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 I 

 

The 2014 report from the World Health Organization (WHO) on antimicrobial resistance 

revealed an alarming rise in antibiotic resistance all around the world and advocated that: 

“without action, common infections and minor injuries can once again kill”.  

Endogenous antimicrobial proteins (AMPs) exist widely throughout nature and protect organisms 

from infection by destroying a broad range of pathogens. Unlike classical antibiotics, with the 

exception of a few species, no acquired resistance towards AMPs has been reported. Therefore, 

AMPs represent leads for the development of novel antibiotics. Caenopore-5 (Cp-5) is 

constitutively expressed in the intestine of the nematode Caenorhabditis elegans. The three-

dimensional solution structure reveals that this AMP, composed of 5 α-helices and 3 disulfide 

bonds, is a member of the lipid binding saposin-like-protein (SAPLIP) family. Like other 

SAPLIP members, Cp-5 is decorated with charged amino acids that are postulated to be 

functionally important in targeting particular types of lipid head groups.  

The first aim of the research was to characterize the interaction of caenopore-5 with membrane 

mimetics using nuclear magnetic resonance (NMR) spectroscopy. 15N-labeled caenopore-5 

was over-expressed in E. coli and purified to homogeneity using affinity and size-exclusion 

chromatography procedures. NMR spectroscopy was used to quantitatively characterize the 

binding properties of caenopore-5 in the presence of large unilamellar vesicles (LUVs). 

Caenopore-5 was observed to bind LUVs composed of anionic lipids and this interaction 

increased as the percentage of anionic lipids present in the LUVs increased. The binding of 

caenopore-5 to phospholipid vesicles was found to be a pH-controlled reversible process, in 

which, lower pH values enhanced the binding event due to the neutralization of the side-

chains of the acidic amino acids. Binding to the negatively charged LUVs was inhibited when 

NaCl was included in the reaction, therefore indicating that the interaction between protein 

and lipids involves charge-charge interactions. 

The second aim of the research focused on the design of a robust and efficient method for the 

chemical synthesis of Cp-5, which was amenable to the preparation of analogues. The 82 residue 

protein caenopore-5 was successfully synthesized by native chemical ligation of two smaller 

polypeptide fragment, which were prepared using Boc SPPS technique. The strategy adopted 

used a single NCL site at a native cysteine residue and, although it required larger fragments (35 

and 47 amino acids in length), it was shown to be a better strategy for the synthesis of Cp-5 than 

using a three fragments approach with two ligations. The synthetic protein was successfully 

folded and the synthetic material was found to have identical structural features as the 

recombinant Cp-5, as determined by 1H NMR spectroscopy and circular dichroism experiments. 



ABSTRACT 
________________________________________________________________ 
 

 II 

The last aim of the research was to generate a Cp-5 analogue with higher conformational stability 

to increase resistance to degradation by proteases; hence the cysteine residues were successfully 

replaced by selenocysteine to form isosteric and non-reducible diselenide bonds. With the aim of 

assembling a structure-activity relationship profile, 5 individual α-helical synthetic peptides, each 

comprising 15-22 residues in Cp-5, were synthesized. The bioactivity of each peptide was 

evaluated by measuring their permeabilization activity. The selenocysteine analogue was found 

to be more active than the native protein. Interestingly, two analogues of the N-terminus region 

(one with an incorporated selenocysteine) were found to be promising antimicrobial agent as they 

both exhibit a high cell permeability activity and are shorter than the native protein (35 amino 

acids compared to 82). Future work will focus on the design of more peptidomimetics from these 

model peptides that could be used as cell-penetrating peptides (CPPs) to deliver large 

molecules and even small particles inside the cell (such as antibodies, contrast imaging 

agents, toxins, and nanoparticular drug carriers). 
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 The innate immune system of Caenorhabditis elegans  1.1 
	  

The soil-living invertebrate C. elegans encounters a variety of microorganisms in its natural 

habitat, which is a great challenge for this simple organism as many of these are not only the 

essential source of nutrition but also represent potential pathogens. The ability of the worm to 

survive in an environment teeming with a plethora of microbes is inseparably associated with 

the evolution of its innate immunity.1-3 Although various studies have been undertaken on the 

immunity of the worm, many interactions at the molecular level still require further research. 

C. elegans belongs to phylum of nematoda, which are non-segmentated, bilaterally symmetric 

round worms. The body of the worm is composed of two concentric tubes, separated by a fluid-

filled space termed pseudocoelom. The inner tube houses the intestine tract and the outer tube 

consists of body musculature, gonades, nervous and secretory system, and a thin layer of 

hypodermis, which secretes a collagenous cuticle that coats the body of the worm.4 The anatomy 

of the worm is shown in Figure 1.1. 

 

 
 
Figure 1.1. Anatomy of C. elegans. 

 

Since Sydney Brenner introduced C. elegans as a model to study animal development 

and behaviour, it is has become a model system used in many biological investigations.5 A 

broad range of pathogens, that can infect the worm was identified and the virulence 

mechanisms, which affect pathogenicity in different hosts, were studied using C. elegans as a 

model organism.6 For example, virulence studies using P. aeruginosa and Serratia 

marcescens bacterial strains have been carried out using C. elegans.1, 2, 7 C. elegans lacks a 

functional cellular arm of the immune system (e.g., phagocytes such as macrophages and 

neutrophils). Therefore, the worm relies solely on its humoral immunity for defence against 
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pathogens and infection. A number of studies on the immunity of C. elegans revealed 

evolutionally conserved signalling pathways and many effector molecules involved in 

pathogen elimination. It is assumed that the following effector molecules target microbes in 

C. elegans: lysozymes, lipase, ABF (antibacterial factor) peptides, glycine, tyrosine-rich 

peptides and caenopores.8-12 In addition, some of these were shown to be under the control of 

three distinct, but undoubtedly intersecting signalling pathways: the TGF-β-like pathway,13-16 

the insulin-like receptor pathway17 and the mitogen-activated protein kinase pathway 

(MAPK).18-20 Further detailed studies on the immunity of the worm can facilitate the 

identification of novel effector molecules along with their function and help to elucidate the 

molecular mechanisms underlying the host-pathogen interactions.2, 8 

 

1.1.1 The caenopore proteins of C. elegans 
	  

The caenopore proteins were initially discovered by Banyai and Patthy (1998) based on the 

sequence homology of aligned protein sequences.12 They are homologous to the 

amoebapores, which are antimicrobial proteins found in the protozoan Entamoeba histolytica. 

The same study showed that the recombinant caenopore-1 was capable of inhibiting the 

growth of E. coli.12 

The caenopore proteins are considered to be one of the largest families of 

antimicrobial proteins found in C. elegans. There are 28 genes (spp) in this family of proteins 

coding for 33 potential peptides (SPP-1 to SPP-33).21 The caenopores consist of a short N-

terminal hydrophobic amino acid region representing a signal peptide and a single domain 

with homology to members of the saposin-like protein (SAPLIP) family (Figure 1.2).22 From 

these 33 proteins only a few have been characterized.3 The antimicrobial activity of 

caenopores has only been reported for a few members, namely SPP-1 (T07C4.4 gene),12 SPP-

5 (T08A9.9 gene) 3 and more recently SPP-12 (T22G5.7 gene).23 
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Figure 1.2. Overall structure of members of the SAPLIP superfamily. They all have a signal peptide and are 

characterized by six cysteine residues uniformly spaced that form three disulfide bonds (indicated by lines). 

 

The spp genes are expressed mainly in the intestinal epithelial cells of C. elegans 

(except spp-12, which is expressed exclusively in two pharyngeal neurons)23 and the resultant 

gene products are subsequently secreted into the gut lumen (Figure 1.3).3 The intestine being 

slightly acidic provides the optimal environment for the function of caenopores, e.g., the 

optimum pH for caenopore-5 activity has been reported to be ~5.2.21 The expression and 

functional activity coincides in the intestine, allowing caenopores to act directly on pathogens 

that have entered through the oral route, thereby preventing the establishment of intestinal 

infections.24 RNAi-mediated gene-silencing experiments with a small group of this family 

revealed no apparent changes for many of them. However, the knock down of the spp-5 gene, 

which encodes for caenopore-5, manifested many abnormal features including developmental 

retardation, reduced number of laid eggs (~10% of control) and the inability to accumulate 

fat. The C. elegans mutant with a functional knockdown of the spp-5 gene struggled to 

survive on E. coli lawns and intact bacteria were present inside its intestinal tract. 

Additionally, the survival of the bacteria in the intestine led to opportunistic infections. 

Dilatation of the proximal intestine was also observed and this finding is similar to intestinal 

infections by pathogenic bacteria.1 

This data supports an involvement of caenopores in the defence against invading 

pathogens with the antimicrobial activity of caenopore-5 playing an important role. 

Characterizing the structure and function of caenopore-5 is therefore an important goal to 

explain the observed antimicrobial activity. 
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Figure 1.3. Expression of the spp5-gfp fusion gene in the intestine of C. elegans. Results published by Roeder 

et al( Copy Right obtained by the journal)3 

 

 Antimicrobial/cytolytic proteins and their mechanism of action 1.2 
 

Generally, the primary function of antimicrobial proteins is to permeabilize target cell 

membranes, leading to the loss of intracellular homeostasis and ultimately cell death.25, 26 

Additionally, antimicrobial proteins may also possess secondary functions such as 

modulation of the immune response, inactivation of bacteria endotoxins and the induction of 

apoptosis of cells.27-29 Antimicrobial peptides are usually small amphipathic peptides with 

positively charged regions that allow these proteins to readily interact with the negative 

phospholipid head groups found in high abundance in prokaryotic membranes.26 At low 

peptide/lipid ratios, peptides are bound parallel to a lipid bilayer. As the peptide/lipid ratio 

increases, peptides begin to orientate perpendicularly to the membrane. Thus, at higher 

concentrations, antimicrobial peptides may re-orient to become perpendicular to the bilayer 

surface,30 i.e., they adopt a transmembrane (TM) orientation.31 TM peptide helices may then 

associate to form water-filled cavities within bilayers. The specific interactions between the 

protein and membrane lipids depend on their mode of action. Two models of permeation 

mechanism induced by antimicrobial proteins have been reported in the literature (Figure 

1.4).32 
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            (A)                                                            (B) 

 
Figure 1.4. Schematic representation of A) the barrel-stave model and B) the carpet model. The models describe 

the common mechanisms used by antimicrobial proteins/peptides to disrupt bacterial cell integrity. 

Antimicrobial peptides are represented as helices. Hydrophilic regions of the peptide are red, hydrophobic 

regions of the peptide are blue.32 

 

The ‘barrel-stave model’33, 34 was initially described for alamethicin.35 The model 

involves antimicrobial proteins inserting into lipid membranes and subsequently 

polymerising to form stable pore-structures, thereby permeabilizing the membrane (Figure 

1.4/A).32 Antimicrobial proteins that function via this mechanism create pores with a 

homogeneous ionic conductance across lipid membranes, suggesting a stable and constant 

pore size that is dependent on the size and the number of the proteins involved in pore 

formation.35, 36 Amoebapore A, a SAPLIP protein that is homologous to the caenopores, has 

been proposed to function according to the barrel-stave model.37  

In the ‘carpet model’38 (Figure 1.4/B), the peptides disrupt the membrane by orienting 

themselves parallel to the surface of the lipid bilayer and forming an extensive layer or 

carpet. Peptides are electrostatically attracted to the anionic phospholipid head groups at 

numerous sites covering the surface of the membrane in a carpet-like manner. At high peptide 

concentrations, surface-oriented peptides are thought to disrupt the bilayer in a detergent-like 

manner, eventually leading to the formation of micelles.26, 31, 32, 39, 40 At a critical threshold 

concentration, the peptides form toroidal transient holes in the membrane, allowing additional 

peptides to access the membrane. Finally, the membrane disintegrates and forms micelles 

after disruption of the bilayer curvature.41  
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 The caenopore-5 protein 1.3 
	  

  Caneopore-5 members of the SAPLIP family 1.3.1
	  

The saposin-like protein family has over 200 members and it is termed SAPLIP because 

saposins A−D were the first characterized proteins of this family.42 The protein sequences of 

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

these features may be functionally significant across the SAPLIP family (Figure 1.5). First of 

all, SAPLIP members share the characteristic SAPLIP fold, which consists of five 

amphipathic α-helices. Additionally, almost all the proteins share a similar pattern of six 

cysteine residues, which contribute to the stabilisation of the tertiary structure through the 

formation of disulfide bonds. Granulysin is an exception with only four cysteine residues 

forming two disulfide bonds.  

Although the SAPLIP members share the characteristic saposin-like fold, they perform 

a highly diverse range of biological functions that are associated with interactions with 

lipids.43 Examples of SAPLIP members, which are functionally close to Cp-5, include 

amoebapore-A (APA-1), saposin A−D, NK-lysin and granulysin.44 Saposins A−D are four 

small glycoproteins (all containing ~80 residues) derived from prosaposin and function in 

sphingolipid degradation and membrane digestion (see description of saposins A-D in 

Appendix). They work as cofactors during specific sphingolipid hydrolysis in lysosomes by 

interacting with membranes.45 NK-lysin22 and human granulysin46 are located in the 

intracellular granules of porcine and human cytotoxic lymphocytes, respectively. Both 

SAPLIPs participate in internal immune mechanisms by exhibiting antibacterial activity 

against pathogens. 
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Figure 1.5. Tertiary structure (A) and surface electrostatic potentials (B) of SAPLIP proteins: amoebopore-A, 

caenopore-5, granulysin, NK-lysin and saposin-C. The overall surface charges (C) at neutral pH are shown for 

each protein. Positively charged surface regions are depicted in blue and negatively charged surface regions are 

depicted in red. White represents neutral regions. 

 

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

remarkably different, with net charges ranging from −9 (saposin C) to +10.8 (granulysin) at 

neutral pH, assuming all residues have pKa values that are equivalent to the intrinsic values 

(values calculated using the on-line Protein Calculator developed by The Scripps Research 

Institute, CA, USA).47 The diversity of the electrostatic surfaces of the proteins is considered 

to reflect their distinct mechanisms of protein-lipid association and various functions.48 

Caenopore-5 has an overall charge of −1.5, a calculated pI value of ~6.3, and has been 

postulated to perform its antibacterial action by pore formation. Cp-5 activity is pH-

dependent with maximal activity at pH 5.2, which is the same as amoebapore-A. Similar to 

Cp-5, APA-1 has a neutral surface charge at pH 7, with a slightly acidic pI value (calculated) 

of ~5.9, and charged residues are evenly distributed across the protein surface (Figure 1.5). In 

contrast to Cp-5, saposin isoforms have low pI values of ~4 and exhibit higher activity under 

acidic conditions.48 NK-lysin22 and granulysin46 are dominated by positively charged residues 

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

~10.8, respectively. The positive surface of these two proteins is proposed to be responsible 

for initial interaction with the membrane that ultimately leads to membrane disruption. It is 

proposed that NK-lysin permeabilizes membranes in the monomeric state primarily via 

electrostatic interactions. The high density of positively charged amino acids in NK-lysin, 

especially on helix 3 may induce an electric field strong enough to perturb the lipid packing 

Amoebapore-A 

C =      0                 
Cp-5 
-1.5 

	  

 Granulysin 

+10.8 

NK-Lysin 

Lysin 

+5.7 

Saposin C 

-9 

A 

B 
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order, leading to membrane destabilization.49 Granulysin, in order to interact with the 

hydrophobic core of the target membrane, it undergoes a structural rearrangement that creates 

hydrophobic patches on its surface for membrane interaction.46 Based on these observations, 

the unique charge distribution and spatial arrangement of Cp-5 indicates that the interaction 

of Cp-5 with target membranes involves a unique mechanism that is not understood. 

 

 The caenopore-5 structure 1.3.2
	  

The structure of Cp-5 was solved using NMR spectroscopy.44 The arrangement of the five 

helices interconnected by three conserved disulfide bonds (Figure 1.6) reveals that Cp-5 has a 

global fold that places it in the SAPLIP family. More details on the structure will be 

discussed in the results and discussions section. 

 

 

 
Figure 1.6. Representation of the structure of Cp-5 showing the conserved disulfide bonds (red). N and C 

denote N and C-termini. The helices are labeled from I-V. 
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 Pore forming activity of Cp-5 1.3.3
	  

By using viable bacteria and the fluorescent dye SYTOX green, Roeder et al.3 confirmed that 

the bacterial cytoplasmic membrane is the primary target of Cp-5. Cp-5 was found to exhibit 

potent activity against both B. megaterium and E. coli, and readily permeabilized their 

membranes to give the dye access to the bacterial DNA with which it intercalates. Cp-5 was 

as effective as the well-known antimicrobial peptides cecropins and magainin I (Figure 

1.7/A,B). These studies confirmed that Cp-5 is capable of killing E. coli as implied by the 

phenotypic analysis (in Section 1.3.1 above).  

To analyze whether Cp-5 is a true pore-forming peptide, a minimalistic system was 

used to monitor the dissipation of a valinomycin-induced diffusion potential in liposomes 

(Figure 1.7/C). The liposomes were composed of azolectin, a crude phospholipid mixture 

from soybean, and the assay was performed at different pH values. At pH 5.2, it became 

evident that Cp-5 displayed pore-forming activity that was comparable to the prototype pore-

forming peptide alamethicin.3 
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Figure 1.7. Results published by Roeder et al( Copy Right obtained by the journal). 3 showing the membrane 

permeabilization of viable bacteria induced by caenopore-5. Membrane damage of the bacteria was measured 

fluorometrically using the dye SYTOX green. The binding of the dye to the DNA in membrane-compromised 

target cells resulted in an increase of fluorescence. Antibacterial activity of the peptides is expressed as a 

percentage of permeabilized bacteria. (A) Membrane-permeabilising effects of Cp-5 on B. megaterium in 

comparison with the cecropins A, B, P1 and magainin I after 60 min of incubation with each peptide at various 

concentrations at pH 5.2. (B) Membrane-permeabilizing effect of Cp-5 on E. coli measured at various doses in 

comparison with similar antimicrobial peptides under identical conditions. (C) Time course of pore formation 

induced by caenopore-5. The dissipation of a valinomycin-induced diffusion potential in vesicles of soybean 

phospholipids after the addition of Cp-5 (0.2 nmol; arrow) (trace 1), control peptide alamethicin (0.1 nmol; trace 

2), and the peptide solvent (trace 3) were recorded. Pore-forming activity is reflected by an increase in the 

fluorescence as a function of time. 
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 Biological membranes and their effect on antimicrobial protein 1.4 
binding 

	  

Cells possess a membrane consisting of a phospholipid bilayer with embedded proteins, 

which function as a barrier for the maintenance of intracellular homeostasis. This barrier is 

exposed to the environment and is presumably the target for cytolytic antimicrobial proteins. 

Important classes of lipids found in biological membranes are phospholipids derived from a 

glycerol backbone, and polar head groups that are composed of different chemical moieties.50  

Cell membranes composed predominantly of phosphatidylglycerol (PG), cardiolipin (CL), or 

phosphatidylserine (PS) tend to be highly electronegative; such compositions are found in 

many bacterial pathogens like Gram-negative and Gram-positive bacteria.51, 52 In contrast, 

bilayers enriched in cholesterol and zwitterionic phospholipids as shown in Figure 1.8 

[including phosphatidylethanolamine (PE), phosphatidylcholine (PC), and sphingomyelin], 

are commonly found in mammalian cytoplasmic membranes and are generally neutral in net 

charge.53 Therefore, a significant distinction can be made between bacterial and eukaryotic 

membranes, and this feature most likely defines why many antimicrobial peptides target 

bacterial membranes rather than membranes derived from eukaryotic organisms. For 

example, the presence of cholesterol in mammalian cells has the ability to prevent membrane 

permeabilization by particular antimicrobial proteins.54  

 

 
 

Figure 1.8. The chemical structure of the common glycerophospholipids found in biological membranes: 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylserine and 

phosphatidylinositol. The acyl chains R, glycerol backbone and the phosphate group that is common to most 
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glycerophospholipids and are shown in black. The distinctive head groups for each glycerophospholipid are 

blue. 

 

Some antimicrobial peptides exhibit stronger activity towards tumour cells than normal 

eukaryotic cells.27, 55 This is due to the outer leaflet membrane of cancerous cells often being 

enriched with phosphatidylserine (up to 10 times compared to normal cells),56 thus increasing 

the overall negative charge of the cell membrane. However, experimental evidence has 

indicated that the destruction of tumour cell lines in vitro is (at least partially) dependent on 

the mitochondrial apoptic pathway.57, 58 Presumably both of these processes are involved.  

Perturbations in the circular dichroism (CD) spectra of Cp-5 were observed when 

mixed with PG liposomes.44 The negative charges of the vesicles are significant as they 

mimic the negatively charged bacterial cell surface. Moreover, PG is the main anionic 

phospholipid component of the bacterial membrane.59 This supports the idea that a charge-

charge interaction between Cp-5 and glycerophospholipid head groups is key in the 

recognition of Cp-5 with the target membrane. This was considered to be due to the 

positively charged molecular surface of the Cp-5 proteins at acidic pH, interacting readily 

with the negatively charged surface of the lipid head groups. This phenomenon can be 

explained by the organization of bacterial membranes. The outermost leaflet of the bilayer of 

bacterial membrane is heavily populated with lipids with negatively charged phospholipid 

headgroups. In contrast, the outer leaflet of the membranes of plants and animals is mainly 

composed of lipids with no net charge; most of the lipids with negatively charged headgroups 

are segregated into the inner leaflet, thereby facing the cytoplasm (Figure 1.9).26 
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Figure 1.9. The basis of specificity of antimicrobial proteins targeting membranes (modified from Zasloff et 

al.).	  26  

 

 Models of biological membranes 1.5 
	  

Organized lipid structures such as lipid bilayers, micelles and lipid vesicles are often used as 

membrane mimetics to study the interaction between proteins and membranes.60 The lipid 

composition in these systems can usually be varied according to the requirements of the 

study, to reflect variability in the head group charge, head group size and bilayer thickness.  

Micelles are formed from aggregates of detergent molecules above a certain threshold 

concentration termed the critical micelle concentration (CMC).60 The aggregation number of 

the detergent molecules being incorporated into the micelle determines their size. Increasing 

the concentration above the CMC increases the number of micelles rather than their size. 

