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Abstract 

Amoebapore A (APA-1) is an antimicrobial protein produced by the human parasite 

Entamoeba histolytica. The activity of APA-1 has been hypothesised to be regulated by a pH-

dependent dimerisation mechanism that enables the protein to assemble into a pore structure in 

membranes. This research thesis has characterised the pH-dependent dimerisation and 

membrane binding activity of APA-1 using a variety of techniques.  

Production of APA-1 samples was achieved using cell-free protein synthesis. Combinatorial 

15
N-labelling combined with 

1
H chemical shift data and three-dimensional NMR experiments 

were used to assign NMR spectra. NMR chemical shift perturbation analysis identified 

residues located at the dimer interface and, in conjunction with HADDOCK a new dimer 

model was derived. Small angle X-scattering (SAXS) experiments confirmed that the NMR-

derived dimer model matched the SAXS data statistically better than the previously derived 

dimer model. The equilibrium dissociation constant (Kd) for the APA-1 dimer was measured 

using size-exclusion chromatography and NMR spectroscopy and was found to be 247 ± 32 

ɛM at the optimal activity pH of 5.2, and >850 ɛM when measured at pH 3.0, indicating that 

dimer formation involves ionic interactions. The pKa values of Asp, Glu and His residues were 

determined by NMR spectroscopy to gain insight into the functional role of these residues. 

Intriguingly, the pKa values of Glu16 and Glu62 (5.3), which are structurally proximal, were 

found to match the pH range where APA-1 activity dramatically decreases. This suggests that 

the ionisation state of these residues is important in regulating APA-1 membrane interactions. 

Quartz crystal microbalance with dissipation and neutron reflectometry were used to examine 

the membrane binding properties of APA-1. Different bilayers mimicking eukaryotic and 

prokaryotic membranes on surfaces were chosen and changes in the lipid bilayer architecture 

upon addition of APA-1 were analysed. APA-1 bound favourably to membranes containing 

negatively charged phosphatidylglycerol, supporting the hypothesis that positive electrostatic 

regions on APA-1 are essential for the initial recognition of a negatively charged membrane 

surface. APA-1 bound more efficiently to loosely deposited phospholipids and bilayers with 

defects, and the membrane interaction was found to be reversible. APA-1 was capable of 

removing thick lipid deposits that had not formed stable bilayers, suggesting that APA-1 can 

facilitate shedding of lipid material. No clear evidence of pore formation was observed. 
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Introduction of amoebapore A, an 

antimicrobial protein produced by 

Entamoeba histolytica 
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1.1 Introduction of Entamoeba histolytica  

1.1.1 Amoebiasis and Entamoeba histolytica infection 

Amoebiasis, also termed amoebic dysentery, is a life-threatening parasitic infection caused by 

the unicellular protozoan parasite Entamoeba histolytica [1]. Amoebiasis is the third leading 

life-threatening parasitic disease after malaria and schistosomiasis [2]. Humans are infected 

with amoebiasis throughout the world; however, infection predominantly occurs in developing 

countries in tropical regions with poor sanitary conditions and contaminated drinking water [3]. 

According to the World Health Organisation, more than 100,000 deaths per year are caused by 

infection of this parasite [2]. This parasitic disease is also responsible for severely affecting the 

growth of infected children [4]. 

Infection by E. histolytica occurs by ingestion of mature cysts in contaminated food or water, 

and the mature cysts can be spread from person to person. After ingestion of the cysts, the 

parasite inhabits the human colonic lumen, where it feeds primarily on bacteria and cellular 

debris. Each cyst undergoes excystation and releases eight trophozoites. The trophozoites 

migrate to the large intestine where they grow and multiply by binary fission to increase their 

numbers, feeding on bacteria and cell debris [5]. 

In ~90% of the infected individuals, the trophozoites attach to the mucus and epithelial cells 

without penetrating the intestinal mucosa. They undergo encystation to become mature cysts 

that are passed to stools, resulting in asymptomatic carriers. Asymptomatic carriers are often 

infected by the non-pathogenic Entamoeba dispar, which is visually indistinguishable from the 

pathogenic E. histolytica, and is often termed the non-pathogenic E. histolytica. In ~10% of the 

pathogenic E. histolytica infections, the trophozoites lyse colonic epithelial cells, penetrate the 

intestinal mucosa and begin an invasive process. Severe inflammation of the gut causes bloody 

diarrhoea, abdominal pain, weight loss, fatigue and dehydration, which results in blood loss 

and depletion of body protein stores (i.e., dysentery). This can be fatal, especially in infants and 

children. The destruction of the mucosa can lead to the spread of the parasite via the blood 

stream to other sites such as the lungs, brain, genitals and liver, which are commonly infected, 

and lead to massive disruption, inflammation and abscesses of host tissue [6-9] (Figures 1.1 & 

1.2). 
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Figure 1.1: Infection cycle of E. histolytica. (A) Non-invasive colonisation: the trophozoites remain in 

the lumen and the cysts are passed to faeces. (B) Intestinal disease: the trophozoites invade intestinal 

mucosa and results in intestinal dysentery. (C) Extra-intestinal disease: the trophozoites penetrate into 

the blood stream and migrate to other sites such as the liver, lungs and brain, causing severe infection. 

(1) Mature cysts; (2) mature cysts undergoing excystation to form trophozoites; (3) trophozoites; (4) 

trophozoites undergoing encystation to form cysts. The picture was modified from [10]. 

 

 

Figure 1.2: Specimens of liver infection and abscess caused by E. histolytica. (A) The white patches 

are regions of damaged tissue caused by the infection (i.e., ulcers). (B) The flask-shaped white ulcer is 

pus-filled and circumscribed by circular linings formed by the body, preventing the infection from 

spreading. The pictures were taken from [11].  
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1.1.2 Drugs for amoebiasis treatment 

There are anti-amoebic drugs that target E. histolytica. They are generally classified into two 

groups: tissue amoebicides and luminal amoebicides. The tissue amoebicides kill amoeba in 

the intestine and host organs, whereas the poorly absorbed luminal amoebicides are active only 

in the intestinal lumen [3]. 

Three commonly used tissue amoebicides against invasive amoebiasis are metronidazole, 

emetine and chloroquine. Metronidazole works against intestinal infection by forming highly 

reactive free radical species that damage the DNA of the parasite, whereas emetine functions 

by inhibiting protein synthesis of the trophozoites leading to parasite death [12]. However, the 

efficiencies of these drugs are limited. For example, metronidazole has no effect on cysts, thus 

treatment with metronidazole has a high re-infection rate and should be followed by a luminal 

amoebicide to eliminate luminal parasites. In addition, both metronidazole and emetine have 

severe side-effects, such as nausea, vomiting, a metallic taste, abdominal pain and headaches, 

which limit their clinical use [3, 13, 14]. Chloroquine is used to treat hepatic amoebiasis by 

killing the trophozoites in the liver through inhibition of parasite DNA synthesis. However, 

chloroquine is less effective in the treatment of intestinal amoebiasis. Luminal amoebicides 

such as paromomycin, diloxanide furoate and 8-hydroxyquinolones are normally used in 

conjunction with metronidazole for the treatment of intestinal infections. These drugs are used 

for treating asymptomatic cyst carriers by killing trophozoites in the lumen, but are less 

effective against the invasive disease. The luminal amoebicides are especially useful for the 

control of the spread of infection; however, indiscriminate use of drugs for asymptomatic 

carriers may lead to drug resistance [6, 15].  

To prevent the spread of the parasitic disease, it is important to improve sanitation and hygiene 

standards. For example, boiling or filtering drinking water to prevent waterborne transmission 

caused by faecal-contaminated water supplies, frequent hand washing and thorough cooking of 

food, and proper disposal and disinfection of human waste. However, in third-world countries, 

sanitation improvement remains an issue, making this disease a lasting international public 

health problem. Moreover, it is important to extend the access of amoebicides usage in high 

disease incidence areas to control the infection during the early stages of infection and reduce 

the risk of the invasive process. Thus there is a challenge to develop new effective drugs 

against the parasite. 
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1.2 Introduction of amoebapore A 

1.2.1 Discovery of amoebapore  

A study performed by Ravdin et al. in 1980 showed that invasion of E. histolytica to a 

monolayer of Chinese hamster ovary (CHO) cells involved a contact dependent cytolytic 

reaction [16]. Initially the parasite establishes an intimate adherence to the target cells which 

were originally attached to a cover slip, causing the cell membranes to bulge outwardly (i.e., 

blebbing) and extensive rounding of the cells. The cells were detached from the glass surface 

and phagocytised by the parasite (Figure 1.3). The invasion process was rapid: approximately 

50% of the CHO cells were destroyed within 2 h, and only occurred to cells that were in direct 

contact with the parasite [16]. 

 

Figure 1.3: Destruction of CHO cells by E. histolytica. (a) The CHO cells (indicated by the black 

circle) were not in direct contact with the parasite and were viable. (b-d) Upon contact with E. 

histolytica (indicated by the arrow), three CHO cells underwent blebbing and rounding (e-f) and were 

phagocytosed by the parasite. The figure was modified from [16].  
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Based on the results, it was hypothesised that following the contact between E. histolytica and 

the target cell, a membrane active factor was released from the parasite and transferred to the 

target cell. The factor is able to spontaneously interact with the cell membrane and affect the 

ionic permeability of the target cell, leading to extensive cell blebbing followed by 

phagocytosis and cell death [17]. Studies carried out in 1980s have revealed that the 

ñpathogenic factorò, named amoebapore, appeared to be a protein produced by E. histolytica 

[17, 18]. Amoebapore was found to exist as protein aggregates in target membranes under 

slightly acidic environments and was able to rapidly increase target membrane conductance 

upon binding. Based on the observations, it was proposed that amoebapores were able to form 

pores in membranes. However, these studies provided no detailed description of how the pore 

formed, and whether amoebapore oligomerisation occurred during pore formation [18-20] or is 

present in aqueous solution prior to membrane binding [21]. Under conditions of freezing, 

thawing, or addition of high salt, the aggregates can be dissociated, suggesting reversible 

oligomerisation [18-20]. More information on the pore-forming properties of amoebapores will 

be discussed in Sections 1.2.4 and 1.2.5. 

1.2.2 The amoebapore family 

In 1994, three amoebapore isoforms were isolated from the cytoplasmic granules of E. 

histolytica, and named amoebapore A, B and C [22]. Among the three isoforms, amoebapore A 

was the most abundant protein and present at a ratio of approximately 35:10:1 (amoebapore 

A:B:C). All three isoforms showed pore-forming activity. Amoebapore A, B and C all have 77 

residues, with molecular weights (MWs) of 8244, 8295.7 and 8025.6 Da, and similar protein 

isoelectric points calculated to be in the range of 5ī6. Amoebapore B and C show 57 and 47% 

sequence identity to amoebapore A and were predicted to have the same structural organisation. 

Sequence alignment of the three isoforms (Figure 1.4) shows that all three proteins have six 

conserved cysteine residues at identical positions. The six cysteines form three disulfide bonds 

(Figure 1.4). A number of hydrophobic residues are conserved among the isoforms which are 

dispersed throughout the sequence (Figure 1.4). Since amphipathic helices are the structural 

elements preferentially used by membrane-penetrating peptides, the hydrophobic regions have 

been proposed to play important roles in interacting with the membrane surface [23]. Six 

charged residues Glu16, Lys37, Lys48, Asp55, Glu62 and His75 (numbering for amoebapore 

A; indicated by red arrows in Figure 1.4) and three uncharged residues Tyr30, Gly40 and 

Gly53 (Figure 1.4), are conserved across all three isoforms, suggesting these residues may be 

functionally important. 
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Figure 1.4: Sequence alignment of amoebapore A, B and C. Cysteine residues are highlighted in black with dashed lines representing the three disulfide bonds 

formed. Configuration of the disulfide bonds were determined based on the solution structure of APA-1 solved in 2004 [24]. The conservative hydrophobic 

residues across all three isoforms are highlighted in green. The conserved charged residues are indicated by arrows (i.e., E16, K37, K48, D55, E62 and H75) and 

the non-charged conserved residues (i.e., Y30, G40 and G53) are highlighted in yellow. Positively charged residues are highlighted in blue and negatively 

charged residues are in red [25, 26]. 
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Since amoebapore A (APA-1) is the most abundant amoebapore among the three isoforms, its 

pathogenic activity has been the most extensively investigated [27-29]. In both in vitro and in 

vivo studies with human red blood cells (RBC), baby hamster kidney cells (BHK) and bacteria 

cells, it was observed that down-regulation or silencing of APA-1 expression significantly 

diminished the virulence of E. histolytica trophozoites (Figure 1.5). Surprisingly, 

overexpression of APA-1 did not increase the parasitic virulence but dramatically reduced it. 

Excess amounts of APA-1 were found in the cytosol of the parasite and surrounding media, 

suggesting extra internal control mechanisms may be required to prevent gene overexpression 

and to maintain the protein in the cytoplasmic granules. The results clearly indicated that APA-

1 was a key virulent factor of E. histolytica, and changes in APA-1 levels or cellular 

localisation can lead to dramatic reductions of the pathogenicity of E. histolytica.  

 

Figure 1.5: Cytotoxic and cytopathic activities of E. histolytica trophozoites. (A) Lysis of human RBC 

by intact trophozoites: (A1) wild-type trophozoites; (A2) trophozoites containing down-regulated APA-

1 and (A3) human RBC not exposed to trophozoites. (B) and (C) represent the results of lysis of BHK 

cells (in vitro study) and destruction of a tissue cultured monolayer of BHK cells by intact trophozoites 

(in vivo study): (B1) wild-type trophozoites, (B2) trophozoites containing down-regulated APA-1 and 

(B3) a non-related transfectant as a control. The trophozoites containing down-regulated APA-1 had 

drastically lower pathogenic activity against the human RBC and BHK cells. The graphs were modified 

from [27, 29]. 

 

1.2.3 The importance of positively charged residues for amoebapore A-membrane 

interaction  

To further investigate the importance of individual APA-1 helices in the membrane-penetrating 

mechanism and antibacterial activity, APA-1 helices were separately synthesised and their 

pore-forming activities were examined using a liposome depolarisation assay (Figure 1.6) [30, 

31]. Helices 3 and 4 were synthesised as a single peptide, because in initial studies, the 
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secondary structure of amoebapore was predicted to consist of four Ŭ-helices [8, 25]; where 

helix 3 was found to be a helical stretch of two continuous helices (helix 3 and 4) connected by 

a small kink, as revealed by the APA-1 solution structure [24]. The liposome depolarisation 

results indicated that among the four synthetic peptides, the peptide which consisted of helices 

3 and 4 had the most pronounced pore-forming activity; although it was not as potent as full-

length APA-1. Less activity was detected for helix 1 and no activity for helices 2 and 5. 

However, by adding extra amino acids with a positive net charge to the C-terminus of helix 1, 

its pore-forming activity was remarkably enhanced. A similar result was observed for the helix 

(3 + 4) construct.  

