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Abstract

Amoebapore A (APAL) is an antimicrobial proteinproduced by thehuman parasite
Entamoeba histolyticalhe activity of APAL has beernypothesisedo be regulated by pH
dependentlimerisation mechanism that enables the protein to assemble into a pore structure in
membranes. This research thesis lwmractesed the pHdependent dimeraion and

membrane binding activity of APA using a variety of techniques.

Production of APA1 samples waschieved using cefree protein synthesis. Combinatorial
1>N-labelling combined wititH chemical shift data and threémensional NMR experiments
were used to assign NMR spectra. NMR chemical shift perturbation analysis identified
residues located at the dimer interface,andconjunction with HADDOCK a new dimer
model was derived. rBall angle Xscattering (SAXS) xperimens confirmed that the NMR
derived dimer model matched the SAXS data statistically better than the previously derived
dimer model. The equilibrium dissociation constafy) (for the APA1 dimerwas measured
using sizeexclusion chromatography and NMR spestapy and was found to (#17 + 32

¢ Matthe optimal activity pH of 5.2, and >8%0 Mwhen measured at pH 3.0, indicating that
dimer formation involves ionic interactions. The pKa values of Asp, Glu and His residues were
determined byNMR spectroscopy to gain insight into the functional role of these residues.
Intriguingly, the pKa values d&lul6 and Glu62 (5.3), which astructurally proximalwere

found to match the pH range where ARAactivity dramatically decreases. This suggdsis

the ionisation state of these residues is important in regulatinglAAmbrane interactions.

Quartz crystal microbalance with dissipation and neutron reflectometry were used to examine
the membrane binding properties of ARA Different bilayers nmicking eukaryotic and
prokaryoticmembrane®n surfacesvere chosen anchanges in the lipid bilayer architecture
upon addition of APAL wereanalysed APA-1 boundfavourably to membranes containing
negatively charged phosphatidylglycerol, supportingrtieothesis that positive electrostatic
regions on APAL are essential for the initial recognition of a negatively charged membrane
surface. APAL bound more efficiently to loosely deposited phospholipids and bilayers with
defects, and the membrane intei@ctwas found to be reversible. APAwas capable of
removing thick lipid deposits that had Hformed stablebilayers, suggesting that APA can

facilitate shedding of lipid material. No clear evidence of pore formatasobserved.
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Introduction of amoebapore A, an
antimicrobial protein produced by
Entamoeba histolytica



1.1 I ntr &dhuatmoemaofhi stol ytica

1.1.1 Amoebiasis and Entamoeba histolytica infection

Amoebiasis, alstermedamoebic dysentery, is a lH@reatening parasitic infectiazaused by
the unicellular protozoan parasitentamoeba histolyticgl]. Amoebiasisis the third leading
life-threateningparasiticdisease after malaria arsthistosomiasi$2]. Humans are infected
with amoebiasishroughout the worldhowever, infectiorpredominantly occurs in developing
countries irtropical regions with poor sanitary conditions and contaminated drinking [@ater
According to théNorld Health Organisatigmmore than 100,000 deaths per year are camged
infection of this parasitg2]. This parasitic disease asoresponsible for severebffecting the
growth of infected childref¥].

Infection byE. histolyticaoccurs by ingestion of mature cysts in contamin&ed orwater,

and the mature cysts can be spread from person to person. After ingédiencyststhe
parasite inhab#the human colonic lumen, wheitefeeds primarily on bacteria and cellular
debris. Each cystindergoesexcystationand releass eight trophaoites The trophozoites
migrate to the large intestine where they grow and multiply by binary fission to increase their

numbersfeeding on bacteria and cell delji.

In ~90% of the infected individuals, theophozoites attach to the mucand epithelial cells
without penetrating thentestinalmucosa They undergo encystation to become mature cysts
that are pas&d to stook, resulting in asymptomatic carrielsymptomatic carriers are often
infected by the noipathogenicentamoebadispar, which is visually indistinguishable from the
pathogeniE. histolytica and is often termed the n@athogenid. histolytica In ~10% of the
pathogenicE. histolyica infections,thetrophozoites lyse colonic epithelial celfgnetrate the
intestinal nucosa and begin an invasive process. Severe inflammation of the gutldaosgs
diarrhoea,abdominal painweight loss, fatigue andehydration which results in blood loss
and depletion of body protein storge., dysentery) This can be fatakspedally in infants and
children. The destruction of the mucosan leadto the spread of the parasiiga the blood
stream to other sitesich aghelungs, braingenitalsand liver, which are commonly infected,
and lead to massive disruptianflammationand abscesses bbst tissug6-9] (Figures 1.1 &
1.2).



Faeces

Figure 1.1: Infection cycle ofE. histolytica (A) Norrinvasive colonisationthe trophozoites remain in

the lumen and the cysts are passed to fa¢B@dntestinal diseasdhe trophozoites invade intestinal
mucosa and results in intewl dysentery.@) Extraintestinal diseasahe 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 tropesiz(3) trophozoites; (4)
trophozoites undergoing encystation to form cybke picture was modified frofd.Q].

SCIENCEPhOLOLIBRARY

Figure 1.2: Specimens of liver infection and abscess causef. byistolytica.(A) The white patches

are regions of damaged tissue caused by the infedct@nu{cers). (B The flaskshaped white ulcer is
pusfilled and circumscribed by circular linings formed by the body, preventing the infection from
spreading. The picturegeretaken fron11].



1.1.2 Drugs for amoebiasis treatment

There areantramoebic drugshat targetE. histolytica They are generallyclassifiedinto two
groups:tissueamoebicidesand luminal amoebicided he tissue amoebicides kill amoeba in
theintestine and host organwhereas the poorly absorbed luminal amoebicides are active only

in the intestinalumen[3].

Three commonly used tissue amoebicides against ineasinoebiasis are metronidazole
emetineand chloroquineMetronidazoleworks againstintestinal infection byforming highly
reactive free radical speci#isat damageéhe DNA of the parasitevhereas emetine functions
by inhibiting protein synthesisf thetrophozoitedeading to parasite deafth2]. However the
efficiencies of these drugs are limited. For example, metronidazole has no effect pthagsts
treatment withmetronidazoléhas a high rénfection rateand should be followed by a luminal
amoebicide tceliminate luminal parasite$n addition, both metronidazole andhetine have
severe sideffects such amnausea, vomitinga metallic taste, atiominal pain and headaches
which limit their clinical use[3, 13, 14]. Chloroquine is used to treat hepatic amasis by
killing the trophozoites in the livethrough inhibition ofparasiteDNA synthesis However,
chloroquineis less effective in # treatment of intestinal amoebiadisiminal amoebicides
such asparomomycin,diloxanide furoateand 8hydroxyquinolonesare normally used in
conjunction with metronidazole fdhe treatment of intestinal infections. These drugsuaed
for treating asymtomatic cyst carriers by killing trophozoites in the lumerbut are less
effective against the invasive diseaséhe luminal amoebicides are especially useful for the
control of the spread of infectiomowever,indiscriminate use of drugs for asymptoroati

carriersmay lead talrug resistancgs, 15].

To prevent the spread of the parasitic disease, it is important to improve sanitation and hygiene
standards. Foexample, boiling or filtering drinking water to prevent waterborne transmission
caused by faecalontaminated water supplies, frequent hand washing and thorough cooking of
food, and proper disposal and disinfection of human waste. However, iswihildi 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 duringdhyg stages of infection and reduce

the risk of the invasive process. Thus there is a challenge to developfieetwe drugs

against the parasite.



1.2 I ntroduction of amoebapor e

1.2.1 Discovery of amoebapore

A study performed by Ravdiet d. in 1980 showed that invasion oOE. histolyticato a
monolayerof Chinese hamster ovary (CHO) cells involvedcc@ntact dependent cytolytic
reaction[16]. Initially the parasite establishes an intimate adherence to the targewluels
were originally attached to a cover slgausingthe cell membranes to bulge outwardile.,
blebbing and extensiveoundingof the cells The cells wereletached from the glass surface
and phagocytised by the parasite (Figure ITBg invasion process waspid approximately
50% of the CHO cells were destroyed within Zahgdonly occurred to cellshatwere in direct

contact with the parasifd ).

Figure 1.3: Destruction of CHO cells b¥. histolytica (a) The CHO cells (indicated by theack
circle) were not in direct contact with the parasite anere viable. (bd) Upon contact withE.
histolytica (indicated by thearrow), three CHO cells underwebiebbing and rounding {g andwere
phagocytosed by the parasite. The figure was modified fi®in



Based on the results,was hypothesised that following the contact betweehistolyticaand

the target cell, a membrane active factor was released fropathsite and transferred to the
target cell. The factor is able to spontaneously interact th@hcellmembrane and affect the

ionic permeability of the target cell, leading to extensive cell blebbing followed by
phagocytosis and cell deafli7]. Studies carried out in 1980s havevealed that the
Apat hd@enioc 0, named a mo a pratgnoproguced bp lpswlgiticae d  t o
[17, 18]. Amoebapore was found to exist as protein aggregates in target meminaees
slightly acidic environments and was able to rapidly increase targgtbrane conductance

upon binding. Based on the observations, it was proposed that amoebapores were able to form
pores in membranes. However, these studies provided no detailegtiesof how the pore
formed, and whether amoebapore oligomerisation occurred dusiegformatior{18-20] or is

present in aqueous solution prior to membrane binfi}y Under conditions of freezing,
thawing, or addition of high salt, the aggregatan bedissociated suggesting reversible
oligomerisatio{18-20]. More information on the pot®rming properties of amoebapores will

be discussed in Sections 1.2.4 4r@l5.

1.2.2 The amoebapore family

In 199, three amoebapore isoforms were isolated from the cytoplasmic granules of
histolytica and named amoebapore A, B anfd]. Among the three isoforms, amoebapore A
was the most abundant protein anégant at a ratio of approximatedp:10:1 (amoebapore
A:B:C). All three isoformshowed poreforming activity. Amoebapore A, B and C all have 77
residues, with molecular weight®Ws) of 8244,82%.7 and 8025.6 Da, and similar protein
isoelectric points daulated to be in the range of & Amoebapore B and C show 57 and&7
sequence identity to amoebapore A amdepredicted to have the same structural organisation.
Sequence alignment of the three isoforms (Figure 1.4) shows that all three proteinschave s
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 amphipalicies are the structural
elements preferentially used by membrpeaetrating peptides, the hydrophobic regions have
been proposed to play important roles in interacting with the membrane s[RBACEix
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, sugp#stise residues may be

functionally important.
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Figure 14: Sequence alignment amoebapore AB and C. @steine residues ateghlightedin blackwith dashed lines representing the three disulfide bonds
formed Configuration of the disulfide bonds were determined based on the solution structure -af #Zh4d in 200424]. The conservative hydrophobic
residues across all three isoforms laighlightedin green. The conserved chargedidues are indicated by arrovig.( E16, K37, K48, D55, E62 and H75) and
the noncharged conserved residue®.( Y30, G40 and G53) areighlightedin yellow. Positively chargedesiduesare highlightedin blue and negatively
chargedesidues aren red[25, 26].



Since amoebapore A (ARA) is the most abundant amoebapore among the three isoforms, its
pathogenic activity halseen the most extensively investigaf@d-29]. In bothin vitro andin

vivo studies wih human red blood cells (RBC), baby hamster kidney cells (BHK) and bacteria
cells, it was observed that dowegulation or silencing of APA expression significantly
diminished the virulence ofE. histolytica trophozoites (Figure 1.5). Surprisingly,
overpression of APAL did not increase the parasitic virulence but dramatically reduced it.
Excess amounts of ARA were found in the cytosol of the parasite and surrounding media,
suggesting extra internal control mechanisms may be required to preventvgegxpression

and to maintain the protein in the cytoplasmic granules. The results clearly indicated that APA
1 was a key virulent factor oE. histolytica and changes in APA levels or cellular

localisation can lead to dramatic reductions of the patfioty of E. histolytica
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Figure 15: Cytotoxic and cytopathic activities &. histolyticatrophozoites. (A) Lysis of human RBC

by intact trophozoites: (Al) wiltpe trophozoites; (A2) trophozoites containing denegulatedAPA-

1 and (A3) human RBC not exposed to trophozoites. (B) and (C) represent the results of lysis of BHK
cells (n vitro study) and destruction of a tissue cultured monolayer of BHK cells by intact trophozoites
(in vivo study): (B1) wildtype trophozoites(B2) trophozoites containing dowegulated APAL and

(B3) a nonrelated transfectant as a control. The trophozoites containing-ckgutated APAL 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 residdes amoebapore Anembrane
interaction

To further investigate the importance of individual AR/Aelices in the membraifpenetrating
mechanismand antibacterial activity APA-1 helices were separately synthesised toailr
poreforming activities werexamined using a liposome depolarisation assay (Figuy¢306

31]. Helices 3 and 4 were synthesised as a single peptide, because in initial studies, the



secondary structure of a mo e b a-lpelicesEB, 2%9);,avberep r e d i ¢
helix 3 was found to be a helical stretchtwb continuous helices (helix 3 andehnnected by

a small kink,as revealed by the ARA solution structurg¢24]. The liposome depolarisation

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

3 and 4had the most pronouncguareforming activity, although it was not as potent as {full

length APAL. Less activity was detected for helix 1 and activity for helices 2 and.5

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

its poreforming activity was remarkably enhanced. A similar result was obséoveke helix

(3 + 4)construct

Moreover, interactions between vesicles composedanbus phospholipids with APA and

its synthetic peptides were examined. The results showed that the absorption of the peptides
was influenced by the membrane chai@ 30, 31]. APA-1 and its synthetic peptides
interacted preferably to negatively charged phospholipids such as phosphatidylinositol (P1),
phosphatidylglycerol (PG) and phosphatidylserine (PS), and showed no pronounced binding to
neutral phospholipids, such aphingomyelin (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 resultshow that positively charged residues are critical for APA
membrane interaction. ARA-membranenteractionmay be initiated by electrostatic forces
without interacting with any specific membrane recep@uonsequently, antibodies against
APA-1 are unald to inhibit its toxic effec{32]. In addition, among the five heks, helices 3

and 4 have the most number of conserved hydrophobic residues and charged liesjd(@8 (

D55 and E62), and the helices showed the highestfporeng activity. This suggesthat
following initial binding of APAL1 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 APAL helix. Based on the ARA solution structure, the hydrophobic
residues face toward each oth@d], thereby forminga hydrophobic core that is likely to

contribute to the stability of the protein.
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Figure 16: (A) Primary structure of APA, and (B) the synthetic peptides of APAwith the number
of amino acidg25, 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 structurelof APA

[24].
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Figure 1.7: Poreforming activity of a trophozoite extract (native ARA and synthetic peptides
(helices 3 and 4, and two helix 1 homologues) measuredlippsome depolarisation assayPA-1

and the synthetic peptides were incubated with vesicles composed ofsvahospholipids. The
remaining APAL poreforming activities were then examined by measuring the depolarisation of the
liposome membrane potential. APAand the synthetic peptides interacted more favouraditly
negatively charged membranes. The posiiwdlarged residues on helix 1 homologues are depicted in
blue and negatively charged residues are in red. The graphs were modifi¢8, f8Bdm

10



AG7, @
Helix 4 Helix 5 -
@ ®

Figure 1.8: Helical wheel projections of the ARA sequence. The five helices are respectivedyed

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 reséduare in blue. The helical wheel projection is generat¢@3y

and modified according t[84]. Based on the APA solution structur¢24], the angles of each helix

were adjusted so that the hydrophobic residues are facing toward the centre, forming a hydrophobic
corewhich stabiliseshe APA-1 fold.