Examples of detergent molecules that form micelles in solution are dodecylphosphocholine 

(DPC), 1,2-dihexanoyl-syn-glycerol-3-phosphocholine (DHPC) and sodium dodecyl sulphate 

(SDS).60 Micelles are preferred in NMR spectroscopy, because they are generally smaller 

than other lipid structures. Such small lipid systems provide much better resonance line-
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widths (due to the faster rotational times) when compared to larger more complex lipid 

structures.60 However, there are limitations associated with the use of micelles as model 

membranes. Due to their small size, micelles possess strong curvature at the surface and 

therefore do not truly mimic a natural membrane. Furthermore, unlike biological membranes, 

micelles are not unilamellar as they don’t form a lipid bilayer. In addition, the effects of 

detergent molecules in solution may be detrimental to the folded structure of the protein, i.e., 

detergent denaturation of the protein may take place, and this phenomenon has not been 

investigated in detail.  
Lipid vesicles are spheres of lipid molecules with a solution filled cavity.60, 61 

Unilamellar lipid vesicles with a diameter smaller than 100 nm are classified as small 

unilamellar vesicles (SUVs) while those above this diameter are termed large unilamellar 

vesicles (LUVs), as described in Figure 1.10. LUVs have been used extensively to study 

membrane interactions of biologically active proteins.61 Unilamellar lipid vesicles are the 

bilayer systems that most closely mimic native cell membranes. In particular, the membrane 

structure is also composed of a lipid bilayer and its large size means negligible curvature 

effects are present. Furthermore, the lipid bilayers also function as a barrier, isolating the 

inner cavity from the outside solution. LUVs will be used for the NMR study in this thesis. 
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Figure 1.10. Schematic representations of a lipid bilayer, micelles and lamellar vesicles.  

 

 Introduction to nuclear magnetic resonance spectroscopy  1.6 
 

Bloch and Purcell were the first to describe the phenomenon of nuclear magnetic resonance 

(NMR).62, 63 It arises from the fact that the nuclei of some elements have the property of 

angular momentum termed spin. The spin angular momentum S is defined by equation 1.1:  

 

S = h·I·(I+1)/ 2π 1.1 
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where h is the Planck constant (6.62·10−
34 Js), I is the spin quantum number which is 

characteristic for a given nucleus and takes the values I = 0, 1/2, 1, 3/2, 2, 5/2,... Nuclei with 

a spin angular momentum produce a magnetic field described in equation 1.2 by a nuclear 

magnetic moment µ:  

 

µ = γ·S 1.2 

 

where γ is the gyromagnetic ratio, characteristic for a given type of nucleus. All nuclei with a 

spin quantum number I ≠ 0 have a magnetic moment, but for NMR spectroscopy only nuclei 

with a quantum number I = 1/2, like 1H, 15N, or 13C are considered to be of importance in 

biomacromolecular NMR spectroscopy.64 A nucleus with a spin I = 1/2 placed in an external 

static magnetic field B0 adopts two opposite alignments along the magnetic field axis and 

precesses with respect to this axis (Figure 1.11). The frequency of the precession is called the 

Larmor frequency ω and is proportional to the strength of the external magnetic field and the 

gyromagnetic constant of a particular type of nucleus, equation 1.3:  

 

ω = γ ·B        1.3 

 

Due to the energy difference between these two alignments the following is derived, equation 

1.4:  

 

ΔE =γ ·B·h/ 2π 1.4 

 

the spin transition from the lower energy state can be achieved by applying a radio frequency 

(RF) pulse with an energy equal to the difference between these two states, fulfilling the 

nuclear magnetic resonance condition. The excited nucleus reverts to an equilibrium state 

after the RF pulse, inducing a measurable signal.  
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Figure 1.11. A magnetic nucleus precesses with Larmor frequency ω in a static magnetic field B0.  

 

1.6.1 NMR spectroscopy of proteins 
	  

NMR spectroscopy is a widely used method to determine the three-dimensional structures 

and dynamics of proteins. Structure determination by NMR was introduced by Wüthrich and 

colleagues.65 Due to limitation associated with molecular tumbling of the protein in solution, 

NMR methods to solve protein structures have been primarily developed for studying 

proteins between 5 and 35 kDa. Studies of proteins larger than 10 kDa benefit from the use of 

heteronuclear NMR experiments, rather than the standard 1H COSY, TOCSY and NOESY 

spectra recorded for solving small proteins that are < 10 kDa in size. The most naturally 

abundant nitrogen and carbon isotopes, 14N and 12C, respectively, are NMR inactive (i.e., spin 

quantum number = 0), whereas isotopes 15N and 13C have a spin = ½ and are therefore 

suitable for standard NMR experiments. Consequently, 15N and 13C isotope-labeling of 

proteins is required, and achieved by recombinant expression (using a standard bacteria over-

expression system) of the protein in bacteria grown in a medium supplemented with 

(15NH4)2SO4 and 13C-labelled glucose as the sole nitrogen and carbon sources, respectively. 

Alternative cell-based and cell-free synthesis systems are also available for incorporating 

these two low-abundant isotopes into the proteins.  

A protein sample, placed in a static magnetic field B0, possesses slightly more spins in 

the lower energy state, contributing to the bulk magnetization M0 (Figure 1.12). Furthermore, 

the spins precess with different Larmor frequencies because each spin experiences a slightly 

different strength of B0, which is the effect of an individual chemical and structural 

environment inside the protein molecule. Due to these frequency variations, signals from 

particular atoms are distinguishable, (which is the basis for structure determination using 
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NMR spectroscopy); however, due to the complexity of the influence of chemical 

environment in proteins, such information is insufficient for structure determination of the 

protein. Nonetheless, progress in this area, has led to the development of programs that can 

accurately predict protein secondary structure using solely the chemical shift (or resonance 

position) of the active nuclei. By using a variety of different types of NMR experiments, 

spins with different frequencies or spins within a selected frequency range can be excited at 

the same time and different molecular properties of the sample can be probed.66 The acquired 

signal, termed free induction decay (FID), is represented in Figure 1.13. It is a time domain 

signal, consisting of a set of sine (or cosine) waves with different frequencies matching the 

precession frequencies of the individual spins. It decays over time as the spin system relaxes 

to the equilibrium state.  

 

  
 

Figure 1.12. The bulk magnetization M0 of a protein sample aligned parallel to the magnetic field B0 under 

equilibrium conditions. The spins precess with different Larmor frequencies due to their various chemical 

environments with the protein molecule.  

 

By means of the Fourier transformation of such an FID, a one-dimensional (1D) 

frequency spectrum is obtained, which is shown in Figure 1.13.66 The different frequencies 

are depicted relative to a reference and are termed chemical shifts, δ, which can be described 

by equation 1.5: 

 

δ = (ν0 − νR)/νR                                      1.5 
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The values of δ are given in ppm (parts per million), where ν0 and νR are the 

frequencies of a particular spin in the protein sample and a reference, respectively.67 The 

introduction of the Fast Fourier Transformation (FFT) was established by John Tukey and 

James Cooley in 1993.68  

 

 
 
Figure 1.13. The free induction decay (FID), which after Fourier transformation results in the frequency domain 

1D spectrum.  

 

1.6.2 Two-dimensional NMR spectroscopy 
	  

A 1D spectrum of a 10 kDa protein contains hundreds of signals, which are not resolved. 

Therefore, for further structural analysis, multidimensional NMR spectra are required. Not 

only do they provide an increase in resolution by introducing additional dimensions, but they 

also contain information about interatomic contacts. All of this can be achieved by 

performing more complex NMR experiments (2D/3D), consisting of a sequence of various 

radio frequency (RF) pulses separated by delays.  

In the two-dimensional (2D) spectrum, which is the basis for generating higher 

dimensional spectra, the following time periods can be distinguished: preparation, evolution, 

mixing and detection time (Figure 1.14).69, 70 During this sequence of events, the spins 

precess at their own frequencies, reflecting their chemical environment (evolution time) and 

interact with one another (mixing period). They interact by two types of magnetization 

transfer: scalar coupling and dipolar coupling. 

The scalar coupling interaction is mediated through electrons. Therefore, only atoms 

connected through chemical bonds are involved.71 The dipolar coupling interaction deals with 

interacting spins that are in close spatial proximity.72 Such interactions can involve spins 

from different parts of the protein molecule and not only the sequential sequence 

neighborhood.  
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Figure 1.14. Scheme of a 2D NMR experiment in which short time periods are separated by two 90° pulses and 

the resultant FID is detected during t2.73, 74 The second dimension is generated by incrementing a delay to give 

the evolution period, t1.  
 

To obtain a two-dimensional spectrum and decode the information about the spin-spin 

couplings, the above pulse sequence must be repeated while gradually increasing t1 and a 

second Fourier transformation of a set of 1D-spectra with respect to t1 generates the second 

dimension (Figure 1.15). If two spins interact with each other, the intensity of a signal of one 

spin is modulated by the frequency of the second one, which can be deciphered in the second 

dimension by the appearance of cross-peaks in the spectrum.  

 

 
 
Figure 1.15. Schematic representation of a 2D NMR experiment, where FIDs are collected with regular 

increments of t1, (A) The Fourier transformation of the FIDs generates frequency spectra with signal intensities 
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modulated in t1. (B) A second Fourier transformation of signals along t1 (C) produces a signal positioned in a 2D 

spectrum (D).74, 75 

 

 Isothermal titration calorimetry 1.7 
 

Almost any chemical reaction or physical change is accompanied by a change in temperature 

or enthalpy. A measure of the heat adsorbed from the surroundings (for an endothermic 

process) or heat released to the surroundings (for an exothermic process) is equal to the 

amount of the reaction that has occurred, n (in moles) and the enthalpy change for the 

reaction, ΔH (typically in kcal/mol or kJ/mol). A measure of the rate at which heat is 

exchanged with the surroundings is simply equal to the rate of the reaction, δn/δt (in 

moles/sec, mmoles/sec, µmoles/sec, nmoles/sec) and again the enthalpy change, ΔH.  

A calorimeter is therefore an ideal instrument to measure either how much of a reaction 

has taken place or the rate at which a reaction is occurring. In contrast to optical methods, 

calorimetric measurements can be done with reactants that are spectroscopically silent (a 

chromophore or fluorophore tag is not required), can be done on opaque, turbid, or 

heterogeneous solutions (e.g. cell suspensions), and can be performed over a range of 

biologically relevant conditions (temperature, salt, pH). 

A typical binding interaction between a ligand and receptor molecule is illustrated in 

Figure 1.16. In biological terms, the ligand could be a substrate, inhibitor, drug, cofactor, 

coenzyme, polypeptide, metal ion, protein, oligonucleotide or any of the molecules thought 

(or known) to non-covalently interact with a specific site of a second molecule (typically a 

protein or nucleic acid).  

 

 
 

Figure 1.16. A simplified model of a typical receptor/ligand binding interaction. The ligand in this 

representation is shown to geometrically match the binding site on the receptor to indicate a specific binding 

interaction. 
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In an isothermal titration calorimetry (ITC) experiment, a solution containing one of the 

binding partners is placed in a reaction chamber while the other ligand is placed at higher 

concentration in a syringe (Figure 1.17/A). The solution in the chamber is titrated with the 

solution placed into the syringe through a series of injections. At each injection a peak 

measuring the heat involved in the binding (any binding process involves a temperature 

change) is recorded, and expressed in µcal/sec, as the heat required to return the temperature 

of the reaction chamber to the value preceding the reactant injection. The chemical reaction 

created by each injection either releases or absorbs a certain amount of heat (qi) proportional 

to the amount of ligand that binds to the protein in a particular injection (v × ∆Li) and the 

characteristic binding enthalpy (∆H) for the reaction, as described in equation 1.6:  

 

qi = v × ∆H × ∆Li                            1.6 

 

where v is the volume of the reaction cell and ∆Li is the increase in the concentration of 

bound ligand after the ith injection. 

A standard ITC trace consists of two panels. The upper panel shows the heat trace of 

the thermostat over the time of the experiment with the individual injections of ligand as 

peaks (in µcal/sec, Figure 1.17/B). By integrating the area of the peaks and plotting them 

against the molar ratio of ligand and protein one obtains the points depicted in the lower 

panel (Figure 1.17/B). Control experiments using the buffer in combination with the single 

binding partners as well as the buffer alone need to be performed as well and the heat 

recorded in such experiments must be subtracted from the experimental heat recorded during 

the experiment where the formation of the complex occurs. In an ITC experiment, the 

quantity measured and displayed on the y-axis is the time dependence of the electric power 

(µcal/sec) necessary to maintain a constant temperature difference between the reaction and 

reference cells after each injection of reactant. The area under each peak is the heat 

(microcalories) associated with the process.  
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                        (A) 

 
                        (B) 

 
 

Figure 1.17. (A) Illustration of the configuration of an ITC reaction cell. The cell is filled with the protein 

solution (dark blue) and the injection syringe filled with ligand (light blue). The titrant is injected into the 

reaction cell at set times and the heat generated at each injection is measured in µcal/mol, described as the heat 

due to the reset the temperature back to the value of the reference cell. The peaks associated with each injection 

are plotted as a function of the time in a raw data plot (top panel B) and the integration of the area under the 

peaks gives the points of the binding isotherm (bottom panel B). The fitting of the isotherm obtained gives the 

thermodynamic parameters of the interaction. In particular, the association constant (Ka in the figure) is defined 

by the slope of the isotherm and the inflection point of the curve defines the stoichiometry of the binding (n).76 
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 Hypothesis and aims 1.8 
 

Caenopore-5 shows optimal activity against bacteria at pH 5.2.44 The electrostatic potential 

on the surface of Cp-5 indicates an even distribution of charged residues. This observation 

contrasts other SAPLIP members including saposin A and C which have a negatively charged 

surface,48, 77 and NK-lysin77 and granulysin78 which have a positively charged surface. Only 

amoebapore A appears to have a similar even charge distribution; although, the surface of 

this SAPLIP has large hydrophobic regions believed to be essential in membrane binding and 

pore formation.79 Since the charge distribution of SAPLIPs is associated with their function, 

this raises the question of the role of charged residues in facilitating the function of Cp-5 and 

whether membrane composition influences the membrane binding affinity of Cp-5. As 

determined for amoebapore-A,80 presumably caenopore-5 functions by targeting bacteria 

while avoiding contact with host cells.81 This is likely to be achieved through differential 

binding affinity towards particular cell types because of differences in the membrane 

phospholipid composition and architecture.  

Consequently the hypothesis is that Cp-5 has higher binding affinity towards membranes that 

resemble a bacterial membrane, e.g., contain higher proportions of negatively charged 

glycerophospholipids like phosphatidylglycerol and cardiolipin.26 Since the antimicrobial 

activity of Cp-5 is highest under acidic pH conditions, the protonation of key acidic residues 

of Cp-5 and the acquisition of a more positively charged protein surface should facilitate 

binding to bacterial membranes. This has been observed for saposin C, in which, the pKa 

values of glutamic acid residues on the surface were anomalously high and close to the 

membrane binding pKa of 5.3.48 Rather than having a positive bulky charged surface, such as 

Granulysin (net charge + 10.8 at pH 7), the electrostatic potential of the surface of caenopore-

5 indicates that protonation of particular residues takes place. A better understanding of how 

Cp-5 functions and how this protein interacts with membranes will help to generate peptide 

analogues, with the overall aim of synthesizing a more potent and stable antimicrobial protein 

based on the native Cp-5 scaffold.  

Aims 

To test the above hypotheses, NMR spectroscopy will be employed to quantitatively 

characterize the membrane binding characteristics of Cp-5 as a function of pH and lipid 

composition of the membrane mimetic. The specific aims are: 

i. Produce isotopically enriched Cp-5 for NMR studies. 
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ii. Quantitatively characterize the binding efficiency of Cp-5 in the presence of 

LUVs composed of different lipid types and as a function of pH. 

iii. Study the electrostatic interaction of Cp-5 with a biological model membrane. 
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  Overview 2.1
 

Caenopore-5 (Cp-5) is an antimicrobial protein found in the nematode Caenorhabditis 

elegans (C. elegans). In this study, NMR spectroscopy has been used to quantitatively 

determine the membrane binding characteristics of Cp-5 as a function of pH and the lipid 

composition of a membrane mimetic (Figure 2.1). The results showed that the interaction of 

Cp-5 with membranes is electrostatically driven and the protein recognizes particular 

membrane compositions.  

 

 
 

Figure 2.1. Overview of the experiment to study protein-membrane model interaction. 
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  Expression of 15N-enriched caenopore-5  2.2
 

Protein was initially overexpressed in E. coli cells (BL21 (DE3) pLys STAR) and 

transformed with the pIVEX2.4a-spp5 plasmid. Despite the use of the pLys plasmid, a 

significant basal level of Cp-5 expression was detected prior to induction (as determined by 

SDS-PAGE analysis). Thus, to limit basal expression, cells were transformed with both 

pIVEX2.4a-spp5 and pET30a(+) plasmids. The pET30a(+) plasmid contains the LacI 

repressor, which prevents the transcription of the T7 RNA polymerase in the absence of 

IPTG and therefore inhibits the transcription of the spp5 gene.1, 2 The 15N-enriched 

caenopore-5 was expressed in E. coli BL21 (DE3) pLys STAR cells grown in M9 medium, 

containing 15N-labelled NH4Cl for 3 h after induction with IPTG. 

 

 

  Protein purification 2.3
 

After cell lysis, the recombinant Cp-5 fusion protein was found as both soluble in the 

supernatant and insoluble material packaged into inclusion bodies. The purification of Cp-5 

obtained from both fractions was achieved by a combination of affinity and size-exclusion 

chromatography, which was monitored by SDS-PAGE. 

 

 

2.3.1 IMAC Purification of caenopore-5 
 

The supernatant containing soluble Cp-5 was directly loaded onto a Ni2+-Hitrap column for 

purification, taking advantage of the presence of an N-terminal (His)6-tag. Before being 

loaded onto the column, the insoluble protein (obtained after denaturation of the inclusion 

bodies) was subjected to refolding in vitro by multiple dialysis against a folding buffer (50 

mM Tris.HCl, 150 mM NaCl, and redox system at final concentration of 10 mM reduced and 

2 mM oxidized glutathione). The binding of the fusion protein to the column was efficient 

and effective, and washing the column with buffer was used to remove non-specifically 

bound proteins. The bound target protein was eluted in the presence of high concentrations of 

imidazole (250 mM) after washing with three column volumes of 50 mM Tris.HCl, 150 mM 
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NaCl, 250 mM imidazole. The chromatogram of the IMAC purification is shown in Figure 

2.2. The fractions (5 mL) containing Cp-5 were pooled and dialyzed extensively against 50 

mM Tris-HCl, 100 mM NaCl and 1 mM CaCl2 at pH 8.0 to remove imidazole, which is 

known to inhibit the activity of the restriction enzyme Factor Xa.3 

 

 
 
Figure 2.2. The chromatogram of the IMAC purification process. The absorbance (in milli-absorbance units) of 

flow through was monitored at 280 nm against the elution volume (mL). The load, wash and elution fractions 

of the IMAC purification process are labeled on the chromatogram. The presence of Cp-5 was identified in the 

fractions 140−150 mL by SDS-PAGE. 

 

2.3.2 (His)6-tag cleavage by Factor Xa 
 

As an enterokinase, Factor Xa is a trypsin-like serine protease that cleaves the peptide bond 

on the carboxyl side of a basic amino acid residue. Factor Xa cleaves after the arginine 

residue with its preferred cleavage recognition sequence being I-E/D-G-R↓. Factor Xa 

occasionally cleaves at other non-specific sites.4, 5 The Cp-5 sequence fused with the (His)6-

tag is depicted below. The underline sequence is the Factor Xa recognition sequence with the 
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cleavage site located downstream of this fragment. The arrow indicates the beginning of the 

caenopore-5 protein sequence (Figure 2.3). 

 

                                                                             ↓ 
M S G S H H H H H H S S G I E G R G R S A L S C Q M C10  E L V V K K 

Y E G S20  A D K D A N V I K K30  D F D A E C K K L F40  H T I P F G T 

R E C50  D H Y V N S K V D P60  I I H E L E G G T A70   P K D V C T K 

L N E80  C P  

 

Figure 2.3. Caenopore-5 amino acid sequence, with the cleavage site showed in bold. 

 

The required (His)6-tag cleavage time by Factor Xa for Cp-5 was originally found to be 

longer than the digestion period recommended by the manufacturer, which usually takes 

between 16−72 h;6-10 although, five days of digestion was previously observed with some 

precipitation.11 Full digestion of the fusion Cp-5 construct was completed after ~130 h. 

Although Factor Xa usually shows a high degree of specificity, cleavage can occur at other 

non-specific sites, usually following a basic amino acid.5, 12, 13 

It was found that the Factor Xa protease purchased from Qiagen (QIAGEN, Germany) had 

lower digestion efficiency than the protease purchased from Roche (Roche, NJ, USA). 

Approximately one week was required for complete Cp-5 digestion when the protease from 

Qiagen was used (data now shown). The reason contributing to this observation is not clearly 

known; although it could be due to protease impurities affecting the function of Factor Xa or 

the source that the protease was extracted from, for example, Factor Xa protease from Roche 

is extracted from bovine plasma whereas Factor Xa protease from Qiagen is not revealed.  

Thus, using Factor Xa from Roche reduced considerably the digestion period from ~130 to 

~72 h, and less precipitation was observed.  

2.3.3 Size-exclusion chromatography 
 

Size-exclusion chromatography was used as a final purification step to purify the protein after 

cleavage of the (His)6-tag. Cp-5 was eluted at an elution volume between 80 and 90 mL 

(Figure 2.4), and protein purity was monitored by SDS-PAGE. The molecular weight 

calculated from the calibration curve using 85 mL as the volume value gave ~9.9 kDa, which 

is in agreement with the molecular weight estimated from the amino acid sequence of Cp-5 
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(i.e., MW = 9116.4 Da). The peak observed at a retention volume 100−110 mL is probably a 

salt as no protein was detected by SDS-PAGE (Figure 2.4). The purity of Cp-5 was >95 %% 

and therefore suitable for NMR studies.  

 

 
 
Figure 2.4. Chromatogram of the size-exclusion purification process. The absorbance (milli-absorbance units) 

of the flow-through was monitored at 280 nm against the elution volume (mL). The peak containing caenopore-

5 is indicated (~85 mL). 

 

 

 

 

  2D 1H-15N HSQC spectra of caenopore-5 2.4
 

2D 1H-15N Heteronuclear single-quantum coherence (HSQC) spectrum was recorded to 

confirm the appropriate folding of Cp-5. The spectrum was compared to a previously 

recorded 2D 1H-15N HSQC spectrum of His6-tag-Cp-5 (Mysliwy, 2010, Figure 2.5).14 The 

resulting spectrum confirmed the presence of Cp-5 and the chemical shifts of the resonances 

were near identical to those of the previously recorded spectrum, indicating the protein was 
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correctly folded. Resonances corresponding to the first 17 residues of the fusion construct 

were missing, thus confirming that the (His)6-tag was removed by the Factor Xa digestion 

step (Figure 2.6).  

