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Introduction of amoebapore A, an
antimicrobial protein produced by
Entamoeba histolytica



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].
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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].



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.



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].



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
“pathogenic factor”, 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 (MWSs) of 8244, 8295.7 and 8025.6 Da, and similar protein
isoelectric points calculated to be in the range of 5—6. 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 Glul6, 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].



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.
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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



secondary structure of amoebapore was predicted to consist of four a-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 (Pl),
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].
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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].

10



Helix 4
O\
asg )

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 a-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 phesphelipids«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 a-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.
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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 6.5-7) 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.
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Figure 1.10: The effect of pH on APA-1l-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 MWSs 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 6.5-7,
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 3.9—4 and 4.2—4.4, 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 6.3-22.1 A [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
70-80 A ring diameter and a 3545 A 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 A and an internal diameter of 52 A [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 A
[52]. And o-toxin produced by Staphylococcus aureus forms pores with a diameter of 75 A.
However, the crystallisation of the APA-1 pore structure within membranes and visualising the
pore structures with relatively small pore sizes (i.e., 6.3—22.1 A) 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** and Mg?*
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 5=15 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
GPIl-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
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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) *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 a-helices and three disulfide bonds

that provide protein stability (Figure 1.12).
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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 A—D
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 A—D, 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 A—D 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 A—C, 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 a-
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 —9 (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 pl 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 —1.5, a calculated pl 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 pl 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 pl 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.
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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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Amoebapoare-A Caenopore-5 Saposin C NK-lysin Granulysin

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].

26



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.

Dimer Monomer

80 T T T T i T i T T

60 | ..l \\ . | | ﬁ |
“~ | \\
£ 3= %0 80 . 0o 20 / { |
g 40 L 0 elution time [min] \ }
2
= |
= —pH3
——pH5.2
20 F ——pH3.5 |
0 : ' - o -
0 20 40 60 80 100 120 140

Elution time (min)

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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(190-250 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 A and a width
of ~43 A (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 A, 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 A in the conductance measurements [49]. In addition,
the role of helix 3 and 4 which were previously proposed to be crucial for membrane “seeking”
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,
H75-D63 and K64—-E2 [24]. The height and width of the dimer are estimated to be ~33 and 43 A,
respectively. (B) Zoomed in diagram of the dimer interface; the residues proposed to be involved in the
electrostatic interactions are coloured. (C) lonisation 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 “barrel-stave” 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).

(A)

(B)

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 Ky, Kooy and Kypy 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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Cell-free production and structural and
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recombinant amoebapore A
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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/GIn 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

36



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].

Reaction mixture Reaction conditions
o 830 extract 30 °C
o Amino acids 16-20 h
o T7 RNAP | 200 rpm
o tRNA
o Plasmid DNA

<« Feeding mixture

o ATP

\/ o Amino acids
Shaking and stirring device

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 *H NMR experiments

One-dimensional (1D) '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 (6—10 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 *H spectra [109]. More details will be described in
Section 2.2.12.1.
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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 H,O. 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 *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 t;. 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 t; is manipulated by
the frequency of the second nucleus, which can be recorded as an observable signal during the
detection period (t). To obtain 2D spectra, the process is repeated with gradually increased t;
values (i.e., incremented). A series of FIDs obtained from incremented t; values are Fourier
transformed along t, values to obtain a mixed frequency/time-domain interferogram. The
intensities of the signals in the spectra oscillate as a function of t; at t, in units of Hz. The

second dimension is achieved by Fourier transforming along t; 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, t;. After the mixing period, the signal is detected during time t,. 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) t; values in the evolution period are incremented. Each FID is obtained from each t; value and a series of
FIDs are recorded as a function of t, 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 t;. (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) *H-"°N heteronuclear single quantum coherence (HSQC)
spectrum was required. The 2D *H-*N HSQC experiment correlates the nitrogen nucleus of
an amide backbone group (i.e., N—H) with the directly attached amide proton nucleus. In the
2D 'H-">N HSQC spectrum, each amide backbone group within a uniformly **N-enriched
protein gives rise to one resonance in the spectrum, and each NH, group from the side chains
of Asn and GIn 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 10—12 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 *H-"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 t; and t, (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 Ca nuclei, and the assignments can be mapped on to
the 2D *H-">N HSQC spectrum. The 3D HNCA spectrum has three orthogonal chemical shift
coordinates: the *H amide chemical shift, the >N amide chemical shift and the **Ca chemical
shift [118, 119]. The HNCA correlates one *H and **N group (i.e., chemical shift of both nuclei
are recorded) to two Ca nuclei. One correlation is between the amide group with its
corresponding “*Ca(i) nuclei (i.e., intra-residue), and the other correlation is between the same
amide group and the **Ca(i—1) 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-Co resonances generally have greater intensity than the

inter-Ca resonances because the N to intra-Ca scalar coupling is stronger (~11 and ~7 Hz for
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N-intra-Ca and N-inter-Ca couplings, respectively) [120]. To achieve unambiguous backbone
assignment, a 3D HN(CO)CA experiment is acquired. In the HN(CO)CA experiment, the *H
and *N chemical shifts are correlated with only the inter-Ca nuclei via the CO group, and
therefore only the Ca 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 *H
chemical shift assignments (Prof. Joachim Grdétzinger, Department of Biochemistry, Christian-
Albrechts-Universitat zu Kiel, Medical Faculty, Kiel, Germany) were used to obtain the
majority of the sequential assignment in the 2D 'H—'°N HSQC spectrum without the
requirement to acquire the 3D HN(CO)CA experiment (Section 2.3.4.2).
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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 Ca nuclei of both inter- (i—1) and intra-residues (i). In each NH strip
both inter- and intra-Ca. resonances are visible in the 3D HNCA spectrum as displayed in (C). (B) The
amide group is only coupled with the inter-Co. nucleus in the HN(CO)CA spectrum at each NH “strip”.
By overlaying the HN(CO)CA spectrum with the HNCA, all Ca (i) and Ca (i—1) resonances can be
distinguished. The double headed arrows indicate that the experiment is an “out and back™ 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 *®N- and uniformly C/*N-labelled APA-1 to facilitate
backbone resonance assignments at pH 3.0 using NMR spectroscopy. In Chapter 3, the
assignment of the 2D *H—""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 >N/*3C-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 Grétzinger, Department
of Biochemistry, Christian-Albrechts-Universitat zu Kiel, Medical Faculty, Kiel, Germany)
into the pIVEX 2.4d plasmid (F. Hoffmann-La Roche Ltd., Basel, Switzerland) using Notl 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)s-tag and a Factor Xa cleavage site.
The amino acid sequence of the fusion protein, as determined by nucleotide sequencing is:
MSGSHHHHHHSSG IEGR  GEILCNLCTG'  LINTLENLLT® TKGADKVKDY®*
ISSLCNKASG*® FIATLCTKVL® DFGIDKLIQL® IEDKVDANAI ° CAKIHAC". The bold
lettering represents the Factor Xa recognition site.

T?—Pr?motor {(jﬂ 8-634)
ALl (178 g 10 (673-681

i Usﬁﬁa’md I so0) ~ RBS (684-689)

Apall (3228) frT—:e_}(\ Start (697-699)

Linker + Histag (700-735)
Factor Xa (736-747)
MCS

Ksp | (748)
Not| (748)
pIVEX2.4a Pac | (759)
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Sac | [(789)
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Apall (1982) Stop (811-813)
T7-Terminator (870-908)
Oni EcoRI1(1312) Fco RV (936)
Eco RV (1127)

AmpR

Hind 111 (1281)

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 ul of E. coli
DHS5a 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 pl 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 12—16 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 (ADE3)/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 genel 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 p_ 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 p, 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 Agoo 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-HCI, pH 7.9, 5% (v/v) glycerol, 0.5 M NaCl, 1 mM DTT, 2 tablets
of “Complete EDTA-free” 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
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11,000 g for 45 min. The pellet containing T7 RNAP was dissolved into TGED buffer (10 mM
Tris-HCI, 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 AKTA
purifier (GE Healthcare, Little Chalfont, UK) that has been pre-equilibrated with five column
volumes of TGE buffer (10 mM Tris-HCI, 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 0—1 M NaCl in TGE buffer over 30 min at
a flow rate of 5 ml/min. Two-and-a-half millilitre fractions were collected and analysed by
4-12% SDS-PAGE (Appendix 1). The T7 RNAP fractions were pooled, concentrated to 30 ml
using Vivaspin™ 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
AKTA 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 KCI 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™
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 10—20% of the original volume. The protein concentration was

determined photometrically at 280 nm using Eq. 2.1:

Eqg. 2.1
T7 RNAP concentration (mg/ml) = (Abszgo/1.426 L mol™em™) x 99 kDa
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where 1.426 L mol™*cm™ is the molar extinction coefficient (e2g) calculated based on the
molar extinction coefficient of tyrosine, tryptophan and cysteine residues in the T7RNAP
amino acid sequence. The MW of T7TRNAP is 99 kDa. The T7 RNAP solution was mixed with
glycerol at a 1:1 ratio (v/v) and stored at —20 °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 —80 °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, GIn, Thr, Met and Tyr, dissolved in 0.7 M HCI. The
group B stock consisted of base-soluble amino acids: lle, 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 HCI. 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 —80 °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 *>N- and **N/**C-isotope labelled amino acid solutions, unlabelled amino
acids were replaced with the required labelled amino acids. Crude *N-labelled or *C/*N-
labelled amino acid mixes or individual L-[**N]-asparagine:H,0, L-[**N]-cysteine, L-[**N]-
glutamine, [*°N]-glycine, L-[*°N]-isoleucine, L-[**N]-phenylalanine, L-[**N]-serine, L-[*°N]-
tryptophan, L-[*°*N]-tyrosine, L-[**N]-valine, L-[**N]-alanine, L-[**N]-leucine, L-[**N]-
threonine, L-["*C/°N]- or L-[**N]-aspartic acid, L-[**C/**N]- or L-[**N]-glutamic acid, L-
[BC/®N]- or L-[**NJ-histidine:HCI:H,0, and L-[**C/°N]- or L-[**N]-lysine:2HCI were
purchased from Cambridge Isotope Laboratories (Tewksbury, USA). To isotopically label
glutamic acid residues, 100 mM of *>N- or **C/**N-glutamic acid in 0.7 M HCI 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 1.7mM
ATP 1.2mM
Each of CTP, GTP and UTP 0.8 mM
Cyclic AMP 0.64 mM
Folinic acid 68 uM
Ammonium acetate 27.5mM
KOH-glutamic acid or KOH-glutaric acid for labelling with

5 o 208 mM
L-["°N]-glutamic acid
Mg-acetate 19.3mM
Creatine phosphate 80 mM
Creatine kinase 0.25 mg/mi
Ribonuclease inhibitor (RNasin) (Promega, Fitchburg, USA) 250 units/ml
E. coli total tRNA 175 pg/mi
Rosetta (ADE3)/pRARE S30 extract 24% (vIV)

. 186 pg/ml T7 RNAP or 32 pg/mi
Purified T7 RNAP or pKO1166

pKO1166

o ] ] ) o 1 mM pure amino acids or 0.03

Individual pure amino acids or crude amino acid mixture ) S
mg/ml crude amino acid mixture

pIVEX2.4d-APA plasmid 16 pg/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 (ADE3)/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 12—-14 kDa were used. All protein productions were visualised
using 4-12% SDS-PAGE by loading 2 ul 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 pl of the reaction mixture and 950 pl 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 pg/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 T, 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).

Reaction conditions
30°C
16-20h
200 rpm

A

Reaction mixture

«—1— Feeding mixture

| =

Shaking and stirring device

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 pl,
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.

52



2.2.8.2 Optimisation of the Rosetta (ADE3)/pRARE S30 extract volume in the cell-free

reaction

The concentration of the Rosetta (ADE3)/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 pg of T7 RNAP per ml of cell-free reaction were compared
using 4-12% SDS-PAGE.

2.2.8.5 Optimisation of the amino acid concentration in the cell-free reaction

Crude *C/**N-labelled amino acid mixtures (Cambridge Isotope Laboratories, Tewksbury,
USA) were used for uniform *C/**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.,
B3C/"N- or *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 pl
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 = 12—14 kDa). The dialysis bag was sealed at one
end and trimmed to have a minimal overhang. A 100 pl 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

Microcentrifuge tube

I/
Reaction mixture Reaction cnonditions
o 830 extract 30°C
o Amino acids 16-20 h
o T7 RNAP 200 rpm
o tRNA
o Plasmid DNA < Feeding mixture
o ATP
\/ o Amino acids

-—

Shaking and stirring device

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, ©N- and *C/**N-labelled amino acid mixtures
(Cambridge Isotope Laboratories, Tewksbury, USA) were prepared. Combinatorial selectively
BN-, uniformly *C/**N- and selectively **C/**N-enriched APA-1 samples were synthesised.
The combinatorial selectively *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 **C/**N-labelling approach, the charged amino acids (Asp, Gly, His and Lys) of
APA-1 were *C/™N-labelled for pKa measurements (see Chapter 3).

In the combinatorial labelling approach, five samples were produced each with particular
residues *>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 *H-'>N HSQC spectra and avoid any simultaneous *°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 'H-"N HSQC spectrum recorded from one sample produces only a third of the
resonances generated by recording a spectrum of a uniformly **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 Grétzinger (Department
of Biochemistry, Christian-Albrechts-Universitat zu Kiel, Medical Faculty, Kiel, Germany) as
an initial approach to assign the 2D *H-"N HSQC spectrum of APA-1.
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Figure 2.10: Combinatorial selective *°N-labelling scheme. Five combinatorial samples depicted by
different colours are synthesised. Each sample contains a different combination of °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 AKTA
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)e-APA-1 from the cell-free reaction supernatant. The column loaded with 0.1 M
NiSO,4-6H,0 was equilibrated with five column volumes of binding buffer (10 mM Na,HPQO,,
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 NaH,PO,, 500 mM NaCl and 500
mM imidazole, pH 7.4). Five millilitre fractions were collected and analysed by 4-12% 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)s-tag

Lyophilised protein was reconstituted in 500 pl of 10 mM HCI and diluted in TBS digest buffer
to give a final protein concentration of approximately 1 mg/ml (50 mM Tris, 6 mM CaCl, and
100 mM NacCl, 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 —80 °C. Protein samples from each day of the digestion were
collected and analysed by 4-12% 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 um 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 4—12% SDS-PAGE analysis. The amount of protein was
determined by measuring the Azg, and using Eqg. 2.1 and the calculated molar absorption
coefficient (ex50) of 1865 L M™ cm™. Fractions containing APA-1 were pooled, lyophilised
and stored at —80 °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 ul 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 uM
for 2D experiments and ~500 uM for 3D experiments [125, 126]. After RP-HPLC, APA-1
samples were dissolved in 10 mM sodium citrate and disodium hydrogen phosphate (NaPi)
93% H,0/7% D,0 (v/v). The pH adjusted to 3.0 and 300 pl 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 HCI. 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 *H/*>N/*3C cryoprobe optimised for *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 T, measurement

One-dimensional *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, T, values were calculated using Eq. 2.2 [109]

Eq. 2.2
T> (mS) = 4(AA — AB)/ln(lAllB)

where 4 and 4g are the delay periods used in the 1D spectra. I and Ig are the peak intensities
recorded using short and long delay periods in the two 1D spectra, respectively. The T, value is
predominantly dependent on the size of the protein and can be used to calculate approximate
rotational correlation times (z; Eq. 2.3). The estimated z. value is the time it takes the protein
to rotate by one radian and it depends on the size of the protein, thus z 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 z, 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
% = 1[5 x (T2/1000)]

where T, is provided in ms and the calculated = is given in ns.
2.2.12.2 Two dimensional 'H-**N HSQC experiment

Two-dimensional (2D) *H-**N HSQC spectra were recorded using data matrices consisting of
128* x 1024* data points (were n* refers to complex points) with acquisition times of 62 (tn)
and 136 ms (tun). 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 *H chemical shift information used to assign the 2D *H-"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 **C/**N-enriched APA-
1 to sequentially assign the 2D *H-""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,) x 34™ (t,) x 1024™ (t,) data points with acquisition times

of 11.4 (t)), 21.5 (t,) and 95 ms (t,). The total experimental time was 19 h. The "H carrier was

positioned on the H,O resonance, the C carrier at 53 ppm and the N carrier at 115 ppm. ®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 “strips” 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 Grotzinger, Department of Biochemistry, Christian-Albrechts-Universitat 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 T, 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.
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Figure 2.11: 4-12% 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: T, 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 (ADE3)/pRARE S30 extract volume in the cell-free

reaction

To test the viability of the Rosetta (ADE3)/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).
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Figure 2.12: 4-12% SDS-PAGE analysis of the Rosetta (ADE3)/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: T, 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 perunl 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.
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Figure 2.13: 4-12% 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 T,
controls; lanes 2—18 (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.
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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: 4-12% 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 4-12% 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 2—11 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 25-54 ml, as indicated by the red bar. Blue: UV
detection at 280 nm; green: 0—100% gradient of 1 M NaCl in TGED buffer.
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Figure 2.16: 4-12% 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
2-21: fractions collected from the DEAE purification. Fractions corresponding to lanes 2—11
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) KCI in buffer P (Figure 2.17). The collected fractions were analysed using
4-12% SDS-PAGE (Figure 2.18). Fractions containing T7 RNAP were pooled and
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concentrated. Based on the A.gp absorbance, it was estimated that ~60 mg of the T7 RNAP was

obtained from the 2 L culture.
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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 42—72 ml as represented by the
red bar. Blue: UV detection at 280 nm; green: 0—80% gradient of 1 M KCI in buffer P.
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Figure 2.18: 4-12% SDS-PAGE analysis of the cellulose phosphate affinity chromatography of T7
RNAP. Lanes 1-3 and 4-14: fractions collected from the purification; lane M: Precision plus MW
marker (BioRad, Hercules, USA). Fractions corresponding to lanes 2—13 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 ug of T7 RNAP per ml of cell-free reaction
were performed. The SDS-PAGE result indicated that amounts >1.75 pg/ml of the T7 RNAP
gave the highest levels of APA-1 productivity (Figure 2.19). Therefore, 1.75 pg/ml of T7

RNAP was used in future reactions.
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Figure 2.19: 4-12% 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: T, control;
lanes 2-8: expression of APA-1 using 0.7, 1.05, 1.4, 1.75, 2.1, 2.8 and 4.2 pg 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 **C/*N-enriched
APA-1 by replacing the unlabelled amino acids with a crude *3C/**N-labelled amino acid

mixture.
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Figure 2.20: 4-12% 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: Ty
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 **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 *°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 pg/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: 4-12% SDS-PAGE analysis of the expression of APA-1 using pure unlabelled and *°N-
labelled amino acids. Lane 1: T, control; lanes 2—3: expression of APA-1 using unlabelled and *°N-
labelled amino acids, respectively. The arrow indicates the protein bands corresponding to APA-L.
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 **N-, uniformly **C/**N-, combinatorial selectively
N-, and selectively (Glu, Asp, Lys, and His) **C/*°N-enriched recombinant APA-1 samples

were produced using the 1/10 ml preparative scale.
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Figure 2.22: 4-12% 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: T, control; lanes 2
and 3: expression of APA-1 from 50 pl 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 4-12% 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.
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Figure 2.24: 4-12% SDS-PAGE analysis of fractions collected from the IMAC purification. Lane M:
Mark 12™ standard protein marker (Invitrogen, Carlsbad, USA); lanes 1-5: void and washing
fractions; lanes 6—9: 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)s-tag cleavage. The efficiency
of Factor Xa cleavage (F. Hoffmann-La Roche Ltd., Basel, Switzerland) of the fusion protein
using different concentrations of CaCl, (26 mM), pH (6.5 versus 8.0), temperature
(15-25°C), and digestion time was examined using 4-12% SDS-PAGE analysis (data not
shown). The optimal conditions that gave complete cleavage of the N-terminal (His)s-tag by
Factor Xa were 25 °C, 2 mM CalCl; 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)s-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 16—72 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 “gel shift”: 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: 4-12% SDS-PAGE analysis of APA-1 digestion. Lane M: Mark 12™ standard protein
marker (Invitrogen, Carlshbad, USA): lanes 1-4: 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)e-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.

73



%
* 1 (A) 1+ (A)
300 8833.5266
1+ (B)
1+ (C)

200 8745.4874 ! 8894.1361

100 1+ (1) 1+ (G)

9054.6177 9117.5344
0 . : (8 i P @B : A J&»,
8700 8800 8900 9000 9100 9200 Mass [Da]
% (B) 1+ (A)
8234.2125
300 |
200 1 1+ (B)
1+ (C) 1+(D)  8294.1113
8255.1748 8270.1454
a0, 1+ (G) 1+ (F) 1+ (H)
8316.0862 8333.0672 g354 353

0 MWVWWVMMNMW\A UL o

8150 8175 8200 8225 8250 8275 8300 8325 8350 Mass [Da]

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 HCI.
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 **C/**N- and combinatorial **N-reactions
1-4 produced ~150 pg/ml of cell-free reaction. The combinatorial reaction five produced a
significantly lower amount of protein (~50 pg/ml). This is probably because of the replacement
of the major salt, potassium glutamate, with potassium acetate (required for the labelling of

N-glutamate).
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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: 4-12% SDS-PAGE analysis of fractions purified from the RP-HPLC. Lane M: mark 12™
standard protein marker; lane 1: fraction APA-1; lanes 2—3: 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 *H NMR experiments

One-dimensional *H NMR experiments of the uniformly **C/**N- and the combinatorial **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 7.5—10 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 T, value was estimated to be
453 ms and the MW of the uniformly *3C/*N-enriched APA-1 sample at 50 pM 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 **N-enriched samples ranged
between 50—80 uM, and the MW ranged between 7.95-9.32 kDa, also indicating the presence

of primarily monomeric APA-1.
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Figure 2.30: 1D 'H spectrum of 48 uM APA-1 at pH 3.0. Blue: 250 ps delay; red: 2.9 ms delay.

2.3.4.2 Two-dimensional *H-""N HSQC assignment

As an initial approach, the sequence-specific assignment of the 2D *H-""N HSQC spectrum of
APA-1 was achieved using the available amide proton chemical shift data in combination with
the selective *N-labeling amino acid approach [84]. 2D *H—""N HSQC spectra were acquired
for each of the combinatorial *H-""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 limiting resonance overlap. The pattern of occurrence or absence of any particular
resonance in the 2D 'H-""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 *H—""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 *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
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mixtures with potassium glutarate instead of potassium glutamate can be used to give better
performance [146]. However, potassium glutarate does not supress conversions between
different types of amino acids as well as the conventional potassium glutamate buffer [146].
Therefore, the glutarate buffer is best suited for *°N-labelling of Glu only, whereas the use of
glutamate in the reaction mixture is more advantageous for sample preparations that do not

required isotope labelling of Glu.

Amino acid conversions were observed between Asp/Asn and GIlu/GIn residues as a
consequence of undesired side-reactions caused by the presence of metabolic enzymes in the
S30 extract. The reactions decrease the efficiency of *°N-labelling for particular amino acids
and scramble N- and *3C-labelling [84, 88]. In the 2D 'H-'N HSQC spectrum of
combinatorial sample 3 where Asn residues were >N-labelled and Asp residues were not,
resonances arising from Asp residues were observed, indicating that Asn was deaminated into
Asp. The deamination was due to the hydrolysis of the side chain amide groups of Asn by
asparaginase present in the cell extract [88, 105, 147] (Figure 2.32A). No evidence of
amination from Asp to Asn was observed in the Asp-labelled samples, which contrasts what
has been observed in other studies [92, 97, 146]. The deamination activity can be supressed by
performing a heat treatment of the S30 extract or adding an asparaginase inhibitor [88].
Moreover, amination from Glu to GIn was observed in the 2D H-"*N HSQC spectrum of
sample 5. The conversion of Glu to GIn was due to the presence of glutamine synthase in the
cell-extract with the help of ammonium ions and ATP (Figure 2.32B), and this enzymatic
conversion have been observed in other cell-free reactions [84, 146-148]. The transaminase
activity can be suppressed by adding glutamine synthase inhibitors [148]. No deamination of
GIn to Glu was observed, which has been observed in cell-free reactions [97]. Evidence has
shown that the amino acid conversions occur after the addition of the amino acids to the cell
lysate and prior to protein synthesis [105, 146]. In the 2D *H-""N HSQC spectra of Sample 3
and Sample 5, the intensities of the unwanted Asp and GlIn cross-peaks were slightly weaker

than the resonances arising from other labelled residues, indicating minor transamination [88].
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Figure 2.31: 2D 'H-"N HSQC spectra of five combinatorially *N-labelled samples of APA-1.
Numbers in the top left corner of (A) refer to the five different labeling patterns used. Sample 1: Leu,
Arg, Asp, Asn, Tyr, His, Cys; Sample 2: Ala, Lys, Arg, Phe, GIn, Met, Cys, Trp; Sample 3: Gly, lle,
Lys, Thr, Asn, His, Trp; Sample 4: Ser, Val, lle, GIn, Tyr, Met, His, Trp; Sample 5: Glu, Val, Thr, Asp,
Phe, Met, Cys. The six additional resonances (circled) in Sample 3 are a result of deamination of Asn to
Asp. The resonances circled in Sample 5 is the result of transamination of Glu to Gln (Q59) (B)
Selected spectral region with all five spectra superimposed. The pattern of resonances occurrence in the
different spectra identifies the amino acid type (labelled). The colouring scheme is the same as in (A)
and follows the colouring scheme used in Figure 2.10. The appearance of a weak resonance for Q59 in
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Figure 2.32: Transamination activity occured in cell-free synthesis. (A) Amination of aspartate to form
asparagine by asparagine synthetase, and deamination of asparagine to form aspartate by asparaginase.
(B) Amination of glutamate to form glutamine by glutamine synthetase, and deamination of glutamine
to form glutamate by glutaminase [149].