The three disulfide bonds are crucial for maintaining the rigidity and tertiary fold ofJAPA
Reduction of the disulfide bonds has been shown to result in complete loss ¢f A&ty

[8]. This leads to the question$ (1) how the single peptides (helix 1 and helices 3 and 4)
orientate for membrane insertion in the absence of disulfide bonds to givéopuneg
activity; and (2) how the single peptides oligomerise ghér molecular aggregates, which
appears to be a prerequisite fmre formatiorand membrane disruptidd7, 18]. In addition,
synthetic helices 2 and 5 showad poreforming 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 withat least 20 amino acids is required to ensure that the peptide spans the lipid
bilayer and aggregates into pore structys 36)]. The hydrophobhelig regi
peptides interacts with the hydrophobic core of the phalggpds (.e., acyl chains) and the
hydrophilic region forms the inside face of the pore. Helices that are shorter than 20 amino

acids may perturb membrane integrity by interacting with phospholipids in the plane of the
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lipid bilayer, but cannot easily fm pores unless the bilayer narrof@%, 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 eelaty ~ shelxxr t U
lengths formed. Moreover, it was noticed that although the peptide composed of helices 3 and
4 showed the highest peferming activity, both these peptides were less potent and had
weaker binding affinity to anionic phospholipids whemgared with fullength APAL. This
indicates that the presence of certain areas in other helices may be crucial to achieve the full
potency of APA1, such as Lys37 located on helix 2, His75 on helix 5 and the hydrophobic
residues, which are conserved asrall the amoebapore isoforms. Slteected mutagenesis of

these residues and pefi@ming assays of the mutants will provide a better understanding of

which residues are important for APIAfunction.

Positively charged residues are considered to beiargior APA-1 membrane lytic action,
reflected bythe selective binding to negatively charged phospholipids andrbincrease in
APA-1 activity underslightly acidic conditions The pH range where ARA is most active
coupled withthe eight Lys residuemterspersed along the entire sequence anderanally
placed His residukavebeen suggested pday crucial roles for APAL interaction withanionic
phospholipids andhus poreforming activity. To verify this, Lys and His residues of ARA
were chenually modified under different conditionby diethylpyrocarbonate DEPC),
citraconic anhydride and manoalid@EPC 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 onhAll treatments resulted in nearly complete loss of APpore
forming activity (Figure 1.9 [32]. Suchbinding preferencdo anionic membranes also
known for a variety of antimicrobiaproteinsand peptidesAccording to the Antimicrobial
Peptide Database (APD37], among the 525 antimicrobial proteins/peptides that have been
characterised, 96% tifiem prefer interacting with an anionic bacterial membrane. For example,
positively charged residues of theagainin2 are crucial forenhancinghe initial interaction

with negatively charged membranes and facilitapogeforming activity[3§].

Interestingly, both the liposome depolarisation assay and membrane association study showed
that modification of the sole His resid(ld75) resulted in no poréorming activity but 70% of

the protein remained in contact with liposomes, whereas modificatibys residues resulted

in complete protein dissociation from the membrane and loss of aclivigyresults suggest

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

be important forpore formation[32]. However, it was unclear as to whether the chemical
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modifications caused any alteration to the tertiary structure of-AR#d thus abolished ARPA

1 activity. In addition, apart from His and Lys, DEPC is known to react with thechaias of

other aminaacids such as Cys and Ta9]. Since all the Cys residues are involved in disulfide
bonds, the only Tyr residued., Tyr30), which is conserved among the amoebapore isoforms,
may have been modified and this mochtion may have influenced APAactivity. Moreover,

it wasobserved that chemical treatment by manoalide only modified ~60% of the Lys residues.
Such modification gave rise to an APAcontaining solution with 30% activitj32]. This
suggests that some Lys residues were not readily accessible for modification. These Lys

residues may be buried in the ARAstructure and contribute to APRactivity.
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Figure 1.9: The effect of chemical modifications to His and Lys residues onfponging activity of
APA-1. The pordorming activity was examined by measuring the dissipation of the liposome
membrane potential. Native APAwithout any chemical modification was usegithe positive control.
Loss of poreforming 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 8m

1.2.4 pHdependent selassociation angore formation

Several studies have shown that the gorming activity of APA-1 is pHdependen{8, 18, 32,
40]. A decrease in APA-membrane association did not coincide with a decrease ofJAPA
poreforming activity [32]. Figure 1.10shows thatporeforming activity of APA1 declined
dramatically to~30% when the pH wamisedfrom 5.2 t0~5.6, and wagssentially lost bpH

7. Intriguingly, the figure also shows tha mpronounced reduction of ARAliposome
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association was observeder the same pH randee., pH 5.2 to ~5.6)Nonetheless, APA

lipid association was isfrupted at pH values> 6.5 These resuls support he chemical
modification study, which suggests that in addition to interaction with the lipids, another event,
which waslater proposed to be APA dimerisation[24], is involved in APA1 poreforming
activity [32]. The pH range where ARA abruptly losses its association with membranes (

pH 651 7) isclose tothe intrinsic pKa value of His residues, whigingesbetween 6.2nd6.8

[41, 42]. Based on these observations together with the chemical modification stuties, it
beenproposed thathe protonation state of H7&f APA-1 is an importantdeterminantfor
APA-1 pore formatiorandmembrane association.

1001
80-
60-
401

20

Liposome association (4), %
Pore-forming (0), %

0 :
5 6 7 8 9 10
pH

Figure 110 The effect of pH on APA-liposome association andore formation Liposome
association was detmined by measuring the amount of free APAn solution after incubation with
liposomes. Porforming activity was studied by measuring liposome depolarisation. Both measured
properties at pH 5.2 were normaisas 1009%32].

Using planar lipid bilayers, APA was observed to form undefined structures that resulted in
an ncrease of membrane conductarj2€]. By crosslinking APA1 using glutaraldehyde
homooligomers with MWs of dimers up to hexamers were obseimethe presence of
liposomes Crosslinking of APAL in solution also showed similar behaviour, but
oligomerisation was less extensive, suggesting that localisation of the protein in the neembra
facilitates the formation of oligomeric specieSelf-associationof APA-1 is reversible[8].

Based on these results together with the previously described chemical modification and
liposome depolarisation assays, it appears that-ABAlf-association occurs in solution prior

to membrane binding, whereas formation of the proposed pore structure, which causes

14



membranegermeabilisationonly occursonceAPA-1 is membrane boundo characterise the

role of H75 inpore formationcrosslinkng experiments were performed witHEPGmodified

His APA-1 [32]. The results showed that following treatment thajority of APA1 was
present asmonomes, dthough a small number of oligomers with lower MWs were also
detected Poreforming activity of the H75modified protein was lostThis indicates that ¥b
modification blocks the formation of oligomers and thus assembly of pores within the
membrane Neverthelessthe influence otthe chemical treatments to other residues or to the

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

Based orthe above observationshe protonation state of the sole His residppeardo bea
crucial determinantfor APA-1 oligomerisationand may play a role ilfmembranebinding
Since Lys residues have pKa valuds-10.5[41-43] and are protonated over the ARAH-
active rangeinitial interactions between ARA and anionic membranes are likely to be driven
by surface accessibleys residueslt has been proposed thatae APA1 is membrandound
and the cocentration of bound APA reaches a sufficiently high value, ABAundergoes
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 stry@4relt is
postulated that under slightly acidic conditions where AP most active, the protonated
H75is involved in electrostatic interactions withe side-chain ofeither anAsp or Glu residue

of APA-1, and this interaction drives homotypic dimer formatiDeprotonation of H75 or
protonation of acidic residgas hypothesised to disrupt this homotypgsociationMoreover,

as previously described, APA abruptlyloses its interactionvith membranes at pl8.5 7,
close to the intrinsic pKa of Hisndicatingthe protonation state of H75 may be functionally

important for membrane binding.

Theintrinsic pKa values of Asp and Glu residues areif 3.@ind 4.24.4, respectively41, 42,
44]. However acidic residues can hawvelevated orsuppressedKa valuesin proteins
Residues with unusual pKa values are often associatedumittionally important events such
as sahbridge formatbn, hydrogen bonding and protein sadfsociatiorj45-48]. It is possible
that aidic residueghat haveelevated pKa values close to pH 2y play important roles in
regulatingAPA-1 activity. For example, prtonation of acidic residueshauld lead to anAPA-

1 surface that has lsigher overallpositive chargeand this should enhanéd”A-1 interaction
with anionic membranegonverselydeprotonation of the acidic residuesiuceghe overall
positive charge of APA and this likely destabiliss the pore structurédy introducing

repulsive forces thato not favourAPA-1 oligomerisatioror membrane interaction
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Six charged residues are observed to be conserved across all the amoebapore Bafrms
K37, K48, D55, E62 and H7Suggeshg these residues may play important ralefPA-1

activity. To better understand the roles of thesgsable residuesm APA-1 functionality, it is

crucial to measure their sidain pKa values in an effort to identify specific residues that
have chaged states that are congruent with the active pH values. This can be achieved using

NMR experimentand will bereportedn Chapter 3.

Conductance measurements of different planar lipid membrhassprovided data that
indicatesAPA-1 forms pores with diferent lifetimes and diametergith estimatedvalues
varying between6.3 22.1 A [49]. However,the methoddoes not directly visualiSAPA-1

pores to provide unambiguous evidence that membrane permeabilisation was solely because of
pore formation particularly under conditions similar to those encountened vivo.
Consequently, no evidence describing the detailed structure and mechanism -df gdré
formationexists.Electron microscopy has been used to directly visualise pores in membranes
for various pordorming proteins, providing more detailed information ofgsetructures. For
example, melittin, a highly cytolytic peptide produced from the honeybee veAmis (
mellifera), was identified to exist as tetramers to octamers and form pores in membranes with a
707 80 A ring diameter and a B85 A internal diametej50]. Fragaceatoxin Can actinoporin
produced from the sea anemdkainia fragaceawas found to form pore structures consisting

of a protomer with a ring diameter of 112 A and an internal diameter of[52]AMagainin 2,

a broadspectrum antimicrobial peptide isolated from the skin of the African clawed frog
Xenopus laesj was recognised to form pores in target membranes with diameters of ~80 A
[52]. A n d-toxth producedby Staphylococcus aurederms pores with a diameter of 75 A.
However, the crystallisation of the APRApore structure with membranes and visualising the
pore structures withelatively small pore sizeg.e., 6.31 22.1 A) byX-ray crystallography and
electron microscopis challenging[53] Detailed structural information at the atomic level that
describes the pore structure of ARAn a membrane cansal be achieved using soladate

NMR spectroscopy. Howevelhe particular sample conditions that are required for collecting

suitablehigh-resolutiondata using soligtate NMR spectroscopy can be difficult to achieve.

Other methods for investigating peat pore formationinclude neutron reflectometry and
quartz crystal mimbalancewhich indirectly probe proteirpore formationin membranes.
Neutron reflectometry measures the thickness and scattering length density change of the
membrane when a protein i®und.Quartz crystal microbalanamonitors 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 structwal information of APA1l-membrane association; for example, the residues that

are crucial fopore formatiorand membrane binding cannot be identified using these methods.
1.2.5 Interactions of amoebapore A with membranes

The mode of action oAPA-1 has ben hypothesised to involve interactions with anionic
phospholipidswithout binding to specific lipid structures or membrane recept®fs It was

found thatAPA-1 was more poterdgainstGrampositivethanagainst Grannegativebacteria
[30-32], and gynificantly higher APAL 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 dipopolysaccharide layer in Gramegative bacteria and teickoacid bound to

the peptidoglycan in Graipositive bacteria, the external wall structures of the bacteria may
play a role in the observed different ABAactivities. The additional membrane layer of Gram
negative bacteria may act as a barrier with highsistance against ARA invasion(Figure
1.11)[31]]. To further investigate this, bterial cytoplasts of Grafpositive and Grarmegative
bacteria were prepared and ARAwvas able to lyse both of them, indicating that the bacterial
cytoplasmic membrane is a target for ARAnvasion[49]. The initial interaction of APAL

with Gramnegative bacteria involves permeabilisation ofoiiser membrane. Howeverore
formationon the outer membrane without reaching the inner membrane is not sufficient to kill
the bacteria, either because AR 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 molecules to enter into the periplasmic space. In contrast tG1APA
NK-lysin is able to kill both Grampositive and Grammegative bacteria at similar
concentrationg49]. 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 onnéne
membrane such gshosphatidylglycerohnd cardiolipin of Grammegative bacteria. Moreover,

the remarkable positive surface of Ny&in may be capable of displacing and Md"*

cations which are important for the stabilisation of the lipopolysaim#dayer of Gram
negative bacteria, leading to membrane destabilisgé®h. APA-1 does not have any
pronounced electropositive region (see Session 1.3.1) and thus not easily penetrate the
lipopolysaccharide layerSimilar to APA1L, other pordorming 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 cell9gkis
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Figure 1.11: Schematic representations of the Gramsitive and Grarmegative bacterial cell walls.
The Gramnegative bacteria have an additional membrane layeattstis an additional barrier against
APA-1 cell homeostasis disruption.