Previous NMR studies have revealed that Cp-5 exists in two slightly different conformations 

(Mysliwy, 2010).14 The two conformations are due to the isomerisation of the terminal 

peptide bond between 81Cys-82Pro (Figure 2.7). These two conformers have very similar 

protein folds and only subtle deviations in the protein structure are observed at the N- and C-

terminal parts of the protein, which are in close spatial proximity. These two conformers are 

expressed in roughly equal amounts by heterologous expression in the BL21 (DE3) pLys 

strain,14 which could differ in the native organism (C. elegans). Currently, the influence of 

the isomerisation on caenopore-5 antimicrobial activity is unresolved. 

In the Cp-5 preparation, the spectrum unequivocally indicated the presence of the two 

isomers of Cp-5, despite the cleavage of the (His)6-tag. This leads to the observation of two 

sets of resonance in the 2D 1H-15N HSQC spectrum for residues at the C-terminus and other 

nearby residues. The signal intensities for the two sets of signals in these spectra were 

roughly equal, indicating that the population of the two conformers were roughly equal.  
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Figure 2.5. The 2D 1H-15N HSQC spectrum of Cp-5 fused with the N-terminal tag (1−99 residues) from 

Mysliwy, 2010.14 Resonances are labeled with assignment information. Residue names in blue and red belong to 

cis and trans conformers, respectively. The blue and red lines connect amide protons assigned to the side chains 

of glutamine and asparagine amino acids of the cis and trans conformer, respectively. 
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Figure 2.6. The 2D 1H-15N HSQC spectrum of Cp-5 after removal of the His6-tag (1−82 residues). Resonances 

are labeled with assignment information. Residue names in blue and red belong to cis and trans conformers, 

respectively.  
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Figure 2.7. Superposition of the two averaged structures of caenopore-5 corresponding to conformer I (green) 

and conformer II (orange) (A) with the 82Pro residue shown in the box (B). A zoomed view of 82Pro residue 

presented in cis (green) or trans (orange) conformations. 

 

  Interaction of caenopore-5 with Large Unilamellar Vesicles 2.5
phospholipids 

 

The binding of Cp-5 to model membranes (i.e., LUVs) of different lipid composition was 

studied using NMR spectroscopy. The size of a molecule affects the rate of transverse 

relaxation, in which, a larger species will lead to a faster transverse relaxation rate. The rate 

of relaxation of the NMR signal will influence the linewidth of a resonance, with faster rates 

leading to broader resonances with reduced peak intensities. When proteins are bound to 

LUVs, the complex is sufficiently large that the signals from the bound protein are broadened 

beyond detection and the resonances are indistinguishable from the baseline noise. This 

phenomenon provides a quantitative approach to measure the amount of unbound protein that 

is free in solution or conversely, the amount of protein bound to the LUVs. The concentration 

of unbound Cp-5 will be proportional to the NMR signal intensity.  
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2.5.1 Preparation of LUVs 
 

The LUVs were prepared by mixing the appropriate lipids (Avanti Polar Lipids), showed in 

Figure 2.8. The suspension was extruded through a 100 nm filter. The size and 

monodispersity of the initial mixture, and the vesicles formed were measured by dynamic 

light scattering (DLS). The radius measured was in agreement with the expected value (50.0 

nm, Table 2.1). 

 

 
 
Figure 2.8. Structures of 1,2-ditetradecanoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG) and 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine 

(sodium salt) (DMPS).15 
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Table 2.1. Hydrodynamic radius (nm) measured by DLS of different LUV mixtures, before and after extruder 

with a 100 nm cut-off filter. 

 

 Hydrodynamic radius (r), nm 

Model membrane Before extruder After extruder 

DMPC:DMPG 2:1 3.32 and 572.93 57.30 

DMPC:DMPG 3:1 3.56 and 430.31 54.69 

DMPC 2.89 and 478.20 55.89 

E. coli extract 670.32 55.33 

 

2.5.2 Absence of an interaction of caenopore-5 with zwitterionic 
phospholipids 

 

The protein in the absence of lipids was recorded at different pH values (8.5 to 3). The 

difference in the intensity of the amide proton signal was negligible; indicating that the pH 

over the range studied had a minimal effect on signal intensity.  

A mixture of DMPC with Cp-5 was evaluated at different pH values over the range of 8.5 to 

3. The signal intensities of both samples (Cp-5 in the presence or absence of DMPC LUVs) 

were overlaid at pH 5, which is near the optimal activity pH of Cp-5 (Figure 2.9).16  
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Figure 2.9. 15N-edited 1D spectra of caenopore-5 at pH 5 in the absence of phospholipids (red) and in the 

presence of DMPC LUVs (blue). The resonances arise from the amide protons.  

 

The intensities of both signals were similar. This observation showed that caenopore-5 did 

not interact strongly with the DMPC LUVs as no significant decrease of the protein amide 

proton signal was observed. Subtle changes in chemical shifts for particular resonances in the 

1D spectra may be due to the presence of DMPC, which modify the protein environment. 

Overall, the result indicates that Cp-5 does not interact strongly with PC-based 

phospholipids. 

 

  pH titration and determination of pKa values  2.6
 

2.6.1 General information 
 

To assess the pH dependence of the membrane binding properties of Cp-5, the quantification 

of bound protein was performed under different pH values in the presence of LUVs with 

different ratios of zwitterionic and anionic phospholipids. The experiments were collected by 
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starting at a high pH value (8.5) and lowering the pH in a step-wise manner. At each pH, a 
15N-edited 1D spectrum was recorded. Since an editing approach was used, no signals from 

the lipids or aliphatic protons of the protein were observed. 

The pH titration data from the proton resonance intensities (their integral value) in the amide 

region were analyzed using the Python Programming Language (Python Software 

Foundation, NH, USA) and the script was written by Drs Michael Schmitz and Romel Bobby 

(School of Biological Sciences and School of Chemical Sciences, The University of 

Auckland, New Zealand). According to previous studies performed to estimate side-chain 

pKa values,17 curve fitting was carried out using a modified Henderson-Hasselbalch Hill 

equation 2.1: 

 

10!(!"!!"#)   =    [!!]
[!"]

                           2.1 

 

where n is the Hill coefficient which represents the slope of the titration curve in the 

transition region. The Hill coefficient measures the binding cooperativity probably resulting 

from the influence of hydrogen atom binding at other proximate sites (e.g., amide group and 

ionisable groups) to the desired ionisable sites being examined An n value of 1 indicates 

independent binding, n < 1 and n > 1 indicates negative and positive cooperative binding, 

respectively. Five hundred simulations (Monte-Carlo approximation of error) were used in 

the Python script to fit the data. To properly fit the pH titrations curves an n = 2 value was 

chosen, which indicates a cooperative phenomenon. 

 

2.6.2 Effect of LUVs composed of anionic phospholipids 
 

For the DMPC:DMPG mixture (where the LUVs included the negatively charged 

headgroups phospholipid DMPG), no binding was observed at pH values above 7.  

The binding properties of Cp-5 with vesicles of different DMPC:DMPG ratios appears to be 

pH-dependent as only interactions between LUVs and Cp-5 were observed under acidic 

conditions (pH ~ 5, Figure 2.10). Titration of the pH of the sample to 5 led to near 100% 

binding of the protein to the LUVs using a DMPC:DMPG ratio of either 3:1 (96.4% bound 

protein, Table 2.2) or 2:1 (98.1% bound protein, Table 2.2). Moreover, when the amount of 
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DMPG relative to DMPC was increased from a DMPC:DMPG ratio of 3:1 to 2:1, the pKa 

value shifted slightly from 5.52 to 5.29 (Figure 2.11). 

 

 

 

Figure 2.10. 15N-edited 1D spectra of caenopore-5 at pH 5 in the absence of phospholipids (red), in the presence 

of DMPC:DMPG LUVs at a ratio 3:1 (blue) and DMPC:DMPG at a ratio 2:1 (orange).  

 

Table 2.2 Percentage of caenopore-5 binding to LUVs composed of different DMPC:DMPG ratios at pH 8.5 

and 5.  

 

 

 

 

 

 

 

 

 

 

[DMPC]:[DMPG] 

 

 

Percentage of bound 

protein (%) at pH 8.5 

 

Percentage of bound 

protein (%) at pH 5 

No lipids 0 0 

1:0 0 0 

3:1 0 96.4 ± 0.4 

2:1 0 98.1 ± 0.7 
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Figure 2.11. Plot showing the percentage of caenopore-5 free in solution in the presence of LUVs with different 

phospholipids composition extracted at different pH values, as measured by the NMR signal intensity. The blue 

plot represents the fitting data of DMPC:DMPG at a ratio of 2:1 (pKa = 5.52 ± 0.07). The purple plot represents 

the fitting data of DMPC:DMPG at a ratio of 3:1 (pKa = 5.29 ± 0.04). The black plot represents the fitting data 

of LUVs of an E. coli membrane extract (pKa = 6.54 ± 0.02) 

 

A fit of the data to the Henderson-Hasselbach equation indicates that the binding involves a 

cooperative event. Such cooperativity may be due to a number of factors, such as 

dimerization (although this has not been observed for Cp-5) or more likely to pH titratable 

groups that are in close proximity and influence the pKa in a coupled fashion thereby 

increasing the overall affinity towards the target vesicles. To further characterize this 

cooperativity and identify key residues undergoing protonation at a low pH, the pKa of Asp, 

Glu and His side chains were determined by Wei Li (School of Biological Sciences, The 

University of Auckland, New Zealand, unpublished data). Identifying particular pKa changes 

around the optimal pKa of binding should identify residues that regulate lipid binding.  

Moreover, the same pH titration was performed with LUVs composed of an E. coli 

membrane extract. Cp-5 bound to the natural LUVs (~20%) at pH 7 (pKa = 6.53, Figure 

2.11). Cp-5 showed a stronger interaction with the membrane extract than LUVs composed 

of DMPC:DMPG, as with the later, no binding was observed at pH values ≥ 7.  
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A plausible explanation for a higher binding affinity for E. coli membranes is linked to the 

composition of this extract. Here, the extract has a higher amount of anionic phospholipids 

(phosphadidylglycerol and cardiolipin, 82%).18 Although this result indicates the potency of 

Cp-5 towards bacteria membranes, it must be pointed out that LUV preparation with this E. 

coli extract does not mimic the bacterial membrane. This is because the preparation does not 

allow the control of lipid compositions in the inner and outer leaflets, nor does the 

preparation include lipopolysaccharide. Nonetheless, the result does indicate that both the 

negative charge and the lipid composition of a bacterial membrane are targeted by Cp-5 more 

aggressively than observed for the synthetic lipids DMPC and DMPG.  

The Cp-5 bound to LUVs was released back into solution when the pH was increased from 5 

to 8 with a signal recovery of 82% of its original intensity. This observation shows that pH-

dependent binding is a reversible process and suggests that the release of Cp-5 from LUVs 

induced by an increase in pH could possibly indicate that a population of the protein is 

trapped inside the lipids and aggregates. An increase in the turbidity of the samples was 

observed at pH values lower than 4.5 and correlates with the binding of Cp-5 to the LUVs. 

Turbidity of samples arises from the aggregation of the lipid molecules that are present in the 

sample or/and from protein aggregation. The observed turbidity of the sample is presumably 

due to the disruption of the ordered bilayer of the lipid vesicles due to the action of Cp-5. The 

same aggregation of lipid molecules was not observed in LUVs samples that did not contain 

Cp-5 at pH values lower than 4.5 but was observed at pH values below 3 because of lipid 

oxidation, which suggest that the presence of Cp-5 may facilitates the acid-oxidation process. 

Since the two cis-trans isomers of canopore-5 (Figure 2.7) were found to be present in 

equal amount and that >50% of protein binding was observed for LUVs containing DMPG, 

we believe that both conformers are capable of binding to the LUVs. However, the results do 

not provide insight into whether one conformer was able to bind more efficiently to the LUVs 

than the other one. 
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2.6.3 Conclusions  
 

Caenopore-5 binds more efficiently to LUVs composed of more DMPG lipids relative to 

DMPC. This is presumably due to the net charge of the membrane model. DMPG is a 

negatively charged phospholipid at neutral pH, thus LUVs containing higher proportions of 

PG have a higher net negative charge. Cationic antimicrobial proteins have been suggested to 

interact more strongly with electronegative membranes, most likely because the initial 

interaction is driven by electrostatic interactions between the two moieties.19, 20 The 

preference for binding membrane structures that contain DMPG may be related to the 

physiological functions of caenopore-5. The protein is secreted into the intestinal lumen of C. 

elegans where its function is to lyse microbial cells that provide a nutrition source for the 

nematode, but also prevent the establishment of intestinal infection.16 Therefore, it is 

necessary for the protein to possess specificity towards target cells to prevent damage to the 

host organism. For example, a factor that regulates the selectivity of AMPs is the high 

content of cholesterol in mammalian cell membranes, which causes a tighter packing of lipids 

in the bilayer, thereby hampering the insertion of an AMP.21, 22 The phospholipids 

composition of the membrane in C. elegans is composed primarily of zwitterionic 

phospholipids (Phosphatidylethanolamine and PC; ~ 54.4 % and ~ 32.3 % respectively),23 

whereas bacterial membranes are composed of a large proportion of negatively charged 

phospholipids such as phosphadidylglycerol and cardiolipin (~ 40% for Bacillus megaterium 

and 82% for E. coli).18 As the proportion of PG phospholipids increases, the binding 

efficiency increases. However, the physiological significance for this relationship is currently 

unknown; perhaps it is to exaggerate the binding preference for negatively charged 

membrane structures. Caenopore-5 shows activity towards both Gram-positive and Gram-

negative bacteria,16 thereby supporting the binding affinity for DMPG enriched vesicles 

observed in this study. However, its activity towards eukaryotic cells is yet to be determined.  
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2.6.4 Anionic phospholipids are crucial in caenopore-5 membrane 
binding 

 

To assess whether the chemical structure of the head group of an anionic phospholipid plays 

a role in the binding interaction between Cp-5 and a mimetic membrane, a new LUV mixture 

was prepared. The anionic phospholipid DMPS [1,2-dimyristoyl-sn-glycero-3-phospho-L-

serine (sodium salt)] was used instead of DMPG in the preparation of the LUVs. 

The pH titration experiments gave a pKa value of 5.43 (Table 2.3), which is similar to the 

pKa determined when using a 2:1 DMPC:DMPG LUV sample (Table 2.3). This result shows 

that there is no significant difference in the pKa when either PG or PS are used, indicating 

that the chemical structure of the head group does not modulate binding affinity, but the lipid 

charge is crucial in defining the binding affinity.  

 
Table 2.3. Interaction of Cp-5 with LUVs composed of DMPC:DMPS or DMPC:DMPG both at a ratio 2:1. The 

data obtained by NMR were fit to the modified Henderson-Hasselbach equation (see equation 2.1) to determine 

the pKa value. 

 

DMPC:DMPS 2:1 DMPC:DMPG 2:1 

pKa = 5.43 ± 0.02 pKa = 5.52 ± 0.07 

 

  Electrostatic interactions 2.7
 

To provide further support for the importance of electrostatic interactions in the binding of 

caenopore-5 to target membranes, the binding efficiency was assessed in the presence of 

different concentrations of NaCl.  

Hence to characterize the influence of the ionic strength, a protein sample was prepared in the 

presence of different concentrations of NaCl (50, 100 and 200 mM) and LUVs with a 

DMPC:DMPG ratio of 2:1 at pH 8 and 5. As previously shown, no binding was observed at 

pH 8 regardless of the salt concentration (Figure 2.12/A). At pH 5, Cp-5 bound the LUVs in 

the presence of 50 mM NaCl (97 %, Table 2.4) in a similar fashion as observed when no salt 

was present (98%, Table 2.4). However, in the presence of 100 mM NaCl, only 60% of Cp-5 

binds the LUVs (Figure 2.12/B, Table 2.4). At a salt concentration of 200 mM the interaction 
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between the protein and the negatively charged head group of phosphatidylglycerol were 

abolished. This shows that the protein activity is driven by electrostatic interactions with the 

head groups of the lipids, and that salt neutralizes this interaction by competitively interacting 

with the charged moieties on the protein and membrane surface. 

 

 

Figure 2.12. 15N-edited 1D spectra of caenopore-5 in the presence of DMPC:DMPG at a ratio of 3:1 and in the 

presence of different concentrations of NaCl (50−200 mM) at pH 8 (A) and pH 5 (B). The binding of Cp5 is 

hampered above 100 mM NaCl.  
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Table 2.4 Percentage of caenopore-5 bound to DMPC:DMPG LUVs at a ratio 2:1 and pH 5 in the presence of 

50, 100 and 200 mM NaCl. 

 

 [NaCl] 

(mM) 

% of bound 

Cp-5 to LUVs 

PC:PG 

2:1 

200 0 
100 60 ± 0.2 
50 97 ± 0.4 

 

  Isothermal titration calorimetry 2.8
 

2.8.1 Binding of Cp-5 to zwitterionic DMPC LUVs 
 

Figure 2.13 illustrates an ITC experiment in which 10 µL aliquots of DMPC LUVs (3.75 

mM) were repeatedly injected into the reaction cell containing 20 mM NaH2PO4 as a control. 
The same experiment was done with Cp-5 (7 µM) in the reaction cell and each injection 

produced an exothermic reaction identical to the control experiment of DMPC into buffer, 

with a maximum peak intensity of 0.078 µcal/sec (compared to 0.082 µcal/sec with the 

control). This result confirms that Cp-5 does not interact with zwitterionic phospholipids (see 

section 2.4.2). The first injection is prone to artifacts due to the possible presence of air 

bubble in the syringe. 
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Figure 2.13. Isothermal titration calorimetry of DMPC in presence and absence of Cp-5 at 35 °C, pH 5. The 

panel shows calorimeter tracings for the injection of 10 µl aliquots of a 3.75 mM DMPC LUVs mixture into the 

calorimeter cell (V = 1.3353 ml) containing (A) 20 mM NaH2PO4 and (B) 7 µM of protein solution. 
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2.8.2  Binding of Cp-5 to negatively charged LUVs 
  

The binding of Cp-5 with DMPC:DMPG 2:1 LUVs was characterized using ITC. The lipid 

into protein (L/P) experiment represents the standard titration protocol to characterize the 

binding of charged peptides to lipid membranes.24, 25 Injection of Cp-5 into a DMPC:DMPG 

2:1 LUVs cell (P/L) was attempted, but the reaction never reached saturation and wasn’t 

reproducible.  

Cp-5 was loaded into the calorimeter sample cell and titrated with the LUVs mixture, 

achieving an L/P molar ratio of 65 at the end of the titration.   

Each injection i produces a differential heat (in kcal/mol of injected lipid), mainly because 

free peptide binds to the injected lipid. As evidence from the titration profile (Figure 2.14), 

where the exothermic heat flow decreases in magnitude with consecutive injections (after 

injection i = 7), because the amount of free protein in the vessel that binds to the vesicles 

progressively decreases with increasing lipid concentration.  

 

Interestingly, when the concentration of Cp5 in the vessel was increased from 7 µM to 12.5 

µM, an exothermic binding reaction was observed, which is subsequently followed by a 

slower endothermic reaction that vanished at the 20th injection (Figure 2.15). This second 

reaction obfuscates the possibility to derive binding isotherms for the DMPC:DMPG-Cp-5 

system directly from the ITC data. A superposition of an exothermic binding reaction with a 

second endothermic process was reported for magainin 2 amide (M2a) binding to small 

unilamellar vesicles and was tentatively assigned to the formation of an M2a pore.26 
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Figure 2.14. Isothermal titration calorimetry of Cp-5 solutions with DMPC:DMPG (2:1) at 35 °C, pH 5. The 

top panel shows calorimeter tracings for the injection of 10 µl aliquots of a 3.75 mM DMPC:DMPG (2:1) LUVs 

solution into the calorimeter cell (V = 1.3353 ml) containing 7 µM protein (buffer: 20 mM NaH2PO4). The 

bottom panel represents the heat of reaction as determined by integration of the calorimeter traces and 

subtracting the lipids-into-buffer control experiment.  
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Figure 2.15. ITC of Cp-5 solutions with DMPC:DMPG (2:1) at 35 °C, pH 5. The top panel shows calorimeter 

tracings for the injection of 10 µl aliquots of a 3.75 mM DMPC:DMPG (2:1) LUVs solution into the calorimeter 

cell (V = 1.3353 ml) containing 12.5 µM protein (buffer: 20 mM NaH2PO4). The bottom panel represents the 

heat of reaction as determined by integration of the calorimeter traces and subtracting the lipids-into-buffer 

control experiment.  
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The onset of pore formation has been shown to occur in a cooperative manner when a critical 

peptide/lipid ratio or threshold namely (P/L)*, has been reached.27 Research in partitioning of 

peptides onto lipid membranes can be done using scattering techniques such as NMR and 

ITC. In this section, ITC was used to elucidate the threshold where the transition occurs.  

Thus, our interpretation regarding the L-P titration shown in Figure 2.15 are made by 

comparison of our protein-membrane NMR study and through comparison with other pore-

forming proteins/peptides, such as magainin 2 amide,28, 29 melitin,30, 31 alamethicin32 and 

Mastoparan-X.33, 34 

The sequence of events occurring in Figure 2.15 is thus interpreted as the initial partitioning 

of the protein (at (L/P) < 5) and the formation of pores caused by the larger L/P ratios leading 

to exothermic heat spikes (at 5 < (L/P) > 10). A decrease in the net formation of pores due to 

saturation of the lipid bilayer occurs when the L/P ratio reaches 10. Throughout the injections 

of lipid material, the formation of pores is reversed from a ratio L/P = 10 (Figure 2.15), 

leading to a net disruption of pores, which is observed as endothermic heat spikes in Figure 

2.15. At a threshold value (L/P)* = 25, the pores are fully dissociated and the threshold of 

pore disruption on the membrane has been reached. This reversible binding process has been 

observed by NMR (see section 2.5) when the pH was increased from 5 to 8 and only 82% of 

bound Cp-5 was released back into solution, which we believe is due to the aggregation of 

Cp-5 following pore disruption. Moreover, earlier dye-release studies from Roeder et al. 

support our pore formation results (see introduction).16 

A proposed model is presented in Figure 2.16. Here, the DMPC:DMPG-Cp-5 interaction can 

be described as follows: 1) Under acidic pH conditions, partitioning of Cp-5; 2) at high [P/L] 

ratios, Cp-5 penetrates into the membrane; 3) this penetration is followed by pore formation 

or micellization, which is reversible when the [P/L] decreases or the pH increases. 
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Figure 2.16. Proposed model of the interaction between Cp-5 and LUVs composed of DMPC (grey) and 

DMPG (red).  