For small proteins or protein domains (i.e., ~70 residues) where only *H chemical shift data are
available, the combination of amide proton assignment information with the *>N-combinatorial
labelling approach represents an attractive starting point for rapidly obtaining resonance
assignment of heteronuclear NMR data. By overlaying the five 2D *H-">N spectra combined
with the *H amide proton chemical shift assignment information at pH 3.0, the residue specific
assignments of resonances in the 2D spectrum were made. For example in Figure 2.31B, three
resonances appeared in the overlaid spectra with only green and blue contours, and therefore
can be assigned to the amino acid lle according to the combinatorial labelling scheme
presented in Figure 2.10. The *H chemical shift values of the resonances are 8.148, 8.119 and
7.913 ppm, and match the values to the available *H value of lle 34, 42 and 61 (8.148, 8.119
and 7.913 ppm). Therefore, the approach enabled the assignment of the resonances to lle 34, 42

and 61, respectively, without resorting to 3D NMR spectroscopy.
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By using this procedure, 55 out of the 77 residues were unambiguously identified in the 2D
"H-""N HSQC spectra without the requirement of conventional heteronuclear 3D experiments.
The resonances that could not be unambiguously assigned are due to: (1) The amide proton
chemical shift data arising from the structural study were missing for residues G1, L7, G10 and
T44. (2) Resonances arising from Glu residues are weaker than other residues due to the
presence of potassium L-glutamate which was unsuitable for **N-labelling of Glu residues, as
explained previously. The signal of E2 is too weak that it is not visible in the spectrum
obtained of sample 5. (3) Residues with the same amino acid type and very similar *Hy
chemical shifts could not be unequivocally assigned, for example, L4 and L11 have ‘Hy
chemical shifts of 8.062 and 8.060 ppm, respectively. The same situation was observed for the
following pairs: L15/L50, L18/L34, T20/T21, K22/K37, L45/L57 and D51/D66. (4) As
previously described, transaminase and deaminase activity influenced the intensity of
resonances arising from aspartate and asparagine *°N-labelled amino acids. As a consequence,
particular aspartate and asparagine residues could not be distinguished due to similar *H
chemical shifts, i.e., N68/N13/D51.
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2.3.4.3 Three-dimensional HNCA sequence specific assignments

To confirm the assignments of the resonances in the 2D *H-"N HSQC spectrum and obtain
missing assignment information, a 3D HNCA spectrum was recorded using the uniformly
3C/™N-enriched APA-1 sample at pH 3.0 and sequential assignments were achieved as
described in Section 2.2.12.3 (an example is given in Figure 2.33). The intra-residue

resonances were observed to be stronger than the inter-residue correlations [109].
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Figure 2.33: The sequential assignment process of assigning G40, F41, 142, A43, T44 and L45 using
the 3D HNCA experiment. The x-axis at the bottom is the 'Hy chemical shift, y-axis is the **C,
chemical shift, and the >N chemical shifts for each residue are located at the top of each 2D strip
extracted from the 3D spectrum. Sequential residues are identified by horizontal and vertical lines.
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As previously shown [84], by combining the *°N-combinatorial labelling strategy with a 3D
HNCA experiment, sequence-specific assignments for all backbone *H, **N and **C, nuclei
were achieved. The assignment information from the assigned HNCA spectrum was mapped
onto the 2D *H—">N HSQC spectrum (Figure 2.34). The 3D HNCA approach confirmed the 2D
'H-N HSQC resonances assignments by matching the colour coding employed in the
combinatorial labelling approach and the available *H chemical shift data. In addition, missing
assignment information was completed using the 3D HNCA experiment, including the
assignment of L7, G10 and T44 residues which were missing in the original *H chemical shift
list (Appendix 3). The *H chemical shift values for N13 and T21 were corrected to be 8.022
and 7.665 ppm, rather than 8.506 and 8.332 ppm in the available *H chemical shift information.
The chemical shifts for G1 are missing in the 3D HNCA spectrum because it is located at the
flexible N-terminus of APA-1 and does not give rise to observable correlations. Assignments
for E are also missing because of extremely weak resonance intensities, as described in Section
2.3.4.2.
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Figure 2.34: (A) Assigned 2D *H-""N HSQC spectrum of uniformly >N/**C-enriched APA-1. The dotted lines connect amide protons corresponding to the side
chains of glutamine and asparagine residues. Resonances arising from E16 and E62 (circles) were noticeably weak and were only visualised when the noise
threshold was significantly reduced. (B) 2D *H—">N HSQC spectra for one of the five combinatorial samples prepared (i.e., sample 2). Amino acids Ala, Lys,
Arg, Phe, GIn, Met, Cys and Trp were labelled, thereby giving rise to resonances in the spectrum. Resonances are labelled with assignment information.
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2.3.5 Pore-forming activity of amoebapore A

Before protease digestion to remove the (His)e-tag, the five combinatorial samples were sent to
our collaborators in Germany (Prof. Joachim Grotzinger, Department of Biochemistry,
Christian-Albrechts-Universitat zu Kiel, Medical Faculty, Kiel, Germany) to test the activity of
the fusion APA-1. It was found that the fusion APA-1 with the (His)s-tag showed lower
activity when compared to the activity of native APA-1 using the liposome depolarisation
assay. This suggested that the (His)s-tag at N-terminus hampers dimer formation or membrane
binding. After removal of the (His)e-tag, the pore-forming activity of the recombinant APA-1
was comparable with native APA-1 (Figure 2.35).
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Figure 2.35: Time course of pore formation induced by native/recombinant APA-1. The dissipation of
a valinomycin-induced diffusion potential in vesicles after the addition of APA-1 and the peptide
solvent as the control were recorded. Pore-forming activity is reflected by the increase in fluorescence
as a function of time.
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2.4 Discussion

2.4.1 Optimisation and troubleshooting during cell-free synthesis of amoebapore A

Previous attempts to produce recombinant APA-1 using heterologous cell-based expression
systems have failed, probably because of the cytotoxicity of APA-1. As cell-free protein
synthesis does not depend on cell viability, it represents an obvious alternate route for the
production of cytotoxic APA-1.

However, despite the many advantages of using cell-free protein synthesis, the high reagent
costs coupled with the time-consuming preparation of the components represent limiting
factors of the system. Therefore, it is important to achieve optimal levels of APA-1 expression
while maintaining a cost effective and efficient cell-free synthesis system. For example, the
RNase inhibitor is one of the most expensive components present in the cell-free reaction.
Consequently, to reduce cost, the concentration of the commercially purchased RNase inhibitor
was optimised so that minimal amounts were used without compromising APA-1 yields. As a
result, the amount required for optimal APA-1 production was effectively reduced by 50%
when compared with the standard protocol [123]. In addition, optimisation of the crude amino
acid mixture concentration was performed to reduce the cost of using expensive *>N- and
B3C/N- isotopically labelled amino acids for APA-1 production. Other high cost reagents
present in cell-free synthesis include creatine phosphate, which works as an energy source, and
nucleoside triphosphates (NTPs), which are essential for the protein translation process. A
study has shown that creatine phosphate and NTPs can be replaced by cheaper reagents,
glucose and nucleoside monophosphates (NMPs), while retaining a comparable protein
expression level of chloramphenical acetyl transferase [150]. However, it was observed that the
reaction pH was not stable in this approach due to the accumulation of acidic side products
[150]. Such instability would likely affect protein expression levels.

The concentration of freshly prepared E. coli S30 extract and T7 RNAP were also assessed to
(1) test their viabilities, and (2) minimise the amount required to achieve comparable APA-1
yields, so as to avoid repeated S30 extract and T7 RNAP preparations. It is important to test
occasionally the activity of the S30 extract to check that there is no deterioration in the activity.
Optimisation of other cell-free ingredients can be performed, such as the concentrations of

Mg®*, K* and DNA template plasmid, which may vary with different batches of S30 extract. In
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addition, adjustment of the tRNA concentration and reaction temperature may also help

maximise protein yields [92, 151].

Although optimisations tests were carried out, there were still issues with obtaining consistent
levels of cell-free production of APA-1, and therefore troubleshooting experiments were
performed. For example, it was found that APA-1 expression using HEPES purchased from
British Drug House (BDH Merck Ltd., UK) gave reasonable APA-1 expression whereas
HEPES purchased from other companies such as Sigma-Aldrich Co. (St. Louis, USA) and
Fluka Analytical (Sigma-Aldrich Co., St. Louis, USA) gave noticeably lower or no APA-1
production. This could be due to slight variations in the purity of the HEPES reagent obtained
from different companies, and that trace amounts of contaminants may have hampered the

expression of APA-1.

It has been suggested that instead of using purified T7 RNAP, the pKO166 plasmid can be
added to cell-free reactions for the co-synthesis of T7 RNAP using the transcriptional factors
present in the E. coli S30 extract (i.e., an auto-induction system) [88, 123]. The pKO166
plasmid is expressed non-competitively because transcription of this plasmid and the desired
DNA depend on a different RNA polymerase during the cell-free reaction. However, it was
found that using pKO1166 occasionally gave rise to a noticeable reduction of APA-1
expression. A possible reason for this observation is that overexpression of the 883-residue T7
RNAP may have partially exhausted the amino acid pool, thereby hampering optimal levels of
APA-1 production. However, the reason why this only happened occasionally remains

unresolved.

Furthermore, it was found that expression levels of APA-1 using the preparative scale reactions
were generally lower than using the analytical scale reactions. This is likely due to the higher
volume ratio of feeding mixture to reaction mixture in analytical scale reactions (i.e., 19:1 for
analytical scale and 10:1 for preparative scale). Therefore, the supply of essential precursors
into the reaction mixture is more abundant. In addition, precipitation/crystallisation was
observed on the surface of the dialysis membrane in preparative scale cell-free reactions as
described in Section 2.3.2. This may be due to the accumulation of by-products or salt
precipitation on the dialysis membrane that blocks dialysis thereby hampering target protein
expression. Expression levels of APA-1 using three different reaction mixture/feeding mixture
set-ups were compared (i.e., 1/10, 2/20 and 3/30 ml) and the 1/10 ml set-up was found to give

reasonable expression levels. Lastly, it was observed that expression of APA-1 gave
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remarkably lower production when the reaction was performed in an Eppendorf thermomixer
dry block heating shaker (Eppendorf, Hamburg, Germany) when compared with the use of a
waterbath with an agitation device. This may be due to better temperature control and more

thorough mixing of the reactions using the waterbath system.

All the issues discussed above were specific to APA-1 production, as other proteins (e.g., IL6+)
generally gave similar expression levels using the different approaches. No clear explanation
for these observations can be given at this stage. As a result, the cell-free protein synthesis
system has been used to produce approximately 150—500 pg of fusion-APA-1 per ml of cell-
free reaction. Following protease digestion and purification 50—-150 pg of APA-1 per ml of
cell-free reaction was achieved. The decrease of the protein yield was mainly due to pH-
facilitated aggregation of APA-1 during the protease digestion step (i.e., pH 8.0) and removal
of the (His)s-tag. The final yields fall within the range of previously produced cytotoxic and
membrane associated proteins. For example, the antimicrobial proteins human p-defensin-2
and crecropin, and membrane bound E. coli transporters have been synthesised at 1.2 mg/ml,
34 pg/ml and 100 pg/ml of reaction mixture, respectively [83, 85, 152]. APA-1 synthesised
from the cell-free system was in the soluble form and exhibited similar pore-forming activity to
the native protein following the proteolytic removal of the N-terminal (His)e-tag.

2.4.2 Factor Xa digestion

Factor Xa protease was used for the removal of the (His)s-tag from APA-1. The optimised
digestion conditions showed that five days were required for complete digestion. This period is
longer than the usual digestion time found for the digestion of other fusion proteins, which
require between 16—72 h [133-139]. In addition, 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 observed that Factor Xa digested APA-1 in
a two-step process. The initial cleavage was at a non-specific site that was after the third Ser
residue, yet within the linker region between the (His)s-tag and target protein. This initial
digest removed the majority of the (His)s-tag within 48 h, followed by subsequent digestion at
the recognition site IEGR which resulted in complete removal of the N-terminal tag after a
further 72 h incubation. Therefore, characterisation of the protein products after cleavage of the
fusion protein was essential and carried out by mass spectrometry and SDS-PAGE (Figure 2.25
and 2.27). Inhibition of digestion of particular fusion proteins by Factor X has been shown

previously because the protease cannot access the recognition sequence [153, 154]. Therefore,
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one possible explanation for the long period required for complete APA-1 digestion may be
due to the dimerisation of APA-1 restricting access of the protease to the recognition sequence;
note that the dimer interface has been postulated to involve residues at the N-terminus and
dimer formation is favoured under the pH used for the digest (see Chapter 3). Reducing the
protein concentration and/or dropping the pH to 3.0 creates a predominantly monomeric
population of APA-1 thereby exposing the protease recognition site; however, under these
conditions Factor Xa is not active. To improve the digestion efficiency and specificity and
reduce the high cost associated with purchasing the Factor Xa protease, a tobacco etch virus
(TEV) protease site which recognises a cleavage point between Gln and Gly/Ser residues of a
Glu-Asn-Leu-Tyr-Phe-GIn-(Gly/Ser) sequence and is a highly stringent protease may be used
[155].

2.4.3 Transamination activities

In the cell-free system, transamination activities are essentially suppressed because metabolic
enzymes are not regenerated, as observed in cell-based expression systems. However,
undesired side-reactions for some amino acids can still occur and lead to the incorporation of
unwanted isotope labelled amino acids into the target protein. Such side reactions create
undesirable additional resonances in the NMR spectra or significantly reduce the intensities of
resonances of residues for which assignment information or observation is desired.
Conversions from Asn to Asp and Glu to GIn were observed, resulting in additional cross-
peaks in the combinatorial 2D *H—"°N HSQC spectra. To supress the side-reactions, the S30
cell extract can be treated specifically prior to usage and inhibitors of asparaginase and
glutamine synthase can be added to the cell-free reactions. However, to completely eliminate
metabolic enzymes and avoid side-reactions, the cell-free system needs to be reconstituted with
purified components, as in the ‘PURE’ system [88, 156]. Unfortunately, this method is
uneconomical and unnecessary for the purposes of *°N-labelling. Conversions of other amino
acids can also occur, such as between Gly and Ser, Cys and Tyr, lle and Leu, and Thr to Cys,
Gly, Ser and Tyr [98]. Moreover, by-products can be formed from isotope scrambling of amino
acids such as Arg, His, Lys, Met, Thr, Val, Ala, Cys, Gly Ser and Trp which lead to undesired
additional resonances in the NMR spectra. The by-products can be easily removed by dialysis
of the sample prior to NMR analysis [92]. However, these side reactions were not observed in
APA-1 expression. The transamination activity did not affect the 2D *H-""N HSQC spectrum

when a uniformly isotope labelled sample was required.
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2.4.4 Assignment of the NMR resonances representing backbone nuclei

For rapid sequence-specific assignment of the resonances in the 2D *H-">N HSQC spectrum, a
combinatorial selective *>N-labeling strategy was used in combination with the available amide
proton chemical shift information. By using this approach as an initial starting point for
resonance assignment of the 2D *H—""N HSQC spectrum of APA-1, 55 out of 77 residues were
assigned unambiguously. Although the combinatorial labelling approach does not provide
sequential assignment information, it offers great advantages by minimising the number of
resonances observed in each spectrum, thus removing spectral overlap. By combining the
combinatorial labelling approach, amide proton chemical shifts and a 3D HNCA experiment,
full sequential backbone assignments (*Hy, >N and *Ca) of APA-1 was obtained at pH 3.0.
The assigned 2D 'H->N HSQC spectrum of APA-1 combined with different NMR
experiments can be used to characterise dimer formation and potentially membrane binding to
model membranes. The cell-free approach was also used to prepare site-specific mutants of
APA-1 that may be important for APA-1 activity. The cell-free expression and confirmation of

the folding state using NMR spectroscopy of the mutants will be described in Chapter 3.
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Investigation of amoebapore A pH-
dependent activity
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3.1 Introduction

3.1.1 Amoebapore A dimerisation

The pore-forming activity of APA-1 has been proposed to occur via a pH-dependent
dimerisation event, where the protein is inactive in the monomeric form and becomes active
when it forms a dimer under slightly acidic conditions [24]. Although no structural description
of the dimerisation interface is available, it has been postulated that the ionisation states of four
residues are crucial for dimer formation: H75, A63, E2 and K64 [24]. Two salt bridges are
formed by these four residues to give an anti-parallel head-to-head dimer. It has been
postulated that dimers accumulate on the target membrane and aggregate to form pore
structures when a threshold concentration of APA-1 is reached [24]. However, detailed
structural information of the dimer and its functionality in APA-1 pore-forming activity
remains unsolved. Moreover, it is unclear which ionisable side-chains are functionally

important in dimer formation, membrane-binding and pore formation.
3.1.2 NMR spectroscopy to study amoebapore A dimerisation
3.1.2.1 Identification of residues at the dimer interface

To model the APA-1 dimer structure, residues located at the dimer interface must be identified.
Each NMR-active nucleus has a characteristic chemical shift, reflecting its local chemical
environment (Section 2.1.3.2). The transition of APA-1 from monomeric to dimeric states
should lead to perturbations of the local chemical environments of nuclei located at the dimer
interface, thereby leading to chemical shift changes of the corresponding resonances in the
NMR spectra [157]. The 2D *H-"N HSQC spectrum has been frequently used for studying
protein-protein interactions [158-162]. By modulating the solution conditions, e.g., pH or
protein concentration, to induce APA-1 dimerisation, chemical shift mapping coupled with the
backbone assignments can be used to probe the self-association of APA-1, and thus identify the
residues located at the dimer interface. The results will be used to guide the design of site-

directed mutants that further probe key residues involved in APA-1 activity.
3.1.2.2 Determination of the pKa values of ionisable groups

Given the pH-dependent activity of APA-1, the ionisation states of the Asp, Glu, His and Lys
(no Arg in the APA-1 sequence) residues are likely to play important roles in APA-1 function.
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The intrinsic pKa values of these ionisable groups are 3.9, 4.3, 6.5 and 10.4 for Asp, Glu, His
and Lys, respectively [43]. Nonetheless, in proteins these pKa values vary over a wide range
due to the influence of local environments. Based on the pKa values of ionisable residues
assessed in 78 different folded proteins, the values have been found to range between 0.5 and
9.2 for Asp, 2.1 and 8.8 for Glu, 2.4 and 9.2 for His, and 5.7 and 12.1 for Lys residues [48].
The pKa values are influenced by factors such as electrostatic interactions, hydrogen bonding,
or the extent of solvent exposure in a protein structure [163-166]. Residues with unusual pKa
values often reside at ligand binding or protein interaction sites, or are involved in enzymatic
catalytic functions [167-169]. Therefore, the determination of pKa values of ionisable residues
can provide insights into the function of these residues in proteins. Figure 3.1 presents the
charged residues of APA-1.
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Figure 3.1: lonisable residues of APA-1. (A) Acidic amino acids: the six Asp residues are presented in
red and the three Glu residues are in magenta; (B) basic amino acids: the eight Lys are depicted in blue
and the sole His is coloured green. Residue assignment information is also provided.

3.1.3 Other biophysical methods

Besides NMR spectroscopy, other methods such as size exclusion chromatography and small

angle X-ray scattering can be used to study the APA-1 monomer-dimer equilibrium.
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3.1.3.1 Size exclusion chromatography

Small-zone size exclusion chromatography (SEC) analysis can be used to provide the dimer-
monomer equilibrium of APA-1 under different pH values and protein concentrations.
However, dilution of the protein concentration (depending on the void volume of the column)
and dissociation of the protein complex during passage through the column can influence the
population of monomer and dimer species [170] and variable protein retention times [171,
172]. To overcome these problems large-zone SEC can be used. The method requires large
protein volumes to saturate an analytical size-exclusion column (usually a few mL volume) and
establish a plateau region in which no dilution of the sample occurs. Shifts in the boundary
positions of the plateau region as a function of protein concentration can be analysed to
examine quantitative information describing the protein self-association equilibrium, such as
the fraction of monomer and dimer, and the equilibrium association constant [173, 174].
Unfortunately, because reasonably large sample volumes are required over a range of
concentrations (UM to mM)), relatively large quantities of protein are needed. Thus, this method

was considered to be not suitable for characterising the monomer-dimer equilibrium of APA-1.
3.1.3.2 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a low-resolution technique for characterising gross
structural information of protein molecules and protein complexes in solution with sizes
ranging from a few kDa to several thousand kDa [175]. The sample solution environment can
be easily monitored, therefore making SAXS useful for mapping structural changes to a protein
upon environmental perturbations [176, 177]. The basic principle of SAXS is that the incident
X-ray beam collides with molecules in solution elastically, leading to the scattering of reflected
waves in all directions. The reflected waves interfere with each other, resulting in constructive
interference along certain angles and a unique scattering pattern. When small angles are
applied, the scattering profiles provide information about the global structure and conformation
(e.g., size and shape) of the protein molecule [178]. Figure 3.2 shows a schematic diagram of a

basic SAXS experiment.
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Figure 3.2: Schematic representation of a SAXS experiment. The diagram is made according to [179].
Incident beam (k;) collides with molecules in solution, scattered with angle 26 and recorded on the
detector. The scattered beam (k) is equal to 2n/A. The momentum transfer (Q) is the vector difference
between k; and k;. The background scattering profile is subtracted from the sample.

When X-rays with a known wavelength (1) are scattered from a sample, the scattering vector or
momentum transfer (Q), can be calculated using Eq. 3.1 [180]:

Eq. 3.1
Q = 4msinf/A

where 26 is the angle between the incident and scattered beam. The scattered intensity, 1(Q), is
recorded as a function of Q. Since the A is fixed, 1(Q) is essentially dependent on the scattering
angle 6. Scattering data from the solvent is subtracted from the scattering profile. SAXS
experiments to obtain high-resolution structural information require highly pure, soluble and
monodisperse protein samples with sufficient dilution so that no significant attractive or
repulsive interactions exist between molecules. All protein molecules in a sample contribute to
the SAXS signal, thereby the random positions and orientations of the molecules give rise to an
isotropic intensity distribution which reflects the scattering from a single protein molecule

averaged over all orientations [181, 182].

The scattering patterns generated from protein molecules in a sample are presented as averaged
1D curves. Structural parameters such as the MW, radius of gyration (Rg) and maximum

intramolecular distance (Dnax) Of the protein can be determined from the 1D curves, providing
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a low-resolution overall shape of the protein [183]. The Ry, which provides information of

mass distribution within a protein, can be estimated using the Guinier approximation [183]:

Eqg. 3.2
1(Q) ~ 1(0) exp(-Q* R;/3)

where 1(0) is the scattered intensity at zero angle which is proportional to the MW of the
protein. By plotting In(I(Q)) versus Q? and fitting the slope and intercept, Ry can be obtained
[183]. Small amounts of aggregation of the sample in solution can lead to an upturn in the
Guinier plot and give rise to biased Ry and 1(0) values. The software GNOM [184] can be used
to indirectly Fourier transform the scattering profile to obtain the interatomic distance
distribution function, P(r), of the scattering molecules [185]. The P(r) profile can provide the
shape and volume occupied by a protein or protein complex and is sensitive to the symmetry

and domain structure within a molecule.

In addition, information obtained from a SAXS profile can be used to assess different protein
models with defined geometry to estimate the rough shape and size of the protein. Protein
models with simple shapes (e.g., sphere, cylinders and ellipsoids) are usually employed as a
first step in scattering pattern interpretation. The calculated and the experimental scattering
patterns are compared and a close-to-native solution structure from different models of the
protein can be achieved [186]. Moreover, the approximate 3D structure of a protein such as
size and shape can be reconstructed from the 1D scattering data using ab initio analysis,
assuming a homogenous solution and constant scattering density within the molecules. For
example, programmes DAMMIN [187] and DAMMIF [188] are able to reconstruct the
overall shape of a protein molecule by finite volume elements (i.e., dummy atoms) to fit the
experimental data. Both programmes use simulated annealing to construct compact and
interconnected models. GASBOR [189] can be used to reconstruct proteins structures by a
chain-like ensemble of dummy residues. These dummy atom/residue model approaches allow
several models to be generated which may fit equally well to the experimental SAXS data. To
reduce ambiguities, DAMAVER [190] is used to place the models into structurally similar
classes and generate an average structure from each class. The generated ab initio model can be
superimposed with the atomic structure of the target protein using SUPCOMB [191]. In
addition, programmes CRYSOL [192] and AXES [193] are modelling tools that directly
operate on known protein atomic models (entered into the protein database) to generate
theoretical scattering profiles. The theoretical profiles are evaluated against the experimental

profiles to validate the atom model, i.e., least-squares type fitting of the experimental data.
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Furthermore, SASREF [194] can be used to perform quaternary structure modelling of a
molecular complex with a known protein structure against the experimental scattering data;
multiple non-unique structures may be obtained because one or more molecules are free to

move in space.
3.1.4 Design of amoebapore A mutants

Site-directed mutagenesis is a useful tool to verify the proposed APA-1 dimer model and
examine the importance of the residues that are proposed to be located at the dimer interface.
Based on the previously proposed dimer model [24] (Figure 3.3), five mutants were designed
by our collaborator in Germany (Prof. Joachim Grdétzinger, Department of Biochemistry,
Christian-Albrechts-Universitat zu Kiel, Medical Faculty, Kiel, Germany). These mutants are
proposed to disrupt or remove the pH-dependency of dimer formation, including E2Q, D63N,
D64K, H75Q and H75K, where E2Q, D63N, K64Q and H75Q are considered to abolish the
ionic interactions of the dimer, and H75K is proposed to eliminate the pH-dependency of dimer
formation (at least over pH values < 8). Based on NMR perturbation analysis which will be
described in Section 3.3.2, additional mutants which are postulated to disrupt or stabilise APA-
1 activity were designed (i.e., E2A, K37A, K37Q, F41A and E2Q-K37Q). Biological assay
tests along with NMR spectroscopy can be used to probe the activity and fold of these mutants.