Despite being effective against prokaryotic cells, APAs also highly potent against
eukaryotic cells such as human intestinal epithelium cells, erythrocytes, neutrophils,
lymphocytes and macrophagé$8, 20, 57]. The surface of mammalian cell membranes
consists predominantly afholesterol and zwitterionic lipidsuch as PC anBE, indicating
APA-1 lytic activity toward eukaryotic cells is driven primarily by hydrophobic interactions.
However, it has been previously shown that APAt active pHprefers binding to negatively
charged membranes and showed no permeabilising activity against ngasaimes[8]. In
contrast, NKlysin which is highly positively charged and does not show any surface region
suitable for hydrophobic interactions also has cytotoxic activity against mammaliafbéglls
These results indicate that in @amplicated cellular membrane systersuch as human
membranescomplex events may occurhich cannotbe easily mimicked by simplenodel

lipid membranes

The amoeba is not affected by the amoebapores even though the plasma memBrane of
histolytica also contains a significant amou(®0%) of anionic phospholipidg§58]. This
implies that the parasite is resistant to its own toxic proté&ims.negatively charged lipids Bf
histolytica are likely to be located on the inner membrane leaflet, as found with other
eukaryotic cells, which are not@essible on the membrane surface for APAecognition59].

In addition, the plasma membrane ©f histolyticahas a relatively high cholesterol content

(46.5% mol/mol of phospholipids) which contributes to membrane rigj@}; The presence
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of cholesterol on liposomes greatly reduces membrane binding affinity of1APY] .
Therefore bacteria cells lack cholesterol are more accessible to-AR#fiack than eukaryotic
cells.Moreover, large amounts of-tylsphingosylphosphorylethanolamine (CAEphosphate)
(39%), which is a sphingolipid known for its stability against hydrolysis, is present i&. the
histolyticaplasma membran&@he CAEphosphate is almost twice as abundari.ihistolytica
membranes as the sphingolipid content present in other eukaryotic cell menjb@nd$e

high content of sphingolipid and cholesterol may form a high density membrane shield that
protectsthe parasite from its own membranolytic proteins, as well as toxic components
produced by other microorganisms that may alsell in the human colon, such as the Shiga
toxin produced by the Shigatoxigenic group Edgcherichia colithat act to inhibit prain
synthesis in target cells[60]. Lastly, glycosylphosphatylinositol (GPI}anchored
lipophosphopeptidoglycamolecules located on the membrane surface can fodanaely
packedmatrix on the entire surfacd the trophozoites, whicmay further contribute to protect

the parasite against lytic damd®, 61].

1.2.6 Other pathogenic factors ofrfamoebahistolytica

Apart from APA1L, which is an essential virulent factor Bf histolytica other pathogenic
factors have been identifiedhe major surface receptor of the parasite, lectin with galactose
N-acetyl gahctosamine carbohydrate (Gal/GalNAc lectin), has Iskemnto participate in the

initial recognition and adherence of the parasite to host ti§gHe Interaction of the
Gal/GalNAc lectin with the bush border of intestinal epithelial cells mgger cell apoptosis
signalling and lesions to the host tissue that permits spread of the parasite through the blood
stream. Target cell death occurs withinl5 min after cellular adherence and this is followed

by phagocytosis of the target cell. In aduitto 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 amoelzzll interactions and the progression of parasitic invag@h The
GPlanchored lipophosphopeptidoglycan lecules located on thE. histolyticatrophozoites
surface are also able to interact with host délf§. One remarkable feature Bf histolytica

during tissue invasion is that it is able to lyse human colon cells and destroy the extracellular
matrix. Cysteine proteases producedebyistolyticawere identified to be directly involved in

target tissue invasion and gut inflammation byrddgtion of extracellular matrix proteins,
colon mucus and host antibodig85]. Similar to APAL, E. histolyticatrophozoites 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 effétuésrs can
cause other factors to become limited, thereby also reducing the pathogertcityigiblytica

as shown in Section 1.2[29].

20



1.3St ructur al asmtdu diaeope A « a |

1.3.1. Amoebapore :Aa member of the saposilike proteinfamily

In 2004, the solution structure of monomeric native APAt pH 3.0was solved by
homonuclear twalimensional (2DYH nuclear magnetic resonance (NMR) spectros¢@gy
The tertiary structure of APA revealed that it belonge the saposHiike protein (SAPLIP)
family thatis characterised bylundle of five am h i p a-helcésandtiteedisulfide bonds
that provide protein stability (Figure 1.12).

Helix 3

N-terminus

C-terminus

Helix 4 (§

Three Disulphide Bonds
C5-C77
c8-C71
C35-C46

Figure 1.12 Ribbon representation of the structure of monomeric APsdlved by NMR spectroscopy
at pH 3.0[24]. The three disulfide bonds are depictedyallow. The six cysteines that form the
disulfide bonds are highlighted in the yellow box.

The SAPLIPfamily has over 200 members and it is termed SAPLIP because s&adsin
were the first characterised proteins of this family. Although the SAPLIP memberstishare
characteristic saposiike fold, theyperforma highly diverse rangef biological functionsthat

are associated with interactisrwith lipids [69]. Examples of SAPLIP members which are
functionally close to APAL include caenape5, saposin AD, NK-lysin and granulysin.
Caenoporé, a poreforming protein found ifCaenorhabditis elegangrotectsthe host from
pathogenshat are ingested by the woilmg disrupting the integty of bacterial cell membranes
[70]. Saposin AD are four small glycoproteins derived from prosaposin and function in
sphingolipid degradation anshembrane digestion. They work as cofactors duspgcific
sphingolipid hydrolysis in lysosoesby interacting with membrand31]. NK-lysin [72] and
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human granulysif73] are bcated in the intracellular granules of porcine and human cytotoxic
lymphocytes, respectively. Both SAPLIPBarticipate in thenternal immune mechanisms by

exhibiting antibacterial activity against pathogens.

By comparing the primary sequences and tertgructuresof APA-1 and particulaSAPLIP
members(i.e., caenopore 5, saposini &, 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 areumber of features that are conserved and these features
may be functionally significant across the SAPLIP family (Figures 1.13 angl Eitsk of all,
SAPLIP membersshare the characteristic SAPLIP fold whclo nsi st s of fi ve a
helices The hydrophobic amino acidare distributed at similar positioms the structureand
fourteenhydrophobic amino acids are conseraedong all theSAPLIP proteins (presented in
Figure 1.13), which is-526 of the number of conserved hydrophobic residugesa the
amoebapore isoformd4 out of 27 hydrophobic residues are conserved across the SAPLIP
proteins)(Figure 1.5. Thisindicates that the hydrophobic core is important for maintaining the
SAPLIP fold. Additionally, almost all theroteins share a rmilar pattern of six cysteine
residues which contribute tbe stabilisation of the tertiastructures througthe formation of
disulfide bonds. Granulysin is an exception with only four cysteiresiduesforming two
disulfide bonds This is due toloss d the C-terminal cysteineresidue during a post
translational modification process and the loss of thterMinal cysteine possibly during
genetic evolutiori74]. Furthermoresevencharged residues are conserved between-ARAd

at least anothethreemembers of the SALIP family, namely EI622, D25, D29, K37, K48

and H75. This indicatethat the charges at these positions in the structures may play similar
functional roles in mebrane binding and permeabilisation properties in different proteins. As
previously discussed, the Lys residues are important for initial binding of-JARth
membranes, H75 is crucial for both APAoligomerisation and interaction with membranes,
and theacidic residues may be involved in facilitating ssdociation, membrane binding or
regulating the formation of APA pores. Among these residues, K37 is highly conserved
among four SAPLIP members, suggesting this residue is likely to be crucial forazomm
functionality among these proteins. In addition, the positively charged residue H75 af BPA
also conserved among four SAPLIP proteins, except the His residue is replaced by a Lys and
Arg residue in NKlysin and granulysin, respectively (Figure 1da8d 1.1%. The replacement
may be responsible for the differences in theirgaphendent activities, as previously described

in Section 1.2.4. Sitdirected mutagenesis of K37 and/or H75 to remove the positive charges
and replacement of H75 with a Lys orgAresidue combined with peferming assays should
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provide a better understanding of the role of these residues in the activity el AR& other
SAPLIP members.

Despite thesesimilarities, theelectrostatic surfaces dhe SAPLIP proteins areremarkably
different, with net chargesrangingfrom 19 (saposin C) to +1.8 (granulysin) at neutral pH
assuming all residues have pKa values that are equivalent to the isolated resithudsted

using online Protein Calculatodevelopedby The Scripps Researchstitute, San Diego

USA). The diversity of the electrostatic surfaces of the proteit®msidered taeflect their
distinct mechanisms oproteinlipid association and variouinctiors [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 (FigureSiil).to
APA-1, caenopre-5 has an overall charge p1.5, a calculated pl value of ~6.3, and has been
postulated to perform its antibacterial actiongmye formation Its activity is pHdependent

with the highest activity at pH 5.4, which is very close to that of AP@e., pH 5.2)[7(]. In
contrast to APAL, saposin isoforms have low pl values arodrahd perform higher activity
under acidic conditions. Although the saposin isoforms share a high degree of structural
similarity, they have digtict modes of actions and diverse ligamdding propertie$76]. NK-

lysin [72] and granulysin[73] are dominated by positively chargedsidues with overall
surface charges of5+7 and +1.8 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 legadmembrane disruptiont is proposed that
NK-lysin permeabilises membranes in the monomeric state primarily via electrostatic
interactions. The high density of positively charged amino acids ofysiK, especially on

helix 3 may induce an electric field strong enough toyperthe lipid packing order, leading to
membrane destabilisatidi@7]. For granulysin, in order to interact with the hydrophobic core
of the target membrane, it undergoes a rotation that cregdesphobic patches on its surface

for membrane interactiofi3]. Based on these outcomdise uniquecharge distribution and
spatial arrangement of ARA indicatesthat the interaction of APA with target membranes

involves a uimue mechanisnthat is not understood
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Figure 1.13: Sequence alignment amoebapore Acaenopore 5saposin A, B and C, ltysin and ganulysin Cysteine residues ateghlightedin black with
dashed lines linking cysteines that form the three disulfide bofus hydrophobic residues which are conserved in more than six SAPLIP proteins are
highlightedin green.Positively chargedesiduesarehighlightedin blue and negatively chargeesiduesarehighlightedin red The charged residues conserved
between APAL with at least anothehree SAPLIP members are indicated by red arroWsese conserved charged residues which are not clearly identified
based onthe sequence alignment have similar spatial locatiosdtertiary structure (see Figure B)1 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 ansurface electrostatic potentials of SAPLIP prote{A$ amoebapore A(B) caenopore 5C) saposin C{D) NK-lysin, and
(E) granulysin.The overall charges for the proteins (at neutral pH)cateulated to b®, +1,-7, +6 and +11, respectivelgssuming all residues have pKa
values that are equivalent to the isolated residesitively charged surface regions are depicted in blue and negatively charged surface redepistedas
red. The conserved disulfide bonds are not shown.
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Figure 1.15: The conserved residues present across the thresbapure isoformgAPA-1 (A)) and between APA and other SAPLIP members (APA(B)).

The conserved residues with respect to the sequence oflARAther SAPLIP members are also shoWme conserved hydrophobic residues are depicted in

green, the conserdepositively charged residues are presented in blue and the negatively charged resioluesdarEhe conserved hydrophobic residues

located in the core of the structure are considered to be important for maintaining the SAPLIP fold. The chargewhésidaies conserveldetween APAL

and other SAPLIP membensay 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 represenigtres rande of action of APA. The sidechain protons for the highlighted

residues of APAL were rebuilt and energy minimised using programme GROMRDBGMX [79].
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1.3.2. pHdependent dimesation of amoebapore A

Chemical crosslinkinggf APA-1 in the lipsomebound state has shown thatt active pH
values APAL undergoes seHssociation and forswoligomers in membrands82]. Based on
these findings,tiwas further hypothesised that tinembrane permeabilising activity of APA

is reversibly regulated by a pttependent dimerisation everBased on the size exclusion
chromatography results performdxy Hechtet al., it is proposed thaAPA-1 exists as
monomerat pH valuest 3.5 and exists as a dimer at pH 5.2. At higher pH vaiumsX 8) the
protein is believed to exist predominantly menomers[24] (Figure 1.16) The MW of the

later eluted peak at pH 8 was estimated to be 2 kDa smaller than the monomericeiiRéd

at pH 3.5, and the early eluted peak was approximately 5 kDa larger than the dimeric APA
eluted at pH 5.2. The variation of the elution volumes may b&aiega by different solvent

conditionsandthe proteinconformation

Dimer Monomer
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Figure 1.16: Elution profiles of size exclusion chromatography showing thelppendent dimerisation
of APA-1. APA-1 exists as monomer at pH 3.5 (blackyndi at pH 5.2 (green) and predominantly
monomer at pH 8.0 (red). The picture is adapted f{i24h

It was proposed that the pHependentimerisation of APAL is modulated by the iogation
state ofthe surfaceexposedHis residue located at the dimer interfd@d]. Without altering

the overall APALl secondary structure as confirmed tiycular dichroism spectroscopy
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(190 250 nm wavelength)chemical modification of theHis appeared tdlock APA-1
dimerisation ancgpore formation[24]; although it cannot be ascertained whetier tertiary
structure still remained the same and no other residues were modtsdd on this
observation, together with structural data, it was suggested that the protonation state of the His
sidechain is responsible for ARA pH-dependent activitgnd apearsto be a prerequisite for
APA-1 pore formationAlthough description of the dimerisation interface at the atomic level is
not available, this data identifies particular amino acid-sitins that appear to be responsible

for dimerisation.lt was proposed thattgpH values between 4 and the protonatedHis75

forms an electrostatic interactionith the negatively charged siddain of Aspe3 on the
opposing monomer. A second ion pair is formed betvw&la® andLys64. These two ion pairs
triggeran anti-parallel heado-head dimerisationf APA-1 with a height of~33 A anda width

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

acidic residues upon lowering the pH and by deprotonatioHig#5 at higher pH values
(Figure 1.17C)[24]. Since, llices 1and 2 of APA1 provide anexclusively hydrophobic
surface, it is further proposed that when a threshold concentration oflAPAeached in the
membrane,his hydrophobic surface is extended by adding further dimers and results in a ring
like hexameric pre structure with &ydrophobic exterior and hydrophilic interi{ffigure 118)

[24]. The proposed hexameric pore has an inner diameter of ~20 A, which is close to the
diameter derived from biophigsl conductance measurements on planar lipid bilajyds
However, this model does not explain the observation of different size pore formations with
diameters varying between 6.3 and 22.1 A indbreductance measuremgf9]. In addition,

the role of helix 3 and 4 which were previou
and association based on their remarkable membrane perisaadbil activity was not
clarified by this mode]30, 31].
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Figure 1.17: Proposed dimer model of ARA (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 te-3® and 43 A,
respectively. (B) Zoomed in diagram of the dimer interface; the residues proposed to be invtileed in
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 electrostati@rattion 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 protonatedppsitively charged) ovehe pH range

of APA-1 activity.
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Figure 1.18 Proposed APAL hexameric pore modglA) and (B) Addition of further APAL dimers
results in a hexameric pore structure in the membrane witdeophobic exterior and a hydrophilic
interior. In diagram (B)the positive surface potential is indicated in blue, negative surface potential in
red and no#polar residues are coloured whig].