 

 

  Limitations of using LUVs as a membrane mimetic of a biological 2.9
membrane 

 

The native biological membrane is a far more complex structure than the membrane models 

used in this study. Firstly, although antimicrobial proteins appear to interact with membrane 

phospholipids, a typical biological membrane is composed of a large proportion of membrane 

proteins and this may influence the binding of antimicrobial proteins. Secondly, biological 

membranes have an asymmetric distribution of phospholipids between the outer and inner 

leaflet,35-37 whereas in a LUV system, such disproportionate division of phospholipids is 

unlikely to exist. For instance, phosphatidylglycerol phospholipids (PG) are in higher 

proportions in the inner leaflet of a bacterial membrane.38 This membrane asymmetry is also 

likely to influence the affinity of an antibacterial protein toward the membrane.38 Thirdly, the 

presence of other molecules at the surface of bacterial cells may influence binding, such as 

LPS molecules found on the surface of Gram-negative bacteria. Lastly, phospholipids can be 

chemically derivatised by the addition of extra molecules. For example, Staphylococus 

aureus modifies phosphatitidylglycerol by attaching a lysine residue. The addition of this 

positive molecule confers higher resistance against antimicrobial proteins, which appear to 

function by interacting via electrostatic interactions between the positively charged amino 

acids and negatively charged headgroups of lipids.38, 39  
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 The protonation of key residues, a hypothesis 2.10
 

Deviations from intrinsic pKa values (3.7 for Asp and 4.3 for Glu)40 revealed that the side-

chain pKa values of E17 and E63 (Figure 2.17) have an elevated pKa value that closely 

matches the pKa of lipid binding (~ 5.2) making these two residues potential candidates 

responsible for stabilizing/abolishing the pH-dependent activity of Cp-5 (unpublished data 

recorded by PhD candidate Wei Li). The region becomes more negatively charged upon 

deprotonation of the residues, which may contribute to the loss of Cp5 activity, as the overall 

surface charge balance shifts to be more neutral, whereas at lower pH values, the surface 

charge is more positive and favors interactions with the negative headgroups. 

Cp5 has the pH highest pore-forming activity at pH 5.2.16 Similar to Cp-5, amoebapore A 

(APA-1) and saposin C showed pH-dependent activity at pH 5.3 and 5.2 respectively, and 

interacts favorably with negatively charged membranes.14, 16, 41 Intriguingly, a number of Glu 

residues in saposin C were found to have elevated pKa values close to 5.5,42 including E64 

which is equivalent to E63 in Cp-5 and E62 in APA-1. Unusual side chain pKa values (pKa > 

5) were also obtained for residues E17 of Cp-5 (performed by Wei Li, School of Biological 

Sciences, The University of Auckland, New Zealand; unpublished data).  

All the elevated side-chain pKa values are close to the pH reported for highest activity of 

these SAPLIP members, suggesting the ionization states of these few Glu residues are key 

determinants of protein activity. The mutation of two glutamate residues in saposin C (E6 and 

E9), decreased the overall negative charge of the protein electrostatic surface, and resulted in 

stronger interaction with membranes. These results indicate that side chain neutralization of 

Glu residues is essential for triggering saposin C-anionic phospholipids interaction.42 In 

contrast, NK-lysin43 and granulysin,44 whose activities are pH-independent, have positive 

surfaces which are postulated to drive membrane destabilization via carpet-like 

mechanisms.45 Interestingly, E17 and/or E63 of Cp-5 are not conserved in these proteins, 

indicating ionization of acidic residues may be a unique feature for particular SAPLIP 

proteins that present pH-dependent activity. Bioassays with mutated E17 and/or E63 will 

provide insights about their roles in Cp-5 activity. 
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Figure 2.17. Structure of caenopore-5. (A) Shows the Asp (magenta) and Glu (red) residues. (B) A selected 

region of the Cp-5 structure showing E17 and E63, the residues postulated to play a key role in Cp-5 binding 

activity. 
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  Conclusions  2.11
 

Caenopore-5 is constitutively expressed in the intestine of the nematode Caenorhabditis 

elegans, and the solution atomic structure reveals that this antimicrobial protein is a member 

of the lipid binding saposin-like-protein (SAPLIP) family. Like other SAPLIP members, Cp-

5 is decorated with charged amino acids that are hypothesized to be functionally important in 

targeting the protein to particular types of lipid headgroups. NMR spectroscopy was used to 

quantitatively characterize the binding properties of caenopore-5 in the presence of large 

unilamellar vesicles (LUVs). Caenopore-5 did not interact with a zwitterionic phospholipid 

(DMPC LUVs, Figure 2.18); however, Cp-5 did bind to LUVs composed of DMPC/DMPG 

and this interaction increased as the amount of DMPG present in the membrane increased. 

The binding of Cp-5 to phospholipid vesicles was found to be a pH-dependent reversible 

process, in which, lower pH values enhanced the binding event due to the protonation of 

acidic amino acids (Figure 2.18). Binding to the negatively charged LUVs was suppressed in 

the presence of salt, thereby showing that electrostatic interactions are important for the 

initial contact between Cp-5 and membranes (Figure 2.18). Replacing PG with 

phosphotidylserine gave similar binding results, indicating that the charge rather than the 

headgroup type is a binding determinant of Cp-5. To further characterize Cp-5 membrane 

binding, NMR was used to measure the pKa values of the acidic amino acids (performed by 

Wei Li, School of Biological Sciences, The University of Auckland, New Zealand; 

unpublished data). The results revealed that Glu17 has an elevated pKa value that closely 

matches the pKa of lipid binding, and therefore may represent a pH-trigger for membrane 

binding. Different analogues will be synthesized analogues and the most potent one will be 

selected to design novel peptidomimetics with improved antimicrobial activity. 
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Figure 2.18. Illustration of the electrostatic interaction between Cp-5 and LUVs. At high pH values (pH 8, top 

panel), the net charge of Cp-5 is close to neutral (light blue) and does not bind to DMPC (grey) LUVs or LUVs 

composed with DMPC and DMPG (red). At acidic pH (pH 5, bottom panel), Cp-5 has a net positive charge 

(dark blue protein) and binds efficiently with LUVs composed of DMPC and DMPG mixtures. In presence of 

200 mM NaCl, the electrostatic interaction between Cp-5 and LUVs is inhibited. 	  
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3.1   Transformation of competent E.coli strain BL21 pLys  
 

The expression vector pIVEX2.4a (Roche, Mannheim, Germany) shown in Figure 3.1 

encoding for caenopore-5 was kindly provided by Prof. Dr. M. Leippe. The gene encoding 

caenopore-5 namely spp5 was cloned into pIVEX2.4a using KspI and PstI cleavage sites to 

generate a fusion protein with an N-terminal (His)6 tag and a Factor Xa cleavage site.  

 

 
 

Figure 3.1. Representation of pIVEX 2.4a plasmid as a DNA template for the expression of Cp-5.  

For expression purposes, E. coli chemo-competent cells (BL21 (DE3) pLYS star) were 

chemically transformed. Competent cells were thawed on ice and mixed with 2 µL of each 

DNA [plasmids pIVEX2.4-spp5 and pET30a(+)] and left on ice for 30 min. Heat shock was 

performed by heating the mixture at 42°C for 45 seconds. The reaction was rested on ice for 

2 minutes then gently resuspended with 1 mL of LB and incubated for an hour at 37°C under 

agitation. After recovery period, 25-75 µL of transformation was plated on LB-Agar plates 

supplemented with ampicillin (100 µg/mL) and kanamycin-containing (25 µg/mL) and 

chloramphenicol (34 µg/mL) in order to select appropriate clones.  
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3.2   Expression of 15N-enriched Caenopore-5 
 

E. coli cells (BL21 (DE3) pLYS star) co-transformed with the pIVEX2.4a-spp5 and 

pET30a(+) plasmids were used for the overexpression of caenopore-5. A pre-culture was 

prepared by transforming a single colony to 50 mL LB containing ampicillin (100 µg/mL) 

and kanamycin (25 µg/mL), and left to grow all the day. The cells were cultured at 37 ºC and 

200 rpm. Then, the LB pre-culture was used to inoculate a minimal medium M9 (Table 3.1) 

unlabeled pre-culture with a dilution factor 1/50, containing ampicillin (100 µg/mL) and 

kanamycin (25 µg/mL), and left to grow overnight. Finally, the culture was used to inoculate 

in a 15N-labelled M9 medium (4 L), which was incubated using the same conditions. 

Bacterial growth was monitored by measuring the optical density (OD) at 600 nm using an 

UV–spectrophotometer. After OD600 = 0.5 was reached, IPTG (isopropyl-β-D-1-

thiogalactopyranoside) was added to the culture to a final concentration of 1 mM to induce 

protein production. The cell growth continued for a further 4 hours in order to obtain the 

protein. Cells were harvested by centrifugation at 3 600 x g for 20 min at 4 ºC.  

 
Table 3.1. M9 minimal medium (1L ) preparation 

To autoclaved (for 1 L) 

NH4Cl (15N) 1 g 

Na2HPO4, H2O 7.5 g 

KH2PO4 3 g 

NaCl 2 g 

Glucose 8 g 

MgCl2 solution ( 1M) filter 
sterelized 

0.5 mL 
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To add after autoclave, then adjusted to pH 7.4 

CaCl2 solution ( 1M) filter 
sterelized 

1 mL 

Biotine 0.01 g 

Thiamine 0.01 g 

Ampicillin ( 0.1 g/mL) 1 mL 

Kanamycin (25 mg/mL) 1 mL 

 

3.3   Protein purification. 
 

Cells were thawed and resuspended with 200-300 mL of protein buffer (50 mM Tris.HCl, 

150 mM NaCl at pH 7.4). Prior to lysis, the cell suspension was supplemented with Complete 

Protease Inhibitor Cocktail Mini EDTA-free tablets (Roche) and the suspension was 

sonicated with a Sonicator Ultrasonic processor (S-4000) on ice. Sonication was carried out 

at 75% of power with 1-second pulse on/1-second pulse off for 30 min. After centrifugation 

of the cell lysate (10 000 x g for 20 min at 4 ºC), the supernatant was collected. The cell 

pellet, which contains the inclusion bodies, was kept for further denaturation and refolding. 
 

3.3.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
 

Generally, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out using 10% or 12% polyacrylamide gels.1 Briefly, 5 µL of protein sample or cell 

lysate was mixed with 5 µL of SDS loading buffer (50 mM Tris/HCl pH 6.8, 40% glycerol, 

4% SDS, 5 mM β-mercaptoethanol and 0.2 % bromophenol blue) and denatured by heating 

at 96°C for 5 min. Samples were then loaded into the wells along with a protein standard 

(Unstained Precision Plus Protein Standard™, Biorad) and gel was run at 35 mA (250 V) for 

50 min to an hour.  

For staining, gel was immersed into staining solution (40% ethanol, 10% glacial acetic acid 

and 0.125% blue R Servat dye) for an hour at room temperature. Gel was then washed and 

immersed into destaining solution (40% ethanol, 10% glacial acetic acid) until protein bands 

revealed. 
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3.3.2 Purification of caenopore-5 from supernatant. 
 

Chromatography was performed on an ÄKTA Purifier system (GE Healthcare, NJ, USA). A 

HiTrap immobilized metal affinity chromatography (IMAC, 5 mL) column (GE Healthcare, 

NJ, USA) was used to purify the fusion (His)6-Cp-5 protein from the supernatant. The 

column pre-loaded with 0.1 M NiSO4.6H2O was equilibrated with five column volumes of 

binding buffer (50 mM sodium phosphate, 300 mM NaCl and 10 mM imidazole, pH 8). The 

supernatant (~ 300 mL) was filtered with a 0.8 µm pore membrane filter (Phenomenex, USA, 

CA) degased and loaded onto the column at a flow rate of 0.35 mL/min. The column was 

washed with a washing buffer (~ 25 mL) containing 50 mM sodium phosphate, 300 mM 

NaCl and 40 mM imidazole at pH = 8. The protein was eluted using 50 mM sodium 

phosphate, 300 mM NaCl and 250 mM imidazole at pH 8. Five milliliter fractions were 

collected and analyzed by SDS-PAGE. The fractions containing the (His)6-tag Cp-5 protein 

were pooled and extensively dialyzed (membrane with a 3 500 molecular weight cut-off) 

against 50 mM Tris-HCl, 100 mM NaCl and 1 mM CaCl2 at pH 8.0 with 3 changes of buffer 

(1 L for 4 h each time).  

 

3.3.3 Refolding and purification of caenopore-5 obtained as inclusion bodies 
 

The inclusion bodies were dissolved in 50 mM Tris-HCl, 100 mM dithiothreitol (DTT), 6 M 

guanidine hydrochloride (Gd.HCl) at pH 7.4 and incubated for 3 h at room temperature. The 

solution (~ 50 mL) was centrifuged at 3 600 x g for 15 min. The resultant supernatant was 

subjected to refolding by overnight dialysis against 50 mM Tris-HCl, 150 mM NaCl at pH 

7.4 at 4 °C. Precipitated protein was removed by centrifugation at 3 600 x g for 15 min. The 

redox system at a final concentration of 10 mM reduced and 2 mM oxidised glutathione was 

added and incubated overnight at 4 °C. This solution was applied onto the same HiTrap 

IMAC cloumn and purified in the same way as the supernatant. The size of the fractions 

collected was 5 mL.  
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3.4 Cleavage of the hexahistidine tag from the fusion protein. 
 

The eluted fractions containing Cp-5 protein (identified using SDS-PAGE, from the 

supernatant and inclusion bodies purification) were pooled together and dialyzed against the 

digestion buffer (50 mM Tris-HCl, 100 mM NaCl and 1 mM CaCl2 at pH 8.0). Caenopore-5 

fusion protein was incubated with factor X Activated (Xa) protease at a final concentration of 

10 µg / ml at 24 °C, pH 8 for 72 h. The digestion was monitored by SDS-PAGE2. The 

digested caenopore-5 was purified using size-exclusion chromatography. 

 

3.5 Size-exclusion chromatography. 
 

Size-exclusion chromatography was used to further purify and determine the molecular 

weight of caenopore-5. The digested protein was loaded onto a Hi-Load Superdex 75 prep 

grade (16/60) column (GE Healthcare), which was connected to an ÄKTA-FPLC system 

controlled and supervised by the UNICORN software (GE Healthcare). The column was 

equilibrated with 2 column volumes of 20 mM sodium phosphate buffer at pH 5.2. The 

protein sample after digestion was concentrated to a final volume of 500 µL using Vivaspin 

20 centrifugal concentrators with a polyethersulfone membrane (see section 3.5 below) and 

the size of the fractions was 1 mL. The elution profile was monitored by measurement of 

UV-absorbance at 280 nm. Fractions containing caenopore-5 protein were pooled and 

concentrated. The presence of caenopore-5 in these fractions was confirmed by SDS-PAGE. 

Since the size-exclusion column had been calibrated using a Gel Filtration LMW Calibration 

Kit (GE Healthcare), the retention volumes were used to calculate the mass of the eluted 

proteins using equation 3.1. 

 

               Log10MW = -0.0259 x retention volume (mL) + 6.2699      (R2 = 0.9927)          3.1 

3.6 Concentration and quantification of caenopore-5. 
 

The concentration of the protein samples was achieved using Vivaspin 20 centrifugal 

concentrators, which contain a polyethersulfone membrane (Sartorius Stedim Biotech). A 

membrane cut-off ≤ half the molecular weight of the protein of interest was selected (3  
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500 molecular weight cut-off). The sample was centrifuged at 3 600 x g at 4 °C until the 

appropriate concentration was reached.  

Protein concentration was estimated by measuring the absorbance at λ = 280 nm using a 

NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific) or Cary 4000 UV-visible 

spectrophotometer (Varian) using the calculated molar absorption coefficient (ε280) of 3,355 

M-1.cm-1 as determined by the method of Gill and von Hippel.3 The concentration in mol/L 

was calculated using a rearrangement of the Beer-Lambert formula (equation 3.2), where ! is 

the concentration of the protein in mol/L, A is the absorbance at 280 nm and b is the path 

length of absorption (1 cm). An amount of 3 mg of pure caenopore-5 was obtained from a 4 L 

culture scale. 
 

                                                         ! =        !
!!

                               3.2 

 

3.7 Preparation of Large Unilamellar Vesicles by Extrusion (LUVET). 
 
The calculated amounts of 1,2-dimyristoyl-sn-glycerol-3phosphocholine (DMPC) and 1,2-

dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG)  and 

DMPS.(Avanti Polar Lipids, USA) were weighed and dissolved in 500 µL of chloroform or a 

mixture of chloroform, methanol and ultrapure water (65/25/5, v/v/v), respectively. The 

dissolved lipids were mixed to obtain the required ratios of the two phospholipids. The 

solvent present in the mixture was initially evaporated using a stream of dry argon gas and 

then the sample was placed in a vacuum chamber (~10 mbar) for 16−18 h. The dried lipid 

film was re-dissolved in 500 µL of the NMR buffer (20 mM sodium phosphate, pH 7) to a 

final concentration of 50 mM. The stock lipid sample was stored at − 20 °C.  

The stock lipid solutions were homogenized by performing four cycles of sonication 

(Elmasonic S30 bath sonicator; Elma, Germany) at 80 W for 20 s, vortexing and freezing in 

dry ice bath for 1 min. The temperature of the bath was controlled to avoid sample 

overheating. The homogenization cycle was repeated a further three times before a final 

sonication step was employed to re-suspend all materials. The lipid samples were extruded 

through a 0.1 µm disc filter 20 times using a mini-extruder (Avanti polar Lipids, AL, USA) 
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kept at 35 °C to obtain uniform sized unilamellar vesicles. The required volume of stock lipid 

solution was taken and diluted to 15 mM using the NMR buffer. 

 

3.8 Dynamic light scattering 
 

The hydrodynamic diameters of the LUVs were characterized by dynamic light scattering 

(DLS) measurements using a Dynapro Titan (Wyatt Technology) spectrophotometer (Otsuka 

Electronics Co., Osaka, Japan). To ensure a linear response of the photon counter, the laser 

power was adjusted so the laser intensity did not exceed 800,000 counts/sec. For each 

experiment, 500 Auto-Correlation Functions (ACFs) were recorded at 35 °C and analyzed 

with Dynamics V6 software. All lipids were extruded through 0.1 mm pore diameter 

membranes (Avanti Lipids Polar, AL, USA). The DLS experiments were performed before 

and after extrusion. 20 µL of sample were transferred into a DLS quartz cuvette and 

equilibrated at 35 °C for 5 min before data collection. The solutions were subjected to 

scattering by a monochromatic light (10 mW He-Ne laser, wavelength of 831.1 nm) at 35 °C 

and the scattered light intensity was measured at a scattering angle of 90°.	  

 

3.9 Acquisition of 2D 1H-15N HSQC spectra. 
 

 
The 2D 1H-15N HSQC spectra of caenopore-5 were acquired on a Bruker (Billerica, 

Massachusetts, U.S) AV600 spectrometer equipped with a 5-mm z-gradient 1H/15N/13C 

cryoprobe, to confirm the purity and right foldedness of the protein. 2D 1H-15N HSQC 

spectra were recording using data matrices consisting of 100*x1024* complex points with 

acquisition times of 47 (tN) and 136 (tN) ms. 250 scans per complex tN increment were 

collected. The recycle delay was 1.1 seconds. The total measuring time for the experiment 

was 12 hours. The peaks were assigned using CcpNMR Analysis and Mysliwy data.4 
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3.10  Protein-vesicle binding studies using NMR 
 

All NMR experiments were performed using 15N-enriched caenopore-5 at 35 °C on a Bruker 

(Billerica, Massachusetts, U.S) AV600 spectrometer equipped with a 5-mm z-gradient 
1H/15N/13C cryoprobe optimized for 1H detection. NMR samples were prepared in 20 mM 

Na2HPO4, pH 8, at a concentration 0.1 mM. The pH was adjusted to the desired value by 

adding sub-microliter volumes of 0.1 M solutions of NaOH or HCl. Protein samples prepared 

to examine the influence of the ionic strength of the buffer were made up in phosphate buffer 

at the desired NaCl concentration (50−250 mM). For the protein-lipid binding assays, protein 

samples were mixed with freshly prepared large unilamellar vesicles (LUVs) in a molar ratio 

1:150 (protein:lipid) and the volume adjusted to 600 µL. 1D 1H-15N HSQC spectra were 

acquired at the different pH values using 1024 transients with a recycle delay of 1.1 s. The 

total experimental time per spectrum was 3 min. To quantify the amount of free protein in 

solution, the integral of the first t1 point of a 1H-15N HSQC spectrum was calculated. This 

integral was compared to a reference sample containing caenopore-5 at the same protein 

concentration and pH in the absence of any lipid molecules. The integral under the signal 

envelope was converted to a percentage of free protein; the reference sample was calibrated 

to 100% of the signal intensity. The intensity of the first t1 point of the rest of the spectra 

acquired at different pH values was referenced to the point with 100% signal intensity. All 

measurements were repeated with two samples in triplicate, and the reported values are the 

average of the six measurements. The measurement errors are reported in the figures. The pH 

of each measurement was re-acquired to check the stability of the sample. 
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3.11  Analysis of pH titration curves 
 

The pH titration data from the proton resonance intensities (their integral value) in the amide 

region were analyzed using a script written by Drs Michael Schmitz and Romel Bobby 

(School of Biological Sciences and School of Chemical Sciences, The University of 

Auckland, New Zealand) in the Python Programming Language (Python Software 

Foundation, NH, USA). Curve fitting was carried out using a modified Henderson-

Hasselbalch Hill equation 3.1: 

 

10!(!"!!"#)   =    [!!]
[!"]

                           3.1 

 

where n is the Hill coefficient which represents the slope of the titration curve in the 

transition region based on previous studies performed to estimate side-chain pKa values.5 

Five hundred simulations (Monte-Carlo approximation of error) were used to fit the data. To 

properly fit the pH titrations curves an n = 2 value was chosen. 

3.12  Isothermal titration calorimetry 
 
ITC experiments were performed using a VP-ITC microcalorimeter (MicroCal) operated at 

35 °C. Caenopore-5 was exhaustively dialyzed into 20 mM Na2HPO4/NaH2PO4 pH 5.2. 

Before performing titrations, the protein samples were degassed at 1/3 atm for 10 min. The 

cell (volume of 1.4 mL) was filled with the protein solution (represented in blue in Figure 

3.3). The injection syringe, which also stirs the solution to ensure proper mixing, was filled 

with the ligand solution, LUVs with a PC:PG 2:1 composition at 3.75 mM. Caenopore-5 

(concentration 7 and 12.5 µM) was loaded into the calorimeter sample cell, as illustrated in 

Figure 3.3. The titration comprised 28 injections of 10 µL, spaced at intervals of 500 s. 

Protein concentrations in the calorimeter cell following each injection were calculated as 

described.6 Heats of dilution were determined from control titrations, where LUVs were 

injected into buffer or buffer injected into LUVs. The baseline around each heat pulse was 

approximated with a low-order polynomial, and the heat generated per injection obtained by 

numerical integration of the raw data. Heats of dilution were subtracted from the observed 
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binding heats before model fitted. The data were fitted to a single site model (all sites 

independent and equivalent)7-9 using nonlinear least squares. 