H75 D63

K64

Figure 3.3: Proposed APA-1 dimer model in solution. Two ion pairs are involved in the dimer interface,
H75-D63 and K64—E2. Five mutants: E2Q, D63N, D64K, H75Q and H75K, were designed based on
this model, which are proposed to either disrupt or stabilise dimer formation.
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3.1.5 Aims
The main research aims in this chapter were to:

(1) Use NMR chemical shift perturbation analysis to identify residues located at the dimer

interface;

(2) Synthesise selectively *C/**N-labelled APA-1 (Glu, Asp, Lys and His are labelled)

samples to measure side-chain pKa values using NMR spectroscopy;

(3) Perform concentration-dependent chemical shift mapping combined with small-zone SEC
to estimate the dissociation constant of the APA-1 monomer-dimer equilibrium;

(4) Perform SAXS experiments to investigate the gross shape and size of APA-1 in solution at

different protein concentrations and pH values;

(5) Design and synthesise APA-1 mutants based on the proposed dimer models in order to
determine which model is correct, and investigate the importance of dimerisation in APA-1

functionality and identify residues that are crucial for APA-1 activity.

98



3.2 Methods and Materials

3.2.1 Sample preparation

Uniformly N-labelled and selectively *C/**N-labelled APA-1 samples were produced from
the cell-free protein expression system and purified as described in Chapter 2. To reduce the
cost of using double labelled material and minimise peak overlap, only charged amino acids
were C/®N-labelled. Potassium glutarate replaced potassium glutamate to ensure sufficient
Glu labelling [146].

3.2.2 NMR spectroscopy

APA-1 samples were prepared as described in Chapter 2. NMR experiments were performed at
25 °C. The pH values of the samples were measured before and after each experiment. The
average readings were taken for data analysis. The pH showed little variation at most pH
values (£0.05 pH unit). However, the pH was not stable above 8.5, where the solution was not
buffered. To ensure stable pH values, a 30 min incubation period was emplyed after adjusting

the pH, and the pH values were measured again before each NMR experiment.
3.2.2.1 pH- and concentration-dependent chemical shift mapping

The 1D *H and 2D *H-""N HSQC spectra of uniformly *C/**N-labelled APA-1 samples with
concentrations of 210 uM were recorded as a function of pH between 3.0 and 8.5 at 0.5 pH unit
increments. The MWs of APA-1 at each pH value were estimated by performing a 1D
experiment, as described in Section 2.2.12.1 (Eq. 2.2 and 2.3). The errors of the T, values were

estimated by taking the signal-to-noise ratio:

Eq. 3.3
4 (A5 —4p)

ln(S/NO.ZS ms + S/N2.9 ms)

Error (T;) =

where A4 and 4g are the delay periods used in the 1D spectra, S/Ng2sms and S/Njgms are the
signal to noise peak intensity ratios recorded using spin-echo delay periods of 0.25 and 2.9 ms
in the two 1D spectra, respectively.

The 2D *H-""N HSQC backbone assignments obtained from Chapter 2 at pH 3.0 were used as

an initial starting point for the titration. To investigate the pH and concentration effects on
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dimer formation, 2D 'H-""N HSQC spectra of uniformly *C/*°N-labelled APA-1 samples
were acquired at pH 3.0 and 5.2, and at protein concentrations of 25 and 560 uM (i.e., four
samples). Chemical shift changes of the spectra recorded at pH 3.0 and 5.2 at each protein

concentration were compared using Eq. 3.4:

A8\
A6NH = \/A6H2 + < 6N )

where Ady and Ady represent the *H and °N chemical shift differences of a resonance,

Eq. 3.4

recorded at two pH values and one of the two concentrations. One standard deviation above the
mean of the weighted chemical shift perturbation (Adnw ) for all the resonances was used as a
threshold, in which, any residue with a Adyn value greater than the threshold value was
considered to be influenced over the pH range studied. To separate the pH and concentration
effects on the chemical shifts, the Adyy obtained at the high and low protein concentrations
were then compared to each other. The difference in the absolute weighted chemical shift
perturbation values (JAAJ|) was extracted by subtracting the pH-dependent chemical shift

differences for the two protein concentrations [157]:

Eq. 3.5
|AAS| = Ads60 um — Adzs5uM

Again, one standard deviation above the mean of the absolute chemical shift difference for all
the resonances was adopted as a threshold. Any residue which gave differences greater than the
threshold value was considered to show a significant pH-dependent chemical shift change at
the high protein concentration. The residues identified were considered to correspond to

residues that reside at the dimer interface.

It was observed in the 2D *H—>N HSQC spectra recorded at pH 5.2 that a set of resonances
were missing, presumably because of slow to intermediate exchange on the NMR chemical
shift time scale. This hampered the analysis of the dimerisation study at this pH. Consequently
to study the influence of concentration on APA-1 dimerisation, a study was performed at pH
3.0 at two protein concentrations: 25 and 560 uM. Using pH values between 3 and 5.2 showed
similar resonance broadening observed at pH 5.2. Averaged chemical shift differences at the
two concentrations were calculated according to Eg. 3.5. Resonances that had chemical shift
differences greater than one standard deviation above the mean were considered to show a

concentration-dependent chemical shift change at pH 3.0.
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3.2.2.2 Side-chain assignments of Glu, Asp and His residues

To obtain the side-chain assignments of Asp and Glu, a combination of NMR experiments
were performed at pH 3.0 and 1.0 mM using the selectively **C/**N-labelled APA-1 sample,
including 2D *H-*N HSQC, 3D HCCH TOCSY [195], 2D CBCANH [196], 2D *H-*3C
constant time (CT) HSQC [197, 198], 3D HBHANH [199], 3D *N-edited TOCSY [200] and
2D and 3D HCCO [201, 202] experiments (Table 3.1, Figure 3.4). These experiments provided
connectivities between the side-chain Cy (Asp) and Cé (Glu) (Figure 3.5) with other nuclei in
the backbone and side-chain. A 'H-"*C CTHSQC spectrum was acquired to obtain the
assignment of the imidazole CHe; of the His residue (Figure 3.5) and this resonance was used

as the probe nucleus to measure the imidazole ring pKa value.

Table 3.1: The NMR experiments used to achieve side-chain assignments of Asp, Glu and His residues.

NMR experiment Time Acquisition time (ms) No. of complex points Residue
type (h)
2D HSQC 0.2 68.2 (H) x 105.3 (N) 1024 (H) x 128 (N) All
3D HCCHTOCSY | 66 | 682 (H)x29(C)x43(H) | 024 H) ’(‘|j’)5 (C)x64 All
2D CBCANH 0.7 68.2 (H) X 5.6 (C) 1024 (H) x 54 (C) All
2D CTHSQC* 13 68.2 (H) x 21.2 (C) 1024 (H) x 256 (C) Al
3D HBHANH 67 | 68.2 (H)x15.4 (N)x6.4 (H) | 1024 (H) >(‘Hl)5 (N) x 49 All
3D "N-edited 1024 (H) x 32 (N) x 128
Tocsy 133 | 68.2 (H) x 17.5 (N) x 8.5 (H) * All
2D HCCO 2-12 68.2 (H) x 32.6 (C) 1024 (H) x 64 (C) Glu/Asp
68.2 (H)x 3.7 (Ca) x 26.5 | 1024 (H) x 16 (Cal) X 52
3D HCCO 19 ©0) (€0) Glu/Asp
2D CTHSQC? 0.3 65.7 (H) x 14.1 (C) 1024 (H) x 64 (C) His
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Figure 3.4: Schematic overview of the different NMR experiments used for assigning the side-chain of
Glu and Asp residues. Shaded nuclei are frequency labelled, whereas open circled nuclei are only
involved in the transfer of magnetisation between nuclei. Double-headed arrows indicate that the
experiments is an “out and back” experiment and single headed arrows indicate that the experiment
starts at a particular 'H spin and detects another 'H nucleus. (3D HCCH-TOCSY) The side-chain
aliphatic *H and *3C resonances are correlated. (2D CBCANH) The amide *H and **N resonances are
correlated with those of the intra- and inter-residue *Ca and *CB resonances. Since a selectively
labelled APA-1 sample was used, for each amide group only one set of *Co and *Cp resonances were
observed (unless residues were sequentially labelled). (3D HBHANH) The amide 'H and N
resonances are correlated with the intra- and inter- ‘Ho and "Hp resonances. (3D N-edited TOCSY):
Al the aliphatic *H nuclei are correlated with the amide °N and amide *H nuclei. (2D HCCO and 3D
HCCO) Usually the intra-residue 'Ha, *Co and *CO resonances are correlated (A). To measure the
side-chain pKa of Asp and Glu residues, the - and y-methylene proton are correlated with carboxyl Cy
and Cd nuclei, respectively. The example for Asp is given in (B).

3.2.2.3 pH titration and the determination of the pKa values

Two selectively *C/**N-labelled APA-1 samples with concentrations of 1.0 and 0.1 mM were
prepared for side-chain pKa measurements. Each of the two samples was split into equal
volumes and their pH values were adjusted to the extremes of the pH range examined (i.e., pH
2 and 8.5 for the 1 mM sample, and pH 2 and 10 for the 0.1 mM sample). The desired pH
values of the NMR samples were achieved by mixing the appropriate portions of the two

samples.
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The 2D HCCO and 2D CTHSQC experiments were performed for estimation of the side-chain
pKa values of Asp and Glu residues and His residues, respectively. The pH titration using the
1.0 mM APA-1 sample was performed between pH 2-8.5 for the 2D HCCO experiment (13
titration points) and pH 3-9 for the 2D CTHSQC experiment (13 titration points). The
titrations were performed on the 0.1 mM protein sample over the pH range of 2—8 for the 2D
HCCO (24 titration points) and 3.5-10 for the 2D CTHSQC (19 titration points). For all the
titrations, the *H chemical shifts were referenced to TSP at 0 ppm, and the *3C chemical shifts
were indirectly referenced [203]. The influence of pH on the TSP signals was corrected using
Eq. 3.6 and 3.7 [204].

Eqg. 3.6
Seorrcy = B¢ + 0.1 x (1 + 1050-PH)™

Eq. 3.7
Scorr(H) = 0y + 0.019 X (1 + 105'0‘11“)_1

where ¢ and Jy are the chemical shifts of the **C and *H signals before the pH correction, and

dcorrc) @aNd dcorry are the chemical shifts after correcting the pH influence on the TSP signal.
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Figure 3.5: Schematic diagrams representing the structures of residues Asp and Glu at neutral pH and
His at low pH (e.g., pH 3). Chemical shift changes of the resonances representing Cy and Co nuclei in
Asp and Glu (shaded in green), respectively, were followed in the 2D HCCO experiments. Chemical
shift changes of the imidazole CHe; moiety (shaded green) of His were followed in the 2D CTHSQC
experiment to determine the pKa of the imidazole ring. At low pH, either of N§; and Neg, can release a
proton (H"), and therefore His is in tautomeric state. The shaded areas depicted in blue and red
represent the amide and carboxylic groups, respectively.
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The pKa values of the side-chain carboxyl groups of Asp (Cy) and Glu (Cd) and the imidazole
region (Ce;) (Figure 3.5) of the His residue were determined by following the chemical shift
changes of the corresponding resonances as a function of pH (Figure 3.5). The pH titration data
for the **C chemical shifts were analysed using the Python Programming Language (Python
Software Foundation, Delaware, USA) and the script was written by Dr Michael Schmitz,
Romel Bobby and Wei Li (School of Biological Sciences and School of Chemical Sciences,
The University of Auckland). According to previous studies performed to estimate side-chain
pKa values [205-208], the curve fitting was carried out using a modified Henderson-
Hasselbalch Hill equation [209]:

Eqg. 3.8
5 = (6ua + & 10™ (PH-PKa))
°bs T 1 4 10n (PH-pKa)

where dops IS the observed chemical shift, oya and Ja are the chemical shifts in the acidic and
basic pH limits, respectively, and n is the Hill coefficient which represents the slope of the
titration curve in the transition region. The Hill coefficient measures the cooperativity resulting
from the influence of hydrogen ion binding at other proximate sites (e.g., amide group and
ionisable groups) to the desired ionisable sites being examined. An n value of 1 indicates
independent binding, n < 1 and n > 1 indicate negative and positive cooperative binding,
respectively. The error of the pKa value for the His residue was estimated by adding a small
number (i.e., £ 0.1 ppm) to the chemical shifts of the resonaces in the 2D CTHSQC spectra;
and the errors of the pKa values for Asp and Glu residues were obtained by taking the *C
chemical shift differences between the paired resonances (the Hp for Asp and Hy for Glu) in
the 2D HCCO spectra. Five hundred simulations (Monte-Carlo approximation of error) were

used in the Python Script to fit the curves.

The pH titration was repeated at 0.1 mM APA-1 by performing a series of 2D *H->N HSQC
spectra with 0.25 pH increments between pH 2-9.5 (22 titration points). The pKa values were
estimated by following the *H chemical shifts as a function of pH. The data which showed a
single titration event was fitted using the modified Henderson-Hasselbalch equation with the
Hill coefficient (Eq. 3.8) and data which showed complex titration events were not fitted.

3.2.2.4 Estimation of the K4 using NMR spectroscopy

To study the dissociation constant (Ky) of the monomer-dimer equilibrium of APA-1, 2D

'H-'>N HSQC spectra at eight protein concentrations ranging from 25 to 840 uM at pH 3.0
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were recorded. Higher pH values were not used, as mentioned, because of significant line-
broadening of particular resonances of interest. The K4 can be defined using Eq. 3.9 and 3.10
[210]:

Eqg. 3.9

Eqg. 3.10

_ 2pfy X [APA-1]

K
d Pp

where [M] and [D] are the concentrations of monomer and dimer in a protein sample,
respectively, pm and pp are the populations of APA-1 in monomeric and dimeric states which
add to 1, and [APA-1] is the total protein concentration. Based on the assumption that
monomers and dimers undergo fast exchange on the NMR chemical shift time scale, the
observed N chemical shift (wops) can be defined by the population weighted average of the
monomeric and dimeric APA-1 chemical shift, oy and wp (Eqg. 3.11). By combining Eg. 3.10
and 3.11, the wqps can also be defined as Eq. 3.12 [210]:

Eq. 3.11
Wobs = PMWM + PpwWp = wp + pm(wy — @wp)

Eq.3.12

JKq (K4 + 8[APA-1]) — K4
4[APA-1]

Wops = Wp + (wm — wp)

Since E2 was the only residue whose corresponding resonance showed chemical shift changes
upon changing the concentration of APA-1 and visible over the concentration range, the Kg,
om and wp of E2 were fitted using the Levenberg-Marquardt non-linear least squares
optimisation to different APA-1 concentrations and wops (“°N chemical shifts) to predict the Kg
of the APA-1 monomer-dimer equilibrium [211] at pH 3.0. The equation was implemented into
the Python Programming Language (Python Software Foundation, Delaware, USA) by Dr
Michael Schmitz (School of Chemical Sciences, The University of Auckland) to perform the
fitting.
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3.2.3 Size exclusion chromatography

The SEC experiments were performed on an AKTA Purifier system (GE Healthcare, Little
Chalfont, UK) using an analytical Superdex 75 15/150 gel filtration column (3 ml) (GE
Healthcare, Little Chalfont, UK). The column was pre-equilibrated with 10 mM sodium
citrate/NaPi at pH 5.2. All experiments were performed at 4 °C. Unlabelled APA-1 samples at
concentrations ranging between 10 uM and 2.5 mM, pH 5.2, were prepared by a series of
dilutions and incubated for at least 1 h at 4 °C prior to loading onto the column. In each run, 20
ul of the APA-1 solution was loaded onto the column at a flow rate of 0.5 ml/min. The column
was calibrated using five proteins of known MW (i.e., aprotinin (6.5 kDa), ribonuclease A
(13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin (44 kDa) and conalbumin (75 kDa)). The
elution volume (Ve) of APA-1 was analysed to study the dimerisation behaviour of APA-1.

To investigate the monomer-dimer equilibrium of APA-1, the peak areas corresponding to the
monomer and dimer peaks were calculated using the UNICORN software routines that came
with the AKTA Purifier system. The APA-1 concentration was plotted against the total peak
area and fitted to a linear equation y = 0.00524009x where y is the total peak area and x is the
protein concentration, R? = 0.9997. The concentration of monomers ([M]) and dimers ([D])
present in the solution at each protein concentration were estimated using the peak areas and

the coefficient obtained from the fitted linear equation:

Eq. 3.13
Ay
M] = 0.00524009
Eq. 3.14
A
[D] =

~ 0.00524009 x 2

where Ay and Ap represent the peak areas corresponding to the APA-1 monomer and dimer
concentrations in a sample. Based on the monomer and dimer concentrations, the Ky was
estimated using Eq 3.9. To exclude the dilution factor on Kg, four protein concentrations (i.e.,
12, 24, 47, and 95 uM, where monomers and dimers co-exist) were used to estimate Ky and the

calculated values were averaged.
3.2.4 Small angle X-ray scattering

One set of SAXS data were collected at the Australian Nuclear Science and Technology
Organisation (ANSTO) (Sydney, Australia) on a Bruker Nanostar instrument with a copper

106



target, three-pinhole collimation and HiStar 2D detector with 100 um pixel size. SAXS data of
APA-1 samples with a concentration range between 550 uM and 2.1 mM at pH values of 3.0
and 5.2 were collected. The sample with a volume of 15 ul and matched buffer blank were
inserted sequentially in the same sealed quartz capillary. All experiments were performed at 25
°C The sample to detector distance was 65 cm which gave a Q range of 0.01 A< Q <0.43
A1 (Q = 4n sin(6)/4, 20 is the angle between the incident and scattered beams and A = 1.5418
A is the X-ray wavelength). Each SAXS measurement was recorded for 3 h for a protein

concentration > 730 uM and 6 h for samples with concentrations < 730 uM.

A second set of X-ray scattering experiments of APA-1 were performed on the SAXS/WAXS
beamline of the Australian Synchrotron (Melbourne, Australia) using a Pilatus 1M image plate
detector. The scattering data was collected with a 10 s exposure time (10 x 1 sec frame
exposures) for protein concentrations ranging from 95 uM to 190 uM, at pH 3.0. During the
exposure time, protein samples were continuously flowed through the 1.5 mm diameter
capillary at a flow rate of 6 ul sec™* using a syringe pump. The SAXS data of a buffer blank
was recorded before each experiment and a water rinsing cycle was performed after each
sample run. Using a sample-detector distance of 1.6 m, a Q range of 0.006 A'<Q <0.65 A™*
was covered (A =1.0322 A).

Reduction, background subtraction and analysis of scattering data were performed using the
SAXS15ID program [212].The Ry, Dmax, P(r) and the forward scattering intensity were
calculated from the experimental scattering data collected from ANSTO using the indirect
Fourier transform method with the program GNOM [184]. Theoretical scattering profiles were
generated from the 20 lowest energy NMR structures of APA-1 monomer and two APA-1
dimer models using AXES [193]. Ab initio shape restoration was only performed using the
dataset collected from Australian Synchrotron (i.e., with protein concentration range between
95 uM to 190 uM) using GASBOR [189] because data recorded at ANSTO was found to be of
insufficient quality to enable GASBOR to derive sensible models. Dummy atom models were
averaged, filtered and superimposed with the atomic resolution APA-1 monomer and dimer
structures using DAMAVER, DAMFILT and SUPCOMB [191, 213]. Default parameters were

used for all calculations.
3.2.5 Site directed mutagenesis

Five mutants were provided by our collaborator (Prof. Joachim Grotzinger, Department of
Biochemistry, Christian-Albrechts-Universitat zu Kiel, Medical Faculty, Kiel) based on the
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previously proposed dimer model [24] (Figure 3.3): E2Q, D63N, D64K, H75Q and H75K.
Another set of APA-1 mutants were designed based on a new dimer model proposed in Section
3.3.2: E2A, K37A, K37Q, F41A and E2Q-K37Q. The plasmids of these mutants were prepared
by MSc student Mikhail Legkodimov (School of Biological Sciences, The University of
Auckland) using de novo synthesis by ZyGEM (ZyGEM Corporation Ltd., Hamilton). The
correct sequences of the DNA constructs were verified by DNA sequencing carried out at the
Allan Wilson Centre Genome Service (Massey University, Palmerston North). Analytical cell-
free reactions were performed to test the viability of the APA-1 mutants and the expressions
were examined by 4-12% SDS-PAGE. The mutants which gave reasonable levels of cell-free
protein expression were scaled up to the 1 ml preparative scale using *°N-labelled amino acids.

The overall fold of the mutants were examined using 2D *H-"N HSQC experiments at pH 3.0.
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3.3 Results

3.3.1 Variation in the molecular weight as a function of pH

One-dimensional NMR experiments were performed as a function of pH using a 210 uM
sample. The MWs of APA-1 at different pH values were determined from 1D spin-echo
experiments (Section 2.2.12.1). The molecular mass of APA-1 increased as the pH increased
(Figure 3.6). The MW of APA-1 was estimated to be 8.5 + 0.4 kDa at pH 3.0 and 12.9 £ 0.8
kDa at pH 5.2, which corresponds approximately to the monomer (i.e., 8.2 kDa) and dimer (i.e.,
16.4 kDa) species. The approximate MW determined at pH 5.2 is underestimated because the
equation used (Eq. 2.3) assumes that the protein is a symmetrical globular fold. This is not the
case for the APA-1 dimer structure and thus leads to an underestimate of the MW. In addition,
the NMR experiment measures the weight averaged MW of the dimeric and monomeric APA-
1 populations (possibly even higher MW order), thus it is possible that at pH 5.2 the MW
determined reflects the presence of a fraction of monomers. Nonetheless, there is a clear
increase in MW at pH 5.5, in agreement with the previous result (Figure 1.16) [24]. In addition,
the MW at pH 8.5 was estimated to be 12.9 + 0.9, similar to what was obtained at pH 5.2,
suggesting the presence of a dimeric APA-1 population at this pH value, also consistent with
Figure 1.16. Similar MWs were obtained when the pH was dropped back to 5.2 and 3.0,

indicating reversible self-association.
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Figure 3.6: The MWs of APA-1 estimated using T, and z. values obtained from the 1D spin-echo H
NMR experiments. Based on the estimation, APA-1 was proposed to exist predominantly as monomers
at pH 3, and in a monomer-dimer population at pH 5.5 and 8.5 at 210 puM.
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3.3.2 The influence of pH and concentration on the chemical shifts of resonances —

mapping the dimer interface

To characterise the dimer interface using NMR spectroscopy assignment of resonances in the
2D 'H-""N HSQC spectra at different pH values was required. Figure 3.7 shows an overlay of
2D 'H-""N HSQC spectra recorded at pH values of 3.0, 5.2 and 8.5. Intriguingly, the intensity
of particular resonances decreased dramatically as the pH was increased (circled resonances:
L7, L34, K37, G40, F41, 142 and T44), presumably due to chemical exchange caused by pH
and/or APA-1 dimerisation. To distinguish changes in chemical shifts of resonances because of
pH and protein concentration, 2D *H-""N HSQC spectra were recorded at pH 3.0 and 5.2, and
at protein concentrations of 25 and 560 uM (data not shown). At the low concentration and as
the pH rose from 3.0 to 5.2, resonances corresponding to residues G40, F41, L7, K37, 142 and
T44 showed significant line-broadening, and theses resonances were no longer detected above
the background noise as the pH increases. Ten resonances showed chemical shift differences
above one standard deviation of the mean upon pH changes. Four of the resonances correspond
to Asp residues (D29, D51, D63 and D66) in which the change in the protonation state has
influenced the nearby chemical environment of the backbone amide group. The other six
resonances correspond to residues F52, 161, V65, A67, A69 and 170, are located in close
structural proximity to the Asp residues, suggesting the chemical shift changes are due to
changes in the ionisation states of the Asp side-chains. The experiment was repeated at a
protein concentration of 560 uM and similar results were obtained. The observed line-
broadening may also arise from particular motional events that show a pH-dependence, i.e.,
chemical exchange. Although highly unlikely, such intrinsic motional changes may account for
the line-broadening as the pH was raised, and only through further analysis, e.g., mutational

analysis and extensive dynamics analysis, can this explanation be eliminated.

To separate the chemical shift differences resulting from pH and dimerisation, the chemical
shift differences obtained at high and low protein concentrations were then compared to each
other. The absolute differences in the chemical shift changes |AAJ| were extracted by
subtracting the normalised pH-dependent chemical shift differences achieved at the two protein
concentrations. No chemical shift difference was calculated for the resonances that were not
visible at pH 5.2. A total of five resonances were identified to show significant pH-dependent
chemical shift differences that were greater than one standard deviation above the mean at the
higher concentration. The corresponding residues are 13, C5, S33, A38 and T44. In addition,

resonances which were not visible at pH 5.2 represent residues in close structural proximity to
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the five residues identified to show large chemical shift differences. A previous study of rat
CD2 domainl, which dimerises in a pH-dependent manner and has weak self-association (Kg
~3—6 mM), has shown that residues which displayed concentration-dependent chemical shifts
and showed line-broadening were located at the dimer interface [168, 214]. Consequently,
these residues identified in APA-1 are likely to form the dimer interface and the association is
likely to be weak.