Moreover, interactions between vesicles composed of various phospholipids with APA-1 and 

its synthetic peptides were examined. The results showed that the absorption of the peptides 

was influenced by the membrane charge [8, 30, 31]. APA-1 and its synthetic peptides 

interacted preferably to negatively charged phospholipids such as phosphatidylinositol (PI), 

phosphatidylglycerol (PG) and phosphatidylserine (PS), and showed no pronounced binding to 

neutral phospholipids, such as sphingomyelin (SM), phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC). The helix 1 homologue with the most positive overall charge 

showed the greatest binding to the anionic phospholipids compared with the other peptides 

(Figure 1.7). The results show that positively charged residues are critical for APA-1-

membrane interaction. APA-1-membrane interaction may be initiated by electrostatic forces 

without interacting with any specific membrane receptor. Consequently, antibodies against 

APA-1 are unable to inhibit its toxic effect [32]. In addition, among the five helices, helices 3 

and 4 have the most number of conserved hydrophobic residues and charged residues (i.e., K37, 

D55 and E62), and the helices showed the highest pore-forming activity. This suggests that 

following initial binding of APA-1 to membranes, the amphipathicity of the helices may be 

important in membrane penetration, and the charged residues may also play important roles 

during membrane binding and/or the penetration process. Figure 1.8 shows a helical wheel 

projection of each APA-1 helix. Based on the APA-1 solution structure, the hydrophobic 

residues face toward each other [24], thereby forming a hydrophobic core that is likely to 

contribute to the stability of the protein.  
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Figure 1.6: (A) Primary structure of APA-1, and (B) the synthetic peptides of APA-1 with the number 

of amino acids [25, 31]. Positively charged amino acids are coloured in blue and negatively charged 

amino acids are in red. The boxes represent the five helices defined in the solution structure of APA-1 

[24].  

 

 

Figure 1.7: Pore-forming activity of a trophozoite extract (native APA-1) and synthetic peptides 

(helices 3 and 4, and two helix 1 homologues) measured by a liposome depolarisation assay. APA-1 

and the synthetic peptides were incubated with vesicles composed of various phospholipids. The 

remaining APA-1 pore-forming activities were then examined by measuring the depolarisation of the 

liposome membrane potential. APA-1 and the synthetic peptides interacted more favourably with 

negatively charged membranes. The positively charged residues on helix 1 homologues are depicted in 

blue and negatively charged residues are in red. The graphs were modified from [8, 31]. 
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Figure 1.8: Helical wheel projections of the APA-1 sequence. The five helices are respectively viewed 

from one end with the perimeter of a wheel corresponding to the backbone of the helix. The hydrophilic 

residues are in purple, hydrophobic residues in green, potentially negatively charged residues are in red, 

and potentially positively charged residues are in blue. The helical wheel projection is generated by [33] 

and modified according to [34]. Based on the APA-1 solution structure [24], the angles of each helix 

were adjusted so that the hydrophobic residues are facing toward the centre, forming a hydrophobic 

core which stabilises the APA-1 fold.  

 

The three disulfide bonds are crucial for maintaining the rigidity and tertiary fold of APA-1. 

Reduction of the disulfide bonds has been shown to result in complete loss of APA-1 activity 

[8]. This leads to the questions of: (1) how the single peptides (helix 1 and helices 3 and 4) 

orientate for membrane insertion in the absence of disulfide bonds to give pore-forming 

activity; and (2) how the single peptides oligomerise to higher molecular aggregates, which 

appears to be a prerequisite for pore formation and membrane disruption [17, 18]. In addition, 

synthetic helices 2 and 5 showed no pore-forming activity, yet these helices have positive 

overall charges of +1 and +2 (at neutral pH), and contain 26 and 55% of the hydrophobic 

residues, respectively. This may be explained by simple model systems for small lytic peptides. 

A peptide with at least 20 amino acids is required to ensure that the peptide spans the lipid 

bilayer and aggregates into pore structures [35, 36]. The hydrophobic region of the Ŭ-helix 

peptides interacts with the hydrophobic core of the phospholipids (i.e., acyl chains) and the 

hydrophilic region forms the inside face of the pore. Helices that are shorter than 20 amino 

acids may perturb membrane integrity by interacting with phospholipids in the plane of the 
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lipid bilayer, but cannot easily form pores unless the bilayer narrows [35, 36]. The synthetic 

peptides of helices 2 and 5 have fifteen and eleven amino acids, respectively. Consequently, 

their lack of membrane permeabilising activity may be because of the relatively short Ŭ-helix 

lengths formed. Moreover, it was noticed that although the peptide composed of helices 3 and 

4 showed the highest pore-forming activity, both these peptides were less potent and had 

weaker binding affinity to anionic phospholipids when compared with full-length APA-1. This 

indicates that the presence of certain areas in other helices may be crucial to achieve the full 

potency of APA-1, such as Lys37 located on helix 2, His75 on helix 5 and the hydrophobic 

residues, which are conserved across all the amoebapore isoforms. Site-directed mutagenesis of 

these residues and pore-forming assays of the mutants will provide a better understanding of 

which residues are important for APA-1 function.  

Positively charged residues are considered to be crucial for APA-1 membrane lytic action, 

reflected by the selective binding to negatively charged phospholipids and by an increase in 

APA-1 activity under slightly acidic conditions. The pH range where APA-1 is most active 

coupled with the eight Lys residues interspersed along the entire sequence and a C-terminally 

placed His residue have been suggested to play crucial roles for APA-1 interaction with anionic 

phospholipids and thus pore-forming activity. To verify this, Lys and His residues of APA-1 

were chemically modified under different conditions by diethylpyrocarbonate (DEPC), 

citraconic anhydride and manoalide. DEPC at pH 8.5 was used to modify both His and Lys 

residues and this compound only modifies His at pH 6.0. Citraconic anhydride or manoalide 

were used to modify Lys only. All treatments resulted in nearly complete loss of APA-1 pore-

forming activity (Figure 1.9) [32]. Such binding preference to anionic membranes is also 

known for a variety of antimicrobial proteins and peptides. According to the Antimicrobial 

Peptide Database (APD) [37], among the 525 antimicrobial proteins/peptides that have been 

characterised, 96% of them prefer interacting with an anionic bacterial membrane. For example, 

positively charged residues of the magainin 2 are crucial for enhancing the initial interaction 

with negatively charged membranes and facilitating pore-forming activity [38]. 

Interestingly, both the liposome depolarisation assay and membrane association study showed 

that modification of the sole His residue (H75) resulted in no pore-forming activity but 70% of 

the protein remained in contact with liposomes, whereas modification of Lys residues resulted 

in complete protein dissociation from the membrane and loss of activity. The results suggest 

that the Lys residues play a major role in membrane interaction, and the His residue appears to 

be important for pore formation [32]. However, it was unclear as to whether the chemical 
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modifications caused any alteration to the tertiary structure of APA-1, and thus abolished APA-

1 activity. In addition, apart from His and Lys, DEPC is known to react with the side-chains of 

other amino acids such as Cys and Tyr [39]. Since all the Cys residues are involved in disulfide 

bonds, the only Tyr residue (i.e., Tyr30), which is conserved among the amoebapore isoforms, 

may have been modified and this modification may have influenced APA-1 activity. Moreover, 

it was observed that chemical treatment by manoalide only modified ~60% of the Lys residues. 

Such modification gave rise to an APA-1 containing solution with 30% activity [32]. This 

suggests that some Lys residues were not readily accessible for modification. These Lys 

residues may be buried in the APA-1 structure and contribute to APA-1 activity.  

 

Figure 1.9: The effect of chemical modifications to His and Lys residues on pore-forming activity of 

APA-1. The pore-forming activity was examined by measuring the dissipation of the liposome 

membrane potential. Native APA-1 without any chemical modification was used as the positive control. 

Loss of pore-forming activity during incubation with a chemical modifying reagent is shown as a 

function of time. All the treatments showed loss of activity. The figure was modified from [32]. 

 

1.2.4 pH-dependent self-association and pore formation  

Several studies have shown that the pore-forming activity of APA-1 is pH-dependent [8, 18, 32, 

40]. A decrease in APA-1-membrane association did not coincide with a decrease of APA-1 

pore-forming activity [32]. Figure 1.10 shows that pore-forming activity of APA-1 declined 

dramatically to ~30% when the pH was raised from 5.2 to ~5.6, and was essentially lost by pH 

7. Intriguingly, the figure also shows that no pronounced reduction of APA-1-liposome 
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association was observed over the same pH range (i.e., pH 5.2 to ~5.6). Nonetheless, APA-1 

lipid association was disrupted at pH values > 6.5. These results support the chemical 

modification study, which suggests that in addition to interaction with the lipids, another event, 

which was later proposed to be APA-1 dimerisation [24], is involved in APA-1 pore-forming 

activity [32]. The pH range where APA-1 abruptly losses its association with membranes (i.e., 

pH 6.5ī7) is close to the intrinsic pKa value of His residues, which ranges between 6.3 and 6.8 

[41, 42]. Based on these observations together with the chemical modification studies, it has 

been proposed that the protonation state of H75 of APA-1 is an important determinant for 

APA-1 pore formation and membrane association.  

 

Figure 1.10: The effect of pH on APA-1-liposome association and pore formation. Liposome 

association was determined by measuring the amount of free APA-1 in solution after incubation with 

liposomes. Pore-forming activity was studied by measuring liposome depolarisation. Both measured 

properties at pH 5.2 were normalised as 100% [32].  

 

Using planar lipid bilayers, APA-1 was observed to form undefined structures that resulted in 

an increase of membrane conductance [20]. By crosslinking APA-1 using glutaraldehyde, 

homo-oligomers with MWs of dimers up to hexamers were observed in the presence of 

liposomes. Crosslinking of APA-1 in solution also showed similar behaviour, but 

oligomerisation was less extensive, suggesting that localisation of the protein in the membrane 

facilitates the formation of oligomeric species. Self-association of APA-1 is reversible [8]. 

Based on these results together with the previously described chemical modification and 

liposome depolarisation assays, it appears that APA-1 self-association occurs in solution prior 

to membrane binding, whereas formation of the proposed pore structure, which causes 
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membrane permeabilisation, only occurs once APA-1 is membrane bound. To characterise the 

role of H75 in pore formation, crosslinking experiments were performed with DEPC-modified 

His APA-1 [32]. The results showed that following treatment the majority of APA-1 was 

present as monomers, although a small number of oligomers with lower MWs were also 

detected. Pore-forming activity of the H75-modified protein was lost. This indicates that H75 

modification blocks the formation of oligomers and thus assembly of pores within the 

membrane. Nevertheless, the influence of the chemical treatments to other residues or to the 

APA-1 tertiary structure was not characterised in these studies. 

Based on the above observations, the protonation state of the sole His residue appears to be a 

crucial determinant for APA-1 oligomerisation and may play a role in membrane binding. 

Since Lys residues have pKa values of ~10.5 [41-43] and are protonated over the APA-1 pH-

active range, initial interactions between APA-1 and anionic membranes are likely to be driven 

by surface accessible Lys residues. It has been proposed that once APA-1 is membrane-bound 

and the concentration of bound APA-1 reaches a sufficiently high value, APA-1 undergoes 

higher aggregation to form pores with the hydrophobic regions exposed to the lipids and the 

lipid-unfavourable hydrophilic regions located in the centre of the pore structure [24]. It is 

postulated that under slightly acidic conditions where APA-1 is most active, the protonated 

H75 is involved in electrostatic interactions with the side-chain of either an Asp or Glu residue 

of APA-1, and this interaction drives homotypic dimer formation. Deprotonation of H75 or 

protonation of acidic residues is hypothesised to disrupt this homotypic association. Moreover, 

as previously described, APA-1 abruptly loses its interaction with membranes at pH 6.5ī7, 

close to the intrinsic pKa of His, indicating the protonation state of H75 may be functionally 

important for membrane binding. 

The intrinsic pKa values of Asp and Glu residues are 3.9ī4 and 4.2ī4.4, respectively [41, 42, 

44]. However, acidic residues can have elevated or suppressed pKa values in proteins. 

Residues with unusual pKa values are often associated with functionally important events such 

as salt-bridge formation, hydrogen bonding and protein self-association [45-48]. It is possible 

that acidic residues that have elevated pKa values close to pH 5.2 may play important roles in 

regulating APA-1 activity. For example, protonation of acidic residues should lead to an APA-

1 surface that has a higher overall positive charge, and this should enhance APA-1 interaction 

with anionic membranes. Conversely, deprotonation of the acidic residues reduces the overall 

positive charge of APA-1 and this likely destabilises the pore structure by introducing 

repulsive forces that do not favour APA-1 oligomerisation or membrane interaction. 
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Six charged residues are observed to be conserved across all the amoebapore isoforms: E16, 

K37, K48, D55, E62 and H75, suggesting these residues may play important roles in APA-1 

activity. To better understand the roles of these ionisable residues in APA-1 functionality, it is 

crucial to measure their side-chain pKa values in an effort to identify specific residues that 

have charged states that are congruent with the active pH values. This can be achieved using 

NMR experiments and will be reported in Chapter 3. 

Conductance measurements of different planar lipid membranes has provided data that 

indicates APA-1 forms pores with different lifetimes and diameters, with estimated values 

varying between 6.3ī22.1 Å [49]. However, the method does not directly visualise APA-1 

pores to provide unambiguous evidence that membrane permeabilisation was solely because of 

pore formation, particularly under conditions similar to those encountered in vivo. 

Consequently, no evidence describing the detailed structure and mechanism of APA-1 pore 

formation exists. Electron microscopy has been used to directly visualise pores in membranes 

for various pore-forming proteins, providing more detailed information of pore structures. For 

example, melittin, a highly cytolytic peptide produced from the honeybee venom (Apis 

mellifera), was identified to exist as tetramers to octamers and form pores in membranes with a 

70ī80 Å ring diameter and a 35ī45 Å internal diameter [50]. Fragaceatoxin C, an actinoporin 

produced from the sea anemone Actinia fragacea, was found to form pore structures consisting 

of a protomer with a ring diameter of 112 Å and an internal diameter of 52 Å [51]. Magainin 2, 

a broad-spectrum antimicrobial peptide isolated from the skin of the African clawed frog 

Xenopus laevis, was recognised to form pores in target membranes with diameters of ~80 Å 

[52]. And Ŭ-toxin produced by Staphylococcus aureus forms pores with a diameter of 75 Å. 

However, the crystallisation of the APA-1 pore structure within membranes and visualising the 

pore structures with relatively small pore sizes (i.e., 6.3ī22.1 Å) by X-ray crystallography and 

electron microscopy is challenging [53] Detailed structural information at the atomic level that 

describes the pore structure of APA-1 in a membrane can also be achieved using solid-state 

NMR spectroscopy. However, the particular sample conditions that are required for collecting 

suitable high-resolution data using solid-state NMR spectroscopy can be difficult to achieve. 

Other methods for investigating protein pore formation include neutron reflectometry and 

quartz crystal microbalance which indirectly probe protein pore formation in membranes. 

Neutron reflectometry measures the thickness and scattering length density change of the 

membrane when a protein is bound. Quartz crystal microbalance monitors the frequency and 

energy dissipation change of membranes upon protein interactions so that membrane rigidity 
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and surface mass changes can be determined. However, these techniques do not provide 

detailed structural information of APA-1-membrane association; for example, the residues that 

are crucial for pore formation and membrane binding cannot be identified using these methods. 