 

 
 
Figure 3.3. Illustration of the configuration of an ITC reaction cell. The cell is filled with the protein solution 

and the injection syringe filled with A mixture of large unilamellar vesicles (DMPC:DMPG 2:1) 
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1.1  Total chemical protein synthesis 
 

1.1.1   The need for chemical protein synthesis 
 

Proteins comprise one of the four major classes of biologically important macromolecules as 

well as nucleic acids, carbohydrates, and lipids, and have many diverse biochemical and 

structural roles. Each eukaryotic cell has been estimated via genomic sequencing to contain 

more than 20 000 genes1, 2 and whilst each gene encodes the amino acid sequence of a 

protein, protein diversity is further enhanced by mRNA splicing before translation and post-

translational modification of specific amino acid residues after the polypeptide chain has 

been assembled. This vastly increases the total number and diversity of proteins.3 

Recombinant DNA-based technology was illustrated by Cohen et al. in 1973 with the 

construction of new plasmid DNA species through the in vitro joining of restriction 

endonuclease-generated fragments of separate plasmids.4 Specific sequences from 

prokaryotic or eukaryotic chromosomes or extrachromosomal DNA could be inserted by 

transformation into Escherichia coli, and the resulting recombinant plasmids were found to be 

biologically functional replicons with genetic properties and nucleotide base sequences 

present from both parent DNA molecules.4 Functional plasmids could be obtained by the re-

association of endonuclease-generated fragments of larger replicons, in addition to joining 

plasmid DNA molecules from different origins.4 

Since the early 1980s, protein engineering using recombinant DNA-based technology has 

become a useful tool to elucidate the molecular basis of protein function.5-7 This has been 

achieved by sequentially changing the amino acid sequence of a polypeptide by expressing it 

in Escherichia coli, followed by folding the polypeptide and measuring the effect of the 

mutation on the properties of the mutant protein molecule.8 

Molecular biology techniques that enable site-directed mutagenesis, for example, are 

extremely useful but they also have certain limitations: only the twenty genetically-encoded 

amino acids can be incorporated within the protein molecule. 8, 9 The lack of atomic-level 

control over the covalent structure of a protein molecule also makes it difficult to incorporate 

site-specific post-translational modifications or precise labels within a protein molecule.8, 9 

Although Schultz and co-workers have described the use of engineered microorganisms and 

in vitro techniques to overcome these limitations by incorporating unnatural amino acid 

residues, these techniques are not yet commonly used to study the molecular basis of protein 

function.10, 11 
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These limitations of molecular biology can be overcome through the total chemical synthesis 

of proteins. The total chemical synthesis of proteins provides atomic-level control over the 

chemical structure of a protein molecule, which in turn permits the installation of site-specific 

modifications12 including: isotopic labels;13-19 post-translational modifications such as 

glycosylation20-22 and phosphorylation;23 non- genetically encoded amino acids;24 and 

fluorophores.25, 26 The incorporation of such moieties enables us to further define the precise 

molecular basis of protein function through the use of various biophysical techniques,27 

including: nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography 

 

1.1.2   Synthetic strategies toward proteins 
 

Classical methods of chemical protein synthesis involved convergent synthesis of peptide 

fragments in which all side chain functional groups were fully protected, and these fragments 

were subsequently coupled in organic solvents to yield the full-length polypeptide product.28 

However, severe limitations like racemization,28, 29 difficulties in purification and 

characterization,28 and poor solubility30 of the fully-protected peptide segments even in 

powerful organic solutions were the major drawbacks and consequently this method failed to 

find widespread use in protein synthesis. Moreover, this method was further limited when 

recombinant DNA-based molecular biology for protein expression and engineering was 

developed in the 1970s.28, 31  

Total chemical protein synthesis was revolutionized in 1963 when an innovative procedure, 

solid-phase peptide synthesis (SPPS) was developed by Merrifield32 who was awarded a 

Nobel Prize in 1984. This new methodology used suitable side chain and N-protected amino 

acids that were coupled sequentially in a C- to N- direction on an insoluble polymeric solid 

support. In SPPS, the C-terminal amino acid is covalently joined to the solid support of resin 

via a chemical linker, and then subsequent amino acid residues are incorporated by repeated 

cycles of Nα-protecting group deprotection, washing of the resin (for removal of excess 

reagents), amino acid coupling, then a final washing step. After peptide elongation, the 

chemical linker is cleaved and the side chain protecting groups are removed simultaneously 

to release the crude unprotected peptide. To date, numerous peptides have been synthesized 

using the optimized protocols described above.28, 31, 33 The success of the solid phase method 

lies in the fact that a large excess of reagents is used allowing for rapid and complete 

reactions; thereby racemization is also kept to a minimum for susceptible residues.28, 31-33 
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However, despite these improvements, the maximum size of polypeptide that could be 

synthesized by SPPS was limited; in even the most highly optimized protocols the 

accumulation of by-products arising from incomplete reactions meant the maximum number 

of amino acids that could be assembled on solid support in good enough purity and yield 

remains ~ 50 amino acids. As most proteins found in nature contain more than 50 amino 

acids,34 an alternative approach for the total chemical protein synthesis was needed. In an 

endeavor to solve this problem, the idea of chemoselective ligation between two unprotected 

peptide fragments to produce a large polypeptide that would otherwise be inefficient to 

produce in a linear sequential manner using SPPS was developed.35, 36 As a first step to 

achieve this chemical ligation strategy, small size peptides (under 50 amino acids) have to be 

synthesized.  

An overview of the synthetic strategy required for the total chemical synthesis of proteins 

based on modern methods developed is outlined in Scheme 1.1.28, 31, 33 First, an insoluble 

polymeric support is functionalized with an amino group. Once functionalized, a chemical 

linker that is resistant to hydrolysis during peptide assembly until the final release of the 

completed peptide is attached. This linker depends on the synthetic protocol of SPPS. After 

the attachment of the chemical linker, SPPS is carried out to attach amino acids in a 

sequential manner.  

 There are two most popular protocols, the Fmoc (9-Fluorenylmethoxycarbonyl) SPPS 

strategy and the Boc (tert-Butyloxycarbonyl) SPPS strategy. These two strategies supplement 

each other and they have their own advantages and disadvantages. Different amino acid 

coupling reagents and conditions have also been developed. After peptide elongation, the 

chemical linker between the solid support and the C-terminal amino acid is cleaved to afford 

the unprotected crude peptide product, which may be purified if desired. The purified 

peptides can then undergo fragment condensation, most commonly via native chemical 

ligation between a C-terminal thioester- peptide and an N-terminal cysteine-peptide, and 

subsequently folded to yield a fully functional protein. Each of these steps will be described 

in more detail in the following sections. 
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Scheme 1.1. An overview scheme of steps required for the total chemical synthesis of a functional protein.  

1.2  Solid supports used in SPPS 
 

To carry out SPPS, a polymeric solid support that provides the microenvironment for all 

reactions to take place is required. The solid support needs to be chemically inert, insoluble in 

all of the solvents used during SPPS and its physical properties must allow ease of 

filtration.32 A suitable functional group to which the first protected amino acid could be 

covalently linked is also required.32 Furthermore, it must exhibit good solvation and swelling 

properties under the reaction conditions. This is important because a well-solvated gel with 

mobile polymeric chains enables efficient diffusion of the reagents to reaction sites. The most 

widely used solid support that satisfies these criteria is polystyrene (PS) resin cross linked 

with 1% divinylbenzene (DVB), which is prepared via free radical polymerization between 

styrene and divinylbenzene (cross-linking element) monomers (Scheme 1.2).32 One of the 

major disadvantages of solution phase peptide synthesis is the poor solubility of peptides, 

often due to aggregation. In the solid phase, the resin- bound peptide is more effectively 

solvated than the peptide in solution phase, and the divinylbenzene cross-links minimize 

aggregation of the covalently attached peptide thus the solubility of peptide chains is 

maximized.32 
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Scheme 1.2. Free radical polymerization of styrene and divinylbenzene to produce polystyrene (PS) resin. 

 

The originally developed divinylbenzene-PS resin is not without its limitations.37 Such 

limitations include the hydrophobic character of the matrix, the cross-linker is short and rigid, 

the presence of local higher cross-link density regions, and poor swelling properties.37 To 

address these limitations, different cross-linkers have been grafted onto PS resin,38 and these 

include ethylene oxide and polyethylene glycol.39 Other than PS resins, copolymers have 

been used as the solid support, for example polyethylene glycol and polyacrylamide (PEGA) 

resin,40 and cross-linked ethoxy acrylate (CLEAR) resin.41 Solid supports based entirely on 

polyethylene glycol polymer (ChemMatrix) have also been found to be useful.42  

To attach the first amino acid to the solid support a functional group needs to be introduced. 

One of the most widely used groups to achieve this is the aminomethyl group, which can be 

incorporated onto the PS resin via direct aminomethylation.43 This synthesis uses N-

(hydroxymethyl)phthalimide and catalytic TfOH in TFA/CH2Cl2 (1:1 v/v) to react with PS 

resin to produce the phthalimidomethyl-PS resin 1.1. This functionalized resin is then heated 

under reflux in ethanol containing 5% hydrazine to afford the desired aminomethyl-resin 1.2 

(Scheme 1.3).32, 43 
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Scheme 1.3. Synthesis of aminomethyl-PS resin. 

 

However, for this project, an improved preparation of aminomethyl polystyrene resin 1.2 

described by Harris et al.44 was used, where 2-aminoethanol successively replaced hydrazine 

(Scheme 1.4); thereby facilitating purification and by-product removal as this method 

enabled the resultant aminomethyl-functionalized polystyrene resin to be easily separated 

from highly soluble by-products by filtration using minimal solvent washing.  

 

 
 

Scheme 1.4. Improved synthesis of aminomethyl-PS resin as described above.44 

 

Other functional groups can be installed directly on the PS resin for different applications. 

These include chloromethyl and hydroxymethyl groups for further functionalization, a 2-

chlorotrityl chloride group45 for higher sensitivity towards acidic cleavage, and a p-

methylbenzhydrylamine (MBHA) group46 which yields a C-terminal amide upon cleavage 

(Figure 1.1). 
 

 
 
Figure 1.1 Different functional groups installed on PS resin. 
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1.3  Linkers used in SPPS 
 

In order to release the peptide upon completion of sequential elongation, a chemical linker 

between the first amino acid and the resin must be installed. The linker is typically a 

bifunctional molecule, which is attached to the solid support, anchors the first amino acid of 

the peptide sequence and behaves as a cleavable C-terminus protecting group. Linkers are 

commonly categorized according to the conditions reagent for cleavage. 

In Fmoc SPPS, acid-labile linkers that are base-resistant to repetitive piperidine treatments 

for α-Fmoc protecting group removal are used, and cleavage is carried out using TFA.  

In the case of Boc SPPS, linkers that can withstand repetitive treatments of TFA required for 

Nα-Boc group removal are used, and peptide cleavage is achieved using anhydrous HF. There 

are also other chemical linkers that may be used that utilize non-acidic methods for cleavage. 

A summary of a selection of the most commonly used solid phase linkers for Fmoc and Boc 

SPPS is shown in Table 1.1.47 
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Table 1.1. Chemical linkers utilized for Boc and Fmoc SPPS. 

 

SPPS Linker resins Cleavage Product 

 

 

 

 

 

 

 

 

Fmoc 

 
4-alkoxybenzyl alcohol (Wang) resin 

 
 

TFA 

 
 

C-terminal acid 

 
4(hydroxymethyl)phenoxyacetic acid (HMPAA) resin 

 
 

TFA 

 
 

C-terminal acid 

 
Rink amide (R=NHFmoc)/acid (R=OH) resin 

 
R = FmocNH: TFA 

 
R = OH: 

Dilute TFA 

R = FmocNH: 
C-terminal 

amide 
 

R = OH: 
C-terminal acid 

 
4-(4-hydroxymethyl-3-methoxyphenoxy)-butanoic 

acid (HMPB) resin 

 

 

dilute TFA 

 

 

C-terminal acid 

 
2-chlorotrityl chloride resin 

 

 

dilute TFA 

 

 

C-terminal acid 

 

 

 

Boc 

 
4-(hydroxymethyl)phenylacetamidomethyl (PAM) 

resin 

 

 

HF 

 

 

C-terminal acid 

 
p-methylbenzhydrylamine (MBHA) resin 

 

 

HF 

 

 

C-terminal 

amide 

Fmoc/ 

Boc  
Hydroxycrotyloligoethyleneglycol-n-alkanoyl 

(HYCRON) resin 

 

Pd(0) 

 

C-terminal acid 
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1.4  Amide Coupling Reagents and Conditions 
 

Once the chemical linker is attached to the solid support sequential amino acid coupling can 

be performed. Over the years many reagents and conditions for amide bond formation 

between an Nα-protected amino acid and a C-terminal protected amino acid have been 

developed.48, 49 During peptide chain elongation, coupling reagents activate the carboxyl 

group of the amino acid thus facilitating its reaction with the revealed Nα-amino group of the 

residue on the solid support (Scheme 1.5). There are two main techniques for peptide bond 

formation. One employs an in situ activation of a carboxylic acid while the alternative 

involves initial preparation of an active intermediate followed by introduction of the amine 

component. The in situ activation method is the most commonly utilized one in SPPS, and 

has been used throughout the present work. 

 

 
 
Scheme 1.5. Formation of amide bond in SPPS for peptide elongation. 

 

1.4.1 The Use of Carbodiimides to Form Anhydrides 
 

Anhydrides are species that readily react with a wide range of nucleophiles such as alcohols, 

thiols and amines. The first coupling reagents to be utilized in peptide coupling were 

carbodiimides to form symmetrical anhydrides of carboxylic acids. Of the carbodiimides, 

dicyclohexylurea (DCC)50 and diisopropylurea (DIC)51 have found wide use. The mechanism 

for coupling amino acids to resin-bound Nα-amino peptides using these reagents is shown in 

Scheme 1.6.48 First the amino acid reacts with DCC/DIC to form an O-acylurea. This 

intermediate can either directly form an amide bond by reacting with the Nα-amino group of 

the resin-bound peptide, or it can react with another molecule of the amino acid to form the 

symmetrical anhydride yielding a dicyclohexylurea (DCU)/diisopropylurea (DIU) by-

product. The anhydride can then react with the Nα-amino group of the resin-bound peptide to 

form the amide bond. 
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Scheme 1.6. Amide bond formation using DCC/DIC  

 

As DCC is a potent allergen and generates the insoluble DCU by-product that is difficult to 

remove by filtration and chromatography, several other carbodiimides have been developed 

to overcome these limitations by incorporating different substituents on the nitrogen atoms of 

the urea moiety.51 DIC is popular for on-resin peptide coupling as the DIU by-product is a 

liquid that is soluble in most organic solvents hence it can be readily removed from the solid 

support by filtration.52 DIC is not an allergen and is safer to handle compared to DCC.  

 

1.4.2 The Use of Uronium Salts to Form Active Esters 
 

Herein the family of coupling reagents based on the benzotriazoles HOBt/HOAt, such as the 

uronium salts O-(1H-benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HBTU)53 and its tetrafluoroborate equivalent, TBTU will be 

described.54, 55 The driving force of the condensation reaction is the generation of the urea by-

product (Scheme 1.7). The aza analogues of HBTU and TBTU, namely HATU56, 57 and 

TATU,56 respectively, have proven to give faster, more efficient couplings with less 

epimerization. 
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Scheme 1.7. Amide bond formation using HBTU/HATU or TBTU/TATU. 

 

Unfortunately, the uronium coupling reagents are well known for their ability to cap the free 

amino group of the resin bound peptide and thus forming a guanidinium by-product (Scheme 

1.8).49 Therefore, care must be taken to avoid the addition of excess amounts of these 

reagents and use less than stoichiometric amounts (e.g. 0.95 eq of HBTU to 1 eq of amino 

acid) during pre-activation so that this guanidylation is avoided. 
 

 
 

Scheme 1.8. Formation of the guanidinium by-product. 
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In the work describeb herein, uronium based reagents have been used exclusively for the 

synthesis of peptides using SPPS. Other means of amino acid coupling are numerous 

including phosphonium salts,58, 59, ammonium salts60 and Mukaiyama’s reagent,61 

pentafluorophenol-based coupling reagents62 and many others. The details for these other 

coupling reagents are published in several excellent reviews.48-50, 58, 59, 63-67 

 

1.5  Boc and Fmoc peptide synthesis 
 

During SPPS, the rapid assembly of peptides is simplified by the intermediate purification 

steps as the excess reagents and by-products are removed by filtration. Peptide elongation is 

carried out inside the resin where the movement of reagents is achieved by diffusion 

mechanisms. The two main protocols to synthesize peptides- Fmoc and Boc SPPS are 

summarized in Table. 1.2: 

 
Table 1.2. The Boc and Fmoc SPPS protocols. 

 

 Boc SPPS protocol Fmoc SPPS protocol 

N-protecting group 

 
 

 
 
 
 

 
 
 
 

 

reagent to remove the 
N-protecting group 

trifluoroacetic acid 
(TFA) 

secondary amines 
e.g. piperidine 

side chain protecting 
group 

benzyl derived 
protecting groups 

tert-butyl or trityl 
derived protecting 

groups 
reagent to cleave the 
resin and remove the 
side chain protecting 

group 

anhydrous hydrogen 
fluoride (HF) TFA 
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1.5.1 Boc SPPS 
 

The first SPPS protocol developed by Merrifield was the Boc/benzyl strategy.28, 32 The C- 

terminal amino acid is anchored to the solid support through formation of a benzyl ester with 

PAM-PS resin to afford a peptide- αCOOH, while MBHA-PS resin is used for peptide-
αCONH2 (see linkers as described in section 1.3). Temporary Nα-protection uses the tert- 

butyloxycarbonyl (Boc) group, and this is removed using trifluoroacetic acid (TFA).28, 32 

Neutralization of the resulting Nα-ammonium group is carried out with N,N-

diisopropylethylamine (DIPEA) and amino acid coupling is achieved using various reagents 

described in section 4. For masking of the side chains of amino acids, a range of benzyl-

based protecting groups have been developed, chemically fine-tuned to meet the 

requirements of particular functional groups by substitution of the benzyl ring with 

appropriate electron donating or withdrawing groups.68 After the completion of peptide 

elongation, the release of the peptide from the resin and removal of the side chain protecting 

groups is achieved most successfully with anhydrous hydrogen fluoride (HF).28, 32 

Over the years the conditions used for Boc SPPS have been optimized, particularly by Kent 

and co-workers.69 The highlight is the simultaneous in situ neutralization of the α-ammonium 

group during amino acid coupling after TFA unmasking of the Boc group rather than 

neutralizing to the neutral amine before the Boc-amino acid coupling step.69 For the current 

research project, this protocol was followed exclusively, thus, the method of Boc SPPS will 

be detailed below. 

 

A. In Situ Neutralization in Boc SPPS 
 

In so called Boc-chemistry the deprotection of the α-amino group with TFA produces an α-

ammonium species, which has to be neutralized to convert the unreactive salt to a reactive 

amine to facilitate the coupling of the next Boc protected amino acid (Scheme 1.9). 

TFA is an excellent solvent for protected peptide chains, and its fast and quantitative α-

deprotection suggests that it might be involved in breaking up of formed secondary 

structures.69 Aggregation occurs when the protonated α-ammonium peptide-resin 

intermediate is neutralized.70 
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Scheme 1.9. Deprotection of α-Boc group by TFA resulting in α-ammonium species 

 

Therefore, it was desirable to avoid prior neutralization and instead perform this 

simultaneously with the amino acid coupling in a one-pot manner. The in situ neutralization 

protocol does exactly this, by adding an excess of DIPEA to the pre-activated mixture of 

amino acid and coupling agent, then adding the entire mixture to the α-ammonium peptide-

resin. Studies carried out by Kent et al.69 comparing the coupling reagents DIC/HOBt not 

generated in situ, DIC/HOBt in situ, and HBTU/DIPEA in situ confirmed that the latter 

method was the method of choice for amino acid coupling. In all cases, no significant 

racemization (less than 3%) was observed. After peptide assembly, the α-terminal Boc groups 

is removed using TFA, the resin dried under high vacuum, then the unprotected peptide is 

released from the solid support using anhydrous HF and p-cresol (5% v/v) as the sole 

scavenger (Scheme 1.10).69  
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Scheme 1.10 Optimized manual in situ neutralization Boc SPPS. 
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1.5.2 Fmoc SPPS 
 

Unlike Boc SPPS, which uses graduated acidolysis to achieve selectivity in the removal of 

the Boc-protecting group and side chain protecting groups, the Fmoc/tert-butyl (tBu) SPPS 

strategy71 utilizes an orthogonal protecting group strategy, where the α-deprotection is 

achieved by treatment with a secondary base while the side chain protecting groups and the 

chemical linker between the peptide and solid support are cleaved using acid (usually TFA) 

and scavengers.72 The side chain protecting groups are the acid-labile groups tBu and trityl 

groups, and these are deprotected simultaneously during peptide cleavage from the resin. 

However, the main difference between Fmoc SPPS from Boc SPPS lies in the α-protection 

and deprotection strategy.  

In Fmoc SPPS the α-amino group is protected with an Fmoc (9- fluorenylmethoxycarbonyl) 

group, and its removal is typically carried out using a 20% piperidine/DMF solution to avoid 

re-attachment by the amine.72 The key step in this deprotection reaction is the initial 

deprotonation of the fluorene ring proton to generate an aromatic cyclopentadiene-type 

intermediate, which rapidly undergoes elimination to form a dibenzofulvene (Scheme 1.11). 

The α-amino group is produced following decarboxylation, while the dibenzofulvene is 

scavenged by piperidine.72 The coupling of the next Fmoc protected amino acid is carried out 

using the coupling reagents described in section 4. Following peptide assembly the peptide-

resin was cleaved with TFA and scavengers (for 2-3 h), then the crude peptide product was 

triturated using cold ether. 
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Scheme 1.11. Deprotection of α-Fmoc group by piperidine resulting in a free α-amino group. 

 

The Fmoc SPPS strategy is the method of choice for the synthesis of peptides, and has gained 

popularity over Boc SPPS as it avoids the use of toxic HF gas, which requires highly 

specialized apparatus. For these reasons, investigations to optimize the amino acid side chain 

protecting groups, chemical linkers between the peptide and solid support, α-deprotection 

reagents and conditions, and cleavage conditions have been studied extensively for Fmoc 

SPPS.72 Scheme 1.12 depicts a typical strategy employed for the synthesis of polypeptides by 

Fmoc SPPS.72 
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Scheme 1.12. Procedures for Fmoc SPPS. 