1.3.3 Interaction of amoebapore A with membranes

Antimicrobial peptidefproteins (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 isolatedlardcterised from a variety of
natural sources. Currently, naturaMPs are attracting particular attention because of their
potential use against antibiofiesistant pathogens. Understanding the mode of action of these
peptides is essential for novdierapeutic development. may also give insight into the

mechanism of the more complproteinAPA-1.

Most AMPs are able to permeabilise target cell membranes. Two major models have been used
to describe the membrane permeabilisation activity inducedMiiys binding: the barrel stave
model and the carpet modél]. In the carpet modelAMPs orient parallel to the surface of

the lipid bilayer accumulate and form an extensive lagger the target membrane surface

The membranestructureis destabilisedafter a thretiold concentratioris reached81] (Figure

1.19A). Examples of proteins which use this mode of acinmiude NK:lysin and granulysin,

where theiiTembraneactive behaviour is caused mainly by electrostatic interactions with the
membranesThe barrel stave modetlescibes AMPs that form transmembrane poreghe
proteinsattach to the target membrane and aggregate. Once the threshold concentration is
reachedAMPsinsert into themembrane as oligomeperpendicular 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 pof&l] (Figure 1.18). One typical example is
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alamethicin, which is isolated from thErichoderma viridefungus It penetrates theigid
bilayer as transmembraioeiented helix bundles surrounding the central pore after a certain

peptide concentration is reach@&2).

Since APAL has been proposed to form pores with chahkelcharacteristics, its interaction

with membraneshas beenpostulateda c c or di ng 1isda atv b é [19Dld Ik is e |
hypothesised that the initial association of APAwith targetmembranes is driven by
protonated Lys residuesitiv anionic phospholipids. The protonation state of shngle His
residue is postulated to drive APIAdimer formation in solution by forming a salidge with

D63 in the proposed dimer model. The dimers aggregate on the membrane and once a critical
conentration 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. Howeves, uinclear
whether dimer formation is a prerequisite for ABAnembrane interaction and the role the His
residue plays in APAL activity. The protein may associate with the target membrane in both
monomeric and dimeric forms. Accumulation of ARAon the arface 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 actiorPAbfPs. (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 dbsises the membrane structure. (B) Barrel stave model:
The positively charged residues of t#MPs interact with the anionic phospholipids, insert
perpendicular to the bilayer via hydrophobic residues and oligomerise to form a pore structure. Both
modelsrequire a threshold concentration of #ileéPsfor membrane disruption to occur.
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Accumulation of APA-1 (dimer or
dimer + monomer) in membrane

Pore formation above a
critical APA-1 concentration?

(D)

Figure 1.20: Schematic diagramepresentinghe proposednechanisnof APA-1 assembly into a pore
structure in target membranes. (A) ARAlimerisation only occurs in solution; dinationis required
prior to APA-1-membrane association. (B) APAdimerisation happens both in solution and on the
membrane surface (or withirBoth APA-1 monomer and dimer are able to interact wh#hmembrane

(C) In both models, a threshold concentration of APfay berequired for the proposed pore to form
in the target membran@®) The APA1-membrane interactions presented in (A) and (B) are initially
driven byelectrostatignteractions between the posély charged residues of APAand the negatively
charged membrane headgroups. ReKym andKyp) labelled inthe diagram respectively represent
the dimer dissociation constantmonomerto membrane binding constant, adiner to membrane
binding constantAll processes are considered reversilbidormation such as the size of the pore
structure, whether dimerisation is functionality important for APApore formation whether
conformatioml changes to APA occur upon pore fmation have not been fully resolved.
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1.4 Research AiI ms

APA-1 is an antimicrobial protein that acts as one of the major pathogenic factérs of
histolytica The activity of APAL has a broad killing spectrum, including bothkamyotic and
eukaryotic cells.When the parasitels attached toa target cell, it dischargescytoplasmic
granulesto releaseAPA-1. It has been proposed thdwetslightly acidic environment in the
contact space between the amoeba and the targetsdlls in thdormation of active APAL
dimers and, ultimately, the creation of oligomeric pores in target cell membrEmegore
structure releases cell contents aheé processeventuallyleads to celldeath. However,
detailed molecular structural information of the dimer,how dimerisation facilitategpore
formation andthe membrane binding mechanism of ARAemainunansweredThe central
aim of thisprojectis to use differenbiophysical techniquet investigate how APAL self

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

(1) Recombinantproduction of APA1 using cellbased methods has failed. Therefae
produce the milligram quantities needed for biophysical studies and to isotope enriech APA

with NMR-active nuclei, celfree synthesisvasused to produce APA samples.

(2) Develop a model that explains the-geEpendent activity of APA, by identifying residues
that are located at the dimer interface, model the dimer structure based on batydies,

and determine the pKa values of acidic and His residues.

(3) Prepardifferent APA1 mutantdbased on theesults derived in (2) and test their biological

activities and examine their overall fold

(4) Elucidate the pklependent and lipid ssdtive membrane binding activity of APRAusing

model membranes.

The resultsarising from this research project provide more detailed information of the
molecular mechanism of ARA action.Such information mayacilitate the designof more
effective drugs againgE. histolyticainfection, andprovide a bettegeneral understanding of
antimicrobial proteirmembrananteractionsthat can potentialhyaid in the design oAPA-1

analogues fotherapeutic artinfective compounds against paular bacteria.
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Cell-free production and structural and
functional characterisation of
recombinant amoebapore A
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2.1.1 Cell-free protein synthesis

The cytotoxicity of APAl1 has prevented recombinant productioh this protein using
conventional celbased approache&xtracting the protein fronthe parasite isboth time
consumingand labourintensive and only small amounts ofunlabeled native proteinare
retrieved using this approa¢®5]. To produceAPA-1, including isotopically labelled APA,

cell-free protein synthesisas usedecause it does not depend on cell viabjBy-87].

In cell-free protein synthesig biologically active proteircan besynthesised usingrude cell
extracé and the desired DNA template[88-90]. The S30 extract is obtained from
homogenisation andentrifugal fractionation of lysedcells usually bacteria, but other cell
typeshave beernused, including yeastnsect and planit91]. The S30extractcontairs all the
necessary enzymes and oth@nscription andranslationcomponerg for protein synthesis,
andtogethemwith anexogenous supply of amiracids, nucleotides, salhdenergygenerating
factors, protein overexpression in a test tube is feasibie transcription of théargetgene in

the cellfree system is undéhe control ofthe T7 promote{92-94]. Although ell-free protein
synthesis from several organisimssbeen developefe.g, E. coli cells, wheat germ embryos
and rabbit reticulocyteskE. coli extract were usedfor cell-free APA-1 expression because
they generally give higdr protein yields and provide more NMR homogeneous samples
suitable for proteinstructural analysig88, 95, 96]. On the negative side amino acid
metabolismby E. coli canlead toisotope scramblinge.g, transaminase activitig84, 88, 97,

98]. Nonethelessthe cell-free system is far more inert with regard to isotope scrambling
because the pool of metdimoenzymes present in theell extract is not regeneratednd
transamination between Asp/Asn and Glu/Gtturs as a side reactiohhis will be discussed

in detail inSection 2.3.2.

To extendthe cell-free reaction time and increase protein proditgtia continuougxchange
cell-free systenwas developed91, 99]. In this systen, a reactionmixture is supplied with a
feeding solution through a seipermeable membrane and agitated in a shaking incubator
(Figure 2.1) The reaction mixture consists of highMW compoundsnecessary for gene
expressionsuch aghe cell extract, nucleic acids, tRNAandthe DNA template.The feeding
solution containsessential amino acids, salts, ATP and energy generating faotstgpply

fresh precursors into the reaction mixtwhkile continuousy removinginhibitory by-products
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from the reaction mixtureThe volume:volumeratio of the reaction mixture and feeding
mixture is usually 1:10The semipermeable membrane with molecular weight cubff
(MWCO) betwea 10 and 50 kDa is usdd ensure effective exchange betwédlkareaction
mixture andthefeedingmixture with nolossof essential proteins due tioe formaion of large
complexes through multiple interactiofiJ.

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: Schematigictureof the cel-free protein expression dialygsontinuous flow)system.

2.1.2Advantages of using cefree protein synthesis

Cell-free protein synthesis offers several advantages over conventionalvo protein
production.The reaction is fast and can be carried out in small voluarett is independent
of cell viability, thereby allowing the production otytotoxic and membrane proteinin
addition the target proie is the only protein synthessid andisotopelabelled during the
reaction. Consequently isotopelabelled amino acids are useekry efficiently allowing
inexpensive and rapid isotope labellifuy studying proteins by NMR spectroscoplproteins
can be uniformly, selectively, sispecifically or combinatorially isotop@belled for NMR
spectroscopic analysis by simply incorporatpayticularisotopelabelledamino acids in the
cell-free reaction systen{84, 101-105. Moreover, cell-free protein synthesisallows
incorporation of nomatural or chemically modified amino acids into the expressed protein at
desired positions duringanslation by including modiid tRNAs[106, 107]. Proteinscan be
labelled withfluorescent or biotinylated amino acids, or phogactive cros$inked groups for
sensitive deection and functional analyqi$0§.
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2.1.3NMR spectroscopy
2.1.3.1 Onedimensional*H NMR experiments

Onedimensional (1D) 'H NMR experimentscan provide insight into whether APAL
expressed from the cdllee synthesiss folded and monomericThe dispersion of signals in
the amide protomegion (61 10 ppn) andthe upfield shift of resonancearising from methyl
protons (~0 ppm) buried within the proteinore provide the main indicatos a folded
globular statein a 1D spectrumin contrast, poorly folded proteins give rise goor peak
dispersion and resonance broademighackbone amid@rotonsdueto chemical exchange
phenomena(Figure 2.2. Consequently, these proteins are difficult to study by NMR
spectroscopyl09. Moreover,the approximate size of a protein can be estimatedbtaining
the transverse relaxation timern the 1D'H spectrg{109. More details will be described in
Section2.2.12.1.

(A)

Amide proton region

Resvam

Methyl region
(B) yireg

WWWUMW“ Wk

T T T T T T T T
10 8 6 4 2 0

'H [ppm]
Figure 2.2: Onedimensional spectra of folded and unfolded ubiquifk). 1D spectrum ofa 2 mM
ubiquitin sample in 8V ureasolution. The reducedhemical shift dispersiofe.g, the amide proton
region)is characteristic of unfoldgatoteins.The methyl group isipfield shifted.(B) 1D spectrum oh

2 mM folded ubiquitin sample in KD. Both spectra were acquired at Z7. The picture was modified
from[11Q.
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2.1.3.2Two-dimensionalNMR

Proteinsgive rise to compledD *H NMR data because dfie large number of protons within
the structure. Such spectra have significant resonance overlapakegany sensiblanalysis

of the spectravery challengingBy introducingadditionalspectraldimensios, this resonance
overlap is often removed ardktailed protein structural analysss other types of analysis,
such as dynamicss possibleln addition, extra informa&n such as how atoms are bonded and

thedetails of througkspace proximity betweemucleican be obtainefl11, 117.

A 2D NMR experiment involvedour time periods: preparation, evolution, mixing and
detection(Figure 2.3) [111, 117. The preparation periodllows the nuclei in the protein
sample to reach equilibrium with the external magnetic field environrAéet. a set ofradio
frequency RF) pulses, the nuclearspins precessfreely at their own frequencieduring the
evolution period with delay timé;. The frequencies are measur@adirectly) during this
evolution period by incrementing this delay period (see below) to give rise to one of the two
chemical shift axeDuring a mixing periodif two nuclei interact with each othde.g, either
throughbond (electron mediateddr throughspace(dipole-dipole coupling interaction$, the
free induction decayH D) signal obtainedrom onenucleusat the end of; is manipulatedy
the frequency of the secomaicleus whichcan be recordeds an observable signédiring the
detection periodt,). To obtain2D specta, the process is repeated with gradually increaged
values(i.e., incremented)A series of FI3 obtainedfrom incremented; values are Fourier
transformedalong t, valuesto obtain amixed frequency/tim@&omain interferogram.The
intensitiesof the signak in the spectra oscillate as a functiontpft t, in units of Hz. The

seconddimension is achieved yourier tansformingalongt; values(Figure 2.4 [117].
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FID

Preparation Evolution Mixing Time Detection

Figure 2.3: Schematicrepresentatiorfor a 2D NMR experiment The cycle containsfour periods:
preparationevolution, mixing time and detection.A seriesof 1D FIDs are generatedwith different

delaytimes,t;. After the mixing period,the signalis detectedduringtime t,. Fouriertransformatiorof

the seriesof FIDs gives a 2D spectrumin which peaksappearthat correlatethe directly observed
chemicalshift with theinteractionof interest.The preparatiorand mixing periodmay containoneor a

seriesof RF pulseq113.
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Figure 24: Generation ofi 2D NMR spectrum(A) t; values in the evolutioperiodare incrementedcachFID is obtainedrom eacht; value and a&eries of
FIDs are recorded as a functiontpivhich are recorded in real tim@) The FIDsareindividually Fourier transformednd the xaxis is converteftom the time
domain to thefrequencyaxis (C) A second Fourier transformation is carried out alondD) A 2D spectrum showing the samseectral informatioras
displayed in(C), the darkestot represents the strongest height intensityereas thdeint circle showsregions ofless intensityThe picturewastaken from

[114).
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To characterise the conformational change of AP# different solution environmes)ta fully
assignedtwo-dimensional (2D) 'Hi >N heteronuclear single quantum coherefESQC)
spectrumwas required.The 2D *Hi N HSQC experiment correlat¢he nitrogennucleusof
anamide backbone group.d., NT H) with the directly attachedmideprotonnucleus In the
2D *H ™ N HSQC spectrumeach amide backbonegroup within a uniformly *>N-enriched
proteingivesrise to oneesonanceén the spectrum, and each Nigroup fromthe side chais

of Asn and GIn residuegive rise to tworesonancef the spectrum In addition, the indole
side chain (NH) group of Trp residus showsone resonance in ¢hspectrunfor each Trp
residue presentypically around 1012 ppm in thgrotondimension.This spectrum provides
diagnostic fingerprintand is often use measure various structural and functional features of
a protein[115. The dispersion of theesonancesn the 2DHi *®N HSQC spectras also
indicative ofthefolded state of the proteiin the spectrum of a folded protenesonanceare
usuallywell-dispersed of equal intensity with the numberefonancesorresponding to the
number ofresidues in the protein sequen@xcluding prolines, which do not have amide
protons. In contrast, a spectruwf an unfolded proteimften lacks resonancdispersion and

thenumberof resonances is oftenconsistent withhe protein sequen¢&1q.
2.1.3.3Three-dimensionalHNCA to obtain sequence specifiassignmens

In a 2D NMR experiment, the FID signals are collected after the mixing period. In the case of a
threedimensional(3D) experiment,an additional evolution and mixingeriod are applied
before acquiring the FID signallhe t; and t, (time delag incrementedin the evolution
periodg are separately Fourier transformed to give a 3D spedtt .