Since a number of resonances were broadened at pH 5.2 and thus an unambiguous
identification of the dimer interface was not possible, a similar set of NMR experiments were
recorded at pH 3.0. As the protein concentration increased from 25 to 560 UM, a subset of
residues was observed to show substantial line-broadening and chemical shift changes. The
spectra acquired at the two concentrations were overlaid (Figure 3.8). The chemical shift
differences at the two concentrations were normalised and plotted as shown in Figure 3.9. One
standard deviation from the mean weighted chemical shift perturbation was considered to be a
significant chemical shift change. Fourteen resonances were found to display significant
changes in chemical shifts and correspond to residues E2, 13, L4, L7, 131, L34, N36, K37, A38,
G40, F41, 142, T44 and T47. These residues were also identified in the previous study at pH
5.2. Therefore, these residues are likely to be located at the dimer interface. The residues which
showed concentration-dependent chemical shift changes were mapped to the APA-1 dimer
model. These residues were clearly clustered to form a contiguous region near the N-terminus
and the loop between helices 2 and 3 (Figure 3.9). The residues which were previously
proposed to be located at the dimer interaction surface showed no significant chemical shift
changes and are located on the opposite site of the clustered region, and thus are not involved
in APA-1 dimerisation.

Based on the chemical shift mapping study, a new dimer model was generated by Dr Michael
Schmitz (School of Chemical Sciences, The University of Auckland) using the docking
programme HADDOCK [215] (Figure 3.10). Based on the dimer model, K37 is in close
proximity to E2 on the adjacent monomer. An electrostatic interaction is proposed to be crucial
in facilitating APA-1 pH-dependent dimerisation. Two F41 residues from each monomer on
the backside of the model are postulated to form a pi-stacking interaction. This interaction is

also considered crucial in stabilising the dimer.
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Figure 3.7: 2D "H-""N HSQC spectra of APA-1 recorded at pH 3.0, 5.5 and 8.5 (represented in red, green and blue, respectively). The right panel is a selected
region of the spectra with assignment information. Assignments labelled in black indicate resonances which did not show significant difference upon pH change
and are relatively easy to identify. Resonances which undergo noticeable reduction of intensity at pH 5.5 and 8.5 are circled and assigned in dark purple.

112



| | | T I
Red: 560 uM
Blue: 25 |.,IM @G53 ) |74
Groe® 623
110 F @ G40 eT21 |
@C35 w120
o
[ or—— og®
-..*-I_I-%lulnﬂnaunann 4
- L Mg
@S39
15 | 5320 @ K04 i
®T9 Nes®  @C71 853
ps1 &7 Pl =™ 119
15 eD2s ® < D63 oNis
N ccol@nd g oo QNs|  eLed
D55@® Q59
Ot L19 .‘Agsﬁ. |31OL14. 28 $®K26 ac77 N
120 L50 V49 @ K22 13 K48 _
0 L1sjf‘1294.o S 70 :L 2 \sef? 121}
E2 2K37 ®\27
(62, s Ls7a= ®L18 0”3:5'/"(56 @A38
45&\'30 ® A69 ®A43
F41 o= |34 123
125 F e enr2 | i
125
@54 =L = L m
| ] | | | [ppm] 1H
9.0 8.5 8.0 7.5 7.0
[ppm] TH

Figure 3.8: 2D "H-""N HSQC spectra of APA-1 at pH 3.0, and concentrations of 25 uM (blue) and 560 puM (red). Labelled resonances on the right panel showed
noticeable line-broadenings and chemical shift changes. The assignment of Glu resonances which were not clearly visible in the spectra due to insufficient *N-
labelling are circle in red.
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Figure 3.9: Normalised chemical shift differences of residues at protein concentrations of 25 uM and 560 pM, pH 3.0. Changes colored in pink indicate
resonances that showed chemical shift changes above one standard deviation of the mean. Inset: these residues (coloured in green) were mapped to the original
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Figure 3.10: Newly proposed dimer model. The dimer model was proposed based on the NMR
chemical shift perturbation study in combination with the monomeric structure and the programme
HADDOCK [215]. Residue K37 is hypothesised to form an ion pair with E2. Two F41 residues from
each monomer on the backside of the model are postulated to form a pi-stacking interaction. The
dimensions of the dimer are ~23 and ~49 A.

3.3.3 Side-chain resonance assignments

APA-1 has nine acidic amino acids: six Asp residues and three Glu residues. Side-chain
resonance assignment of the acidic amino acids was carried out using selectively **C/*N-
enriched APA-1. Although 'H chemical shifts for nuclei were available (although not
complete), the assignment of heteronuclei was required to measure the pKa of Glu and Asp
side-chains. A two-dimensional *H-">N HSQC spectrum of the selectively labelled APA-1 was
acquired and assigned at pH 3.0 using previously reported assignment information (Figure 3.11,
Section 2.3.4.3). Amino acid scrambling from Glu to GIn and from Asp to Asn was observed,
resulting in six additional resonances. The resonance corresponding to the Gln residue had a
similar peak intensity to the resonances arising from Glu and Asp residues, indicating moderate

transamination activity by glutamine synthetase (Section 2.3.4.2); whereas the signal intensities
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of the Asn resonances were noticeably weaker indicating minor transamination by asparagine
synthetase has taken place (Section 2.3.4.2). Residue E16 and K56 gave rise to more than one
resonance in the spectrum, indicating that these residues are present in different conformations.
Based on the resonance intensities, the populations corresponding to the two weak resonances
of E16 were estimated to be ~15 and 17% of the total population. A 17.1% population was

estimated for the weak resonance arising from K56.
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Figure 3.11: Assigned 2D 'H-*N HSQC spectrum of selectively *C/*N-enriched APA-1 at
concentration of 100 uM and pH 3.0.

To determine the residue specific pKa values of acidic residues, assignments of Cy (Asp) and
Cd (Glu) resonances (Figure 3.5) were required. To achieve this, a series of 2D and 3D NMR
experiments were performed. The assignments of the 3D HCCH-TOCSY spectra were
achieved by combining the Ca assignments taken from the previously recorded 3D HNCA
experiment (Section 2.3.4.3) and the available 1D *H chemical shift assignments (Prof.
Joachim Grétzinger, Department of Biochemistry, Christian-Albrechts-Universitat zu Kiel,
Medical Faculty, Kiel). The *H and *3C assignments of 21 residues of a possible 24 residues
were completed. Resonances arising from D25, D29 and D51 could not be assigned because
1D 'H side-chain assignment information was not available, as well as weak signal intensities

and signal overlap in the CB/Hp region of the 3D spectrum.
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To obtain the CP chemical shifts of the Asp residues, a 2D *H-"*C CBCANH spectrum of
APA-1 was acquired. The correlations for the Ca and CP nuclei are of opposite sign which aids
the assignment process. Eighteen resonances arising from Ca and fifteen resonances from C
atoms were assigned, using the Hy and Ca chemical shifts obtained from the 2D *H-""N
HSQC and 3D HNCA spectra (Sections 2.3.4.2 and 2.3.4.3). Resonances arising from D51 and
Q59 were in overlap with resonances arising from K22 and K48, respectively (assignments are
shown in brackets in Figure 3.12). Resonances arising from Cf nuclei of E2, N6, N13, N17,
D25, D29, N36, K37 and D63 were not observed. The amino acid scrambling of Asp to Asn
led to a reduction of the signal intensities of resonances arising from Asp residues. Resonances

for E2 and K37 were not observed.
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Figure 3.12: 2D CBCANH spectrum of APA-1 recorded at 1 mM and pH 3.0. The Ca resonances are
coloured red and Cp resonances are coloured blue.
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The assignment information obtained from the 3D HCCH-TOCSY and 2D CBCANH
experiments were used to assign the 2D *H-'*C CTHSQC of APA-1 (Figure 3.13). The weak
resonances at frequencies between 20—26 ppm (*3C) arise from methyl groups. The origin of
the methyl groups is probably because of minor amino acid scrambling that had occurred
during the cell-free protein synthesis which led to the production of Ala, Val, Leu and lle
residues [216]. The population of the methyl groups was estimated to be 1.6% of the main
APA-1 species, as determined by the relative signal intensities against resonances arising from
the desired labelled amino acids. Most of the resonances arising from Ca atoms were not
observed due to signal overlap with the water signal between ~4.5-5 ppm. The CBHp
resonance correlation of the sole His was easily identified. No signals corresponding to CyHy
of Glu and CBHp of Asp residues were observed. This was because the refocusing period used
in the constant-time experiment was set to refocus the C-C (aliphatic) scalar coupling of ~35
Hz and not the larger C-C (side-chain C=0) coupling that is ~55 Hz.
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Figure 3.13: 2D 'H-**C CTHSQC spectrum of APA-1 recorded at ImM and pH 3.0. Dashed lines
represent methylene groups (CH,). The unassigned and weak resonances between 20—26 ppm are raised
from methyl groups. Not all Ca atoms were assigned because of signal overlap with the water

resonances. Signal overlap was observed for resonances arising from C6 and Ce of Lys residues,
especially around 28.8-29.2 and 42.0-42.5 ppm (**C).

Missing side-chain assignments for residues D25, D29 and D51 were obtained using 3D
HBHANH and 3D "N-edited TOCSY experiments. To obtain the Cy (Asp) and C8 (Glu)
assignments, a 3D HCCO experiment was recorded. Beside D25 and D29, unambiguous
assignments of the carboxyl groups were made. Missing assignment information of D25 and
D29 was because of severe signal overlap. Figure 3.14 shows an example (residue D66) of how
the side-chain resonances were assigned in the 2D HCCO spectrum using a combination of

NMR experiments. The assigned 2D HCCO spectrum at pH 3.0 is shown in Figure 3.15.
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Figure 3.14: A series of 2D planes from 3D and 2D spectra illustrating how the Cy (Asp) and Cd (Glu)
assignments were obtained. Residue D66 is used as an example. Eight NMR experiments (including a
3D HCCO experiment) were acquired and assigned. Firstly, the 3D HCCH-TOCSY experiment was
performed to obtain all the side-chain *H resonances by correlating with the Co. assignment obtained in
previous 3D HNCA experiment (spectrum not shown). Secondly, the Cp assignments were obtained in
the 2D CBCANH spectrum by correlating the amide N and Co assignments obtained from the 2D
HSQC and 3D HNCA experiments, respectively. Attempts were made to assign the Hp resonances in
the 2D CTHSQC spectrum using the CB assignment; unfortunately, CHp of Asp and CHy of Glu were
not visible. The 3D HBHANH, 3D "N-edited TOCSY and 3D HCCO experiments were then
performed to achieve the missing assignment and obtain unambiguous assignments of the Cy (Asp) and
Cd (Glu) nuclei.
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Figure 3.15: Assigned 2D *H-"*C HCCO spectrum of APA-1 at pH 3.0 and 1.0 mM.

3.3.4 pKa determination of acidic amino acids and the histidine-75

The pH-dependent chemical shifts of Cy (Asp) and Cé (Glu) were monitored by recording a
series of 2D HCCO spectra. Unambiguous assignment of the resonances arising from the Cy
nuclei of D25 and D29 over the full pH range examined was not possible. For protonated Asp
and Glu residues, the carboxyl *C resonances are located between 177.8-178.6 ppm and
180.6—181.6 ppm, respectively. Figure 3.16 illustrates that the resonances of the **Cy and **C5
resonances are downfield-shifted by ~3—5 ppm as the pH was raised, indicating deprotonation
of the carboxylic side-chains. No pronounced pH-dependent chemical shift changes were
observed for the transaminated GIn and Asn residues, for example Q59 (Figure 3.16). To
determine the pKa values, the pH-dependent chemical shifts of the carboxyl *C resonances
were plotted against pH. The titration curves were analysed using a modified Handerson-
Hasselbalch equation with the Hill coefficient (Figure 3.17). The estimated pKa values and the
corresponding Hill coefficients are presented in Table 3.2 at both APA-1 concentrations

examined.
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Figure 3.16: The 2D HCCO spectra showing the pH-dependent chemical shift movements of the
carboxyl groups of Asp and Glu residues. The first panel represents the assigned 2D HCCO spectrum at

pH 3.0. The coloured resonances in each panel represent the carboxyl group chemical shift movements
of a particular residue as a function of pH.
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The pKa values of ionised amino acids are affected by the local environment [163-166]. From
studies examining the pKa values of ionisable residues in proteins, three general rules have
been derived that will be used to make general interpretation of the pKa values derived for

APA-1 ionisable residues, as illustrated in Figure 3.18.

(A) Dehydration

-COOH «-COO~+ H* T nonpolar environment: pKa 1

-NH;* «-NH, + H* T nonpolar environment: pKa 1
(8) Charge-charge interactions

-COOH «-COO~+ H* T positive charge: pKa |

-NH;* ©-NH; + H* 1 positive charge: pKa |

(C) Charge-dipole interactions
-COOH «-COO~+ H* T hydrogen bonding to protonated form: pKa 1
-NH3* ©-NH, + H* T hydrogen bonding to protonated form: pKa t

Figure 3.18: Three general rules for interpreting pKa values of ionisable groups. (A) The ionisable
groups of acidic and basic residues buried in the interior of a protein generally have pKa values above
and below the intrinsic values, respectively. This is because the neutral side-chain is favoured in a
hydrophobic environment. (B) In a nonpolar environment, the presence of neighbouring charges can
affect the pKa of the ionisable groups. For example, the side-chain pKa of acidic residues involved in a
salt bridge is usually lowered because the salt bridge interaction favours the amino acid in the
negatively charged state. (C) lonisable groups can form hydrogen bonds with partial charges or dipoles
on neighbouring polar groups and form hydrogen bonds. The effect of hydrogen bonding on the pKa
value depends on whether a protonated or deprotonated form of the ionisable group is favoured. For
example, when an acidic residue is involved in hydrogen bonding and the protonated state is favoured, a
higher pKa value is anticipated. The picture is made according to [48].

At an APA-1 concentration of 1.0 mM, the side-chain pKa values of E16 and E62 were
calculated to be 5.35 £ 0.04 and 5.35 + 0.05, respectively. These values are noticeably higher
than the intrinsic pKa value (i.e., 4.2—4.4) [41, 42, 44]. Examination of the APA-1 structure
shows that E16 and E62 are in close proximity (Figure 3.19). Moreover, along with D63 and
D66, these four acidic amino acids form a potentially negatively charged patch on APA-1. Also
present in that region is K64. No major pKa differences for the pKa values of E16, E62, D63

and D66 were observed at a protein concentration of 0.1 mM (Table 3.2).
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Figure 3.19: Representation of the side-chains of E16, E62, D63, D66 and K64 in the APA-1 structure.
The Glu, Asp and Lys residues are coloured in red, magenta and blue, respectively.

The side-chain pKa values of D51 and D55 were calculated to be 3.93 + 0.07 and 3.09 £ 0.12,
and are in close proximity with K48 and K56, respectively. Based on the rules described in
Figure 3.18, these residues may form salt bridges. Unfortunately, the positions of the side-
chains are not well defined in the solution structure (Figure 3.20). Nonetheless, the low pKa
value of D55 suggests that a salt bridge formed with K56 is plausible. Similar pKa values for
D51 and D55 were observed at a protein concentration of 0.1 mM (Table 3.2).

Figure 3.20: Representation of the side-chains of K56 and D55 in the APA-1 structure. The 20 lowest
energy minimised structures are presented. The side-chain of K56 is coloured in blue and the side-chain
of D55 is coloured in red in each model.
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Residue E2, which has been proposed to be involved at the dimer interface in both dimer
models (Figure 3.3 and 3.10), has a calculated side-chain pKa value of 3.90 £ 0.06 at an APA-1
concentration of 1.0 mM. Based on the APA-1 solution structure, the side-chain of E2 is
solvent exposed, and is located distal from other ionisable residues (Figure 3.21). When the
protein concentration was lowered to 0.1 mM, E2 displayed the largest pKa variation among
all the ionisable residues, which had increased by 0.22 pH units. The average absolute pKa
difference for the rest of the ionisable residues was 0.11. This larger change may be due to

weak self-association, and will be discussed in more detail in the discussion.

2

'Y

Figure 3.21: Representation of the side-chains of ionisable residues in APA-1 structure. The side-
chains of Glu, Asp, Lys and His residues are coloured in magenta, red, blue and green, respectively.
Residue E2 is labelled and the position of its side-chain is observed to locate distal from other ionisable
residues.

At 1.0 mM, the Hill coefficients for all the ionisable groups were comparable, lying between
0.67-0.76. According to literature [207, 217, 218], Hill coefficients significantly below 1 are
considered to indicate negative cooperativity. This could be because of the ionisable state of
various side-chains located nearby which titrate over the same range of pH. Such low Hill
values were not observed in the APA-1 titrations, indicating minor negative cooperativity due
to weak interactions with other titrating groups. At a protein concentration of 0.1 mM, the Hill
coefficient for all the carboxyl groups were slightly raised to a range of 0.70—0.89, suggesting

less negative cooperativity.
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To obtain the CeH assignment of H75, a 2D *H-'3C CTHSQC spectrum was recorded at pH

3.0. The CeH resonance was distinguishable and easily assigned. The C6H resonances were
also observed (121.48 (**C) and 7.134 ppm (*H) at pH 3.0) but were not used for the pH

titration. Figure 3.22 shows the chemical shift movements of the **Ce resonance as a function

of pH. No significant chemical shift movement was observed at pH values less than 5.5 and

pronounced changes occurred between pH 6.5 and 8.5. The pKa of the imidazole ring was

determined by plotting the **Ce chemical shift changes as a function of pH (Figure 3.23) and
was calculated to be 7.29 + 0.07 at 1.0 mM. A similar pKa (7.19 + 0.07) was obtained at a

protein concentration of 0.1 mM.
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Figure 3. 22: The 2D *H-"3C CTHSQC spectrum showing the pH-dependent chemical shift movement
of the CeH group of H75 residue at 1.0 mM.
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Figure 3.23: pH titration curves of the Ce group of H75. The "*Ce chemical shifts are plotted as a
function of pH at APA-1 concentrations of 1.0 (left) and 0.1 mM (right). The data were used for the
determination of the side-chain pKa value by fitting the curves using the modified Henderson-

Hasselbalch equation.
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Table 3.2: pKa values of acidic groups and the sole His residue of APA-1 determined from 2D ‘H-"*C
HCCO and 2D "H-"*C CTHSQC experiments, respectively.

[APA-1] = 1.0 mM [APA-1] = 0.1 mM
Hill AS Hill Ad
Residue pKa® o . pKa’ o .
coefficient (ppm) coefficient (ppm)
Glu2 3.90+£0.06 0.71+£0.05 441 412+0.03 0.89+0.05 4.38
Glulé | 535004 0.74+0.06 4.48 5.38+0.03 0.87+0.04 4.35
Asp51 | 3.93+0.07 0.73+0.07 3.32 406+0.04 0.86+0.06 3.23
Asp55 | 3.09+0.12 0.76+0.10 3.61 295+0.12 0.70+0.07 3.58
Glu62 | 5.35+0.05 0.77+£0.06 4.30 549+003 0.82+0.04 4,12
Asp63 | 4.27£0.07 0.67£0.06 3.61 441 +0.04 0.80+0.06 3.45
Asp66 | 3.25+0.10 0.72%0.09 3.77 3.34+£007 0.71+£0.06 3.70
His75 | 7.29+0.07 0.74£0.03 2.39 7.19+£007 0.85+0.10 2.35

pKa*® and Hill coefficient™® values were determined from the pH dependent chemical shift of the
carboxyl **C resonances at APA-1 concentrations of 1.0 and 0.1 mM by curve-fitting to the
Henderson-Hasselbalch equation with the Hill coefficient (Eq. 3.8). A8“' represents the amplitude of
chemical shift differences between protonated and deprotonated forms of individual residues at both
concentrations.
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3.3.5 pH titration monitored by 2D *H—""N HSQC spectroscopy

The pKa values for the side-chains of residues D25 and D29 were not obtained from the 2D
HCCO experiments due to unavailable assignment information. As an alternative, the titrating
behaviour of these two residues were obtained using 2D *H-""N HSQC experiments at protein
concentration of 0.1 mM (Figure 3.24). The amide *H chemical shifts were followed as a
function of pH and the titration curves were plotted and fitted using Eq. 3.8 (Figure 3.25). The
amide *H and N chemical shifts are usually sensitive to changes in the local electronic
environment due to the high polarisability of the N-H bonds [219]. Nearby titration groups can
influence the amide *H and >N chemical shifts and may result in complex titration curves of
the amide groups. Therefore, the amide group pKa values do not necessarily reflect
(de)protonation of the intra-residue side-chain. Nonetheless, the amide *H analysis provides a
useful tool for rough estimation of side-chain pKa values

The amide *H and side-chain (as determined above) pKa values are listed in Table 3.3. The
side-chain pKa of E2 was not obtained due to broadening of the amide *H resonance beyond
detection above pH 5.0. The pH titration of D51 is not shown because its pH-dependent amide
'H chemical shift changes were small (Ad = 0.05 ppm) thus leading to large errors when fitted
to Eq. 3.8. Most of the amide 'H titrations behaved as simple titration curves except for D29
and E62, which displayed multiphasic behaviours (Figure 3.25). Titration of other groups
located adjacent to D29 and E62 may contribute to this observation, thus the results do not
represent the true side-chain titration behaviours of D29 and E62. Consequently, the titration

curves of these two residues were not fitted.
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Figure 3.24: Superimposed 2D 'H-"*N HSQC spectra showing the pH-dependent chemical shift
changes of the selectively labelled APA-1 at 0.1 mM. The pH values at which the APA-1 spectra were
recorded are represented by the colours of the rainbow ranging from red to purple indicating the lowest

pH level (pH 2.0) to the highest pH level (pH 9.0).

Table 3.3: Side-chain pKa values determined from the ‘Hy and **C (Cy and C8) nuclei of Glu and Asp

residues of APA-1.

Direct determination of the side- | Indirect determination of the
Residue chain pKa using Cy and Co side-chain pKa using the ‘Hy
chemical shifts chemical shifts
Glul6 5.38 £ 0.03 5.34 +0.07
Asp25 - 3.12+0.21
Asp29 - -
Asp55 2.95+0.12 2.93+0.17
Glu62 5.49 +0.03 -
Asp63 441 +0.04 459 +0.08
Asp66 3.34+0.07 3.62 £ 0.09
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Figure 3.25: The amide *H group pH titration curves of Asp and Glu residues. The amide *H chemical
shifts were plotted as a function of pH at a protein concentration of 0.1 mM. Titrations which showed
monophasic behaviours were used for side-chain pKa estimations. No fitting was performed for E62
and D29 which exhibited multiphasic titration behaviours.

3.3.6 Estimation of Ky for amoebapore A dimerisation

To investigate the Ky of APA-1 dimerisation, 2D *H—""N HSQC spectra were acquired at eight
protein concentrations ranging from 25-850 uM at pH 3.0. Resonances corresponding to E2
and K37 showed the largest chemical shift change and line-broadening (Figure 3.26). The
resonance representing residue K37 was broadened to such an extent that it was no longer
detectable above 250 pM. Therefore, only the >N chemical shifts of E2 were followed as a
function of protein concentration for the Kq study (Figure 3.27). Attempts were made to fit the
data to the monomer-dimer equilibrium model (Eg. 3.12), assuming the monomer-dimer

equilibrium was in the fast-exchange regimeon the NMR chemical'shift time scale. However,
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correct data fitting was not possible, and therefore, a true Ky value was not obtained (data not
shown). The result suggest that the Ky of APA-1 dimerisation is beyond the highest
concentration studied (i.e., Kq > 850 uM). Higher concentrations were not attempted because of
limited sample availability, possible non-specific protein aggregation [210, 220] and severe
line-broadening of the resonance arising from E2. The study was not performed at pH 5.2

because resonances corresponding to E2 and K37 are not visible at pH 5.2 (Section 3.3.2).
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Figure 3.26: Superimposed 2D *H-""N HSQC spectra recorded at various APA-1 concentrations at pH
3.0. Chemical shift changes and line-broadening of resonances corresponding to E2 and K37 were
observed, as presented in the selected spectral region (right).
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Figure 3.27: Titration of amide "N resonances of residue E2 plotted against the protein concentration
at pH 3.0. The last data point is an outlier because the signal intensity was very weak (at the noise
threshold) and correct assignment of this resonance was challenging.
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To Ky of APA-1 dimerisation was further studied at pH 5.2 using analytical SEC with APA-1
concentrations ranging between 1.5 uM to 3.0 mM. Four chromatograms are represented in
Figure 3.28 as examples. At very low protein concentration (1.2 uM) APA-1 eluted from the
column as a single peak at a retention time corresponding to the MW of the monomer species.
Upon raising the protein concentration, an additional peak was eluted at a retention time
corresponding to the APA-1 dimer and the peak area of this species increased as the
concentration increased, indicating an increase in the dimer population. The monomer-dimer
equilibrium was reached above 190 uM, as reflected by small variations of the ratios between
monomer and dimer peak areas. No pronounced tailing of the peaks and shift of elution
volumes was observed upon increasing the protein concentration, suggesting that the exchange
rate between monomers and dimers was slow on a timescale of minutes (SEC experiment time).
No higher order oligomers were detected. To exclude the dilution factor on the Ky, four protein
concentrations (i.e., 12, 24, 47, and 95 pM, where monomers and dimers co-existed) were used
to estimate the Ky (EQ. 3.9). The Ky was estimated at each concentration and the average value

was 247 + 32 uM, indicating stronger dimer association at pH 5.2 than 3.0 (Kq > 850 uM).
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Figure 3.28: The SEC profiles representing the concentration-dependent behaviour of APA-1
dimerisation at pH 5.2. Chromatograms obtained at protein concentrations of 1.2, 95, 760 and 3000 uM
are presented. The protein elutes primarily as monomer at low concentrations and as a mixture of
monomer and dimer at higher concentrations. The slight variation of the hydrodynamic volumes is
responsible for the minor shift of retention volumes of the monomeric and dimeric APA-1 under
slightly different buffer conditions. The absorption was measured at 280 nm.
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3.3.7 Small angle X-ray scattering

The SAXS experiments were designed to resolve the gross shape of APA-1 in solution as a
function of APA-1 concentration. Two sets of SAXS experiments were performed: one using a
bench top SAXS instrument at ANSTO and the second one was carried out at the Australian
Synchrotron, which records data with significantly higher sensitivity. Due to the limited
instrument sensitivity at ANSTO, the SAXS experiments were performed over a relatively high
protein concentration, ranging from 550 pM to 2.1 mM at pH values of 3.0 and 5.2.
Experimental SAXS curves of APA-1 at the various concentrations were fitted using an
elliptical cylinder shape structure factor [221] because this shape most closely matched the
dimer models presented earlier. From the SAXS data (Figure 3.29), clear differences were
observed between the scattering profiles at pH 3.0 (low dimer population) and 5.2 (high dimer
population), even at the lowest concentrations, implying that even lower concentrations were
necessary to achieve scattering from a monomer only solution. This is in agreement with the

result obtained from the SEC experiments.
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Figure 3.29: Experimental SAXS curves collected using native APA-1 in solution at different
concentrations. The protein is expected to exist as a mixed population of dimers and monomers, with a
larger dimer ratio at higher concentrations and pH 5.2 where APA-1 is most active.