 

With all the improvements in chemical linkers, protecting groups, resins, and cleavage 

strategies, the main cause of failure in Fmoc SPPS is most likely due to aggregation.72 Fmoc 

deprotection results in the formation of a free amine at the N-terminus. Unlike TFA, any 

secondary structures that may have formed during the synthesis cannot be disrupted with 

piperidine treatment of the peptide-resin. This aggregation, driven by intra- and inter-chain 

interactions via hydrogen bonding and hydrophobic attractions, leads to incomplete solvation 
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of the peptide-resin hindering the movement of reagents into the reaction site within the resin. 

The result is both incomplete Nα-deprotection and amino acid coupling, leading to 

accumulation of by- products making purification of the crude peptide product extremely 

difficult and leading to low yields of the desired peptide. This aggregation phenomenon is 

more prevalent in Fmoc SPPS than in situ Boc SPPS.  

Protocols have been developed in order to decrease the amount of aggregation during Fmoc 

SPPS, however the difficulties in synthesizing these ‘difficult’ sequences is still a major 

limitation of Fmoc SPPS.72 It has been shown that aggregation can occur from as early as the 

fifth amino acid residue coupled.73 While the tendency for aggregation depends on the nature 

of peptides and side chain protecting groups, sequences containing a high proportion of Ala, 

Val, Ile, Asn, Gln residues are prone to this effect. One protocol utilized to reduce the amount 

of aggregation during peptide assembly is incorporation of a Pro or N-alkyl amino acid 

residue into a sequence to disrupt formation of β-sheets and secondary structures postulated 

to cause the aggregation.74 Another useful method is introduction of a pseudoproline residue 

that can be converted back into Ser or Thr upon treatment with TFA.75, 76 The use of 

pseudoproline as a dipeptide unit not only improves the solubility properties of the peptides, 

but it also shortens the peptide elongation process by coupling two residues in one step. The 

aggregation problem in Fmoc SPPS can also be minimized by the use of microwave to 

accelerate the rate of both amino acid coupling and Fmoc deprotection steps,77-79 or by the 

use of O-acyl isopeptides where the peptide chain is elongated via the hydroxyl group rather 

than the amine of Ser or Thr.80-82 The native structure can then be regenerated via an O to N 

acyl shift at pH >7. 

Among the many side reactions reported during Fmoc SPPS, aspartimide formation requires 

special attention as this is the side-reaction most likely to be encountered in routine 

synthesis.83-86 This is highly sequence dependent, but is reported to occur mostly with 

Asp(OtBu)-X, where X is Gly, Asn(Trt), Ser, Thr or Arg(Pmc). The reaction involves the 

attack of the nitrogen attached to the α-carboxy group of aspartic acid on the side chain ester 

resulting in the formation of a five-membered imide 1.3.84 This intermediate can then 

undergo ring opening with piperidine during Fmoc removal to form α- (1.4) and β-piperidides 

(1.5) (Scheme 1.13). To ameliorate this, less basic deprotection reagents such as 5% 

piperazine have been employed with varying success.72 The only completely effective 

solution to this problem is to install temporary protection of the problematic backbone 



Part II Chapter 1 Introduction 
____________________________________________________________________________________________________________________________________________________________________________________ 

91 

 

nitrogen with N-(2-hydroxy-4-methoxybenzyl) (Hmb) or the dimethoxybenzyl (Dmb) 

analogue, which is removed during the final TFA cleavage.72 

 

 
 

Scheme 1.13. Aspartimide formation during Fmoc SPPS. 

 

1.6  Convergent Synthesis  
 

The restrictions imposed by stepwise peptide synthesis led to the development of a 

convergent synthesis approach. This involves a coupling reaction between shorter synthetic 

peptides that are joined to produce a full-length polypeptide. This strategy is favored as it 

overcomes the poorer quality of larger polypeptides attainable by stepwise peptide 

syntheses.68, 69 The precursor peptides are small and can therefore be highly pure and 

precisely characterized.87 

A fully convergent strategy is generally considered better than stepwise peptide synthesis 

because an equal number of steps separate all the starting materials from the product. The 

product usually has different chemical properties to the starting material which makes 

isolation during (RP)HPLC easier. Another useful outcome of using convergent peptide 

synthesis is that it allows the synthesis of a variety of polypeptide analogues. 

A successful coupling reaction should occur in the presence of all the other functional groups 

that are commonly found in proteinogenic amino acids, and proceed rapidly to give the 

product with no side-reactions. Unprotected peptides are also soluble at high (millimolar) 
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concentrations in chaotropic solvents such as: 6 M guanidine hydrochloride and 8 M urea, 

which can be beneficial in promoting rapid and high yielding reactions.  

Employing unprotected peptide segments in a convergent reaction route will provide 

intermediates that are also unprotected, and these are preferred because they are easier to 

handle, purify, and characterize than protected peptides.87 This is because the presence of 

hydrophobic and bulky protecting groups tends to decrease the solubility of the peptide in 

typical HPLC solvents, and this makes it difficult to handle, purify, and characterize any 

intermediates and products.  

Overall, a convergent synthesis strategy for polypeptide synthesis can overcome many of the 

shortcomings related to classical solution phase synthesis using protected peptides. 

Importantly, convergent synthesis can avoid the accumulation of resin-bound impurities that 

otherwise limits stepwise solid phase peptide synthesis to chains containing approximately 

fifty amino acid residues. For these reasons, chemoselective ligation forms the basis of 

modern chemical protein synthesis and has been used in the synthesis of classic protein 

molecules such as HIV-1 protease25 and human lysozyme.88 

 

1.7  Non-native bound formation in chemoselective ligation  
 

In 1992, Schnölzer and Kent demonstrated the concept of chemoselective condensation of 

unprotected peptides.36 Principally, a chemoselective condensation reaction involves the 

reaction of two exclusive functional groups that are present on two different molecules. The 

functional groups are specifically designed to react with each other in the presence of all the 

other functional groups within the molecules, to give a sole product.  

Schnölzer and Kent envisaged that a reaction that enabled the formation of a non-native 

covalent linkage between two reacting peptide segments greatly simplified the problem of 

joining two peptides, and also readily generated analogues of the native polypeptide.36 

Henceforth the term “chemical ligation” was introduced to describe the chemoselective 

condensation of two unprotected peptides to produce a unique covalent polypeptide product.  

Initial chemistry developed under the “chemical ligation” banner included a nucleophilic 

substitution reaction between a peptide-α-carboxy thioacid (-αCOSH) and a bromoacetyl 

peptide, which was conducted at low pH and in aqueous media (Scheme 1.14).36 The 

resulting product was the thioester-linked analogue of the desired polypeptide and various 

protein analogues have been synthesized using this non-native bond forming reaction, 

including “backbone engineered” HIV-1 protease,89 which was used to determine the role of 
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the backbone hydrogen bonds during enzymatic catalysis.90 However despite these significant 

advances, the fact remained that a non-peptide bond was retained in the product.  

 

 
 

Scheme 1.14. A non-native thioester linkage can be formed between two unprotected peptides through thioacid 

alkylation to provide access to protein analogues.36, 89, 90 

 

1.8  Native Chemical Ligation  
 

Chemical ligation is by definition a chemoselective reaction between unprotected peptides in 

solution, and was introduced for the total synthesis of proteins. A significant advantage in the 

total chemical synthesis of proteins is the potential to utilize organic chemistry to introduce 

precise modifications.  

Therefore, an efficient chemoselective reaction should make use of the highly pure, fully 

characterized unprotected peptides that can be readily prepared by SPPS. It should form the 

full-length ligated product rapidly with no side-reactions, and allow the purification and 

characterization of any intermediates. Wieland et al. had previously observed that an amide 

bond formed upon the reaction of Val-SPh with Cys,91, 92 and in 1994 “Native Chemical 

Ligation” (NCL) was introduced by the Kent laboratory as a method for polypeptide 

synthesis.93 This was a significant advance because NCL overcame the SPPS limitation of 

peptide chains containing a maximum of approximately fifty amino acid residues.28, 31 

Native Chemical Ligation has since become an extremely powerful method for the routine 

synthesis of small to moderate-sized proteins (approximately 150 amino acids), and it 

involves a chemoselective reaction between two polypeptides in solution: an unprotected 

peptide-α-carboxy thioester (-αCOSR) and an unprotected peptide with an N-terminal 

cysteine residue.93 These two appropriately functionalized fragments react to form a native 

amide bond at the ligation junction (Scheme 1.15). 35, 93 The entire reaction is carried out in 

aqueous chaotrope-containing solutions, typically 6 M Gd.HCl, at neutral pH (6.8-7.0). The 

initial step in the reaction is the rate-determining step, which is a reversible exchange 

between the C-terminal phenyl thioester (shown in red) and N- terminal cysteine thiol (shown 

in blue) of two unprotected peptides. The rate of NCL can be enhanced by the addition of 
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excess amounts of a thiol additive, which consequently increases the yields of the ligated 

product. Aryl thiols are more frequently utilized as they promote the trans-esterification  

much faster than alkyl thiols (due to their lower pKa values which make them better leaving 

group).94 Therefore, a phenyl is more reactive than a benzyl thiol and can be generated in situ 

by the large excess of a thiophenol (or derivative).95 94 The high conversion to the final 

ligation product can be attributed to the irreversibility of the second S to N acyl shift amide 

bond formation step. A highly water-soluble version of thiophenol, 4-mercaptophenylacetic 

acid (MPAA) was developed by Kent et al. 94 which enhances the rate of formation of the 

phenyl thioester and consequently it has found wide use in NCL. 

The difference in the rate of NCL between alkyl and aryl thioesters led to the development of 

kinetically controlled ligation (KCL), which allows for a protein to be synthesized in the N to 

C direction.96 A KCL between a peptide1-αthioarylester and a Cys-peptide2- αthioalkylester 

leads to the desired ligation product (i.e., peptide1-Cys-peptide2-αthioalkylester) because the 

–αthioalkylester acts as a synthon compared to the highly reactive -αthioarylester group. 

Because KCL relies on the difference between reactivities of αthioarylesters versus 
αthioalkylesters, it is vital to minimize any non-productive transthioesterification reactions. 

Thus KCL reactions have to be carried out in the absence of exogenous (added) thiol catalyst. 

However, undesired cyclic and peptide2-peptide2 byproduct can be formed. To prevent or 

minimize the formation of the latter, peptide1-aryl thioester and peptide2-alkyl thioester can 

be used. The result is that the kinetically favored peptide1-peptide2 ligated product would be 

exclusively formed more rapidly than the undesired peptide2-peptide2 by-product.96 
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Scheme 1.15. Mechanistic aspects of native chemical ligation. 

 

There are two obvious requirements for carrying out the chemical synthesis of proteins using 

NCL. The first is the need for suitably placed cysteine residues in the peptide sequence of the 

target protein. While this may not be problematic for many proteins that contain numerous 

cysteine residues, the synthesis of proteins that are cysteine-deficient or have cysteine 

residues that are not uniformly spaced apart in the sequence is challenging. The second 

requirement is the need to be able to synthesize peptides containing C-terminal thioesters. 

This can be conveniently generated by using the in situ Boc SPPS strategy where a linker-

resin (in this case e.g Ala-PAM-PS-resin 1.6) is coupled directly to an S-trityl-3-

mercaptopropionic acid, which can be deprotected to reveal the thiol which is then 

immediately reacted with the first amino acid of the sequence to form the thioester (1.7). The 

remainder of the synthesis is carried out with the next Xaan amino acids (1.8), which will 

result in a peptide thioester (1.9) after cleavage from the resin without any further 

manipulation (Scheme 1.16). The synthesis of thioesters using a conventional Fmoc SPPS 
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strategy cannot be achieved easily, as the piperidine used during α-deprotection of the Fmoc 

group cleaves the thioester moiety to produce a C-terminal piperidide.31, 97  

 

 
 

Scheme 1.16. Synthesis of a thioester fragment using the in situ Boc SPPS 

 

1.9  Non-Cysteine Mediated NCL 
 

Over the years several approaches have been developed to allow a chemoselective ligation to 

produce native amide bonds at cysteine-free peptide junctions.31, 97 Of these, the most useful 

method is the introduction of a non native cysteine as a ligation handle followed by a 

desulfurization reaction.98-103 In this strategy, for example an alanine residue would be 

substituted with a cysteine residue to enable NCL, and desulfurization of this cysteine will be 

selectively carried out on the ligation peptide product to produce the native alanine residue at 

that position (Scheme 1.17). Further protocols were developed to allow NCL at Xaa-Val and 

Xaa-Phe ligation using the amino acids β-mercaptophenylalanine104 and β,β-

dimethylcysteine,100 respectively . 
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Scheme 1.17. Non-cysteine mediated NCL at Xaa-Ala, Xaa-Phe, and Xaa-Val ligations using desulfurization. 

 

1.10  Protein folding 
 
Once the linear polypeptide has been assembled, the final stage involved in the total chemical 

synthesis of proteins is the formation of disulfide bonds between free cysteines to give the 

correct tertiary structure needed for their biological activities. This is typically carried out in 

an aqueous solution that mimics physiological conditions inside a cell such as low molecular 

weight thiol-disulfide redox couple at an elevated pH (~ pH 8) containing an excess of the 

thiol to reduce any misfolded disulfide cross-linked species that may form.31 Correct disulfide 

bond formation results from the thermodynamic driving force for the formation of the stable, 

folded tertiary structure of the protein molecule.31 A low concentration of a chaotrope 

(typically GnHCl) to keep misfolded forms of the polypeptide from aggregating and 

precipitating.31 The correctly folded protein can be confirmed by a number of analytical 

techniques, such as analytical HPLC-MS (LC- MS), protein NMR,105 circular dichroism 

(CD) experiments.106, 107 Upon confirmation of correctly folded protein it is assayed by 

various biological experiments to assess its function. 
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2.1. Overview 
 

In this chapter we focus on the chemical synthesis of caenopore-5 (Cp-5) that is an 

antimicrobial protein (AMP) constitutively expressed in the intestine of the nematode 

Caenorhabditis elegans. AMPs represent leads for the development of novel antibiotics as 

with the exception of a few species, no acquired resistance towards AMPs has been reported. 

Caenopore-5 is an 82 amino acid protein containing three conserved disulfide bonds, which 

renders the direct chemical synthesis of the full-length protein difficult. Thus, two different 

strategies for the synthesis of caenopore-5 were explored utilizing the native chemical 

ligation (NCL) technique1 and are described in this chapter (Figure 2.1). An efficient method 

was developed for the synthesis of the native Cp-5, which is readily amenable to the 

preparation of analogues. 

 

 
 
Figure 2.1. Overview of caenopore-5 chemical synthesis strategy using native chemical ligation. 
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2.2. Synthesis of caenopore-5 using first ligation strategy 
 

2.2.1 Overall ligation strategy 
 

The first strategy to prepare caenopore-5 was devised using two ligation sites, 20Ser-21Ala and 
53Tyr-54Val, which would give three feasibly sized polypeptide fragments (Scheme 2.1). The 

fragments, comprised of 20-33 amino acids each were synthesized using in situ neutralization 

Boc SPPS protocols. For NCL, these sites required N-terminal cysteinyl residues. Therefore, 

to enable NCL, 21Ala and 54Val were substituted with a non-native cysteine2 and a 

penicillamine3, 4 (Pen), respectively. Following NCL, the protein would be subjected to 

folding (Scheme 2.1). So, the advantages of this strategy are that it exploited two amino acids 

that could be converted to cysteinyl residues for NCL, and the resulting fragments were 

reasonably small. However, one disadvantage that could be foreseen is the use of 

penicillamine as a substitute to valine, which could result to a slow ligation time.5  

 

 
 
Scheme 2.1. First synthetic strategy for the preparation of caenopoe-5 (R = CH2CO-Ala-COOH).  
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2.2.2 Synthesis of the C-terminal cysteinyl fragment 1: 54Pen-82Pro-COOH 
 

The first step for the chemical synthesis of Cp-5 was therefore to synthesize each fragment. 

In this section we focus on the synthesis of the C-terminal fragment 1. 

The presence of a Pro residue at the C-terminus of fragment 1 could potentially lead to 

diketopiperazine (DKP) formation.6, 7 This intramolecular aminolysis typically occurs 

between the resin bound C-terminal proline and its neighboring residue upon exposure to 

either TFA for Boc SPPS or piperidine for Fmoc SPPS (Scheme 2.2). Although DKP 

formation is sequence-dependent, a number of dipeptide sequences such as D-Val-L-Pro, L-

Pro-L-Pro and L-Ala-L-Pro have been found to form DKPs more easily than others.6, 7 DKP 

formation causes a reduction in overall product yield due to the loss of the C-terminal 

dipeptide from resin.  

In order to prevent DKP formation we used the bulkier 2-chlorotrityl chloride resin (see 

introduction, Table 1.1).8  

 

 
 

Scheme 2.2. Diketopiperazine formation promoted by piperidine during Fmoc removal. 

 

In order to identify any DKP side reactions, the first 4 amino acids were manually coupled at 

room temperature using Fmoc SPPS.9, 10 HBTU/iPr2EtN in NMP was used as activating agent 

and base for 1 hour (Scheme 2.3). The Fmoc group was deprotected with 5% v/v piperazine 

in DMF for 10 minutes twice, and then the resin was washed with DMF. 
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Scheme 2.3. Procedure used for the synthesis of fragment 1 using Fmoc SPPS. 

 

Approximately 10 mg of the resin was sampled, dried and cleaved using the cleavage cocktail 

(TFA/H2O/TIPS, 38:1:1 v/v/v). LC-MS analysis of the peptide H2N-79NECP82-COOH 

revealed an elution peak with the correct mass [(M+H)+ observed = 462.2 Da; (M+H)+ 

calculated = 462.4 Da]. However, there was a second elution peak observed corresponding to 

a Cys deletion [(M+H)+ observed = 359.2 Da; (M+H)+ calculated = 359.3 Da]. Overall, these 
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results confirmed that there was no significant loss due to DKP formation. It was therefore 

decided to synthesize the entire sequence with the problematic cysteine residues subjected to 

two coupling regimes. Thus, the synthesis of the C-terminal fragment 1 (29 amino acids), 

which does not contain any sensitive thioesters, was carried out with the aid of a microwave 

peptide synthesizer. Although the desired peptide was detected by LC-MS after synthesis and 

cleavage from resin, another elution peak corresponding to an aspartyl piperidide peptide (M 

+ 67) was observed (see Scheme 2.4), in ~ 50% yield (Figure 2.2). This side product was 

detected as a result of ring opening reaction of aspartimide, probably, due to the 73Asp-72Lys 

motif. The reaction involves the attack of the nitrogen attached to the α-carboxy group of 

aspartic acid on the side chain ester resulting in the formation of a five-membered imide 

2.1.11 This intermediate can then undergo ring opening with piperidine during Fmoc removal 

to form α- (2.2) and β-piperidides (2.3).  

 

 
 
Scheme 2.4. Aspartimide formation during Fmoc SPPS. 

 

The use of piperazine instead of piperidine did not prevent this reaction and the separation of 

the desired product by HPLC purification was difficult due to the similar retention time of the 

side-product.12 Therefore, we were unable to synthesize this fragment with satisfying yield 

using the Fmoc/tBu strategy. 
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Figure 2.2. HPLC chromatogram of the crude fragment 1 after cleavage from the resin showing the elution peak 

corresponding to aspartyl piperidide peptide and the desired fragment 1. 

 

Boc SPPS was next chosen for the synthesis of fragment 1. The synthesis was carried out on 

a 0.1 mmol scale as described in Scheme 2.5. Aminomethyl resin pre-loaded with Boc-Pro-

PAM linker was used. The Nα-Boc group was removed by treatment with 100% TFA 

followed by flow wash with DMF. Boc amino acids were coupled using HATU/iPr2EtN as 

activating agent and base. Coupling times were 5 min throughout without any double 

coupling. Following chain assembly, the crude peptide 1 was cleaved from the resin with 

simultaneous removal of side chain protecting groups with HF/p-cresol (20:1, v/v) for 1 h at 

0°C 

 



Part II Chapter 2 Results and Discussion 
____________________________________________________________________________________________________________________________________________________________________________________ 

108 
 

 
 

Scheme 2.5. Procedure used for the synthesis of fragment 1 using in situ Boc SPPS. 

 

In order to prevent formation of an aspartimide by-product, it was decided to use Asp 

residues protected with the cyclohexyl group (cHex) as described by Tam et al.11, 13 By 



Part II Chapter 2 Results and Discussion 
____________________________________________________________________________________________________________________________________________________________________________________ 

109 
 

making this change, the peptide fragment 1 was successfully synthesized in good yield (45% 

after purification) with no observed DKP or aspartimide formation, probably due to the 

bulkiness of the cHex protecting group, which provides some defense against this side 

production reaction. The purity (> 95%) was confirmed by integration of the HPLC 

chromatogram at 210 nm and LC-MS as shown in Figure 2.3 [(M+4H)+4 calculated = 821.3 

Da; (M+4H)+4 observed = 821.20 Da] 
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Figure 2.3. (A) HPLC chromatogram of the crude peptide 1 and (B) the LC-MS of the pure peptide 1. 

 

2.2.3 Synthesis of fragment 2: 21Thz-53Tyr-thioester.  
 

Fragment 2 was synthesized using in situ Boc SPPS and not Fmoc SPPS because it contains a 

C-terminal thioester. Boc-Ala-PAM was first coupled to aminomethyl resin, followed by the 

attachment of S-Trityl mercaptopropionic acid resulting in formation of TrtSCH2CH2-Ala-

PAM-resin (the coupling mechanism is described in the introduction, Scheme 1.16). S-trityl-

3-mercaptopropionic acid was treated with TFA/TIPS/H2O (95:2.5:2.5 v/v/v) to deprotect the 

thiol, which was then immediately reacted with the first amino acid of the sequence to form a 

thioester. The remainder of the synthesis was carried out with the next amino acids AAn by 

using HATU/iPr2EtN as activating agent and base. Coupling times were 5 min throughout 

without any double coupling. Following chain assembly, the final Nα-Boc group deprotection 

was done by treatment with 100% TFA followed by flow wash with DMF. The dried crude 

peptide 1 was then cleaved from the resin with simultaneous removal of side chain protecting 

groups with HF/p-cresol (20:1, v/v) for 1 h at 0°C, which resulted in formation of the 

polypeptide with a terminal thioester (Scheme 2.6). The crude (shown in Figure 2.4/A) was 

purified using a slow gradient of 0.1 % AcN per min on semipreparative RP-HPLC as 

described by Harris et al.14 
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Scheme 2.6. Procedure used for the synthesis of the thioester fragments 2 and 3 using in situ Boc SPPS. 