1.2.5 Interactions of amoebapore A with membranes  

The mode of action of APA-1 has been hypothesised to involve interactions with anionic 

phospholipids without binding to specific lipid structures or membrane receptors [54]. It was 

found that APA-1 was more potent against Gram-positive than against Gram-negative bacteria 

[30-32], and significantly higher APA-1 concentrations were required to lyse the latter type of 

bacteria [55]. Since the membrane surfaces of both bacteria are negatively charged due to the 

presence of a lipopolysaccharide layer in Gram-negative bacteria and teichoic acid bound to 

the peptidoglycan in Gram-positive bacteria, the external wall structures of the bacteria may 

play a role in the observed different APA-1 activities. The additional membrane layer of Gram-

negative bacteria may act as a barrier with higher resistance against APA-1 invasion (Figure 

1.11) [31]. To further investigate this, bacterial cytoplasts of Gram-positive and Gram-negative 

bacteria were prepared and APA-1 was able to lyse both of them, indicating that the bacterial 

cytoplasmic membrane is a target for APA-1 invasion [49]. The initial interaction of APA-1 

with Gram-negative bacteria involves permeabilisation of its outer membrane. However, pore 

formation on the outer membrane without reaching the inner membrane is not sufficient to kill 

the bacteria, either because APA-1 molecules bound to the outer membrane are no longer 

available for inner membrane invasion, or the pores formed on the outer membrane may be too 

small to enable APA-1 molecules to enter into the periplasmic space. In contrast to APA-1, 

NK-lysin is able to kill both Gram-positive and Gram-negative bacteria at similar 

concentrations [49]. This is most likely because of its overall surface charge being highly 

positive at functional pH values, thus giving rise to high binding affinity to the 

lipopolysaccharide moiety on the outer membrane and the anionic groups on the inner 

membrane such as phosphatidylglycerol and cardiolipin of Gram-negative bacteria. Moreover, 

the remarkable positive surface of NK-lysin may be capable of displacing Ca
2+

 and Mg
2+

 

cations which are important for the stabilisation of the lipopolysaccharide layer of Gram-

negative bacteria, leading to membrane destabilisation [49]. APA-1 does not have any 

pronounced electropositive region (see Session 1.3.1) and thus not easily penetrate the 

lipopolysaccharide layer. Similar to APA-1, other pore-forming proteins, such as psoriasin 

expressed from human differentiated keratinocytes, were found to be less toxic against Gram-

negative bacteria. Much longer incubation periods were required for cell lysis [56].  
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Figure 1.11: Schematic representations of the Gram-positive and Gram-negative bacterial cell walls. 

The Gram-negative bacteria have an additional membrane layer that acts as an additional barrier against 

APA-1 cell homeostasis disruption.  

 

Despite being effective against prokaryotic cells, APA-1 is also highly potent against 

eukaryotic cells such as human intestinal epithelium cells, erythrocytes, neutrophils, 

lymphocytes and macrophages [18, 20, 57]. The surface of mammalian cell membranes 

consists predominantly of cholesterol and zwitterionic lipids, such as PC and PE, indicating 

APA-1 lytic activity toward eukaryotic cells is driven primarily by hydrophobic interactions. 

However, it has been previously shown that APA-1 at active pH prefers binding to negatively 

charged membranes and showed no permeabilising activity against neutral liposomes [8]. In 

contrast, NK-lysin which is highly positively charged and does not show any surface region 

suitable for hydrophobic interactions also has cytotoxic activity against mammalian cells [55]. 

These results indicate that in a complicated cellular membrane system such as human 

membranes, complex events may occur which cannot be easily mimicked by simple model 

lipid membranes.  

The amoeba is not affected by the amoebapores even though the plasma membrane of E. 

histolytica also contains a significant amount (10%) of anionic phospholipids [58]. This 

implies that the parasite is resistant to its own toxic proteins. The negatively charged lipids of E. 

histolytica are likely to be located on the inner membrane leaflet, as found with other 

eukaryotic cells, which are not accessible on the membrane surface for APA-1 recognition [59]. 

In addition, the plasma membrane of E. histolytica has a relatively high cholesterol content 

(46.5% mol/mol of phospholipids) which contributes to membrane rigidity [58]. The presence 
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of cholesterol on liposomes greatly reduces membrane binding affinity of APA-1 [59] . 

Therefore, bacteria cells lack cholesterol are more accessible to APA-1 attack than eukaryotic 

cells. Moreover, large amounts of N-acyl-sphingosylphosphorylethanolamine (CAEphosphate) 

(39%), which is a sphingolipid known for its stability against hydrolysis, is present in the E. 

histolytica plasma membrane. The CAEphosphate is almost twice as abundant in E. histolytica 

membranes as the sphingolipid content present in other eukaryotic cell membranes [58]. The 

high content of sphingolipid and cholesterol may form a high density membrane shield that 

protects the parasite from its own membranolytic proteins, as well as toxic components 

produced by other microorganisms that may also dwell in the human colon, such as the Shiga 

toxin produced by the Shigatoxigenic group of Escherichia coli that act to inhibit protein 

synthesis in target cells [60]. Lastly, glycosylphosphatidylinositol (GPI)-anchored 

lipophosphopeptidoglycan molecules located on the membrane surface can form a densely 

packed matrix on the entire surface of the trophozoites, which may further contribute to protect 

the parasite against lytic damage [59, 61]. 

1.2.6 Other pathogenic factors of Entamoeba histolytica  

Apart from APA-1, which is an essential virulent factor of E. histolytica, other pathogenic 

factors have been identified. The major surface receptor of the parasite, lectin with galactose 

N-acetyl galactosamine carbohydrate (Gal/GalNAc lectin), has been shown to participate in the 

initial recognition and adherence of the parasite to host tissue [62]. Interaction of the 

Gal/GalNAc lectin with the bush border of intestinal epithelial cells may trigger cell apoptosis 

signalling and lesions to the host tissue that permits spread of the parasite through the blood 

stream. Target cell death occurs within 5ī15 min after cellular adherence and this is followed 

by phagocytosis of the target cell. In addition to the Gal/GalNAc lectin, two proteins enriched 

in Lys and Glu residues, named KERP1 and KERP2, were also identified to be involved in the 

establishment of amoeba-cell interactions and the progression of parasitic invasion [63]. The 

GPI-anchored lipophosphopeptidoglycan molecules located on the E. histolytica trophozoites 

surface are also able to interact with host cells [64]. One remarkable feature of E. histolytica 

during tissue invasion is that it is able to lyse human colon cells and destroy the extracellular 

matrix. Cysteine proteases produced by E. histolytica were identified to be directly involved in 

target tissue invasion and gut inflammation by degradation of extracellular matrix proteins, 

colon mucus and host antibodies [65]. Similar to APA-1, E. histolytica trophozoites with 

reduced amount of Gal/GalNAc lectin and cysteine proteases showed a dramatic decrease of 

invasive activity [66-68]. This suggests that cooperative action is present among different 



20 

virulent factors in the parasite to maintain its pathogenicity. Decreasing the amount of one 

factor can lower the overall parasitic virulence, whereas increasing one of these factors can 

cause other factors to become limited, thereby also reducing the pathogenicity of E. histolytica, 

as shown in Section 1.2.2 [29].  
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1.3 Structural and biophysical studies of amoebapore A  

1.3.1. Amoebapore A: a member of the saposin-like protein family 

In 2004, the solution structure of monomeric native APA-1 at pH 3.0 was solved by 

homonuclear two-dimensional (2D) 
1
H nuclear magnetic resonance (NMR) spectroscopy [24]. 

The tertiary structure of APA-1 revealed that it belongs to the saposin-like protein (SAPLIP) 

family that is characterised by a bundle of five amphipathic Ŭ-helices and three disulfide bonds 

that provide protein stability (Figure 1.12). 

 

Figure 1.12: Ribbon representation of the structure of monomeric APA-1 solved by NMR spectroscopy 

at pH 3.0 [24]. The three disulfide bonds are depicted in yellow. The six cysteines that form the 

disulfide bonds are highlighted in the yellow box.  

 

The SAPLIP family has over 200 members and it is termed SAPLIP because saposin AīD 

were the first characterised proteins of this family. Although the SAPLIP members share the 

characteristic saposin-like fold, they perform a highly diverse range of biological functions that 

are associated with interactions with lipids [69]. Examples of SAPLIP members which are 

functionally close to APA-1 include caenopore-5, saposin AīD, NK-lysin and granulysin. 

Caenopore-5, a pore-forming protein found in Caenorhabditis elegans, protects the host from 

pathogens that are ingested by the worm by disrupting the integrity of bacterial cell membranes 

[70]. Saposin AīD are four small glycoproteins derived from prosaposin and function in 

sphingolipid degradation and membrane digestion. They work as cofactors during specific 

sphingolipid hydrolysis in lysosomes by interacting with membranes [71]. NK-lysin [72] and 
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human granulysin [73] are located in the intracellular granules of porcine and human cytotoxic 

lymphocytes, respectively. Both SAPLIPs participate in the internal immune mechanisms by 

exhibiting antibacterial activity against pathogens.  

By comparing the primary sequences and tertiary structures of APA-1 and particular SAPLIP 

members (i.e., caenopore 5, saposin AīC, NK-lysin and granulysin), information about 

functional properties of each member can be obtained. The protein sequences of these SAPLIP 

members are diverse, yet there are a number of features that are conserved and these features 

may be functionally significant across the SAPLIP family (Figures 1.13 and 1.14). First of all, 

SAPLIP members share the characteristic SAPLIP fold which consists of five amphipathic Ŭ-

helices. The hydrophobic amino acids are distributed at similar positions in the structure and 

fourteen hydrophobic amino acids are conserved among all the SAPLIP proteins (presented in 

Figure 1.13), which is ~52% of the number of conserved hydrophobic residues across the 

amoebapore isoforms (14 out of 27 hydrophobic residues are conserved across the SAPLIP 

proteins) (Figure 1.5). This indicates that the hydrophobic core is important for maintaining the 

SAPLIP fold. Additionally, almost all the proteins share a similar pattern of six cysteine 

residues which contribute to the stabilisation of the tertiary structures through the formation of 

disulfide bonds. Granulysin is an exception with only four cysteine residues forming two 

disulfide bonds. This is due to loss of the C-terminal cysteine residue during a post-

translational modification process and the loss of the N-terminal cysteine possibly during 

genetic evolution [74]. Furthermore, seven charged residues are conserved between APA-1 and 

at least another three members of the SALIP family, namely E16, K22, D25, D29, K37, K48 

and H75. This indicates that the charges at these positions in the structures may play similar 

functional roles in membrane binding and permeabilisation properties in different proteins. As 

previously discussed, the Lys residues are important for initial binding of APA-1 with 

membranes, H75 is crucial for both APA-1 oligomerisation and interaction with membranes, 

and the acidic residues may be involved in facilitating self-association, membrane binding or 

regulating the formation of APA-1 pores. Among these residues, K37 is highly conserved 

among four SAPLIP members, suggesting this residue is likely to be crucial for common 

functionality among these proteins. In addition, the positively charged residue H75 of APA-1 is 

also conserved among four SAPLIP proteins, except the His residue is replaced by a Lys and 

Arg residue in NK-lysin and granulysin, respectively (Figure 1.13 and 1.15). The replacement 

may be responsible for the differences in their pH-dependent activities, as previously described 

in Section 1.2.4. Site-directed mutagenesis of K37 and/or H75 to remove the positive charges 

and replacement of H75 with a Lys or Arg residue combined with pore-forming assays should 
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provide a better understanding of the role of these residues in the activity of APA-1 and other 

SAPLIP members. 

Despite these similarities, the electrostatic surfaces of the SAPLIP proteins are remarkably 

different, with net charges ranging from ī9 (saposin C) to +10.8 (granulysin) at neutral pH, 

assuming all residues have pKa values that are equivalent to the isolated residues (calculated 

using on-line Protein Calculator developed by The Scripps Research Institute, San Diego, 

USA). The diversity of the electrostatic surfaces of the proteins is considered to reflect their 

distinct mechanisms of protein-lipid association and various functions [75]. APA-1 has a 

neutral surface charge at pH 7, with a slightly acidic pI value (calculated) of ~5.9, and the 

charged residues are evenly distributed across the protein surface (Figure 1.14). Similar to 

APA-1, caenopore-5 has an overall charge of ī1.5, a calculated pI value of ~6.3, and has been 

postulated to perform its antibacterial action by pore formation. Its activity is pH-dependent 

with the highest activity at pH 5.4, which is very close to that of APA-1 (i.e., pH 5.2) [70]. In 

contrast to APA-1, saposin isoforms have low pI values around 4 and perform higher activity 

under acidic conditions. Although the saposin isoforms share a high degree of structural 

similarity, they have distinct modes of actions and diverse ligand-binding properties [76]. NK-

lysin [72] and granulysin [73] are dominated by positively charged residues with overall 

surface charges of +5.7 and +10.8 at neutral pH, and high pI values of ~8.9 and ~10.8, 

respectively. The positive surface of these two proteins is proposed to be responsible for initial 

interaction with membranes that ultimately lead to membrane disruption. It is proposed that 

NK-lysin permeabilises membranes in the monomeric state primarily via electrostatic 

interactions. The high density of positively charged amino acids of NK-lysin, especially on 

helix 3 may induce an electric field strong enough to perturb the lipid packing order, leading to 

membrane destabilisation [77]. For granulysin, in order to interact with the hydrophobic core 

of the target membrane, it undergoes a rotation that creates hydrophobic patches on its surface 

for membrane interaction [73]. Based on these outcomes, the unique charge distribution and 

spatial arrangement of APA-1 indicates that the interaction of APA-1 with target membranes 

involves a unique mechanism that is not understood. 



24 

 

Figure 1.13: Sequence alignment of amoebapore A, caenopore 5, saposin A, B and C, NK-lysin and granulysin. Cysteine residues are highlighted in black with 

dashed lines linking cysteines that form the three disulfide bonds. The hydrophobic residues which are conserved in more than six SAPLIP proteins are 

highlighted in green. Positively charged residues are highlighted in blue and negatively charged residues are highlighted in red. The charged residues conserved 

between APA-1 with at least another three SAPLIP members are indicated by red arrows. These conserved charged residues which are not clearly identified 

based on the sequence alignment have similar spatial locations in the tertiary structure (see Figure 1.15). The sequence alignment was generated by CLUSTALW 

[78]. 
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Figure 1.14: Tertiary structures and surface electrostatic potentials of SAPLIP proteins. (A) amoebapore A; (B) caenopore 5; (C) saposin C; (D) NK-lysin, and 

(E) granulysin. The overall charges for the proteins (at neutral pH) are calculated to be 0, +1, -7, +6 and +11, respectively, assuming all residues have pKa 

values that are equivalent to the isolated residues. Positively charged surface regions are depicted in blue and negatively charged surface regions are depicted in 

red. The conserved disulfide bonds are not shown.  
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Figure 1.15: The conserved residues present across the three amoebapore isoforms (APA-1 (A)) and between APA-1 and other SAPLIP members (APA-1 (B)). 

The conserved residues with respect to the sequence of APA-1 in other SAPLIP members are also shown. The conserved hydrophobic residues are depicted in 

green, the conserved positively charged residues are presented in blue and the negatively charged residues are in red. The conserved hydrophobic residues 

located in the core of the structure are considered to be important for maintaining the SAPLIP fold. The charged residues which are conserved between APA-1 

and other SAPLIP members may be involved in the common functionalities among the SAPLIP members whereas the residues which are conserved across the 

amoebapore isoforms but not among the SAPLIP members may represent the unique mode of action of APA-1. The side-chain protons for the highlighted 

residues of APA-1 were rebuilt and energy minimised using programme GROMACS-PDBGMX [79].  
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1.3.2. pH-dependent dimerisation of amoebapore A  

Chemical crosslinking of APA-1 in the liposome-bound state has shown that at active pH 

values APA-1 undergoes self-association and forms oligomers in membranes [32]. Based on 

these findings, it was further hypothesised that the membrane permeabilising activity of APA-1 

is reversibly regulated by a pH-dependent dimerisation event. Based on the size exclusion 

chromatography results performed by Hecht et al., it is proposed that APA-1 exists as 

monomer at pH values ¢ 3.5 and exists as a dimer at pH 5.2. At higher pH values (i.e., > 8) the 

protein is believed to exist predominantly as monomers [24] (Figure 1.16). The MW of the 

later eluted peak at pH 8 was estimated to be 2 kDa smaller than the monomeric APA-1 eluted 

at pH 3.5, and the early eluted peak was approximately 5 kDa larger than the dimeric APA-1 

eluted at pH 5.2. The variation of the elution volumes may be explained by different solvent 

conditions and the protein conformation.  