The experimental SAXS data of APA-1 at pH 3.0 showed an upturn in intensity in the low Q
range, indicating the presence of micro-aggregation. Consequently, data at pH 3.0 was not
fitted. The pH 5.2 experimental SAXS data at concentrations of 2.1 and 0.55 mM also had
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minor aggregation, thus the data was fitted over a narrower Q range (Figure 3.30). Based on
the elliptical cylinder model, at the highest protein concentration and pH 5.2, a model with an
Ry = ~13 A and Dmax = ~57 A (with the hydration shell) was generated from the SAXS data.
This SAXS-derived model is similar to the dimer model proposed in Section 3.3.2 which has a
radius of 11.5 A and a length of 49 A (without the hydration shell) (the two dimer models are
presented in Figure 3.31).
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Figure 3.30: Experimental SAXS curves (solid circles) of APA-1 at various concentrations and
corresponding fitted curves (solid lines) using the elliptical shape structure factor. The fitting was
achieved using IGor Pro (WaveMetrics, Inc, Lake Oswego, USA).
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Figure 3.31: Two proposed dimer models of APA-1. (A) Two ion pairs are formed at the dimer
interface, H75-D63, K64-E2, forming a dimer model with dimensions of ~43 and ~33 A, respectively.
(B) Residue K37 forms an ion interaction with E2, giving rise to a dimer model with dimensions of ~49
and ~23 A, respectively.
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Experimental SAXS curves were fitted by minimising the * values to the theoretical scattering
profiles calculated from the monomeric and proposed APA-1 dimer structures using AXES
[193]. AXES functions by calculating the best fit between the experimental scattering data and
a structure model by varying a number of parameters, including the hydration shell. By using
the 4 values and F-test (Table 3.4), the results showed that the theoretical curves of the new
dimer model (Figure 3.31B) fit the experimental data statistically better than the previously
proposed model (Figure 3.31A) at the highest concentration of 2.1 mM with P = 1.796 ¢ (F
= 2.68, v = 579, v, = 579) (Table 3.4). Although lower Pg values were obtained, the fitting of
the data at the lower protein concentrations still supported the result observed at the highest
concentration (i.e., at the P = 0.05 level). The data did not give a good fit to the monomer
structure as indicated by the large 4 values, and the Pr values at all concentrations was
significant (Table 3.4). The results show that APA-1 exists as a dimer-monomer mixture and at
these concentrations and the dimer is the dominant species. The SAXS results are in agreement
with the Ky value obtained from the SEC experiment (Section 3.3.6). In addition, the Ry and
Dmax Values of the experimental data were determined to be over a range of 12-14.6 and
55-58.7 A, respectively, using GNOM [184] (Table 3.4). Similar to the results obtained from
the fittings using the elliptical cylinder model, the Ry tended to decrease as the protein
concentration decreased. This is an indicator of increasing population of monomeric APA-1

which has dimensions of approximately 22 and 30 A.
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Table 3.4: Calculated parameters for SAXS data of APA-1 at different concentrations, pH 5.2

AXES
GNOM d; =579; P, =0.05
Concentration Re (A) | Do (A) Re(i;ced Re(i;ced Reduced 4 Pe Pe
g max . .
(mM) (model A) | (model B) (monomer) | (F; da, dg) | (F; m, dg)
2.1 14.6 58.7 3.212 1.961 37.34 1.796e® | 1.70 2
0.97 13.8 55.4 1.272 1.157 11.23 0.128 1.82 18
0.73 13.0 55.0 1.894 1.496 9.875 0.002 8.00 ¢
0.55 12.0 57.9 3.087 2.473 6.914 0.003 4913

d; represents the degrees of freedom. Reduced ¥ is calculated from (No. of data points / d;) x X(AXES)Z
[222];

P (F; va, Vg) represents the probability generated from integration of F distribution (F = y.%/ zs°) to
analyse the differences between two fits [222];

Va, Vg are the dsof the two fitting profiles;

da represents the d; of dimer model A (Figure 3.32A); dg represents the d; of dimer model B (Figure
3.32B); and mrepresents the d; of APA-1 monomer.

Attempts to fit the ANSTO data using GASBOR failed, possibly because the quality of the
data was not sufficient for obtaining reasonable fits. The SAXS instrument at the Australian
Synchrotron with higher sensitivity was suitable for collecting data at lower protein
concentrations. DAMMIN and GASBOR were used to generate ab initio dummy atom models

from the experimental scatterings recorded at a protein concentration of 190 uM, pH 3.0. The

15 generated dummy atom models fit thel SAXS data|with 4 values ranging between

0.61-0.64. The dummy atom models were averaged using DAMAVER and the ab initio
molecular shape superimposed with the two proposed dimer models and the monomeric APA-
1 structure. It was observed that the ab initio model matched the structure of monomeric APA-
1 (Figure 3.32), but not the dimer models. This indicates that at this concentration, the majority
of APA-1 exists as a monomer. Superimposition of the average molecular envelope with
monomeric APA-1 shows that the volume calculated from the SAXS data is larger than the
NMR structure and a small lobe section between helices 2 and 3 protrudes from the envelope.
This suggest that at this concentration, a small population of APA-1 dimer may exist which
caused minor overestimation of the size of monomeric APA-1. Dummy atom models at lower

protein concentrations were not examined because SAXS data quality was poor.
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Concentrations higher than 190 uM were not examined because the amount of protein material

was limited.

Figure 3.32: Ensemble averaged NMR-derived APA-1 structure superimposed with the molecular
envelope generated from the ensemble of 15 GASBOR models using DAMAVER and DAMFILT.

3.3.8 Cell-free synthesis of amoebapore A mutants

APA-1 mutants that are postulated to stabilise/destabilise the dimer models were designed.
E2Q, E2A, D63N, K64Q, H75Q, H75K are designed to disrupt the old dimer model (Figure
3.32A) whereas E2Q, E2A, E2Q-K37Q, K37A, K37Q and F41A are designed to disrupt the
newly dimer model (Figure 3.32B). Expressions of the mutants were performed on the
analytical scale to test protein expression. IL6+ expression was used as the control. The SDS-
PAGE analysis showed that APA-1 mutants migrated differently on the SDS-PAGE (Figure
3.33). This gel shift phenomenon occurs commonly for membrane binding proteins [144].
Single mutation may alter the protein-SDS binding by changing the residue size, charge,
hydropathy and conformation of the unfolded protein in an SDS gel, resulting in unusual
migration rates [144]. The expressions of the mutants were performed using 1/10 ml
preparative scale cell-free reactions. Both uniformly *>N-labelled and unlabelled mutants were

produced.
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Figure 3.33: 4-12% SDS-PAGE analysis of the expressions of APA-1 mutants. Lane M: Precision plus
MW marker (BioRad, Hercules, USA); lane 1: IL6+ control; lanes 2—11: expressions of uniformly *°N-
labelled E2Q, D63N, H75K, H75Q, K64Q, E2A, K37A, K37Q, F41A and E2Q-K37Q. The arrows
indicate the positions of protein bands corresponding to IL6+ and the bands representing APA-1
mutants are boxed.

The cell-free expressed mutants were (His)s-tag digested using Factor Xa. It was challenging to
obtain full digestion of the mutants because (1) the Factor Xa purchased from Qiagen
(QIAGEN, Limburg, Netherlands) was used, which was later discovered to have low digestion
efficiency as described in Section 2.3.3.2 and (2) the mutations may have reduced the Factor
Xa efficiency when compared with the efficiency of the digestion of recombinant APA-1. As a
result, only partially digested mutants were achieved for the majority of the mutants.
Consequently, bioassays were not performed using these protein products. Nonetheless, the 2D
'H-'>N HSQC spectra of the partially digested mutants acquired at pH 3.0 showed a similar
overall resonance pattern when compared with the recombinant APA-1. This indicates no
major difference in the protein fold between the recombinant APA-1 and the APA-1 mutants
produced. Minor chemical shifts were observed for resonances associated with residues
adjacent to the mutation site (Figure 3.34). Purification of unlabelled mutants gave rise to four
peaks in the HPLC chromatograms, and each peak was collected and examined by mass
spectrometry in an effort to understand the digestion pattern by Factor Xa. An example is

presented in Figure 3.35.
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Figure 3.34: Overlaid 2D *H-""N HSQC spectra of APA-1 mutants (red) and the fully digested recombinant APA-1 (black). All spectra were recorded at pH 3.0.
The spectra of the mutants were assigned based on the 2D *H-""N HSQC assignments of the recombinant APA-1. Unassigned resonances are likely to arise from
the undigested (His)e-tag or mutation (circled in magenta). Resmonances arising from residues that are located adjacent to the mutation sites usually showed
chemical shift changes and are assigned in green.
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Figure 3.35: Mass spectroscopy profiles presenting the results of Factor Xa digestion of mutant F41A.
Panel (A)—(D) represent the mass spectroscopy profiles corresponding to the species contained in the
four peaks eluted from the RP-HPLC column. Interpretation of the partially digested F41A species was
carried out; however, a full interpretation was not achieved. The species presented in (A), (B1) and (B2)
are partially digested F41A with MW higher than the fully digested species which would have a mass of
8244 assuming formation of the three disulfide bonds. The species presented in (C) and (D) have MW
closer to the expected MW of the fully digested APA-1. Similar mass spectroscopy complexity was
observed for the other mutants (data not shown).

145



3.4 Discussion

3.4.1 pH- and concentration-dependent amoebapore A dimerisation

Dimerisation of APA-1 was investigated using NMR spectroscopy. Both 1D *H and 2D *H-""N
HSQC NMR experiments showed that APA-1 dimerisation is a pH- and concentration-
dependent event. A number of resonances were observed to show significant line-broadening
and chemical shift changes upon pH and concentration changes, suggesting that the dimer-
monomer equilibrium is in the slow to intermediate exchange regime on the NMR chemical
shift time scale. Studies examining the dimerisation of rat CD2 have also reported similar
observations [168], and therefore the resonances that showed line-broadening represent
residues located at the dimer interface. Note that while line-broadening is hypothesised to be
linked to protein dimerisation, it is also possible that intrinsic slow motion dynamics arise for
these residues under particular conditions; albeit, this is unlikely given the pH- and
concentration- dependent line-broadening observations coupled with previous SEC research
[24]. No major conformational change was observed during APA-1 dimerisation, as confirmed
by no significant change in the 2D *H-""N HSQC spectrum. The monomer structure combined
with chemical shift changes were used to build a new model of the APA-1 dimer with the
docking programme HADDOCK [215]. The new dimer model places juxtaposition K37 and
E2 on opposing monomers. Such residue positioning enables the formation of a salt bridge
between these two residues, and the dimer interface is also stabilised by pi-stacking
interactions between F41 residues on each monomer (Figure 3.10). In addition, based on the
side-chain pKa study, residue E2 has a calculated side-chain pKa value of 3.90 + 0.06 at an
APA-1 concentration of 1.0 mM. The APA-1 solution structure indicates that the side-chain of
E2 is solvent exposed and located away from other ionisable residues. When the protein
concentration was lowered to 0.1 mM, E2 displayed the largest side-chain pKa variation
compared with the other ionisable residues studied (i.e., increased by 0.22 pH units). Previous
studies on CD2 have shown that anomalous, yet small, pKa variations can be correlated with
weak protein dimerisation [157]. A Glu residue located at the dimer interface displayed a pKa
variation of 0.38 pH units attributed to a protein concentration effect, suggesting self-
association may account for such variation [157, 168]. Consequently, the concentration-
dependent shift of the side-chain pKa of E2 suggests a weak dependence of the pKa on protein
concentration. This dependence appears to suggest E2 is located at the dimer interface, in
agreement with the dimer model, and the interaction of APA-1 monomers is weak with a Kq
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value at pH 5.2 determined to be 247 + 32 uM and a significantly lower pKa at pH 3 of > 850
uM. In addition, the resonance in the HSQC arising from K37, showed the largest chemical
shift perturbation and the strongest line-broadening as a function of protein concentration,

supporting the role of this residue at the dimer interface.

The interface areas of the two dimer models were calculated using a programme “Protein
Interfaces, Surfaces and Assemblies” (PDBePISA) [223]. Interface areas obtained for the
original and new dimer models were estimated to be 583.2 and 441.4 A and represent 5.9%
and 4.4% of the total surface areas of the dimer models, respectively. Both interface areas are
significantly lower than the standard-size protein interfaces (i.e., 1200—2000 A?) as well as the
cut-off interface area (600 A?) for an energetically favourable interaction. This further supports

the results presented herein that APA-1 self- association is weak [224].

The SAXS experiments were performed to investigate the gross shape of APA-1 in solution. At
the lowest concentration studied (190 uM), DAMMIN and GASBOR were successfully used to
generate an ab initio dummy atom model of the APA-1 monomer, suggesting at this
concentration and at pH 3.0, the protein behaves predominantly as a monomer. This is in
agreement with the NMR T, measurement (Section 3.3.1) and the Ky estimation using NMR
spectroscopy (Section 3.3.6). In addition, the SEC and the SAXS data recorded at 5.2 and
concentrations ranging between 1.5 puM to 3.0 mM and 550 puM and 2.1 mM, respectively,
clearly indicated that APA-1 exists in a monomer-dimer equilibrium. Using Eqg. 3.18 and
excluding any dilution effect on the SEC column, the APA-1 dimer population at the highest
concentration studied in the SAXS experiment (2.1 mM) was determined to be 79.2%. This
number is in agreement with the modelling of the SAXS data using Igor and AXES, and the
SAXS data analysis was found to fit statistically better to the new dimer model. A previous
SEC study on pH-dependent APA-1 dimerisation [24] has shown that APA-1 existed
exclusively as dimers at pH 5.2 and primarily as a monomer at pH 8.5, whereas the NMR T,
measurements showed that APA-1 (210 uM) appears to have a similar monomer-dimer
equilibrium at pH 5.2 and 8.5 because the T, value at these pHs were similar. It is likely that
this difference in observations at the high pH may arise from the different protein
concentrations used in each study, as well as the dilution of the protein concentration on the
preparative-scale size exclusion column leading to a shift in the equilibrium to the monomer

species.
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Based on the previous dimer model (Figure 3.32A), a hexameric pore model has been proposed
with a pore thickness of ~33 A and diameter of 22 A [24]. However, no clear scientific
evidence has been used in defining the stoichiometry of the pore. In addition, previous
conductance study has shown that APA-1 formed pores with diameters varied from 6.3—22.1 A.
The hexameric pore model does not explain the observation of the smaller pore diameter (e.g.,
6.3 A) [49]. In contrast, to fit through the membrane, the newly proposed dimer structure
(Figure 3.27B) is likely to insert perpendicular to the membrane plane and lead to a pore
structure with a thickness closer to physiological membranes (~49 A) [225]. Additionally, it is
likely that the stoichiometry of the pore will be different to the previously suggested hexamer.
To unambiguously determine the pore structure of APA-1, other techniques such as electron
microscopy, which enable direct visualisation of protein pores in membranes, and solid-state
NMR spectroscopy, which provides detailed pore structural information at the atomic level can
be used. Furthermore, it is not clear whether APA-1 dimerisation is crucial for pore formation
or arises under the conditions of the in vitro studies undertaken (given that the interaction is
weak). For example, residue K37, which is proposed to be important for APA-1 dimerisation,
is highly conserved in the three amoebapore isoforms as well as SAPLIP members such as
caenopore 5, saposin C and NK-lysin (Figure 1.15), indicating this residue may play an
important role in APA-1 and SAPLIP protein functions. However, no evidence of dimerisation
(or dimerisation via K37) exists in the other amoebapore isoforms and SAPLIP members. In
addition, the closely related, non-pathogenic amoeba, termed E. dispar, possess orthologous of
amoebapores named disparpores [226]. Disparpore-A has significantly less pore-forming
activity, yet have near identical sequences when compared with APA-1 [226]. Four residues
are different between the two protein sequences, including a key change of E2 to P2. This
amino acid difference is significant because it would likely disrupt the proposed dimer models
as well as membrane binding activity. Hence, this single amino acid difference may represent
the primary reason for the lower activity of disparpore-A when compared with APA-1. Further
research into the functional role of E2 is required. As such, ten mutants were designed to
stabilise or disrupt the dimerisation models and will be used to characterise the importance of

dimer formation and APA-1 activity.
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3.4.2 Mechanism of amoebapore A activity
3.4.2.1 Lys residues

The pH-dependent activity of APA-1 clearly dictates that the ionisation states of charged
amino acids are responsible for APA-1 function. Positively charged Lys residues have been
shown to be essential in initial membrane binding, reflected by the selective binding to
negatively charged phospholipids [8, 30, 31], and the disruption of APA-1 activity upon
chemical modification of Lys residues [32]. However, the reported pKa range of Lys side-
chains is 5.7-12.1 [48], which do not lie in the active pH range of APA-1, suggesting the
ionisation state of Lys may play a negligible role in the pH-dependent activity. Nonetheless, to
study the residue specific function of Lys residues, their side-chain pKa values can be
calculated. This can be done using triple-resonance NMR spectroscopy by following the side
chain °N¢ (Lys) chemical shift [227]. However, such experiments can be difficult because of
possible protein aggregation at extreme pH values, which has been observed for APA-1 (data
not presented). As a complementary approach, site-directed mutagenesis of Lys residues can be

performed and the activity of the APA-1 mutants studied.
3.4.2.2 Asp residues

In contrast, given the reported side-chain pKa ranges for acidic amino acids and histidine
(0.5-9.2 for Asp, 2.1-8.8 for Glu and 2.4-9.2 for His), which do lie in the active pH range of
APA-1 where changes in pH shift protein activity from inactive to active states, it is likely that
the ionisation states of these amino acids are crucial in APA-1 function. Consequently, in this
chapter the pKa values of the acidic amino acids and His residue were determined using NMR
spectroscopy (Section 3.3.4). Using the calculated pKa values and structural data, further
insights describing how the ionisation states influence APA-1 activity and which residues are

linked to APA-1 pH-dependent activity can be identified.

The results showed that three side-chain pKa values were suppressed below the intrinsic value,
D25, D55 and D66. Taking D55 as an example, the side-chain pKa was calculated to be 3.09 £
0.12 at 1.0 mM with no significant variation at 0.1 mM (2.95 £ 0.12). D55 is located adjacent
to K56 in the APA-1 structure (Figure 3.20). According to the general rules for interpreting
side-chain pKa behaviours (Figure 3.18C), D55 may form a salt bridge with the side-chain of
K56. Such a non-covalent interaction may contribute to the stabilisation of the protein fold
[228]. Similar proximity features were observed for D25/K28 and D66/K64. Unfortunately, the
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position of the side-chain is not well defined (Figure 3.20), and the structure which was
resolved at pH 3.0 may not represent reliable side-chain positions at other pH values. Thus,
clear evidence that salt bridges were forming between these residues requires further studies.
This can be achieved by using a mutagenesis approach where the Lys residues are mutated and
the pKa values of the aspartic acid residues measured to determine any change in the pKa

values. A rise in the pKa value would indicate that the salt bridge was disrupted.
3.4.2.3 Glul6 and Glu62 residues

Residues E16 and E62 were observed to have elevated side-chain pKa values of 5.35 + 0.04
and 5.35 £ 0.05 at 1.0 mM, respectively. As previously reported in various proteins, residues
with unusual side-chain pKa values are normally located within active sites or important for
protein function [167-169]. No pronounced pKa shift was observed when the protein
concentration was lowered (5.38 + 0.03 for E16 and 5.49 + 0.03 for E62). This concentration
independence, suggests that the molecular origin for the elevated side-chain pKa is not linked
to APA-1 dimerisation. This is in agreement with the newly proposed dimer model (Figure
3.36) where the residues are located distal from the dimer interface. Therefore, the elevated

pKa must values are a likely consequence of the chemical environment of these two residues.
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Figure 3.36: Representation of residue E16 and E62 on the proposed new dimer model. Residues E16
and E62 are labelled in red and located distal from the dimer interface.

Based on the APA-1 structure, E16 and E62 are located in close proximity along with D63,
which also has a slightly elevated side-chain pKa (4.27 £ 0.07) (Figure 3.37). According to the
general rules for interpreting side-chain pKa behaviours (Figure 3.18B), deprotonation of these
residues would give rise to repulsive interactions, resulting in a negatively charged
environment that contributes to the elevated pKa values. APA-1 has the highest pore-forming

activity at pH 5.2 and the activity was dramatically reduced above 5.2, in particular between
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pH 5.2-5.5. The side-chain pKa values of E16 and E62 reside in this pH range, making these
two residues potential candidates responsible for stabilising/abolishing the pH-dependent
activity of APA-1. The region becomes more negatively charged upon deprotonation of the

residues, which may contribute to the loss of APA-1 activity.

Figure 3.37: Representation of the side-chains of E16, E62 and D63 in the APA-1 structure. The 20
lowest energy minimised structures are presented. The Glu (E16 and E62) and D63 residues are
respectively coloured in red and magenta. All three residues have elevated side-chain pKa values.

Interestingly, E16 and E62 are among the six charged residues which are conserved across the
amoebapore isoforms (Figure 1.4), suggesting they may be functionally important. Moreover,
similar to APA-1, saposin C and caenopore 5 which show pH-dependent activity and interact
favourably with negatively charged membranes, have the highest activity observed at pH 5.3
and 5.6, respectively [70, 229]. Intriguingly, a number of Glu residues in saposin C were found
to have elevated pKa values close to 5.5 [75], including E64 which is conserved with E62 in
APA-1 (Figure 3.38). Unusual side-chain pKa values (pKa = ~5) were also obtained for
residues E17 and E63 of caenopore 5, which are structurally conserved with E16 and E62 of
APA-1 (performed by Wei Li, School of Biological Sciences, The University of Auckland)
(unpublished data) (Figure 3.38). All the elevated side-chain pKa values are close to the
highest activity of these SAPLIP members, suggesting the ionisation state of the Glu residues
is a key determinant of protein activity. By mutating two glutamate residues in saposin C,
hence decreasing the overall negative charge of the protein electrostatic surface, stronger
interaction with membranes was observed. The result indicates that side-chain neutralisation of
Glu residues is essential for triggering saposin C-anionic lipd interaction [75]. In contrast, NK-
lysin [72] and granulysin [73], -whose ‘activities are’ pH-independent, display remarkable

positive surfaces which are postulated to drive membrane. destabilisation. via carpet-like
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mechanisms [77]. Interestingly, E16 and/or E62 of APA-1 are not conserved in these proteins,
indicating ionisation of acidic residues may be a unique feature for particular SAPLIP proteins
that present pH-dependent activity. Bioassays with mutated E16 and/or E62 should provide
insights about their roles in APA-1 activity.

APA-1 Saposin C Caenopore 5
E62 E64 E63
g 1
E16 g E17

Figure 3.38: Superimposed structures of APA-1, saposin C and caenopore 5. E16 and E62 are
structurally conserved in saposin C and caenopore 5.

3.4.2.4 His75 residue

The sole His (H75) has been hypothesised to be crucial in driving APA-1 dimerisation (Figure
3.37A) [24]. However, the chemical shift perturbation study showed that the resonance of H75
displayed no noticeable chemical shift change over the concentration range examined (Figure
3.8). In the new dimer model derived in this thesis, H75 is not located at the dimer interface
(Figure 3.39). The side-chain pKa of the H75 was calculated to be 7.29 + 0.07 at 1.0 mM,
elevated above the intrinsic value of 6.5 [43], and no noticeable variation of the pKa was
observed at a 10-fold lower concentration (7.19 + 0.07). In conclusion, the results showed that
the elevated pKa of H75 is not related to APA-1 dimerisation, but may play a role in the

membrane binding activity of this protein.