Even though the peptide sequence contains five aspartic acid residues, no aspartimide 

formation was detected. Fragment 2 was obtained in good yield (40% after purification) and 
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excellent purity (97%) as determined by integration of HPLC chromatogram of the crude 

peptide and analysis of the mass by electrospray mass spectrometry [(M+5H)5+ calculated = 

841.38 Da; (M+5H)5+ observed = 841.20 Da] (Figure 2.4/B). 

 

 

 

Figure 2.5 (A) HPLC chromatogram of crude peptide 2 and (B) LC-MS of pure peptide 2.  
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2.2.4 Synthesis of fragment 3: 1Gly-20Ser-thioester. 
 

The thioester fragment 3 was synthesized using in situ Boc SPPS using the same conditions 

as used for the synthesis of fragment 2 (see Scheme 2.6).  

The crude peptide obtained after cleavage from the resin was reasonably pure and after 

further purification by HPLC gave a 97 % pure product in good yield (57 % after 

purification) as shown in Figure 2.5. The mass of the peptide 3 was confirmed by LC-MS 

[(M+3H)3+ calculated = 830.87 Da; (M+3H)3+ observed = 830.60 Da]. 

 

 

 

Figure 2.5. (A) HPLC chromatogram of crude peptide 3 and (B) LC-MS of pure peptide 3. 
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2.2.5 Native Chemical Ligation 
 

A. Overall ligation strategy  
 

With all three fragments in hand, the first NCL between fragment 1 and 2 was attempted to 

generate the ligated peptide 4. To enable NCL, 21Ala and 54Val were successfully substituted 

with a non-native cysteine2 (in Fragment 2) and Pen3, 4 (in Fragment 1), respectively. The 
21Thz-peptide 4 was reduced to the 21Cys-peptide 5, which was subsequently ligated with 

fragment 3 to yield peptide 6 (Scheme 2.7).  

 

 

Scheme 2.7. First strategy of the native chemical ligation for the synthesis of caenopore-5 

 

B. First native chemical ligation step 
 

The first ligation of cysteinyl fragment 1 with thioester 2 was carried out on a small scale 

reaction (1 mM of each fragment, 30 mM MPAA and 20 mM TCEP in aqueous buffer, 

Scheme 2.7) The ligation proceeded slowly as monitored by LC-MS showing first traces of 

the expected ligation product after 6 h. However, to achieve completion of the reaction a 60 h 

reaction time was needed and a significant amount of hydrolysis of peptide 2 was observed. 
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Various conditions were attempted aiming at optimizing the reaction conditions, including 

the use of higher concentrations of MPAA, which enhances the reaction rate by forming a 

more reactive peptide aryl thioester via thiol exchange.15 As observed by LC-MS analysis, 

increasing the concentration of both fragments 1 and 2 to 5 mM and increasing the MPAA 

concentration to 100 mM resulted in an increase in turnover. After 1 hour, the desired product 

4 (Figure 2.6/B) was detected by LC-MS [(M+8H)8+ calculated = 914.3 Da; (M+8H)8+ 

observed = 914.2 Da], but despite the optimization attempts, the ligation still needed 56 h to 

go to completion (Figure 2.6/C).  

Unfortunately, the use of penicillamine (Pen) as a surrogate for Val in the ligation increased 

the ligation time. The mechanism of the ligation using 54Pen is described in Scheme 2.8. 

Haase et al. showed that the use of Pen gave 87 % yield in 12 h with a glycine-thioester 

peptide, or a 70 % yield in a 48 h reaction time with a leucine-thioester peptide.4 In our case, 

the ligation reaction with a tyrosine-thioester peptide was very slow and required 56 h to go 

to completion, during which time a significant portion of peptide 2 underwent hydrolysis (~ 

50 %). Thus, the final yield of the ligation of peptide 1 with peptide 2 was ~30-40 %. These 

issues have been reported previously by our research group.5 

The resulting ligated 21Thz (Thiazolidine)-peptide 4 was converted to 21Cys-peptide 5 using 

methoxyamine (Figure 2.6/D) for subsequent ligation with the fragment 3 synthesized earlier. 

LC-MS analysis taken after 12 h revealed nearly quantitative conversion to the cysteinyl 

peptide 5 [(M+8H)8+ calculated = 912.6 Da; (M+8H)8+ observed = 912.2 Da]. 
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Figure 2.6. The first ligation step: HPLC chromatogram of native chemical ligation at T = 0 h (A), T = 1 h (B), 

and after completion at T = 56 h (C); the * represents the MPAA catalyst. (D) The 21Thz of ligated peptide 4 

was converted to 21Cys in 12 h, which was purified to yield peptide 5 [(M+8H)8+ calculated = 912.6 Da; 

(M+8H)8+ observed = 912.4 Da]. 
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Scheme 2.8. Native chemical ligation at 54valine. The penicillamine at the N-terminus of peptide 1 induces the 

thiol exchange with peptide 2 to form a thioester intermediate. Subsequent S to N acyl transfer furnishes the 

peptide bond and generates peptide 4 

 

 

 

 

 



Part II Chapter 2 Results and Discussion 
____________________________________________________________________________________________________________________________________________________________________________________ 

118 
 

C. Second native chemical ligation step 
 

The second NCL, namely reaction of thioester 3 (1Gly-20Ser-COSCH2CH2-Ala-OH) with 

cysteinyl fragment 5 was undertaken using 5 mM of each fragment, 100 mM MPAA and 20 

mM TCEP (Scheme 2.7). The presence of the ligated peptide 6, was detected at T = 0 h 

(Figure 2.7 /A). The reaction was nearly complete after 4 h (Figure 2.7 /B) and quenched by 

addition of 5 M of HCL after 8 hours. The product was identified by mass spectrometry 

[(M+10H)10+ calculated = 961.4 Da, (M+10H)10+ observed = 961.6 Da] and purified to yield 

peptide 6 (Figure 2.7 /C) 

 

 

 

Figure 2.7. The second ligation of the first strategy: HPLC chromatogram of native chemical ligation at T = 0 h 

(A), T = 4 h (B), and after purification (C) [(M+10H)10+ calculated = 961.4 Da, (M+10H)10+ observed = 961.6 

Da]; the * represents the MPAA catalyst 
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2.2.6 Generation of a linear peptide to a folded protein 
 

To produce the native sequence of Cp-5, a radical-based desulfurization step is required to 

reduce the non-native 21Cys and 54Pen residues to generate 21Ala-54Val-peptide 7.4 Finally, 

the side chain protecting groups of the native Cys residues are cleaved to produce peptide 8, 

which is subjected to folding conditions to give the folded peptide 9, i.e. the native Cp-5 

(Scheme 2.9). These steps will be described in the following sections. 

 

 
 

Scheme 2.9. Representation of the folding strategy after the ligations. 
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A. Desulfurization and Acm deprotection 
 
To achieve the desired desulfurization step, a mixture of a water-soluble radical VA-044 

(Figure 2.8), glutathione and TCEP was added to peptide 6.  
 

 
 

Figure 2.8. Structure of the water-soluble radical VA-044 

 

In presence of the radical initiator VA-044, an alkyl thiyl radical (Scheme 2.10, 2.1) adds 

reversibly to phosphine (TCEP, 2.2) thereby generating an intermediate phosphoranyl radical 

(2.3). Subsequent β scission was envisioned to provide an alkyl radical (2.4) and rapid 

hydrogen abstraction from the parent thiol would furnish the product alkane (2.5).16 

The Pen to Val conversation was slower (12 h) than Cys to Ala (6 h) and by-products were 

observed by LC-MS analysis, which reduced the yield of the reduction to about 65 % from 

the initial material (peptide 6). The resulting peptide 7 is shown in Figure 2.9/A. 
 

 
 

Scheme 2.10. Proposed mechanism of radical desulfurization.16 
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The sequence of Cp-5 contains 6 internal cysteine residues (namely 7Cys, 10Cys, 36Cys, 50Cys, 
75Cys and 81Cys) that were anticipated to decrease the rate of the initial transthioesterification 

step in NCL and potentially render thioester hydrolysis a significant side-reaction. The thiol 

groups of the internal cysteine residues were therefore protected with the Acm (S-

acetamidomethyl) group to minimise side reactions during the thioesterification step.17 

Hence, the final step was the deprotection of the internal cysteine residues with silver acetate 

(Figure 2.9) to yield peptide 8, the unfolded native caenopore-5. Treatment of peptide 7 with 

AgOAc and Gd.HCl for 2 h produced peptide 8 in 85 % yield. 

After completion of the Acm deprotection, the reaction was quenched by addition of DTT. 

The folding of the peptide was performed in the next step. 

 

 
 
Figure 2.9. (A) After purification, the 21Cys and 54Pen of peptide 6 were desulfurized to generate 21Ala-54Pen-

peptide 7 [(M+10H)10+ Calc. 955.2 Da, Obs. 955.2 Da]. (B) Finally, all the Cys protecting groups (Acm) were 

removed yielding peptide 8 [(M+10H)10+ calculated =. 912.6 Da, (M+10H)10+ observed = 912.4 Da] 
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B.  Folding of linear deprotected peptide 
 

Glutathione redox is a reagent which mediates the formation and degradation of disulfide 

bridges in most proteins.18 The important functional group in glutathione is the thiol, 

highlighted in red in Figure 2.10. In its reduced (free thiol) form, glutathione is abbreviated 

'GSH'. 

 

 

 

Figure 2.10. Structure of glutathione reduced (GSH) and oxidized (GSSG) 
 

Disulfide (sulfur-sulfur) linkages between two cysteine residues are an integral component of 

the three-dimensional structure of many proteins. The interconversion between thiols and 

disulfide groups is a redox reaction: the thiol is the reduced state, and the disulfide is the 

oxidized state (Figure 2.11). 

 

 

 

Figure 2.11. Representation of thiol of 2 cysteine in reduced (free thiol) and oxidized (disulfide) form. 
In the oxidized (disulfide) state, each sulfur atom has lost a bond to hydrogen and gained a 

bond to a sulfur; this is why the disulfide state is considered to be oxidized relative to the 
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thiol state. In its oxidized form, glutathione exists as a dimer of two molecules linked by a 

disulfide group, and is abbreviated “GSSG”. Formation of a new disulfide in a protein can 

occur via a 'disulfide exchange' reaction with GSSG, which is a process that can be described 

as a combination of two SN2-like attacks. The end result is the formation of a new cysteine-

cysteine disulfide bond in the protein while the GSSG is reduced to GSH (Scheme 2.11). 

 

 

Scheme 2.11. Disulfide exchange reaction with GSSG, resulting on a new disulphide in a protein. 

In its reduced (thiol) state, glutathione can reduce disulfide bridges in proteins by reversing 

the reaction above. Disulfide bridges exist for the most part only in proteins that are located 

outside the cell. Inside the cell, cysteine residues are kept in their reduced (free thiol) state by 

a high intracellular concentration of GSH, which in turn is kept in a reduced state (ie. GSH 

rather than GSSG) by a flavin-dependent enzyme called glutathione reductase. 

 

In order to fold Cp-5, Gd.HCl and DTT were removed by dialysis against 50 mM Tris.HCl 

and 150 mM NaCl at pH 7.4, which are the buffer conditions used for the folding of the 

recombinant Cp-5 (Part I). After the buffer exchange, a mixture of reduced/oxidized 

glutathione was added to the protein sample. After 24 hours, the LC-MS analysis showed that 

the disulfide bonds were formed [(M+10H)+10 observed = 911.8 Da; (M+10H)+10calculated = 

912.0 Da], the mixture was then purified by RP-HPLC (Figure 2.12). Unfortunately, due to 

the poor yield of the synthesis (~ 3 %), the UV intensity of the peak wasn’t high as the 

concentration of the protein sample was low. It was therefore concluded that a new synthetic 

strategy needed to be devised in order to increase the yield of the desired caenopore-5 protein 

such that a sufficient material for conformational studies was obtained. 
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Figure 2.12. HPLC chromatogram and the MS of the synthetic, folded Cp-5 

 

2.2.7  Conclusion 
 

While the requisite peptide fragments were synthesized by Boc SPPS with a satisfying yield, 

the penicillamine ligation was slow (56 h) and we observed significant hydrolysis side-

reactions for each ligation for both thioester fragments 1 and 2. Moreover, the desulfurization 

of 54Pen to 54Val was slow and side products were observed, reducing the yield of the 

reaction to about 15%. Overall, the yield of the final product was only ~3%. We therefore 

had to revise our ligation strategy once more, and hence changed the ligation sites. 
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2.3. Synthesis of caenopore-5 using second ligation strategy 
 

The second strategy (Scheme 2.12) to prepare caenopore-5 was devised using only two 

fragments, consisting of 35 amino acids (fragment 1, 1Gly-35Glu) and 47 amino acids 

(fragment 2, 36Cys-82Pro) in length. The native cysteine residue 36Cys was used as the ligation 

site, thereby avoiding the introduction of non-native cysteines or derivatives. Due to the 

sensitivity of thioesters to the piperidine used in Fmoc SPPS, in situ Boc SPPS was chosen 

for the synthesis of thioester fragment 1.19 In situ Boc SPPS was also chosen for the cysteinyl 

fragment 2 (36Cys-82Pro-COOH) as previous attempts to synthesize fragment 54Val-82Pro-

COOH (29 amino acids) resulted in major aspartimide side-product formation when using 

Fmoc SPPS (see section 2.1.2 above). Following NCL, the ligated peptide was subjected to 

folding. The first step to yield Cp-5 is to synthesize fragments 1 and 2, which was described 

below. 

 

 
 

Scheme 2.12. Second synthetic strategy for the preparation of caenopore-5 (R = CH2CO-Ala-COOH). 
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2.3.1 Synthesis of fragment 1: 1Gly-35Glu-thioester 
 
The C-terminal thioester fragment 1 was synthesized using in situ Boc SPPS methods (as 

previously described for the first strategy) rather than Fmoc SPPS since it contains a C-

terminal thioester. Boc-Ala-PAM was first coupled to aminomethyl resin, followed by the 

attachment of S-trityl mercaptopropionic acid resulting in formation of TrtSCH2CH2-Ala-

PAM-resin (Scheme 2.13). S-Trityl-3-mercaptopropionic acid was treated with TFA/ TIPS/ 

H2O (95:2.5:2.5, v/v/v) to deprotect the thiol, which was then immediately reacted with the 

first amino acid of the sequence to form a thioester. The remainder of the synthesis was 

carried out with the subsequent amino acids AAn using HATU/iPr2EtN as activating agent 

and base, respectively. Coupling times were 5 min throughout with no double coupling 

procedure used. Following chain assembly, the final Nα-Boc group deprotection was 

performed by treatment with 100% TFA followed by a flow wash with DMF.  

Upon completion of the synthesis a mini cleavage (30 mg) was performed in order to verify 

the oxidation state of the 9Met residue. LC-MS analysis of the crude peptide revealed an 

additional oxygen atom (M + 16) corresponding to an oxidized MetO by-product. Reduction 

of the MetO was carried out on resin using NH4I-Me2S as described by Vilaseca et al.20 After 

drying the resin, crude peptide 1 was cleaved from the resin with simultaneous removal of 

side chain protecting groups using HF/p-cresol (20:1, v/v) for 1 h at 0°C, which released the 

peptide with a C-terminal thioester (Scheme 2.13). The crude peptide 1 (HPLC trace shown 

in Figure 2.13/A) was purified using a slow gradient of 0.1 % acetonitrile per min on 

semipreparative RP-HPLC as described by Harris et al.14 After reduction of the MetO on the 

resin, no MetO was observed and despite the presence of four Asp amino acid residues, no 

aspartimide side-product was observed. The HPLC profile of the crude fragment 1 and the 

elution peak corresponding to the final product after purification are shown in Figure 2.13. 

Peptide synthesis on a 0.1 mmol scale afforded a 40% yield of fragment 1, which was 

characterized by HPLC and LC-MS [(M+5H)+5 observed = 802.4 Da; (M+5H)+5 calculated = 

802.7 Da] that established the purity to be 97 %. 
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Scheme 2.13. Overview for the synthesis of the thioester fragment1 1 using in situ Boc SPPS. 
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Figure 2.13. (A) HPLC chromatogram of crude fragment 1 and (B) the LC-MS spectra of pure  

peptide 1. 
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2.3.2 Synthesis of fragment 2: 36Cys-Pro82-COOH 
 
The C-terminal cysteinyl fragment 2 was also synthesized using in situ Boc SPPS on 

aminomethyl resin (0.1 mmol) loaded with Boc-Pro-PAM linker. The Nα-Boc group was 

removed by treatment with 100% TFA followed by a flow wash with DMF. Boc amino acids 

were coupled using HATU/iPr2EtN as activating agent and base, respectively. Coupling times 

were 5 min throughout without any double coupling (Scheme 2.14).  

Due to the length of the fragment (47 amino acid residues), a mini cleavage (30 mg) was 

performed after the synthesis of the first 25 amino acids (58Val-82Pro-COOH). The LC-MS 

spectra shown in Figure 2.14 [(M+3H)+3 observed = 948.4 Da; (M+3H)+3 calculated = 949.4] 

revealed no major by-product formation; hence synthesis was continued. Following chain 

assembly, the crude peptide 2 was cleaved from the resin with simultaneous removal of side 

chain protecting groups with HF/p-cresol (20:1, v/v) for 1 h at 0 °C. MS analysis revealed a 

difference of - 4 mass units compared to the calculated mass, which could be due to the 

formation of fragment dimers due to the formation of two disulfide bonds between the two 

fragments (as the sequence contains two free cysteine residues). 
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Scheme 2.14. Overview over for the synthesis of fragment 2 using in situ Boc SPPS. 
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Figure 2.14. LC-MS after mini cleavage of an aliquot of the resin bond peptide containing the first 25 amino 

acids (58Val-82Pro-COOH) of the cysteinyl fragment 2 

 

The cysteinyl peptide 2 was obtained in 30 % yield on a 0.1 mmol scale and the purity (93 %) 

was confirmed by integration of the HPLC chromatogram at 210 nm. LC-MS [(M+6H)+6 

calculated = 881.8 Da; (M+6H)+6 observed = 881.6 Da] confirmed the correct mass of the 

peptide. The elution peak of the crude fragment 2 is shown in Figure 2.15/A and the elution 

peak corresponding to the final product after purification is shown in Figure 2.15/B. 
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Figure 2.15. (A) HPLC chromatogram of crude fragment 2 and (B) the LC-MS spectra of pure peptide 2. 
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2.3.3 Native chemical ligation 
 

A. Native chemical ligation at the 35Glu-Cys36 site 
 

The native chemical ligation site was chosen at position 35Glu-Cys36 of the peptide chain. 

However, it is known that ligations between Asp-Cys and Glu-Cys residues can result in the 

migration of the ligation site onto the side chain generating β- and γ-linked by-products, 

respectively. 21 

Scheme 2.15 shows the initial formation of a cyclic product from a peptide bearing a C-

terminal Glu-thioester. In the presence of either MPPA (1) or an unprotected peptide 

containing a thiol at the N-terminus (a Cys in our example, 2), two possible ring opening 

reactions can occur. In the case of attack at the α carbonyl group, the native bond is preserved 

with MPAA or unprotected peptide-2. However, if MPAA or peptide-2 reacts at the γ 

carbonyl group of the cyclic anhydride, an unnatural γ-linked by-product is formed. 

 

 

 

Scheme 2.15. Modified pathway proposed by Botti et al. for the formation of α- and γ- linked peptides product 

during NCL between Glu-thioester and MPAA (1) or a Cys-peptide-2 (2).21 
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In a study conducted by Kent et al., the authors reported the formation of 3 % of the 

unnatural γ amide bond at a Glu-Cys site while 25 % of an unnatural β amide bond formation 

took place at an Asp-Cys site during NCL.22 In the present work, in order to study the 

formation of this side-product during the ligation, a truncated moiety of the fragment 1 

thioester was synthesized (IKKDFDAE-thioester). The short peptide was synthesized using 

in situ Boc SPPS [(M+H) calculated = 1125 Da; (M+H) observed = 1124.3 Da], and the same 

procedure as fragment 1 (Scheme 2.13). The short peptide was reacted with MPAA (Scheme 

2.15, 1) under the same conditions previously used for NCL (100 mM MPAA, 6 M Gd.HCl, 

0.2 M Na2HPO4, 20 mM TCEP.HCl at pH 7.0), and the results are shown in Figure 2.16. The 

reaction was monitored by LC–MS using a slow gradient (0.1 % B / min) at room 

temperature to analyse the formation of any by-product and there was no evidence to suggest 

that the cyclic intermediate formed that would lead to a γ-linked by-product was present. 

Rather a single species was observed after 3 h (Figure 2.16/B), namely IKKDFDAE-MPAA 

thioester [(M+H) calculated = 1115 Da; (M+H) observed = 1114.4 Da]. As the ligation of the 

peptide aryl thioester with N-terminal cysteinyl fragment 2 is fast, it was concluded that 

formation of a γ-linked product would not be of significance in our key ligation step. 
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Figure 2.16. LC-MS analysis of MPAA exchange using a short C-terminal Glu-thioester peptide (R = CH2-Ala-

OH) (reaction conditions: 100 mM MPAA, 6 M Gd.HCl, 0.2 M Na2HPO4, 20 mM TCEP.HCl, at RT, pH 7). 
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B. NCL of fragment 1 and fragment 2: 
 

Ligation of fragments 1 and 2 was next undertaken using 100 mM MPAA,23 20 mM TCEP, 

with 5 mM of each fragment at pH 7. The reaction was monitored by LC-MS and at T = 0 h it 

was observed that some of fragment 1 had reacted to form a MPAA reactive thioester 

intermediate via trans-thioesterification (Figure 2.17/A). Although co-elution of the peptide 

fragments hampered HPLC analysis, the ligated peptide 3 was the major product after 10 h 

(Figure 2.17/B), as evidenced by mass spectrometry [(M+10H)+10 observed = 912.4 Da; 

(M+10H)+10calculated = 912.6 Da]. The ligated peptide 3 was purified by RP-HPLC at a 

gradient of 1 % acetonitrile/min (Figure 2.17/C), affording unfolded pure Cp-5 Synthetic 

(Cp-5S) in 32% yield. 