 

Figure 1.16: Elution profiles of size exclusion chromatography showing the pH-dependent dimerisation 

of APA-1. APA-1 exists as monomer at pH 3.5 (black), dimer at pH 5.2 (green) and predominantly 

monomer at pH 8.0 (red). The picture is adapted from [24].  

 

It was proposed that the pH-dependent dimerisation of APA-1 is modulated by the ionisation 

state of the surface-exposed His residue located at the dimer interface [24]. Without altering 

the overall APA-1 secondary structure as confirmed by circular dichroism spectroscopy 
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(190ī250 nm wavelength), chemical modification of the His appeared to block APA-1 

dimerisation and pore formation [24]; although it cannot be ascertained whether the tertiary 

structure still remained the same and no other residues were modified. Based on this 

observation, together with structural data, it was suggested that the protonation state of the His 

side-chain is responsible for APA-1 pH-dependent activity and appears to be a prerequisite for 

APA-1 pore formation. Although description of the dimerisation interface at the atomic level is 

not available, this data identifies particular amino acid side-chains that appear to be responsible 

for dimerisation. It was proposed that at pH values between 4 and 6, the protonated His75 

forms an electrostatic interaction with the negatively charged side-chain of Asp63 on the 

opposing monomer. A second ion pair is formed between Glu2 and Lys64. These two ion pairs 

trigger an anti-parallel head-to-head dimerisation of APA-1 with a height of ~33 Å and a width 

of ~43 Å (Figure 1.17A and B) [24, 80]. The dimerisation is disrupted by protonation of the 

acidic residues upon lowering the pH and by deprotonation of His75 at higher pH values 

(Figure 1.17C) [24]. Since, helices 1 and 2 of APA-1 provide an exclusively hydrophobic 

surface, it is further proposed that when a threshold concentration of APA-1 is reached in the 

membrane, this hydrophobic surface is extended by adding further dimers and results in a ring-

like hexameric pore structure with a hydrophobic exterior and hydrophilic interior (Figure 1.18) 

[24]. The proposed hexameric pore has an inner diameter of ~20 Å, which is close to the 

diameter derived from biophysical conductance measurements on planar lipid bilayers [49]. 

However, this model does not explain the observation of different size pore formations with 

diameters varying between 6.3 and 22.1 Å in the conductance measurements [49]. In addition, 

the role of helix 3 and 4 which were previously proposed to be crucial for membrane ñseekingò 

and association based on their remarkable membrane permeabilisation activity was not 

clarified by this model [30, 31].  
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Figure 1.17: Proposed dimer model of APA-1. (A) Two ion pairs are formed at the dimer interface, 

H75īD63 and K64īE2 [24]. The height and width of the dimer are estimated to be ~33 and 43 Å, 

respectively. (B) Zoomed in diagram of the dimer interface; the residues proposed to be involved in the 

electrostatic interactions are coloured. (C) Ionisation states of the dimer interface residues at pH 3.0, 

where the acidic residues are protonated and do not form salt bridges; pH 5.2, where the His residue is 

protonated and forms an electrostatic interaction with a deprotonated acidic residue; and pH 8.0, where 

the His is deprotonated and the salt bridge is disrupted. The ionisation state of Lys residues is not 

presented because it is very likely to be always protonated (i.e., positively charged) over the pH range 

of APA-1 activity. 
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Figure 1.18: Proposed APA-1 hexameric pore model. (A) and (B) Addition of further APA-1 dimers 

results in a hexameric pore structure in the membrane with a hydrophobic exterior and a hydrophilic 

interior. In diagram (B), the positive surface potential is indicated in blue, negative surface potential in 

red and non-polar residues are coloured white [24]. 

 

1.3.3 Interaction of amoebapore A with membranes  

Antimicrobial peptides/proteins (AMPs) are key components of innate immunity of all life 

forms ranging from bacteria to insects and mammals, including humans. According to the APD 

[37], more than 500 mature peptides have been isolated and characterised from a variety of 

natural sources. Currently, natural AMPs are attracting particular attention because of their 

potential use against antibiotic-resistant pathogens. Understanding the mode of action of these 

peptides is essential for novel therapeutic developments. It may also give insight into the 

mechanism of the more complex protein APA-1. 

Most AMPs are able to permeabilise target cell membranes. Two major models have been used 

to describe the membrane permeabilisation activity induced by AMPs binding: the barrel stave 

model and the carpet model [81]. In the carpet model, AMPs orient parallel to the surface of 

the lipid bilayer, accumulate and form an extensive layer over the target membrane surface. 

The membrane structure is destabilised after a threshold concentration is reached [81] (Figure 

1.19A). Examples of proteins which use this mode of action include NK-lysin and granulysin, 

where their membrane-active behaviour is caused mainly by electrostatic interactions with the 

membranes. The barrel stave model describes AMPs that form transmembrane pores. The 

proteins attach to the target membrane and aggregate. Once the threshold concentration is 

reached, AMPs insert into the membrane as oligomers perpendicular to the plane of the bilayer. 

The hydrophobic peptide regions align with the lipid core region and the hydrophilic peptide 

regions form the interior region of the pore [81] (Figure 1.19B). One typical example is 
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alamethicin, which is isolated from the Trichoderma viride fungus. It penetrates the lipid 

bilayer as transmembrane-oriented helix bundles surrounding the central pore after a certain 

peptide concentration is reached [82].  

Since APA-1 has been proposed to form pores with channel-like characteristics, its interaction 

with membranes has been postulated according to the ñbarrel-staveò model [19, 24]. It is 

hypothesised that the initial association of APA-1 with target membranes is driven by 

protonated Lys residues with anionic phospholipids. The protonation state of the single His 

residue is postulated to drive APA-1 dimer formation in solution by forming a salt-bridge with 

D63 in the proposed dimer model. The dimers aggregate on the membrane and once a critical 

concentration is reached the protein undergoes oligomerisation via helices 1 and 2 which 

provide an exclusively hydrophobic surface, leading to hexameric pore formation in the target 

membrane with a hydrophobic exterior and a hydrophilic interior. However, it is unclear 

whether dimer formation is a prerequisite for APA-1-membrane interaction and the role the His 

residue plays in APA-1 activity. The protein may associate with the target membrane in both 

monomeric and dimeric forms. Accumulation of APA-1 on the surface of the membrane 

consequently leads to the formation of pore structures within the bilayer which results in cell 

death (Figure 1.20).  

 

Figure 1.19: Schematic diagrams of the two models of action of AMPs. (A) Carpet model: AMPs 

adsorb parallel to the membrane via electrostatic interactions. The hydrophilic regions are exposed to 

the solvent and the hydrophobic regions face the membrane. After reaching sufficient coverage, the 

AMPs produce a detergent like effect that destabilises the membrane structure. (B) Barrel stave model: 

The positively charged residues of the AMPs interact with the anionic phospholipids, insert 

perpendicular to the bilayer via hydrophobic residues and oligomerise to form a pore structure. Both 

models require a threshold concentration of the AMPs for membrane disruption to occur.  
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Figure 1.20: Schematic diagrams representing the proposed mechanism of APA-1 assembly into a pore 

structure in target membranes. (A) APA-1 dimerisation only occurs in solution; dimerisation is required 

prior to APA-1-membrane association. (B) APA-1 dimerisation happens both in solution and on the 

membrane surface (or within). Both APA-1 monomer and dimer are able to interact with the membrane. 

(C) In both models, a threshold concentration of APA-1 may be required for the proposed pore to form 

in the target membrane (D) The APA-1-membrane interactions presented in (A) and (B) are initially 

driven by electrostatic interactions between the positively charged residues of APA-1 and the negatively 

charged membrane headgroups. The Kd, Kb(M) and Kb(D) labelled in the diagram respectively represent 

the dimer dissociation constant, monomer to membrane binding constant, and dimer to membrane 

binding constant. All processes are considered reversible. Information such as the size of the pore 

structure, whether dimerisation is functionality important for APA-1 pore formation, whether 

conformational changes to APA-1 occur upon pore formation have not been fully resolved.  
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1.4 Research Aims 

APA-1 is an antimicrobial protein that acts as one of the major pathogenic factors of E. 

histolytica. The activity of APA-1 has a broad killing spectrum, including both prokaryotic and 

eukaryotic cells. When the parasite is attached to a target cell, it discharges cytoplasmic 

granules to release APA-1. It has been proposed that the slightly acidic environment in the 

contact space between the amoeba and the target cell results in the formation of active APA-1 

dimers and, ultimately, the creation of oligomeric pores in target cell membranes. The pore 

structure releases cell contents and this process eventually leads to cell death. However, 

detailed molecular structural information of the dimer, how dimerisation facilitates pore 

formation and the membrane binding mechanism of APA-1 remain unanswered. The central 

aim of this project is to use different biophysical techniques to investigate how APA-1 self-

associates in solution and interacts with model membrane systems. The specific aims include:  

(1) Recombinant production of APA-1 using cell-based methods has failed. Therefore, to 

produce the milligram quantities needed for biophysical studies and to isotope enrich APA-1 

with NMR-active nuclei, cell-free synthesis was used to produce APA-1 samples.  

(2) Develop a model that explains the pH-dependent activity of APA-1, by identifying residues 

that are located at the dimer interface, model the dimer structure based on biophysical studies, 

and determine the pKa values of acidic and His residues.  

(3) Prepare different APA-1 mutants based on the results derived in (2) and test their biological 

activities and examine their overall fold.  

(4) Elucidate the pH-dependent and lipid selective membrane binding activity of APA-1 using 

model membranes.  

The results arising from this research project provide more detailed information of the 

molecular mechanism of APA-1 action. Such information may facilitate the design of more 

effective drugs against E. histolytica infection, and provide a better general understanding of 

antimicrobial protein-membrane interactions that can potentially aid in the design of APA-1 

analogues for therapeutic anti-infective compounds against particular bacteria. 
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2.1 Introduction 

2.1.1 Cell-free protein synthesis 

The cytotoxicity of APA-1 has prevented recombinant production of this protein using 

conventional cell-based approaches. Extracting the protein from the parasite is both time 

consuming and labour intensive, and only small amounts of unlabelled native protein are 

retrieved using this approach [25]. To produce APA-1, including isotopically labelled APA-1, 

cell-free protein synthesis was used because it does not depend on cell viability [83-87].  

In cell-free protein synthesis, a biologically active protein can be synthesised using crude cell 

extracts and the desired DNA template [88-90]. The S30 extract is obtained from 

homogenisation and centrifugal fractionation of lysed cells, usually bacteria, but other cell 

types have been used, including yeast, insect and plant [91]. The S30 extract contains all the 

necessary enzymes and other transcription and translation components for protein synthesis, 

and together with an exogenous supply of amino acids, nucleotides, salt and energy-generating 

factors, protein overexpression in a test tube is feasible. The transcription of the target gene in 

the cell-free system is under the control of the T7 promoter [92-94]. Although cell-free protein 

synthesis from several organisms has been developed (e.g., E. coli cells, wheat germ embryos 

and rabbit reticulocytes), E. coli extracts were used for cell-free APA-1 expression because 

they generally give higher protein yields and provide more NMR homogeneous samples 

suitable for protein structural analysis [88, 95, 96]. On the negative side, amino acid 

metabolism by E. coli can lead to isotope scrambling, e.g., transaminase activities [84, 88, 97, 

98]. Nonetheless, the cell-free system is far more inert with regard to isotope scrambling 

because the pool of metabolic enzymes present in the cell extract is not regenerated, and 

transamination between Asp/Asn and Glu/Gln occurs as a side reaction. This will be discussed 

in detail in Section 2.3.4.2.  

To extend the cell-free reaction time and increase protein productivity, a continuous exchange 

cell-free system was developed [91, 99]. In this system, a reaction mixture is supplied with a 

feeding solution through a semi-permeable membrane and agitated in a shaking incubator 

(Figure 2.1). The reaction mixture consists of high MW compounds necessary for gene 

expression, such as the cell extract, nucleic acids, tRNAs and the DNA template. The feeding 

solution contains essential amino acids, salts, ATP and energy generating factors to supply 

fresh precursors into the reaction mixture while continuously removing inhibitory by-products 
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from the reaction mixture. The volume:volume ratio of the reaction mixture and feeding 

mixture is usually 1:10. The semi-permeable membrane with a molecular weight cut-off 

(MWCO) between 10 and 50 kDa is used to ensure effective exchange between the reaction 

mixture and the feeding mixture with no loss of essential proteins due to the formation of large 

complexes through multiple interactions [100].  

 

Figure 2.1: Schematic picture of the cell-free protein expression dialysis (continuous flow) system.  

 

2.1.2 Advantages of using cell-free protein synthesis  

Cell-free protein synthesis offers several advantages over conventional in vivo protein 

production. The reaction is fast and can be carried out in small volumes, and it is independent 

of cell viability, thereby allowing the production of cytotoxic and membrane proteins. In 

addition, the target protein is the only protein synthesised and isotope-labelled during the 

reaction. Consequently, isotope-labelled amino acids are used very efficiently allowing 

inexpensive and rapid isotope labelling for studying proteins by NMR spectroscopy. Proteins 

can be uniformly, selectively, site-specifically or combinatorially isotope-labelled for NMR 

spectroscopic analysis by simply incorporating particular isotope-labelled amino acids in the 

cell-free reaction system [84, 101-105]. Moreover, cell-free protein synthesis allows 

incorporation of non-natural or chemically modified amino acids into the expressed protein at 

desired positions during translation by including modified tRNAs [106, 107]. Proteins can be 

labelled with fluorescent or biotinylated amino acids, or photo-reactive cross-linked groups for 

sensitive detection and functional analysis [108]. 
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2.1.3 NMR spectroscopy  

2.1.3.1 One-dimensional 
1
H NMR experiments 

One-dimensional (1D) 
1
H NMR experiments can provide insight into whether APA-1 

expressed from the cell-free synthesis is folded and monomeric. The dispersion of signals in 

the amide proton region (6ī10 ppm) and the up-field shift of resonances arising from methyl 

protons (~0 ppm) buried within the protein core provide the main indicators of a folded 

globular state in a 1D spectrum. In contrast, poorly folded proteins give rise to poor peak 

dispersion and resonance broadening of backbone amide protons due to chemical exchange 

phenomena (Figure 2.2). Consequently, these proteins are difficult to study by NMR 

spectroscopy [109]. Moreover, the approximate size of a protein can be estimated by obtaining 

the transverse relaxation time from the 1D 
1
H spectra [109]. More details will be described in 

Section 2.2.12.1. 

 

Figure 2.2: One-dimensional spectra of folded and unfolded ubiquitin. (A) 1D spectrum of a 2 mM 

ubiquitin sample in 8 M urea solution. The reduced chemical shift dispersion (e.g., the amide proton 

region) is characteristic of unfolded proteins. The methyl group is upfield shifted. (B) 1D spectrum of a 

2 mM folded ubiquitin sample in H2O. Both spectra were acquired at 27 °C. The picture was modified 

from [110]. 
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2.1.3.2 Two-dimensional NMR 

Proteins give rise to complex 1D 
1
H NMR data because of the large number of protons within 

the structure. Such spectra have significant resonance overlap that makes any sensible analysis 

of the spectra very challenging. By introducing additional spectral dimensions, this resonance 

overlap is often removed and detailed protein structural analysis or other types of analysis, 

such as dynamics, is possible. In addition, extra information such as how atoms are bonded and 

the details of through-space proximity between nuclei can be obtained [111, 112]. 