~Sfij75
;@ H75

Figure 3.39: Proposed APA-1 dimer structure. Residue H75 in each monomer is coloured in green.
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Chemical modification of H75 removes pore forming activity [32] and the residue is highly
conserved across the amoebapore isoforms, suggesting the residue is functionally important. In
addition, the elevated side-chain pKa of H75 suggests that charged form of the residue is
favoured in APA-1 and the pKa is close to the pH range of 6.5-7, where APA-1 abruptly loses
its association with membranes [32] (Section 1.2.4). This suggests that deprotonation of H75
may be a key determinant for APA-1-membrane interaction. Based on the APA-1 structure,
H75 is located close to K48 and K73 (Figure 3.40). At pH values well below 7, the protonated
H75 together with K48 and K73 may form a positively charged cluster, which facilitates the
interaction between APA-1 with an anionic membrane. Upon deprotonation of H75, the overall
electrostatic surface charge of APA-1 is reduced (coupled with the deprotonation of Asp and
Glu residues), which may be partly responsible for the loss of APA-1-membrane interactions.
Based on the sequence alignment of SAPLIP members, the positive charge at position 75 in
APA-1 is conserved in saposin C, NK-lysin and granulysin (Figure 1.13). Intriguingly, the H75
in APA-1 is replaced with Lys and Arg residues in NK-lysin and granulysin, respectively. The
much higher intrinsic pKa values of Lys and Arg (10.4 and 12.0)[43] dictates that these
residues are always protonated over a wide pH range, which may be responsible for the pH-
independent activity of these two proteins. To further examine the role of H75, site-directed

mutagenesis studies are required.

H75
pKa =7.3

K48
K73

Figure 3.40: Representation of the side-chains of H75, K48 and K73 in APA-1 structure. The 20 lowest
energy minimised structures are presented. The side-chains of His and Lys are respectively coloured in
green and blue. The side-chains of these three residues are located close to each other.
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Interaction of amoebapore A with model

membranes
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4.1 Introduction

4.1.1 Amoebapore A against membranes

Chapter 1 and 3 showed that APA-1 is an AMP that destroys cells via a pH-dependent
mechanism. It is postulated that APA-1 dimers aggregate on the target membrane, and once a
threshold protein concentration is reached the dimers assemble to a pore-like structure in the
membrane [24]. There is, however, no evidence of APA-1 pore-formation and molecular

information describing the membrane binding mechanism of APA-1 is missing.

A range of biophysical techniques such as quartz crystal microbalance and neutron
reflectometry have been used to determine what mechanisms are implemented by membrane
binding proteins. Since biological cellular membranes are complex, difficult to study, and
challenging to prepare in vitro, simpler biomimetic membrane models, which still capture
important biological characteristics, such as lipid composition, charge and fluidity, are
commonly used. Changes in the property of different membrane models upon interaction with

APA-1 can be readily assessed using model membrane systems.
4.1.2 Quartz crystal microbalance with energy dissipation

Quartz crystal microbalance (QCM) is a highly sensitive instrument to investigate adsorption
and binding events to surfaces. It is well suited for the investigation of the interactions between
protein and phospholipid in situ [230-234]. Information about the formation of membranes and
the mass and structural changes occurring to the membrane upon protein binding can be
obtained in real-time [230]. The method relies on the piezoelectric effect of a quartz crystal
(e.g., silicon) sandwiched between electrodes (e.g., gold). When a voltage is applied across the
quartz crystals, a mechanical stress is induced. Alternating the applied voltage causes the
crystal to oscillate at its fundamental resonance frequency and harmonics of the fundamental
frequency. The measured frequency is dependent on the amount of mass adhered to the crystal
surface. Therefore, mass change induced by phospholipid membrane deposition onto the
crystal and protein adsorbed can be probed by measuring the change in frequency based on the
Sauerbrey relation (Eq. 4.1) [235]:

Eqg. 4.1
AF=-C¢- Am
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where AF is the change of frequency (Hz), Cs is the sensitivity factor of a crystal, and Am is the
change of mass per area (ng cm2). The C; for a 5 MHz quartz crystal at room temperature is
56.6 Hz cm? g ™. A decrease of the resonance frequency is an indicator that the adhered mass
has increased [235]. However, the Sauerbrey relation is only valid for rigid and homogeneous
films, and hence is not appropriate for loosely structured mass that is adhered to the surface, for
example, a disrupted membrane surface. To overcome this problem, a QCM with energy
dissipation (QCM-D) is introduced. The instrument monitors the dissipation factor (D) to
measure the energy loss of an adsorbed film. A driving alternating voltage is removed
periodically (approximately once per second) to measure the energy damping of the crystal into

the surrounding environment. The dissipation factor can be calculated using Eq. 4.2 [236],

Eqg. 4.2
D= Edissipated / (27 Estored)

where Egissipated 1S the energy lost from the crystal during a single resonance after the voltage is
removed, and Esreq 1S the initial energy of the crystal. The D is an indicator of how a crystal
oscillation decays after the driving voltage is removed, hence, giving information about the
viscoelastic properties of a film. A high D value indicates that energy is lost from the surface
quickly, suggesting a thick, soft or loose film; whereas a low D implies the formation of a rigid
and compact film [237]. The penetration depth of the harmonic waves is inversely proportional
to the resonance frequency of the wave [238]. Therefore, higher harmonics probe closer to the
surface of the quartz crystal, whereas lower harmonics probe closer to the bulk solvent. By
combining the measured F and D at different harmonics, 3D information of the mass and
viscoelasticity change of a film before and after protein adsorption can be obtained [230]. This

information can be used to model the protein mechanisms.

In addition, a change of resonant frequency versus a change of energy dissipation plot (4F-4D
plot) at all harmonics provides useful information about the complexity of the adsorption
process [237]. The AF values are plotted reversely on the x-axis to reflect mass increase, and
the AD values are plotted on the y-axis (Figure 4.1). The AF-4D plot consists of a number of
discrete points, and each data point refers to the AF and 4D values at a particular time point,
and the point (0,0) corresponds to time 0 [237]. Once the QCM-D measurement starts, the data
points shift. The plot is able to show how the structure of the membrane changes upon mass
addition. A change in the direction of the trace suggests a different process is occurring. A
linear relationship indicates a single mechanism whereas a more complex relationship indicates

that different processes are involved. In addition, kinetic information can be extracted from the
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plots. The data points are acquired about every second, therefore dispersed data is an indicator
of a rapid process whereas closely spaced data suggests a slow process [237]. The traces can be
used to give a more comprehensive fingerprint for understanding the protein-membrane

interactions.
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AD [10]
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Figure 4.1: A schematic diagram interpreting the AF—AD plot. Data points on the plot pointing south
suggest that the process is causing the surface to become more rigid; conversely, data points pointing
north suggest that the surface is loose. Data points moving east indicate adsorption of mass onto the
surface whereas data points moving west indicate mass lost from the surface. The picture was made
according to [239].

4.1.3 Neutron reflectometry

Neutron reflectometry is used to structurally characterise protein adsorption onto a flat
membrane under a wide range of environments [240-243]. Neutron reflectometry probes
variation in the neutron scattering length density (SLD) of a film perpendicular to a surface
with molecular resolution. The neutron source produces beam of neutrons that is highly
collimated and strike on a flat film at a known angle () beyond the critical angle for total
external reflection with incident neutron beam intensity (I;) and wavelength A (A) (Figure 4.2).
Materials which are highly transparent to neutrons, flat, and smooth (e.g., polished silicon
crystals) are usually used as solid substrates for membrane deposition so that the membrane-
lipid interface can be approached through the solid surface to avoid scattering in the bulk
solution. Low-energy neutrons are non-destructive and thus impact no physical damage to a
sample in comparison to X-ray scattering. Some incident neutrons are transmitted through or
absorbed by the sample, whereas other neutrons are reflected. The intensity of the reflected
neutrons (I,) is detected and reflectivity (R) is measured as the reflected intensity relative to the

incident intensity (R = I, / I;). The wave-vectors k; and k; define the incident and reflected
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beams, respectively. The momentum transfer vector (Q) that is perpendicular to the surface is

the difference in the wave-vectors and can be calculated using Eq. 4.3:

Eq. 4.3
Q=4nsind/A

Thus the reflectivity can be measured in two ways: either by a single 4 and different &, or using
a fixed ¢ and different 1 to cover a desired Q range. High Q data is essential in neutron
reflectometry experiments because the data can provide molecular resolution. The reflectivity
R is measured as a function of Q. From Q = 0 to Q. (Q at critical angle), there is absolute
reflectivity followed by a rapid decline beyond Q, yielding a reflectivity profile R(Q) [240-243]
that can be defined using Eq. 4.4:

Eq. 4.4
R(Q) = (16 % Q%) / p(2)|

where [p(z)| is the Fourier transform of the SLD. The SLD of a film with known composition
and density can be defined as:

Eq. 4.5
SLD = NAbi Pi / Mi

where Na is Avagadro’s constant, b; is the neutron scattering length of component i with mass
density p; and atomic mass M;. Consequently, the R(Q) profile contains information of the SLD
gradient within the interface and the SLD gradient contains information of the thickness,
density and roughness of the interfaces [244].

Neutron source Q Detector

________________________________________

Incident neutron . Scattered neutron

J

Film
Substrate (e.g., Si)

Figure 4.2: A schematic diagram representing reflectivity experiments performed on a thin film.
Substrate is used for film formation. An incident neutron bream strikes the surface at reflected angle 6.
The momentum transfer Q is the difference between vectors k; and k.
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A unique set of structural parameters of an interface cannot be directly determined from a
single reflectivity measurement because phase information in the reflected waves is lost
(known as the ‘phase problem’). Consequently, the R(Q) data cannot be directly inverted —
there is a number of equally valid p(z) profiles that will give the same reflectivity. Therefore, it
is customary to model the SLD profile as a set of homogeneous layers on a surface. Each layer
is defined with parameters of film thickness (d), interfacial roughness (¢) and the SLD. The
parameters are then adjusted until the calculated reflectivity agrees well with the measured R(Q)
[244]. Naturally, this gives rise to some uncertainty about the uniqueness of the model fit -
neutron reflectometry is able to reduce this ambiguity using isotopic hydrogen and deuterium
(H/D) substitution in the solvents to create enhanced contrast variation because the nuclei of H
and D scatter neutrons with opposite phase [240-243]. The SLD values of a few common
nuclei present in proteins and lipids are listed in Table 5.1. Moreover, by isotopically
deuterating different components in a complex planar surface, different contrast variation can
be achieved to obtain structural information of the interaction interface such as the relative
location of lipids and proteins in a protein-membrane complex system. However, some protein-

lipid membranes may be too delicate for the physical exchange from H to D [240-242, 245].

Table 5.1: The scattering length, b, of common nuclei [246].

Nucleus Scattering length / fm
H —3.74
’D 6.67
2c 6.65
o) 5.80
BN 6.44
g 2.80

4.1.4 Aims

The research aim of this chapter is to prepare various membrane models with different
properties, such as charge, composition and fluidity, and characterise the interactions of APA-1
with the membrane models using QCM-D and neutron reflectometry under different solvent
conditions. The information enables a critical assessment of the proposed mechanisms of APA-

1 activity, and lays the framework for further studies of APA-1-membrane interactions.
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4.2 Methods and Materials

4.2.1 Liposome preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-
rac-(1-glycerol) (DMPG), 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhyPC), 1,2-
dipalmitoyl-sn-glycero-3-(1’-rac-glycerol) (DPPG), 1-palmityol-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmityol-2-oleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (POPG)
and E. coli polar lipid extract were purchased from Avanti Polar Lipids (Alabaster, USA).
Chloroform, methanol, sodium citrate and disodium hydrogen phosphate (NaPi) were
purchased from Sigma-Aldrich Co. (St.Louis, USA). All solutions were filtered through a 0.22

pum nitrocellulose membrane.

Ten milligrams of each lipid was dissolved in chloroform/methanol (75:25 v/v) to create 10
mg/ml individual stock solutions. The stock solutions were mixed in glass tubes to the desired
molar ratios. The solvent was evaporated under a gentle stream of N, gas and fully dried
overnight under vacuum. The dried lipids were re-suspended in 10 mM sodium citrate/NaPi
(pH 5.2 or 8.5) and 150 mM NacCl to give a concentration of 0.5 mg/ml. This was followed by
vigorous mixing until homogenous solutions were achieved. The lipid solutions were incubated
in a water bath at 50 °C for 30 min then sonicated using a probe sonicator (ThermoFischer
Scientific, Waltham, USA) at 3 W for cycles of 10 sec sonication with 10 sec delays in
between. This avoided sample heating and was continued until a clear solution was observed.
The lipid solutions were further diluted in the same buffer to 0.1 mg/ml. Brief sonication was
required before use. Seven lipid solutions were prepared: DMPC, DMPC:DMPG (2:1),
DPhyPC, DPhyPC:DPPG (2:1), POPC, POPC:POPG (2:1) and E. coli polar lipid extract.

4.2.2 Protein preparation

APA-1 was expressed from a cell-free protein expression system and purified as described in
Chapter 2. The purified protein was lyophilised and re-dissolved into small volume of ultra-
pure water to ~1.0 mM. The protein concentration was determined by UV absorption with &g
= 1865 M™ cm™. The protein solution was aliquoted and diluted with 10 mM sodium
citrate/NaPi in either H,O (for QCM-D experiments) or in D,O (for neutron reflectometry
experiments) to the desired concentrations and pH. values. (with pH adjusted in the D,O

solutions accordingly to reflect the.difference in pH and pD, iies pD =pH.+0.4 [247]).
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4.2.3 Quartz crystal microbalance with dissipation

Silicon/silicon oxide (Si/SiO,) crystals with deposition area of 1 cm?® were purchased from
ATA Scientific (Sydney, Australia). Before use, they were thoroughly cleaned using a Bioforce
UV tip-cleaner (BioForce Nanoscience Inc., Ames, USA) for 15 min, incubated in 2% (v/v)
Hellmanex for 10 min at room temperature, washed extensively in ultrapure water and dried
under a gentle stream of N, gas followed by cleaning in the Bioforce UV tip-cleaner for
another 15 min. The cleaned crystals were assembled in the QCM-D system which can hold
four crystals and rinsed with 2.5 ml of ultra-pure water at 500 pl/min, 2 ml of Hellmanex
detergent solution, 2 ml of HPLC grade ethanol followed by another 2 ml of ultra-pure water at
200 pl/min. Finally the system was equilibrated with 2 ml of 10 mM sodium citrate/NaPi
buffer and 150 mM NacCl at 200 pl/min.

QCM-D measurements were carried out using a Q-SENSE E4 system (Gothernburg, Sweden)
which has four chambers for sensor crystals and the deposition of materials and flow rates
controlled by a peristaltic pump. The changes of resonance frequency and energy dissipation
upon mass deposition were measured simultaneously at seven different overtones of the natural
frequency (5 MHz) to provide more structural information on different layers attached to the
crystal surface. Measurements at the first overtone were not considered due to their high
sensitivity to bulk solution changes and thus high fluctuations. All experiments were performed
at 25 °C.

To determine the structural changes of the membranes upon APA-1 binding, the formation of
lipid bilayers on the solid supported surface were initially assessed using QCM-D. Four
different bilayers mimicking eukaryotic and prokaryotic bilayers on surfaces were chosen,
DMPC, DMPC:DMPG (2:1), DPhyPC and DPhyPC:DPPG (2:1). The bilayer formations were
prepared by in situ liposome deposition onto a Si/SiO, surface. QCM-D cells were pre-
equilibrated with buffer (10 mM sodium citrate/NaPi, 150 mM NaCl, pH 5.2 or 8.5). Eight
hundred and fifty microliters of a 0.1 mg/ml vesicle solution was flowed over the surface at 50
pl/min for deposition and allowed to incubate for 1 h to achieve a stable baseline. Stable base
line at AF = —20 to —25 Hz and AD < 1 should be achieved after the incubation period,
indicating the formation of a stable bilayer with negligible viscoelasticity and low defects [237].
Such bilayer formations were observed for DMPC and DPhyPC:DPPG (2:1) lipids. Figure 4.3A
demonstrates a QCM-D profile for the formation of a DPhyPC:DPPG (2:1) bilayer. Firstly the

frequency and dissipation reached extreme values (—58 Hz and 2.8 x 10®, respectively),
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reflecting fusion of the vesicles onto the surface. The frequency and dissipation profiles then
started to stabilise to values of —22 Hz and zero, respectively, corresponding to the spontaneous
rupture of the vesicles and lipid bilayer formation [248]. Rinsing with 850 uL of buffer at 50
pl/min was applied to remove excess lipid material and a stable bilayer on the surface was
achieved.

If after the incubation period the values are greater than those quoted above (AF = —20 to —25
Hz and AD < 1), then intact vesicles are bound to the surface. To rupture the vesicles a 2.0 M
NaCl wash was required (850 ul at 50 pl/min) followed by the buffer wash to leave a stable
bilayer membrane on the surface. The extra vesicle rupture step was required for bilayer
formation using DPhyPC and DMPC:DMPG (2:1) lipids. Figure 4.3B illustrates DMPC:DMPG
(2:1) bilayer formation as an example. A thick layer of intact vesicles were deposited onto the
Si/SiO, surface indicated by the low frequency value of —60 Hz. A solution of 2 M NaCl was
applied to help rupturing the vesicles. After rinsing the surface, the frequency slowly
equilibrated to —22 Hz, suggesting the formation of a stable bilayer. Consistent frequency and
energy dissipation at different overtones shows that a rigid and compact film has formed (Figure
4.4).

After the formation of the bilayers, 180 uL of APA-1 at the desired pH value (5.2 or 8.5) was
injected into the chambers at 50 pl/min. Peptide that remained in the dead volume of the flow
system was introduced into the chamber by injecting a small amount of buffer (180 ul)
immediately after APA-1 addition. The protein was incubated with the membranes for at least
20 minutes until a stable base line was reached and then excess APA-1 was removed by a buffer
rinse. All frequency and energy dissipation were followed in real-time. The original data were
plotted and analysed using Igor Pro 6.22A (WaveMetrics Inc., Lake Oswego, USA). QCM-D
experiments were repeated between 4 to 6 times and reproducible data were obtained. All

QCM-D experiments were performed at ANSTO (Sydney, Australia).
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Figure 4.3: The changes of the resonant frequency and energy dissipation versus time for vesicle
deposition onto the Si/SiO, surfaces. Panel (A) represents DPhyPC/DPPG bilayer formation and panel
(B) represents DMPC/DMPG bilayer formation.
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Figure 4.4: The changes of resonant frequencies (F) and energy dissipations (D) versus time for
DPhyPC:DPPG (2:1) bilayer formation on the Si/SiO, surface at different overtones. Consistent
frequency and energy dissipation at different overtones indicate formation of a rigid membrane.
Processes (A)—(D) respectively correspond to initial equilibrium of the Si/SiO, surface, vesicle
deposition, vesicle rupture and bilayer formation.

4.2.4 Sample preparation for neutron reflectometry.

The silicon oxide wafers for neutron reflectometry experiments were thoroughly rinsed with
ultra-pure water and ethanol, dried with air and cleaned in a UV-ozone chamber (Jelight
Company Inc., Irvine, USA) for 15 min. Vesicle solutions were prepared in the same way
as stated in the QCM-D experiments and the same buffer was used. The silicon oxide
wafers were heated to ~50 °C then rinsed with 1.5 ml of 10 mM sodium citrate/NaPi buffer
with 150 mM NaCl (pH 5.2 or 8.5). One millilitre of each of the vesicle solutions were
slowly deposited onto the wafers and incubated for 1 h. Two millilitres of 2 M NaCl was
then applied to DMPC:DMPG (2:1) and DPhyPC membranes to facilitate the rupture of the
vesicles, and therefore the formation of a complete and stable lipid bilayer. All membranes
were equilibrated with 5 ml of 10 mM sodium citrate/NaPi buffer in D,O (pH 5.2 or 8.5).
When the wafers were cooled to room temperature, 800 ul of APA-1 in the D,O buffer was
slowly applied to the wafers immediately followed by injecting another 300 pl of D,O buffer to
push the protein solution from the tube onto the silica surface. Measurements were performed

after incubating APA-1 with membranes for 30 min and rinsed with buffer.
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4.2.5 Neutron reflectometry

Neutron reflectometry data were collected from supported lipid membranes using the
Platypus time-of-flight neutron reflectometer at the OPAL 20 MW research reactor
(ANSTO, Sydney, Australia) [249, 250]. Cold neutron pulses of bandwidth 2.8 A < 1 <
18.0 A and 23 Hz frequency were generated using a boron-coated disc chopper system in
the low resolution mode (AA/A = 7%). Direct and reflected beam spectra were recorded
using a two-dimensional helium-3 neutron detector. All measurements were carried out at
room temperature (25 °C). Reflected beam spectra from the supported lipid bilayers were
collected at #; = 0.45° for 10 minutes, ¢, = 1.6° for 20 min and at 83 = 5.0° for 1 h.
Constant illumination of the sample was achieved using collimating slits set at 37 mm wide
x 0.25 mm high for 6;, 37 mm wide x 0.88 mm high for 6, and 37 mm wide x 2.74 mm
high for 6;. Direct beam measurements were collected in transmission mode through the Si
blocks under the same collimation conditions as for 6y, 6, and 63 for 5, 10 and 4 minutes,

respectively.

Direct and reflected beam time-of-flight spectra were reduced using the SLIM software
[251] that runs within the Igor Pro data processing environment (IGor Pro, WaveMetrics
Inc., Lake Oswego, USA). Analysis of the neutron reflectivity profiles were performed
using the MOTOFIT analysis program, with data presented as a function of the momentum
transfer normal to the surface (Q = 4z sin 8 /4). A ~22 A thick oxide layer on the surface of
the Si substrates was included in each of the structural models. The supported bilayer
membranes are described by a three-layer model consisting of a headgroup near the
Si/SiOx surface, a tail layer that encompasses both acyl leaflets of the bilayer and a second
headgroup at the solution interface. Structures were refined by varying the scattering length
density, thickness and roughness between adjacent layers, and a Levenberg-

Marquardt/Genetic algorithm used to minimize values of *.
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4.3 Results

4.3.1 Quartz crystal microbalance with energy dissipation

The frequency and energy dissipation changes in the QCM-D profiles in response to the
binding of 5 uM APA-1 to the DMPC, DMPC:DMPG (2:1), DPhyPC and DPhyPC:DPPG (2:1)
bilayers were assessed. The QCM-D penetration signal is approximately 0.25 pum in water
[252], allowing the detection of both bilayer and APA-1 bound to the surface of the bilayer.
Two pH values were used to investigate the interactions: pH 5.2, where APA-1 is most active;
and pH 8.5 where the protein has been shown to be inactive [32]. APA-1-membrane
interactions at pH 3.0 were not performed because preliminary result showed that formation of
a stable bilayer could not be achieved under acidic conditions. Only the frequencies and energy

dissipations at the 7" overtone are presented in figures, unless otherwise stated.

Changes in the lipid bilayer architecture upon addition of APA-1 were investigated at 25 °C.
Figure 4.5 represents the changes of membrane properties upon binding of 5 uM APA-1. APA-
1 was observed to have the most pronounced effect on the DPhyPC:DPPG (2:1) bilayer. In
comparison with other membranes, binding of APA-1 led to significant mass removal from the
membrane, reflected by the increase of resonant frequency. The interaction of APA-1 with the
DPhyPC:DPPG (2:1) bilayer was repeated at pH 8.5. No binding was observed, in agreement
with the previous study showing that APA-1 completely lost its association with liposomes at
pH above 7 [32]. Minor changes were detected for the DMPC, DMPC:DMPG (2:1) and
DPhyPC bilayers upon addition of 5 uM APA-1. A slow increase of the resonant frequencies
was observed for the DPhyPC and DMPC:DMPG (2:1) bilayers and a decrease of resonant
frequency was observed for the DMPC bilayer. These subtle changes are comparable to the
lower end of the sensitivity of QCM-D (x 1 Hz), and are thus not considered to be significant.
More discussion will be given in the AF—AD plots analysis.
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Figure 4.5: Time-dependent changes in the resonant frequency for different membranes upon binding
of 5 uM APA-1. Binding of APA-1 caused the most significant mass removal on the DPhyPC:DPPG
(2:1) bilayer at pH 5.2. Frequency changes at the 7" overtone are presented. Time 0 is the point when
APA-1 was injected to the QCM-D system.

To further analyse the structural changes to the DPhyPC:DPPG (2:1) bilayer upon binding of
APA-1, frequencies and energy dissipations at different overtones of the natural frequency of
the QCM-D sensor crystal are presented in Figure 4.6. Such an examination allows a more
complete characterisation of the mass and viscoelasticity properties of the membrane as a
function of distance from the surface. A representative set of the third, fifth, seventh, ninth and
eleventh overtones of the frequency and dissipation for the DPhyPC:DPPG (2:1) bilayer with
APA-1 bound is shown in Figure 4.6. The first overtone was not used because it probes mostly
the bulk solution and thus gives fluctuating data. It was observed that upon APA-1 binding, the
frequencies measured by all overtones decreased to the same level, suggesting the structural
characteristics were the same across the entire thickness of the membrane. This may be an
indicator of a vertical transmembrane insertion [230]. Immediately after the insertion process,
mass gain and removal was observed at different overtones followed by removal of
considerable amount of lipid materials from the bilayer, as indicated by the increased
frequencies at all overtones. The frequencies at different overtones became widely dispersed
after APA-1 binding, suggesting different amounts of mass were removed from different layers
of the membranes hence an asymmetrical disruption mechanism. Dispersed energy dissipation
was also observed, reflecting different viscoelasticity properties at different layers on the

surface. The third overtone showed the most pronounced change of both resonant frequency
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and energy dissipation, suggesting the most significant change occurred closer to the surface of
the membrane and the layer is loose and soft (disordered). No pronounced change was

observed after rinsing the surface with buffer.
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Figure 4.6: Time-dependent changes in the frequencies (F) and energy dissipations (D) on the
DPhyPC:DPPG (2:1) bilayer upon binding of 5 pM APA-1. Consistent changes in frequency and
energy dissipation at different overtones followed by a divergent change suggests a transmembrane
insertion followed by an asymmetrical membrane disruption and lose of membrane rigidity. Time 0O is
when APA-1 was added.

