane domain at the amino end of the molecule and a periplasmic facing 

soluble domain at the carboxyl end (Figure 1.4A). PEA modification occurs in the 

periplasm before the LOS is transported to the outer membrane (Piek et al., 2012). 

Previous structural studies of the EptA soluble domain (PDB 4KAY) from N. 

meningitidis revealed that the soluble domain of the enzyme adopts a hydrolase fold 

(Wanty et al., 2013). The results of the study also suggested that the membrane domain 

was necessary for the correct orientation and binding of the lipid substrates (Wanty et 

al., 2013). The soluble domain structure of two other PEA transferase, EptC (PDB 

4TN0) from C. jejuni (Fage et al., 2014) and MCR-1 (PDB 5GRR) from E. coli 

(Stojanoski et al., 2016) have also been resolved. Both EptC and MCR-1 are 

homologues to EptA from N. meningitidis and the former enzyme transfers PEA to lipid 

A of the LPS and the flagellar rod protein FlgG while the latter transfers PEA to lipid A 

only. They have similar amino acid sequences and their soluble domains adopt a 

hydrolase fold (Figure 1.4B). The structure of the membrane domain of these 

transferases has not yet been solved.  To further understand the molecular details 

involved in substrate binding and enzyme catalysis, structure studies of the full-length 

EptA from N. meningitidis  (Nm EptA) was undertaken. 
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Figure 1.4:   Structure of PEA transferase (soluble domain) 

A. Snake plot showing the structural prediction of membrane domain and the structure 

of soluble domain. B. Structure of PEA transferase soluble domain from C. jejuni (PDB 

4TN0) (a), N. meningitidis (PDB 4KAY) (b) and E. coli  (PDB 5GRR)(c) showing the 

similarity in the fold.  
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Membrane proteins are embedded into biological membranes in vivo, shielded 

from a hydrophilic environment by the lipid bilayer. Structural studies of membrane 

protein are associated with a number of challenges, arising mainly from the 

hydrophobic and/or amphipathic nature of the protein. Moreover, they can often be 

flexible and unstable, and obtaining sufficient expression of membrane protein can be 

difficult (Carpenter et al., 2008). Detergents are often used to isolate the protein from 

the membranes and to maintain the conformational and structural stability of the protein 

in aqueous buffers (Anandan et al., 2016).  Another significant barrier in the study of 

membrane proteins is obtaining diffraction quality crystals for structural studies. 

This thesis discusses strategies undertaken to successfully express, purify and 

crystallise EptA and presents structural and biophysical characteristics of the full-length 

Nm EptA. An overview of project aims and chapter layout are given on page xx and 

xxi. 
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2.1 INTRODUCTION 

Detergents play a significant role in structural and functional characterisation of 

membrane proteins. Membrane proteins reside in the cell membrane and exhibit a great 

variation in their structure and physical properties. For in vitro biophysical studies, 

structural and functional analyses, they need to be extracted from the membrane lipid 

bilayer environment in which they are found and purified to homogeneity while 

maintaining a folded and functionally active state. Detergents are capable of 

successfully solubilising and extracting the protein from membrane bilayers. A number 

of detergents with varying structure and physicochemical properties are available and 

can be applied for this purpose. However, it is important to choose a detergent that is 

able to extract the membrane protein and provide an optimal environment while 

retaining the correct structural and physical properties of the molecule. Choosing the 

best detergent for this task can be made possible by understanding the physical and 

chemical properties of different detergents and their interaction with membrane 

proteins. Also, understanding the mechanism of membrane solubilisation and protein 

extraction along with crystallisation requirements, if crystallographic studies are going 

to be undertaken, can assist in choosing the best detergent for the purpose. This 

knowledge will also be valuable for interpreting the experimental outcome and aid in 

strategic planning of follow up experiments. 

This chapter aims to present the fundamental properties of detergents and 

highlight information relevant to membrane protein crystallisation. The first section of 

the chapter reviews the physicochemical properties of detergents and parameters 

essential for predicting their behaviour in solution. The second section covers the 

interaction of detergents with the membranes and proteins followed by their role in 

membrane protein crystallisation. The last section will briefly cover the types of 
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detergent and their properties focusing on custom designed detergents for membrane 

protein studies. 

2.2 PHYSICOCHEMICAL PROPERTIES OF DETERGENTS 

Detergents are surfactants (surface acting reagents) that decrease the interfacial 

tension between two immiscible liquids. The overall molecular structure of the 

detergents consist of a hydrophilic polar head group and a hydrophobic non-polar tail 

group (Figure 2.1A) which renders them amphiphilic. The polar head group of the 

detergents could be ionic, non ionic or zwitterionic and have a strong attraction for 

aqueous solvent molecules while the non-polar tail repels this region of the detergent 

molecule from the aqueous solvent. When in an aqueous medium the hydrophobic tail 

of the detergent molecules orients itself to minimise contact with water while 

hydrophilic head interacts with the water molecules. As a result the detergent monomers 

align themselves as a single layer at the hydrophilic hydrophobic interface reducing the 

surface tension of the solvent (Figure 2.1B). This alignment not only reduces interaction 

of the hydrophobic tail with water molecules but allows the interaction of the head 

group with the solvent enabling the detergent molecule to stay soluble in aqueous media 

(Rosen et al., 2012). The detergent molecules remain as monomers in solution up to a 

particular concentration. As the concentration of the detergent increases the molecules 

assemble into a complex structures called micelles. The hydrophobic tails of the 

detergent molecules now pack together forming the core of the micelle and reducing 

their interaction with the water molecule. In contrast, the polar head groups orient 

themselves outwards from the micelle core enabling interaction with the aqueous 

solvent (Figure 2.1C). A minimal detergent concentration called the ‘critical micelle 

concentration (CMC)’ is required for the formation of micelles and the number of 

detergent monomers required to form a micelle is called the ‘aggregation number’ 
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(Helenius et al., 1979, Neugebauer, 1990).  

 

Figure 2.1:   Properties of detergent molecules 

 (A) Schematic representation of overall molecular structure of detergents (B) 

Alignment of detergent molecules at hydrophobic and hydrophilic interface and (C) 

detergent micelles at CMC 

 

Above the CMC the detergent molecules coexist as both monomers and micelles 

in solution. The micelle concentration increases as the detergent concentration increases 

further while maintaining the monomeric concentration. Detergent solutions are 

dynamic undergoing a constant exchange of detergent molecules between monomeric 

and micellar state (le Maire et al., 2000). A further increase in the detergent 

concentration results in aggregation of the detergent micelles and a phase separation 

occurs to give a detergent rich phase and detergent poor phase (Arnold et al., 2007).  
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In addition to the detergent concentration influencing micelle formation and 

phase separation, temperature and ionic strength of the solution also play an important 

role. The temperature can affect the CMC of a detergent. The temperature at which a 

detergent monomers form micelles is called the Krafft point or upper consolute 

temperature (Gu et al., 1992) while the temperature at which the phase separation 

occurs is called the cloud point or lower consolute temperature (Arnold et al., 2007). 

Figure 2.2 shows a simplified general phase diagram of a detergent displaying the 

solubility of the detergent as a function of concentration and temperature. 

The CMC determines the micelle size of a detergent.  Detergents with CMC 

ranging between 0.5 to 50 mM have been reported to be suitable for membrane protein 

solubilisation and purification. Detergents with lower CMC values form large micelles 

and exchanging them with other detergent is difficult while detergents with high CMC 

values require higher concentrations of detergent for extraction and purification (Keyes 

et al., 2003). The experimental conditions such as pH of the buffer and temperature 

have a profound influence on the CMC and aggregation number of the detergent. 
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Figure 2.2:   Detergent phase diagram 

 Phase diagram showing the various phases and their boundaries adopted by the 

detergent at varying detergent concentration and temperature. KP represents the Krafft 

point and CP represents the cloud point 

 

 

 



CHAPTER  2 Page 30

 

Figure 2.3:    Shape of detergent monomer and its micelle  

Representation how detergent monomer’s shape influences the micelle shape, packing 

parameter and the curvature of detergent micelles. 

 

Detergent micelles are asymmetric in structure with rough surfaces and 

disorganized clumping of the alkyl tails within the hydrophobic core region (Garavito et 

al., 2001). The shape of micelles vary from a sphere to a bilayer, as shown in Figure 2.3, 

depending on the overall size and shape of the detergent monomers. The size of the 

detergent molecule determines the packing ability while the shape of the detergent 

molecule determines the curvature of the micelle formed (Lichtenberg et al., 2013). The 

packing ability or packing parameter (P) of the detergent monomers is defined as  

P= v/al  

where ‘v’ is the volume of the hydrocarbon chain, ‘l ‘is the length of the 
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hydrocarbon chain that is extended in fluid and ‘a’ is the optimal area per molecule. 

Spherical micelles are formed when the P value is between 0 and 1/3, cylindrical 

micelles are formed when the P value is between 1/3 and ½ and bilayers occur when the 

P value is between ½ and 1 (Nagarajan, 2002). The packing parameter predicts the 

assembly and shape of the micelles. For example, detergents with a large head group or 

which undergo strong head group repulsion will have a smaller packing parameter 

resulting in spherical micelles and vice versa. Also detergents with double tails will 

have a packing parameter twice as large as the corresponding single tail molecule when 

the tail length and head group are constant. As a result the double tail molecules form a 

bilayer vesicle while the single tail molecules with the same head group form spherical 

or globular micelles (Nagarajan, 2011). Increasing the length of the hydrophobic chain 

not only affects the packing parameter but also the diameter of the micelles formed. The 

size of the micelles increases by 1.2 to 1.5Å for every hydrocarbon added to the alkyl 

chain (Oliver et al., 2013).  

The overall shape of the detergent monomer determines the spontaneous 

curvature of these amphiphilic molecules in solution. Detergent monomers that are 

cylindrical in shape are curvophobic and assemble to form a bilayer conformation with 

a spontaneous curvature of 0. On the other hand the molecules that are conical in shape 

are curvophilic and have a negative or positive spontaneous curvature resulting in a 

spherical or tubular micelle respectively as shown in the Figure 2.3 (Lichtenberg et al., 

2013). Also the spontaneous curvature of the detergent micelle is inversely proportional 

to the radius of the surface along which a given amphiphile assembles (Lichtenberg et 

al., 2000). 

The packing parameter in not only influenced by the size and shape of the 

detergent but also by the solvent composition of the detergent solution. This is mediated 
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through alterations in interactions between the detergent molecule head groups thus 

affecting their packing characteristics. The presence of electrolytes decreases the 

electrostatic repulsion between head groups in the case of ionic detergents. In contrast, 

for non ionic detergents the electrolytes indirectly affect the hydrophobic tail packing 

by affecting hydrogen bonding of water molecules. Kosmotropic electrolytes favour the 

hydrogen bonding of water molecules and stabilise the hydrophobic tail packing. This 

tends to decrease the CMC of the detergent (Damodaran et al., 1990, Ray et al., 1971). 

Additionally, an increase in temperature causes a decrease in steric repulsion effects 

between the head groups for non ionic detergents allowing more detergent monomers to 

pack in the micelles (Nagarajan, 2011). Also, the presence of polar solvents decreases 

the interfacial tension of the solvent leading to tighter packing of detergent molecules. 

For example a transition from cylindrical micelles to spherical micelles can be achieved 

by the addition of a low molecular weight alcohol to water (Nagarajan, 2011). 

The hydrophilic-lipophilic balance (HLB) is a calculated parameter used to 

describe the surface activity of detergents in solution. It is represented as a scale ranging 

from 1 to 40 and is dependent on the size and ratio of the hydrophilic to lipophilic part 

of the detergent. The HLB value is proportional to the solubility of the detergent in 

water (Neugebauer, 1990). The HLB number increases as the solubility of the detergent 

in water increases.  The HLB scale is useful for comparing detergents within the same 

family (Linke, 2009).  

The structure of detergent micelles mimic the arrangement of lipids in native 

membrane bilayers where the membrane proteins are normally anchored. The ability of 

detergents to form these micelles and their increased solubility in aqueous media 

renders them suitable to stabilise the extracted membrane protein. The micellar 

environment must be able to reconstitute the extracted membrane proteins without 
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affecting their structural and functional properties. Though the detergent micelle 

structure is similar to the membrane bilayer, their head group and the hydrophobic core 

are packed loosely with constant exchange of detergent monomers between the aqueous 

medium and micelles resulting in a dynamic environment. Detergents tend to have 

bulkier head groups relative to bilayer forming lipids resulting in micelles rather than 

bilayers. Also the inner core of a micelle is less shielded by the bulky head group 

allowing water molecules to access the hydrophobic core (Bordag et al., 2010, Goyal et 

al., 2001). In the native state, the conformation and function of membrane proteins are 

influenced and maintained by the lateral pressure provided by the membrane and also 

by the presence of lipid molecules bound to the hydrophobic surface of the protein 

(Anglin et al., 2008). Detergent micelles do not exert a similar lateral pressure to the 

extracted membrane protein and in some instances bound lipids necessary for protein 

stability and function are removed from the protein periphery (Bae et al., 2015). In spite 

of all these difference detergents have been successfully used for the extraction, 

purification and structural characterisation of membrane protein. 

2.3 ROLE OF DETERGENT IN MEMBRANE PROTEIN 

SOLUBILISATION 

The first step in membrane protein solubilisation is the disruption of the 

membranes. An understanding of detergent-lipid interactions is of practical importance 

to purify membrane proteins from membranes and to reconstitute a protein in a suitable 

environment for functional studies (Lasch, 1995). Biological membranes are composed 

of a variety of loosely packed lipids differing in their hydrophobicity along with 

proteins and peptides embedded in them. Saturated lipids with higher hydrophobicity 

pack more tightly than unsaturated lipids with lower hydrophobicity. This arrangement 

leads to lipid driven compartmentalisation in membranes. Thus the ability of the 
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detergent to solubilise such membranes depends both on the detergent and the lipid 

properties (Schuck et al., 2003). 

The structure of the detergent, its concentration and the micelle structure play 

important roles in penetrating and disrupting the membrane. Detergent molecules even 

at lower concentrations are capable of interacting with and permeabilizing the 

membrane (Kragh-Hansen et al., 1993). The interaction of detergent with the membrane 

starts of as non-cooperative binding to the outer layer of the membrane. As the 

concentration of the detergent in the solution increases the interaction with the 

membrane becomes cooperative. The concentration at which cooperative binding begins 

is called the Csat . The bound detergent molecules start flipping from the outer bilayer to 

the inner bilayer. This is a dynamic action and is described as flip flop mechanism 

(Kragh-Hansen et al., 1998, Kragh-Hansen et al., 1993). The ability of the detergent to 

enter into a flip-flop mechanism depends on the HLB and on the size of the detergent; 

this also determines the speed of solubilisation (Lichtenberg et al., 2013).  As more 

detergent monomers gets incorporated cooperatively into the membrane they start 

disrupting the membrane. This results in lipid detergent mixed micelles and the 

membranes falls apart (Figure 2.4). The cooperative and non-cooperative binding of 

detergent to the membrane is called the transbilayer mechanism. 
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Figure 2.4:   Representation of membrane protein solubilisation 

(A) Membrane protein embedded in the lipid bilayer. (B) Insertion of detergent 

monomers disrupting the lipid bilayer. (C) Solubilisation of the lipid bilayer and 

extraction of membrane protein 

 

Those detergents that are capable of flip-flopping, solubilise the membranes 

faster and are called strong detergents. Others, particularly those with large polar head 

groups, lack the capability of flip-flopping across the non-polar membrane bilayer and 

are called mild detergents. A micellar mechanism is an alternate mechanism proposed 

where the detergent micelles are involved in solubilising the membranes. Detergent 

micelles interact with the outer layer of the membrane and extract the membrane lipids. 

This leads to a rearrangement of the remaining phospholipids from the inner to the outer 

leaflet of the membranes which results in fragmentation followed by solubilisation of 
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the membranes (Kragh-Hansen et al., 1998). The membrane-embedded proteins can 

perturb the orderly arrangement of the lipids in the membrane, promoting easy access 

for the detergent micelles to insert and solubilise the phospholipids (Kragh-Hansen et 

al., 1998). Detergent interaction with membranes disrupts the lipid-protein interaction 

resulting in protein solubilisation. Some tightly packed membrane bilayers can be 

resistant to the detergent used, resulting in extracted proteins that are still associated 

with lipid moieties (Ilgu et al., 2014). An optimal detergent/protein ratio and 

detergent/lipid ratio is required for efficient solubilisation of such membranes and 

extraction of proteins (Lórenz-Fonfría et al., 2011). The concentration of detergent 

dictates the amount of micelles in the solution essential for accommodating the 

solubilised protein molecules.  

The balance between the hydrophobic and hydrophilic moiety influences the 

ability of the detergents to solubilise the membranes. Detergents with moderate 

hydrophobicity are capable of perforating the membranes resulting in efficient 

solubilisation. Detergents with a high HLB value are more hydrophilic and their 

micelles tend to accumulate in the solution leading to inefficient solubilisation. In 

contrast, detergents with a low HLB value are more hydrophobic and can become 

incorporated into the bilayer inducing vesicle growth however they do not affect protein 

solubilisation (Lichtenberg et al., 2013, Lin et al., 2011). Amphiphiles derived from 

pentaerythritol with different ratios of hydrophilic and hydrophobic composition have 

been used to study the HLB characteristics of detergents and the solubility of 

membranes. Amphiphiles with single polar head groups and single alkyl chains or 

detergents with two polar heads and di-alkyl chains were more efficient in solubilisation 

and maintaining the stability of membrane proteins than the detergents with larger polar 

head groups or tri-alkyl chains (Zhang et al., 2011). 
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The type and concentration of detergents used for solubilising membranes 

depends on the type of membrane targeted for solubilisation. For example detergents 

like Sarkosyl and Triton X-100 solubilise the bacterial inner membrane but not the outer 

membrane (Linke, 2009). Also different detergents are capable of extracting selective 

proteins from the membranes. Wiseman et al in their efforts to solubilise and purify the 

ABC transporter, BmrA, with detergents showed that the solubilisation profile from 

different detergents resulted in different levels of protein contaminants from the same 

cell line. For example, OmpF an outer membrane protein was solubilised in excess 

while extracting BmrA with n-dodecyl-phosphocholine (Fos choline 12 or FC-12) but 

not with N,N-Dimethyldodecylamine-N-oxide (LDAO) or maltose derivatives 

(Wiseman et al., 2014). FC-12 based detergents are zwitterionic with a head group 

similar to phospholipids in native membranes and with a single hydrophobic tail. This 

similarity allows them to pack and disrupt the Escherichia coli membranes efficiently.  

Sometimes harsher detergents with ionic head groups may be used for effective 

solubilisation of membranes and the removal of membrane protein. Also the 

concentration of detergent used for solubilisation is higher than that required for 

maintaining the protein in a stable state. However high concentrations of detergent may 

be detrimental to the stability of protein after solubilisation. Hence detergent removal 

and/or detergent exchange is often essential. This is discussed in the following section. 

2.4 DETERGENT EXCHANGE OR REMOVAL 

Different detergents may be required for the different steps involved in the 

structural and functional studies of membrane protein. Additionally, as mentioned 

above, the high concentrations of detergent required for solubilisation of membrane are 

typically not suitable for downstream applications. Hence a detergent exchange or 

removal might be necessary for purification and crystallisation. This can be achieved 
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either by dialysis, size exclusion chromatography or adsorption on hydrophobic beads 

depending on the properties of the detergent. Dialysis can be used for detergents that 

form small micelles and can pass through the pores of the dialysis tubing. During 

dialysis against large volumes of buffers the free detergent monomers traverse the 

dialysis membrane reducing the detergent concentration in the protein solution. Over a 

period of time the concentration of the detergent decreases in the solution (Lorch et al., 

2011).  Size exclusion chromatography is efficient for detergent removal or exchange if 

the micellar size is significantly different from the size of the membrane protein (Furth 

et al., 1984). Hydrophobic beads can also be used to adsorb the excess detergent for 

downstream applications. Furthermore affinity tagged membrane proteins can be bound 

to the corresponding affinity column, washed and eluted with buffers containing lower 

concentrations of detergent or a different detergent (Arnold et al., 2008, Seddon et al., 

2004). 

2.5 ROLE OF DETERGENT IN MAINTAINING MEMBRANE 

PROTEIN STABILITY 

Membrane proteins usually have one or more segments made of mainly 

hydrophobic residues that span the membrane bilayer and may have a hydrophilic 

segment that extends into either the cytoplasm or the periplasm. Interspersed between 

the membrane spanning hydrophobic segments are loops comprised of amino acid 

residues with either polar or charged side chains which do not penetrate the 

hydrophobic core of the membrane.  (Bowie, 2005).  The hydrophobicity of the 

membrane spanning segments and the polar residues within the loops influence both the 

insertion of the protein into membranes and their stability within the membrane. 

Additional factors such as the membrane lipid composition, the low dielectric constant 

of membrane interior, the lateral pressure exerted by the membrane and the presence of 
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other proteins and peptides contributes to the structural stability and conformational 

flexibility of membrane proteins (Gohon et al., 2003) (Bordag et al., 2010). This 

stability and conformational flexibility are essential for biological function of 

membrane proteins.  

The detergent used for purification and storage of the protein must be able to 

maintain this integrity for downstream studies. Not all detergents are suitable for this 

purpose and certain detergents can cause denaturation of the native conformation or 

unfolding of the protein. Detergents used for protein extraction from the membrane may 

be harsh and a different detergent may be required for purification. Understanding how 

detergents assemble around the protein and interact with the macromolecule may assist 

in choosing a suitable detergent for maintaining protein stability.  

Generally, detergent micelles are highly curved compared to the membrane 

bilayer and exhibit a less orderly arrangement of detergent monomers as a result of their 

bulky head group. This loose arrangement along with increased solubility of detergents 

in the aqueous medium enables a constant exchange of detergent monomers between 

the micelles and the protein detergent complex. As a result the shielding effect of the 

interfacial head group becomes weak and water molecules penetrate more easily into 

the hydrophobic core of the micelles compared to the lipid bilayer (Bordag et al., 2010). 

In spite of these differences the detergent environments have been reported to maintain 

the native conformation of proteins successfully rendering them suitable for membrane 

protein studies (Franzin et al., 2007, Tulumello et al., 2012). 

The detergent concentration, size and shape of the micelles are examples of 

parameters that affect the formation of the protein detergent complex. The solubilised 

protein has a considerable amount of detergent bound to it (from 40 to 200% of its 

weight). The amount of detergent bound to the protein is dictated by the concentration 
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of detergent used (Garavito et al., 1996) and the exposed hydrophobic surface area of 

the protein (Ilgu et al., 2014, Tulumello et al., 2012).  

Large hydrophobic sections of membrane proteins are covered with detergent 

monomers forming an oblate protein detergent micelle. The hydrophobic part of the 

detergent monomer aligns around hydrophobic portion of the membrane protein such 

that they are both shielded from the aqueous medium (le Maire et al., 2000). On the 

other hand the projecting loops of membrane proteins with hydrophilic residues can 

impose a steric hindrance and reduce the packing of the detergent molecules around the 

hydrophobic area (Melnyk et al., 2003). The cross sectional area of the protein detergent 

complex depends on the packing parameter of the detergent around the exposed 

hydrophobic surface of the protein. This in turn depends on the size of the nonpolar tail 

and polar head group portions of the detergent monomers. Detergents with longer alkyl 

chain have been reported to be milder on the protein compared to those with shorter 

alkyl chains (Wiener, 2004). The diameter of the micelles formed by detergents with 7 

to 12 carbon atoms in their non-polar tail, matches the thickness of most native 

membranes. The diameter of the micelle increases by 1.2 to 1.5Å for each additional 

carbon atom in the alkyl chain of the detergent monomer (Oliver et al., 2013). The 

micelles formed by longer alkyl chains exhibit a lower water permeability into the 

hydrophobic core compared to micelles formed by shorter chain detergents; this absence 

of water molecules is essential for stabilizing the intrahelical hydrogen bond of the 

transmembrane helices. Also, the larger micelle formed by detergents with longer alkyl 

chains are capable of exerting a higher lateral pressure on the protein transmembrane 

helices. These properties of the detergent micelles help in maintaining the stability of 

the membrane protein structure in vitro (Santonicola et al., 2008). At the same time, the 

hydrophilic residues in the loops interact with the head group of the detergent and play 
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an important role in stabilizing the membrane protein within the detergent micelle.  

Insufficient packing of detergent molecules around the hydrophobic region of 

the protein can lead to protein aggregation in an effort to sequester their hydrophobic 

surfaces from the water molecules in the aqueous medium. This eventually results in 

protein precipitation (Prive, 2007) and is a particularly serious problem for detergents 

with short (C7 – C10) alkyl chains such as octylglucoside. 