A 2D NMR experiment involves four time periods: preparation, evolution, mixing and 

detection (Figure 2.3) [111, 112]. The preparation period allows the nuclei in the protein 

sample to reach equilibrium with the external magnetic field environment. After a set of radio 

frequency (RF) pulses, the nuclear spins precess freely at their own frequencies during the 

evolution period with delay time t1. The frequencies are measured (indirectly) during this 

evolution period by incrementing this delay period (see below) to give rise to one of the two 

chemical shift axes. During a mixing period, if two nuclei interact with each other (e.g., either 

through-bond (electron mediated) or through-space (dipole-dipole coupling) interactions), the 

free induction decay (FID) signal obtained from one nucleus at the end of t1 is manipulated by 

the frequency of the second nucleus, which can be recorded as an observable signal during the 

detection period (t2). To obtain 2D spectra, the process is repeated with gradually increased t1 

values (i.e., incremented). A series of FIDs obtained from incremented t1 values are Fourier 

transformed along t2 values to obtain a mixed frequency/time-domain interferogram. The 

intensities of the signals in the spectra oscillate as a function of t1 at t2 in units of Hz. The 

second dimension is achieved by Fourier transforming along t1 values (Figure 2.4) [111].  
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Figure 2.3: Schematic representation for a 2D NMR experiment. The cycle contains four periods: 

preparation, evolution, mixing time and detection. A series of 1D FIDs are generated with different 

delay times, t1. After the mixing period, the signal is detected during time t2. Fourier transformation of 

the series of FIDs gives a 2D spectrum in which peaks appear that correlate the directly observed 

chemical shift with the interaction of interest. The preparation and mixing period may contain one or a 

series of RF pulses [113]. 
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Figure 2.4: Generation of a 2D NMR spectrum. (A) t1 values in the evolution period are incremented. Each FID is obtained from each t1 value and a series of 

FIDs are recorded as a function of t2 which are recorded in real time. (B) The FIDs are individually Fourier transformed and the x-axis is converted from the time 

domain to the frequency axis. (C) A second Fourier transformation is carried out along t1. (D) A 2D spectrum showing the same spectral information as 

displayed in (C), the darkest dot represents the strongest height intensity, whereas the feint circle shows regions of less intensity. The picture was taken from 

[114]. 
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To characterise the conformational change of APA-1 in different solution environments, a fully 

assigned two-dimensional (2D) 
1
Hī

15
N heteronuclear single quantum coherence (HSQC) 

spectrum was required. The 2D 
1
Hī

15
N HSQC experiment correlates the nitrogen nucleus of 

an amide backbone group (i.e., NīH) with the directly attached amide proton nucleus. In the 

2D 
1
Hī

15
N HSQC spectrum, each amide backbone group within a uniformly 

15
N-enriched 

protein gives rise to one resonance in the spectrum, and each NH2 group from the side chains 

of Asn and Gln residues give rise to two resonances in the spectrum. In addition, the indole 

side chain (NH) group of Trp residues shows one resonance in the spectrum for each Trp 

residue present, typically around 10ī12 ppm in the proton dimension. This spectrum provides a 

diagnostic fingerprint, and is often used to measure various structural and functional features of 

a protein [115]. The dispersion of the resonances in the 2D 
1
Hī

15
N HSQC spectra is also 

indicative of the folded state of the protein. In the spectrum of a folded protein, resonances are 

usually well-dispersed of equal intensity with the number of resonances corresponding to the 

number of residues in the protein sequence (excluding prolines, which do not have amide 

protons). In contrast, a spectrum of an unfolded protein often lacks resonance dispersion and 

the number of resonances is often inconsistent with the protein sequence [116]. 

2.1.3.3 Three-dimensional HNCA to obtain sequence specific assignments  

In a 2D NMR experiment, the FID signals are collected after the mixing period. In the case of a 

three-dimensional (3D) experiment, an additional evolution and mixing period are applied 

before acquiring the FID signal. The t1 and t2 (time delays incremented in the evolution 

periods) are separately Fourier transformed to give a 3D spectrum [117].  

The 3D HNCA NMR experiment is a conventional approach to obtain sequence specific 

assignments of the amide groups and the CŬ nuclei, and the assignments can be mapped on to 

the 2D 
1
Hī

15
N HSQC spectrum. The 3D HNCA spectrum has three orthogonal chemical shift 

coordinates: the 
1
H amide chemical shift, the 

15
N amide chemical shift and the 

13
CŬ chemical 

shift [118, 119]. The HNCA correlates one 
1
H and 

15
N group (i.e., chemical shift of both nuclei 

are recorded) to two 
13

CŬ nuclei. One correlation is between the amide group with its 

corresponding 
13

CŬ(i) nuclei (i.e., intra-residue), and the other correlation is between the same 

amide group and the 
13

CŬ(iī1) of the previous residue (i.e., inter-residue) (Figure 2.5A) [118]. 

It is not unambiguous to identity between inter- and intra- correlations in the HNCA 

experiment alone; although the intra-CŬ resonances generally have greater intensity than the 

inter-CŬ resonances because the N to intra-CŬ scalar coupling is stronger (~11 and ~7 Hz for 
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N-intra-CŬ and N-inter-CŬ couplings, respectively) [120]. To achieve unambiguous backbone 

assignment, a 3D HN(CO)CA experiment is acquired. In the HN(CO)CA experiment, the 
1
H 

and 
15

N chemical shifts are correlated with only the inter-CŬ nuclei via the CO group, and 

therefore only the CŬ correlation from the previous residue is observed in the spectrum (Figure 

2.5B). By overlaying the two spectra, backbone assignments can be achieved (Figure 2.5C). 

However, in this Chapter, the combinatorial labeling approach coupled with the available 
1
H 

chemical shift assignments (Prof. Joachim Grötzinger, Department of Biochemistry, Christian-

Albrechts-Universität zu Kiel, Medical Faculty, Kiel, Germany) were used to obtain the 

majority of the sequential assignment in the 2D 
1
Hī

15
N HSQC spectrum without the 

requirement to acquire the 3D HN(CO)CA experiment (Section 2.3.4.2).  

 

 

Figure 2.5: Three-dimensional HNCA and HN(CO)CA experiments. (A) and (B) represent the 

schematic structures illustrating the magnetisation transfer pathway of the HNCA and HN(CO)CA 

experiments, respectively. (C) Displays a schematic of the 3D HNCA and HN(CO)CA spectra. (A) The 

amide nitrogen is coupled with the CŬ nuclei of both inter- (i-1) and intra-residues (i). In each NH strip 

both inter- and intra-CŬ resonances are visible in the 3D HNCA spectrum as displayed in (C). (B) The 

amide group is only coupled with the inter-CŬ nucleus in the HN(CO)CA spectrum at each NH ñstripò. 

By overlaying the HN(CO)CA spectrum with the HNCA, all CŬ (i) and CŬ (i-1) resonances can be 

distinguished. The double headed arrows indicate that the experiment is an ñout and backò experiment 

(i.e., the initially excited proton nucleus and the detected proton nucleus are the same).  
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2.1.4 Aims  

The aims of this chapter were to: (1) use the cell-free system to produce cytotoxic APA-1 in 

both unlabelled and isotopically labelled forms; (2) develop a purification protocol to obtain 

pure APA-1 and examine its activity using the liposome depolarisation assay; and (3) use the 

amino-acid type combinatorially 
15

N- and uniformly 
13

C/
15

N-labelled APA-1 to facilitate 

backbone resonance assignments at pH 3.0 using NMR spectroscopy. In Chapter 3, the 

assignment of the 2D 
1
Hī

15
N HSQC spectrum obtained from this chapter was used to identify 

amino acids involved at the dimer interface. In addition, the cell-free system was also used to 

express amino acid type selectively 
15

N/
13

C-labelled APA-1 and various APA-1 mutants to 

study the APA-1 dimerisation mechanism using NMR spectroscopy and other biophysical 

methods (e.g., small angle X-ray scattering and size exclusion chromatography).  
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2.2 Methods and Materials  

2.2.1 Amoebapore A plasmid construct  

The DNA sequence data encoding the APA-1 gene is available from the EMBL/GenBank 

databases under the accession number M83945 [25]. The gene encoding APA-1 (77 residues) 

was previously cloned by our collaborators in Germany (Prof. Joachim Grötzinger, Department 

of Biochemistry, Christian-Albrechts-Universität zu Kiel, Medical Faculty, Kiel, Germany) 

into the pIVEX 2.4d plasmid (F. Hoffmann-La Roche Ltd., Basel, Switzerland) using NotI and 

BamHI cleavage sites (Figure 2.6). The resulting expression vector, pIVEX2.4d-APA-1, 

consists of the APA-1 gene fused with a N-terminal (His)6-tag and a Factor Xa cleavage site. 

The amino acid sequence of the fusion protein, as determined by nucleotide sequencing is: 

MSGSHHHHHHSSG IEGR  GEILCNLCTG
10

 LINTLENLLT
20 

TKGADKVKDY
30

 

ISSLCNKASG
40

 FIATLCTKVL
50 

DFGIDKLIQL
60 

IEDKVDANAI 
70 

CAKIHAC
77

. The bold 

lettering represents the Factor Xa recognition site.  

 

Figure 2.6: pIVEX 2.4a plasmid as a DNA template for the expression of APA-1. The picture was 

taken from [121]. 
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2.2.2 Transformation of plasmids  

To carry out transformations, 25 ng of plasmid was incubated on ice with 50 ɛl of E. coli 

DH5Ŭ or Top 10 competent cells (Invitrogen, Carlsbad, USA) for 30 minutes. Heat shock of 

the cells was carried out at 42 °C for 2 min to ensure uptake of the plasmid and 500 ɛl of 

Luria-Bertani (LB) media was immediately added to the transformed cells, followed by 2 h of 

incubation at 37 °C with agitation at 250 rpm. One-hundred microliters of the bacterial strain 

was taken and plated onto LB/agar containing 0.1% (w/v) ampicillin and incubated overnight 

at 37 °C. A single colony was selected from the plate and inoculated in 10 ml of LB 

medium/0.1% (w/v) ampicillin for 8 h at 37 °C and 250 rpm. One millilitre of the culture was 

transferred to 1 L of LB medium/0.1% (w/v) ampicillin and the large culture incubated for a 

further 12ī16 h. Plasmid DNA was extracted from the overnight culture using the Invitrogen 

Mini/Midi/Maxi Prep kits (Invitrogen, Carlsbad, USA) or the QIAprep
®
 Mega Prep kit 

(QIAGEN, Limburg, Netherlands). The extracted DNA material was analysed on a 0.8% (w/v) 

agarose gel and the concentrations were measured photometrically at a wavelength of 280 nm 

using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, USA). 

2.2.3 Preparation of the E.coli S30 extract  

An S30 extract was prepared by MSc student Mikhail Legkodimo (School of Biological 

Science, The University of Auckland, 2010) as described by Pratt [91] from the E.coli strain 

Rosetta (ɚDE3)/pRARE, with two-fold concentration by dialysis using polyethylene glycol 

2000 [122].  

2.2.4 Preparation of the T7 RNA polymerase 

2.2.4.1 pKO1166 plasmid construct  

The pKO1166 plasmid which contains the phage T7 gene1 that encodes a T7 RNA polymerase 

(T7 RNAP) (Figure 2.7) was used to express the T7 RNAP during cell-free reactions. The 

plasmid was provided by Dr Andrew Kralicek at The New Zealand Institute for Plant and Food 

Research Limited (Auckland). The pKO1166 uses the transcription factors present in the S30 

extract to synthesise the T7 RNAP under the control of the phage ɟL promoter [92]. With the 

continuous production of T7 RNAP, APA-1 was expressed under the control of the T7 

promoter. 
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Figure 2.7: The pKO1166 plasmid construct. The pKO1166 plasmid contains the T7 gene 1 which 

directs the expression of T7 RNAP under the control of the bacteriophage ɟL promoter. The figure was 

made according to [92]. 

 

2.2.4.2 Culture preparation 

Apart from co-synthesising T7 RNAP during the cell-free reaction, it can also be expressed and 

purified from cell culture and subsequently added to the reaction mixture. The expression of T7 

RNAP was achieved using the pKO1166 vector as described in [92] with minor modifications. 

The pKO1166 vector was transformed into E. coli BL21 competent cells by heat shock, as 

described in Section 2.2.2, at 30 °C. A 2 L culture of competent cells was grown at 30 °C in 

LB medium supplemented with 0.1% (w/v) ampicillin and 5% thiamine (w/v). The culture was 

incubated at 30 °C and 250 rpm. When the A600 reached 0.9, the temperature was raised to 

42 °C for 30 min and subsequently lowered to 40 °C for a further 2 h incubation. The cells 

were harvested by centrifugation at 10,816 g for 10 min at 4 °C. Cell pellets were re-suspended 

in lysis buffer (50 mM Tris-HCl, pH 7.9, 5% (v/v) glycerol, 0.5 M NaCl, 1 mM DTT, 2 tablets 

of ñComplete EDTA-freeò protease inhibitors (F. Hoffmann-La Roche Ltd., Basel, 

Switzerland), 10 mM spermidine and 0.05% Na-deoxycholate) at a ratio of 5 g wet cell pellet 

per 40 ml buffer.  

2.2.4.3 Salt precipitation  

The cell solution was passed through an Avestin EmulsiFlex-C5 homogenizer (Avestin Inc, 

Canada) at ~103,421 kPa (15,000 psi) and the lysed cells were spun at 11,000 g for 45 min. 

Working at a temperature of 4 °C, proteins were precipitated from the supernatant by slowly 

adding ground ammonium sulfate to a final concentration of 0.35 g/ml over 20 min while 

mixing. The solution was incubated for 20 min to maximise the precipitation and centrifuged at 



48 

11,000 g for 45 min. The pellet containing T7 RNAP was dissolved into TGED buffer (10 mM 

Tris-HCl, pH 7.9, 5% (v/v) glycerol, 0.1 mM EDTA and 1 mM DTT) with a volume equal to 

20 times of the original weight of the cell pellets and dialysed overnight against the TGED 

buffer with a volume equal to 20 times the dialysate volume. The dialysate was centrifuged at 

11,000 g for 10 min and the supernatant was collected.  

2.2.4.4 DEAE chromatography 

Twenty millilitre aliquots of the supernatant containing T7 RNAP were loaded onto a High-

Trap diethylaminoethyl (DEAE) cellulose-ion exchange column connected to a gradient ÄKTA 

purifier (GE Healthcare, Little Chalfont, UK) that has been pre-equilibrated with five column 

volumes of TGE buffer (10 mM Tris-HCl, pH 7.9, 5% (v/v) glycerol and 0.1 mM EDTA). The 

sample was loaded at 5 ml/min. UV absorption at 280 nm was monitored at room temperature. 

Bound proteins were eluted with a linear gradient of 0ī1 M NaCl in TGE buffer over 30 min at 

a flow rate of 5 ml/min. Two-and-a-half millilitre f ractions were collected and analysed by 

4ī12% SDS-PAGE (Appendix 1). The T7 RNAP fractions were pooled, concentrated to 30 ml 

using Vivaspin
TM

 centrifugal concentrators (GE Healthcare, Little Chalfont, UK) with 10,000 

Da MWCO, then dialysed against 2 L of buffer P (10 mM potassium-phosphate (KPi), pH 7.5 

and 0.1 mM EDTA) overnight. 