The 3D HNCA NMR experiment is aconventional approacko obtain sequence specific
assignments of the amide groupsd the © nuclej and the assignmentsin bemapped on to
the 2D*H1 >N HSQC spectrumThe 3DHNCA spectrum hashree orthogonal chemical shift
coordinates: théH amide chemical shifthe'>N amide chemical shifandthe **CU chemical
shift[118 119. The HNCAcorrelatemne'H and™N group {.e., chemical shift of both nuclei
are recorded) tdawo '3CU nuclei. One correlation idetween theamide group with its
correspondind®*CUi) nuclei(i.e., intra-residug, and the other correlatida between the same
amide group and th€CU(iT 1) of thepreviousresidue(i.e., inter-residud (Figure 2.3\) [118.

It is not unambiguousto identity between inter and intra correlations in the HNCA
experimentalone; although the intr&CU resonances generally hageeater intensity than the

interCU r e s detausedhe 8l tmtra-CUscalar coupling is strongeri1 and~7 Hz for

42



N-intra-C UandN-inte-C U ¢ o u mdpéctivg)s120. To achieveunambiguousackbone
assignmenta 3D HN(CO)CA experimenis acquired In the HN(CO)CA experimenthe 'H
and **N chemical shifts areorrelatel with only theinterC Unuclei via the CO groupand

t her ef or ecooemtiogfron theprevdlsresidue isobservedn the spectrum (Figure
2.5B). By overlaying the twaspectra backbone assignmentan be achieved (Figure 2.5C).
However,in this Chapter,the combinatorialabeling approachcoupledwith the available’H
chemical shift assignmen(Brof. Joachim Grotzinger, Department of Biochemistry, Christian
AlbrechtsUniversitat zu Kiel, Medical Faculty, KielGermany were used to obtain the
majority of the sequential assignment in theD 2'H TN HSQC spectrumwithout the
requirement to acquire ti& HN(CO)CA experimen{Section2.3.4.29.

(A) | | (8) | |
H—C—H H—C—H H—C—H H—C—H
v o |
—N—~C,— C—T —C,— _T_C“ T _C|a (|:| L
IL IL O H ) |-|| O H |-|| 0] H ) H O
\ J \ )
T f_ ——
1= i - j
(c) HNCA HN(CO)CA
Cay(i)
———————— ®
: ng-1) i Co:i—l) Cag—l) Ca(.f—l)
: E Ca(i-1) E ; Cag 1) C
C ! ! ? : Cali)
1 Cayi) ® :
Cali) ® P
N Caf(i-1) Cafi-1)
H
H H

Figure 25: Threedimensional HNCA and HN(CO)CA experiment®) and (B) represent the
schematic structuseillustrating the magnetisation transfer pathway of the HN&A HN(CO)CA

experimens, respectively(C) Displaysa schematiof the 3D HNCA and HN(CO)CA spectr@d) The

amide nitrogen is coupled withe C Uhucleiof both inter (i- 1) andintra-residuegi). In each NH strip

bothinter- and intraC (resonances are visible in the 3D HNCA spectrum as displayed.i(B)Clhe
amidegroupis only coupled with the inte€ Uhucleusin the HN(CO)CA spectrumat each NHfistripo.

By overlaying the HN(CO)CA spectrumith the HNCA, all CU (i) and @ (i- 1) resonancesan be
distinguishedThed oubl e headed arrows indicate that the e
(i.e, the initially excited proton nucleus and the detected proton nucleus are the same).
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2.1.4 Ains

The aimsof this chaptemwereto: (1) use the celfree system to produce cytotoxic APAN
both unlabelled and isotopically labelled f&ni2) develop a prification protocol to obtain
pure APA1 and examine its activitysing the liposome depolaaitson assayand(3) use the
aminoacid type combinatorially*°N- and uniformly *C/*°N-labelled APA1 to facilitate
backbone resonance assignments at pHu3ig NMR spectroscopyin Chapter 3,the
assignmenof the 2D*H1 N HSQC spectrunobtained from this chaptevasused toidentify
amino acids involved at the dimer interfatie addition,the cellfree system waalsoused to
express aminacid type selectively*>N/**C-labelled APA1 and various APAL mutantsto
study theAPA-1 dimerisation mechanisnusing NMR spectroscopy anather biophysical

methodge.g, small angle Xray scattering anslize exclusion chromatography
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2.2.1 Amoebapore Alasmidconstruct

The DNA sequence data encoditige APA-1 gene is available from the EMBL/GenBank
databases under the accession number M8BZE|5The gene encoding ARA (77 residues)
waspreviouslyclonedby our collaborators in German#of. Joachim Grétzinger, Department

of Biochemistry, ChristiathlbrechtsUniversitat zu Kiel, Medical Faculty, KiglGermany

into the pIVEX 2.4d plasmid . HoffmannLa Rocheltd., Basel, SwitzerlandusingNotl and

BanHl| cleavage sites (Figur@.6). The resilting expressionvector, pIVEX2.4-APA-1,
consists othe APA-1 gene fued with a Nterminal (Higs-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)

Ncaol (765)
3547 bp Sall (773)

Xhol (778)
Sac | [(789)

Pst | (794)
Sma | (798)
BanmH | (BDO)
Apall (1982) Stop (811-813)
T7-Terminator (870-908)
Ori EcoR1(1312) Eco RV (936)
Eco RV (1127)

AmpR

Hind 111 (1281)

Figure 26: pIVEX 2.4a plasmid as DNA templatefor the expression oAPA-1. The picture was
takenfrom [121].
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2.2.2Transformation of plasmids

To carry outtransformatios, 25 ng of plasmidwas incubated on ice withb0 ¢l of E. coli
DH5 UTop 0 competent cellsnyitrogen Carlsbag USA) for 30 mirutes Heat shock of
the cells was carried out a2 °C for 2 mn to ensure uptake of thplasmidand5 0 O of €
Luria-Bertani (LB) media was immediately added to the transformed,dellswed by 2 h of
incubation at 37C with agitation a50 rpm.Onehundred microlitersof the bacterial strain
was taken anglated ontoLB/agarcontaining0.1% (w/v) ampicilin and incubated overnight
at 37 °C. A single colony was selected from the plate and inoculated in 10 ml of
mediuni0.1% (w/v) ampkillin for 8 h at 37 °Cand250 rpm. One millilitre of the culture was
transferred tdl L of LB medium0.1% (w/v) ampicillin and the large culture incubated for
further 121 16 h. Plasmid DNA was extracted from tleernightculture usingthe Invitrogen
Mini/ Midi/Maxi Prep kits (Invitrogen Carlsbad USA) or the QlAprep® Mega Prep kit
(QIAGEN, Limburg, Netherlands The extractedDNA material wasanalysedn a 0.8% (w/v)
agarose gehndthe concentratioa weremeasured photometrically atwavelength of 280 nm

usinga Nandrop ND-1000spectrophotorater (NanoDrop Technologie®Vilmington, USA).
2.23 Preparation ofthe E.coli S30extract

An S30 extract was preparday MSc studentMikhail Legkodimo (School of Biological
Scierce, The University of Auckland010)asdescribedby Pratt[91] from the E.coli strain
Ro s et t apRAREDWVENBt)vd-fold concentration by dialysisising polyethylene glycol
2000[122.

2.2.4 Preparation ofthe T7 RNA polymerase

2.24.1 pKO1166 plasmidconstruct

ThepKO1166 plasmidvhich containsthe phage T7igenelthatencodes T7 RNA polymerase
(T7 RNAP) (Figure 2.7) was used to express the T7 RNAP during-frek reactios. The

LB

plasmid was provided by Dr Andrew KralicekTate New Zealand Institute for Plant and Food

Research LimitedAuckland). The pKO1166usesthe transcription factors present in the S30

extract to synthesesthe T7 RNAP under the control of thphage} | promoter[92]. With the
continuous production of TRNAP, APA1 was expressed dar the control ofthe T7

promoter
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Figure 2.7: The pKO1166 plasmid construct The pKO1166 plasmid containsthe T7 gene 1which
directsthe expression of TRNAP underthe control of the bacteriophage promoter.The figure was
made according tH2].

2.2.4.2 Culture preparation

Apart from cesynthesigng T7 RNAP during the celffreereaction it can also bexpressed and
purified from cell culture andubsequenthadded to the reaction mixturehe expression of 7
RNAP was achieved using thEKO1166vectoras described if92] with minor modifications
The pKO1166 vector was transformedinto E. coli BL21 competent cellby heat shockas
described in Section 2.2.at 30 °C A 2 L culture of competent cells was grown 3@ °Cin
LB medium supplemented with1% (w/v) ampicillin and5% thiamine(w/v). The culturewas
incubatedat 30 °C and250 rpm Whenthe Agoo reached0.9, the temperature was raised to
42 °C for 30 minand subsequently lowered 4® °Cfor a further2 hincubation The cells
were harvested by centrifugation1@816 g for 10 minat 4°C. Cell pelletswere resuspended
in lysis buffer(50 mM TrisHCI, pH 7.9, 5%(v/v) glycerol, 0.5 M NaCl, 1 mM DTT, 2ablets
of AiCompl et ¢ r egaefdi€ase inhibitors(F. HoffmannLa Roche Ltd., Basel
Switzerland, 10 mM spermidineand 0.05% Naleoxycholatg at a ratio of 5 g wet cell pellet
per40 mlbuffer.

2.2.4.3 Salt precipitation

The @ll solution waspassedhroughan Avestin EmulsiFlexC5 homogenize(Avestin Inc,
Canada)t ~103,421 kPa15,000 psi and the ysed cells were spun at 11,080or 45 min
Working ata temperature of °C, poteinswere precipitated from thesupernatanby slowy
adding ground ammoniunsulfate to a final concentration of 0.3§/ml over 20 min Wile

mixing. The solutiorwasincubatedor 20 min to maximis¢he precipitation and centrifuged at
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11,0009 for 45 min The pellet containing T7 RNAP was dissolvetbifGED buffer(10 mM
Tris-HCI, pH 7.9, 5%(v/v) glycerol, 0.1 mM EDTA and 1 mM DTTyith avolume equal to
20 times ofthe original weight of the celpelletsand dialysedvernightagainstthe TGED
buffer with a volume equal t®0 timesthe dialysatevolume.The dialysatewas centrifuged at
11,000g for 10 minandthe supernatant was collected

2.24.4 DEAE chromatography

Twenty millilitre aliquotsof the supernatantontaining T7 RNAPwere loaded ontaa High-
Trapdiethylaminoethyl (DEAE) cellulos®n exchangeolumnconnected to a gradient AKTA
purifier (GE Healthcarel.ittle Chalfont, UK)that has beepre-equilibrated with five column
volumesof TGE buffer (10 mM TrisHCI, pH 7.9, 5%(v/v) glycerol and 0.1 mM EDTA)The
sample was loadeat 5 ml/min. UV absorption at 280m was monitored at room temperature.
Bound proteis wereeluted with a linear gradient 6f 1 M NaCl in TGEbuffer over 30 min at

a flow rate of 5 ml/min Two-and-a-half millilitre fractiors were collected an@nalysedby

41 12% SDSPAGE (Appendix1). The T7 RNAP fractionswere pooled, concentrated to 30 ml
using Vivaspin™ centrifugalconcentrator§GE Healthcarel.ittle Chalfont, UK) with 10,000
Da MWCO,thendialysed against B of buffer P L0 mM potassiuaphosphatéKPi), pH 7.5
and 0.1 mM EDTA overnight

2.2.4.5 Cellulosephosphate affinity chromatography

For each run10 ml of he dialysed proteirsolution was loadedonto acellulose phosphate
affinity column (Whatman P11, 2.0 cm diameter,19.5 cmlength connected to a gradient
AKTA purifier (GE Healthcarel.ittle Chalfont, UK) that hasbeenpre-equilibrated withfive
column volumef buffer Pat 1 ml/min The methodor packingthe columnis described in
Appendix2. UV absorption at 28@mwas monitored at room temperatufée bound proteins
were eluted with a linear gradient@f1 M of KCI in buffer Pover 80 mimtesat a flow rate of
1 ml/min. Two millilitre fractions were collected and analysegt4 1 SPGPAGE TheT7
RNAP fractionswere pooled andoncentrated to 10 mising10,000 Da MWCOVivaspin™
centrifugal concentrator(GE Healthcare Little Chalfont, UK). The protein solution was
dialysed against L of storage buffer40 mM KPi, pH 7.5, 0.2 mM EDTA an@ mM DTT)
andf urt her Cc 0 n 2@mof thesotigena volunee THeOpbDtein concentration was

determined photometrically at 280 nm uskg 2.1:

Eq. 21
T7 RNAPconcentration (m/ml) = (Abssy/1.426L mol*cm™) x 99 kDa
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where 1.426L mol 'cmi *is the molar extinction coefficient(3g)) calculatedbased on the
molar extinction coefficient of tyrosindryptophan and cysteine residuestie T7RNAP
amino acid sequenc&éhe MW of T7TRNAPIis 99 kDa The T7 RNAP solution wasmixedwith
glycerolatal:1ratio (v/v) andstoreda t 20 IC.