While the hydrophobic alkyl chains of the detergent molecules bind to the 

hydrophobic regions of the protein, the hydrophilic head groups especially the head 

group of ionic detergents interact with the charged amino acid side chains. Ionic 

detergents have been reported to bind differently to the soluble domains versus the 

transmembrane domains of membrane proteins. Monomers of ionic detergents bind to 

residues with charged side chains and initially stabilise the protein. As the concentration 

of the detergent increases more cooperative binding occurs, especially in the soluble 

domain, resulting in destabilisation of the protein structure (Otzen, 2011). Repulsion 

between the charged headgroups occurs resulting unfolding the protein (Otzen, 2002, 

Tulumello et al., 2012). Some ionic detergents are capable of binding to the helices in 

the transmembrane domain and cause destabilisation of helix – helix interactions 

resulting in unravelling of the protein (Renthal, 2006). Furthermore, changing the 

detergent used during a procedure can have unpredictable consequence as shown by 

Knol et al. Lactose transporter protein from Streptococcus thermophiles adopted 

different conformations in two different non-ionic detergents. It had a random 

orientation lacking activity in n-dodecyl-β-D-maltoside (DDM) while in Triton X-100 

the protein adopted a native conformation and regained activity (Knol et al., 1998). 

A number of additional factors require careful attention while purifying 

membrane protein in detergent micelles. One of them is the total molecular weight of 



CHAPTER  2 Page 42

the protein-detergent complex. The molecular weight and shape of the protein-detergent 

complex is different to the molecular weight of the protein alone and can affect the 

separation of protein from impurities by size exclusion chromatography methods. 

Smaller membrane proteins bind more detergent per gram of protein than larger proteins 

thus masking the size of the protein moiety. Hydrophobic interaction chromatography is 

unsuitable for all types of detergents while ion exchange chromatography should not be 

used for detergents with charged head groups (Schagger et al., 2003).  

2.6 ROLE OF DETERGENTS IN MEMBRANE PROTEIN 

CRYSTALLISATION 

Crystals of membrane proteins are obtained by subjecting the protein detergent 

complex to different crystallisation conditions with the aim of decreasing the protein 

solubility. The structural integrity of solubilised and purified membrane proteins in 

detergent micelles are absolute essential for the protein molecules to assemble into 

building blocks as required for successful crystallisation (Rummel et al., 2003).  

Another important criteria required for crystallisation is the homogeneity of the protein 

detergent complex (Kang et al., 2013). Depending on the type of crystal packing, 

crystals are classified into type l or type ll 3D crystals. Usually type 1 3D crystals are 

obtained by in meso methods such as lipidic cubic phase and bicelles (Caffrey, 2003). 

Here the detergent micelle surrounding the protein becomes absorbed into the lipid 

making up the cubic phase, thus allowing the hydrophobic portion of the protein to form 

crystal contacts (Bill et al., 2011). Type II crystals are obtained by in surfo methods 

such as vapour diffusion. The crystal contacts are predominantly mediated by 

interactions between the hydrophilic segments of the protein-detergent complex. Hence 

the detergent choice plays an important role in determining the ability of the protein to 

crystallise especially for in surfo methods (Moraes et al., 2014).  
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Detergents with alkyl chains as their hydrophobic tail have been the most 

successful detergents used for membrane protein crystallisation so far. An analysis of 

successful crystallisation conditions for α-helical membrane protein structures by Parker 

et al revealed that the non-ionic detergent alkyl maltopyranosides, mainly DDM and 

DM, have been the most successful followed by n-octyl-β-D-glucoside (OG) and then 

LDAO. Crystals obtained in the presence of OG has been reported to yield high 

resolution diffraction (Parker et al., 2012, Sonoda et al., 2011).  Though DDM, DM, OG 

and LDAO has been recommended as good first choice detergents for crystallisation, 

the ability to crystallise a protein varies depending on the properties of the protein 

detergent complex. Small variations in the chemical structure of the detergent used for 

crystallisation of membrane protein, such as differences in their chain length, can affect 

the crystallisation ability of the protein and the diffraction quality of the crystals. 

Ostermeier et al have reported that crystals of two subunits of cytochrome c oxidase 

(from soil bacterium Paracoccus denitrificans) in UM (n-Undecyl β –D – maltoside) 

diffracted to 2.6 Å while crystals in DDM diffracted to 8 Å. In contrast, DM failed to 

yield crystals (Ostermeier et al., 1997).  

Fos-choline is a zwitterionic detergent that has been widely used for extraction 

of membrane proteins and very few proteins have crystallised in their presence so far. 

An exception to this is the porin, OmpF, which was solubilised, purified and crystallised 

in the presence of FC-12 (Kefala et al., 2010). Therefore, although a particular detergent 

may not previously have resulted in successful crystallisation trials it should not be 

excluded from consideration when undertaking crystallisation of a membrane protein. 

Thus, knowledge of the interactions between the detergent and the protein may provide 

useful information in selecting a particular detergent.  

Sometimes attractive polar interactions between neighbouring detergent micelles 
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in the crystal contribute to the stability of the lattice. (Ostermeier et al., 1997). Neutron 

diffraction studies of crystals from outer membrane phospholipase A reveal rings of OG 

micelles covering the β-barrel surface of the protein molecule. These rings are fused 

with one another within the crystal lattice, stabilizing crystal contacts (Snijder et al., 

2003). Crystallisation has also been reported to occur in conditions close to phase 

separation conditions (Figure 2.2).  The attraction between detergent micelles can aid in 

forming a detergent rich phase conducive to crystal formation (Arnold et al., 2007). 

It is important to bear in mind that the precipitants used for crystallisation can 

influence the detergent system. The precipitant affects the phase of the detergent and 

can influence the nucleation of membrane protein crystals (Hitscherich et al., 2001). 

The purity and homogeneity of the detergent is another important factor affecting 

crystallisation. Trace amount of impurities in the detergent are capable of hampering the 

crystallisation process and crystal quality (Prive, 2007).  

2.7 MIXED MICELLES 

Using a combination of detergents or a detergent and lipid mixture to yield 

mixed micelles is another approach to combat the problem of providing suitable 

environment for the isolated membrane protein. An important criteria for successful 

crystallisation of membrane proteins is obtaining a small protein detergent complex that 

would allow formation of crystal contacts and promote an orderly packing of the 

molecules which yields crystals with a reduced solvent content and lattice defects and 

thus better diffraction quality (Sonoda et al., 2011, Tate, 2010). Usually small protein 

detergent complexes are obtained by using detergents with short alkyl chains but the 

short chain detergents are more denaturing to the protein molecules compared to the 

long chain detergents (Bill et al., 2011). A systematic comparison of binary mixtures of 

commonly used detergents in membrane protein work revealed that they formed 
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micelles of different shape and size rather than mixture of pure micelles of the 

individual detergent. Mixing detergents with different head groups (e.g., mixing an 

ionic detergent with nonionic detergent) modulate the surface potential of the micelles 

which in turn can play a key role in stabilizing membrane protein in solution and 

facilitating crystallisation. Thus micelles with desired properties can be designed by 

systematically mixing detergents with different properties in varying ratios (Oliver et 

al., 2014). Another approach is to work with lipid detergent mixed micelles. The use of 

lipids can aid in re-establishing the needed native lipids that were lost during 

solubilisation, thereby enhancing the stability of the protein. The addition of lipids has 

proved to be very effective for a number of membrane proteins especially the G protein 

coupled receptors. As an example, the stability and activity of G protein rhodopsin 

complexes were improved by using asolectin along with DDM (Jastrzebska et al., 

2009). It is crucial to pay attention to buffer conditions such as pH, ionic strength and 

temperature for both the detergents or detergent-lipid mixtures used in mixed micelles. 

A practical observation has shown that using a mismatch combination can lead to 

precipitation of the detergents (Keyes et al., 2003). 

2.8 DETERGENTS FOR MEMBRANE PROTEIN 

PURIFICATION AND CRYSTALLISATION 

2.8.1 CONVENTIONAL DETERGENTS 
Detergents commonly used for membrane protein purification and crystallisation 

is broadly classified as ionic, non-ionic and zwitterionic depending on the charge on 

their hydrophilic head group.  Ionic detergents have either an anionic or a cationic 

charged head group. The hydrophobic tail can be composed of either a straight chain 

hydrocarbon, as in sodium dodecyl sulphate (SDS) and cetyltrimethylammonium 

bromide (CTAB) (Figure 2.5A), or exhibit a steroidal structure as in sodium 
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deoxycholate. On the other hand zwiterionic detergents have head groups that are both 

anionic and cationic e.g., LDAO (Figure 2.5C). They are milder than ionic detergents 

and are efficiently used for soubilisation. Non-ionic detergents have an uncharged head 

group such as a glycosidic group or polyoxyethylene and are classified as mild 

detergents e.g., DDM and OG (Figure 2.5B). So far DDM, DM, OG and LDAO have 

been the most common detergents that have contributed to various membrane protein 

structures that has been successfully solved and still remains a first choice for detergents 

for working with membrane protein (Parker et al., 2012). 
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Figure 2.5:   Chemical structures of conventional detergents 

(A) Ionic detergents e.g., sodium dodecyl sulphate (anionic detergent) and hexadecyl 

trimethylammonium bromide (cationic detergent). (B) Non-ionic detergents; e.g., n-

doecyl-β-D-maltoside (DDM) and n-octylglucoside (OG) and (C) Zwitterionic 

detergent; e.g., n-dodecyl-N,N-dimethylamine-N-oxide (LDAO). 

 

2.8.2 NEW DETERGENTS  
A number of new generation detergents have emerged in the market for 

membrane protein characterisation. They have been purposefully designed to combat 

the problems associated with conventional detergents in terms of solubilisation, 

stabilisation and crystallisation of membrane proteins. One problem associated with the 

instability of solubilised membrane proteins is the highly flexible alkyl chain of the 
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detergent (Zhang et al., 2011). The newer detergents are designed to have enhanced 

rigidity. Their alkyl chain structures are altered by substituting hydrogen with fluorine 

atoms (eg F-surfactant)(Durand et al., 2014), incorporating cyclic molecules (e.g., 

cyclic maltosides) or by branching the alkyl chain (e.g., tripods). Examples and the 

chemical structure of these alkyl modified detergents are shown in Figure 2.6 A, B and 

C respectively. 

Some newer detergents are also designed to mimic the lipids in the membrane 

bilayer e.g., maltoside-neopentyl glycols (MNG) (Figure 2.6D). These include maltose 

derivatives of neopentyl glycol amphiphiles with two units of maltose as the hydrophilic 

head group and two alkyl chains as the hydrophobic tail group. MNG have reduced 

flexibility and increased hydrophobicity in the interior of the micelle. These properties 

contribute to the stability of the extracted membrane protein and assist in crystallisation. 

Also, their hydrophilicity and hydrophobicity characteristics are well balanced, 

enhancing the efficiency of protein solubilisation (Chae et al., 2010). MNG amphiphiles 

have been used to extract and purify the human agonist β2 adrenoreceptor complex, 

which yielded diffraction quality crystals in DDM (Rosenbaum et al., 2011). The TatC 

core of the twin arginine protein transport system is another example of a protein that 

was solubilised, purified and crystallised in the presence of MNG amphiphiles (Rollauer 

et al., 2012).  

As mentioned earlier crystal contact between protein molecules is absolutely 

required for crystallisation. A smaller detergent belt around the hydrophobic domain of 

the protein improves the chances of crystal contacts and enhances crystal quality 

(Garavito et al., 1996). Conventional detergents with shorter alkyl chains and smaller 

micelles have given high resolution diffracting crystals but membrane proteins tend to 

become more denatured in these detergents due to a lack of sufficient hydrophobicity. 
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This issue was combated in the new detergent designs by including two short alkyl 

chains which provides sufficient hydrophobicity for maintaining the stability of 

membrane proteins while forming a smaller hydrophobic belt around the molecule e.g., 

Glucose neo-pentyl glucoside (Cho et al., 2014). Another approach was the design of 

branched chain maltoside detergents. A short aliphatic branch was introduced between 

the hydrophilic and hydrophobic interface. This design mimics the second aliphatic 

chain of conventional lipid molecules and reduces the penetration of water molecules 

into the hydrophobic core. Their performance was reported to be comparable to that of 

conventional DDM yielding crystals for Human connex 26 in different crystal forms 

(Hong et al., 2010). 
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Figure 2.6:   Chemical structure of ‘new’ detergents  

Cartoon representation of hypothetical micelle shape for different classes of detergents 

is shown. Example of hydrophobic tail modified detergents (A) fluorine substituted alkyl 

chain (B) cyclic molecules incorporated in the tail (C) branched alkyl chain e.g., 

tripods. (D) Example of lipid like detergents and (E) steroid based facial amphiphiles. 

(F) Structure of calix[4]arene . Detergent CMC values in water are listed under the 

respective chemical structures. 
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Facial amphiphiles (FAs) are a different class of detergents that are steroid based 

and form small protein detergent complexes favouring crystallisation. They are 

structurally distinct from other detergents with hydrophilic maltoside residues attached 

to a steroid backbone instead of an alkyl chain. This provides a large hydrophobic 

surface facilitating better packing around the hydrophobic region of the membrane 

protein thus resulting in a small protein detergent complex. The FAs have promoted 

successful crystal formation for a number of proteins in test conditions (Lee et al., 

2013). An extension of the FAs is the tandam facial amphiphile  (TFA) where two 

deoxycholate bis maltoside units are linked with a diaminopropane moiety (Figure 

2.6E). They are claimed to have a similar width to native membranes and form small 

micelles compared to that of conventional DDM (Chae et al., 2010). Deoxycholate 

based glucosides (DCG) have branched diglucoside head groups linked to deoxycholate 

by amide bonds. These detergents are reported to solubilise membranes efficiently and 

provide better stability to the membrane protein (Bae et al., 2015).  

Anionic calix[4]arene based detergents are another family of ionic detergents 

that have been designed to improve the stability of membrane proteins. This exploits the 

fact that membrane proteins display a high level of basic residues at the cytosol-

membrane interface. Calix[4]arenes are made up of building blocks composed of 4 

aromatic rings. Three of these are substituted with methylene carboxyl groups while an 

alkyl tail is attached to the fourth aromatic ring (Figure 2.6F). The alkyl tail bonds to the 

hydrophobic region of the protein and the charged methylene carboxyl group forms salt 

bridges with the basic residues of the protein. These detergents are reported to be milder 

than FC-12 or SDS in spite of having 3 negative charges and have been shown to 

extract membrane proteins efficiently (Matar-Merheb et al., 2011).  
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2.9 CONCLUSION 

Given the great variation in structure and physical properties among membrane 

proteins no single detergent or class of detergent will be effective for all cases. Different 

detergents display unique physical and chemical properties such as ionic charge, 

molecular size and degree of hydrophobicity. Understanding these properties and the 

factors that influence them is a key step to successful utilisation of detergents for 

membrane protein studies. Though it is not easy to exactly match the detergent that 

would be suitable for a particular membrane protein, knowledge about the detergent 

membrane interaction and detergent protein interaction helps in interpreting the results 

obtained during membrane protein extraction and purification. This knowledge also aids 

in identifying problems and allows a more strategic planning of follow up experiments. 
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3.1 INTRODUCTION 

Membrane proteins are embedded or anchored in the lipid bilayer of cell 

membranes in vivo and are shielded from the hydrophilic environment. For structural 

and biophysical studies the protein must be extracted from these membranes into an 

aqueous medium, which should provide an appropriate environment to maintain the 

conformational stability and functionality of the target protein. EptA is an integral 

membrane protein with predicted transmembrane helices at the amino terminal region of 

the protein and a soluble periplasmic domain at the carboxyl terminal region of the 

protein. Previously truncated EptA containing only the soluble domain was expressed 

using the BL21(DE3)pLysS E. coli expression system, purified and crystallised for 

structural studies (Anandan et al., 2012). The structure of the soluble domain revealed 

the active site of the enzyme but fell short in explaining the requirements for substrate 

binding and catalysis (Wanty et al., 2013) prompting the need for elucidation of the full-

length structure to explain the mechanism of catalysis. Hence expression and 

purification of the full-length EptA, containing both the transmembrane domain and the 

soluble domain, was undertaken for further investigations. This chapter deals with the 

optimisation of recombinant expression and purification of full-length EptA for 

structural and biophysical characterisation. 

Structural studies by X-ray crystallography require large amounts of properly 

folded and functionally stable protein. Commonly this is facilitated by recombinant 

expression of the target protein in bacterial host systems and involves cloning of the 

target gene into a high copy expression vector, transformation of the host bacteria with 

the vector, and recombinant expression of the protein of interest. Optimisation at 

different stages of this process is not only essential to avoid improper folding, 

aggregation and degradation of target protein during expression but also to obtain 
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sufficient material for downstream biophysical characterisation studies.  

E. coli has been a preferred host system for prokaryotic protein overexpression 

(Rosano et al., 2014). They not only grow rapidly under laboratory conditions but also 

have been extensively characterised, cost effective and an array of strains are available 

for specific expression needs such as membrane proteins (Terpe, 2006). These bacterial 

strains are engineered for a maximum output of recombinant protein and are ideal for 

well behaved soluble protein expression. Unlike soluble proteins, recombinantly 

expressed membrane proteins have to be inserted into the limited host cell membrane 

space. The insertion of overexpressed and non-native structure into native membranes 

can cause stress to the host cell and activate their proteolytic systems (Wagner et al., 

2006). Controlled expression of the target membrane protein can alleviate this 

complication (Wagner et al., 2006) and can be achieved by using a low copy vector 

and/or weak promoters (Junge et al., 2008). Another strategy to overcome this issue is 

by screening for a suitable expression strain that tolerates over expression and insertion 

of the target membrane protein (Yin et al., 2003). Using strains that have better 

tolerance to higher levels of toxic membrane proteins expression such C41 and C43 

(Miroux et al., 1996) and strains with lower proteolytic activity such as BL21 

derivatives can boost the expression of the target protein. Further tuning of expression 

conditions such as temperature, growth medium and inducer strength can enhance the 

yield of correctly folded membrane proteins (Eriksson et al., 2009). 

Ideally the over expressed target membrane protein is expected to localise in the 

lipid bilayer but it can also localise to the inclusion bodies of the expression host. 

Assessment of the expressed protein is the next important step and involves monitoring 

the localisation, quality and quantity of the expressed target protein. The expression 

host can be fractionated into an insoluble, a soluble and a membrane fraction and the 
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protein in each fraction can be analysed by SDS-PAGE to identify the localisation of 

the target protein (Schlegel et al., 2014, Wagner et al., 2006). This also allows for the 

assessment of the integrity and quantity of the target protein expressed. 

Structural and biophysical study requires the target protein to be isolated from 

the membrane and purified from other bacterial contaminants. This is most commonly 

accomplished by column based chromatography methods such as ion exchange, size 

exclusion and affinity chromatography using compatible buffers containing detergents 

and small molecules. The characteristics of the buffer, pH, salt concentration (Ugwu et 

al., 2004) and the amphiphilic properties of the detergent that cover the hydrophobic 

surfaces of proteins (Wiener, 2004) play a vital role in maintaining the conformational 

stability of the purified protein. Proteins that maintain their conformational stability 

tend to exhibit a higher thermal stability. Additionally, high thermal stability has been 

shown to correlate with crystallisability of the molecule (Ericsson et al., 2006). A wide 

number of buffers and detergents with varying properties are available to facilitate the 

conformational and thermal stability of the proteins. Choosing the best buffer, pH, salt 

and detergent for maintaining the conformational stability of the protein is a key step for 

successful crystallisation and characterisation of the protein. 

Differential scanning fluorimetry (DSF) is a simple method that measures the 

temperature dependent unfolding of a protein in solution and this can be used to study 

the conformational stability of the protein in different buffers and additives (Phillips et 

al., 2011, Zhang et al., 2010).  The protein unfolds as the temperature increases and the 

midpoint (Tm) of this melting transition provides a quantitative measure of protein 

stability. Stable proteins require higher temperatures to unfold (Zhang et al., 2010). 

Determining the Tm of the protein in different buffers and detergents aids in identifying 

the optimum condition for maintaining the protein in a stable conformation.  
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An environmentally sensitive fluorescent dye is usually used to study the protein 

unfolding. For screening the thermal stability of membrane proteins a thiol specific 

fluorochrome N-[4-7-diethylamino-4-methyl-3-coumarinyl) phenyl] maleimide (CPM) 

is used (Alexandrov et al., 2008). The dye fluorescence is low when it is not bound to a 

target protein and increases when it binds to the thiol group (Ayers et al., 1986) of 

cysteine residues in a protein. Due to their high packing value, the cysteine residues are 

usually buried in the core of a folded membrane protein (Eilers et al., 2002, Liu et al., 

2004). During the thermal unfolding of the protein, the buried cysteine residues become 

exposed and react with CPM. The reactivity proportionately increases the CPM 

fluorescence and provides a measure of the Tm and thus, the protein’s thermal stability 

(Alexandrov et al., 2008). A schematic representation of the DSF is shown in Figure 

3.1.  

 

Figure 3.1: Schematic representation of the principles of DSF for membrane proteins 

 

Assessing the structural integrity of the extracted and purified membrane protein 

is an important step before structural and biophysical characterisation can be carried 

out. The secondary structure composition of the purified target protein can be evaluated 

by circular dichroism (CD) spectroscopy.  CD measures the absorption of left and right 

handed circularly polarised light by molecules which have a chiral centre or have a 
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three dimensional structure providing a chiral environment. Protein secondary structure 

information can be derived from CD signals in the far ultraviolet (UV) wavelength due 

to the amide chromophore of the peptide bonds. The amides exhibit two types of 

electron transitions: an n-π transition and a π0-π transition responsible for the CD 

signals in this wavelength region and gives rise to individual characteristic bands for α 

helix and β sheets structures (Woody, 1995). The α helical signal has negative bands at 

222nm and 208nm and a positive band at 190nm while the β sheet signal is 

characterised by a negative band between 210 and 220nm and a positive band between 

195 and 200nm. A random coil structure exhibits a negative band around 200nm. Many 

methods have been developed to decipher CD spectra obtained from proteins to 

estimate the fraction of residues that contribute to different secondary structural 

elements for the molecule (Greenfield, 2006).  

Size exclusion chromatography (SEC) is an efficient and common method used 

to determine the oligomeric state of proteins based on their elution volume (or time) 

from a column and comparing that with the elution of known molecular weight 

standards. This correlation of elution volume with protein size and oligomeric state is 

particularly relevant for soluble proteins; however it does not hold true for membrane 

proteins due to the presence of detergent micelles that are essential for maintaining the 

stability of the purified protein. The protein forms a complex with the detergent 

micelles in the buffer and elutes as protein/detergent complex (PDC) altering their 

interaction with the column resins and thus the elution time. In contrast, coupling size 

exclusion chromatography with multiple on-line detectors (SEC-MALLS) namely light 

scattering (LS), absorbance at 280nm (UV) and refractive index (RI) allows, not only 

the separation of the PDC from the free detergent micelles, but also provides 

information on their absolute molar mass and concentration of protein. The LS signal 
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provides information on the molar masses of all scattering particles eluted from the SEC 

column and the UV absorbance and RI detection of the detergent and protein 

concentrations in the sample enables determination of the contributions of each 

component to the overall LS signal to yield the composition of the PDC (Slotboom et 

al., 2008).  

The first part of this chapter deals with the small scale optimisation of 

expression and purification of EptA which is then used for identifying the optimum 

buffer, salt and detergent for protein purification. This is followed by large scale 

purification and biophysical characterisation of purified EptA in different detergents 

with the aim of using them for crystallisation trials.  

3.2 MATERIALS AND METHODS 

3.2.1 SMALL SCALE EXPRESSION OF EPTA 
E. coli expression strains BL21(DE3) (Jeong et al., 2009), BL21(DE3) pLysS, 

C41(DE3) and C43(DE3) (Miroux et al., 1996) were used for screening EptA 

expression. The gene encoding EptA, was amplified by PCR from N. meningitidis strain 

NMB genomic DNA (Piek et al., 2014) and cloned into the plasmid pTrc99A 

(Takeshita et al., 1987) to create a vector plasmid encoding the full-length enzyme with 

a C terminal hexahistidine tag (pCMK526). The plasmid pCMK526 was kindly 

provided by Dr Charlene M Kahler and the map included in the appendix A 

pCMK526 was transformed into E. coli expression strains by using a heat shock 

method. The plasmid (~50 ng) was added to chemically competent E. coli cells (100 

μL) and the sample equilibrated on ice for 30 min. The mixture was then heat shocked 

for 90 sec at 42oC and incubated on ice for 2 min. Lysogeny Broth (LB) (800 μL) was 

added to the transformed cells and the sample incubated at 37oC for 60 min. The 
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transformed cells were pelleted by centrifugation for 5 min at 10,000 x g, resuspended 

in 100 μL LB and plated on LB agar containing appropriate antibiotics as listed in Table 

3.1. 