2.2.4.5 Cellulose phosphate affinity chromatography 

For each run, 10 ml of the dialysed protein solution was loaded onto a cellulose phosphate 

affinity column (Whatman P-11, 2.0 cm diameter, 19.5 cm length) connected to a gradient 

ÄKTA purifier (GE Healthcare, Little Chalfont, UK) that has been pre-equilibrated with five 

column volumes of buffer P at 1 ml/min. The method for packing the column is described in 

Appendix 2. UV absorption at 280 nm was monitored at room temperature. The bound proteins 

were eluted with a linear gradient of 0-1 M of KCl in buffer P over 80 minutes at a flow rate of 

1 ml/min. Two millilitre fractions were collected and analysed by 4 12% SDS-PAGE. The T7 

RNAP fractions were pooled and concentrated to 10 ml using 10,000 Da MWCO Vivaspin
TM

 

centrifugal concentrators (GE Healthcare, Little Chalfont, UK). The protein solution was 

dialysed against 1 L of storage buffer (40 mM KPi, pH 7.5, 0.2 mM EDTA and 2 mM DTT) 

and further concentrated to 10ī20% of the original volume. The protein concentration was 

determined photometrically at 280 nm using Eq. 2.1: 

Eq. 2.1 

T7 RNAP concentration (mg/ml) = (Abs280/1.426 L mol
-1

cm
-1

) x 99 kDa 
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where 1.426 L mol
-1

cm
-1 

is the molar extinction coefficient (Ů280) calculated based on the 

molar extinction coefficient of tyrosine, tryptophan and cysteine residues in the T7RNAP 

amino acid sequence. The MW of T7RNAP is 99 kDa. The T7 RNAP solution was mixed with 

glycerol at a 1:1 ratio (v/v) and stored at ī20 °C.  

2.2.5 Preparation of the Master Mix  

Working on ice, the following stock solutions for making the Master Mix were prepared: 2 M 

HEPES pH 7.5, 0.17 M DTT, 120 mM ATP, 80 mM each of CTP, GTP and UTP, 64 mM 

cyclic-AMP, 6.8 mM folinic acid, 2.75 M ammonium acetate, 4.16 M KOH-(L)-glutamic acid 

or 2.08 M KOH-L-glutaric acid, 1.93 M Mg-acetate and 1.6 M creatine phosphate. The stock 

solutions were mixed together in the above sequence and stored at ī80 °C.  

2.2.6 Preparation of amino acids  

Amino acid stock solutions were prepared in four distinct groups, A, B, C and D. The 

concentration of each amino acid stock solution was 100 mM. The group A stock consisted of 

strong acid soluble amino acids: Glu, Asp, Gln, Thr, Met and Tyr, dissolved in 0.7 M HCl. The 

group B stock consisted of base-soluble amino acids: Ile, Trp, Cys and Phe, dissolved in 1.09 

M KOH. The group C stock consisted of Ala, Arg, Lys, Pro and Ser in ultra-pure water, and 

the group D stock consisted of weak acid-soluble amino acids Asn, Gly, His, Leu, and Val 

dissolved in 0.11 M HCl. The amino acids were dissolved in different solutions so that when 

the stocks were mixed, the pH of the mixture was ~7. Vigorous vortex mixing and incubation 

at 50 °C for 10 min was required to fully dissolve the amino acids. The stock solutions were 

mixed together to a final concentration of 15 mM in the order of A, D, C and B to minimise 

possible precipitation of the amino acids due to sharp changes in pH upon mixing. The final 

reaction mixture contained 1 mM of each amino acid.  

To prepare crude amino acid mixtures (Cambridge Isotope Laboratories, Tewksbury, USA), 

two amino acid stocks with the same concentration were prepared in 1 M HCl and 1 M KOH. 

Ten minutes of vigorous mixing was required to dissolve the amino acids. Once the stock 

solutions were mixed, they were immediately added to the Master Mix solutions to prevent 

amino acid precipitation. Stock solutions that were not used were stored at ī80 °C. Prior to the 

cell-free reactions, the stock solutions were thawed at room temperature and incubated at 50 °C 

for 5 min followed by vigorous mixing to (re)dissolve the amino acids.  
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For the preparation of 
15

N- and 
15

N/
13

C-isotope labelled amino acid solutions, unlabelled amino 

acids were replaced with the required labelled amino acids. Crude 
15

N-labelled or 
13

C/
15

N-

labelled amino acid mixes or individual L-[
15

N]-asparagine:H2O, L-[
15

N]-cysteine, L-[
15

N]-

glutamine, [
15

N]-glycine, L-[
15

N]-isoleucine, L-[
15

N]-phenylalanine, L-[
15

N]-serine, L-[
15

N]-

tryptophan, L-[
15

N]-tyrosine, L-[
15

N]-valine, L-[
15

N]-alanine, L-[
15

N]-leucine, L-[
15

N]-

threonine,  L-[
13

C/
15

N]- or L-[
15

N]-aspartic acid, L-[
13

C/
15

N]- or L-[
15

N]-glutamic acid, L-

[
13

C/
15

N]- or L-[
15

N]-histidine:HCl:H2O, and L-[
13

C/
15

N]- or L-[
15

N]-lysine:2HCl were 

purchased from Cambridge Isotope Laboratories (Tewksbury, USA). To isotopically label 

glutamic acid residues, 100 mM of 
15

N- or 
13

C/
15

N-glutamic acid in 0.7 M HCl was separately 

prepared, added to the group A mixture then mixed with D, C and B (in that order) to give a 

final concentration of 15 mM. When pKO1166 was used to replace pure T7 RNAP for 

continuous production of T7 RNAP during a cell-free reaction, twice the amount of L-alanine 

(i.e., 200 mM) was added to the amino acid stock because T7 RNAP is rich in alanine residues 

(i.e., 11.3% of the T7 RNAP residues are alanine) [123]. This higher amount of alanine ensured 

sufficient supply of L-alanine for APA-1 production. 

2.2.7 Cell-free protein synthesis  

The solutions used in the reaction mixture of the continuous exchange cell-free system are 

listed (Table 2.1).  
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Table 2.1: Components of the final reaction mixture of the continuous exchange cell-free system 

Reagents Concentrations 

HEPES/KOH, pH 7.5 55 mM 

DTT 1.7 mM 

ATP 1.2 mM 

Each of CTP, GTP and UTP 0.8 mM 

Cyclic AMP 0.64 mM 

Folinic acid 68 ɛM 

Ammonium acetate 27.5 mM 

KOH-glutamic acid or KOH-glutaric acid for labelling with 

L-[
15

N]-glutamic acid 
208 mM 

Mg-acetate 19.3 mM 

Creatine phosphate 80 mM 

Creatine kinase 0.25 mg/ml 

Ribonuclease inhibitor (RNasin) (Promega, Fitchburg, USA) 250 units/ml 

E. coli total tRNA 175 µg/ml 

Rosetta (ɚDE3)/pRARE S30 extract 24% (v/v) 

Purified T7 RNAP or pKO1166 
186 µg/ml T7 RNAP or 32 µg/ml 

pKO1166 

Individual pure amino acids or crude amino acid mixture 
1 mM pure amino acids or 0.03 

mg/ml crude amino acid mixture 

pIVEX2.4d-APA plasmid 16 µg/ml 

 

The feeding mixture was identical to the reaction mixture, except that the S30 extract, tRNA, 

plasmid DNA, T7 RNAP, creatine kinase and RNasin were absent. The pH of the feeding 

mixture was adjusted to 7.5 using 1 M KOH. The concentrations of the crude amino acids, 

RNasin, Rosetta (ɚDE3)/pRARE S30 extract and purified T7 RNAP were obtained from 

optimisation of the protein expression level, as described in Section 2.2.8. All the cell-free 

reactions were performed at 30 °C with agitation at 200 rpm overnight (Figure 2.1). 

Membranes with MWCO of 12ī14 kDa were used. All protein productions were visualised 

using 4ī12% SDS-PAGE by loading 2 ɛl of the reaction mixtures onto the gel. For 

comparative experiments, the SDS-PAGE loading volumes varied according to the final 

volume of the reaction mixtures since the reaction mixture volumes may increase or decrease 
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via dialysis during the overnight reaction. In addition, protein production was also assessed by 

comparing the expression levels of target proteins and the background proteins.  

2.2.8 Analytical scale cell-free protein synthesis 

Analytical cell-free reactions with 50 ɛl of the reaction mixture and 950 ɛl of the feeding 

mixture were initially carried out to optimise the reaction conditions in order to obtain the 

highest yields of protein production by titration of each component. Control reactions 

containing 16 ɛg/ml of the IL6+ mutant DNA were used to test the viability of the reaction 

conditions because it generally gives high expression levels and precipitation, giving a visual 

confirmation of synthesis. Five to ten microliters of the reaction mixture was collected before 

starting the exchange with the feeding mixture and stored separately at 4 °C as the T0 control. 

The reactions were performed in Slide-A-Lyzer mini dialysis units (Thermo Scientific, 

Waltham, USA) that were pre-soaked in ultra-pure water for 30 min and a 1 ml Nunc 

Cryotubes which contains the feeding mixture (Thermo Scientific, Waltham, USA) (Figure 

2.8).  

 
Figure 2.8: Analytical scale cell-free protein synthesis. The analytical scale cell-free reactions were 

conducted in mini dialysis units. The volumes of the reaction and feeding mixtures were 50 and 950 µl, 

respectively.  

 

2.2.8.1 Testing the Master Mix and amino acid stock solutions 

Following the preparation of a new Master Mix and/or amino acid mixture, analytical scale 

cell-free reactions were performed to test the quality of the mixtures. The IL6+ mutant protein 

was used as the control.  
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2.2.8.2 Optimisation of the Rosetta (ɚDE3)/pRARE S30 extract volume in the cell-free 

reaction 

The concentration of the Rosetta (ɚDE3)/pRARE S30 extract prepared (Section 2.2.3) was 

optimised at the analytical scale to achieve the maximal protein yield while using the lowest 

amount of the S30 extract. Reaction mixtures containing 12, 24, 30 and 36% (v/v) of the S30 

extract were prepared and APA-1 production from the reactions was examined. A cell-free 

reaction using a previous lab stock of an S30 extract that was optimised to give the highest 

protein yield at a concentration of 24% (v/v) was used as the control.  

2.2.8.3 Optimisation of the RNasin concentration in the cell-free reaction  

RNasin (F. Hoffmann-La Roche Ltd., Basel, Switzerland) is one of the most expensive 

chemicals in the cell-free reaction. To reduce the cost and maximise the level of protein 

production, the concentration of RNasin was optimised at the analytical scale. Protein 

productivity from the reaction mixtures containing 50, 150, 250, 300, 350, 400, 450, 500 and 

550 units of RNasin per ml of the reaction were tested. Lab made and optimised RNasin by 

MSc student Mikhail Legkodimo (School of Biological Science, The University of Auckland, 

2010) as described in [124] with small modifications was also occasionally used. 

2.2.8.4 Optimisation of the T7 RNAP concentration in the cell-free reaction  

The activity of the purified T7 RNAP was tested by titrating the T7 RNAP concentration to 

find the highest yield of APA-1 produced. Protein yields from the reaction mixtures containing 

0.7, 1.05, 1.4, 1.75, 2.8 and 4.2 µg of T7 RNAP per ml of cell-free reaction were compared 

using 4ī12% SDS-PAGE.  

2.2.8.5 Optimisation of the amino acid concentration in the cell-free reaction 

Crude 
13

C/
15

N-labelled amino acid mixtures (Cambridge Isotope Laboratories, Tewksbury, 

USA) were used for uniform 
13

C/
15

N-labelling of APA-1. To minimise the requirement of the 

expensive isotope labelled amino acids and maximise the protein yield, an amino acid 

concentration titration was performed using crude unlabelled amino acids. The crude amino 

acid mixtures with concentrations of 0.003, 0.0075, 0.015 and 0.03 g/ml were used for 

analytical scale cell-free reactions.  
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2.2.8.6 Unlabelled versus isotope labelled amino acids 

Productivity of APA-1 from the cell-free reactions using isotope labelled amino acids (i.e., 

13
C/

15
N- or 

15
N-labelled) were compared with reactions carried out using the unlabelled amino 

acids. The reactions were performed at the analytical scale.  

2.2.9 Preparative cell-free protein synthesis  

For large scale APA-1 expression, the cell-free reactions were scaled-up from the 50/950 µl 

reaction to 1/10 ml, 2/20 ml and 3/30 ml reactions (reaction/feeding mixture). The yields of 

APA-1 expression were compared using the three systems. Reaction mixtures containing 1, 2 

or 3 ml were put into dialysis bags (MWCO = 12ī14 kDa). The dialysis bag was sealed at one 

end and trimmed to have a minimal overhang. A 100 µl microcentrifuge tube with a cut hinge 

was inserted into the other end of the dialysis tubing and the cap was closed. The 

microcentrifuge tube ensures the contents of the dialysis bag are readily accessible. The 

reaction mixtures were placed in a screw-capped 15 or 50 ml polypropylene tube containing 

10, 20 or 30 ml of the feeding mixture (Figure 2.9). The reactions were incubated at 30 °C and 

200 rpm. To produce isotope enriched APA-1 the unlabelled amino acids were replaced with 

labelled amino acids.  

 

Figure 2.9: Preparative scale cell-free protein synthesis. The preparative scale cell-free reactions were 

conducted in 15 or 50 ml centrifuge tubes. 
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2.2.10 Synthesis of isotope labelled protein samples 

To make isotopically enriched APA-1, 
15

N- and 
13

C/
15

N-labelled amino acid mixtures 

(Cambridge Isotope Laboratories, Tewksbury, USA) were prepared. Combinatorial selectively 

15
N-, uniformly 

13
C/

15
N- and selectively 

13
C/

15
N-enriched APA-1 samples were synthesised. 

The combinatorial selectively 
15

N-enriched APA-1 samples were prepared by Dr Andrew 

Kralicek at The New Zealand Institute for Plant and Food Research Limited (Auckland). In the 

selectively 
13

C/
15

N-labelling approach, the charged amino acids (Asp, Gly, His and Lys) of 

APA-1 were 
13

C/
15

N-labelled for pKa measurements (see Chapter 3). 

In the combinatorial labelling approach, five samples were produced each with particular 

residues 
15

N-labelled simultaneously according to the combinatorial labelling scheme (Figure 

2.10) [84]. The most abundant amino acids generally found in proteins, such as leucine and 

alanine, were labelled in only one of the five samples, whereas the least abundant amino acids 

such as histidine and cysteine were labelled in up to three of the samples. This scheme was 

based on the average amino acid frequencies in proteins reported in the National Centre for 

Biotechnology Information database. It was designed to minimise the number of resonances in 

the 2D 
1
Hī

15
N HSQC spectra and avoid any simultaneous 

15
N-labelling of glutamine and 

asparagine as these residues increase the chance of signal overlap in the NMR spectra due to 

the resonances from side chain amide groups. By using the combinatorial labelling scheme, 

each 2D 
1
Hī

15
N HSQC spectrum recorded from one sample produces only a third of the 

resonances generated by recording a spectrum of a uniformly 
15

N-enriched protein. Thus it was 

possible to minimise the number of resonances observed in each spectrum thereby limiting 

resonance overlap [84]. The combinatorial labelling method was combined with the available 

amide proton chemical shifts (Appendix 3) provided by Prof. Joachim Grötzinger (Department 

of Biochemistry, Christian-Albrechts-Universität zu Kiel, Medical Faculty, Kiel, Germany) as 

an initial approach to assign the 2D 
1
Hī

15
N HSQC spectrum of APA-1.  
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Figure 2.10: Combinatorial selective 
15

N-labelling scheme. Five combinatorial samples depicted by 

different colours are synthesised. Each sample contains a different combination of 
15

N-labelled amino 

acids [88]. The last column represents the frequencies of each amino acid in APA-1. 