2.2.5Preparation ofthe Master Mix

Working on ice, thdollowing stock solutions fomakingthe Master Mx were prepared2 M
HEPESpH 7.5, 0.17 MDTT, 120 mM ATP, 80 mMeach ofCTP, GTP andUTP, 64 mM
cyclic-AMP, 6.8 mM folinic acid, 2.75 M ammonium acetadel6 M KOH-(L)-glutanic acid
or 2.08 M KOHL-glutaric acid 1.93 M Mgacetateand1.6 M creatine phosphat&he stock

solutions were mixed togethertime abovesequencands t or 8@°C.at 1
2.2.6 Preparation of anino acids

Amino acid stock solutions were prepared in falistinct groups,A, B, C and D.The
concentration of each amino acid stock solution was 100 Tid.goup A stock consistd of

strong acid soluble aminoids: Glu, Asp, GIn, Thr, Met and Tydissolved in 0.7 MHCI. The
group Bstockconsisted obasesolubleamino acidslle, Trp, Cys and Phalissolvedin 1.09
M KOH. The goup C stockconsisted ofAla, Arg, Lys, Ro and Ser in ultrgpure water and
the group D stockconsisted ofweak acidsoluble amino acids Asn, Gly, His, Leand Val
dissolvedin 0.11M HCI. The amino acids were dissolveddiiferent solutions so thavhen
the stocks were mixedhe pH of the mixture was7. Vigorous vortexmixing and incubation
at 50 °C for 10 minwas required tdully dissolve the amino acid$he stocksolutiors were
mixed togetherto a final concentration of 15 mhh the orderof A, D, C and B to minimie

possibleprecipitation of the amino acids due to sharp changes in pH mpang. Thefinal

reaction mixtureeontainedl mM of each amino acid

To prepare crude amino acidixtures(Cambridge Isotope LaboratorieBewksbury,USA),
two amino acidstocks with the same concentration were preparddM HC and1 M KOH.
Ten minutesof vigorous mixing was required to dissolvéhe amino acidsOnce the stock
solutions were mixedthey were immediately added tthe MasterMix solutionsto prevent
amino acid precipitatiorStock solutionghatwerenot usedwere stored at80 °C. Prior to the
cell-free reactionsthe stock solutions were thawed at room temperadncncubated at 50C
for 5 min followed by vigorousixing to (re)dissolvethe amino acids.
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Forthe preparationf *>N- and*°N/**C-isotope labelled amino ac@blutions unlabelled amino
acids were replaced witthe requiredlabelled amino acidsCrude **N-labelled or *C/*°N-
labelled amino acid mies or individual L-[**N]-asparagine:bD, L-[**N]-cysteine, E[*°N]-
glutamine, [°N]-glycine, L-[*N]-isoleucine,L-[**N]-phenylalanine, {*°N]-serine, L[**N]-
tryptophan, E[**N]-tyrosine, L[**N]-valine, L-[*N]-alanine, L[*N]-leucine, L["N]-
threonine L-[**C/*°N]- or L-[**N]-asparticacid, L-[**C/*N]- or L-[**N]-glutamic acid,L-
[**C/°N]- or L-[**N]-histidine:HCI:HO, and L[*C/**N]- or L-[**N]-lysine:2HCI were
purchased from Cambridge Isotope Laboratoritewksbury, USA). To isotopically label
glutamicacid residues, 100 mM dfN- or *C/**N-glutamic acidin 0.7 M HClwas separately
preparedadded tathe group A mixture thenmixed withD, C and B(in that order)to give a
final concentrationof 15 mM. When pKQ166 was used to replagaure T7 RNAP for
continuousproduction of T7 RNAR during a celifree reaction, twice the amount ofdlanine
(i.e., 200mM) was added to the amino agtbckbecause TRNAP s rich in alanine residues
(i.e., 11.3%of the T7 RNAP residues are alanif&23. This higher amount of alanine ensured

sufficient supply oL -alanine forAPA-1 production.
2.2.7 Cell-free protein synthesis

The solutions used in theeaction mixtureof the continuous exchange cékte systemare
listed (Table 2.).
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Table 21: Components athefinal reaction mixture of theontinuous exchange cdiee system

Reagents Concentrations
HEPES/KOH pH 7.5 55 mM
DTT 1.7mM
ATP 1.2 mM
Each of CTP, GTP and UTP 0.8 mM
Cyclic AMP 0.64mM
Folinic acid 68eM
Ammonium acetate 27.5mM
KOH-glutamic acidor KOH-glutaiic acid for labelling with
L-[**N]-glutamic acid 208mi
Mg-acetate 193 mM
Creatine phosphate 80mM
Creatine kinase 0.25mg/ml
Ribonuclease inhibitor (Rakin) (Promega, FitchburySA) 250 units/ml
E. colitotal tRNA 175 pg/ml
Rosetta o D PRARE S30 extract 24% (vIV)
N 186 pg/miT7 RNAPor 32 ug/ml

PurifiedT7 RNAP or pKO1166

pKO1166

o _ ) _ o 1 mM pure amino acids @.03
Individual pure amino acids crude amino acid mixture ) o
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 RNA, creatine kinase and RNasin were abs&ht pH of thefeeding
mixture was adjusted to 7.5 usingM KOH. The concentrations dhe crude aminacacids,
RNasin Rosetta( o D BPRARE S30extract andpurified T7 RNAP were obtained from
optimisation of the protein exprg@en leve| as described irBection2.28. All the cellfree
reactions were performed at 3@ with agitation at 200 rpm overnighFigure 21).
Membranes with WCO of 121 14 kDa were usedAll protein productios were visualised

using 41 12% SDSPAGE by | oadi nthe réaction Imixtuwsf onto the gel.For
comparativeexperiments the SDSPAGE loading volumes varied according to the final

volume of the reaction mixturesnce the reactiomixture volumes may increase or decrease
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via dialysisduring theovernightreaction In addition,protein productiorwasalsoassessely

compaing the expression levgloftarget proteia andthe backgroundroteins
2.28 Analytical scale celifree protein synthesis

Analytical cell-free reactionswith 50 ¢ lof the reaction mixture and 956 lof the feeding
mixture were initially carried outto optimise the reaction conditions in order to obtdhe
highest yields of protein production bytitration of each componentControl reactions
containing 16e g / mthe L6+ mutant DNAwere used to teshe viability of the reaction
conditionsbecausat generally givesigh expression levels and precipitation, giving a visual
confirmationof synthesisFive to ten microliters of the reaction mixture waslected before
starting the exchange withe feeding mixture and stored separately &C4asthe T, control.
The reactions wereperformedin Slide-A-Lyzer mini dialysis units (Thermo Scientific,
Waltham USA) that were pre-soaked in ultrapure waterfor 30 min and a 1 ml Nunc
Cryotubeswhich contains the feeding mixtur@hermo 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 celfree protein synthesid he analytical scale ceffee reactions were
conducted in mini dialysignits Thevolumes of theeaction and feeding mixtusevere50 and 950 yl
respectively.

2.28.1 Testingthe Master Mix and amino acid stock solutions

Following the preparation cd new Master Mx andor amino acid mixtureanalytical scale
cell-free reactions werperformedto testthe quality of the mixturesThe IL6+ mutantprotein

was used athecontrol.
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2.2.8.2 Optimisation of the Rosetta( e DE 3 ) / p RARE v@&uné in tha tekfraec t

reaction

The concentration ofthe Rosetta( & D PBARE S30 extract prepared(Section 2.2.Bwas
optimisedat the analytical scaldo achieve the maximal protein yieldhile using thelowest
amountof the S30 extracReactionmixturescontainng 12, 24 30 and36% (v/v) of the S30
extractwere prepare@nd APAL production from the reactionsas examined A cell-free
reaction usinga previous lab stock o&n S30 extracthat was optimisedto give thehighest

protein yield atconcentration of 24% (v/wvas used as the control.
2.2.8.3 Optimisation of the RNasin concentration in the cellfree reaction

RNasn (F. HoffmannLa Roche Ltd., Basel, Switzerlandis one of the mosexpensive
chemicals inthe cell-free reaction. To reduce the cosand maximisethe level of protein
production, the concentration ofRNasin wasoptimised at the andytical scale Protein
productivity from the reaction mixtures containia®, 150, 250, 300, 350, 400, 450, 500 and
550 units of RNasin per ml ofhe reactionwere testedLab madeand optimisedRNasin by
MSc studentMikhail Legkodimo(School of Biological Sciere, The University of Auckland

2010)as described ifi.24 with small modificationsvas also occasionallysed
2.2.8.4 Optimisation of the T7 RNAP concentration in the celifree reaction

The activity of the purifiedil7 RNAP was tested by titrating thE7 RNAP concentration to
find the highestyield of APA-1 producedProteinyieldsfrom the reaction mixtures containing
0.7, 1.05, 1.4, 1.75, 2.8 and 4.2 p§T7 RNAP per ml of celfree reactionwere compared
using4i 12% SDSPAGE

2.28.5 Optimisation of the amino acid concentration in the celifree reaction

Crude **C/**N-labelled amino acidmixtures (Cambridge Isotope LaboratorieSewksbury,
USA) were used for uniformi®C/**N-labelling of APA1. To minimise the requirement dfe
expensiveisotope labelled amino acids and maximisthe protein yield, an amino acid
concentrationtitration was performedusing crudeunlabelledamino acids The cude amino
acid mixtures with concentrationsf 0.003, 0.0075, 0.015 and 0.@8ml were used for

analytical scale celiree reactions.
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2.28.6 Unlabelled versusisotopelabelled amino acids

Productivity of APAL1 from the celifree reactions using isotepabelled amino acidgi.e.,
13C/°N- or *N-labelled)were compared witheactions carried out using thalabelled amino

acids.The reactions werperformed atheanalytical scale.
2.2.9Preparative celifree protein synthesis

For large scale APA expression,he cellfree reactions were scaklegh from the 50950 pl
reactionto /10 ml, 2/20ml and 3/30ml reactions(reactiorifeeding mixture) The yields of
APA-1 expressionwere compared using the three systeReaction mixturegontaining 1, 2
or 3 mlwereput intodialysisbags(MWCO = 1 21¥ kDa). The dialysishagwassealedat one
endandtrimmed to havea minimal overhang. A 10Ql microcentrifugetube witha cut hinge
was insertedinto the other end of thalialysis tubingand the cap was closed. The
microcentrifugetube ensures the contents of the dialysig are readily accessible. The
reaction mixture were placed in a screwapped 15 or 50 npolypropylene tube coaining
10, 20 or30 ml of thefeeding mixturgFigure2.9). The reactions were incubated3 °C and
200 rpm. To produce isotomnriched APAL the unlabelled amino acidwere 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

labelledamino acids

Figure 2.9: Preparativescale celifree protein synthesis. Th@eparativescale celfree reactions were
conducted irl5 or 50 micentrifugetubes.
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2.2.10 Synthesis of isotoplabelled proteinsamples

To make isotogically enriched APA1, N- and **C/*°N-labelled amino acid mixtures
(Cambridge Isotope LaboratorieBewksbury,USA) werepreparedCombinatorial selectivg
15N-, uniformly 2*C/*N- and selectively**C/**N-enrichedAPA-1 sampleswere synthesised
The combinatorial selectivel}y’N-enriched APA1 samples were prepared B Andrew
Kralicek at The New Zealand Institute for Plant and Food Research Limited (AucKiatite
selectively®*C/*N-labelling approach, the charged amino adisp, Gly, His and Ly} of
APA-1 were'*C/**N-labelled for pka measuremerfseeChapter 3).

In the combinatorial labellin@pproach five samples were produced each with particular
residues™N-labelled simultaneously according to the combinatorial labelling sch@fweire
2.10) [84]. The most abundant amino acigenerally found in proteinsuch as leucine and
alanine werelabelled in only one of thBve samples, whereas the least abundant amino acids
such as histidine and cysteinere labelled in up to three of the sampleist schemeavas
based on the average amino acid frequencies in proteins reportedNatibeal Centre for
Biotechnologyinformationdatabaselt wasdesigned to minimise the numberresonances

the 2D *H1 >N HSQC spectra and avoid asjmultaneousN-labelling of glutamine and
asparaginas these residues increase the chance of signal owerla@ NMR spectra due to
the resonance$rom side chainamide groups.By using the combinatorial labelling scheme
each 2D 'H1 N HSQC spectrum recorded from one sample proslocdy a third of the
resonances generated by recording a spectrum of a unifbisabnriched protein. Thus ivas
possibleto minimise the number of resonances observed in each spetteneby limiting
resonance overlaf84]. The combinatorial labelling methodias combined with the available
amide proton chemical shift&ppendix3) provided byProf. JoachimGroétzinger Department

of Biochemistry, ChristiarAlbrechtsUniversitat zu Kiel, Medical Faculty, KielGermany as

an initial approach to assign tAB *H 1"°N HSQC spectrum of APA.
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Figure 2.10: Combinatorial selectivé®N-labelling scheme. Five combinatorial samples depicted by
different colours are synthesised. Each sample contains a different combinafisdaifelled amino
acids[88]. The last olumn represents the frequencies of each amino acid in APA

2.2.11 Purification of amoebaporeA
2.211.1 Immobilised metal ion liquid chromatography

After completion of the celiree reaction, the insoluble components were removed by
centrifugation a®4,600g for 20 min at 4°C. Chromatography was performed on AKTA
Purifier system GE HealthcarelLittle Chalfont, UK). A HiTrap immobilised metal affinity
chromatographyIMAC) column GE Healthcarel.ittle Chalfont, UK) was used to purify the
(His)e-APA-1 from the cell-free reaction supernatant. Thmlumn loaded with 0.1 M
NiSO,4-6H,O was equilibrated with five column volumes of binding buffed (nM NaHPO;,

500 mM NaCl and 20 mM imidazole, pH Y.Zhe celifree 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 &lRA-1 waseluted using
the elution buffer containing 80 mM of imidazole 10 mM NaHPQO,, 500 mM NaCland 500
mM imidazole, pH 7.1 Five millilitre fractionswere collected and analyseg 41 12% SDS
PAGE. The fractions containinthe Histag APA-1 protein were pooled and extensively
dialysed against0 mM ammonium bicarbonate at pH 80 at least six thes (1 h each time)

to remove imidazoleThis solution wasyophilised
2.211.2 Factor Xa Protease digestiorto remove the (His}-tag

Lyophilised protein was r ec dintsdtinTBSuigestiouffer n 50 0
to give a final protein concentration of approximatdlyng/ml(50 mM Tris, 6 mM CaGland

100 mM NacC] pH 8.0, asdetermined photometricallyrhe fuson protein was digested with

Factor Xa F. HoffmannLa RochelLtd., Basel, Switzerlandat a pro¢ase:proteimatio of 1:50

(v/v) for 120 h at 25 °CProtease cleavageasterminated by lyophilising the protein solution

and the protein was storedt 1 80 °C. Protein samplefrom each day othe digestionwere

collected and analysdxy 41 12% SDSPAGE.