Table 3.1 Antibiotics and their concentration used for selective growth of transformed E. coli 

strains 

pCMK 526 in E. coli  Antibiotic concentration 

Bl21(DE3) 50 μg.mL-1  ampicillin 

Bl21(DE3)pLysS 50 μg.mL-1 ampicillin; 34 μg.mL-1  chloramphenicol 

C41(DE3) 50 μg.mL-1  ampicillin 

C43(DE3) 50 μg.mL-1  ampicillin 

 

An isolated single colony from the LB agar plate was used for preparing a starter 

culture. 10 mL of LB medium containing the appropriate antibiotics (Table 3.1) was 

inoculated with the single colony and incubated overnight at 37oC in a shaking 

incubator.  This overnight culture was used as the starter culture to inoculate 50 mL of 

LB medium containing the appropriate antibiotics (Table 3.1) to an optical density at 

600nm (OD600) of 0.1. The bacterial cultures were grown in a shaking incubator at 37oC 

and 180 rpm until the OD600 reached 0.6 to 0.8 and the protein expression was induced 

with 0.2 mM, 0.4 mM or 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The 

culture was maintained at 37oC for 3 hours or at 25oC for 18 hours. The E. coli cells 

were pelleted by centrifugation at 5000 g (HERAEUS Multifuge X3R Centrifuge) for 

45 min. Cultures were sampled prior to induction (T0) and at the time of harvest (TF) for 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 
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3.2.2 SMALL SCALE PURIFICATION OF EPTA 
E. coli cell pellet from EptA over-expression was resuspended in 1 mL lysis 

buffer (50 mM sodium phosphate pH 8.0, 300 mM sodium chloride (NaCl) and 10 mM 

imidazole) and the cells disrupted by sonication (eight cycles of 15 second pulse with 

30% amplitude followed by 30 second rest at 4oC) (Sonics Vibra cellTm, VCX 130 and a 

stepped 3 mm microtip (part no 630-0422)). The unruptured cells were pelleted out by 

centrifugation at 5000 g for 30 minutes (Eppendorf centrifuge 5418, Crown Scientific). 

The supernatant containing the soluble proteins and the biological membranes was 

subjected to high-speed ultracentrifugation (Beckman TL-100 Ultracentrifuge and a 

TLA 100 rotor) at 64,860 g at 4°C for one hour. The pelleted membranes containing the 

target protein was solubilised by resuspending in lysis buffer containing 1% Triton or 

1% DDM and shaking for 4 hours at 4oC. The solubilised membrane fraction was 

subjected to high-speed ultracentrifugation at 64,860 g at 4°C for one hour.  The triton 

solubilised fraction was used for SDS-PAGE and mass spectroscopy (Maldi TOF/TOF) 

analysis while the DDM solubilised fraction was used for further purification of EptA 

by Ni2+ affinity chromatography. 

The supernatant from the high-speed ultracentrifugation was incubated with 1 

mL Ni2+ beads that were equilibrated with the binding buffer (50 mM sodium phosphate 

pH 8.0, 300 mM NaCl 20 mM imidazole and 0.23% DDM). The beads were then 

transferred to an empty column and washed three times with the binding buffer to 

remove any unbound proteins. The bound EptA was eluted with the elution buffer (50 

mM sodium phosphate pH 8.0, 300 mM NaCl 500 mM imidazole and 0.23% DDM). 

Imidazole was removed from the eluted fraction with 50 mM sodium phosphate buffer 

pH 8.0 containing 300 mM NaCl and 0.023% DDM using a PD 10 desalting column 

(GE Healthcare Life Sciences) and the buffer exchanged eluted fractions were used for 
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DSF measurements.  

3.2.3 DETERMINATION OF PROTEIN CONCENTRATION 
The protein concentration was determined using the Beer-Lambert law from its 

absorbance at 280 nm using a Nano drop (NanodropTM Lite from Thermo Fisher 

Scientific) and the extinction coefficient as calculated by the PropParam tool (Gasteiger 

et al., 2005) on the EXPASY website using the protein sequence.  

A=a.b.c 

 where ‘A’ is the absorbance at A280, ‘a’ is the extinction coefficient of protein at 

A280, ‘b’ is the path length and ‘c’ is the concentration of protein. 

3.2.4 SDS-PAGE  
Protein sample (20 μLl) for SDS-PAGE was prepared by adding equal volume 

of SDS-PAGE loading dye (0.125% M Tris-HCl pH 6.8, 10% glycerol, 10% 

β mercaptoethanol (β-ME), 2% SDS, 0.1% bromophenol blue). The samples were 

resolved on 12% glycine SDS-PAGE mini gels in Tris/glycine buffer (25 mM Tris-HCl, 

250 mM glycine and 1% SDS) using a Hoefer Mighty Small II gel electrophoresis 

apparatus at 150V. The gels were visualised by staining with 0.1% Coomassie brilliant 

blue dye (Sigma).  

3.2.5 MALDI TOF/TOF 
Protein bands that were prominent on SDS-PAGE and appeared between 40 kDa 

and 60 kDa were excised from the gel and analysed by mass spectrometry. Excised 

bands were destained with a 1:1 100mM ammonium bicarbonate: acetonitrile (ACN) 

solution for an hour. The solution was removed, the gel pieces dried under vacuum for 

40 minutes and the dried gel samples were digested with 120 ng of trypsin (10 μLl of 12 

ng.μL trypsin) and 25 mM ammonium bicarbonate (10 μL). The mixture was incubated 
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overnight at 37oC after which the peptide was extracted by adding 40 μL of extraction 

buffer (1% Trifluoro acetic acid (TFA)) in ACN. The mixture was incubated at room 

temperature for 15 min. The supernatant was transferred to a clean tube and dried in a 

centrifugal concentrator under vacuum (S,VC 100H, SAVANT).  The dried sample was 

resuspended in a solution containing 20 μL of 50% ACN and 1 μL of 1% TFA solution. 

Equal volumes of resuspended sample and the mass spectrometry matrix solution (5 

mg.mL-1 of α cyano-4-hydroxycinnamic acid (Bruker) in 50% ACN, 0.1% TFA and 

10mM ammonium citrate) was mixed and spotted onto a MALDI plate. The spot was 

dried and analysed by MALDI TOF/TOF (Ultraflex III, Bruker). The mass spectra of 

the sample were acquired by Flex control and the spectrum was annotated by Flex 

analysis. The protein was identified by matching the peptide mass finger print and 

MS/MS peptide profile against a protein database by MASCOT (Matrix Science) 

(Perkins et al., 1999).

3.2.6 DIFFERENTIAL SCANNING FLUORIMETRY 
DSF was performed using the thiol reactive flurorescent probe, 7 diethylamino-

3-(4-maleimidophenyl)-4-methylcoumarin (CPM) (Santa Cruz Biotechnology, Inc) in a 

Thermocycler (Biorad C1000 Series ) to identify the optimum buffer and detergent 

conditions that favour the stability of the protein.  The protocol for the assay was 

adapted from Alexandrov et al (Alexandrov et al., 2008). The CPM dye was dissolved 

in dimethyl sulfoxide (DMSO) to a stock solution of 40 mg.mL-1.  A working stock 

solution of the dye was prepared by diluting the stock to 2 mg.mL-1 with a buffer 

containing 20 mM Hepes pH 7.5.  An aliquot of 0.4 L of the CPM working stock was 

added to 1 L of the purified protein at approximately 20 mg.mL-1. This mixture was 

further diluted to a final volume of 50 l with the appropriate buffer containing the test 
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conditions, mixed thoroughly and transferred immediately to the thermocycler.  Assays 

were performed in duplicates. A temperature gradient of 5oC to 90oC in 1oC intervals 

was used for the assay.  Each temperature level was held for one minute and the 

fluorescence reading measured using an excitation wavelength of 450nm and detection 

wavelength of 510nm.  Test conditions included variations in buffers, pH, salt 

concentration and detergents (maintaining concentrations of 3 x critical micelle 

concentration (CMC)). The data were analysed with the Bio-Rad CFX Manager using 

the dFluorescence derivative method (Niesen et al., 2007, Phillips et al., 2011) and the 

melting point value, Tm was taken as the peak minima from the derivative plots. The 

raw fluorescence data was also analysed independently by fitting a Boltzmann 

sigmoidal equation to the protein unfolding transition curve and determining the 

temperature mid point, Tm (Alexandrov et al., 2008, Ericsson et al., 2006) using 

Microsoft Excel (Brown, 2001).  

3.2.7 LARGE SCALE PROTEIN EXPRESSION 
For expression of the full-length EptA E. coli strain BL21(DE3)pLysS was 

transformed with the constructed plasmid, pCMK526. Transformants were selected by 

the inclusion of ampicillin (50 μg.mL-1) and chloramphenicol (34 μg.mL-1) on LB agar 

plates.  A starter culture was prepared by inoculating a single colony into 100 mL LB 

medium containing the above antibiotics and grown at 37oC overnight. A sufficient 

volume of the starter culture was used to inoculate 0.5 L Terrific Broth (TB), such that 

the starting absorbance at 600 nm (OD600) was approximately 0.1.  Cells were grown at 

37oC in a shaking incubator set to 200 rpm until the OD600 reached between 1.2 and 1.4. 

Protein expression was induced by the addition IPTG to a final concentration of 0.4 

mM.  Incubation was continued at 25oC and 180 rpm for a further 20 hours. The cells 

were harvested by centrifugation at 5000g for 30 minutes (Eppendorf centrifuge 5418, 



CHAPTER  3 Page 66

Crown Scientific). 

3.2.8 LARGE SCALE PROTEIN PURIFICATION 
The harvested cells were resuspended in 50 mM sodium phosphate buffer pH 

7.5 containing 300 mM NaCl, 10 mM imidazole and 1 mM phenylmethylsulfonyl 

fluoride at 4oC. Between 20 and 30 ml was used for each gram of cell pellet and lysis 

was performed using an Emulsiflex C5 high-pressure homogenizer (Avestin).  The 

lysate was centrifuged at 12,290 g for 30 min at 4oC to remove the non-lysed cells. 

Membranes were then isolated by further centrifuging the supernatant at 185,511g for 

an hour using an ultracentrifuge (Beckman Coulter Optima L-90K).  Using a tissue 

grinder (Wheaton USA), the resultant pellet containing the membrane fraction was 

resuspended in the solublisation buffer (Table 3.2), the mixture was gently stirred at 4oC 

for 4 hours and centrifuged at 185,511g for 1 hour to remove the membrane debris.

  



CHAPTER  3 Page 67 

 

Figure 3.2:   Schematic representation of purification of EptA from E. coli cells  

 

The supernatant containing the target protein in detergent micelles was filtered 

using an 0.2 μm Acrodisc syringe filter (Pall Corporation) and applied onto a HisTrap 

crude extract chelating affinity column (Ni2+ NTA) (GE Healthcare) equilibrated with 

binding buffer (Table 3.2) using an ÄKTA purifier FPLC system (GE Healthcare).  The 

unbound protein was washed from the column with binding buffer until the absorbance 

at 280 nm reached a steady baseline value.  The bound EptA was eluted from the 

column using an increasing gradient of elution buffer (Table 3.2). A peak corresponding 

to EptA eluted between 20% and 30% elution buffer.  The collected eluent fractions 

were pooled and the imidazole was removed using a PD-10 desalting column (GE 

Healthcare) equilibrated with the desalting buffer (Table 3.2). The buffer exchanged 

protein was applied to a size exclusion chromatography column (Superdex 200 10/30, 

GE Healthcare) and eluted with the size exclusion buffer (Table 3.2). SDS-PAGE was 

carried out to assess the purity of the eluted peak fractions. Fractions of pure protein 
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were pooled and concentrated using a molecular weight cut off centrifugal filter unit to 

15 - 20 mg.mL-1. as determined by the absorbance at 280 nm using a calculated molar 

extinction coefficient for EptA (73,980 M-1 cm-1).  The steps involved in the purification 

of EptA are represented in Figure 3.2. 

EptA was also purified in other detergents namely FC-12, 6-cyclohexyl-1-hexyl-

β-D-maltoside (Cymal 6), OG and LDAO (Anatrace) following the above protocol. The 

buffers used for the purification in different detergent micelles are listed in Table 3.2. A 

100 kDa molecular weight cut off centrifugal filter unit (Vivaspin 20 MWCO 100 000, 

GE Healthcare) was used to concentrate EptA in DDM micelles and a 50 kDa molecular 

weight cut off centrifugal filter unit was used to concentrate EptA purified in other 

detergents (Vivaspin 20 MWCO 50 000, GE Healthcare). 
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3.2.9 CIRCULAR DICHROISM 
Far-UV spectra were measured at 20°C on a CD spectrophotometer (Jasco J-

720) using a 1mm path length quartz cuvette.  Data were collected every 1 nm with a 1 

nm bandwidth in the 190 – 260nm wavelength region using an integration time of 5 

seconds per step.  The protein sample was diluted to a concentration of 0.1 mg.mL-1 in 

20 mM sodium phosphate pH 7.0 with the appropriate detergent at a concentration of 3 

x CMC and CD spectra measured between 260 and 190nm. The resulting spectra 

represent the average of three accumulations and are buffer-baseline corrected.   

Analyses of the CD spectra of EptA purified in different detergent micelles were 

performed using Dicroweb, an web interface to several open source algorithms for 

performing analysis of protein CD spectra (Whitmore et al., 2004). The secondary 

structure predictions from the CD spectra were obtained from a different analysis 

program, namely CONTIN (van Stokkum et al., 1990), CDSSTR (Compton et al., 1986) 

and K2D (Andrade et al., 1993). The SPM180 (optimised for 190-240 nm) reference 

data set that included 30 membrane proteins out of 128 total proteins (Miles et al., 2016) 

(Abdul-Gader et al., 2011) was used for the deconvolution of CD spectra (Correcirc et 

al., 2009).  

3.2.10 SEC-MALLS 
SEC-MALLS analysis was performed using a 10/300 GL Superdex 200 column 

(GE Healthcare) coupled to a Viscotek TDA tetra detector array (Malvern).  The 

column was equilibrated with 50 mM Hepes pH 7.0, 100 mM NaCl and 0.023% DDM 

at a flow rate of 0.3 mL.min-1 until a stable base line was attained (as measured by the 

absorbance at 280nm). 100 μl of purified EptA in DDM at a concentration of 1 mg.mL-1 

was applied to the column.  The data from the detectors (UV280/right angle light 

scattering (RALS)/refractive index (RI)) were analysed using the OmniSEC software. 
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SEC-MALLS analysis was also performed for EptA purified in FC-12 micelles and in 

Cymal 6 micelles. The standard, bovine albumin serum (BSA), was prepared in the 

respective detergent containing column buffer matching the sample buffer and the 

instrument was calibrated against 100 microliter of BSA at a concentration of 1 mg.mL-

1. 

3.3 RESULTS AND DISCUSSION 

3.3.1 SMALL SCALE PROTEIN EXPRESSION AND PURIFICATION 
Small scale screening for EptA expression was a crucial step for optimisation of 

the expression and purification procedure of the enzyme. The gene, vector and 

expression host are three elements that are pivotal for recombinant protein expression 

and the appropriate combination of these elements maximises the amount and quality of 

protein produced. The gene encoding EptA was obtained from the genomic DNA of 

N. meningitidis strain B. The vector plasmid pCMK526 has this EptA gene cloned into 

the pTrc99a vector containing a modified tac promoter (de Boer et al., 1983) that 

enables a moderate level of target protein expression. The vector also has a lac repressor 

gene and its expression prevents the basal expression of the target gene before induction 

(Samuelson, 2011). The vector plasmid pCMK526 was designed to incorporate a hexa 

histidine tag at the C terminus of the EptA gene to enable affinity purification. The 

location of the tag was designed to avoid interference with the insertion of the N 

terminal transmembrane domain into the membranes and to ensure exposure of the 

expressed hexa histidine tag for efficient Ni2+ affinity purification of the protein.  

Screening for an efficient expression system for EptA was carried out by 

comparing four host strains BL21(DE3), BL21(DE3)pLysS, C41(DE3) and C43(DE3) 

that differed in their stringency of suppressing basal expression levels (Yin et al., 2003) 

and tolerance to toxic membrane protein (Miroux et al., 1996). 
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Figure 3.3:   Analysis of EptA expression in different E. coli strains 

A. Comparison of EptA expression and localisation between two different E. coli strains 

BL21(DE3)pLysS and C41(DE3). The starting material for different strains were 

normalised by their OD600 against each other.  Analysis of different cell fractions - 

insoluble fraction (I), soluble fraction (S), membrane fraction (M), cytoplasmic fraction 

(C), insoluble membrane fraction (IMP) and solublised membrane fraction (SMP), for 

EptA expression by SDS-PAGE analysis. The arrow indicates the band confirmed as 

EptA by mass spectrometry. B.  Comparison of Ni2+purified EptA from four different E. 

coli strains. The gel shows the protein bands from the membrane fraction (M) and the 

Ni2+purified EptA (N). 

 

Analysis of T0 and TF samples from different host strains by SDS-PAGE showed 

no obvious overexpression of EptA. Hence membranes were isolated from the ruptured 

cells and solubilised with 1% Triton-X100 to estimate EptA expression. Analyses of 

these solubilised membrane fractions showed a prominent band slightly above 55.6 

kDa, indicated by arrows in the Figure 3.3A. Mass spectrometry analysis of this 

prominent band confirmed the protein as PEA transferase, EptA (Tax_ID=1145157 N. 

meningitidis 73696) with a high protein score of 952.  

Further qualitative and quantitative comparisons of EptA expression from 

different E. coli strains were carried out with the DDM solubilised membranes. The 

supernatant from the DDM solubilised membrane fractions were purified by Ni2+ 
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affinity chromatography to establish sample purity and molecular weight by SDS-

PAGE. The molecular weight of EptA was calculated to be 62.219 kDa from the protein 

sequence in ExPASy ProtParam (Gasteiger et al., 2005) and EptA resolved between 

55.6 and 66.4 kDa by SDS-PAGE. The concentration of Ni2+ purified EptA from 

different strains were compared from their absorbance at 280 nm, using the theoretical 

extinction coefficient of EptA as calculated by ExPASy ProtParam (73980 M-1.cm-1). 

The protein yield obtained from the four different strains were similar, ranging from 0.1 

to 0.15 mg of purified protein from 50 mL bacterial growth culture.  The SDS-PAGE 

gel showed that EptA purified from all the four E. coli strains were relatively pure with 

minimal contaminants or degraded products suggesting that the bacterial host strains 

tolerated the expression of EptA.  

The four E. coli strains trialled for EptA expression are T7 expression systems 

containing the chromosomal DE3 prophage with a lac UV5 promoter controlling 

expression of T7 RNA polymerase. This promoter is not completely shut off by the lac1 

repressor gene, leading to leaky expression of the target gene. Moreover, the pTrc99a 

vector used for the plasmid construction lacks the catabolite activator protein (CAP) 

binding site and is not susceptible to glucose repression of basal expression. 

Incorporation of the pLysS plasmid into the bacterial system allows expression of T7 

lysozyme at a constant level in the BL21(DE3)pLysS strain, thus inhibiting the activity 

of T7 RNA polymerase and reducing leaky expression of the target protein (Rosano et 

al., 2014). Avoiding leaky expression is vital to maintaining vector stability. Hence the 

BL21(DE3)pLysS expression strain was chosen over other strains for large scale 

expression in order to take advantage of the pLysS plasmid and to minimise EptA basal 

expression. 

Other factors such as temperature, growth medium, concentration of IPTG for 
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induction etc were varied, one variable at a time, to achieve maximal EptA yield. The 

optimised conditions included using TB medium for growth, inducing at an OD600 of 1.2 

to 1.4 with 0.4 mM IPTG and growing the induced culture at 25oC for 16 hours. These 

conditions drastically improved the yield with a final cell density of OD600 

approximately 12 and wet pellet weight of 20 g from 500 mL culture. Using a rich TB 

medium for growth maintained a high level of nutrients throughout the long expression 

time (Eriksson et al., 2009) thus improving the cell mass. Also, the phosphate salts in 

the media provides a higher buffering capacity to prevent acidification of the media and 

thus allowing extensive proliferation of the E. coli cells (Rosano et al., 2014).  

Though the IPTG concentration for induction had no effect on the protein yield, 

inducing the bacterial cells at higher densities and lowering the post induction growth 

temperature to 25oC resulted in increased EptA yield. These altered conditions have 

favourably influenced the expression kinetics of the target protein (Eriksson et al., 2009, 

Junge et al., 2008) yielding sufficient quantity of EptA for structural and biophysical 

studies. Culturing the cells at decreased temperature slows down the cell growth 

reducing translational stress and conserving the energy for protein production and 

folding (Hattab et al., 2014). 
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3.3.2 DIFFERENTIAL SCANNING FLUORIMETRY 
DSF was performed on DDM purified EptA using the CPM dye to identify the 

optimum buffer and detergent for maintaining its in vitro conformational stability. EptA 

has 12 cysteine residues in total, 10 in the soluble domain involved in 5 intramolecular 

disulphide bond formation (Wanty et al., 2013) and 2 in the transmembrane domain. 

CPM is a fluorochrome whose fluorescence increases when it reacts with a thiol group 

and is ideal to monitor the thermal stability of membrane proteins as its fluorescence is 

not influenced by the presence of detergents. Though the dye has been shown to bind to 

hydrophobic residues resulting in increased fluorescence, the intensity of fluorescence 

when bound to a thiol group is much higher (Wang et al., 2015). 

DSF for Ni2+ NTA column purified EptA in DDM micelles performed in a 

thermo cycler (Biorad C1000 thermo cycler) using a 96 well plate not only allowed high 

throughput screening but also reduced the instrument variability for different assay 

conditions. Varying concentrations of the CPM probe and protein were titrated to 

determine the optimal concentration for the best signal to noise ratio for DSF. This was 

important as the filters available for the excitation and emission of the CPM dye in the 

thermo cycler was suboptimal and an increased protein concentration was required as 

compensation. Appropriate controls were included in the assay to check the stability of 

the fluoro chromophore in the buffers, detergents and temperatures used for screening. 
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 A combination of different detergents and three buffers with varying pH from 

6.5 to 8.5 were assayed to study the stability of EptA. The list of detergents used in the 

assay and their properties are listed in the table 3.3. Additionally, Figure 3.4A displays 

the combinations of conditions used for the assay along with the Tm obtained for each 

condition.  The five different detergents included in the initial assay were DDM, OG, 

Cymal 6, FC-12 and LDAO. DDM, OG and Cymal 6 are nonionic detergents with an 

uncharged sugar head group and are milder detergents. In contrast, LDAO and FC-12 

are zwitterionic detergents with both anionic and cationic charges in the head group. 

The size and shape of the polar head group and the non-polar tail of the detergent 

monomer determines the packing preference and the micellar structure as discussed in 

Chapter 2. The detergents (Figure 3.4A(a)) used in the initial assay had varied head 

group size, shape and charge while the hydrophobic tail length remained the same 

except in the case of OG, yielding detergent micelles with varied geometry. This was 

followed by screening non-ionic maltoside detergents with varying tail lengths (Figure 

3.4A(b)). The geometry of the detergent micelle can in turn influence the protein 

conformation. Additionally, Tm analysis in the presence of two different salts (NaCl 

and KCl) in the conditions showed that the protein stability was better in the presence of 

NaCl. Further analysis of Tm with varying NaCl concentration (Figure 3.4A(c)) 

identified 100mM NaCl as the optimal salt concentration. Figure 3.4B shows a 

composite plot of calculated melt temperatures in different buffers with varying pH, salt 

and detergent. 

The melt curves from the analysis were first visually inspected and only the 

peaks that possessed the characteristic unfolding sigmoidal shape were further analysed 

(Phillips et al., 2011). Melt curves from most conditions showed a profile characteristic 

of protein unfolding with low initial fluorescence followed by a sigmoidal curve (Wang 



CHAPTER  3 Page 78

 

 

 



CHAPTER  3 Page 79 

 

 

 

Figure 3.4:   Differential scanning fluorimetry of EptA.  

 A. Conditions screened for EptA stability and their corresponding Tm (a) EptA stability 

in different detergent, buffer with varying pH and salt concentration. The detergents 

screened are DDM (n-Dodecyl-β-D-maltopyranoside), LDAO (Lauryl-dimethylamine-

N-oxide), FC-12 (Fos choline 12), OG (n-Octyl- β-D glucopyranoside) and Cymal 6. (b) 

EptA stability screen in nonionic, detergents with maltoside headgroup and varying 

alkyl chain length. (c) EptA stability screen in varying salt concentration. The layout is 

colour coded to diplay the melt temperature of EptA in each condition, varying from red 

(lowest melt temperature recorded) to green (highest melt temperature recorded). Lack 

of melt temperature corresponds to condition that did not display a melt transition 

profile. (ii)  (B) A composite plot of calculated melt temperatures for EptA in different 

buffers with varying pH, salt and detergent. Data points are mean of duplicates. (C(i)) 

Representative melting curve of EptA in DDM micelles in different buffer with varying 

pH are shown. The raw data for each condition are plotted as dots and the Boltzmann 

sigmoidal equation fitted curves are shown with correspondingly coloured solid lines. 