 

2.2.11 Purification of amoebapore-A  

2.2.11.1 Immobilised metal ion liquid chromatography  

After completion of the cell-free reaction, the insoluble components were removed by 

centrifugation at 4,600 g for 20 min at 4 °C. Chromatography was performed on an ÄKTA 

Purifier system (GE Healthcare, Little Chalfont, UK). A HiTrap immobilised metal affinity 

chromatography (IMAC) column (GE Healthcare, Little Chalfont, UK) was used to purify the 

(His)6-APA-1 from the cell-free reaction supernatant. The column loaded with 0.1 M 

NiSO4·6H2O was equilibrated with five column volumes of binding buffer (10 mM Na2HPO4, 

500 mM NaCl and 20 mM imidazole, pH 7.4). The cell-free supernatant was diluted by a factor 

of two with binding buffer and loaded onto the column at a flow rate of 0.5 ml/min. The 
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column was washed with five column volumes of binding buffer and APA-1 was eluted using 

the elution buffer containing 500 mM of imidazole (10 mM NaH2PO4, 500 mM NaCl and 500 

mM imidazole, pH 7.4). Five millilitre fractions were collected and analysed by 4ī12% SDS-

PAGE. The fractions containing the His-tag APA-1 protein were pooled and extensively 

dialysed against 10 mM ammonium bicarbonate at pH 8.0 for at least six times (1 h each time) 

to remove imidazole. This solution was lyophilised. 

2.2.11.2 Factor Xa Protease digestion to remove the (His)6-tag 

Lyophilised protein was reconstituted in 500 ɛl of 10 mM HCl and diluted in TBS digest buffer 

to give a final protein concentration of approximately 1 mg/ml (50 mM Tris, 6 mM CaCl2 and 

100 mM NaCl, pH 8.0), as determined photometrically. The fusion protein was digested with 

Factor Xa (F. Hoffmann-La Roche Ltd., Basel, Switzerland) at a protease:protein ratio of 1:50 

(v/v) for 120 h at 25 °C. Protease cleavage was terminated by lyophilising the protein solution 

and the protein was stored at ī80 °C. Protein samples from each day of the digestion were 

collected and analysed by 4ī12% SDS-PAGE.  

2.2.11.3 Reverse-phased high performance liquid chromatography  

Reverse-phased high performance liquid chromatography (RF-HPLC) was used to purify APA-

1 after the protease cleavage. After thawing, the protein sample was diluted two fold with 10% 

acetonitrile/0.1% trifluoroacetic acid (TFA) (v/v) and the pH adjusted to 3.0. The protein 

solution was loaded onto a semi-preparative C8 column (Grace Discovery Science, Columbia, 

USA; 10 x 250 mm, 5 µm particle size). A continuous linear acetonitrile/0.1% (v/v) TFA was 

applied at a flow rate of 5 ml/min with fraction volumes of 2 ml collected. APA-1 purity was 

confirmed by mass spectroscopy and 4ī12% SDS-PAGE analysis. The amount of protein was 

determined by measuring the A280, and using Eq. 2.1 and the calculated molar absorption 

coefficient (Ů280) of 1865 L M
-1

 cm
-1

. Fractions containing APA-1 were pooled, lyophilised 

and stored at ī80 °C. 

The average mass of APA-1 was determined by microTOP-Q MS at the School of Chemical 

Sciences, The University of Auckland. Samples were mixed with 0.7 ɛl of the matrix solution 

(5 mg/ml alpha-cyanohydroxycinnamic acid in 60% acetonitrile/0.1% TFA) and spotted onto a 

stainless steel sample target. Mass spectra were obtained by a 4700 Proteomics Analyzer 

(Applied Biosystems, Foster City, USA) in the positive-ion linear mode and calibrated 

internally using co-spotted standard proteins (Calibration Mixture 3, Applied Biosystems). The 
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average mass of the protein was compared with the calculated mass of disulfide-bridged APA-

1. 

2.2.12 NMR spectroscopy  

Protein concentrations required for solution-state NMR experiments should be at least 50 ɛM 

for 2D experiments and ~500 ɛM for 3D experiments [125, 126]. After RP-HPLC, APA-1 

samples were dissolved in 10 mM sodium citrate and disodium hydrogen phosphate (NaPi) 

93% H2O/7% D2O (v/v). The pH adjusted to 3.0 and 300 ɛl of the protein solution was placed 

into a symmetrical matched microtube (Shigemi Inc., Allison Park, USA). The pH values of 

the samples were adjusted by the addition of 0.1 M NaOH or 0.1 M HCl. The pH values were 

measured before and after each experiment. The average readings were taken for data analysis. 

All NMR spectra were recorded at 25 °C on a Bruker AV600 spectrometer equipped with a 5-

mm z-axis pulsed-field gradient 
1
H/

15
N/

13
C cryoprobe optimised for 

1
H detection. All spectra 

were processed using the program NMRPipe. Analysis of the processed spectra were 

performed with the program Analysis which is part of the CcpNmr software package [127].  

2.2.12.1 T2 measurement  

One-dimensional 
1
H spectra of an APA-1 sample were recorded in ~5 minutes at pH 3 using 

spin-echo delay periods of 0.25 and 2.9 ms. The spectra were used to obtain the transverse 

relaxation time [128]. By measuring the difference in the resonance intensities between the two 

1D spectra with the two delay periods, T2 values were calculated using Eq. 2.2 [109]  

Eq. 2.2 

T2 (ms) = 4(ȹA - ȹB)/ln(IA/IB) 

where ȹA and ȹB are the delay periods used in the 1D spectra. IA and IB are the peak intensities 

recorded using short and long delay periods in the two 1D spectra, respectively. The T2 value is 

predominantly dependent on the size of the protein and can be used to calculate approximate 

rotational correlation times (tc; Eq. 2.3). The estimated tc value is the time it takes the protein 

to rotate by one radian and it depends on the size of the protein, thus tc can be used to provide 

a rough estimate of the protein MW (assuming the protein is a globular folded structure with no 

significant asymmetry). The MW of a protein in aqueous solution near room temperature is 

equal to two times the tc  value [109]. Consequently, the dimerisation state of APA-1 was 

roughly estimated by comparing the calculated MWs of APA-1 at different pH values.  
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Eq. 2.3 

tc = 1/[5 ³ (T2/1000)] 

where T2 is provided in ms and the calculated tc is given in ns.  

2.2.12.2 Two dimensional 
1
Hī

15
N HSQC experiment  

Two-dimensional (2D) 
1
Hī

15
N HSQC spectra were recorded using data matrices consisting of 

128* ³ 1024* data points (were n* refers to complex points) with acquisition times of 62 (tN) 

and 136 ms (tHN). Depending on sample concentrations, between 16 to 256 scans per complex 

tN increment were collected. A recycle delay of 1.2 s was used. The total measuring time for 

each experiment ranged between 40 min to 24 h. Data sets were processed using NMRPipe 

[129] and spectra visualised and resonances assigned using CcpNmr Analysis [130]. The 

spectra of the five combinatorially labelled samples were overlaid and coupled with the 

available 
1
H chemical shift information used to assign the 2D 

1
Hī

15
N HSQC spectrum of 

APA-1 at pH 3.0. 

2.2.12.3 Three-dimensional HNCA experiment  

The three-dimensional HNCA spectrum was recorded using uniformly 
13

C/
15

N-enriched APA-

1 to sequentially assign the 2D 
1
Hī

15
N HSQC spectrum at pH 3. The sample concentration was 

1.6 mM. The 3D HNCA was recorded as a constant-time water flip-back experiment [118]. 

The data matrix consisted of 45*  (t
1
) ³ 34* (t

2
) ³ 1024* (t

3
) data points with acquisition times 

of 11.4 (t
1
), 21.5 (t

2
) and 95 ms (t

3
). The total experimental time was 19 h. The 

1
H carrier was 

positioned on the H
2
O resonance, the 

13
C carrier at 53 ppm and the 

15
N carrier at 115 ppm. 

15
N 

decoupling was applied during data acquisition. The data set was processed using NMRPipe 

and the spectrum visualised using the CcpNmr Analysis software [118]. To assign the 

resonances, the 3D spectrum was reduced to a series of 2D planes or ñstripsò which enables an 

easy approach to complete sequential assignment connectivities.  

2.2.13 Pore-forming assay of amoebapore A 

The pore-forming assay of APA-1 was performed by our collaborators in Germany (Prof. 

Joachim Grötzinger, Department of Biochemistry, Christian-Albrechts-Universität zu Kiel, 

Medical Faculty, Kiel) by monitoring the dissipation of a valinomycin-induced diffusion 

potential in liposomes at pH 5.2, 25 °C, as described in [131].  
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2.3 Results  

2.3.1 Preparation and testing of the components of the cell-free synthesis  

Prior to large scale protein production, the performance of the cell-free reactions were 

optimised to obtain the highest protein yields. The quantities of the Master Mix and amino 

acids were tested; the concentration of the S30 extracts, RNasin and T7 RNAP were prepared 

and optimised; and the expression level of APA-1 using isotope labelled and unlabelled amino 

acids were compared.  

2.3.1.1 Testing of the Master Mix and amino acid stocks in the cell-free approach 

When a Master Mix or amino acid stock solution was freshly made, analytical cell-free 

reactions were carried out to test the performances of the solutions. APA-1 expressions using 

newly prepared crude unlabelled amino acid mixtures and Master Mixes were investigated. 

Expression of the IL6+ mutant using the same solutions was performed as the positive control. 

The reaction mixture that was collected before the dialysis step was used as the T0 control. The 

SDS-PAGE result (Figure 2.11) showed that the expression level of APA-1 was similar to the 

IL6+ control, and APA-1 was synthesised in the soluble form.  

 

Figure 2.11: 4ī12% SDS-PAGE analysis of the expression of IL6+ and APA-1 using a newly prepared 

Master Mix and a crude unlabelled amino acid mixture. Lane M: Precision plus MW marker (BioRad, 

Hercules, USA); Lanes 1 and 3: T0 control; lanes 2 and 4: expressions of IL6+ and APA-1, respectively. 

The arrows indicate the positions of the protein bands corresponding to IL6+ and APA-1. 
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2.3.1.2 Optimisation of the Rosetta (ɚDE3)/pRARE S30 extract volume in the cell-free 

reaction 

To test the viability of the Rosetta (ɚDE3)/pRARE S30 extract and to optimise the required 

S30 extract concentration for maximal APA-1 production, titration of the extract was carried 

out at the analytical scale. Reaction mixtures containing 18, 24, 30 and 36% (v/v) of the extract 

per ml of the cell-free reaction were prepared and used for unlabelled APA-1 expression. 

Expression of the IL6+ mutant using 24% (v/v) of the extract was performed as the control. 

The SDS-PAGE result (Figure 2.12) demonstrated that 18% (v/v) of the extract was the 

minimal amount required to obtain an optimum APA-1 yield. Concentrations of S30 extract 

below 18% (v/v) gave reduced expression levels (data not shown). 

 

Figure 2.12: 4ī12% SDS-PAGE analysis of the Rosetta (ɚDE3)/pRARE S30 extract titration. Lane M: 

Precision plus MW marker (BioRad, Hercules, USA); lane 1: expression of the IL6+ mutant using 24% 

(v/v) of the S30 extract; lanes 2, 4, 6 and 8: T0 control; lanes 3, 5, 7 and 9: expressions of APA-1 using 

18, 24, 30 and 36% (v/v) of the S30 extract, respectively. The arrows indicate the positions of the 

protein bands corresponding to IL6+ and APA-1. APA-1 expression levels under the different 

conditions were assessed by comparing APA-1 and background expression levels.  

 

2.3.1.3 Optimisation of the RNase inhibitor concentration in the cell-free reaction 

Titration of the RNasin (F. Hoffmann-La Roche Ltd., Basel, Switzerland) concentration was 

performed at the analytical scale. The yield of APA-1 expressed from 50, 150, 250, 300, 350, 

400, 450, 500 and 550 units of RNasin per ml of reaction were examined (Figure 2.13). The 
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result showed that the RNasin with a concentration of 250 U/ml or above gave similar APA-1 

expression levels, thus 250 U/ml was used for future experiments.  

 

Figure 2.13: 4ī12% SDS-PAGE analysis of the effect of RNasin concentration on cell-free expression 

yield. Lane M: Precision plus MW marker (BioRad, Hercules, USA); lanes with odd numbers are T0 

controls; lanes 2ī18 (even numbers) are expressions of APA-1 using 50, 150, 250, 300, 350, 400, 450, 

500 and 550 U RNasin/ml of reaction, respectively. The arrow indicates the position of the protein 

bands corresponding to APA-1. Sample volumes loaded onto the gel were adjusted according to the 

final reaction volumes following overnight incubation. APA-1 overexpression under the different 

conditions was further assessed by comparing the levels of APA-1 produced against the background 

proteins.  

 

2.3.1.4 Preparation and optimisation of the T7 RNAP concentration in the cell-free 

reaction 

Expression of T7 RNAP was induced by heat shock at 42 °C for 30 min followed by 2 h of 

inoculation at 40 °C (Figure 2.14). A 2 L culture yielded ~12.6 g of wet cell-pellet mass. 
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Figure 2.14: 4ī12% SDS-PAGE analysis of the overexpression of T7 RNAP. Lane M: Precision plus 

MW marker (BioRad, Hercules, USA); lane 1: before heat shock induction; lane 2: 2 h after heat shock 

induction. The arrow indicates the position of the protein band corresponding to T7 RNAP. 

 

A high-trap DEAE-ion exchange column was used to purify T7 RNAP and the protein was 

eluted at ~14% NaCl in TGED buffer (Figure 2.15). The void volume and collected fractions 

were analysed using 4ī12% SDS-PAGE (Figure 2.16). The gel result showed that the T7 

RNAP was also present in the void volume, indicating the High-Trap DEAE-ion exchange 

column reached its capacity and was over-loaded. The void fractions were collected and re-

purified through the column. All the fractions containing T7 RNAP were pooled together 

(lanes 2ī11 in Figure 2.16).  
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Figure 2.15: Chromatogram of T7 RNAP purification by DEAE-ion exchange chromatography. T7 

RNAP eluted over an elution volume range of 25ī54 ml, as indicated by the red bar. Blue: UV 

detection at 280 nm; green: 0ī100% gradient of 1 M NaCl in TGED buffer. 

 

 

Figure 2.16: 4ī12% SDS-PAGE analysis of DEAE-ion exchange chromatography purification of T7 

RNAP. Lane 1: void volume; lane M: Precision plus MW marker (BioRad, Hercules, USA); lanes 

2ī21: fractions collected from the DEAE purification. Fractions corresponding to lanes 2ī11 

containing T7 RNAP were pooled. The red boxes indicate the positions of the protein bands 

corresponding to T7 RNAP. 

 

T7 RNAP was then purified through a cellulose phosphate affinity column and the protein was 

eluted at ~45% (v/v) KCl in buffer P (Figure 2.17). The collected fractions were analysed using 

4ī12% SDS-PAGE (Figure 2.18). Fractions containing T7 RNAP were pooled and 
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concentrated. Based on the A280 absorbance, it was estimated that ~60 mg of the T7 RNAP was 

obtained from the 2 L culture.  

 

Figure 2.17: Chromatogram of the T7 RNAP purification using the cellulose phosphate affinity 

chromatography. T7 RNAP was eluted over an elution volume range of 42ī72 ml as represented by the 

red bar. Blue: UV detection at 280 nm; green: 0ī80% gradient of 1 M KCl in buffer P. 

 

 

Figure 2.18: 4ī12% SDS-PAGE analysis of the cellulose phosphate affinity chromatography of T7 

RNAP. Lanes 1ī3 and 4ī14: fractions collected from the purification; lane M: Precision plus MW 

marker (BioRad, Hercules, USA). Fractions corresponding to lanes 2ī13 containing T7 RNAP were 

pooled. The red boxes indicate the positions of the protein bands corresponding to T7 RNAP. 
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The viability of the purified T7 RNAP was examined using analytical scale cell-free reactions 

and the T7 RNAP concentration for maximal APA-1 production was optimised. Expression of 

APA-1 using 0.7, 1.05, 1.4, 1.75, 2.1, 2.8 and 4.2 µg of T7 RNAP per ml of cell-free reaction 

were performed. The SDS-PAGE result indicated that amounts ²1.75 µg/ml of the T7 RNAP 

gave the highest levels of APA-1 productivity (Figure 2.19). Therefore, 1.75 µg/ml of T7 

RNAP was used in future reactions. 