2.211.3 Reversephasal high performance liquid chromatography

Reversephase high performance liquid chromatography @RIPLC) wasused to purify APA

1 afterthe proteaseleavage. After thawing, the protein sample was dilutedfolbwith 10%
acetonitrile/0.% trifluoroacetic acid (TFA)(v/v) and the pHadjusted t03.0. The protein
solution was loaded onto a sepreparative C8 columrGraceDiscovery SciengeColumbig
USA; 10x 250 mm, 5um particle size). A aatinuous linear acetonitrile/®A4 (v/v) TFA was
applied at a flow rate of 5 ml/min with fraction volumes of 2aollected APA-1 purity was
confirmed bymass spectrosco@nd4i 12% SDSPAGE analysis. The amount of protein was
determined by measurintpe Azg, and usingEqg. 2.1 and the calculated molaabsorption
coef f iy iofel@66L M Tem!. Fractions containing APA were pooled, lyophilised
and stored at80 °C.

The average mass of APAwas determined bgicroTORQ MS at the School of Chemical
SciencesThe University of Auckland Samp |l es wer e of themnxaebddsolutiont h 0 . °
(5 mg/ml alphacyanohydroxycinnamic acid in 60% acetonitrile/0.1% TFA) and spottamaon

stainless steel sample target. Mass spectra were obtained by a 4700 Proteomics Analyzer
(Applied Biosystems,Foster City USA) in the positivdon linear mode and calibrated
internally using cespotted standard proteins (Calibratidixture 3, Applied Biosystems). The
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average mass of the protein was compared with the calculated nthsslfade-bridgedAPA-
1.

2.2.12NMR spectroscopy

Protein concentrationsequired for solutiorstate NMR experimentshouldb e at | east 5
for 2D experiments and [125 026. AieMRPHBLUC, ABAL ex per
sampleswere dissolved in10 mM sodium citrate and disodium hydrogen phosphate (NaPi

93% HO/7% DO (v/v). The pH adjustetb 3.0and300¢ | of the pr placed n sol
into asymmetrical matched microtul{&higemi Inc.,Allison Park, USA. The pH values of

the samplesvereadjusted by the addition of 0.1 M NaOH or 0.1 M HCI. The pH vave®

measured before and after each experiment. The average sea€diptpken for data analysis.

All NMR spectravererecorded at 28C on a Bruker AV600 spectrometer equipped with a 5
mm zaxis pulseefield gradient'H/*>N/**C cryoprobe optimisd for*H detection.All spectra
were processed using the program NMRPipe. Analysi the processed spectieere

performed with the program Aitysis which is part of the Cbjmr software packaggL27].
2.2.12.1 T, measurement

Onedimensional'H spectra ofan APA-1 sample were recorded ~5 minutesat pH 3using
spinecho delay periods of 0.25 and 2.9 ms. The spectra weretaugsditain the transverse
relaxation timg12§. By measuringhedifferencein theresonancéntensities between the two

1D spectrawith the two delay periodd, values werealculatedusing Eq 2.2 [109

Eq. 22
T2 (Ms)=4( - g@)/In(1a/lg)

whereqga andgg arethe delay periods used in the 1D speditandlg are the peak intensities
recordedusingshortandlong delayperiods in the two 1D spectraespectivelyThe T, valueis
predominantly dependent on thze of the proteirand can beused tocalculate approximate
rotationalcorrelation tims (4;; Eq. 2.3). The estimateds, valueis the time it takes the protein
to rotate by one radian and it depends on the size of the proteirt; ttarsbe used to provide
a roughestimate of th@roteinMW (assuming the protein is a globular folded structith no
significant asymmetily The MW of aprotein inagueous solution near room temperature is
equal totwo timesthe £; value [109. Consequently, thelimerisationstateof APA-1 was

roughly estimatetby comparing the calculated MWs of APlAat different pH values
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Eq. 23
te = 1/[53 (T,/1000)]

whereT; is provided in mand thecalculatedt. is givenin ns.
2.2.12.2 Two dimensional*H TN HSQC experiment

Two-dimensional2D) *HT N HSQC spectra were recorded using data matrices consisting of
128*3 1024* data points (were n* refers to complex points) with acquisition times df62 (
and 136 mstfy). Depending on sample concentrationstween 16 to 256 scans per complex
tn iIncrement were alected. A recycle delay of 1.2 s was usékhe total measuring time for
eah experiment ranged between 40 ron24 h. Data sets were processed using NMRPipe
[129 and spectra visuakd andresonancesssigned using CcpNmr Analysjd3(. The
spectra of the fivecombinatorially labelledsamples were overlaid and coupled with the
available’H chemical shift informatiorusedto asign the 2D *Hi **N HSQC spectrum of
APA-latpH 3.0

2.2.12.3 Three-dimensional HNCA experiment

The threedimensionaHNCA spectrum was recorded using uniformi¢/*°N-enriched APA
1 tosequentiallyassign the 2BH >N HSQCspectrumat pH 3 The sampleoncentration was
1.6 mM. The 3D HNCA was recorded as a constiime water flipback experimenfl11§.

The data matrix consisted of 4&,) 3 34" (t,) 3 1024 (t,) data points with acquisition times
of 11.4(t)), 21.5 ¢,) and 95 mgt,). The total experimental time was 19 h. Thecarrier was

positioned on the (O resonance, theC carrier at 53 ppm and theN carrier at 115 ppml.SN

decoupling was applied during data acquisitibhe data set was processed using NMRPipe
and the spettum visualised usingthe CcpNmr Analysis softward11§. To assign the
resonanceshe 3D spectrumvas reduced to a series of 2D pl

easy approach ttompletesequential assignmeoabnnectivities.
2.2.13 Pore-forming assayof amoebapore A

The poreforming assay of APAL was performedby our collaborators in GermanyProf.
Joachim Grotzinger, Department of Biochemistry, ChrisAtbrechtsUniversitat zu Kiel,
Medical Faculty, Kiel by monitoring the dissipation of a valinomyeimduced diffusion
potential in liposomeat pH 5.2, 25 °Cas describeth [13]].
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2.3 Results

2.3.1 Preparation and testing of the componentdlw cell-free synthesis

Prior to large scalgrotein production the performance of the cdtee reaction were
optimised toobtain the highest protein yields The quantitiesof the Master Mx and amino
acids were testedheé concentration ofhe S30 extradd, RNasin andT7 RNAP wereprepared
andoptimised; and the expressiavel of APA1L using isotopdabelled and unlabelled amino

acids were compared
2.31.1 Testingof the Master Mix and amino acidstocks in the celifree approach

When aMaster Mx or amino acid stock solution wdseshly made,analytical cell-free
reactionswere carried outo test theperformancs of the solutiors. APA-1 expressiosiusing
newly preparectrude unlabelled amino acmixtures and MasterMixes were investigated
Expression othe IL6+ mutant using the same solutionasperformedasthe positive control.
The eaction mixturghatwascollectedbeforethe dialysisstepwas usedsthe Ty control. The
SDSPAGE result (Figur@.11) showedthatthe expression level &PA-1 was similarto the

IL6+ control andAPA-1 wassynthesisedh the soluble form.
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Figure 2.11: 41 12% SDSPAGE analysis of thexpression olL6+ and APA1 usinga newly prepared
MasterMix anda crude unlabelled amino acid mixtuteane M: Precision pluMW marker (BioRad,
Hercules USA); Lanes 1 and3: T, controt lanes 2 and 4 expressiosof IL6+ and APAL, respectively.
The arrows indicate thgositiors of theproteinbands corresponding tb6+ and APAL.

60



2.31.2 Optimisation of the Rosetta( e DE 3 ) / p RARE v@&uné in éha tekfraec t

reaction

To test the viability of thRosetta( & D PRARE S30 extract ando optimisethe required
S30 extractoncentration for maximal APA production, titration of the extract was carried
out attheanalytical scale. Reaction mixas containing 18, 24, 3@nd36% (v/v) of the extract
per ml of the cell-free reaction were prepared and used for unlabelled -AP&pression.
Expression othe IL6+ mutant using 24%v/v) of the extract waperformedas the control.
The SDSPAGE result (Figure2.12) demonstrated that 18%v/v) of the extract was the
minimal amountrequired to obtain an optimuPA-1 yield. Concentratios of S30 extract

below 18%(v/v) gavereduced epression leva (data not shown)
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Figure 2.12: 41 12% SDSPAGE analysis of thRosetta & D PRARE S30 extraditration. Lane M:

Precision pludMMW marker (BioRadHercules USA); lane 1 expression ofhe IL6+ mutant using 24%
(v/v) of the S30extract;lanes 2, 4, 6 andB: T, control; lanes 3, 5, 7 andd: expressiosof APA-1 using

18, 24, 30 and 36%v/v) of the S30 extract, respectively The arrows indicate thpositiors of the

protein bands corresponding tL6+ and APALl. APA-1 expressionlevels under the different

conditionswereassesselly comparing APA1 and background expression levels.

2.31.3 Optimisation of the RNase inhibitor concentration in the cellfree reaction

Titration of the RNasin(F. HoffmannLa Rocheltd., Basel, Switzerlandconcentration was
performedat theanalytical scale. The yield of ARA expressed from 50, 150, 250, 300, 350,
400, 450, 500 and 55@nits of RNasin per ml of reactionere examined (Figure.13). The
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result showedhatthe RNasin witha cncentration of 250 U/ml or above gave similar ARPA

expression levs| thus 250 U/ml was used for future experiments.
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Figure 2.13: 4i 12% SDSPAGE analysis of theffect ofRNasin concentratioan cellfree expression
yield. Lane M: Precision pluMW marker (BioRadHercules USA); lanes withodd numbersare T,
controk; lanes 21 18 (even numbers) asxpressionof APA-1 using 50 150, 250, 300, 350, 400, 450,
500 and 550 WRNasin/ml of reactionrespectively.The arrow indicates thposition of theprotein
bands correspondinto APA-1. Sample volumes loaded onto the gel were adjusted according to the
final reaction volumedollowing overnight incubation APA-1 overexpressiorunder the different
conditionswas further assessed by comparing tlewels of APA-1 produced against thigackground
proteins

2.3.14 Preparation and optimisation of the T7 RNAP concentration in the celifree

reaction

Expression of TRNAP was induced bheat shock at 42 °@r 30 minfollowed by 2 h of
inoculationat 40 °C(Figure 214). A 2 L cultureyielded ~12.6 g of wet cepiellet mass.
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Figure 2.14: 41 12% SDSPAGE analysis ofhe overexpression of TRNAP. Lane M: Precision plus
MW marker (BioRadHercules USA); lane 1 beforeheat shocknduction; lane 22 h afterheat shock
induction. The arrow indicates tipesition of theproteinband corresponding b7 RNAP.

A high-trap DEAE-ion exchangecolumn was used to purify T7 RNAP and the protein was
elutad at ~14% NaCl in TGED buffer (Figa 2.15). The wid volume and collected fractions
were analysed usingi 12% SDSPAGE (Figure 2.16). The gel result showed that the T7
RNAP was also present in the void volummmdicating the HigkTrap DEAE-ion exchange
column reached its capacity and was deaded. The void fractions were collected and re
purified through the column. All the fractions containing T7 RNAP were poole€itieg
(l anes 27111). in Figure 2.16
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Figure 2.15: Chromatogram of T7 RNAP purificatioty DEAE-ion exchange chromatographi7
RNAP eluted over an elution volume range of 25 ml, as indicated by the red bdlue: UV
detection at 280 nm; MdNeGhieTGED uffed 00 % gr adi ent
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Figure 2.16:. 41 12% SDSPAGE analysis of DEARoOn exchangehromatographyurification of T7
RNAP. Lane 1: void volume; lane M: Precision plus MW marker (BioRéetcules USA); lane

21 21: fractiors collected from the DEAE purification. Fractions corresponding tosladga 1 1
containing T7 RNAP were pooled. Thed boxes indicate thepositiors of the protein bands
corresponding td7 RNAP.