(C(ii)) Representative derivative profiles (d(F)/d(t)) of the melt curves of EptA shown in 

C(i). The derivative profile follow the same colour scheme as the melt curves.   
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et al., 2015).  The Tm obtained from two independent analyses namely by fitting the 

melt curve with Boltzmann equation (Figure 3.4C(i)) and 1st order derivative method 

(Figure 3.4C(ii)) were in good agreement for most conditions. A difference of up to 2 

degree in Tm was observed between the results obtained from the two methods for 

certain conditions where the melt curve lacked a clear unfolding transition. In spite of 

this difference the Tm obtained by both the methods followed the same trend. Since the 

objective of this experiment was to obtain a relative stability value under various 

conditions the results from this experiment were used for further analyses. 

Interestingly EptA had a reasonably high melt temperature (≥40oC) and stability 

in a diverse range detergents including harsh detergents such as LDAO, suggesting that 

the protein could be a good target for crystallisation (Matar-Merheb et al., 2011). It 

should be noted that the DSF was performed on concentrated protein purified in DDM 

micelles and diluted into buffers containing different detergents selected for the study. 

Consequently, the thermal stability of protein observed is effectively from mixed 

micelles of DDM and the selected detergent. The buffer conditions and the detergents 

that maintained good Tm as identified by the DSF were used for large scale purification.
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3.3.3 LARGE SCALE EXPRESSION AND PURIFICATION 
Large scale expression of EptA was carried out in 2L baffled flasks in a shaking 

incubator using conditions determined by the small scale optimisation of EptA 

expression. The membrane bound protein must be solubilised from the host membrane 

and 1% DDM was used for this purpose. Analysis of protein bands from the isolated 

membranes and solublised membrane fraction by SDS-PAGE (Figure 3.5A) (protein 

band corresponding to EptA molecular weight are marked with arrows) indicated that 

EptA was inserted into the membranes and 1% DDM efficiently solubilised the protein 

from the membranes. Solubilised EptA was purified from other E. coli protein 

contaminants using a Ni2+NTA column and the protein eluted with 150 mM imidazole 

(Figure 3.5B). SDS-PAGE analysis of the eluted fractions indicated some contaminants 

necessitating further purification of the enzyme (Figure 3.5D) which was performed by 

size exclusion chromatography. The pH of the binding buffer and elution buffers for 

Ni2+NTA column was reduced from 8.0 to 7.5 as indicated by the DSF results (see 

Figure 3.4). Hepes buffer at pH 7.0 with 100 mM NaCl and 0.023 % DDM was used as 

the SEC buffer and to store the protein for further studies. The optimised purification 

yielded approximately 14 mg.L-1 culture as opposed to 2 mg.L-1 obtained before 

optimisation.  
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Figure 3.5:   Purification of EptA in DDM micelles  

(A) SDS-PAGE analysis of cell fraction from large scale expression of EptA in the 

BL21(DE3)pLysS expression system. Protein bands at a molecular weight 

corresponding to EptA are marked with black arrows. (B) Chromatogram showing the 

Ni2+NTA affinity purification of EptA from DDM solubilised membranes.  The 

chromatogram shows A280 absorbance (blue line) and the corresponding imidazole 

concentration (red line) against the elution volume. (C) Chromatogram showing the 

SEC elution profile of EptA purified in DDM micelles. (D) SDS-PAGE analysis of EptA 

fractions purified by Ni2+NTA affinity chromatography. 
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The protein eluted as a single sharp peak from the SEC column, but exhibited a 

shorter retention time than expected for a 62 kDa monomer (Figure 3.5C).  This 

phenomenon is common with membrane proteins due to the formation of protein 

detergent complex, affecting their mobility through the SEC and resulting in a shift in 

SEC elution (Rath et al., 2009).  

3.3.4 SOLUBILISATION AND PURIFICATION IN DIFFERENT 

DETERGENTS 
EptA exhibited a high melt temperature not only in DDM micelles but also in 

other detergent micelles namely FC-12, Cymal 6, OG and LDAO. Hence an attempt 

was made to purify the EptA in the above detergents micelles. Though there are many 

detergents used for solubilisation of target membrane proteins, the protein may interact 

with them differently depending on the detergent’s physical and chemical properties. 

This interaction not only alters the solubilisation efficiency of proteins but also affects 

their aggregation and denaturation properties. The isolated EptA membrane was 

solubilised in different detergents namely FC-12, Cymal 6, OG and LDAO and the 

influence of these detergent micelles was assessed by SDS-PAGE (Figure 3.6A). EptA 

treated with LDAO showed substantial cleavage which was evident from a low intensity 

EptA band around 60 kDa. LDAO is a relatively harsh detergent (Sonoda et al., 2011) 

and it’s hydrophilic small head group could be forming micelles that interrupt with the 

conformation of the protein thus causing its cleavage. 

FC-12, Cymal 6 and OG solubilised EptA was purified by Ni2+NTA affinity and 

SEC. SDS-PAGE analysis of the SEC purified EptA in different detergents and a 

comparison of SEC profile of EptA in different detergent are illustrated in Figure 3.6(B 

and C) respectively. EptA in FC-12 micelles and Cymal 6 micelles eluted as a single 

sharp peak from the SEC column but their retention time varied from each other and 
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from the EptA in DDM micelles. The variation in retention time observed could be 

attributed to the variation in the detergent micelle shape and size. Though the 

hydrophobic tail length of these detergents is the same, their head group varies 

considerably in size, shape and charge. Hence the packing parameter of these detergents 

vary affecting the micelle formation and shape which in turn influences the shape of 

protein detergent complex and the SEC elution retention time (Kunji et al., 2008). In 

contrast, OG solubilised EptA eluted as multiple peaks from the SEC column 

suggesting that OG may not a suitable detergent for EptA purification. Though the Tm 

of EptA in OG from TSA was 50oC, as mentioned earlier, the assay was performed with 

EptA purified and concentrated in DDM micelles and then diluted into buffer with OG 

micelles. The resultant mixed micelles might maintain the stability of EptA better than 

just OG micelles. EptA in OG micelles could be suffering from protein detergent 

hydrophobic mismatch due to their shorter tail length leading to protein instability 

(Andersen et al., 2007).  
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Figure 3.6:   Purification of EptA in different detergents (DDM, FC-12, Cymal 6 and 

OG) are shown 

A) SDS-PAGE analysis of proteins in the extracted cell membranes treated with 

different detergents. The full-length EptA band is marked with a rectangle. B) SDS-

PAGE comparison of SEC column eluted fraction of EptA purified in different detergent 

micelles. C) Comparison of SEC profile of EptA in different detergents. EptA in DDM 

micelles, FC-12 micelles, Cymal 6 micelles and OG micelles are plotted in blue, 

orange, purple and green respectively. The void volume and retention volumes from the 

SEC column are indicated for standard proteins thyroglobulin (669 kDa), ferritin (440 

kDa), aldolase (158 kDa), conalbumin (75 kDa) and Ovalbumin (43 kDa).  
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Comparison of the secondary structure of EptA purified in DDM, FC-12 and 

Cymal 6 were established by CD spectroscopy and the integrity of the EptA detergent 

complex was studied by SEC-MALLS. 

3.3.5 CIRCULAR DICHROISM 
CD spectroscopy was used to assess the conformational properties of purified 

EptA.  The results confirmed that the protein maintained its secondary structure in all 

three detergent micelles. The spectrum showed minima at 206 nm and 222 nm 

suggesting that the protein is predominantly α-helical (Figure 3.7A). 

The results from deconvolution of the CD spectra of purified EptA by three 

different secondary structure calculation programs (CONTIN, CDSSTR and K2D) are 

presented in Figure 3.7B and the agreement of secondary structure predictions obtained 

from the different algorithms used by these methods suggests that the predictions are 

reliable (Correcirc et al., 2009, Greenfield, 2006). A comparison of the predicted EptA 

secondary structure in DDM micelles, FC-12 micelles and Cymal 6 micelles indicated 

that they all possessed similar % of total α helix, β sheet and random coil (Figure 3.7B) 

and maintained a well folded secondary structure in the three different detergent 

micelles. 
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Figure 3.7   Analysis of CD spectra of EptA 

(A) Comparison of CD spectra of EptA purified in different detergents: DDM (blue), 

FC-12 (orange) and Cymal 6 (violet). The plot shows the mean molar ellipticity of the 

samples against different wave length at far UV region. (B) Secondary structure 

prediction of the experimental CD spectra by different programs - CONTIN, CDSSTR 

and K2D.  

 

3.3.6 SEC-MALLS 
The conformational status and the behaviour of EptA in different detergent 

micelle and the proportion of free detergent micelles in the protein solution was 

assessed by SEC-MALLS (Zhang et al., 2007). SEC-MALLS monitors the SEC eluted 

protein by three detection methods: RI, RALS and UV280 absorbance. A comparison of 

the elution profiles of EptA purified in three different detergents DDM, FC-12 and 

Cymal 6 are shown in Figure 3.8A. The detector response for each profile has been 
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normalised for better comparison.  

The three elution profiles revealed two distinct peaks each, at retention volumes 

listed in Figure 3.8B. The first peak displayed a strong signal from all the three 

detectors indicating that it belongs to the protein detergent complex while the second 

peak lacked a UV280 signal corresponding to protein free detergent micelle. Though the 

SEC column was able to separate the PDC from the respective free detergent micelle, 

the separation was partial with an overlap between the peaks from both species Figure 

3.8A. Hence the analysis of these profiles was performed by carefully setting out the 

boundaries for each peak, avoiding the overlaps (Miercke et al., 2014).  

Analysis of EptA in DDM profile using the Omnisec software (Malvern) gave 

an average molecular weight of 58,213 Daltons, slightly lower than the predicted 

molecular weight of 62,219 Daltons.  This along with a polydispersity value of 1.009 

indicate that protein was monomeric and monodispersed in DDM micelles. Also the 

elution profile showed a flat shoulder at the beginning of the first peak, indicating that 

the protein lacked aggregation in the DDM micelles at the concentration used. The 

presence of a small amount of free micelles in the solution is acceptable for successful 

crystallisation. In contrast, EptA in both FC-12 micelles and in Cymal 6 micelles 

showed some degree of aggregation as indicated by the shoulders in the PDC peak. The 

aggregation peak was better resolved in the FC-12 micelles in comparison with the 

Cymal 6 micelles. Again boundaries of the peaks had to be carefully set to avoid 

overlap of species during analysis. The average molecular weight of EptA in FC-12 

micelles and Cymal 6 micelles was 62,853 Daltons and 53,263 Daltons respectively 

with a polydispersity index of 1.008 for both samples. EptA exists as a monomer and is 

monodispersed in both FC-12 micelles and Cymal 6 micelles.  

The calculated molecular weight of EptA in DDM micelles and in Cymal 6 
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micelles are 7% and 15% less than the theoretical molecular weight while the molecular 

weight of EptA in FC-12 micelle is in good agreement with the calculated molecular 

weight of EptA. Generally a ±10% deviation of the experimental molecular weight from 

the expected molecular weight has been observed for membrane proteins (Gimpl et al., 

2016) (Slotboom et al., 2008) and the experimental molecular weight for EptA in DDM 

falls within this limit. Partially separated peaks result in signal contribution from both 

species adversely affecting the data analysis and accurate molecular weight calculations 

(Gimpl et al., 2016, Miercke et al., 2014). Though the peak boundaries were set for the 

PDC peak of EptA in Cymal 6 avoiding the aggregation shoulder, signal from the 

aggregated EptA will contribute to the experimental molecular weight calculations 

(Slotboom et al., 2008). Lack of clear segregation of aggregated and monodispersed 

protein could be a factor affecting the molecular weight determination of EptA in 

Cymal 6 micelles.  
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Figure 3.8   SEC-MALLS profile of EptA purified in DDM, FC 12 and Cymal 6 

(A) SEC as monitored by UV absorbance at 280nm, refractive index and light scattering 

of EptA in DDM micelles, FC-12 micelles and Cymal 6 micelles. The output of detectors 

from the samples have been normalised for comparison and plotted against the 

retention volume. The log molecular weight of PDC are plotted using the secondary 

axis and (B) comparison of various parameters for PDC and detergent micelles 

calculated from the SEC-MALLS analysis  
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3.4 CONCLUSION AND SUMMARY 

This chapter describes the expression and purification of full-length EptA from 

N. meningitidis for downstream structural and functional studies. The optimisation of 

EptA expression and purification resulted in a high yield of pure folded protein. Though 

the activity of the purified enzyme could not be assessed due to the lack of an activity 

assay, conditions for obtaining homogenous protein in three different detergent micelles 

were identified and purified. This has led to crystallisation trials and structural 

characterisation of EptA. Also, comparative structural analyses and biophysical 

characterisation of EptA in different micelles can provide important insights into their 

conformation stability and functionality.  
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4 ASSESSING THE ACTIVITY 

OF EPTA 

CHAPTER 4
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4.1 INTRODUCTION 

Membrane protein characterisation requires solubilised and monodispersed 

protein that is structurally and functionally stable. Conformational stability of protein is 

greatly influenced by its solvent environment (Ugwu et al., 2004) and the detergent 

(Pullara et al., 2013) included in the solvent. The detergent maintains the integrity of the 

membrane protein in a non-membrane environment. The functional integrity of an 

enzyme is intrinsically dependent on its three dimensional structure which determines 

how the enzyme binds to its substrate, catalysis and regulates the reaction. Hence prior 

to the structural characterisation, assessing the functional integrity of recombinantly 

expressed and purified enzyme is essential and can be established by an in vitro activity 

assay.  

Although recombinantly expressed EptA maintained its secondary structure and 

was homogenous when purified in different detergents, its catalytic activity could not be 

assessed due to lack of an activity assay. Developing an in vitro activity assay for EptA 

would not only assess the quality of the purified protein but can also be used for 

studying its catalytic mechanism and inhibition studies.  Additionally an in vitro assay 

would enable the assessment of small molecule inhibitors to the enzyme. With this aim 

in mind, an assay to monitor the activity of EptA was developed and validated which 

will be discussed in this chapter.  

Enzyme assays are experimental protocols that allow visualisation of an enzyme 

catalysed chemical reaction (Goddard et al., 2004). The chemical reaction involves the 

conversion of a substrate to its product and an activity assay monitors either the 

formation of product or depletion of the substrate.  Developing an enzymatic assay 
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involves identification of a suitable substrate close to the native substrate, co-factor, 

buffer components and optimal conditions for the reaction and a mode to observe the 

progress of the reaction (Bisswanger, 2014). Also the formation of the product or 

depletion of the substrate needs to be monitored with ease and accuracy. Another key 

factor is to perform the assay in similar environment to the physiological condition and 

the reaction needs to be robust and reproducible especially for kinetic measurements 

(Tipton, 1992).   

EptA from Neisseria meningitidis catalyses the transfer of phosphoethanolamine 

from phosphatidylethanolamine to lipid A at 1 and/or 4’ head group positions as shown 

in Figure 4.1. Substitution of both the phosphate groups of lipid A by PEA was initially 

revealed by structural characterisation of meningococcal lipid A (Kulshin et al., 1992) 

and later the protein responsible for this substitution was identified as EptA (Cox et al., 

2003).  

Figure 4.1:   Reaction catalysed by EptA 

 

Enzyme activity of EptA and its homologous protein has so far been identified 

and largely studied by in vivo assays such as polymyxin inhibition, mutational studies 
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(Tzeng et al., 2005) and structural analysis of lipid A from the outer cell membrane of 

the hosts (Kim et al., 2006, Lewis et al., 2013). Lpt3 and Lpt6 from Neisseria species 

are homologues to EptA and they transfer phosphoethanolamine from 

phosphatidylethanolamine to the 3rd and 6th position of distal heptose moieties in the 

LOS molecule. Wenzel et al developed an in vitro assay to assess the enzyme activity 

by treating the purified enzyme with E. coli phosphatidylethanolamine and purified 

LOS from Neisseria spp. The activity of the enzyme was detected by dot blot analysis 

that used a monoclonal antibody specific to either LOS containing HepII-3-PEA or LOS 

containing HepII-6-PEA (Wenzel et al., 2010). Though this assay effectively 

demonstrated the activity of the purified recombinant enzyme, it was limited by the 

need for a specific monoclonal antibody and purified LOS for detection. 

An in vitro assay for monitoring the enzyme activity is essential for kinetic and 

biochemical studies of the catalytic mechanism of EptA. Easy detection of 

phosphatidylethanoamine conversion or addition of PEA to lipid A would enable the 

development of an activity assay for EptA. Earlier, activity of recombinant soluble 

domain of EptA was studied using a soluble chromogenic substrate, para-nitrophenyl 

phosphoethanolamine (p-NPPE). The recombinantly expressed truncated soluble 

domain EptA cleaved the phosphoethanolamine from p-NPPE yielding a yellow 

coloured para-nitrophenolate ion (Wanty et al., 2013). But the chromogenic substrate 

differed substantially from the natural substrate phosphatidylethanolamine lacking the 

fatty acid chains. Phosphatidylethanolamine is a glycerol esterified with two fatty acyl 

chains and a phosphate combined with ethanolamine. Also such chromogenic substrates 

have been reported to have a more reactive leaving phenol group in comparison to the 

naturally occurring aliphatic substrate (Goddard et al., 2004).  

The ability of DDM purified EptA to transfer PEA from E. coli 
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phosphatidylethanolamine to lipid A of Neisseria flavescens and resulting cytokine 

response was assessed by our collaborators from the Department of Laboratory 

Medicine, University of California, San Francisco, CA. Mass spectrometry analysis of 

the EptA treated N. flavescens membranes and induced cytokine response confirmed 

that the DDM purified EptA cleaved PEA from phosphatidylethanolamine and added it 

to lipid A (Anandan et al., 2017). Also investigation of 1,2-dioleoyl-glycero-

phosphoethanolamine doped monoolein bicontinuous cubic phase incorporated with 

recombinant EptA in DDM micelles revealed the cleavage of PEA. Small angle 

scattering and mass spectrometry analysis were used for this study (van 't Hag et al., 

2017). Both these assays lacked easy detection of a time dependent progress of the 

reaction which is essential for studying an enzyme reaction and its kinetics. Another 

critical prerequisite for developing a valid enzyme assay is the correct choice of 

substrate that closely resembles the physiological substrate and conditions that are 

necessary for the determination of the initial velocity of substrate conversion.  

The development and optimisation of an activity assay for EptA will be detailed 

in this chapter. The first part will deal with identification and detection of substrate 

conversion by EptA. This will be followed by optimisation of the assay conditions, 

including substrate concentration, enzyme concentration in the reaction mixtures and 

appropriate incubation times. The final part details the kinetic measurement for EptA 

and comparison of activity catalysed by EptA purified in different detergents.  

4.2 MATERIALS AND METHODS 

EptA was recombinantly expressed, purified and concentrated in detergent 

micelles, namely DDM, FC-12 and Cymal 6 as described in Chapter 3 for the activity 

assay. Fluorescent labelled 1-myristoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)amino] dodecanoyl}-sn-glycero-3-phosphoethanolamine (Avanti Lipids) (NBD-
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PEA) was used in the assay as the substrate. 0.8 mM stock solution of the substrate was 

prepared in 50 mM Hepes pH 7.0, 100 mM NaCl and 1.2% detergent (DDM, FC-12 and 

Cymal 6) and stored at -80 in aliquots for subsequent use. 

4.2.1 IDENTIFICATION OF EPTA ACTIVITY 
Enzyme activity assay was performed using NBD-PEA as the substrate to assess 

PEA transfer by the purified enzyme. EptA (1.2 mg mL-1) in buffers containing 50 mM 

Hepes pH 7.0, 100 mM NaCl and 3 X CMC of detergents (DDM, FC-12 and Cymal 6) 

was added to NBD-PEA (0.4 mM) and equilibrated at room temperature for 16 hours. 

The reactions were applied to a Thin Layer Chromatography (TLC) plate (TLC Silica 

gel 60, F254 Aluminum sheet, Merck) and developed using ethyl 

acetate:methanol:water (7:2:1, v/v). The fluorescence signal on the plate was visualised 

in the Chemidoc MP imaging system (Bio-Rad) using Epi blue light (455-485 nm) and 

a corresponding filter (530 nm +/- 28 nm).  

For confirmation of product formation (1-acyl-2-{12-[(7-nitro-2-1,3-

benzoxadiazol-4-yl) amino] dodecanoyl}-sn-glycerol, (NBD-DAG)) the appropriate 

material on the TLC plate was scraped off and washed with methanol. Concentration of 

the eluent gave a residue that was analysed using a Waters LCT premier spectrometer, 

run in 6 positive ion, W-mode, using the atmospheric pressure chemical ionisation 

(APCI) method with MeCN/0.1% formic acid in H2O (9:1) as a matrix. 

4.2.2 OPTIMISATION OF EPTA ACTIVITY 
Optimisation of the activity assay was performed with EptA in DDM micelles 

and NBD-PEA following the protocol detailed in section 4.2.1. The spots developed 

were imaged in a Chemidoc imaging system and the exposure time was adjusted to 

avoid saturation of spots. The captured spots were quantified and analysed by Image 

labTM 5.2.1 software (Bio-Rad). Enzyme reaction in an activity assay depends on a 
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number of factors such as substrate concentration, detection limit of the instrument, 

enzyme concentration, temperature, pH and the observation time. These factors were 

altered and optimised iteratively to capture the initial linear portion of the reaction for 

determining the activity rate. 

4.2.2.1 DETECTION SYSTEM LINEARITY AND SUBSTRATE 

CONCENTRATION  
An assay mixture and a control sample were prepared with 160 nmol of NBD-

PEA in 50 mM Hepes, 100 mM NaCl and 0.023% DDM.  Purified EptA was added to 

the assay mixture to give a final concentration of 1.2 mg.mL-1 (for the control equal 

volume of protein buffer was added in place of the enzyme) and both the samples were 

incubated overnight at 37oC. The assay mixture containing the enzyme and the control 

were serially diluted up to 5 nmol of NBD-PEA and spotted on the TLC plate. The TLC 

plate was developed and Chemidoc imaging system was used to capture the 

fluorescence signal as described in section 4.2.1. The captured images were analysed by 

Image LabTM software and the band intensity were plotted against the concentration of 

NBD-PEA spotted. The assay was repeated with a low concentration of NBD-PEA 

(0.04 pmol to 0.01 pmol) to detect the limits and sensitivity of the imaging system. The 

range of concentration that yielded a linear signal by the detection system was used as a 

guide to optimise the concentration of the substrate in the reaction mixture.  

4.2.2.2 MEASUREMENT OF INITIAL VELOCITY OF THE 

REACTION 
The activity assay was performed with varying enzyme concentration while the 

concentration of the substrate and temperature were kept constant. The initial velocity 

of the reaction was captured by reducing the amount of enzyme in the 50 μL reaction 

mixture from 1.2 μg to 0.04 μg. Also the temperature of the reaction was reduced to 
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25oC to prolong the initial linear portion of the reaction enabling easy detection of the 

initial velocity.  

4.2.2.3 OBSERVATION TIME 
The reaction mixture was incubated at 25oC before the addition of the enzyme 

and the enzyme was added to start the reaction. 1 μL of the reaction mixture was 

sampled approximately every 30 seconds and reaction was monitored for 15 minutes. 

The linearity of the reaction lasted for about 5 minutes and approximately 5 to 6 

samples were spotted on the TLC plate within the first 5 minutes of the reaction.  

Enzyme activity was arrested in the samples with various chemicals such as 

concentrated acid, sodium hydroxide and organic solvents before spotting on the TLC 

plate. Interference of these chemicals with the development of the TLC plate was 

evaluated.  

4.2.3 ACTIVITY ASSAY 
EptA was purified and concentrated to 2 mg.mL-1 for the activity assay. A 

reaction mixture of 2 μL of 0.04 mM NBD-PEA was added to 48 μL of buffer 

containing 50 mM Hepes pH 7.0, 100 mM NaCl and 0.023% DDM and incubated at 

25oC. 1 μL of this mixture was mixed with 2 μL of methanol and applied to a warm 

TLC plate maintained at 60oC as control. EptA activity was initiated by adding1 μL of 

the enzyme to the reaction mixture and incubated at 25oC. 1 μL sample was removed 

every 30 seconds, mixed with 2 μL of methanol and applied to the TLC plate. The TLC 

plate was developed in a TLC tank using ethyl acetate:methanol:water (7:2:1 v/v) as 

mobile phase. After development the plate was dried and scanned in the Chemidoc MP 

imaging system. The image was captured without saturating the most concentrated band 

on the plate by adjusting the exposure time. The lanes on the TLC plate were detected 

and adjusted using the lanes and band tool in Image Lab software, such that all the 
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bands in that lane fitted within the selection. Next a band corresponding to NBD-PEA 

and the other to NBD-DAG were selected in each lane. The band boundaries were 

adjusted using the lane profile tool and the background was subtracted. The resulting 

volume of the each band was noted as calculated by the software as the product of area 

and intensity of the band. Area is the total number of pixels within the band boundary 

and the intensity is the number of intensity units registered per dot pixel (Bio-Rad, 

2017). The volume of band was then converted to percentage band, which is the 

percentage of selected band volume compared to band volume of all the bands in that 

lane. The percentage band corresponds to the percentage of substrate converted or 

product formed in the assay mixture, which were plotted and analysed. The steps 

involved in the activity assay is schematically shown in Figure 4.2 

 

Figure 4.2:   Schematic diagram of TLC based EptA assay 
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4.2.4 DETERMINATION OF EPTA KINETIC CONSTANTS 
The EptA activity assay was setup with varying substrate concentrations as 

described in the previous section. The reaction was monitored for first five minutes after 

the reaction was initiated by the addition of the enzyme. 1 μL of the reaction mixture 

was sampled in intervals and spotted onto a TLC plate. The band intensity from the 

developed TLC plate was converted to percentage and the concentration of the product 

formed was calculated. The reaction was performed for 7 different substrate 

concentrations in triplicates and the rate of the reaction was calculated by plotting the 

concentration of product formed against time.  