 

Figure 2.19: 4ī12% SDS-PAGE analysis of the effect of T7 RNAP concentration on cell-free 

expression yield. Lane M: Precision plus MW marker (BioRad, Hercules, USA); lane 1: T0 control; 

lanes 2 8: expression of APA-1 using 0.7, 1.05, 1.4, 1.75, 2.1, 2.8 and 4.2 µg of T7 RNAP/ml of 

reaction. The arrow indicates the position of the protein bands corresponding to APA-1. Sample 

volumes loaded onto the gel were adjusted according to the final reaction volumes after the overnight 

incubation and APA-1 expression levels were compared. 

 

2.3.1.5 Crude unlabelled amino acid titration 

Crude unlabelled amino acid mixtures with concentrations of 0.03, 0.015, 0.0075 and 0.003 

g/ml were prepared to identify the minimal amount required to achieve maximal APA-1 

expression. The SDS-PAGE results showed that the highest APA-1 expression was achieved at 

0.03 g/ml (Figure 2.20). Expression levels of APA-1 at the amino acid concentration of 0.3 

g/ml were further tested and the yield was similar to the yield observed when using 0.03 g/ml 

(data not shown). Therefore, 0.03 g/ml was used for expression of uniformly 
13

C/
15

N-enriched 

APA-1 by replacing the unlabelled amino acids with a crude 
13

C/
15

N-labelled amino acid 

mixture.  
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Figure 2.20: 4ī12% SDS-PAGE analysis of the effect of crude amino acid concentration for unlabelled 

APA-1 cell-free expression. Lane M: Precision plus MW marker (BioRad, Hercules, USA); lanes 1 5: 

expressions of APA-1 using 0.015, 0.0075, 0.003 and 0.03 g/ml of amino acids, respectively; lane 5: T0 

control. The arrow indicates the position of the protein bands corresponding to APA-1. Sample volumes 

loaded onto the gel were adjusted according to the final reaction volumes after the overnight incubation.  

 

2.3.1.6 Unlabelled versus 
15

N-labelled protein expression  

Analytical scale cell-free reactions were performed to examine the productivity of APA-1 

using unlabelled and isotope labelled amino acids. In the experiments, pure unlabelled and 
15

N-

labelled amino acids were used. The reactions were performed using the previously optimised 

conditions (i.e., 18% of the S30 extract, 250 U/ml of RNasin and 1.75 µg/ml of the T7 RNAP). 

The SDS-PAGE results showed that the expression of APA-1 using the two types of amino 

acid mixtures was similar (Figure 2.21). 
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Figure 2.21: 4ī12% SDS-PAGE analysis of the expression of APA-1 using pure unlabelled and 
15

N-

labelled amino acids. Lane 1: T0 control; lanes 2ī3: expression of APA-1 using unlabelled and 
15

N-

labelled amino acids, respectively. The arrow indicates the protein bands corresponding to APA-1. 

Sample volumes loaded onto the gel were adjusted according to the final reaction volumes after the 

overnight incubation. 

 

2.3.2 Preparative scale cell-free protein synthesis  

For large scale APA-1 production, the cell-free reactions were modified from the analytical to 

preparative scales. 1/10, 2/20 and 3/30 ml of the reaction mixture/feeding mixture set-ups were 

prepared and expression levels of APA-1 were compared with the analytical scale reaction. The 

results showed that the expression levels of APA-1 using the preparative scales were lower 

than the analytical scale expressions (Figure 2.22). When using the preparative scale reactions, 

precipitation/crystallisation was observed on the surface of the dialysis membrane after an 

overnight reaction. This may be due to the accumulation of by-products produced from the 

reaction or precipitation of salts on the dialysis membrane, which may block the exchange 

between the reaction and feeding mixtures thereby hampering target protein expression. The 

3/30 ml set-up was observed to have the highest amount of precipitation/crystallisation leading 

to the lowest APA-1 yield, whereas the 1/10 ml reaction was observed to have the lowest 

precipitation/crystallisation and resulted in better APA-1 expression. This suggests that protein 

production is directly proportional to the reaction surface area on the membrane, blocking the 

membranes decreases the exchange area between the reaction and feeding mixtures, thereby 

inhibiting protein expression. Therefore, the 1/10 ml set-up was used for the preparative scale 
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cell-free reactions. Unlabelled, uniformly 
15

N-, uniformly 
13

C/
15

N-, combinatorial selectively 

15
N-, and selectively (Glu, Asp, Lys, and His) 

13
C/

15
N-enriched recombinant APA-1 samples 

were produced using the 1/10 ml preparative scale. 

 

Figure 2.22: 4ī12% SDS-PAGE analysis of the expression of APA-1 by the analytical and preparative 

scale systems. Lane M: Precision plus MW marker (BioRad, Hercules, USA); lane 1: T0 control; lanes 2 

and 3: expression of APA-1 from 50 µl analytical and 1 ml preparative scale reactions, respectively. 

The arrow indicates the position of the protein bands corresponding to APA-1. Sample volumes loaded 

onto the gel were adjusted according to the final reaction volumes after overnight incubation. 

 

2.3.3 Purification of amoebapore A 

2.3.3.1 Immobilised metal affinity  chromatography 

The supernatant containing APA-1 from the preparative scale cell-free reactions were purified 

through the IMAC column. Recombinant APA-1 was eluted from the column after about three 

column volumes using an elution buffer containing 500 mM imidazole (Figure 2.23). The 

collected fractions were analysed by 4ī12% SDS-PAGE (Figure 2.24) and the result showed 

that IMAC purification did not give pure APA-1 because other protein containments were also 

present in the eluted solution (not visible in Figure 2.24). The fractions containing APA-1 were 

pooled and dialysed extensively against 10 mM ammonium bicarbonate at pH 8.0 to remove 

imidazole which is known to inhibit the activity of Factor Xa [132] and to reduce protein 

precipitation and enable sample lyophilisation. 
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Figure 2.23: Chromatogram of the IMAC purification of APA-1. The red arrow indicates the peak that 

represents the elution of APA-1.  

 

 

Figure 2.24: 4ī12% SDS-PAGE analysis of fractions collected from the IMAC purification. Lane M: 

Mark 12
TM

 standard protein marker (Invitrogen, Carlsbad, USA); lanes 1ī5: void and washing 

fractions; lanes 6ī9: elution fractions containing APA-1. The arrow indicates the position of the protein 

bands corresponding to APA-1. 
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2.3.3.2 Factor Xa digestion  

Lyophilised APA-1 was diluted into the digestion buffer for (His)6-tag cleavage. The efficiency 

of Factor Xa cleavage (F. Hoffmann-La Roche Ltd., Basel, Switzerland) of the fusion protein 

using different concentrations of CaCl2 (2ī6 mM), pH (6.5 versus 8.0), temperature 

(15ī25°C), and digestion time was examined using 4ī12% SDS-PAGE analysis (data not 

shown). The optimal conditions that gave complete cleavage of the N-terminal (His)6-tag by 

Factor Xa were 25 °C, 2 mM CalCl2 and pH 8.0 for 120 h at a protein:protease ratio of 1:50 of 

(v/v). A lower protease:protein ratio (1:10) did reduce the reaction time; by only one day and 

was not a cost effective option. The required (His)6-tag cleavage length by Factor Xa for APA-

1 was found to be longer than the digestion periods of other proteins, which usually took 

between 16ī72 h [133-139], although five days of digestion was previously observed [140]. In 

addition, it was observed that Factor Xa digested APA-1 in a two-step process. In the first 48 h 

it partially cleaved APA-1 and resulted in two protein bands on the gel that are close to each 

other. Following this period, full digestion of the protein was completed after 120 h (Figure 

2.25). Although Factor Xa has a high degree of specificity, cleavage can occur at other non-

recognition sites, usually following a basic amino acid in E. coli expression systems [141-143].  

It was found that the Factor Xa protease purchased from Qiagen (QIAGEN, Limburg, 

Nertherlands) had lower digestion efficiency than the protease purchased from Roche (F. 

Hoffmann-La Roche Ltd., Basel, Switzerland). More than two weeks was required for full 

APA-1 digestion when the protease from Qiagen was used (data now shown). The reason 

contributing to this observation is not clearly known; it may be due to slight differences of the 

protease purity or the sources that the protease was extracted from, for example, Factor Xa 

protease from Roche is extracted from bovine plasma whereas Factor Xa protease from Qiagen 

is not clarified.  

The MW of APA-1 shown on the SDS-PAGE is smaller than its calculated MW. This can be 

explained by the ñgel shiftò: phenomenon [144]. The phenomenon appears to be a common 

feature of membrane proteins which are mainly composed of helical structures. The differences 

in migration are primarily due to the altered protein-SDS binding and protein helical 

conformation.  
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Figure 2.25: 4ī12% SDS-PAGE analysis of APA-1 digestion. Lane M: Mark 12
TM

 standard protein 

marker (Invitrogen, Carlsbad, USA): lanes 1ī4: 48, 72, 96 and 120 h digestion, respectively. The arrow 

indicates the protein band corresponding to the undigested, partially digested and fully digested 

recombinant APA-1 

 

To verify the location of the secondary cleavage site of Factor Xa on APA-1, the partially 

digested sample was collected and the two digested products were separated on a C8 RP-HPLC 

column. One protein species was eluted at 85% acetonitrile/0.1% TFA and the other species 

was eluted at 100% (Figure 2.26). The proteins were lyophilised and re-dissolved into the 

matrix solution and microTOP-Q MS analysis was performed. The MS profiles showed that 

the protein that eluted earlier had a MW of 8833.5 Da (i.e., upper band on the SDS-PAGE), 

and the other protein had a MW of 8234.2 Da (Figure 2.27). The microTOP-Q MS instrument 

had a 4 Da constant shift smaller than the real mass. Therefore, the latter species is in 

agreement with the calculated mass (8238 Da) assuming the formation of the three disulfide 

bonds. The sequence of the (His)6-tag is MSGSHHHHHHSSGIEGR, where IEGR is the 

recognition site for Factor Xa digestion. APA-1 fused with SGIEGR has a calculated MW of 

8838 Da assuming the formation of the three disulfide bonds, in agreement with the MW of the 

first eluted protein species. The result indicates that during the digestion of APA-1, the Factor 

Xa cleaves after the third Ser in the above sequence (in bold), leaving SGIEGR fused to APA-1. 

Subsequent digestion leads to the removal of the recognition site.  
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Figure 2.26: Chromatogram showing the purification of APA-1 using the C8 RP-HPLC column. The 

arrows indicate the peaks eluting at 85% and 100% (v/v) acetonitrile, and correspond to the partially 

and fully digested APA-1, respectively.  
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Figure 2.27: Mass spectrometry profiles of partially and fully digested APA-1 purified from RP-HPLC. (A) MS profile of the partially digested APA-1 with a 

MW of 8833.5 Da. (B) MS profile of the fully digested APA-1 with a MW of 8234.2 Da. The y-axis represents the relative abundance of protein present in 

solution, and the x-axis represents the protein mass. Minor species with variable masses are likely to arise from oxidation of residues [145].  
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2.3.3.3 Reverse phased-high performance liquid chromatography  

During the RP-HPLC purification, recombinant APA-1 was eluted from the column in 100% 

(v/v) acetonitrile (Figure 2.28). The fractions corresponding to the peaks in the RP-HPLC 

chromatogram were collected and analysed by SDS-PAGE (Figure 2.29). The pooled fractions 

that contained APA-1 were lyophilised to remove the solvent and re-constituted in 0.01 M HCl. 

The SDS-PAGE result showed that the RP-HPLC procedure gave pure APA-1. The amount of 

APA-1 obtained from the cell-free reactions after purification was estimated using the 

calculated molar absorption coefficient. The uniform 
13

C/
15

N- and combinatorial 
15

N-reactions 

1ī4 produced ~150 Õg/ml of cell-free reaction. The combinatorial reaction five produced a 

significantly lower amount of protein (~50 µg/ml). This is probably because of the replacement 

of the major salt, potassium glutamate, with potassium acetate (required for the labelling of 

15
N-glutamate).  

 

Figure 2.28: Chromatogram showing the C8 RP-HPLC column purification of APA-1. UV 280 nm 

(Blue), UV 245 nm (red), UV 215 nm (pink) and concentration of solvent B (green). APA-1 was eluted 

from the column at 100% (v/v) of solvent B. The arrow indicates the peak corresponding to the fully 

digested APA-1.  
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Figure 2.29: 4ī12% SDS-PAGE analysis of fractions purified from the RP-HPLC. Lane M: mark 12
TM 

standard protein marker; lane 1: fraction APA-1; lanes 2ī3: the two peaks eluted before APA-1. The 

arrow indicates the position of the protein bands corresponding to APA-1. 

 

2.3.4 NMR spectrometry  

2.3.4.1 One-dimensional 
1
H NMR experiments 

One-dimensional 
1
H NMR experiments of the uniformly 

13
C/

15
N- and the combinatorial 

15
N-

enriched APA-1 were recorded at pH 3.0. Methyl proton resonances at ~0 ppm and good 

dispersion of the amide proton resonances at 7.5ī10 ppm were observed, indicating that the 

recombinant APA-1 samples were folded. Based on the peak intensities between the 1D spectra 

recorded with different relaxation delay periods (Figure 2.30), the T2 value was estimated to be 

45.3 ms and the MW of the uniformly 
13

C/
15

N-enriched APA-1 sample at 50 µM was 

approximated to be 8.84 kDa at pH 3.0. This suggested that APA-1 existed predominantly as a 

monomer at this pH. The concentrations of the combinatorial 
15

N-enriched samples ranged 

between 50ī80 µM, and the MW ranged between 7.95ï9.32 kDa, also indicating the presence 

of primarily monomeric APA-1.  
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Figure 2.30: 1D 
1
H spectrum of 48 µM APA-1 at pH 3.0. Blue: 250 ɛs delay; red: 2.9 ms delay.  

 

2.3.4.2 Two-dimensional 
1
Hī

15
N HSQC assignment 

As an initial approach, the sequence-specific assignment of the 2D 
1
Hī

15
N HSQC spectrum of 

APA-1 was achieved using the available amide proton chemical shift data in combination with 

the selective 
15

N-labeling amino acid approach [84]. 2D 
1
Hī

15
N HSQC spectra were acquired 

for each of the combinatorial 
1
Hī

15
N-enriched APA-1 samples to identify the 19 different 

types of amino acids with backbone amide protons (Figure 2.31A). By using the combinatorial 

labelling approach, the number of observed resonances in each spectrum was minimised 

thereby limit ing resonance overlap. The pattern of occurrence or absence of any particular 

resonance in the 2D 
1
Hī

15
N HSQC spectra recorded of the five samples enabled the 

identification of the amino acid type associated with this resonance.  

The resonance intensities from the same amino acid type labelled in different samples were 

closely reproduced between the five 2D 
1
Hī

15
N HSQC spectra (Figure 2.31B). The resonance 

intensities of glutamate residues were noticeably weaker than resonances arising from other 

amino acids. This is due to the high concentration of potassium L-glutamate which is 

unsuitable for selective 
15

N-labelling of glutamate residues in a protein. The presence of 

glutamate racemase in the S30 extract converts the L-glutamate to D-glutamate [88]. Reaction 






















































































































































































































































