To further understand the binding mechanism of APA-1 with membrane models, AF—AD plots
were performed for all the QCM-D profiles. It was observed that APA-1 interactions with both
DMPC and DMPC:DMPG (2:1) bilayers resulted in a one phase adsorption mechanism,
indicated by the single black arrows (Figure 4.7). The interaction of APA-1 with a DMPC
bilayer can be represented by a north-east arrow (Figure 4.7A), which, according to Figure 4.2,
is interpreted as an increase in mass of the membrane with a corresponding loss of rigidity. The
AF—AD plot of the 3" overtone displayed the greatest change to the membrane upon APA-1
interaction, whereas no pronounced change was observed at the 11" overtone. This indicates
that binding of APA-1 has caused minor changes to the surface of the DMPC bilayer: a subtle
amount of APA-1 was bound to the surface of the membrane and slightly reduced the surface
membrane rigidity. However, since both the frequency and dissipation variations were small,
the process could also be due to an apparent effect caused by a difference in density or
viscosity of the protein solution being introduced in the QCM-D chamber. Overall, the

observations clearly showed that APA-1 interactions with a PC-type membrane were weak and
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transient, and did not lead to dramatic changes in the overall architecture of the DMPC bilayer.
In contrast, the interaction of APA-1 with a DMPC:DMPG (2:1) bilayer clearly showed that
APA-1 bound to the membrane and a mass increase was observed without any major change in
energy dissipation (Figure 4.7B).
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Figure 4.7: AF-AD plots representing the interaction of 5 uM APA-1 with (A) DMPC, and (B)
DMPC:DMPG (2:1) membranes at pH 5.2. To assist with the interpretation, arrows representing the
mechanism process are shown.

Figure 4.8 shows the AF—AD plots of APA-1 interacting with DPhyPC and DPhyPC:DPPG
(2:1) membranes. Similar to Figure 4.7A, binding of APA-1 did not cause pronounced changes
in the frequency or energy dissipation to the DPhyPC membrane (Figure 4.8A). The processes
at the 3 and 5™ overtone and the 7", 9" and 11" overtones present opposite results. The
processes indicated by the 3™ and 5™ overtones can be interpreted by a north-east arrow
suggesting the addition of mass and a reduction in membrane rigidity, whereas the processes

for the remaining overtones indicate a reduction in mass and an increase in membrane rigidity.
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However, the frequency changes of the 7", 9™ and 11" overtones were at the lower end of the

sensitivity of QCM-D and are thus not considered to be significant.

From the AF—AD plot of the DPhyPC:DPPG (2:1)-APA-1 interaction, three distinct turning
points were observed suggesting that four mechanistic processes were involved (labelled as 1,
2, 3 and 4 in Figure 4.8B). The first process involved a mass gain through the entire thickness
of the membrane without affecting the membrane rigidity, similar to what was observed for the
interaction of APA-1 with the DMPC:DMPG (2:1) membrane. Immediately after the initial
insertion, the observed direction of change indicates more mass is present on the membrane
with a corresponding reduction in membrane rigidity. The processes of the five overtones do
not overlap but rather they are divergent. The 3 and the 5™ overtones, which probe further
from the crystal surface, show the greatest addition of mass, suggesting that more mass is
associated towards the top of the membrane [230]. During the third process, represented by a
north-west arrow, mass is rapidly lost from the membrane and the membrane became even less
rigid. Similar frequency changes were observed for all overtones suggesting that APA-1 has
disrupted the membrane across the whole bilayer. The lower overtones also showed a greater
increase of dissipation, suggesting more pronounced loss of membrane rigidity. Finally, the
fourth process involves very slow mass gain, more pronounced on the lower overtones. No
noticeable change of energy dissipation was observed, indicating stabilised membrane rigidity.
This process is consistent with a rearrangement of the protein and lipid remaining on the
surface [239]. Since DPPG has a gel-liquid phase transition temperature of 41 °C [253],
performing the interaction at room temperature would result in the coexistence of gel-phase
DPPG and liquid-phase DPhyPC (gel-fluid phase transition temperature = —140°C [254]) lipids.
This may lead to the formation of phase segregation between the lipid domains, thereby
creating membrane packing defects. The defects may facilitate interaction of APA-1 with the
DPhyPC/DPPG membrane. In addition, the interaction may also be facilitated by membrane
defects formed by the mixture of PG and the steric hindrance covered by the methyl groups on
DPhyPC. In contrast, the AF—AD plot for the APA-1-DPhyPC:DPPG (2:1) interaction at pH
8.5 shows no pronounced AF and AD changes (Figure 4.8C).
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Figure 4.8: The AF-AD plots representing the interaction of APA-1 to (A) DPhyPC, (B)
DPhyPC:DPPG (2:1) bilayers at pH 5.2, and (C) DPhyPC:DPPG (2:1) bilayer at pH 8.5. No
pronounced changes in the signals at pH 8.5 were observed. To assist with the interpretation, arrows
representing the number of processes are shown.
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Moreover, it was found that APA-1 interacted strongly to loosely deposited phospholipids.
Two DPhyPC membranes were prepared with and without using the 2 M NaCl rinsing step,
which is critical for the formation of a complete DPhyPC bilayer. Consequently, two DPhyPC
membranes were obtained with resonant frequencies at levels of —21.5 Hz and —42.5 Hz,
suggesting the formation of a complete bilayer and a surface with loosely deposited
phospholipids, respectively. Interactions of 5 uM of APA-1 with both membranes were
investigated at pH 8.5 (Figure 4.9). No change in the resonant frequency of the complete
DPhyPC membrane was observed upon addition of APA-1, consistent with the previous results
showing that APA-1 does not associate with phospholipid at pH 8.5. In contrast, addition of
APA-1 to the thick and loosely attached DPhyPC membrane resulted in the distinct removal of
lipid from the surface. Interestingly, such disruption has led to the formation of a more
complete DPhyPC bilayer reflected by a resonant frequency value equilibrated at —22.5 Hz.
The corresponding AF—AD plot of APA-1 interacting with the loosely packed membrane is
shown in Figure 4.10. A single process was observed and represented by a south-west arrow.
The remarkable increase of resonant frequency and decrease of energy dissipation suggest
rapid loss of lipid material and increased membrane rigidity. The slightly separated traces
indicate that more mass is removed towards the surface of the membrane. Clearly, the result
has shown that the introduction of APA-1 has caused an instantaneous removal of the loosely
attached DPhyPC from the surface and the membrane structure becomes more rigid and
compact presumably because of rearrangement of the lipid remaining on the surface. Based on
these results, it is proposed that APA-1 is capable of effectively binding to loosely attached
phospholipids thus facilitating the removal of lipid material. The experiment was repeated
using a DMPC:DMPG (2:1) membrane at pH 8.5 and the same result was obtained.
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Figure 4.9: Time-dependent changes in the QCM frequency value of the DPhyPC membranes upon
binding of 5 uM APA-1 at pH 8.5. The addition of APA-1 to loosely deposited phospholipids caused

significant mass removal, leading to bilayer that is compact and stable. Time 0 is when APA-1 was
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Figure 4.10: The AF-AD plots representing the interaction of APA-1 to loosely attached DPhyPC
phospholipids at pH 8.5. To assist with the interpretation, arrows representing the mechanism process
are shown. The binding caused significant mass removal and increased the rigidity of the membrane.

4.3.2 Neutron reflectometry

Based on the QCM-D results, neutron reflectometry experiments were performed to study the
changes to model membrane properties caused by APA-1 association. By varying lipid
compositions APA-1-membrane interactions were modulated. Seven different membrane

models were used: DMPC, DMPC:DMPG (2:1), DPhyPC, DPhyPC:DPPG (2:1), POPC,
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POPC:POPG (2:1) and an E. coli polar lipid extract on Si/SiO, supported surfaces. The
POPC/PG membrane models and the membrane prepared from the E. coli polar lipid extract
were chosen to study the impact of unsaturated membranes and natural lipids on APA-1-
membrane interaction. APA-1 solutions were introduced to the membrane at pH 5.2. Figures
4.11 shows the measured and fitted reflectivity profiles and the corresponding SLD profiles
before (blue) and after (red) incorporation of APA-1 to (A) DMPC and (B) DMPC:DMPG (2:1)
membranes. Fitting the reflectivity curves of the membrane gave a membrane thickness of ~30
and ~35 A, respectively, slightly thinner than the previously stated thickness [255]. Comparing
the SLD profiles before and after binding of APA-1, it was observed that subtle mass
adsorption was obtained for both membranes. This is consistent with the previous results
obtained using QCM-D, which is a technique that is more sensitive to small mass changes

when compared with neutron reflectometry.
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Figure 4.11: Reflectivity modelling of APA-1 binding to DMPC and DMPC:DMPG (2:1) membranes.
(A) & (B) are the SLD and reflectivity profiles of the APA-1 interaction with DMPC and
DMPC:DMPG (2:1) membranes, respectively. Data recorded in D,O is presented. Subtle mass
adsorptions were observed on both membranes.
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Figure 4.12 shows the reflectivity modelling of the interactions between APA-1 and (A)
DPhyPC and (B) DPhyPC:DPPG (2:1) membranes. The membrane thickness were modelled to
be ~31 and ~34 A. Noticeably, the DPhyPC:DPPG (2:1) membranes were found to have
defects, reflected by the membrane SLD value that is slightly above the average SLD value of
lipid membranes (i.e., ~0.4 -10°° A" [256]). This indicates the presence of solvent in the
membrane. The defects are likely due to lipid domains formed by mixing the gel-phase DDPG
and liquid-phase DPhyPC lipids, as described in Section 4.3.1. Near identical SLD profiles
were obtained for the DPhyPC membrane in the absence and presence of APA-1, suggesting
that negligible changes had occurred to the membrane when APA-1 was present. This
observation showed that APA-1 does not interact with the DPhyPC membrane. In contrast,
injection of 5 uM APA-1 has caused the most pronounced membrane disruption to the
DPhyPC:DPPG (2:1) membrane. Based on the SLD profile, the thickness of the membrane was
modelled to have decreased by ~6 A. Intriguingly, binding of APA-1 has reduced the solvent

content which was originally present in the bilayer, suggesting a more compact packing of the

membrane.
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Figure 4.12: Reflectivity modelling of APA-1 binding to DPhyPC and DPhyPC:DPPG (2:1)
membranes. (A) & (B) are the SLD and reflectivity profiles of the APA-1 interaction with DPhyPC and
DPhyPC:DPPG (2:1) membranes, respectively. Data recorded in D,O is presented. Disruption and
material removal from the DPhyPC:DPPG (2:1) membrane was observed upon injection of APA-1.
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The interaction of APA-1 with POPC and POPC:POPG (2:1) membranes were examined.
Thickness of ~36 A and ~38 A were respectively obtained for the POPC and POPC:POPG (2:1)
membranes. Figure 4.13 shows that APA-1 did not cause any change to the POPC membrane
and subtle mass adsorption was observed for the POPC:POPG (2:1) membrane, similar to the
results obtained for the DMPC:DMPG (2:1) membrane.
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Figure 4.13: Reflectivity modelling of APA-1 binding to POPC and POPC:POPG (2:1) membranes. (A)
& (B) respectively represent the SLD and reflectivity profiles of APA-1 interaction with POPC and
POPC:POPG (2:1) recorded in D,O. Subtle mass adsorption was estimated on the POPC:POPG (2:1)
membrane upon introduction of APA-1.

An E. coli polar lipid extract which contains ~33% negatively charged lipids (67% PE, 23.2%
PG and 9.8% CA (w/w)) was used to study the incorporation of APA-1. Interestingly, it was
observed that the E. coli polar lipid extract had spontaneously formed a Gram-negative-like
bacterial membrane, in which, two layers were formed and separated by a thick layer of solvent.
The outer layer was modelled to be a loosely attached and thin layer with poor surface
coverage, whereas the inner layer appeared to be more complete and has a membrane thickness
modelled to be ~41 A. The distance between the two layers was modelled to be ~180 A, close
to the suggested value in the literature (~160 A) [257]. Upon addition of 5 uM APA-1, the
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outer lipid layer was completely removed and another ~8 A of lipids were modelled to be
removed from the inner membrane. The SLD of the inner membrane was increased upon APA-
1 addition, indicating the membrane had become more solvent accessible. Introduction of

another 10 uM APA-1 further disrupted the membrane and increased the membrane solvent

content.
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Figure 4.14: Reflectivity modelling of APA-1 in D,O binding to membrane made from E. coli polar
lipid extract.
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4.4 Discussion

4.4.1 Interactions of amoebapore A with different model membranes

Generally, zwitterionic PC and anionic PG lipids are used as models for eukaryotic and
bacterial membranes, respectively [258]. It was shown that APA-1 bound more strongly to
membranes containing PG lipids at pH 5.2, such as DMPC/DMPG, DPhyPC/DPPG and
POPC/POPG bilayers, supporting the hypothesis that positively charged regions on APA-1 are
important for lytic activity by facilitating the interaction with negatively charged membranes
[30-32]. Such a binding preference is known for a variety of AMPs, such as magainins [38]
and sarcotoxin 1A [259].

Binding of APA-1 with the neutral PC membranes were also detected, although to a much
lower extent when compared with the PC/PG membranes. This interaction may be primarily
driven by hydrophobic interactions between the hydrocarbon acyl chains of the membranes and
the amphiphilic a-helical structure of APA-1 [24], which is a common feature for many
membrane binding proteins. Although APA-1 interactions with the neutral lipids were
observed to be much weaker than with anionic PG lipids [8], APA-1 was found to be highly
potent against mammalian cells which are predominantly composed of zwitterionic lipids. This
indicates that other complex events may be involved during the interaction in the complicated

cellular membrane system which cannot be easily mimicked by simple model membranes.

APA-1 interactions with DMPC/DMPG, DPhyPC/DPPG and POPC/POPG membranes were
compared. Although all three membranes are negatively charged, APA-1 was observed to have
the largest impact on the architecture of the DPhyPC/DPPG membrane. Based on the AF—AD
plots, it was clearly shown that APA-1 does not function in the same manner with different
membranes. Upon addition of APA-1, a one-phase mechanism (i.e., mass adsorption) was
observed for the DMPC/DMPG membrane (Figure 4.8B) whereas a four-phase process (i.e.,
symmetrical mass adsorption, asymmetrical mass adsorption/removal, membrane disruption
and membrane structure rearrangement) was detected for the DPhyPC/DPPG membrane
(Figure 4.9B). The more significant effect of APA-1 on the interaction with DPhyPC/DPPG
may be explained by the coexistence of gel-phase DPPG and liquid-phase DPhyPC lipids,
which may exhibit phase segregation between the gel- and liquid-domains. Such lipid domain
boundaries present in the bilayer are known to cause membrane packing defects, which may

facilitate the interaction of APA-1 with the membrane [260-262]. Similar observations have
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been obtained in other studies on proteins binding to membranes that had packing defects. For
example, DMPC and DMPC/PG membranes with defects enhanced binding of aurein 1.2 and
caerin 1.1 [260], and POPC membranes that had a phase boundary in lipid domains were found
to facilitate the pore forming activity of cobra CTX A3 [261]. In addition, in the
DPhyPC/DPPG membrane, the mixture of PG and the steric hindrance caused by the methyl
groups in DPhyPC may also cause defects within the bilayer that aided access for APA-1
binding. On the other hand, the DMPC/PG and POPC/PG lipids would give rise to more

ordered membranes that are not easily accessible for interaction by APA-1.
4.4.2 Membrane binding mechanism of amoebapore A

It has been proposed that APA-1 permeabilises membranes via a pH-dependent dimerisation
event and accumulation of the dimers on the cell membrane leads to trans-membrane pore
formation [24]. The SEC results (Section 3.3.6) showed that APA-1 has a weak monomer-
dimer equilibrium dissociation constant (Kyq = 247 £ 32 uM at pH 5.2). This suggests that at 5
uM, ~96% of APA-1 molecules are present in the monomeric state (Eqg.3.18). Both QCM-D
and neutron reflectometry results showed that APA-1 at a concentration of 5 uM was able to
interact with membranes, suggesting: (1) monomeric APA-1 is able to interact with membranes
prior to dimerisation, or (2) the protein builds up a local high concentration close to the

membrane surface that leads to dimer formation and then membrane binding.

The AF-AD plots showed that the introduction of APA-1 caused subtle mass adsorption and
minor loss of rigidity on the DMPC, DMPC/DMPG and DPhyPC membranes. For DMPC and
DPhyPC membranes, the mass adsorption primarily occurred on the membrane surface. In
comparison, mass adsorption on the DMPC/DMPG membrane was observed across the entire
membrane thickness without disturbing membrane rigidity, as indicated by the consistent
frequency and dissipation changes at different overtones. Similar behaviours were observed in
a QCM-D study of oncocin, an AMP which is isolated from Oncopeltus fasciatus. The protein
performs a non-lytic antimicrobial activity by freely penetrating bacterial membranes [263],
suggesting APA-1 is able to traverse the DMPC/DMPG membrane with little requirement of
energy, presumably because there is no conformational change. In addition, it is likely that no
higher MW pore structure was formed in the membrane as this would otherwise lead to
disruption of membrane integrity, which can be reflected by separated dissipation changes at
different overtones. To exert more invasive antimicrobial activity, a threshold APA-1
concentration may be required. The threshold concentration is required to perform lytic activity
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for many AMPs [264]. For example, alamethicin, a pore forming peptide produced by fungus
Trichoderma viride, initially associates parallel to the membrane surface, once a threshold

concentration is reached, the protein reorientates and inserts into the bilayer as a pore [264].

In contrast, APA-1 interaction with the DPhyPC:DPPG (2:1) membrane resulted in a more
pronounced membrane disruption. The AF—AD plot showed that mass adsorption was initially
observed at all overtones without affecting the membrane rigidity, suggesting a vertical
transmembrane insertion. The interaction was found to be reversible. Following the first step,
an asymmetrical mass gain and removal occurred. More mass was adsorbed towards the
membrane surface and material was removed from deeper into the membrane, both events
caused minor reduction of the membrane rigidity. Immediately after the process, a remarkable
mass removal was observed at all overtones with more pronounced loss of membrane rigidity
toward the membrane surface. The traces at different overtones were well separated in the
AF-AD plot, consistent with an asymmetrical membrane disruption. Similar behaviour was
observed for maculatin 1.1, which is an AMP secreted from the skin of Australian tree frogs.
Maculatin 1.1 was found to switch from a transmembrane insertion to a lysis mechanism once
a threshold peptide concentration on the membrane is reached [230]. However, no evidence of
pore-formation could be provided. At the end, subtle mass adsorption was observed on the
membrane surface and the membrane became more stabilised with no more change in the
rigidity. This process is consistent with rearrangement of the protein and lipid remaining on the
surface [239]. Consistent with the QCM-D results, the neutron reflectometry profile showed
membrane disruption of the DPhyPC:DPPG (2:1) membrane upon APA-1 interaction.

As previously described (Section 1.2.5), APA-1 is more potent against Gram-positive than
against Gram-negative bacteria [30-32]. Based on the neutron reflectometry profile, it was
observed that similar to the natural Gram-negative bacteria membrane, deposition of the E. coli
polar lipid extract lead to the formation of a bilayer membrane with an additional thin film of
loosely attached phospholipids. This layer was separated from the membrane by a thick layer
of solvent. Upon addition of APA-1, the outer layer was completely removed and the inner
membrane was also disrupted, thereby reflecting lipid removal. This is in agreement with the
previous hypothesis, that the presence of external wall structure in the Gram-negative bacteria
membrane acts as a barrier with higher resistance against APA-1 invasion [31]. Initial lytic
activity of APA-1 against Gram-negative bacteria involves permeabilisation of its outer
membrane. Without the presence-of complete outer-membrane APA-L is-able to attack the

cytoplastic membrane which is fatal*for baeteria. Binding ofAPA-1=t0 the membrane caused

181



increase of solvent content of the membrane, reflected by increased SLD value. However, it is
unclear whether the increase of solvent was because of APA-1 aqueous pore formation or
disruption of membrane packing which allowed passage of D,O into the membrane. To further
characterise APA-1 pore formation and investigate the relative location and amount of APA-1
bound to the membrane using neutron reflectometry, selective labelling of APA-1 and/or the

membrane by deuterium can be performed [240-242, 245].

No interaction of APA-1 with membranes (i.e., DMPC:DMPG and DPhyPC:DPPG) were
observed at pH 8.5, in agreement with the liposome depolarisation assay (Section 1.2.4), which
showed that APA-1 membrane association was lost at high pH values (i.e., > 7) [32]. This may
be because of deprotonation of acidic and His residues which lead to reduction of the overall
electrostatic surface of APA-1 and hampered the interaction of APA-1 with anionic lipids, as
discussed in Section 3.4.2. In contrast, when loosely deposited phospholipids were present,
interaction of 5 uM of APA-1 resulted in a remarkable loss of material from the membrane.
Surprisingly, this process was found to facilitate the formation of more complete membrane
bilayers, as shown in the QCM-D results. The corresponding AF—AD plot showed a one-phase
mechanism of this process which involves an instantaneous mass removal from the membrane
and a dramatic increase in membrane rigidity. Based on the observations, it is proposed that
APA-1 is capable of effectively binding to loosely attached phospholipids thus facilitating
removal of lipid material. This process appeared to be largely independent of pH, suggesting it

is likely to be primarily driven by hydrophobic interaction.

From the study it is shown that the activity of APA-1 is pH- and membrane property-dependent.
Different lipid headgroup charges, composition, and membrane packing can have impact on
APA-1 binding. The results indicate that APA-1 is capable of inserting into membranes and
loss of lipid material. However, no clear evidence of pore formation can be provided. To
further study the pore-forming activity of APA-1, much higher protein concentrations are
required. In addition, a tethered bilayer system can be adopted that is designed to create an
aqueous reservoir between the solid substrate and the membrane [265], so that the
transmembrane APA-1 aggregation (i.e., pore) can be extended beyond the membrane, thereby
aiding the study of the interaction between membranes and APA-1. Moreover, APA-1 mutants
which are hypothesised to inhibit APA-1-membrane interaction can be designed for further

understand the APA-1-membrane interaction mechanism.
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Conclusions
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The effectiveness of conventional antibiotics is being reduced because numerous bacterial
strains are gaining resistance and this number of bacterial species will continue to grow. Thus,
the development of new antimicrobial agents is urgently needed. AMPs are key components of
innate immunity that protect organisms from microbial infection [81, 266]. They have less
susceptibility to the development of bacterial resistance [81]. Understanding the mode of action
of AMPs and their interaction with membranes is useful for the therapeutic development of
new antimicrobial analogues. In this project, the activity mechanism of APA-1, an AMP whose
activity is regulated by a pH-dependent process, was investigated. The main aims were to
investigate the APA-1 dimerisation and the APA-1-membrane binding mechanism. The
information arising from the research has provided a better understanding of the molecular
mechanism of APA-1 activity and aids our general understanding of AMP-membrane

interactions.
5.1 Mechanism of amoebapore A dimerisation

Cytotoxic APA-1 was produced using a cell-free protein synthesis approach that does not
depend on cell viability [83-87]. Isotope labelling was adapted to the system for the structural
analysis of APA-1 dimerisation using NMR spectroscopy. The NMR experiments showed that
APA-1 dimerisation is both pH- and concentration-dependent and a new APA-1 dimer model
was proposed based on the NMR chemical shift perturbation analysis. The side-chain pKa of
E2 showed the strongest dependence on protein concentration compared with other ionisable
residues studied, indicating that E2 is located at the dimer interface, in agreement with the
dimer model. Nonetheless, the NMR data points to weak self-association. The NMR results
were supported by the Ky estimation using NMR spectroscopy and SEC experiments. An
accurate Ky value at pH 3.0 was not measured because of possible protein aggregation and
severe NMR resonance line-broadening at the higher protein concentrations. Such line-
broadening did not permit a full titration curve analysis and only a lower-limit Ky value was
obtained at pH 3.0. Modelling of the SAXS data was consistent with an APA-1 monomer at
low concentration (190 puM) and pH 3.0, whereas a model with dimensions close to the
proposed new dimer model (based on the NMR analysis) was achieved at the highest
concentration (2.1 mM) and pH 5.2. The result is consistent with the Ky estimation.
Nonetheless, although the proposed dimer model allows the identification of certain amino acid
side-chains responsible for dimerisation, the role of the dimer in APA-1 activity has not been

determined. Ten mutants which were designed to either stabilise or disrupt the APA-1
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dimerisation, and thus activity, were designed. Liposome depolarisation assays using the
mutants should pinpoint which residues are important for APA-1 activity, and coupled with

biophysical studies, the potential role of dimerisation to membrane activity be resolved.

The side-chain pKa values of acidic and His residues were determined using NMR experiments
at two APA-1 concentrations. Based on the results, it is proposed that the ionisation states of
particular charged amino acids are likely to modulate the pH-dependent activity of APA-1, as

presented in Figure 5.1 below.

Figure 5.1 (A) and (B): APA-1 exists in monomer-dimer equilibrium with weak association. At
low pH, protonation of the ionisable residues results in APA-1 with a net positive electrostatic
surface charge. Deprotonation of residue E2 which is located at the dimer interface facilitates

APA-1 dimerisation via the formation of a salt-bridge with K37.

Figure 5.1 (C): Both monomeric and dimeric APA-1 species may interact with the anionic
membrane via the positively charged surface of the protein. This interaction has been shown to
involve lysine residues, as chemical modification leads to a loss of membrane binding activity
of APA-1 [32]. A few Asp residues which have suppressed side-chain pKa values are proposed
to form salt bridge with their neighbouring Lys residues, contributing to extra stabilisation of
the protein fold [228]. Mutagenesis of Lys residues would provide further insights into the role
of these residues in APA-1 function. Deprotonation of the Asp residues reduced the overall

positive surface charge of APA-1.