The initial rate of reaction measurements obtained for various substrate 

concentration were plotted graphically to determine the kinetic parameters Km and Vmax. 

The kinetic parameters were determined by both Michaelis-Menten plot and 

Lineweaver-Burk plot. The rate of the reaction was plotted against the substrate 

concentration for the Michaelis-Menten plot. The theoretical velocity was calculated 

using the formula:  

where v is the velocity of the reaction, Vmax is the maximum theoretical rate at infinite 

substrate concentration and Km is the Michaelis constant. Curve fitting was performed 

by GRG non-linear regression method (Generalised Reduced Gradient method) using 

the solver tool in Excel. The unknown kinetic parameters Km and Vmax were solved 

simultaneously by the curve fitting routine. This is an iterative process where the 

program obtains kinetic parameter such that the weighted sum of squared differences 

between the observed velocity and the calculated velocity is minimum (Cornish-



Page 104 

Bowden, 2014).  

The substrate concentration dependent reaction rate was then fitted with a 

Lineweaver Burk plot where the reciprocal rate of reaction was plotted against the 

reciprocal of substrate concentration. The unknown kinetic parameters, Km and Vmax, 

were determined from the slope and Y intercept of the linear line generated which are 

equal to Km/Vmax  and 1/Vmax.  respectively. 

4.2.5  ESTIMATION OF RATE OF REACTION FOR EPTA IN 

CYMAL 6 
The rate of reaction was determined for EptA purified in Cymal 6 following the 

optimised activity protocol (section 4.3.3). The substrate NBD-PEA used for the assay 

was dissolved in buffer containing Cymal 6. 0.04 mM substrate stock was incubated 

with 1 μL of purified enzyme in Cymal 6. The reaction was monitored for 5 minutes 

and compared to the rate of reaction obtained from EptA purified in DDM. 

4.3 RESULTS AND DISCUSSION 

An activity assay is an essential biochemical procedure that monitors the 

conversion of a substrate to a product by an enzyme. It is not only used to assess the 

integrity of purified enzyme but also to estimate the amount of active enzyme in the 

sample, determine the kinetic parameters and study the catalytic mechanism of the 

enzyme.  

4.3.1 IDENTIFICATION AND COMPARISON OF EPTA ACTIVITY IN 

DIFFERENT DETERGENTS 
The EptA activity assay was developed using phosphatidylethanolamine as a 

substrate with a fluorescence entity incorporated into its structure. This substrate is a 

14:0-12:0 NBD-PEA which closely resembles the neisserial phosphatidylethanolamine 
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containing short chain fatty acids such as C12:0, C14:0 and C14:1 (Rahman et al., 

2000). The NBD fluorescence molecule incorporated at the end of the acyl chain of the 

phosphatidylethanolamine was used for the assay (Figure 4.3A) instead of a head group 

labelled NBD-PEA to avoid the interference of the bulky fluorescence moiety with the 

active site and transfer of phosphoethanolamine by EptA.  Initially the ability of 

recombinant EptA to cleave the PEA from NBD-PEA was assessed by incubating the 

enzyme purified in DDM micelles with NBD-PEA overnight. TLC was used to separate 

the substrate from the cleaved product. TLC of the reaction mixture resulted in two 

spots when visualised in the Chemidoc MP imaging system (Bio-Rad) using Epi blue 

light (455-485 nm) and a corresponding filter (530 nm +/- 28 nm) as shown in Figure 

4.3B. Fluorescence was retained in both the substrate and cleaved substrate after 

catalysis. The spot close to the solvent front was identified by mass spectrometry to be 

1-acyl-2-[12-[7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoly]-sn-glycerol (NBD-

DAG) with a mass of 691.4654 (calculated required [M+H]+ for NBD-DAG was 

691.4646) (Anandan et al., 2017). The successful separation and visualisation of the 

substrate and the PEA cleaved substrate allowed EptA activity to be monitored. This 

method was used to assess the ability of EptA purified in different detergents to cleave 

PEA from NBD-PEA and the results are shown in Figure 4.3B. EptA purified in DDM 

and Cymal 6 were able to cleave PEA from NBD-PEA while EptA purified in FC-12 

micelles failed to do so despite maintaining the secondary structure and stability of the 

enzyme. DDM and Cymal 6 are mild non-ionic detergents with a maltose head group 

but varying micelle size and shape. On the other hand FC-12 is a zwitterionic detergent 

with a positively charged quaternary amine head group. Though the structure of FC-12 

is similar to phosphatidylcholine, a natural lipid in the membranes, it is shown to affect 

the activity of proteins solubilised or purified in its presence (Hirayama et al., 2013, 
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Moraes et al., 2014). Further EptA purified in DDM incubated with 100mM 

ethylenediaminetetraacetic acid (EDTA) for 8 hours had reduced ability to cleave PEA 

from NBD-PEA suggesting that EDTA must be chelating the Zn2+ ion from the active 

site affecting the activity of the enzyme (Figure 4.3B). 

Also the purified soluble domain of EptA failed to cleave PEA from NBD-PEA. 

This result suggested that, in spite of the soluble domain possessing the active site 

(Wanty et al., 2013), the membrane domain of the enzyme was also required to perform 

its catalysis as speculated. 

 

Figure 4.3:   Comparison of EptA activity purified in different detergents 

A. EptA activity assay principle. Cleavage of PEA from NBD-PEA by EptA and release 

of NBD-DAG. B. TLC assay using the fluorescent lipid substrate NBD-PEA on full- 

length EptA solubilised and purified in different detergents (DDM, FC-12 and Cymal-

6), EptA treated with EDTA and the soluble domain EptA. 

.   

4.3.2 OPTIMISATION OF ASSAY CONDITIONS 
EptA activity was initially developed to study the functional integrity of the 

enzyme purified in different detergent environment. This was performed as a qualitative 

assay monitoring the formation of DAG after an overnight incubation of enzyme and 
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substrate.  After confirming in principle that the assay works, further development and 

optimisation was under taken to establish the enzyme kinetic parameters. Factors such 

as the stability of molecule to be assayed, linearity of the enzyme activity, concentration 

of the substrate, concentration of enzyme and detection signal linearity are important 

factors that need to be considered and optimised during an assay development (Brooks 

et al., 2004). Moreover the rate of the reaction essential to calculate the kinetic 

parameters such as Vmax and Km, needs to be determined from the initial velocity which 

corresponds to the linear phase of the reaction (Tipton, 1992). Hence conditions for 

capturing the initial velocity of the reaction needed to be optimised. 

The stability of the NBD labeled substrate was assessed by spotting control 

samples that lacked the enzyme in the reaction mixture, onto a TLC plate at various 

time points while the linearity of enzyme activity was monitored by spotting samples 

from the assay mixture. A Chemidoc image of the developed TLC plate is shown in 

Figure 4.4A and the quantitation of the corresponding spots as % band is plotted in 

Figure 4.4B. The control sample from different time points resolved as a single spot on 

the TLC plate (Figure 4.4A) and was identified as NBD-PEA from the distance it 

migrated. This suggested that the fluorescence labelled substrate was stable in the 

reaction mixture.  
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Figure 4.4:   Optimisation of EptA activity assay 

A. Images of the EptA reaction mixture and control samples spotted on a TLC plate 

over 35 minutes. Single spots in the control sample lane show the stability of the NBD 

labeled substrate while the progressive increase in the intensity of NBD-DAG spot 

shows the linearity of enzyme activity. B. Quantitation of the time dependent increase in 

EptA activity. Analysis and quantitation of the NBD-PEA and NBD-DAG fluorescence 

signal from the TLC plate shown in A. The % of NBD-PEA or NBD-DAG as detected by 

the image system is plotted against time. C. Lane profile of NBD-PEA in the absence of 

EptA (Control) and NBD-PEA incubated with EptA (Reaction) showing the linearity of 

the spots from the most concentrated to the least concentrated spots of NBD-PEA (Red 

box) and NBD-DAG (Blue box) separated on a TLC plate and visualised by a Chemidoc 

imaging system. D. Intensity of the NBD-PEA or NBD-DAG spots plotted against the 

concentration of the spots showing the limit of the detection system. E. Plots showing 

the sensitivity of the imaging system 

 

. 
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The product formation or substrate utilisation in the assay mixture was 

monitored for 30 min and the activity progress curve (Figure 4.4B) showed a short 

linear increase in product formation initially followed by a plateau. The curve suggested 

that the reaction was happening at a faster rate making it difficult to observe the linear 

portion of the reaction. This could be due to high enzyme concentration used for the 

study resulting in fast substrate depletion or due to insufficient substrate in the reaction 

mixture. Also the assay was performed at 37 oC which could be influencing the speed of 

the reaction. The enzyme concentration, substrate concentration and assay temperature 

were varied to identify the ideal combination to prolong the initial linear portion of the 

reaction. The optimised assay was performed at 25oC, with 1 μl of 2 mg.mL-1 of 

purified enzyme and 2 μL of 0.04mM of substrate in 50 μL reaction mixture. The 

reaction mixture was sampled for 5 minutes after initiating the activity by enzyme 

addition.  

The next important optimisation parameter was the quantitation of NBD-

PEA/NBD-DAG spots on developed TLC plate by the Chemidoc imaging system. 

Serial dilution of control and assay mixtures containing 160 mmol of NBD-PEA 

substrate were spotted onto a TLC plate and images of the developed spots are shown in 

Figure 4.4C. The intensity of NBD-PEA spots from the control sample and NBD-DAG 

from the assay mixture were determined by Image Lab software. The intensity of the 

spots were plotted against the concentration of NBD-PEA spotted for analysis and are 

presented in Figure 4.4D. Images of the TLC plate suggested that the imaging system 

was sensitive to both high and low concentration of fluorescence. A closer look at these 

plots showed a straight line suggesting that the intensity of spots detected by the 

imaging system was linear to the concentration of the sample spotted. In order to reduce 

the concentration of the reagents used in the assay, lower concentrations of NBD-PEA 
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were trialled. 0.01 pmol to 0.04 pmol of NBD-PEA were spotted onto the TLC plate 

and subsequent analysis of the spots also yielded a linear curve. Moreover the 

quantitation of the spots was much closer to the actual concentration of NBD-PEA 

spotted on the TLC plate. The corresponding image and plot are presented in Figure 

4.4E. From these analyses it was evident that the imaging system and analysis software 

are able to detect and quantitate the analyte in a concentration dependent manner and 

the sensitivity was efficient at lower concentration. The overall precision of spotting 

was found to affect the reproducibility of the assay. In order to reduce this variability 

the intensity of the spots were converted to % band, which is the percentage of selected 

band volume compared to band volume of all the bands in that lane. The percentage 

band corresponds to the percentage of substrate converted or product formed. 

4.3.3 INITIAL ACTIVITY  
The activity assay developed is a discontinuous indirect assay, which involves 

stopping the reaction sample after a fixed time and treating it to separate the product for 

analysis (Tipton, 1992). The rate of the reaction was determined by removing samples 

from the reaction mixture at appropriate time intervals and measuring the fluorescence 

of the separated the substrate and product spots.  

4.3.4 DETERMINATION OF EPTA KINETIC CONSTANTS 
The reaction catalysed by EptA is a transfer of PEA from 

phosphatidylethanolamine to lipid A resulting in two products namely diacylglycerol 

and PPEA-lipid A. Generally reactions with two substrates and/or products are studied 

in the presence of both substrates but monitored by only one component (Bisswanger, 

2014). As mentioned above, recombinant EptA purified in DDM micelles was shown to 

transfer PEA from E. coli phosphatidylethanolamine to lipid A of N. flavescens 

resulting in a cytokine response. EptA activity assay was performed in the presence of 
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only phosphatidylethanolamine, due to the difficulty in procuring lipid A from 

Neisseria sp and the kinetic parameters determined corresponds only to cleavage of 

PEA from phosphatidylethnolamine.  

The activity of EptA was performed with a broad range of substrate 

concentration to determine the kinetic parameters Km (Michaelis constant) and Vmax. 

The initial rate of reaction was captured from the activity assay that was performed with 

different substrate concentrations and a constant enzyme concentration. The rate of the 

reaction is the slope of the initial linear curve which is the change in product formed 

divided by the change in time (Brooks et al., 2004). The reaction was monitored for 5 

minutes after the addition of enzyme and less than 15% of the substrate was converted 

to product within this time ensuring the presence of excess substrate in the reaction 

mixture. This was essential to maintain the reaction in a steady state and monitor the 

linear part of the reaction (Copeland, 2003). The kinetic parameters were established 

from the experimental results using a Michaelis-Menten plot (Figure 4.5A) and a 

Lineweaver Burk plot (Figure 4.5B). Though the Liveweaver Burk plot was the most 

commonly used method for deriving the kinetic parameters, they are known to distort 

the experimental errors (Tipton, 1992). Hence a non-linear regression analysis is 

recommended (Brooks et al., 2004, Strelow et al., 2004). The calculated kinetic 

parameters, namely Vmax and Km for EptA are listed in Figure 4.5C. The calculated Kcat 

for EptA was 4.75 nmols/min/mg of protein. The structural characterisation of the 

soluble domain of EptA suggested that the PEA transfer from 

phosphatidylethanolamine to lipid A could be occurring in two stages following a ping 

pong mechanism (Wanty et al., 2013).  The ability of EptA to cleave PEA from 

phosphatidylethanolamine and release diacylglycerol in the absence of the acceptor 

substrate lipid A supports the above hypothesis. Similar enzymatic assay using a single 



CHAPTER  4 Page 113

substrate in the absence of the second substrate was used to characterize the enzyme 

mechanism of phosphoglucosyl transferase from Campylobacter concisus (Das et al., 

2017). 

The structural characterisation of the soluble domain of EptA suggested that the 

PEA transfer from phosphatidylethanolamine to lipid A could be occurring in two 

stages following a ping pong mechanism (Wanty et al., 2013).  The ability of EptA to 

cleave PEA from phosphatidylethanolamine and release diacylglycerol in the absence of 

the acceptor substrate lipid A supports the above hypothesis. Similar enzymatic assay 

using a single substrate in the absence of the second substrate was used to characterize 

the enzyme mechanism of phosphoglucosyl transferase from Campylobacter concisus 

(Das et al., 2017). 
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Figure 4.5:  Estimation of kinetic parameters for EptA activity 

A. Michelis-Menten plot of rate of reaction as a function of [substrate]. The red line 

drawn through the data points represent the non-linear best fit to the equation 

v=Vmax*[substrate]/Km+[substrate]. The purple line represents the calculated Km (x 

axis) and ½ Vmax (y axis) B. Lineweaver-Burk double reciprocal plot for the rate of the 

reaction at different [substrate]. C. Table listing the kinetic parameters of EptA 

catalysed half reaction as determined by two different methods.  
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4.3.5 ESTIMATION OF RATE OF REACTION FOR EPTA IN  

CYMAL 6 
Qualitative assessment of EptA purified in Cymal 6 indicated that the enzyme 

was able to cleave PEA from the substrate. The functional efficiency of the enzyme in 

Cymal 6 was estimated by the optimised activity assay. The reaction rate was much 

lower than the reaction rate exhibited by EptA in DDM micelles as shown in Figure 4.6.  

 

Figure 4.6:   Comparison of rate of EptA reaction purified in DDM micelles and 

Cymal 6 micelles 

Cymal 6 is a non-ionic detergent with a maltoside head group similar to DDM 

and a dodecyl alkyl chain. The alkyl chain is cyclic in Cymal 6 while it is linear in 

DDM. This feature renders Cymal 6 a short tail in comparison, affecting the micelle 

shape and binding of detergent to the protein. For maltoside detergents the number of 

detergent molecules bound to the protein decreased with the length of the alkyl chain 

(Ilgu et al., 2014) and this could be affecting the conformational stability of the protein 

affecting its activity. SEC-MALLS analysis of EptA purified in Cymal 6 micelles 

revealed aggregation of the protein unlike EptA purified in DDM micelles. The 

combined results from activity assay and SEC-MALLS suggest that DDM micelles is 
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more suitable for maintaining the structural and functional integrity of EptA. 

4.4 CONCLUSION  

An activity assay to monitor the reaction catalysed by EptA was developed to 

assess the functional integrity of EptA purified in different detergent. Though the assay 

efficiently monitors the cleavage of PEA from a fluorescent labeled 

phosphatidylethanolamine, it was performed in the absence of the receiver substrate, 

lipid A. Hence the kinetic parameters derived are relevant only for the first half of the 

reaction. The result of this assay supports the hypothesis that EptA follows a ping pong 

mechanism. Addition of PEA to lipid A requires further investigation. Moreover 

studying the enzyme activity in a lipid bilayer such as LCP or nanodisc would provide 

insight into enzyme kinetics in its natural environment. Both reduced movement of 

EptA in a membrane mimicking environment and easy access to the substrate in the 

lipid environment can affect the activity of the enzyme and its kinetics.  

EptA purified in DDM micelles were shown to maintain it’s functional integrity 

along with the structural stability, making it a good candidate for structural investigation 

by X-ray crystallography. 

Acknowledgement 

I would like to thank Dr C.M.John, Dr N.J.Philips, and Dr G.A.Jarvis from 

Department of Laboratory Medicine and Department of Pharmaceutical Chemistry, 

University of California, San Francisco, CA for the EptA reaction with N. flavescens 

LOS and cytokine assay. I would also like to thank Ms S.S.Wills, and Dr K.A.Stubbs 

from the School of Molecular Science, University of Western Australia, WA for mass 

spectrometry analysis of the NBD-DAG spot from the TLC plate. 



CHAPTER  5 Page 117

5 STRUCTURAL 

CHARACTERISATION OF 

EPTA 

 

CHAPTER 5





CHAPTER  5 Page 119

5.1 INTRODUCTION 

X-ray crystallography is a tool that allows us to study protein structure at the 

molecular level and understand how these molecules carry out their function. 

Determination of a protein structure by X-ray crystallography requires crystals that are 

held together by non-covalent interactions and ordered in three dimensions. The 

electrons of atoms in the protein crystal diffract the X-rays and the ordered molecules in 

the crystal produce a strong diffraction pattern (Rhodes, 2010).  The intensity of the 

spots from the diffraction pattern and the phases obtained by finding the positions of 

intrinsic or added heavy atoms in the protein or molecular replacement using a similar 

structure with high sequence identity are used to calculate the electron density map of 

the crystal. A molecular model is built to fit into this density map representing the 

positions of the atoms in the protein. The resulting model allows the visualisation of the 

protein structure at the atomic level and enables the understanding of protein function. 

Structural characterisation of EptA was undertaken to investigate the molecular 

details involved in substrate binding and enzyme catalysis to assist in the development 

of structure based inhibitors for the enzyme. As mentioned earlier, EptA is an integral 

inner membrane protein with an N terminal transmembrane and a C terminal soluble 

periplasmic domain. Previous structural work on the soluble periplasmic domain of 

EptA (Wanty et al., 2013) revealed that the enzyme adopts a hydrolase fold similar to 

that of phosphonate monoester hydrolase (van Loo et al., 2010) and arylsulfatase 

(Boltes et al., 2001, Lukatela et al., 1998, von Bulow et al., 2001) (Figure 5.1A). It 

contains a Zn2+ ion that was tetrahedrally coordinated by the side chain of 4 conserved 

residues namely His453, Asp452, Glu240 and Thr280 (Figure 5.1B). Moreover a 

phosphate moiety was covalently bound to the side chain of Thr280 and 

superimposition of other nearest structural homologues suggested that this residue is the 
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catalytic nucleophile required for the transfer of PEA (Figure 5.1C). The 

phosphorylated Thr280 along with the tetrahedrally coordinated Zn2+ ion identified the 

active site of the enzyme. The active site is situated on the external surface of the 

soluble domain and is exposed to the exterior solvent accessible surface of the structure. 

This suggested that the soluble domain should be oriented such that the surface 

containing the Zn2+ ion is likely facing the lipid bilayer (Figure 5.1D) enabling direct 

access of lipid substrates from the membrane. Furthermore, the membrane domain is 

likely to play an important role in substrate binding and orientation (Wanty et al., 2013). 

Hence X-ray structural studies of the full-length enzyme were undertaken to obtain a 

complete picture of the EptA mechanism. 

Structural studies of full-length EptA require diffraction quality crystals. 

Crystallisation requires specific interactions of protein molecules, followed by 

organisation of these molecules in a highly directional fashion leading to formation of a 

three-dimensional crystal lattice (Russo Krauss et al., 2013).  Addition of a precipitant 

agent to a droplet containing the protein dilutes both the protein and the precipitant in 

the droplet reducing their concentration. When this droplet is equilibrated against the 

precipitant, the droplet looses water vapour gradually increasing the concentration of 

protein.  This brings the protein to a supersaturated state leading to crystal formation. 

Obtaining diffraction quality protein crystals has been a major bottleneck in 

crystallography. This is especially true for membrane proteins that are rich in 

hydrophobic and amphipathic residues (Caffrey, 2003, Ostermeier et al., 1997). 

Membrane proteins are solubilised and purified in the presence of detergents to 

maintain their structural and functional stability in the extracted buffer. The 

amphipathic nature of membrane proteins, and the presence of detergent micelles, adds 

to the complexity of crystal formation. 
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Figure 5.1:   Soluble periplasmic domain structure of EptA 

A. Ribbon representation of soluble domain secondary structure with the N and C 

terminus of the structure is represented in blue and red respectively. B. 2Fo-Fc electron 

density contoured at 1.0σ in the active site region of the structure. The bound Zn2+ ion 

is shown as an orange sphere with the coordinating residues C. The phosphorylated 

nucleophile, Thr280, is shown in ball-and-stick representation and labelled T280-PO4. 

D. Soluble domain oriented such that the active site faces a modelled membrane surface 

(grey). The donor substrate phosphatidylethanolamine (PE) (magenta) and acceptor 

substrate Lipopolysaccharide (LPS) (blue) are also positioned in the modelled 

membrane. 
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Crystallisation of membrane proteins can mainly be carried out by two major 

methods. The first one is called the ‘in surfo’ method where the protein stabilised in 

detergent micelles are subjected to crystallisation by vapour diffusion, micro dialysis or 

micro batch methods. These methods yield type II 3D crystals and are formed mainly by 

interactions between hydrophilic regions of protein molecule. The hydrophobic regions 

on the other hand are shielded by detergent micelles reducing crystal contacts (Moraes 

et al., 2014). The second method called the ‘bilayer layer method’ involves crystallising 

the protein in lipid cubic phase or in vesicles. The crystals formed by this method are 

type I 3D crystals where the crystal contacts are mainly through hydrophobic regions of 

the protein molecule (Caffrey, 2003).   

 EptA purified in DDM micelles was concentrated and used for the 

crystallisation trials. Vapour diffusion method yielded promising leads for EptA 

crystallisation. Optimisation of the lead crystallisation condition, diffraction data 

collection and analyses of EptA crystals and molecular model building of the protein are 

discussed in the earlier part of this chapter. The later part will deal with the structural 

analysis of full-length EptA along with its mode of substrate binding and kinetic 

mechanism. 

5.2 MATERIALS AND METHODS 

EptA expressed and purified in DDM micelles (described in Chapter 3) was 

subjected to crystallisation trials. An overview of steps involved in the crystallisation of 

EptA and its structure determination is presented in Figure 5.2. 
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Figure 5.2:   Schematic representation of work flow involved in obtaining the 

structure of EptA 

 

5.2.1 CRYSTALLISATION 
A suitable protein concentration for crystallisation of 20 mg.mL-1 EptA in 50 

mM Hepes pH 7.0, 100 mM NaCl and 0.023% DDM was initially screened for crystals 

with targeted sparse matrix kits MemSys, MemStart and MemGold (Molecular 

Dimensions Ltd). Two different ratios of protein:precipitant (μL:μL) were used: 0.1:0.1 

and 0.2:0.1. Lead conditions from the initial screens were further optimised using the 

Additive Screen kit (Hampton Research).  Crystallisation experiments were performed 

in hanging drop VDX plates (Hampton Research).  Optimised crystallisation drops 

contained 1 μL of protein, 1 μL of crystallisation solution (1.8 to 2.0 M ammonium 
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sulphate, 100 mM Hepes pH 7.5 – pH 8.0) and 0.2 μL OG (to give a final concentration 

of 17 to 19 mM). The drops were equilibrated at 20oC against 1 mL crystallisation 

solution in the reservoir. 