T7 RNAP was then purified through a cellulggesphate affinitgolumn and the proteiwas
eluted at ~45%v/v) KCI in buffer P (Figure2.17). The collected fractions were analysesing
41 12% SDSPAGE (Figure 2.18). Fractions containing T7 RNAP were pooled and
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concentratedBasedon the Agyabsorbanceat was estimated that60 mg of the T7 RNAP was

obtained from the 2 L culture.
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Figure 2.17. Chromatogram ofthe T7 RNAP purificationusing thecellulose phosphataffinity
chromatographyT7 RNAP was eluted oven elution volume range of #22 ml as represented by the
red bar. Blue: UV detection at 280 nm; greer8@% gradient of M KCl in buffer P.
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Figure 2.18: 41 12% SDSPAGE analysisof the cellulose phosphataffinity chromatogaphy of T7

RNAP. Lane 1i 3 and 4 14: fractions collected from the purification; lane M: Precision plus MW
marker (BioRadHercules USA). Fractions corresponding to la21 13 containing T7
pooled. Theed boxesndicate thepositiors of the proteinbands corresponding &7 RNAP.
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The viability of thepurified T7 RNAP wasexaminedusing analytical scale cefilee reactions
andthe T7 RNAP concentration for maximal APA productionwasoptimised Expression of
APA-1 using 0.7, 1.05, 1.4, 1.78,1, 2.8 and 4.2 ug of T7 RNAP per ml of célee eaction
were performed. The SDBAGE resultindicated thatamounts? 1.75 pug/ml of the T7 RNAP
gavethe highest levels oAPA-1 productivity (Figure 2.19. Therefore 1.75 pg/ml of T7

RNAP was usedn futurereactions.
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Figure 219 41 12% SDSPAGE analysis of theeffect of T7 RNAP concentratioron cellfree
expressioryield. Lane M: Precision plusW marker (BioRadHercules USA); lane 1 T, control;

lanes 2 8: expression DAPA-1 using 0.7 1.05, 1.4, 1.75, 2.12.8 and 4.2ug of T7 RNAP/ml of

reaction The arrow indicates theosition of theprotein bands corresponding to APA Sample
volumes loaded onto the gel were adjusted according to the final reaction volumes after the overnight
incubationand APA1 expression levels were compared

2.3.15 Crude unlabelled amino acid titration

Crude unlabelled amino acid mixtures with centrations 00.03, 0.015, 0.0075 and 0.003
g/ml were prepared tadentify the minimal amount requiretb achievemaximal APA-1
expressionThe SDSPAGE results shoadthatthe highestAPA-1 expressionvasachievedat
0.03 g/mi(Figure 2.20). Expressionlevels of APA-1 atthe amino acid concentration of 0.3
g/ml werefurthertested andhe yield wassimilar to the yield observed wharsing 0.03 g/ml
(datanot shown) Therefore 0.03 g/mlwas used for expression of uniforntfic/*°N-enriched
APA-1 by replacing the unlabelled amino acids watttrude **C/*°N-labelled amino acid

mixture
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Figure 220: 41 12% SDSPAGE analysis of theffect ofcrude amino acidoncentratiorior unlabeled

APA-1 cell-free expressionLane M: Precision pluMW marker (BioRadHercules USA); lanes 1 5:
expressionof APA-1 using 0015 0.0075, 0.003 and 0.@@ml of amino acidsrespectivelylane 5 T,

control. The arrow indicates thgosition of theproteinbandscorresponding to APA. Sample volumes
loaded onto the gel were adjusted according to the final reaction volumes after the overnight incubation.

2.31.6Unlabelled versus*N-labelled protein expression

Analytical scale celfree reactions were perforsie¢o examine the productivity of ARA
using unlabelled and isotepabelled amino acids. In the experiments, pure unlabelled®hird
labelled amino acglwere usedThe reactions were performed usithg previously optimised
conditions (.e., 18% of theS30 extract, 250 U/ml of RNasin and 1.75 pg/ml of the T7 RNAP
The SDSPAGE results shoed that the expression of APAL using the two types of amino

acid mixturesvassimilar (Figure 2.2).
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Figure 2.21: 41 12% SDSPAGE analysis of thexpressiorof APA-1 using pureunlabeled and *>N-

labelled amino acidd.ane 1: T control; lans 2 3: expression of APAL usingunlabeled and **N-

labelled amino acids respectively The arrow indicates the proteihandscorresponding to APA.

Sample volumes loaded onto the gel were adjusted according to the final reaction volumes after the
overnight incubation.

2.32 Preparativescalecell-free protein synthesis

For large scale APA production, the cefree reactions were modified frothe analytical to
preparative scales. 1/10, 2/206d 330 ml ofthereaction mixture/feeding mixture seps were
prepared and expression levels of ARere compared wittheamalytical scalereaction The
results showd that the expression lewebf APA-1 using the preparative scales were lower
than the analyticacale expression&igure2.22). When usinghe preparative scale m&aons,
precipitatioricrystallisationwas observed on the surface of the dialysis membrane after
overnight reaction. Thisnay be due tothe accumulation of byroducs produced from the
reactionor precipitation of salt®n the dialysis membranevhich may block the exchange
betweenthe reacton and feeding mixtusetherebyhampeing target protein expression. The
3/30 ml setup wasobservedo have theénighest amount gbrecipitation/crystallisatioteading
to the lowest APAL yield, whereas the 1/10 ml reaction was observed to kiadowest
precipitation/crystallisatiomnd resulted in bett&xPA-1 expressionThis suggests that protein
productionis directly proportional to theeactionsurface arean the membraneblocking the
membraneslecreases the exchange abe#weenthe reaction andeeding mixturesthereby

inhibiting protein expresion. Therefore the1/10 ml setup was used for the preparative scale
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cell-free reactionsUnlabelled, uniforrty *N-, uniformly **C/*°N-, combinatorialselectively
15N-, and selectilg (Glu, Asp, Lys, and His}*C/**N-enriched recombinant ARA samples

were produced usindpe 1/10 mipreparative scale.
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Figure 2.22: 41 12% SDSPAGE analysis of the expressiohAPA-1 by the analytical and preparative
scale systemd.ane M: Precision plusiW marker (BioRadHercules USA); lane 1: § control; lans 2
and 3 expression of APAL from 50 planalyticaland 1 mipreparativescalereactiors, respectively.
The arrow indicates thgosition of theproteinbands corresponding to APA Sample volumes loaded
onto the gel were adjusted according to the final reaction volumes after overnight incubation.

2.33 Purification of amoebapored
2.33.1 Immobilised metal affinity chromatography

The supernatardontaining APAL from thepreparative scaleell-free reactions werpurified
through thdMAC column. RecombinantAPA-1 waseluted from the columafter about three
column volumesusing an elution buffer containingd00 mM imdazole (Figure2.23). The
collectedfractions were analysed By 12% SDSPAGE (Figure2.24) and the result showed
that IMAC purificationdid not givepure APA-1 becausetherproteincontainmentsvere also
present in the eluted solutignot visible in Figure 2.24)The fractions containing ARA were
pooled anddialysed extensively again® mM ammonium bicarbonate at pH 8.0rémnove
imidazole which is known to inhibit the activity of Factora{132 and toreduceprotein

precipitation and enabkampleyophilisation
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Figure 2.23: Chromatogram ofhe IMAC purification of APA-1. The red arrow indicatefi¢ peakhat

represents the elution 8PA-1.
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Figure 2.24: 4i 12% SDSPAGE analysisof fractions collected fronthe IMAC purification Lane M

Mark 12 standard protein markefinvitrogen Carlsbag USA); lanes

5t void and wasing

fractions; lane B glutionfractions containing APAL. The arrow indicates the position of the protein

bands corresponding to APA
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2.33.2 Factor Xa digestion

LyophilisedAPA-1 wasdilutedinto thedigestion buffeffor (His)s-tag cleavageThe efficiency
of Factor Xa cleavagé-. HoffmannLa RochelLtd., Basel, Switzerlandof the fusion protein
using different concentrations of CaC(2i6 mM), pH (6.5 versus8.0), temperature
(151 25°C), and digestion time was examined usiigl2% SDSPAGE analysis(data not
shown) The optimal conditions that gave complete cleavage of theemhinal (His)-tag by
Factor Xa were 25 °C, 2 mM CalGind pH 8.(for 120 hat a protein:proteaseatio of 1:50 of
(v/v). A lower protease:protein ratio (1:18)d reduce the reaction time; loyly one dayand
was nota cost effectiveoption Therequired (Hisg-tag cleavagéengthby Factor X&or APA-
1 was found to belonger thanthe digestion periods afther proteinswhich usually took
betweenl6r 72 h[133139, althoughfive days ofdigestionwaspreviouslyobserved14(Q. In
addition, it was observed thBactor Xa digested APAL in a twastep processn the first 48h
it partially cleavedAPA-1 and resulted in twprotein bands on the gel that alese to each
other Following this period, fulldigestion of the proteinvas completed aftet20 h(Figure
2.25). Although Factor & has a high degree of specificity, cleggacan occur at other non

recognition sites, usually following a basic amino aci#.ioli expression systenjd41-143.

It was found thatthe Factor Xa protease purchased from Qiagen (QIAGEMburg,
Nertherlands had lowerdigestion efficiency than the protease purchased from Rod¢he (
HoffmannLa Rocheltd., Basel, Switzerland More than two weeksvas required for full
APA-1 digestionwhen the protease from Qiagen was used (data now shoWmg reason
contributing to this observian is not clearly knownit maybe due to slight differenceof the
proteasepurity or the source that the protease was extracted from, for example, Factor Xa
protease from Roche extracted from bovine plasma whereas Factor Xa protease from Qiagen

is not clarified.

The MW of APA1 shown on the SBBAGE is smaller than its calculated MW. This dsn
explained bytheii g e | s hi ft d144. phe phemomenoappears tde a common
feature ofmembrane proteins which are mainly composed of helical strucluredifferences
in migration are primarily due to the altered t@io-SDS binding and protein helical

conformation.
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Figure 2.25: 41 12% SDSPAGE analysisof APA-1 digestion.Lane M: Mark 12 standard protein
marker (nvitrogen CarlshadUSA): lanes 11 4: 48, 72, 96 and 128 digestionrespectivelyThe arrow
indicates the protein band corresponding to the undigested, partially digested and fully digested
recombinant APAL

To verify thelocation of thesecondary cleavage site of Factom n APA-1, the partially
digested sample was oetited and thewvo digestedoroducts were separated on aRIBHPLC
column. One protein species svaluted at 8% acetonitrile/0.% TFA and the othespecies
was eluted at 108 (Figure 2.26. The proteins werdyophilised and redissolved intothe
matrix solution and microTOf) MS analysis was performedhe MS profiles shoed that
the proteinthat elutedearlierhad aMW of 8833.5 Dai(e., upperband on the SDSAGE),
and theotherprotein hada MW of 8234.2 DaFigure 2.27. The microTOPQ MS instrument
had a 4 Da constant shifsmaller than the real mas$herefore the latter species im
agreement wh the calculated mag$8238 Da) assuminghe formation of the threelisulfide
bonds. The sequence of théHis)e-tag is MSGSHHHHHIBSGEGR, where IEGR isthe
recognition site for Factor &digestion.APA-1 fused with SGIEGRas acalculatedMW of
8838Da assumingheformation of the thredisulfidebonds in agreement with the MW of the
first eluted protein specie$he resultindicatesthat during the digestion of APAL, the Factor
Xacleaves aftethe third Sein the above sequence pold), leavingSGIEGRfusedto APA-1.

Subsequent digestion leads to the removal ofg¢begnition site.
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Figure 2.26: Chromatogranshowingthe purification of APA-1 usingthe C8 RRHPLC column The
arrows indicate the pealduting at 85% and 100%v/v) acetonitrile, anccorrespond tdahe partially
and fully digested APAL, respectively
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Figure 2.27: Mass spectrometry profiles partially and fully digestedPA-1 purified from RRHPLC. (A) MS profile of the partially digested ARA with a
MW of 8833.5 Da(B) MS profile of the fully digested APA with a MW of 8234.2 DaThe yaxis representshe relative abundance of protein present in
solution,and thex-axisrepresentshe proteirmass Minor species with variable masses kiely to arise fronoxidation of residuefl45.
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2.33.3 Reverse phas#high performance liquid chromatography

During the RP-HPLC purification,recombinantAPA-1 waseluted from the columm 100%

(v/v) acetonitrile (Figure 2.28. The fractions corresponding to the peaks in the-HRR.C
chromatogram were collecteshd analysed by SBDBAGE (Figure 229). The pooled fractions
thatcontained APAL werelyophilised to remove the solvent arelconstitutedn 0.01 M HCI

The SDSPAGE resultshowedthat theRP-HPLC procedure gavpure APA-1. The amount of
APA-1 obtained from the ceffee reactions after purification was estimated usihg
calculated molar absorption coefficiefihe uniform*C/*°N- and combinatorial®N-reactions
114 produced cellfrée Oeactibg Thentomhinhtorial reactiofive produceda
significantly lower amount of protein (~50 pug/ml). This is probably because of the replacement
of the major saltpotassium glutamate, with potassium atet(required for the labelling of

>N-glutamate).
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Figure 228. Chromatogranmshowingthe C8 RPHPLC columnpurification of APA-1. UV 280 nm
(Blue), UV 245 nm (red), UV 215 nm (pinkndconcentration of solvent B (green). ABAwas eluted
from the column at 10 (v/v) of solvent B.The arrow indicates the peak corresponding to the fully
digested APAL.
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Figure 2.29: 41 12% SDSPAGE analysisof fractions purified fronthe RP-HPLC. Lane M mark 12
standard protein markelane 1. fraction APAL; lanes 21 3: the two peaks eluted before ABAThe
arrow indicates thposition of the proteitbands corresponding to APA

2.34 NMR spectrometry
2.34.1 Onedimensional™H NMR experiments

Onedimensional'H NMR experimentsf the uniformly **C/*°N- and the combinatorial*N-
enrichedAPA-1 were recordedt pH 3.0 Methyl proton resonances at ~0 ppm arwbd)

di spersion of the amide \pereolseved, indcatiogriratitiee s
recombinant APAL samplesverefolded.Based on the peak intensities between the 1D spectra
recorded withdifferentrelaxation delay period$-igure 2.8), the T, value was estimated to be
453 ms and the MW of the uniformly **C/**N-enriched APA1 sampleat 50 pM was
approximatedo be8.84kDa at pH 30. This suggestethat APA1 existedoredominantlyasa
monomer atthis pH The concentrationf the combinatorial>N-enriched samplesanged
between 5D80 uM, and theMW ranged betweei.95 9.32 kDa,alsoindicatingthe presence

of primarily monomeric APAL.
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Figure 2.30: 1D H spectrum o#8 pM APA-1 at pH 3.0Blue: 250¢ slelay, red 2.9 msdelay.

2.34.2 Two-dimensional *HT *®N HSQC assignment

As an initial approach, the sequerspecific assignment of the 2Bt >N HSQC spectrum of
APA-1 was achieved using the available amide proton chemical shift data in combination with
the selectivéN-labeling amino acid approa¢B4]. 2D *H1 >N HSQCspectra were acquired

for each of the combinatoridHT *°N-enriched APAL samplesto identify the 19 different
types of amino acids with backbone amide pro{@mngure 231A). By using the combinatorial
labelling approach, the number of observed resomamntesach spectrum was minimised
therebylimiting resonanceoverlap. The pattern of occurrence or absence of any particular
resonance in the 2DHT N HSQC spectra recorded of the five sampiemblel the
identification of the amino acid type associatethwhis resonance.

The resonancentensities from the same amino acid type labelled in different samples were
closely reproducetietween the fiv@D *Hi >N HSQCspectraFigure 2.31B) The resonance
intensities ofglutamateresidues weraoticeablyweaker tharresonances arising from other
amino acids This is due to the high concentration of potassiungllitamate whichis
unsuitable for selectivé®N-labelling of glutamateresidues in a proteinThe presence of

glutamateracemasen the S30 extract converts theglutamate to Bylutamate88]. Reaction
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