Figure 5.1 (D): When a critical APA-1 concentration is reached, APA-1 forms a pore structure
in the membrane. However, information of the pore structure and whether APA-1 dimerisation
is a prerequisite for the formation of the pore remains unresolved. APA-1 has the highest

activity at pH 5.2.

Figure 5.1 (E): It has been previously observed that APA-1 abruptly loses pore-forming
activity at pH values between 5.2-5.5 [32], close to the side-chain pKa of E16 and E62 (pKa =
5.3), suggesting these residues are the primary determinant for APA-1 activity. Deprotonation
of E16 and E62 further reduces the APA-1 electrostatic charge. This may lead to disruption of
the pore structure and reduction of APA-1-membrane binding affinity. Consequently,
neutralisation of the Glu side-chains may be essential to trigger APA-1 activity. The same Glu
residues are structurally conserved in other SAPLIP members that have pH-dependent activity,
such as saposin C and caenopore 5 [75].
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Figure 5.1 (F): A further increase of the pH leads to the deprotonation of H75, which has an
elevated side-chain pKa of 7.3, close to the pH where APA-1-membrane association is
completely lost. It has been previously shown that chemical modification of H75 resulted in
loss of APA-1 activity [32], suggesting that H75 is important for APA-1 activity. This charge-
type amino acid is conserved in the sequence of other SAPLIP members such as NK-lysin and
granulysin, whose membrane binding activities are pH-independent. However, the His residue
is replaced with a Lys and Arg in NK-lysin and granulysin, respectively, which has much
higher intrinsic pKa values. This suggests that the ionisation state of H75 is important in
modulating APA-1 activity. Overall, the requirement on the (de)protonation states of the
ionisable residues limits APA-1 activity to a relatively narrow pH range, and presenting a

unique mode of action of APA-1.
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Figure 5.1: Schematic diagram representing the proposed mechanism of the pH-dependent APA-1
activity.
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5.2 Amoebapore A interaction with model membranes

Since biological membranes are complex systems to study and prepare in vitro, the interaction
of APA-1 with membranes was assessed using the model membranes. Model membranes were
prepared using single and mixed lipids and cellular lipid extracts. Using such an approach
enabled the identification of what properties of lipids were important in defining the mode of
action of APA-1. The mechanism of APA-1 adsorption at low concentration (5 uM) and pH
5.2 onto membranes was elucidated. The QCM-D and neutron reflectometry results showed
that the membranes responded differently to the introduction of APA-1 and these signatures are
characteristic of the membrane property differences.

(1) APA-1 bound to membranes at 5 uM at pH 5.2. Based on the Ky estimation, APA-1 exists
primarily as a monomer at 5 pM, suggesting: (1) monomeric APA-1 is able to bind to the
membranes without dimerisation, or (2) APA-1 is able to accumulate to a local high
concentration proximate to the membrane and lead to dimerisation and membrane binding.
The study was not performed at pH 3.0 where APA-1 was proposed to be inactive. This is
because a QCM-D study showed that a stable bilayer was not formed at pH 3.0. In addition,
no scientific evidence is available describing the activity of APA-1 at lower pH values (e.g.,
pH values < 5.2). Consequently, it remains unclear whether APA-1 is at active pH values

below 5, even though there is negligible dimer formation.

(2) Similar to the majority of AMPs, APA-1 bound more strongly to negatively charged
membranes than neutral membranes at pH 5.2, supporting the hypothesis that positively

charged regions on APA-1 enhance the binding with anionic membranes [30-32].

(3) APA-1 was also found to interact with the neutral membranes and such interactions led to
subtle mass adsorption onto the membrane surface. This may be primarily driven by
hydrophobic interactions, suggesting the amphipathicity of APA-1 helices are important in

fucntion. This may contribute to APA-1 lytic activity against mammalian cells.

(4) Intriguingly, APA-1 appeared to have transmembrane insertion into the DPPC:DPPG
membrane without altering the membrane rigidity, suggesting that at low protein
concentration APA-1 is able to insert into membranes in a low, non-oligomeric state (e.g.,
monomer). Similar effects have been observed in non-lytic AMPs such as apidaecin 1la and
1b [267] and oncocin [263]. A critical concentration may be required for APA-1 to perform

membrane disruption.
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(5) APA-1 showed the most pronounced influence on an incomplete DPhyPC:DPPG
membrane, which likely consisted of a mixture of gel- and lipid-phase lipids, suggesting

that the presence of membrane defects enhanced the activity of APA-1.

(6) No binding of APA-1 to anionic membranes was observed at pH 8.5, in agreement with our
hypothesis that the ionisation states of charged residues are able to modulate the pH-
dependent activity of APA-1. Deprotonation of acidic residues and H75 reduce the overall
electrostatic surface of APA-1, thereby may lead to abolishing of the interaction of APA-1

with anionic membranes.

(7) APA-1 was able to effectively bind to loosely attached phospholipids and facilitate
removal of lipid materials, even at pH 8.5 where it is inactive against intact membranes.
Based on the QCM-D data, such lipid removal may have led to rearrangement of lipids that
resulted in the formation of more complete membranes. This pH-independent manner

suggests that the interaction is primarily driven by hydrophobic interactions.

Several structures of SAPLIP proteins have been reported. Although the proteins share the
characteristic saposin-like fold, they perform a highly diverse range of biological functions that
are associated with interactions with lipids [69]. Besides the minor differences in the
arrangement of the helices, the major attribution for various functions of these proteins may be
due to their electrostatic surfaces. In contrast to other SAPLIP members, the (de)protonation
states of the ionisable residues appears to limit the activity of APA-1 to a relatively narrow pH
range, and APA-1 displays a more complicated activity mechanism, in which different events
may take place (i.e., dimerisation and pore formation). However, it is unclear whether
dimerisation is crucial for APA-1 activity or is an event which is unique for APA-1 but not
functionally important. The results herein provided no clear evidence that APA-1 forms a pore,
even though conductance measurements have indicated that APA-1 forms pores with various
diameters [49]. Nonetheless, these conductance results do not provide information of the pore
structure and it is unclear whether APA-1 activity is solely relying on pore formation,
particularly under conditions similar to those encountered in vivo. To further characterise the
APA-1 pore structure, electron microscopy and solid-state NMR spectroscopy can be used.
Electron microscopy allows direct visualisation of the pores in membranes. However,
crystallising APA-1 pores within membranes and visualising the pore structure by electron
microscopy can be difficult because of the relatively small APA-1 pore size and weak

interaction [53]. Solid-state NMR spectroscopy can be used to characterise the APA-1 pore
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structure at the atomic level. However, particular sample conditions, such as sufficient protein
materials, ultrahigh magnetic fields, sensitive techniques (e.g., magic angle spinning), are

required for collecting suitable high-resolution data [268] .

In addition, site-directed mutagenesis (e.g., E16, E62 and H75) can be performed which should
aid identification of residues that are crucial for APA-1-membrane interaction and pore
formation. Finally, human and bacterial cells can be used to validate the results obtained with
simple model membranes. However, application of biophysical techniques with cells can be a
challenge; for instance, other complex events may be involved during the interaction in the
complicated cellular membrane system that cannot be easily mimicked.
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Appendices:

Appendix 1: SDS-PAGE gel electrophoresis

Protein samples were analysed by 4-12% SDS-PAGE. Ten microliters were taken from each
sample and mixed with 4 x SDS-PAGE loading buffer (50 mM Tris-HCI (pH 6.8), 2% SDS
(wiv), 10% glycerol (v/v), 1% B-mercaptoethanol (w/v), 12.5 mM EDTA (w/v), 0.02%
bromophenol blue (w/v)). Samples were heated at 99 °C for 2 min, mixed well, and loaded
onto the gel. All the SDS-PAGE electrophoresis experiments were performed at 200 V for 30
min using 1x MES SDS running buffer (Invitrogen, Carlsbad, USA). To visualise proteins, gels
were stained in 0.1% coomassie blue solution and detained in H,O using microwave oven for 2
min at 800 W followed by 6 min at 190 W. Mark 12™ standard protein marker (Invitrogen,
Carlsbad, USA) was used for estimating the protein MWs.

Appendix 2: Method of packing cellulose phosphate affinity column

To prepare for column media, 3 g of cellulose phosphate was weighed, stirred into 75 ml of 0.5
M NaOH and left for 5 min to settle. The supernatant was discarded and the cellulose
phosphate media was transferred into a funnel/filter and washed with ultra-pure water until the
pH of the flow through was below 11. The media was then stirred into 75 ml of 0.5 M HCI and
left for 5 min to settle. The supernatant was discarded and the media was washed in a
funnel/filter with ultra-pure water until the pH of the flow through reached above 3.0. The
media was transferred into 60 ml of 0.5 M potassium phosphate (pH 7.5), stirred, and allowed
to settle (the pH should be 7.5). The supernatant was decanted and the media was stirred into
60 ml of buffer P (10 mM potassium-phosphate (KPi), pH 7.5 and 0.1 mM EDTA) and left for
4 min to settle. The supernatant was discarded. The last two processes (i.e., washed with
potassium phosphate and buffer P) were repeated for a further four times.

To prepare for the cellulose phosphate affinity column, 60 ml of buffer P was added to the
media, mixed and poured into the C10/10 column (GE Healthcare, Little Chalfont, UK) which
has been stoppered. The column was left overnight to settle at room temperature. The column
was connected to a gradient AKTA system (GE Healthcare, Little Chalfont, UK). The column
was ready for purification after equilibrated with five column volumes of buffer P.
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Appendix 3: Assignments of amoebapore A resonances acquired in different NMR experiments at pH 3.0.

APA-1 concentration 200pM | 200 M 1 mM 1mM 1mM 1mM 1mM 1mM 1mM 1mM
. Published 3D HCCH- 2D 2D 3D 3D HHN- 2D 2b HCCO
Residue | Atom | ccanment | 2D HSQC | 8DHNCA | “rhrgy | HCCTHSQC | LisiANH | CBCANH | HCACO | Tocsy | Hcco cor-ll’_esc'zion
Gl
™ 8.806 8.786 8.775 8.776
N 12133 121.29 121.36
Ca 57.60 57.52
Ho 4.202 4.231 4.231 4.231 4.248
Cp 29.30 28.69
E2 HB* 2,011 2.008 2.039 2.040
Hp 2.082 2.080
Cy 33.77 34.20
Fiy* 2.431 2,428 2.452 2.426 2.326
Fiy™ 2471 2.476 2.481 2.364
c=0 181.27 181.01 183.07
g 8.040 8.031
13 N 120.06
Ca
iy 8.085 8.063
L4 N 120.82
Co
oy 7.989 8.009 7.995
c5 N 116.96 117.05
Ca 57.83
™ 8.354 8.332 8.330 8.300 8.314
NG N 118.88 118.96 118.74 118.74
Ca 5573 5587
iy 8.330 8.331
L7 N 121.82 122.03
Ca 57.67
Hy 8.537 8.506 8.507
cs N 119.47 119.34
Ca 61.59
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Hy 9.129 9.115 9.112
T9 N 116.18 116.27
Ca 66.91
Hn 7.945 7.944
G10 N 108.99 108.99
Ca 47.35
Hy 8.082 8.068 8.062
L11 N 124.43 124.64
Ca 58.03
Hy 8.827 8.824 8.825
112 N 117.92 118.14
Ca 62.78
Hn 8.506 8.022 8.023 8.025 8.023 8.025
N 118.49 118.66 118.43 118.45
Ca 57.31 56.97 57.08
Ho 4.450 4.477 4.451
N13 CB 38.60 38.23 38.71
Hp* 2.822 2.821 2.805 2.822 2.802 2.826 2.719
Hp* 2.940 2.936 2.942 2.938 2.945 2.936 2.812
Cy 178.35 178.33 180.37
Hn 8.082 8.078 8.068
T14 N 119.44 119.55
Ca 67.21
Hy 8.928 8.919 8.912
L15 N 120.74 120.88
Ca 57.95
Hn 8.970 8.944 8.949 8.944 8.928 8.940
N 119.36 119.00 119.33 119.25
Ca 59.59 59.59 59.51 59.72
Ho 3.882 3.866 3.867 3.886 3.868
CB 27.52 27.46 27.54
E16 Hp1 2.234 2.237
Hp2 2.228 2.224 2.222 2.217
Cy 34.39 34.14
Hyl 2.666 2.660 2.671 2.670 2.552
Hy2 2.494 2.492 2.492 2.502 2.380
C=0 180.20 180.16 182.22
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Hy 7.456 7.430 7.429 7.434 7.430
N17 N 117.65 117.80 117.54 117.54
Ca 56.61 56.50
Hy 8.159 8.140 8.142
L18 N 121.84 121.94
Ca 57.60
Hy 8.736 8.717 8.718
L19 N 121.09 121.21
Ca 58.65
Hy 7.683 7.654 7.654
T20 N 110.61 110.81
Ca 65.29
Hy 8.332 7.665 7.664
T21 N 109.67 109.87
Ca 63.51
Hy 8.534 8.510 8.512 8.502 8.495 8.502
N 120.14 120.33 120.17 120.08
Ca 55.91 56.35 55.81
Ha 4.709 4.707
CB 35.64 35.23 35.24
Hp1 3.292
HB2 1.865 1.865 1.881
Cy 24.84 24.85
K22 Hy* 1.481 1.480 1.461
Hy*
Cs 28.59 28.67
H&* 1.574 1.576
H&* 1.725
Ce 42.97 42.34
Hel 2.912 2.913
He2 2.984 2.983
Hy 7.932 7.911 7.911
G23 N 108.88 109.08
Ca 44.75
Hy 8.719 8.701 8.702
A24 N 120.75 120.85
Ca 55.81
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Hn 8.795 8.766 8.767 8.752 8.754 8.758
N 117.35 117.48 117.31 117.38
Ca 56.96 56.93
D25 Ha 4377 4.375 4.347
Cp
Hp1 2.815
Hp2 2.842 2.823 2.825
C=0
Hn 7.687 7.654 7.654 7.646 7.640 7.649
N 119.38 119.39 119.07 119.15
Ca 57.30 57.60 57.69 57.32
Ha 4.239 4.221 4218 4.225 4.217
Cp 31.29 31.00 31.10
Hp1 1.834 1.816 1.821 1.829 1.807
Hp2
K26 Cy 25.66 25.40
Hyl 1.501 1.491 1.493 1.484
Hy2
Co 28.16 28.53
Hé* 1.709 1.707
Hé*
Ce 42.54 42.28
Hel 3.008 3.003 3.003
He2
Hn 7.490 7.463 7.464
V27 N 121.41 121.51
Ca 67.19
Hn 7.984 7.954 7.954 7.944 7.945 7.945
N 119.30 119.44 119.35 119.21
Ca 61.06 61.07 60.95 61.03
Ha 3.813 3.807 3.803 3.807 3.799
K28 Cp 31.89 31.69 31.79
Hp1 1.945 1.937 1.937 1.973 1.962
Hp2 1.997 1.998
Cy 26.89 26.55
Hy* 1.311 1.309
Hy* 1.562 1.561 1.532
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(o) 29.39 29.43
Hd* 1.701 1.715
H&*
K28 Ce 42.52 42.21
He* 2.836 2.837
He*
Hy 8.164 8.141 8.141 8.129 8.127 8.129
N 118.73 118.95 118.81 118.78
Ca 56.41 56.38
Ha 4.408 4.400
D29 Cp
HpB1 2.899 2.884 2.865
HB2 2.960
C=0
Hy 8.327 8.296 8.297
Y30 N 122.75 122.95
Ca 61.90
Hy 8.177 8.152 8.154
131 N 119.05 119.08
Ca 64.49
Hy 8.147 8.127 8.127
S32 N 114.81 114.89
Ca 61.98
Hy 7.888 7.869 7.869
S33 N 115.51 115.71
Ca, 61.43
Hy 8.149 8.139 8.139
L34 N 123.80 123.88
Ca 57.61
Hy 8.030 8.004 8.004
C35 N 111.00 111.05
Ca 54.22
Hy 7.650 7.618 7.618 7.622 7.621
N 121.63 121.79 121.58 121.65
N36 Ca 55.53 55.25
Ha 4514 4512 4.508
CB 38.73 38.58
Hp1 2.839 2.830 2.828 2.819 2.843 2.820 2.829 2.733
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N36 HB2 3.008 2.994 2.994 3.002 3.014 2.959 3.003 2911
Cy 178.63 178.64 180.66
Hy 8.556 8.569 8.518 8.523
N 121.07 120.99
Ca, 55.59 55.81 55.90
Ha 4.223 4.227 4.233 4.230
Cp 30.67 30.89
HB* 1.712 1.725
HB* 1.927 1.925 1.944
Cy 24.41 24.76
K37 Hy* 1.334 1.334
Hy* 1.394 1.394
(&) 28.77 29.01
Hb* 1.630 1.630
Hd* 1.682 1.680
Ce 42,54 42.14
He* 2971 2971
He*
Hy 7.234 7.218 7.218
A38 N 122.08 122.10
Ca 52.54
Hy 8.505 8.485 8.486
S39 N 114.06 114.16
Ca 56.84
Hy 8.805 8.795 8.796
G40 N 109.79 110.10
Ca 46.43
Hy 8.679 8.640 8.644
F41 N 123.79 123.77
Ca 61.35
Hy 8.119 8.110 8.112
142 N 118.15 118.08
Ca 63.47
Hy 6.965 6.940 6.940
A43 N 123.10 123.16
Ca, 55.30
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Hy 7.691 7.692
Ta4 N 116.41 116.59
Cal 66.74
Hy 8.371 8.347 8.350
L45 N 123.05 122.93
Cal 58.42
Hy 9.085 9.067 9.068
C46 N 117.94 118.05
Cal 62.83
Hy 8.295 8.281 8.282
T47 N 116.95 117.19
Cal 67.31
Hy 7.750 7.728 7.728 7.712 7.724 7.711
N 119.49 119.55 119.35 119.34
Cal 59.33 59.34 59.31 59.27
Ha 4.214 4.207 4.206 4.212 4.188
CB 32.09 31.72 31.69
HP1 2.060 2.054 2.045 2.072 2.073
Hp2 2.117 2.108 2.103
Cy 25.89 25.88
K48 Hy* 1534 1527
Hy* 1.797 1.798
[ 28.39 27.78
Ho* 1.708 1.707
Ho*
Ce 42.77 42.64
He* 2.825 2.825
He* 3.207 3.022
Hy 8.549 8.527 8.528
V49 N 120.73 120.80
Cal 67.37
Hy 8.935 8.913 8.914
L50 N 119.85 120.03
Ca 57.97
Hy 8.504 8.489 8.490 8.471 8.474 8.473
N 117.20 117.40 117.23 117.26
D51 Cal 55.39 55.75
Ho! 4.402 4.484
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CB 37.86 37.98
Hp* 2.930 2.903 2.926 2.815
D51 Hp* 3.038 3.054 3.036 3.043 2.943
C=0 178.537 178.54 180.58
Hu 7.563 7.536 7.536
F52 N 121.23 121.31
Cu 61.08
Hy 8.107 8.086 8.086
G53 N 107.43 107.58
Cu 44.32
Hy 8.985 8.971 8.972
154 N 128.65 128.78
Cu 65.29
Hy 8.625 8.591 8.591 8.573 8.586 8.580
N 118.88 119.01 118.75 118.81
Cu 57.21 57.23 57.11
D55 Ha 4.381 4.369 4.376 4.365
CB 37.77 37.91 37.97
Hp1 2.727 2.726 2.766 2.732 2.742 2.658
Hp2 2.776 2.636
C=0 179.56 179.71 181.59
Hy 7.534 7.508 7.509 7.491 7.497 7.500
N 122.08 122.04 121.74 121.63
Cu 59.39 59.94 59.26 59.39
Ho! 3.985 3.980 3.973 3.985 3.976
CB 32.31 32.26 32.36
Hp1
Hp2 1.538 1.535 1527 1.520 1.526
Cy 25.99 25.42
K56
Hy* 1.221 1.208
Hy* 1.397 1.392 1.389
Cd 29.01 28.64
Ho* 1.287 1.235
Ho* 1.299
Ce 41,52 4171
He* 2.602 2.601
He* 2.718 2.717
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Hy 8.399 8.382 8.383
L57 N 122.19 122.39
Cal 59.20
Hy 8.533 8.517 8.516
158 N 118.64 118.56
Cal 66.26
Hy 7.766 7.740 7.740 7.732 7.732 7.733
N 119.16 119.27 119.06 119.05
Cal 59.22 58.85 58.77
Ha 4,015 4,004 4.005 4013 4,004
Cp 28.60 28.42 2851
Q59 Hp* 2.185 2.180 2.171 2.175
Hp*
Cy 34.22 34.03
Hy* 2.351 2.352 2.365 2.364 2.255
Hy* 2.434 2.434 2.444 2.446 2.326
[ 181.28 181.25 183.29
Hy 7.636 7.606 7.607
L60 N 118.09 118.22
Cal 58.45
Hy 7.913 7.891 7.892
161 N 118.78 118.88
Col 65.40
Hy 8.914 8.891 8.908 8.882 8.882 8.887
N 122.25 121.89 122.16 122.21
Col 57.95 58.99 58.88 58.83
Ha 4,019 4.015 4.020 4.014 4,001
CB 28.16 2757 27.66
E62 Hp1 2.130 2.129 2.117 2.119 2.127
Hp2 2.289 2.289 2.289 2.286 2.283
Cy 34.07 34.09
Hy* 2.539 2531 2.500 2.499 2.536 2.423
Hy* 2.636 2.623 2.648 2.645 2.636 2.520
C=0 180.53 180.50 182.54
Hy 7.911 7.888 7.889 7.886 7.882 7.874
D63 N 117.20 117.38 117.08 117.20
Cal 53.22 53.66 53.26
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Ha 4.691 4.685 4.686
CB 38.39 38.28
D63 Hp1 3.035 3.047 3.035 3.044 3.029 2.923
HB2 3.129 3.108 3.091 3.119 3.114 3.020
C=0 178.96 178.93 180.99
Hn 8.079 8.055 8.057 8.047 8.041 8.057
N 114.55 114.65 114.44 114.35
Ca 57.03 56.98 57.11 57.11
Ho 3.912 3.906 3.895 3.900 3.896
CB 28.34 28.18 28.21
Hp* 1.945 1.948 1.953 1.940
Hp* 2.114 2.109 2.095 2.093
Cy 24,78 24.79
Ke4 Hy* 1.312 1.319 1.320
Hy* 1.376 1.375 1.380
Cé 29.02 28.98
Hé* 1.640 1.639
Hé* 1.713 1.710
Ce 42.29 42.29
He* 3.015 3.017
He*
Hn 7.555 7.531 7.532
V65 N 121.80 121.92
Ca 63.56
Hn 8.506 8.468 8.468 8.438 8.443 8.443
N 124,77 124.96 124,79 124.80
Ca 53.80 54.11 53.87
D66 Ha 4.433 4.429 4.425 4.404
CB 40.27 40.07 39.98
Hp1 2.896 2.866 2.868 2.899 2.867 2.762
D66 Hp2 3.109 3.069 3.084 3.088 3.072 3.082 2.990
C=0 179.48 179.58 181.49
Hn 8.742 8.720 8.721
A67 N 122.52 122.66
Ca 56.25
NG8 Hn 8.476 8.452 8.453 8.437 8.434 8.442
N 115.80 115.95 115.79 115.71
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Ca 5751 56.97 57.56 5754
Ho 3.931 3.928 3.920 3.940 3.929
Cp 38.59 38.07 38.15 38.23
NG Hp1 2.644 2.644 2.640 2.672 2.648 2.650 2.542
Hp2 2.728 2.730 2.728 2.743 2.742 2.631
Cy 178.60 178.55 180.61
™ 7.661 7.656 7.657
A69 N 122.75 122.96
Ca 54.83
H 8.431 8.418 8.419
170 N 120.63 120.77
Ca 66.88
Hi 8.284 8.254 8.254
c71 N 11576 11592
Ca 60.50
H 8.311 8.291 8.291
AT72 N 125.02 12511
Ca 54.93
H 7.833 7.814 7.815 7.812 7.810 7.816
N 122.14 122.27 122.04 122.10
Ca 59.26 59.35 59.33 59.28
Ha 3.861 3.837 3.844 3.850 3.831
Cp 31.92 31.81 31.86
Hp1 1.814 1.683 1.680 1.668 1.652
Hp2 1.809 1.804 1818 1.787
Cy 25.02 25.23
K73 Hy* 1.435 1.434
Hy™ 1.499 1.496
Cs 2941 29.29
Hs1 1.731 1.723
H52 1.691 1.524 1.524
Ce 41.92 41.82
He* 2.952 2.951
He* 3.059 3.059
Hi 7.160 7.139 7.139
174 N 107.35 107.45
Ca 60.65
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Hy 7.586 7.564 7.565 7.556 7.560 7.565
N 112.60 112.74 122.55 112.48
Cal 56.77 57.23 57.23 56.77
H75 Ha 4.362 4.364 4.364 4.356 4.353
Cp 25.04 24.75 24.82
HB1 3.473 3.461 3.459 3.457 3.453
HpB2 3.725 3.706 3.706 3.709 3.694
Hy 8.536 8.523 8.524
AT6 N 119.14 119.30
Col 52.66
Hy 6.836 6.815 6.814
c77 N 119.19 119.45
Cal 57.31

The nuclei which cannot be detected in the corresponding NMR experiments are shaded in grey and the nuclei corresponding resonances that were too weak to be visible are shaded in green.
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