5.2.2 X-RAY DATA COLLECTION, PROCESSING AND STRUCTURE 

SOLUTION 
EptA crystals used for data collection were mounted in a nylon loop attached to 

a Crystal Cap CopperTM base (Hampton Research). They were cryoprotected by briefly 

passing them through a solution of 30% glycerol, 2.0 M ammonium sulphate and 100 

mM Hepes pH 7.5 and flash cooled in liquid N2. Diffraction data were collected at the 

MX2 microfocus beamline, Australian Synchrotron (Melbourne) equipped with an 

ADSC Quantum 315r detector. 360o of data were collected at wavelength of 0.9537 Å 

from a single crystal. The diffraction images were indexed, integrated and scaled using 

the XDS program package (Kabsch, 2010) and data reduction carried out using SCALA 

as part of the CCP4 suite of software (Winn et al., 2011). Phases were obtained by 

molecular replacement using PHASER from the CCP4 package. One molecule of the 

soluble domain of the EptA (PDB accession 4KAV) with all the water molecules and 

ligands removed was used as the search model structure for molecular replacement. 

Iterative cycles of model building using COOT (Emsley et al., 2010) and structure 

refinement with PHENIX (Adams et al., 2010) were carried out. The TM domain was 

modelled by first building the alpha helical backbone structure. The side chains and 

loop regions were built after multiple cycles of refinement as the density maps 

improved. The Zn2+ metal site was incorporated into the model and two detergent 

molecules (DDM and OG) fitted into residual electron density. The data collection and 

structure refinement statistics are summarised in Table 5.1. The atomic coordinates for 

the crystal structure of EptA has been submitted to the Protein Data Bank under the 
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accession number 5FGN.  

5.2.3 CAVER ANALYSIS 
The molecular tunnel was calculated using CAVER from EptA crystal structure 

after removing the ligand and water molecules. The Zn2+ ion in the active site was used 

as the starting point for the calculation. The minimum probe radius, shell depth and 

shell radius were set to 1.1

5.3 RESULTS AND DISCUSSION 

5.3.1 CRYSTALLISATION AND DIFFRACTION OF EPTA 

CRYSTALS 
Recombinant EptA, solubilised and purified in DDM micelles maintained its 

structural and functional stability, as assessed by CD, DSF, SEC-MALLS and in vitro 

enzyme assay (Chapters 3 and 4) and was used for crystallisation trials. EptA subjected 

to membrane protein crystallisation screens (MemSys, MemStart and MemGold), 

resulted in granular precipitate from conditions that contained ammonium sulphate as 

the precipitant or additive. Optimisation of this hit condition with varying ammonium 

sulphate concentration, buffers and pH resulted in micro crystals. Addition of OG into 

the precipitant solution has been reported to have a positive influence on yielding single 

crystals with better diffraction quality, though the mechanism for this effect is unclear 

(McPherson et al., 1986). Further optimisation of the hit condition yielded large single 

crystals when OG was used as an additive.  EptA crystals of dimensions 0.1 mm x 0.03 

mm x 0.01 mm (Figure 5.3A) appeared within 18 - 21 days of set up. The final 

condition that yielded diffraction quality crystals were obtained from drops containing 1 

μL of protein (20 mg.mL-1), 1 μL of precipitant solution (1.8 - 2.0 M ammonium 

sulphate, 100 mM Hepes pH 7.5 – pH 8.0) and 17 - 19 mM OG.  
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Ammonium sulphate is an inorganic salt that alters the activity coefficient of 

water (Russo Krauss et al., 2013) and reduces the solubility of proteins by excluding the 

solvent from the immediate protein domain (Timasheff et al., 1988). Using high 

concentrations of ammonium sulphate as a precipitant creates a supersaturated solution 

increasing the attraction of protein molecules for each other, and promoting 

crystallisation. Moreover the pH of the crystallisation buffer affects the overall charge 

on the protein and thus, the crystallisation ability of the protein.  Additionally, a pH 

closer to the isoelectric point (pI) of the protein, reduces the overall charge on the 

protein thus reducing its solubility (Kantardjieff et al., 2004) and promoting 

crystallisation. EptA was purified in buffers at pH 7.0 while crystals were obtained in 

drops maintained at pH 7.5 and 8.0. EptA crystals appeared in buffers that were close to 

the pI of EptA, 7.9, as calculated by ExPASy ProtParam (Gasteiger et al., 2005). As the 

pH approaches the pI of the protein, the overall charge on the molecule is decreased, 

affecting the solubility of the protein and enhancing the chance of EptA crystal 

formation. 
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Figure 5.3:   Crystals and diffraction image of EptA 

A. Crystals of the enzyme obtained by vapour diffusion using the hanging drop method 

from 2.0 M ammonium sulphate, 100 mM Hepes buffer pH 8.0 and 18 mM OG. The 

protein drop consisted of 20 mg mL-1 EptA in 50 mM Hepes pH 7.0, 100 mM NaCl and 

0.023% DDM.  B. Diffraction image of EptA. Inset shows reflections visible at 2.75Å 

resolution. The images were recorded using an ADSC Quantum 210r detector at the 

MX2 microfocus beamline, Australian Synchrotron.

 

EptA crystals diffracted to 2.75Å could be indexed in space group I422. The 

MX2 microfocus beamline at the Australian Synchrotron was required to obtain 

diffraction from these crystals as they diffracted weakly. Although 360 o of data was 

collected from a single crystal, visual radiation damage was observed after first 150 

frames. Hence data collected from the first 150 o were used for processing to avoid the 

negative influcnce of radiation damage and loss of reflection especially at high 
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resolution which in turn affects the quality and interpretability of the maps (Wlodawer 

et al., 2008).  A representative diffraction image is shown in Figure 5.3B. The highest 

resolution for refinement was determined based on the CC1/2  (0.527).  Although the 

mean I/sigma I was low (1.2) at this resolution, weak observations were included for 

data processing to gain useful structural information (Karplus et al., 2012, Wang et al., 

2014). The structure refinement statistics are summarised in Table 5.1.   

EptA crystals were obtained by vapour diffusion method in the presence of 

DDM. The structure of EptA was solved and showed that the crystals formed were type 

II 3D crystals with crystal contacts mainly between the soluble domains of EptA as 

shown in the Figure 5.4A. The DDM molecules are likely positioned surrounding the 

hydrophobic transmembrane surface and forming micelles, hindering crystal contacts 

from the membrane domain.  
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Figure 5.4:   I422 Crystal lattice of EptA showing their crystal contacts  

A. Crystal lattice of EptA showing crystal contacts formed between the soluble domain 

(red arrow) and between transmembrane domain (blue arrow). The image on the right 

is 90o rotational view of the crystal lattice shown on the left. B. Legend for ‘A’ showing 

a single molecule of EptA with the soluble domain represented in red and the 

transmembrane domain in blue. 
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The crystal structure of the full-length EptA was determined by molecular 

replacement, using a single molecule of previously determined truncated periplasmic 

soluble domain (PDB code: 4KAV) (Wanty et al., 2013) as a search model for phasing. 

Analysis of the unit-cell parameters from the diffraction pattern indicated that the 

crystals could be indexed in a tetragonal lattice in space group I422 with unit cell 

parameters a = 187.3Å, b = 187.3Å, c = 205.1Å.   

 



CHAPTER  5 Page 131

 

Table 5.1: Data processing and model refinement statistics 
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5.3.2 OVERVIEW OF STRUCTURE FOLD 
The structure is composed of two discretely folded domains: an N-terminal 

transmembrane (TM) domain and a C-terminal soluble periplasmic domain connected 

by a bridging helix and an extended loop as shown in Figure 5.5A. The structure of the 

soluble domain was almost identical in both the full-length EptA structure and the 

truncated soluble domain structure. A topology of EptA structure showing the 

secondary structural elements and their spatial positions and approximate orientation is 

represented in Figure 5.5B.  

The transmembrane domain contains five transmembrane helices (TMH1-

TMH5) orientated approximately parallel to one another (Figure 5.5B and 5.6A) in a 

previously uncharacterised fold. These five transmembrane helices are connected by 

loops some of which harbour smaller helices at the periplasmic side of the membrane 

bilayer. Transmembrane domains of membrane proteins are predicted to have a defined 

topology depending on their amino acid sequence (Ulmschneider et al., 2001) 

Studies have shown that the tryptophan residues along with tyrosine and 

histidine residues position themselves at the membrane interface (Granseth et al., 2005, 

Ulmschneider et al., 2001). The rigid bulky side chain of tryptophan residues (Yau et 

al., 1998), the hydrogen bonding between the imino group of the tryptophan residue and 

lipid head group and immersion of hydrophobic rings in the non-polar region of the 

lipid bilayer (Schiffer et al., 1992) are responsible for positioning the tryptophan 

residues at the membrane interface. This positioning play a key role in stabilising and 

orienting the transmembrane domain in the membrane bilayer (Sanchez et al., 2011). 

The membrane domain of EptA contains three tryptophan residues, two oriented 

towards the periplasm while the third oriented towards the cytoplasm. The structure also 

shows that the 12 tyrosine residues and 4 histidine residues in the membrane domain are 
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distributed mainly at the start or end of the membrane domain helices. Tryptophan 

residues along with the tyrosine and histidine residues form an aromatic belt along the 

membrane surface predicting the membrane spanning regions and orientation of EptA 

within the membrane bilayer as shown in Figure 5.6B.  
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Figure 5.5:   Molecular structure of EptA 

A. Rainbow ribbon representation of EptA secondary structure. The N terminal and C 

terminal of the protein are represented in blue and red respectively B. The topology 

diagram of EptA showing the likely positioning of the protein relative the cytoplasmic 

membrane. TMH-transmembrane helix, SDS – soluble domain sheet, SDH – soluble 

domain helix, BH – Bridging helix and PH – periplasmic helix.  
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Figure 5.6:   Structural features of EptA 

A. Secondary structure of membrane domain with the helical numbering of the TM 

domain labelled. A 90o rotational view of the transmembrane domain is shown in the 

panel. B. Ribbon representation of EptA shown with the residues participating in the 

aromatic belt. The tryptophan residues and tyrosine residues in the transmembrane 

helix forming a part of the aromatic belt are represented as magenta sticks. An 

indicative boundary of the inner membrane has been drawn based on the position of 

these aromatic residues in the transmembrane region.  
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Intriguingly, of the five TM helices, only TMH5 spans the membrane with a 

length of 35Å; the other four TM helices are shorter than the typical width of a 

membrane bilayer (30Å). TMH5 is the longest helix in the membrane domain and based 

on the positions of the aromatic belt residues, its orientation is tilted in the membrane. 

Helix tilting compensates for the positive hydrophobic mismatch between the helix and 

the membranes. The placement of tryptophan side chains in the membrane interface has 

been reported to play an important role in helix tilting (de Jesus et al., 2013, de Jesus et 

al., 2013, de Planque et al., 2003). TMH5 helix has a tryptophan residue at it’s 

cytoplasmic end, which could be contributing to the tilt observed in EptA structure 

(Figure 5.6B and 5.7A). Additionally, a patch of positively charged residues (Lys142, 

Lys144, Arg146 and Lys150) at the cytoplasmic end of the TMH5 are likely to provide 

interactions with the phospholipid head groups at the inner membrane surface (Figure 

5.7B).  

TMH5 is connected to the soluble domain by an extended periplasmic loop 

followed by a bridging helix (Figure 5.7A). This loop harbours two more periplasmic 

helices: the amphipathic PH3 and PH4 (Figure 5.6A), which adopts a 310 configuration. 

A 310 helix has 3.2 residues per helical turn adopting a tighter helix folding (Vieira-Pires 

et al., 2010).  

The bridging helix (residues 194 - 208) has a highly unusual orientation in the 

structure. The N-terminal portion of the helix contains hydrophobic residues, whereas 

the C-terminal end contains two residues (Tyr204 and Tyr207) that are positioned along 

the proposed membrane surface and comprise part of the aromatic belt. The nature of 

this helix suggests it may be tilted relative to the membrane surface and partially buried 

in the bilayer (Figure 5.7A). An extended coil region (residues 210 - 231) links the C 

terminus of the bridging helix with the start of the soluble domain (Figure 5.7A). 
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TMH3 and TMH4 are positioned in close proximity to each other and are linked 

by a long loop at the periplasmic side, which harbours two small periplasmic facing 

helices, PH2 and PH2’ (Figure 5.7C). A representation of the EptA structure showing 

varying degrees of hydrophobicity along the protein chain, reveals PH2 and PH2’ 

helices with nonpolar residues directed toward the membrane and polar residues 

directed toward the periplasm (Figure 5.7C) The amphipathic nature of these helices 

suggests that they could be partially buried or embedded in the membrane, as has been 

reported in the tyrosine-interacting protein (Min et al., 2008, Segrest et al., 1990). The 

central section of TMH4 adopts a π-helix configuration (Figure 5.6A). The π-helix has 

more residues and atoms per helical turn than α-helix and establishes a unique structural 

feature usually associated with specialised binding functions for the protein (Weaver, 

2000). Currently no such function for this helix has been identified.  TMH3 is linked to 

TMH2 by a loop on the cytoplasmic side of the membrane. This loop is rich in 

hydrophobic residues suggesting that this loop might be positioned within the 

membrane bilayer (Figure 5.6A). 
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Figure 5.7:   Structural characteristic of EptA 

A. Bridging helix and an extended loop (both represented in pale grey) connects the 

soluble domain and the transmembrane helix in the structure. The side chains of 

residues forming the bridging helix are shown as sticks. B. Electrostatic surface 

representation of EptA calculated using APBS (Adaptive Poisson-Boltzmann Solver) 

(Baker et al., 2001). The surface is colour-contoured from -4 kT/e to +4kT/e (negative 

in red and positive in blue). C. Amphipathic helices PH2 and PH2’ with the polar 

residues shown in dark green and non-polar residues shown in pale green. D. 

Difference electron density Fo-Fc contoured at 3σ with a model of DDM included in the 

density and represented as ball and stick structure. E. Ribbon representation of EptA 

showing the tunnel (green) in the structure as calculated by CAVER. In all the above 

panels Zn2+ ion is represented as an orange sphere. 
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As mentioned earlier, a superposition of the truncated structure and the soluble 

domain in the full-length enzyme structures revealed no significant differences. The 

soluble domain adopts a hydrolase-type fold with a bound Zn2+ ion at the enzyme active 

site near to the catalytic nucleophile, Thr280 (Figure 5.1A). The Zn2+ ion is coordinated 

to identical residues to that seen in the truncated domain structure.  Additionally, the 

intramolecular disulphide bonds seen in the soluble domain are also preserved. (Wanty 

et al., 2013).  Sequence comparisons with other PEA transferase acting on lipid A 

indicate that three of five disulphide bonds (namely, Cys276-Cys286, Cys327-Cys331, 

and Cys402-Cys410) are structurally conserved (Anandan et al., 2017). A structural 

comparison of EptA with a homologue PEA transferase to lipid A, EptC from C. jejuni, 

suggests that two non-conserved disulphide bonds in EptA could play a role in substrate 

specificity of EptA (Fage et al., 2014). 

There is large interface between the soluble and membrane domains and high 

conservation of residues at the interface between the domains is revealed by sequence 

similarity between lipid A PEA transferase (Anandan et al., 2017). On completion of 

the modelling of the protein chain into the electron density map, residual difference 

electron density was present in the region of the active site and located between the PH2 

and PH2’ helices, suggesting the presence of a bound ligand (Figure 5.7D). A single 

molecule of DDM was modelled into this electron density and refined successfully, 

leaving no further residual density in the maps. The first carbohydrate moiety of DDM 

lies deep in the substrate pocket with the O3B hydroxyl group positioned about 3.7Å 

from the bound Zn2+ atom and about 3.0 Å from the OH group of Thr280, the active site 

nucleophile (Figure 5.8). Three hydroxyl groups on the carbohydrate moiety of the 

DDM form hydrogen bonds with two invariant residues (Glu114 and Thr110) in the 

PH2 and PH2’ helices (Figure 5.8). The electron density associated with the more distal 
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portion of the DDM acyl chain is weaker and the temperature factors become 

progressively larger compared with the carbohydrate moieties of the ligand, suggesting 

that this region of the ligand does not bind strongly to any portion of the protein. 

 

Figure 5.8:   Conserved residues in EptA forming bonds with DDM molecule 

The DDM molecule is shown as a ball and stick representation and the Zn2+ ion is 

coloured as an orange sphere. The residues coordinating Zn2+ ion are represented in 

green and the conserved residues from the membrane domain making hydrogen bond 

contacts with the bound DDM molecule are represented in cyan. The hydrogen bonds 

are represented in black dashed line and the bond lengths are presented in black bold 

text. 
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The structural arrangement of the two domains in the presence of a bound ligand 

reveals a much more sequestered active site than previously observed for the truncated 

structure. In particular, the PH2 and PH2’ helices complete the substrate binding site, 

which extends toward the membrane domain and presumably into the bilayer. 

Sequestering the active site is likely to be critical for efficient catalysis.  

Figure 5.9   Model of PEA positioned in the active site of EptA  

PEA is positioned in the active site based on the alignment with the soluble EptA 

structure (4KAV). The phosphorylated Thr280 and proposed position of PEA is shown 

ball and stick. The proposed hydrogen bond between Glu114 located in PH2’ helix and 

amine moiety of PEA is shown in black dotted lines. 
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A further comparison of the two structures showed that O3B of DDM in the full-

length protein is positioned identically to an oxygen atom of the phosphate moiety 

covalently bound to Thr280 in the truncated structure (Wanty et al., 2013). Closer 

examination of the DDM binding mode reveals that the length of an enzyme linked 

PEA molecule can be accommodated between Thr280 and Glu114, both of which are 

invariant between lipid A PEA transferase (Anandan et al., 2017). Glu114, located in 

the PH2 helix, may hydrogen bond with the amine moiety of PEA (Figure 5.9). Further 

analysis of this region of the structure was carried out using CAVER (Chovancova et 

al., 2012) and indicated the presence of a buried cavity (Figure 5.7E). However, the size 

of this cavity precludes binding of a large lipid substrate such as LOS.  

The crystal structure of EptA suggests that the substrates might be sequentially 

accessing the active site of the enzyme to effect the PEA transfer from 

phosphatidylethanolamine to LOS as hypothesised earlier by Wanty et. al (Wanty et al., 

2013). The DDM bound state of the current structure may mimic the 

phosphatidylethanolamine bound state of EptA. Furthermore the results from TLC 

based enzymatic assay (discussed in Chapter 4) show that the enzyme is capable of 

cleaving PEA from phosphatidylethanolamine and releasing the diacylglycerol (DAG) 

in the absence of lipid A. These results support the hypothesis that the PEA transfer by 

EptA involves sequential binding of substrates following a ping pong mechanism 

(Figure 5.10A). Moreover, molecular dynamic simulation studies of EptA show that the 

enzyme exhibits conformational flexibility (Anandan et al., 2017).  This flexibility may 

be required for a LOS substrate to access the active site and thus further supports the 

hypothesis regarding the enzyme mechanism.  
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Figure 5.10:   Proposed mechanism of substrate binding to EptA and PEA transfer to 

lipid A 

A. Proposed kinetic (ping pong) mechanism of EptA activity. B. Proposed 

conformational changes of EptA during the sequential substrate binding based on the 

results of this study and molecular dynamics simulations. The proposed binding 

sequence of the substrates to the enzyme and the conformational changes for the PEA 

transfer is shown on the left panel. The structure of the two substrates, 

phosphatidylethanolamine (PtnPEA) and LOS are represented as sticks on the right 

panel. 
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A schematic representation of proposed kinetic mechanism of PEA transfer to 

lipid A is shown in Figure 5.10A and the proposed conformational change for the 

activity in Figure 5.10B. The enzyme binds phosphatidylethanolamine (PtnPEA) with 

the subsequent transfer of PEA to Thr280, to form an EptA-PEA intermediate and the 

release of diacylglycerol (DAG). The enzyme would be required to undergo a 

conformational change, either after the formation of EptA-PEA intermediate or upon 

biding of LOS (LOS). This conformational change is essential to enable the lipid A to 

access the active site and accept the PEA from the EptA-PEA intermediate.  The 

modified lipid A, containing bound PEA (PEA-LOS) is released from the enzyme 

resulting in another conformational change to the protein back to its state for the next 

cycle of PEA transfer.  

5.4 CONCLUSION 

The X-ray crystallographic study of EptA from N. meningitidis reveals a protein 

fold with uncharacterised membrane bound domain and a periplasmic facing soluble 

domain. This is the first crystal structure of the full-length protein containing both the 

domains from the PEA transferase providing insight into the sequestered active site 

which is likely to be crucial for efficient catalysis. The soluble structure revealed an 

exposed active site and suggested that the surface comprising this structural region is 

likely to be oriented toward the membrane. This proposed orientation would allow 

direct access of the active site to the lipid substrates situated within membrane bilayer. 

The full-length structure confirms this prediction as the catalytic region of the enzyme 

faces the membrane domain and the substrate binding pocket includes the active site 

residues from the soluble domain and the PH2 and PH2’ helices from the 

transmembrane domain. The interaction of bound DDM molecule with the conserved 

residues in the active site and PH2 and PH2’ helices has provided insights into the 
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likely roles of these regions/residues in substrate binding and catalysis. Further 

investigations with site directed mutagenesis of the conserved residues in the active site 

and PH2 and PH2’ helices would provide a deeper insight into their specific role in 

substrate binding, enzyme catalysis and kinetics. 

Extensive conformational flexibility of the enzyme is required to enable it to 

bind and transfer PEA to the two lipid substrates that vary considerably in size. Though 

the ability of the enzyme to undergo conformational change required for binding these 

substrates are shown by molecular dynamic simulations, further experimental 

characterisation of the enzyme will enable better understanding of the conformational 

flexibility and catalytic mechanism of the enzyme.  
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6.1 INTRODUCTION 

Protein characterisation involves understanding the physical, chemical and 

biological properties of the protein molecule. Generally structural and various 

biophysical techniques are used to determine these properties and their relationship to 

the protein’s function. Analysis of results from different techniques that complement 

each other facilitates a better characterisation and a deeper understanding of the 

functional mechanism of the protein.  

Conformational flexibility is an important property related to the biological 

function of a protein. Proteins are dynamic and often switch states between different 

energetically favourable structural states (Teilum et al., 2009) in order to carry out their 

function. This dynamic behaviour of the protein allows motions of the protein or 

conformational changes which are characteristic of the flexibility of the protein (Teilum 

et al., 2009). Enzymes in general have been reported to adopt multiple conformations 

during their catalytic process, enabling the orientation and binding of substrates or 

cofactors to the molecule (Hammes, 2002). Conformational changes in enzymes can 

arise from domain motion, where the domains are joined by flexible hinge regions and 

move relative to each other, or from conformational changes of specific loop regions of 

the molecule (Kempner, 1993). Studies have also shown that the dynamics is not 

uniformly distributed throughout the protein (Karshikoff et al., 2015) The bulkiness of 

the side chains, the tendency of the peptide to form specific secondary structures (Epand 

et al., 1986) and interactions such as hydrogen bonding, hydrophobic or polar in the 

binding pockets (Gunasekaran et al., 2007) are some major factors that affect the 

conformational flexibility.   

X-ray crystallography provides the molecular structural model of a protein with 

details about the folding of their amino acid main chain, relative orientation and 
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interaction of the side chains, exposed or buried surfaces of the protein and information 

about ligand bound positions. However the model from this method is obtained using a 

crystalline sample trapping the protein in a particular conformation at the time of 

crystallisation. Studying the flexibility of the protein by X-ray crystallography is quite 

challenging, as this requires obtaining crystals of the protein trapped in various 

conformational states. The atomic displacement parameter or B factor from the crystal 

diffraction reflect isotropic smearing of the electron density and can provide general 

information about the flexible regions in the protein. However care needs to be 

exercised in their interpretation as both lattice disorders and crystal contacts can 

contribute to B factor (Willis, 1969). Techniques such as limited proteolysis in 

combination with other methods including intrinsic fluorescence/fluorescent labelled, 

molecular dynamics, CD, FRET, NMR have been used widely to define the domain 

structure organisation of protein or to determine flexible regions of proteins (Arnone et 

al., 1992, Fontana et al., 2004, Fontana et al., 1986, Polverino de Laureto et al., 2002, 

Tremblay et al., 1996, Zappacosta et al., 1996). 

The crystal structure of EptA was determined using protein purified in DDM 

micelles, and a bound DDM molecule was visible near the active site in the structure. 

This led to the hypothesis that the bound DDM molecule holds the soluble domain close 

to the membrane domain, locking the enzyme in a particular conformation that would 

be difficult to accommodate a large lipid A substrate. Hence the protein is expected to 

exhibit conformational flexibility to bind to two differently sized substrates and catalyse 

the reaction. Moreover molecular dynamic simulations of EptA in a lipid bilayer 

containing phosphatidylethanolamine/phosphatidylglycerol suggested that the soluble 

domain was capable of rolling away from the membrane domain and interacting with 

the membrane surface, suggesting the protein was able to adopt different conformations 



CHAPTER  6  Page 151

(Anandan et al., 2017). Towards obtaining experimental evidence of this in silico 

characterisation, investigations into the conformational flexibility of EptA were 

pursued. 

Studies have shown that analysing membrane proteins in detergent micelles can 

be used as a method to sample their conformational flexibility. NMR studies of PhoPQ-

activated gene P (PagP) in different detergent environments were conducted to 

understand the dynamics of the protein by Hwang and coworkers (Hwang et al., 2004). 

PagP adopted a more mobile state allowing substrate binding in FC-12, LDAO and OG 

micelles and a more rigid state in CYFOS-7 micelles enabling enzyme activity (Hwang 

et al., 2004). Similarly, EptA purified in DDM, FC-12 and Cymal 6 micelles were 

included to investigate the conformational flexibility of EptA. The enzyme purified in 

the presence of DDM, FC-12 and Cymal 6 micelles maintained its structural properties 

as demonstrated by CD and SEC-MALLS experiments (Chapter 3). Although the 

enzyme purified in FC-12 micelles was functionally inactive (Chapter 4), it was 

included in the study to investigate the conformation adopted by EptA in the absence of 

the maltoside head group of DDM molecule, thought to be responsible for holding the 

two domains together in the crystal structure.  

Intrinsic fluorescence analysis of conformations adopted by EptA in different 

detergent micelles indicated that the enzyme in FC-12 micelles exhibits higher solvent 

exposure of tryptophan residues in comparison to the enzyme in DDM or Cymal 6 

micelles. On the other hand the extent of solvent exposure was similar in both DDM 

micelles and Cymal 6 micelles suggesting that EptA adopts different conformations in 

FC-12 micelles and in DDM or Cymal 6 micelles (Anandan et al., 2017). 

In order to gain a better understanding of the different conformational states 

available to EptA, limited proteolysis, thermal stability and chemical stability studies 
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were undertaken. Limited proteolysis is widely recognised as a technique to probe the 

structure and the dynamics of proteins (Fontana et al., 2004). This method is based on 

the proteolytic susceptibility of specific, sufficiently exposed and flexible chain 

segments in a folded protein (Fontana et al., 2004).  Limited proteolysis of a protein 

using proteases with differing cleavage sites can provide valuable information about the 

protein surface, its flexibility, conformation and molecular features (Zappacosta et al., 

1996).  

 Protein stability depends on its conformation, which in turn is associated with 

the secondary and tertiary structure of the molecule. The secondary structure of the 

protein involves peptide backbone interactions, held together by hydrogen bonds while 

the tertiary structure involves interactions such as hydrogen bonds, Van der Waal’s 

attraction, electrostatic attraction and hydrophobic interactions, between the side chains 

of distant residues or groups within the protein (Pace et al., 2014). The solvent layer 

around the protein also plays an important role in stabilising the 3D structure of the 

protein (Chaplin, 2006). Such a conformation is necessary for the protein to perform its 

function. Disrupting the interactions with thermal or chemical denaturants and 

measuring the ability of the protein to withstand the denaturation can assess structural 

stability of the protein (Dubey et al., 2003, Freire et al., 2013, White et al., 1999). This 

in turn provides information about the conformation of the protein.  

In thermal denaturing experiments a solution of the protein is subjected at an 

increase in temperature at a constant rate and changes in the protein conformation are 

monitored. In chemical denaturation experiments, the protein is subjected to denaturing 

chemicals such as guanidine hydrochloride (GuHCl) to study conformational states.   

Denaturation of proteins can be observed using a number of techniques 

including UV spectroscopy, intrinsic and extrinsic fluorescence or CD. These methods 
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measure independent parameters of the protein to compare their native and denatured 

states. Employing these different techniques can provide specific structural information 

and a combined analysis can provide valuable information about the overall 

conformational flexibility of the protein. 

Fluorescence techniques are widely used to monitor the changes in the 

conformation of proteins arising from their sensitivity to the immediate environment of 

the probe. Intrinsic fluorescence of proteins is measured by selectively exciting 

tryptophan residues at 295nm. Trptophan residues are sensitive to the solvent 

environment, exhibiting a blue shifted emission from 309nm when fully buried to 

335nm when partially buried state and an emission max at 355nm when fully exposed 

to the solvent. Alternatively external fluorescence dyes such as CPM (a thiol specific 

probe) (Sippel, 1981) can be used to monitor variations in different conformations of 

the protein. The emission intensity of the dye increases drastically when CPM binds to 

the free sulfhydryl groups of cysteine residues that are exposed during unfolding 

(Alexandrov et al., 2008). Though these techniques are highly sensitive and rapid in 

monitoring the conformational transition, the information obtained pertains to changes 

in the local environment of the probe and not the whole protein. On the other hand, CD 

is an ideal technique to monitor conformational changes in a protein and its thermal 

stability can be assessed using CD by following changes in the resultant spectrum with 

increasing temperature (Kelly et al., 2005). Combined analyses of the results obtained 

by fluorescence techniques and CD can assess the correlation between the modifications 

in the local environment of the fluorescent probe and the changes in the secondary 

structure upon unfolding of the protein (Royer, 2006). 

This chapter aims to identify conformational states adopted by EptA in different 

detergent micelles, namely DDM and FC-12. Limited proteolysis analysis and 
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unfolding response to both physical and chemical denaturants were undertaken to 

understand the conformational differences adopted by EptA. This knowledge is not only 

essential for understanding the catalytic mechanism of the enzyme but also for carrying 

out structure-based inhibitor studies towards the development of antimicrobial 

therapeutic agents to reduce the virulence of the bacteria. This chapter will present the 

results from the study and discuss the regions that may contribute to the activity of the 

enzyme. 

6.2 METHODS 

6.2.1 LIMITED PROTEOLYSIS 
Limited proteolysis of EptA purified in DDM micelles, FC-12 micelles and 

Cymal 6 micelles was performed using the proteases trypsin and chymotrypsin (both 

purchased from Sigma Aldrich) at 37oC. Digestions were carried out using EptA at 2.5 

mg.mL-1
 and an EptA to proteolytic enzyme ratio of 1:400 by molar ratio. The digestion 

was sampled over a 24 hour time period (0, 0.25, 0.5,1, 3, 6 and 24 hours) and the 

proteolysis of the sample was halted by the addition of 1mM PMSF. The digested 

samples were analysed by SDS-PAGE under reducing conditions and imaged by the 

Chemidoc MP imaging system (Biorad). Further analysis of the proteolytic fragments of 

EptA was performed by mass spectrometry in order to map the proteolytic fragments 

onto the EptA structure. Bands from the SDS-PAGE gel for the 6 hour digested samples 

were excised. Matrix CHCA (α-Cyano-4-hydroxycinnamic acid) was prepared to a 

concentration of 1 mg.mL-1
 with 80% acetonitrile (ACN)/ 0.1% trifluoroacetic acid / 10 

mM ammonium citrate. Dry peptide samples were reconstituted in (50:50 ACN:water) 

and spotted 1:1 with matrix onto a 384-well Opti-TOF stainless steel plate. MALDI-

TOF/TOF spectra were acquired on a AB Sciex TOF/TOF 5800 mass spectrometer. The 

peptides identified by mass spectral analysis were compared and correlated to the 
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theoretical mass and peptide sequence of trypsin and chymotrypsin digested EptA 

fragments generated by the online software: PeptideMass (Wilkins et al., 1997). A 

schematic diagram explaining the steps involved in limited proteolysis of EptA is 

shown in Figure 6.1 

 

Figure 6.1   Schematic diagram of analysis of EptA by limited proteolysis 
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Limited proteolysis with trypsin and chymotrypsin was also carried out for EptA 

incubated with the donor substrate (0.4 mM NBD-PEA) in DDM micelles and FC-12 

micelles. The samples were analysed by SDS-PAGE as mentioned above. 

6.2.2 THERMAL STABILITY OF EPTA 

6.2.2.1 DIFFERENTIAL SCANNING FLUORIMETRY 
Thermal stability analysis of EptA was performed by DSF. EptA was solubilised 

and purified in DDM micelles, FC-12 micelles and Cymal 6 micelles were subjected to 

DSF following the protocol detailed in Chapter 3, page 67. The results from these 

experiments were analysed by the derivative method (detailed in Chapter 3). The 

melting point value, Tm was taken as the peak minima from the derivative plots which 

corresponds to the inflection point at which the fraction of unfolded protein is 0.5.  

6.2.2.2 CIRCULAR DICHROISM 
The thermal unfolding profiles of EptA purified in DDM micelles and FC-12 

micelles were studied by CD. The protein samples were subjected to a temperature 

gradient from 20oC to 90oC over a period of 2 hours using a JASCO Peltier temperature 

control system (JASCO). The temperature was increased by 1osteps and the unfolding 

of the protein was followed by monitoring the changes in the ellipticity at 222nm as a 

function of temperature. The protein samples were diluted to 0.3 mg.mL-1 in 20 mM 

sodium phosphate buffer, pH 7.0 with the appropriate detergent at a concentration of 3 x 

CMC and were used for the analysis. The percentage of folded protein was calculated 

by using the formula 

% folded protein = (  )x100 

Far-UV CD spectra were measured for EptA in DDM micelles and FC-12 

micelles before and after the temperature gradient.  The protocol for obtaining the Far-
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UV CD measurement is detailed in Chapter 3, page 74. The secondary structure content 

of the CD spectra was calculated with CDSSTR algorithm using the Dichroweb server 

and the spectral changes at 20oC and 90oC were compared.  

6.2.3 GUANIDINE HYDROCHLORIDE DENATURATION OF EPTA 
GuHCl denaturation profiles of EptA in DDM and FC-12 micelles were 

performed by incubating the protein at a concentration of 5 mg.mL-1 with 4 M GuHCl. 

The mixture was incubated at room temperature for one hour. Protein samples lacking 

GuHCl were prepared by adding an equal volume of protein buffer containing the 

appropriate detergent instead of GuHCl. Protein buffer alone was also included in the 

assay as a control. The denaturation of EptA by GdnHCl was studied by monitoring 

both intrinsic fluorescence and by the addition of the fluorescence dye, CPM. A Varian 

Cary eclipse fluorescence spectrophotometer was used to monitor the fluorescence. To 

obtain the intrinsic fluorescence readings, EptA samples, denatured EptA and the 

controls were subjected to an excitation wavelength of 295nm and the resultant 

emission spectra were collected from 300nm to 400nm at 1nm intervals. A further 0.4

L of 2 mg.mL-1 CPM working stock solution was added to all samples. Fluorescence 

readings were collected before and after the addition of the CPM dye. The excitation of 

CPM dye was performed at 384nm and the emission spectra were collected between 

400nm to 500nm.  

6.3 RESULTS AND DISCUSSION 

Conformational changes in enzymes with multiple domains joined by a flexible 

hinge can arise from movements of domains relative to each other. On the other hand 

conformational changes can also result from motions of loop regions comprised of 

fewer amino acid residues which may adopt different conformations during substrate 



 
Page 158 

binding (Kempner, 1993). In order to probe the possible conformational flexibility of 

EptA, limited proteolysis, thermal and chemical stability of EptA were undertaken.  

6.3.1 LIMITED PROTEOLYSIS 
Limited proteolysis, when used systematically, can be used to identify regions of 

proteins that are flexible and can assist in elucidating the molecular feature of a protein. 

In spite of the presence of specific sites for protease cleavage on the surface of a 

protein, effective proteolysis depends on the flexibility of the region containing the 

specific cleavage site (Fontana et al., 1986) and the ability of the flexible region to bind 

to the active site of the protease (Fontana et al., 2004). Performing limited proteolysis, 

using a series of proteases with different specificities, and mapping of the cleaved 

fragments can provide valuable information regarding the surface and exposed regions 

of the protein (Zappacosta et al., 1996). Trypsin and chymotrypsin are serine proteases 

with different cleavage site specificities. Trypsin cleaves peptides on the C-terminal 

side of lysine and arginine residues while chymotrypsin hydroyses peptide bonds on the 

C-terminal side of amino acids containing hydrophobic side chains such as tyrosine, 

tryptophan and, phenylalanine.   

Limited proteolysis of EptA purified in DDM, Cymal 6 and FC-12 micelles was 

carried out using trypsin and chymotrypsin to investigate the conformational differences 

adopted by EptA in these detergents. A time course profile of trypsin and chymotrypsin 

limited proteolysis of EptA in DDM, Cymal 6 and FC-12 micelles indicated differences 

in the rate of cleavage of the native, full-length protein. EptA purified in DDM and 

Cymal 6 exhibited higher resistance to initial proteolytic cleavage (Figure 6.2A and C) 

in comparison to protein purified in FC-12 (Figure 6.2B).  

In spite of the differences in cleavage site specificities for trypsin and 

chymotrypsin, initial cleavage of EptA by both these proteases yielded a primary 
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proteolytic fragment that appeared between  40 and 50 kDa on the SDS-PAGE gel. 

Along with this a number of lower molecular weight fragments were also observed with 

their intensities on the gel increasing with time. The primary fragment observed 

between 40 and 50 kDa appeared much earlier from FC-12 purified EptA with almost 

complete digestion of the native form within an hour. SDS-PAGE gel showed a large 

number of lower molecular weight fragments appearing within an hour from digestion 

of FC-12 purified EptA. In contrast, EptA purified in DDM and Cymal 6 micelles 

retained it’s native form for a substantial length of time (~24 hours). As the digestion 

time increased the primary fragment observed between 40 and 50 kDa became 

susceptible to further cleavage, leading to sub-fragments that accumulated at later stages 

of incubation. Selected bands from the gel (shown with different boxes and circle in 

Figure 6.2) were subjected to mass spectrometry analyses to identify the region causing 

the primary cleavage.  

The peptides identified by Maldi Tof/Tof analyses and the predicted trypsin and 

chymotrypsin cleavage sites for EptA are presented in Table 6.1. Proteolytic fragments 

of DDM and FC-12 purified EptA identified products containing the PH3 helix, PH4 

helix, bridging helix and the soluble domain.  
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Figure 6.2   SDS-PAGE analysis of limited proteolysis of EptA 

Limited proteolysis of EptA solubilised in (A) DDM micelle, (B) FC-12 micelle (C) 

Cymal 6 micelle. Panel i and ii represents the profile after the treatment of EptA with 

trypsin and chymotrypsin respectively. The lanes on the gel represent the times of 

incubation with each of the proteases in hours. The bands marked by a circle and by 

rectangles were analysed by mass spectrometry. The peptide fragments identified for 

each coloured band correspond to the font colouring in Table 6.1. The lane marked M 

represents the molecular weight markers as labelled in kilodalton. 
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Figure 6.3   Cartoon representation of cleaved fragments of EptA from limited 

proteolysis   

Predicted trypsin (purple ball and sticks) and chymotrypsin (pink ball and sticks) 

cleavage sites around the TMH5, PH3, PH4, BH and the loop connecting the BH and 

the SD are highlighted on the native EptA struture (black box). Proteolytic fragments 

isolated between 40 and 50 kDa identified by mass spectrometry peptide analysis are 

shown on the right: Fragments resulting from trypsin digestion of EptA in DDM 

micelles and in FC-12 micelles are shown in the green and magenta boxes respectively. 

Fragments resulting from chymotrypsin digestion of EptA in DDM micelles and in FC-

micelles are shown in the blue and cyan boxes respectively. 
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The results showed that the primary fragment of EptA between 40 and 50 kDa in 

FC-12 micelles and in DDM micelles corresponded predominantly to the soluble 

domain, however their cleavage sites varied (Figure 6.3). This was evident from the fact 

that the primary fragment between 40 and 50 kDa from EptA in FC-12 micelles 

contained peptides from PH4 and BH region (186 SVTHLIVPSNFIGAGVSK 203) and 

from the loop connecting BH and SD (210 SNIPYTQLDMAVVQNRPAGSLR 231) 

along with the soluble domain while the primary fragment observed between 40 and 50 

kDa from EptA in DDM micelles had peptides only from the soluble domain (Figure 

6.3). This difference in the cleavage site between EptA in DDM micelles and FC-12 

micelles was observed for both trypsin and chymotrypsin proteolysis. The presence of 

peptides from the BH and PH4 helix in FC-12 purified EptA suggests that cleavage sites 

around the BH helix are not easily accessible to trypsin. Analysis of the primary 

fragment between 40 and 50 kDa cleavage products from chymotrypsin digestion 

revealed that the DDM purified enzyme was cleaved at residue Tyr214 (BH helix) and 

the FC-12 purified enzyme cleaved at residue Tyr149 (PH3 helix) (Figure 6.3). Again 

the accessibility of the cleavage site to chymotrypsin around the BH helix of EptA in 

FC-12 micelles is low when compared to EptA in DDM micelles.  

The difference observed between the cleaved products from EptA in different 

detergent resulting from the difference in protease accessibility of the specific cleavage 

site may arise from the difference in the flexibility of EptA around BH and PH4 helices 

(Fontana et al., 2004, Fontana et al., 1986). Together with an increased rate of initial 

cleavage observed for EptA purified in FC-12 micelles to the primary fragment between 

40 and 50 kDa, the appearance of lower molecular weight fragments within an hour and 

the observed differences in the cleavage site yielding the primary fragment between 

observed between 40 and 50 kDa  by both the proteases suggests that the protein adopts 
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different conformation in different detergent micelles studied.  

6.3.2 THERMAL STABILITY OF EPTA IN DIFFERENT 

DETERGENTS 
The thermal stability of EptA was investigated to gain insights into possible 

temperature induced conformational changes of EptA along with the conformational 

differences adopted by the enzyme in different detergent micelle environments. DSF 

and CD experiments were undertaken to observe the conformational changes of the 

EptA induced by an increase in temperature. The thermal unfolding profile obtained 

from the DSF method results from the binding of the CPM dye to exposed cysteine 

residues as the protein unfolds. The profile provided by the CD spectrum is due to the 

loss of the secondary structure in the protein as a result of an increase in temperature. 

Together these methods provide valuable information regarding the protein fold and 

thermal stability enabling a deeper characterisation of the enzyme (Vermeer et al., 

1998). 

Cysteine residues are reported to be less abundant in proteins. They are 

generally found either as clusters forming intramolecular or intermolecular disulphide 

bonds or as isolated residues that are less exposed preventing intermolecular disulphide 

bonds and subsequent protein aggregation (Marino et al., 2010). The exposure of 

isolated cysteine residues during the unfolding process of a protein is used as an 

indicator for monitoring the dynamics of protein unfolding resulting from increasing 

temperatures. EptA has 12 cysteine residues: 2 residues isolated in the membrane 

domain (TMH5 and TMH4) and 10 residues in the soluble domain forming 5 disulphide 

bonds. CPM, a fluorogenic dye that emits fluorescence only when bound to free 

exposed cysteine residues (Sippel, 1981) was used to monitor the thermal stability 

(Alexandrov et al., 2008, Branigan et al., 2013, Wang et al., 2015) of EptA in DDM 
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micelles, FC-12 micelles and Cymal 6 micelles.  

Figure 6.4   DSF analysis of EptA in different detergent micelles 

Plot of the change in the relative fluorescence intensity as a function of temperature for 

EptA in DDM, FC-12 and Cymal 6 micelles using CPM as the fluorescence dye. The 

negative of the 1st derivative was used to determine the melt temperatures which are 

presented below the graph.  

 

Previously in this study, DSF was used to identify compatible buffers and 

detergents for purification of EptA (Chapter 3). In those experiments EptA was purified 

and concentrated in DDM micelles initially and then diluted into different detergents. 

Unlike the protein used in the previous DSF experiment the samples for the current 

experiment were solubilised and purified in buffers containing different detergent 

micelles. Representative thermal denaturation profiles of EptA in different detergent 

micelles and their melt temperatures are presented in Figure 6.4.  
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The thermal denaturation profile of EptA in DDM micelles, FC-12 micelles and 

Cymal 6 micelles were similar exhibiting a diphasic melting profile. The diphasic 

melting of EptA may be a result of different stabilities for the soluble domain and the 

membrane domain of EptA in these detergent micelles resulting in independent thermal 

unfolding profiles as shown in other studies (Vermeer et al., 2000). The thermal 

denaturation profile of truncated EptA lacking the membrane domain shows a high 

thermal stability relative to the full-length protein, maintaining a native conformation 

until up to 70oC and exhibiting incomplete unfolding only once 95oC is reached. The 

experimental temperature was not extended beyond 95oC in order to prevent 

evaporation and aggregation of the protein sample. As mentioned above the unfolding 

of the structure in this experiment is observed by the fluorescence emitted by the 

fluorogenic CPM dye which binds to free cysteine residues. The 10 cysteine residues in 

the soluble domain of EptA are all involved in disulphide bond formation and a high 

temperature would be expected to perturb these bonds (Sengupta et al., 2012) and 

expose the free cysteine residues. Given that the soluble domain of EptA exhibits high 

thermal stability, the second unfolding transition (at higher temperature) observed for 

the full-length protein could correspond to the independent unfolding of the soluble 

domain. Interestingly EptA in FC-12 micelles exhibits a much higher thermal stability 

in comparison to EptA in DDM micelles and Cymal 6 micelles (Figure 6.4). 

Intramolecular hydrogen bonds and internal packing resulting from Van der Waal’s 

interaction in a protein are reported as the main factors contributing to the thermal 

stability of proteins (Vogt et al., 1997). Given that there is no change in the amino acid 

sequence in the samples investigated, the protein must adopt different conformations in 

these detergent micelles in order to exhibit the observed differences in thermal stability. 

Studies have shown that FC-12 detergent molecules are capable of interacting with the 
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protein and increasing their α-helical content at lower pH (Wiktor et al., 2013). The 

thermal denaturation experiments of EptA were carried out at neutral pH and hence the 

improved stability of EptA in FC-12 micelles must arise from the conformation adopted 

by the protein rather than specific interactions with FC-12 molecules. Moreover, the 

Far-UV CD spectral analysis of EptA in DDM micelles and FC-12 micelles showed 

similar α helix, β sheets and random coil content suggesting the samples under 

investigation have comparable secondary structure profiles before subjected to thermal 

denaturation. 

To further understand the differences observed in the unfolding profiles of EptA 

in different detergent micelle environments, thermal unfolding of EptA purified in 

DDM micelles and in FC-12 micelles were analysed by following the changes in the 

CD signal at 222nm. Since Cymal 6 is a non-ionic detergent with a maltoside head 

group similar to DDM, only EptA in DDM micelles and in FC-12 micelles were 

included in further experiments. 

The CD signal at 222nm monitors the overall helical content of a protein and 

spectral changes correspond to alterations in the secondary structure of the 

macromolecule (Kelly et al., 2005). The samples were subjected to an increasing 

temperature at a constant rate and the resultant unfolding profiles of the enzyme in 

DDM micelles and FC-12 micelles are presented in Figure 6.5A.  The stability of EptA 

in FC-12 micelles as a function of temperature was higher with the unfolding transition 

starting after 65oC compared to EptA in DDM micelles where the unfolding transition 

starts at 45oC; these results reflect variations in the conformation of EptA in different 

detergent micelles.  The thermal unfolding profiles from both samples exhibited a clear 

pre transition base line but failed to show a post transition base line at higher 

temperature suggesting the unfolding was not complete at 95oC. This was further 
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supported by analyses of the CD spectra (using the CDSSTR program (Sreerama et al., 

2000)) where the presence of considerable residual secondary structure was evident still 

at 95oC for both samples (Figure 6.5B and C). Due to the lack of a post transition 

baseline, the melt temperature for the samples could not be determined. Performing the 

thermal denaturation at a sub-optimal pH can lower the denaturing temperature 

providing a Tm (Sehgal et al., 2006) but such an option may not be suitable to study 

EptA in FC-12 micelles due to their interactions between FC-12 molecules and the 

protein (Wiktor et al., 2013). 

CD spectroscopy can also be used to follow the aggregation behaviour of a 

protein along with heat-induced unfolding by monitoring the dynode voltage. A high-

voltage is applied to the photomultiplier of the detector to compensate for the reduction 

in the light intensity arising from light absorption or scattering in the sample (Benjwal 

et al., 2006). Aggregation in the solution increases the turbidity leading to light 

scattering and a rapid increase in the dynode voltage (Benjwal et al., 2006). A sharp but 

small increase (10 units) in voltage at high temperature (82oC) was observed for EptA 

in FC-12 micelles indicating mild aggregation of the protein at this temperature. In 

contrast, unfolding of EptA in DDM does not lead to aggregation of the protein at 

higher temperature. This observed variation in thermal unfolding pattern of EptA held 

in different detergent environment suggests that the protein must be adopting different 

conformation in the two different detergent micelles.  
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Figure 6.5   CD analysis of thermal unfolding of EptA in DDM micelles and FC-12 

micelles 

 (A) Thermal unfolding profile of EptA in DDM micelles (blue) and in FC-12 micelles 

(orange) monitored at 222nm are shown as dotted lines and the corresponding dynode 

voltage is presented as line (B) Comparison of the Far-UV CD profile of EptA in DDM 

micelles, before and after thermal unfolding from 20oC to 95oC (C) Comparison of Far-

UV CD profile of EptA in FC-12 micelles, before and after thermal unfolding from 20oC 

to 95oC 
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Despite the fact that both DSF and CD spectroscopy experiments monitor 

different parameters during thermal denaturation, the results from both the experiments 

show differences in the thermal stabilities of the protein in DDM micelles and in FC-12 

micelles. The difference in the stabilities observed could be explained by differences in 

the conformational states of EptA adopted in DDM micelles and FC-12 micelles. EptA 

in FC-12 micelles clearly requires higher thermal energy compared to that in DDM 

micelles to unravel the secondary structure.  

6.3.3 GUANIDINE HYDROCHLORIDE (GUHCL) DENATURATION 

OF EPTA 
Chemical denaturation, similar to thermal denaturation, can also be used to 

unfold a protein in a concentration dependent manner. Again, the ability of the protein 

to withstand the effects of the chemical denaturant depends on the conformation 

adopted by the protein in its specific environment. Generally GuHCl molecules exhibit 

an attractive interaction with the peptide backbone and the efficiency of the 

denaturation depends on the amount of GuHCl bound to the protein (Monera et al., 

1994). The aim of this experiment was to identify the regions associated with the 

conformational variation of EptA in DDM micelles and in FC-12 micelles. CPM, an 

extrinsic dye that fluoresces when bound to free cysteine residue and intrinsic 

fluorescence of tryptophan residues were used to monitor the extent of changes to the 

structure (Royer, 2006) of EptA resulting from GuHCl treatment. Since the 10 cysteine 

residues in the soluble domain are all involved in disulphide bond formation as seen in 

the crystal strucuture only the Cys129 in the TMH4 helix and Cys165 in TMH5 helix 

are more likely to interact readily with the CPM dye when exposed. EptA also has 6 

tryptophan residues, 3 in the soluble domain (Trp247, Trp320 and Trp484), 1 in the BH 

(Trp207) and 2 in the membrane domain (Trp126 and Trp148). A surface representation 
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of EptA highlighting the exposed positions of cysteine and tryptophan residues is 

presented in Figure 6.6 A. GuHCl denaturation in this experiment was performed in the 

absence of a disulphide reductant as they are reported to interfere with the fluorescence 

of CPM (Alexandrov et al., 2008).  

Initially intrinsic fluorescence measurements were performed by excitation at 

295nm to selectively excite tryptophan residues (Royer, 2006). Due to high sensitivity 

of tryptophan fluorescence with respect to changes in the microenvironment of the 

intrinsic chromophore, various properties of the unfolded state can have a distinct effect 

on intensity values. In particular, differences in the extent of protein aggregation, in 

structural compactness or simply in the structural arrangement of tryptophan residues in 

unfolded states significantly change the magnitude and intensity of the red shift 

observed during the unfolding transition. The intrinsic fluorescence from the tryptophan 

residues showed that EptA in FC-12 micelles exhibited a red shifted λ max (maximum 

of emission signal) in comparison to EptA in DDM micelles suggesting that the 

typtophan residues in FC-12 micelles are more solvent exposed. Since the amino acid 

composition of EptA is the same in both the samples, a variation in the protein 

topography could be responsible for affecting the inner hydration of the protein leading 

to this difference in the solvent exposure of the tryptophan residues in the protein. When 

both these samples were treated with 4M GuHCl the intrinsic fluorescence was further 

red shifted and exhibited equal λ max suggesting unfolding of EptA as shown in Figure 

6.6B(i).  

The fluorescence intensity resulting from the addition of CPM to native EptA in 

both the DDM and FC-12 micelles were similar, suggesting equal CPM accessibility of 

the exposed cysteine residues in both samples (Figure 6.6B(iii)). In contrast, the 

addition of CPM to EptA fully denatured by GuHCl resulted in an increased 
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fluorescence signal from EptA in DDM micelles than EptA in FC-12 micelles. Since 

disulphide bonds formed by cysteine residues are retained during GuHCl denaturation 

(Chang, 1997), the difference in the intensity of CPM fluorescence signal must be 

arising from variation in the exposure of cysteine residues in the membrane domain. 

The extent of protein denaturation depends on the ability of GuHCl to access and bind 

to the peptide backbone of the protein (Monera et al., 1994). Given that EptA 

maintained its secondary and tertiary structure in both DDM micelles and FC-12 

micelles and equal amount of concentrated GuHCl were used for denaturation, the 

results obtained from this experiment arise from the conformational variation of the 

protein in different detergent micelles. The observed results suggest that the GuHCl 

accessibility and interaction with the peptide backbone of EptA in DDM micelles and in 

FC-12 must be different specifically in the vicinity of the cysteine residues. Intriguingly 

the tryptophan residues of denatured EptA in DDM micelles and FC-12 micelles exhibit 

a similar solvent exposure profile while the cysteine residues are not equally exposed. 

Between the two cysteine residues found in the membrane domain of EptA, Cys129 is 

in close proximity to Trp126 (in TMH4 helix) and unfolding of this region would lead 

to equal exposure of both the residues. Since similar exposure of tryptophan residues is 

observed in GuHCl denaturation EptA in both DDM micelles and FC-12 micelles, 

Cys129 must also be equally exposed in both the samples. On the other hand Cys165 

found in TMH5 helix is further away from any tryptophan residues in EptA and this 

cysteine residue could be contributing to the variation in the CPM fluorescence 

observed in the denaturation experiment. This observation in turn suggests that EptA in 

FC-12 micelles must lack flexibility around residue Cys165 in TMH5 helix and resist 

GuHCl denaturation. 

Conformational flexibility is often important for enzyme function and catalysis 
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(Karshikoff et al., 2015). Studies have shown that lower flexibility can lead to decreased 

activity especially for those enzymes that requires large conformational changes to 

perform their function (Epand et al., 1986). Results from all the above experiments 

suggest that EptA adopts different conformational states in FC-12 micelles and in DDM 

micelles. The thermal stability analysis along with limited proteolysis studies show that 

the soluble domain of EptA is very stable in both detergents. As mentioned earlier the 

soluble domain contains 10 cysteine residues forming 5 disulphide bonds, which could 

be a major contributing factor to the stability of the soluble domain.  

EptA in FC-12 micelles exhibits an overall increased solvent exposure but 

maintains rigidity at certain regions specifically around the BH and PH4 helices and 

regions containing cysteine residues compared to EptA in DDM micelles. This study 

has also demonstrated that EptA in FC-12 micelle fails to hydrolyse 

phosphoethanolamine from phosphatidylethanolamine, rendering the enzyme inactive 

(Chapter 4). Based on these results it is tempting to hypothesise that the flexibility 

associated with the above structural regions could play an important role in the enzyme 

activity. However, further detailed investigations are required to unequivocally confirm 

this hypothesis. 
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Figure 6.6   Guanidine hydrochloride denaturation of EptA 

(A) Surface representation and cartoon representation (inserts) of EptA highlighting the 

positions of Trp residues in cyan and Cys residues in green. (B) Comparison of native 

and guanidine hydrochloride denaturation of EptA. (i) Intrinsic fluorescence profiles of 

EptA after excitation at 295nm. Emission spectrum of non-denatured EptA in DDM 

micelles (blue), non-denatured EptA in FC-12 micelles (orange), denatured EptA in 

DDM micelles (pale blue) and denatured EptA in FC-12 micelles (pale orange) are 

presented. The corresponding λ max values are presented next to the corresponding 

emission profile. (ii) Fluorescence profile of the above samples after excitation at 

384nm. (iii) Fluorescence profile of the above samples after the addition of the CPM 

dye and excitation at 384nm.  
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Analysis of substrate bound EptA could provide insights into the structural 

conformations adopted by the enzyme to perform the chemistry. Hence limited 

proteolysis was repeated with NBDPEA (donor substrate) incubated EptA in DDM and 

FC-12 micelles. The digestion profile for the enzyme with the substrate was similar 

between the apo-enzyme and substrate incubated enzyme. The SDS-PAGE analyses of 

limited proteolysis of EptA with NBD-PEA are presented in Appendix B. Since EptA in 

DDM micelles is active, cleaving PEA from NBD-PEA at a faster rate and releasing the 

diacylglycerol product (NBD-DAG), capturing a substrate bound state of the enzyme 

would be challenging. In contrast, the conformation of EptA in FC-12 micelles may not 

be conducive to the binding of the donor substrate to the enzyme. Capturing such a 

substrate bound state could possible using specific mutants of the enzyme that retains 

the physical properties of the wild type enzyme but fail to undergo catalysis. 

Biophysical and structural characterisation of such mutants can identify residues that 

play a role in conformational changes brought about by substrate binding and could aid 

in understanding the kinetic mechanism of the enzyme. Furthermore, since EptA is a 

transmembrane protein, a similar characterisation in a lipid environment such as 

liposomes or nanodiscs could provide useful validation of the above observations 

obtained from studies in membrane mimicking detergent environments. 

6.4 CONCLUSION 

The present investigation has provided clues about the variation between 

conformational states of EptA in DDM micelles and in FC-12 micelles. This study 

shows that certain regions of EptA lack flexibility in FC-12 micelles, which could affect 

the catalytic activity of the enzyme. Though the investigation has identified regions 

suspected to exhibit lower flexibility, further mutational studies are recommended to 

confirm the results and to identify residues that are essential for enzyme catalysis. Such 
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characterisation of the conformational flexibility and identification of residues are, not 

only essential for understanding the catalytic mechanism, but for structure guided 

design of enzyme inhibitors as novel antimicrobial therapeutic agents.  
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7.1 FINAL DISCUSSION 

EptA belongs to a family of lipid A PEA transferases found in the inner 

membrane of Gram-negative bacteria. This enzyme modifies lipid A by adding PEA to 

the 1 and 4’ positions and this modification confers bacterial resistance to host defence 

peptides, defensins and cationic anti-microbial peptides such as colistin and polymyxin. 

Hence the enzyme is a potential target for developing a structure-guided inhibitor that 

can be used for anti-virulent therapy. The molecular structure of the truncated soluble 

domain of EptA from N. meningitidis (Wanty et al., 2013) and its homologue from C. 

jujeni (Fage et al., 2014) were both available, before commencing this study and 

suggested that both soluble domain and membrane domain of the protein were essential 

for the enzyme activity. Hence the aim of this project was to obtain insights into the 

structural architecture of the full-length protein containing both the soluble domain and 

membrane domain and to understand the mechanism of PEA transfer. These goals were 

accomplished by obtaining the structural model of EptA through X-ray crystallography 

and methodological biophysical analyses of the enzyme. 

The current project not only presents an optimised expression, purification and 

crystallisation protocol for full-length EptA from N. meningitidis, but also the first 

crystal structure of a full-length enzyme from the lipid A phosphoethanolamine 

transferase family. The crystal structure provides insights into a previously 

uncharacterised helical membrane domain along with the soluble domain. The structural 

orientation of the two domains reveals a sequestered active site, which is likely to be 

critical for efficient catalysis. The crystal structure has a DDM molecule trapped in the 

presumed substrate binding site and reveals structural motifs that are proposed to play 

an important role in substrate binding and catalysis. The interaction of the DDM 

molecule with residues in the soluble domain and residues in the PH2 and PH2’ helices 
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of the membrane domain, along with the conservation analysis of these residues 

(Anandan et al., 2017), provided insights into the likely roles of these residues/regions 

in substrate binding. Moreover an in vitro EptA activity assay developed in this study 

showed that the truncated soluble domain of the enzyme lacked the ability to hydrolyse 

PEA from phosphatidylethanolamine confirming that regions in both the membrane 

domain and the soluble domain are required for enzyme catalysis.  

An in vitro activity assay using a fluorescently labelled analogue of 

phosphatidylethanolamine was developed and optimised to study the functional 

integrity of the enzyme. The assay showed that the enzyme was able to bind and 

hydrolyse PEA from phosphatidylethanolamine and release diacylglycerol in the 

absence of the acceptor substrate, lipid A, supporting the hypothesis that the enzyme 

adopts a ping-pong kinetic mechanism. The assay also provided kinetic constants for the 

first half of the reaction.  

The current crystal structure of EptA with the bound DDM molecule has locked 

the enzyme in a particular conformation and leaves unanswered questions as how the 

enzyme could accommodate the larger acceptor substrate, lipid A, for PEA transfer. It 

was hypothesised that the enzyme must undergo conformational changes for this 

purpose. Molecular dynamic simulation study of EptA in a membrane environment 

performed by our collaborators demonstrated that individual domains of EptA 

maintained a well folded tertiary structure while the relative positioning of the two 

domains varied significantly (Anandan et al., 2017). A superimposition of 

representative structure from the MD simulations over the crystal structure (Figure 

7.1(ii)) and the superimposition of TM domain of representative cluster of structures 

from simulations (Figure 7.1(i) showed a significant deviation in the structural 

alignment starting after helix PH3 leading to substantial movements in the position of 
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soluble domain (Figure 7.1(ii)) relative to the membrane domain. Additionally, the PH4 

helix in the simulations unwinds (Figure 7.1(i)) in comparison to the crystal structure, 

promoting the movement of the soluble domain and exposing the catalytic nucleophile.  

Experimental investigations of EptA through limited proteolysis and protein 

stability studies showed that the protein adopted different conformations in DDM 

micelles and in FC-12 micelles. Since the enzyme in FC-12 micelles was inactive and 

also lacked flexibility around the BH and PH4 helices as seen in limited proteolysis 

investigations, we speculated that the enzyme inactivity could be associated with the 

lack of flexibility in this region. Given that the molecular dimension simulations of 

EptA in a membrane environment also shows variation in structural orientations from 

the amino terminus of the PH3 helix and an unwinding of the PH4 helix leading to 

movements of the soluble domain, it is tempting to hypothesise that flexibility around 

this region is required for conformational changes needed for enzyme activity.  
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Figure 7.1   Molecular dynamics simulation of EptA in a membrane environment 

(i) Superimposition of five representative structures (each presented in different colour) 

from the molecular dymamics simulation. The membrane domain and the soluble 

domain are depicted as ribbon and surface representations respectively. The insert 

highlights the deviation in the structural alignment starting after helix PH3 and 

unwinding of helix PH4 leading to substantial movements in the relative position of 

soluble domain (ii) comparison of crystal structure (pink ribbon) and a representative 

structure from the molecular dynamics simulation (blue ribbon). (iii) & (iv) Cluster of 

structures from molecular dynamics simulation showing the relative movement of the 

soluble domain (SD) and the membrane domain (MD) respectively.  



CHAPTER  7 Page 189

Overall the current study has provided a strong foundation for a structure-guided 

approach to develop small molecule inhibitors towards combating multidrug resistance 

in pathogenic N. gonorrhoeae. The knowledge gained from this study has provided a 

basis for structural studies of other Gram-negative lipid A PEA transferases such as the 

plasmid mediated MCR-1 protein from E. coli (Hu et al., 2016). A number of further 

experiments to characterise the different conformational states of the enzyme and to 

underpin the role of active site and binding site residues in enzyme catalysis needs to be 

undertaken to gain a deeper understanding into the conformational flexibility and 

catalytic mechanism of the enzyme. Some recommended experiments for future 

investigations are discussed below.  

7.2 FURTHER INVESTIGATIONS 

7.2.1 EPTA STRUCTURE IN A MEMBRANE MIMICKING 

ENVIRONMENT 
Membrane proteins are often said to have conformational plasticity in their 

native environment, which might be required for their function (Cross et al., 2013). In 

vitro studies of membrane proteins requires extraction of the molecule from the native 

environment and maintaining the integrity of the protein in a membrane mimetic 

environment. The current EptA structure was solved by obtaining crystals from protein 

stabilised in a detergent environment like many other amphipathic membrane proteins 

(Loll, 2014). Lipidic cubic phase (LCP) is a bicontinuous lipid phase (Landau et al., 

1996, Liu et al., 2004), which provides a better membrane mimetic environment than 

detergents for membrane proteins. Obtaining the structure of EptA from crystals grown 

in LCP could provide a deeper understanding of the conformations adopted by the 

protein in a membrane environment.  

A substrate bound EptA structure would be extremely valuable in elucidating the 
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molecular details of substrate binding and conformational changes required to 

accommodate different sized substrates. Growing substrate bound crystals of EptA has 

been challenging mainly due to difficulties in solubilising the lipid substrates and 

maintaining the solubilised lipid in an aqueous environment for co-crystallisation with 

EptA or for soaks of EptA crystals.  Moreover, the bound DDM molecule in the active 

site could be hindering the uptake of weakly solubilised lipid substrates from the 

crystallisation setup. Crystallisation of EptA with substrate doped LCP could overcome 

these issues and enhance the chances for obtaining substrate bound EptA crystals. 

Additionally imaging EptA in a lipid nanodisc using cryo electron microscopy can 

provide valuable tool to study the enzyme in its native membrane environment. 

7.2.2 ENZYME ACTIVITY ASSAY  
An in vitro enzyme activity assay that could monitor the PEA transfer to lipid A 

would be better suited to study the kinetic mechanism of the enzyme. This would not 

only allow kinetic comparisons of mutant forms of the enzyme but will also enable 

further studies directed at inhibitor design. The successful development of an enzymatic 

assay mainly depends on the availability of suitable substrates and the ability to 

visualise the progress of the reaction accurately. Moreover, the reaction needs to robust 

and reproducible.  

EptA has been shown to transfers PEA to N. flavescens LOS that naturally lacks 

PEA at the 1 and 4’ position of lipid A; the transfer of PEA was analysed by mass 

spectrometry. Including lipid A in the currently developed in vitro activity assay in the 

presence of lipid A substrates would involve extracting LOS from the N. flavensens, 

assessing its purity and establishing the effect of LOS on the rate of cleavage of PEA 

from NBD-PEA. Once the reaction kinetics is established in the presence of both the 

substrates, the assay can be used to screen inhibitors for their potency. The activity 
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assay can be used to assess and rank the potency of small molecules resulting from an 

initial high-throughput compound screening method such as fluorescence polarization 

(Hall et al., 2016). Performing the inhibitor screening under assay conditions where 

concentration of one substrate is maintained at saturation (above the Km), and the 

second at or below its Km will enable the identification of inhibitors with competitive, 

non-competitive and un-competitive binding mechanisms against the substrate 

maintained below the Km and non-competitive and un-competitive mechanisms against 

the substrate maintained above the Km (Strelow et al., 2004). 

7.2.3 SUBSTRATE SPECIFICITY 
Currently very little information is available regarding the substrate specificity 

of this enzyme. Both the substrates involved in the reaction are lipids found in the 

membranes of the organism. Mass spectrometry analysis of the membranes of 

pathogenic Neisseria species revealed that phosphatidylethanolamine with varied acyl 

chain length and saturation were the major phospholipid found in the membranes 

(Rahman et al., 2000). Performing the activity assay using NBDPEA with varying acyl 

chain length and saturation and comparing the kinetic parameters would provide 

insights into the specificity of the enzyme towards the donor substrate’s structural 

architecture.  

A comparative study of the lipid A structure from different Gram-negative 

bacteria shows that the length, number and arrangement of acyl chains in lipid A is 

species specific (Raetz et al., 2002). This again raises the question regarding the 

specificity of EptA to the acceptor substrate. Performing the activity assay with 

different classes of lipid A and assessing the rate of PEA transfer by mass spectrometry 

can address this question. Knowledge regarding the structural features associated with 

substrate specificity will assist with further development of structure-based inhibitors of 
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the enzyme.  

7.2.4 ROLE OF CONSERVED RESIDUES 
The EptA crystal structure has a Zn2+ ion that is tetrahedrally coordinated to the 

side chains of 4 conserved residues His453, Asp452, Glu240 and Thr280. The active 

site of the enzyme was presumed to be at the position of the bound Zn2+ ion based on 

structural homology studies with other hydrolases (Wanty et al., 2013).  Although the 

Zn2+ ion coordinating residues are all conserved in other lipid A PEA transferases, their 

specific role in the catalysis by EptA is yet to be analysed. Site directed mutational 

analysis of these residues along with further structural and functional studies could 

provide mechanistic insights into the role of these residues during enzyme action. 

Moreover, mutants that exhibit conformational stability but lack activity could be used 

to obtain substrate bound EptA crystals and enhance the understanding of the substrate 

binding mechanism.  

The substrate binding pocket of EptA involves the PH2 and PH2’ regions of the 

membrane domain and this region has three conserved residues namely Glu114, Thr110 

and Asn106. Together with site directed mutations of these residues, functional analysis 

and structural studies of substrate bound enzyme forms could elucidate the role of these 

residues in the substrate recognition and binding mechanism. Such a thorough 

understanding of the structure of the enzyme and its relationship to activity is critical to 

early discovery and development of drug candidates (Strelow et al., 2004). 

7.2.5 REGIONS INVOLVED IN CONFORMATIONAL CHANGES 
The current study speculates that flexibility around the PH4 helix and the BH 

helix may be needed for the hydrolysis of PEA from phosphatidylethanolamine. 

Crystallographic investigations of the substrate bound EptA can provide information 

about the conformational changes resulting from substrate binding and enzyme 
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catalysis. This could identify residues that might be playing specific roles in promoting 

conformational flexibility. Mutational studies of the identified residues along with 

enzyme kinetic investigations can underpin their role in conformational changes 

necessary for the enzyme catalysis. 

A detailed understanding of the structural features and its role in enzyme 

catalysis provides the possibility of designing structure specific inhibitors of the 

enzyme. As EptA is a homologous to other lipid A phosphoethanolamine transferase in 

Gram-negative bacteria such as the recently identified colistin resistance enzyme, MCR-

1 identified in a transferable plasmid, the current study has provided comprehensive 

insights into the structure of other lipid A phosphoethanolamine transferases enabling 

comparative studies and extending the capability of inhibitor development to MDR 

Gram-negative bacteria. 
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 APPENDIX A 
Plasmid map of pCMK526 and protein sequence of EptA 

 

Supplementary figure 1: Plasmid map of pCMK 526.  

The eptA His6 gene on pCMK 526 is located downstream of a Ptrc promotor of Ptrc99a 

vector. 

Protein sequence: 

MIKPNLRPKLGSSALIAFLSLYSSLVL NYAFFAKVVELHPFNGTGADIFLYTMPVVLFFL 
SNFVFHVIALPFVHKVLIPLILVISAAVSYQEIFFNIYFNKSMLNNVLQTTAAESARLIT 
PGYVLWIVCLGVLPALAYIAVKVKYRVWYKEFLTRLVLAAVSFLCALGIAMLQYQDYASF 
FRNNKSVTHLIVPSNFIGAGVSKYKDWKRSNIPYTQLDMAVVQNRPAGSLRRFVVLVVGE 
TTRAANWGLNGYSRQTTPLLAARGDEIVNFPQVRSCGTSTAHSLPCMFSTFDRTDYDEIK 
AEHQDNLLDIVQRAGVEVTWLENDSGCKGVCGKVPNTDVTSLNLPEYCRNGECLDNILLT 
KFDEVLNKNDKDAVLILHTIGSHGPTYYERYTEAERKFTPTCDTNEINKCTRATLVNTYD 
NTVLYVDQFIDKVIRKLENRDDLESVVHYVSDHGESLGENGMYLHAAPYAIAPSGQTHIP 
MVMWFSKAFRQHGGIDFQCLKQKAAENEYSHDHYFSTVLGLMDISNSQTYRKEMDILAAC 
RRPRKASHHHHHH 
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APPENDIX B 

 
Supplementary figure 2: Trypsin proteolysis of EptA with phosphatidylethanolamine 

Panel i compares the trypsin digestion profile of EptA in DDM micelles incubated with 

the fluorescently labelled donor substrate analogue, NBD-PEA (b) and EptA only (a). 

Panel ii compares the trypsin digestion profile of EptA in FC-12 micelles incubated 

with the fluorescently labelled donor substrate analogue, NBD-PEA (b) and EptA only 

(a).  
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Supplementary figure 3: Chymotrypsin proteolysis of EptA with 

phosphatidylethanolamine 

Panel i compares the chymotrypsin digestion profile of EptA in DDM micelles 

incubated with the fluorescently labelled donor substrate analogue, NBD-PEA (b) and 

EptA only (a). 

Panel ii compares the chymotrypsin digestion profile of EptA in FC-12 micelles 

incubated with the fluorescently labelled donor substrate analogue, NBD-PEA (b) and 

EptA only (a).  
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