 

2.3.5 Folding of the linear protein 
 

To obtain active Cp-5, which contains three disulfide bonds, the linear sequence was 

dissolved in the same folding buffer as used for the recombinant Cp-5 (50 mM Tris-HCl, 150 

mM NaCl, and a redox system at a final concentration of 10 mM reduced and 2 mM oxidized 

glutathione at pH 7.4, 4 °C). Addition of a redox couple enabled a facile thiol disulfide 

exchange process promoting the formation of the correctly folded protein. After 6 h we 

observed a shift of the retention time from 17.30 (unfolded) to 16.65 min (folded) (Figure 

2.17/D). After 12 h, the folding was deemed complete and the protein was purified by HPLC 

and lyophilized. The folded final product was characterized by LC-MS 

[(M+10H)+10calculated = 912.0 Da; (M+10H)+10 observed = 911.8 Da], which corresponded 

to the loss of 6 hydrogen atoms as expected for the formation of three disulfide bonds (80% 

yield). Studies on the conformation of the synthetic Cp-5 were performed in conjunction with 

the recombinant protein and will be described below. 
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Figure 2.17. HPLC chromatogram of the native chemical ligation at T = 0 h (A) and after completion at T = 10 

h (B); (* represents the MPAA catalyst). After purification (C), the protein was folded. A shift of the retention 

time was observed from 17.30 to 16.65 min after folding (D).  
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2.4. Recombinant expression and purification of Cp-5 
 

Recombinantly expressed Cp-5 was purified according to a slightly modified protocol 

described in Part I. The Cp-5 ORF (open reading frame) was cloned into the pProEx HTb 

vector24 with an rTEV cleavage site rather than the original Factor X cleavage site,25 and the 

protein was solubly expressed in E. coli using Luria Broth medium (4L). Thus the protein 

was produced as a folded protein. After initial purification by immobilized metal ion affinity 

chromatography (IMAC), the (His)6-tag was successfully enzymatically removed overnight 

using rTEV protease. The resulting protein amino-acid sequence was identical to the 

synthetic one except for the presence of an extra three N-terminal residues (GAM). These 

residues were generated recombinantly from the pProEX HTb vector linker between the 

rTEV recognition site and Cp-5. The recombinant protein was further purified by HPLC (4 

mg of pure recombinant protein were obtained) and the mass was confirmed by LC-MS. The 

observed molecular mass (M+10H)+10 = 937.8 Da was in agreement with the calculated 

average isotopic mass of (M+10H)+10 = 937.9 Da (Figure 2.18). 

 

 
 

Figure 2.18. HPLC chromatogram and the MS spectrum of recombinant Cp-5. 
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2.5. Confirmation of the protein secondary structure and protein fold 
 

NMR spectroscopy has been shown to be a reliable technique to determine the fold of a 

protein. 1D 1H NMR can provide rapid information on the folded state of a protein,26 and 

proteins that are folded generally give a well-dispersed set of resonances in the amide region 

of the 1D 1H NMR spectrum.27 Before the folding reaction, a 1D 1H NMR spectrum of the 

synthetic unfolded Cp-5 was acquired that established a strong set of resonances clustered at 

~8.3 ppm, indicating that Cp-5 was unstructured (Figure 2.19/A). After folding, the spectrum 

showed a distinct set of well-dispersed resonances, indicating that synthetic Cp-5 was folded 

(Figure 2.19/A). For comparison, the 1D 1H NMR spectrum of recombinant Cp-5 is also 

shown in Figure 2.19/A. The 1D 1H NMR spectroscopic data suggested that both proteins 

were folded. Chemical shift dispersion was also observed in the aliphatic region of the 1D 1H 

spectrum of the synthetic protein (data not shown), further confirming that the protein was 

folded. Folded synthetic and recombinant Cp-5 were also investigated by far-UV circular 

dichroism (CD) spectroscopy (180−300 nm).28 The CD spectra were similar (Figure 2.19/B) 

and demonstrated that both the synthetic and recombinant Cp-5 exhibit the features expected 

of α-helical proteins, with the standard double negative elipticity maxima at 208 and 222 nm, 

and a positive maximum near 194 nm. 
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Figure 2.19. (A) The 1D 1H NMR spectra of Cp-5, recorded in 20 mM sodium phosphate pH 5.2 at 25 °C. (B) 

Far-UV CD-spectra of Cp-5. Blue line: CD spectrum of the synthetic Cp-5; red line: CD spectrum of the 

recombinant Cp-5. 
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2.6. Conclusion 
 

The 82 residue protein caenopore-5 was successfully synthesized by native chemical ligation 

of two smaller polypeptide fragments, which were prepared using Boc SPPS. The strategy 

adopted used a single NCL site at a native cysteine residue and, although requiring longer 

fragments (35 and 47 amino acids in length), it was shown to be a better strategy for the 

synthesis of Cp-5 than using a three fragment approach with two ligation sites. The synthetic 

protein was folded successfully and the synthetic material was found to have the same 

structural features as recombinant Cp-5, as determined by 1H NMR spectroscopy and CD 

experiments. 
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3.1   Materials 
 
All solvents and reagents were used as supplied. Dimethylformamide (DMF) (AR grade) and 

acetonitrile (HPLC grade) were purchased from Scharlau (Barcelona, Spain). N,N’-

diisopropylethylamine (iPr2EtN), ethanedithiol (EDT), 4-mercaptophenylacetic acid 

(MPAA), tris (2-carboxyethyl) hydrochloride (TCEP.HCl), triisopropylsilane (TIPS) 

diiosoproylcarbodiimide (DIC), glutathione, were purchased from Aldrich (St Louis, MO)) 

Trifluoroacetic acid (TFA) was purchased from Oakwood chemicals ( West Columbia, SC).  

Anhydrous hydrogen fluoride was purchased from Matheson Trigas (Basking Ridge, NJ). 

The coupling reagent HATU (1-[bis (dimethylamino) methylene]-1H-1, 2, 3-triazolo [4, 5-

b]pyridinium 3-oxid hexafluorophosphate ),  was purchased from GL Biochem (Shangai, 

China). N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate ( 

HBTU) was purchased from Advanced Chemtech (Louisville, KY). 2-chlorotrityl chloride 

resin, 1H-Benzotriazolium 1-[bis(dimethylamino)methylene]-5chloro-,hexafluorophosphate 

(1-),3-oxide (HCTU) were purchased from GL Biochem Ltd (Shangai, China): 

Syntheses were carried out on Boc-Pro-OH or Boc-Ala-OH linked to 4-

hydroxymethylphenylacetamidomethyl (PAM) (purchased from Polypeptides, Strasbourg). 

Boc-amino acids were purchased from Polypeptides with the following side chain protection: 

Boc-Arg(Tos)-OH (TOS= p-toluenesulfonyl), Boc-Asp(cHex)-OH (cHex = cyclohexyl), 

Boc-Cys(4-MeBzl)-OH (MeBzl =4-methylbenzyl), Boc-Cys(Acm)-OH (Acm = 

acetamidomethyl), Boc-Asn(Xan)-OH (Xan = xanthyl), Boc-Glu(OcHex), Boc-His(Tos)-

OH.DCHA (DCHA = dicyclohexylamin), Boc-Lys(2-Cl-Z)-OH (Z = carboxybenzyl), Boc-

Ser(Bzl)-OH ( Bzl = benzyl), Boc-Thr(Bzl)-OH, Boc-Tyr(2-Br-Z)-OH. 

The following Fmoc-amino acids were purchased from GL Biochem Ltd (Shangai, China): 

Fmoc-Asp(OtBu)-OH (OtBu = acid 4-tert-butyl ester), Fmoc-Ser(tBu), Fmoc-Thr(tBu)-OH, 

Fmoc-Cys(Acm)-OH, Fmoc-His(Trt)-OH (Trt = trityl), Fmoc-Lys(Boc)-OH, Fmoc-

Glu(OtBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Arg(Pbf)-OH (Pbf = 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl).The Fomc-amino acid: Fmoc-Pen(Trt)-OH  was 

purchased from PolyPeptide Group (CA, USA).  
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3.2  HPLC and LC-MS 
 

Peptides were purified using a Dionex (Sunnyvale, California, U.S) Ultimate 3000 system 

equipped with a Foxy Jr fraction collector using a Gemini C18 column (5 µ; 10.0 x 250 mm) 

column [Phenomenex (Torrance, California, U.S)] using a flow rate of 5 mL/min and eluted 

with an appropriate shallow gradient of increasing concentration of acetonitrile containing 

0.1% TFA. The purity and peptide masses were confirmed by LC-MS [Agilent Technologies 

(Santa Clara, California,U.S) 1120 Compact LC equipped with a Hewlett Packard (Palo Alto, 

California, U.S)1100 MSD mass spectrometer] using ESI in the positive mode (see Appendix 

for more details). The fractions were monitored using an Agilent Zorbax C3 (3.5 µ; 3.0 x 150 

mm) column at 0.3 mL/min with a linear gradient of 5–65%B over 21 min (i.e. 3% B per 

minute). The solvent system used was A (0.1% formic acid in H2O) and B (0.1% formic acid 

in CH3CN). Fractions were collected, after being analyzed by LC-MS, pooled, and 

lyophilized. 

 

3.3  Synthesis of caenopore-5 using first strategy:  
 

3.3.1 The cysteinyl fragment 1: 54Pen-Pro82-COOH 
 

 
 

Due to the 82Pro on the C-terminal fragment, we suspected a diketopiperazine formation 

which is a notorious side-reaction at the dipeptide stage and specially when using an Fmoc 

SPPS because of its mechanism as shown in Scheme 2.2 (Chapter 2). To overcome this 

difficulty, we used a 2-chlorotrityl chloride resin (see Table 1.1, Chapter 1).  

The couplings of the first 4 amino acids were performed manually using Fmoc protected 

amino acid (5 equivalents in DMF), HCTU (4.5 equivalents) in DMF and iPr2EtN (10 

equivalents) in NMP (2 M) for 1 hour. The Fmoc group was deprotected with 5% v/v 

piperizine in DMF for 10 minutes twice, and then washed with DMF. After the couplings, the 
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resin was dried and weighted to confirm that the 4 amino acids were coupled and no 

diketopiperazine formation was detected by LC-MS analysis. Then the synthesis of the 

peptide was carried out using a Liberty Microwave Peptide Synthesizer (CEM Corporation, 

Mathews, NC) using Fmoc SPPS strategy. The Fmoc group was deprotected with 5% v/v 

piperazine in DMF for 30 seconds followed by a second deprotection for 3 min using a 

microwave power of 62 W for both deprotections. The maximum temperature for both 

deprotections was set at 75°C. The coupling step was performed with the same condition as 

mention above for the manual coupling. All couplings were performed for 5 min at 25 W at a 

maximum temperature of 75°C; Fmoc-His(Trt)-OH coupling was performed for 5 min at 25 

W at a maximum temperature of 50 °C. Fmoc-Arg(Pbf) was coupled at room temperature for 

25 min followed by microwave coupling at 25 W and a maximum temperature of 72 ° C for 5 

min . 

Following completion of the sequence, the peptide was released from the resin with 

concomitant removal of protecting groups by treatment with TFA/TIPS/H2O (38/1/1, v/v/v) at 

room temperature for 2.5 h as required. The crude peptide was precipitated with cold diethyl 

ether, isolated by centrifugation, washed with cold diethyl ether, dissolved in CH3CN:H2O 

(1:1 v/v) containing 0.1 % TFA and lyophilized. 

 

3.3.2 The thioester fragment 2: 21Thz-Tyr53-COSCH2CH2-Ala-OH  
 

 

 

Boc-Ala-PAM linker (0.2 mmol) were coupled to aminomethyl resin (synthesized as 

described by Harris et al.)1 with a loading of 1 mmol/g using DIC (0.4 mmol) in CH2Cl2 (3 

mL) for 1 h, drained and washed with CH2Cl2. The Kaiser test was negative (see Appendix). 

The fragment 2 α-thioester was synthesized by coupling of S-trityl-3-mercaptopropionic acid 

onto alanine PAM resins to produce activated C-terminal α-thioesters upon HF cleavage.2 

The S-trityl was removed with 2 min wash with TFA/TIPS/H2O (95/2.5/2.5, v/v/v). The first 

amino acid Boc-Tyr(Brz)-OH (0.4 mmol) was coupled using HBTU/iPr2EtN in DMF for 1 h. 
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3.3.3 The thioester fragment 3: 1Gly-Ser20-COSCH2CH2-Ala-OH  
 

 
 

Fragment 3 was synthesized using identical coupling conditions for the synthesis of fragment 

2. The first amino acid Boc-Ser(Bzl)-OH (0.4 mmol) was coupled using HBTU/iPr2EtN in 

DMF for 1 h. 

For both fragments 2 and 3, solid phase peptide synthesis (SPPS) was performed manually 

using the in situ Boc neutralization procedure.3 Syntheses were carried out on a 0.1 mmol 

scale as described in Scheme 2.6 (Chpater 2). The Nα-Boc group was removed by treatment 

with 100% TFA (~ 10 mL) for 2 x 1 min followed by a 30 s flow wash with DMF. Boc 

amino acids (0.4 mmol) were coupled using HATU (4.5 equivalents) and iPr2EtN (10 

equivalents) as activating agent and base, respectively. Coupling times were 5 min 

throughout without any double coupling. All operations were performed manually in a 20 mL 

glass reaction vessel with a teflon-lined screw cap. Following chains assembly, the crude 

peptides 2 and 3 were cleaved from the resin with simultaneous removal of side chain 

protecting groups with HF/p-cresol (20:1, v/v) for 1 h at 0 °C. Following evaporation of HF, 

the peptides were precipitated with cold diethyl ether, isolated by centrifugation, washed 

twice with cold diethyl ether, dissolved in CH3CN (1:1 v/v) containing 0.1% TFA, filtered, 

and lyophilized.  

The fragments 1, 2 and 3 were purified with a slow gradient of 0.1 % B per min on 

semipreparative RP-HPLC (Phenomenex C18 Gemini, 5 µ, 10.0 × 250 mm) as described by 

Harris et al.4 

 

3.3.4 First Ligation and Thiazolidine Conversion into Cysteine 
 

4-Mercaptophenylacetic acid (MPAA, 100 mM) and TCEP (20 mM) were dissolved into 6.0 

M Gd.HCl and 200 mM Na2HPO4. The mixture was degassed with Argon bubbling. The pH 

of the resulting solution was adjusted to 7.0 by addition of 10 M or 2 M NaOH. The two 

reactants, thioester fragment 1 and cysteinyl fragment 2 at a final concentration of 5 mM 

were then added, and the pH was readjusted to 7.0. The vial was capped under argon and the 
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reaction mixture was left at room temperature. A 2µL aliquot of the reaction mixture was 

diluted 4 fold into a water solution (5% TFA in H2O v/v) for LC-MS analysis. After 18 h the 

reaction reached completion and quenched by addition of 5 M HCl. LC-MS analysis showed 

the formation of the polypeptide 4 [(M+8H)8+ calculated = 914.3 Da, observed = 914.2 Da]. 

To reduce the thiazolidine to cysteine, methoxyamine hydrochloride (0.2 M) was added into 

this ligation mixture and the pH adjusted to pH 4. The solution was shaken overnight to yield 

the N-terminal cysteine peptide 5, which was purified by a gradient of 1 % B per min by 

semipreparative RP-HPLC (Phenomenex C18 Gemini, 5 µ, 10.0 × 250 mm). The MS (ESI+) 

confirmed the thiazolidine conversion to cysteine [(M+9H) +9 calculated = 912.6 Da, 

observed = 912.2 Da].  

 

3.3.5 Second ligation 
 

The fragment 3 and the peptide 5 both at a final concentration of 5 mM were ligated using the 

same condition described above. After 72 h the reaction reached completion and was 

quenched by addition of 5 M HCl, LC-MS showed the formation of the polypeptide 6 

[(M+10H) 10+ calculated = 961.4 Da, observed = 961.6 Da]. Peptide 6 was purified by a 

gradient of 1 % B per min using a semipreparative RP-HPLC (Phenomenex C18 Gemini, 5 µ, 

10.0 × 250 mm).  

 

3.3.6 Reductive Desulfurization 
 

Reductive desulfurization of 54Pen to 54Val and 21Cys to 21Ala was performed using 

polypeptide 6. To an aqueous buffer of 6 M GnHCl/0.2 M Na2HPO4, TCEP·HCl (250 mM) 

was added and the pH was adjusted to 7.0 by addition of 10 M NaOH or 2 M NaOH. The 

mixture was degassed for 20 min with argon. To this clear solution were added polypeptide 6 

at 2 mg / mL, the water-soluble radical initiator VA-044 (125 mM) and glutathione (50 

mM).5, 6The reaction was shaken at 37 °C for 12 h. LC-MS revealed formation of 

desulfurized product 7, which was purified by a slow gradient of 1 % B per min 

semipreparative RP-HPLC (Phenomenex C18 Gemini, 5 µ, 10.0 × 250 mm). The mass of the 

pure peptide 7 has been confirmed by LC–MS analysis [(M+10H)+10 calculated = 955.2 Da; 
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(M+10H) +10 observed = 955.2 Da] and the yield was 65 % from the initial material (peptide 

6) 

 

3.3.7 Deprotection of the Cys side chain protected group 
 

The removal of the side chain protecting group acetamidomethyl (Acm)  of the 7Cys, 10Cys, 
36Cys, 50Cys, 75Cys, 81Cys was achieved with silver acetate (AgOAc) in acidic aqueous 

media. Typically, the peptide 7 was dissolved in CH3CN:H2O (1:1 v/v) containing 0.1% (v/v) 

TFA to give a final peptide concentration of 2 mg / mL. For each mmol of Acm group 

present, 5 mmol of powdered silver acetate was added to the solution. The mixture was 

stirred for 1 hour at room temperature, then a small aliquot was taken and quenched by 10 

fold dilution with 6 M Gd.HCl, 0.2 M 1,4-dithiothreitol (DTT) at pH 7.0. After 10 min, the 

aliquot was centrifuged to remove any precipitate and the supernatant was analyzed by LC-

MS. The desired peptide 9 could be observed and the reaction was deemed complete after 

one hour. The mass of the peptide 9 was confirmed by LC–MS analysis [(M+10H)+10 

calculated = 912.6 Da; (M+10H)+10observed = 912.4 Da]. The entire mixture was then 

quenched by addition of DTT (25 mmol / mmol Acm). A precipitate was formed immediately 

and the solution was mixed for another 15min. The reaction mixture was centrifuged and the 

supernatant containing peptide 8 collected (85 % yield) 

 

3.3.8 Folding 
 

The resultant supernatant containing peptide 8 collected after the Acm removal was subjected 

to refolding by overnight dialysis (to remove the DTT) against 50 mM Tris-HCl, 150 mM 

NaCl at pH 7.4 at 4 °C. The redox system at a final concentration of 10 mM reduced and 2 

mM oxidized glutathione was added and incubated overnight at 4 °C. Precipitated protein 

was removed by centrifugation at 3 600 x g for 15 min. This solution was applied onto a 

semipreparative RP-HPLC (Phenomenex C18 Gemini, 5 µ, 10.0 × 250 mm), purified and 

lyophilized to yield peptide 9 (final yield ~ 3 %).  
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3.4  Second, revised synthesis strategy of caenopore-5  
 

3.4.1 The thioester fragment 1 1Gly-35Glu-COSCH2CH2-Ala-OH  
 

 
 

Boc-Ala-PAM linker (0.2 mmol) were coupled to aminomethyl resin (synthesized as 

described by Harris et al.)1 with a loading of 1 mmol/g using DIC (0.4 mmol) in CH2Cl2 (3 

mL) for 1 h, drained and washed with CH2Cl2. The Kaiser test was negative (see Appendix). 

The fragment 1 α-thioester was synthesized by coupling of S-trityl-3-mercaptopropionic acid 

onto alanine PAM resins to produce activated C-terminal α-thioesters upon HF cleavage.2 

The S-trityl was cleaved from resin using TFA/TIPS/H2O (95/2.5/2.5, v/v/v) for 2 x 1 min 

The first amino acid Boc-Glu-(ocHex)-OH (0.4 mmol) was coupled using HBTU/iPr2EtN in 

DMF for 1 h. 

 

3.4.2 The cysteinyl fragment 2 
 

 
 

Boc-Pro-PAM linker (0.2 mmol) were coupled to aminomethyl resin (0.1 g for 0.1 mmol 

scale, loading 1 mmol/g) with DIC (0.4 mmol) in CH2Cl2 (3 mL) for 1 h, drained and washed 

with CH2Cl2. The Kaiser test was negative (see Appendix). 

 

For both fragments, solid phase peptide synthesis (SPPS) was performed manually using the 

Boc in situ neutralization procedure.3 Syntheses were carried out on a 0.1 mmol scale. The 

Nα-Boc group was removed by treatment with 100% TFA for 2x1 min followed by a 30 s 

flow wash with DMF. Boc amino acids (0.4 mmol) were coupled using HATU/iPr2EtN as 

activating agent and base. Coupling times were 5 min throughout without any double 

coupling. All operations were performed manually in a 20 mL glass reaction vessel with a 

teflon-lined screw cap. Following chains assembly, the crude peptides 1 and 2 were cleaved 
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from the resin with simultaneous removal of side chain protecting groups with HF/p-cresol 

(20:1, v/v) for 1 h at 0°C. Following evaporation of HF, the peptides were precipitated with 

cold diethyl ether, isolated by centrifugation, washed twice with cold diethyl ether, dissolved 

in 1:1 (v/v) CH3CN containing 0.1% TFA, filtered, and lyophilized. Both fragments were 

purified with a slow gradient of 0.1 % B per min on Gemini C18 column (5 µ; 10.0 x 250 

nm) as described in by Harris et al.4 

 

3.4.3 NCL of caenopore-5 using the second strategy. 
 

4-Mercaptophenylacetic acid (100 mM) and TCEP (20 mM) were dissolved in 6.0 M Gd.HCl 

and 200 mM Na2HPO4 and the mixture was degassed with argon. The pH of the resulting 

solution was adjusted to 7.0 by addition of 10 M or 2 M NaOH. The two reactants, fragment 

1 and fragment 2 were then added to a 5 mM final concentration, and the pH was readjusted 

to 7.0. The vial was capped under argon and the reaction mixture was left stirring at room 

temperature. A 2 µL aliquot of the reaction mixture was diluted four fold into an aqueous 

solution (5% TFA in H2O v/v) for LC-MS analysis. After 10 h the reaction reached 

completion and was quenched by the addition of 5 M HCl, isolated by solid phase extraction 

and lyophilized to afford the crude ligation product that was purified by RP-HPLC to give 

ligated peptide 3 (8 mg, 40 % yield). The formation of the product was confirmed by LC-MS 

[(M+10H)+10 observed = 912.4 Da; (M+10H)+10 calculated = 912.6 Da]. 

 

3.5  Cloning and expression of Cp-5: 
 

The open reading frame (ORF) of Cp-5 was re-cloned into the pProEx HTb vector 

(Invitrogen, Carlsbad, USA) with an N-terminal His6-tag and rTEV cleavage site. Chemically 

competent E. coli cells [BL21 (DE3)] were transformed with the plasmid DNA pProEx HTb-

spp5 construct for overexpression of caenopore-5. A pre-culture was prepared by inoculating 

a single colony into 50 mL Luria Broth medium (LB, see Appendix) with ampicillin (100 

µg/ml) and incubated overnight at 37 ºC with shaking at 200 rpm. The preculture was used to 

inoculate 4 L of LB with a dilution factor of 1/50, containing ampicillin (100 µg/ ml). The 

growth of the cells was monitored by measuring the optical density (OD) at 600 nm (OD600). 

Once the OD600 = 0.5, isopropyl-β-D-1-thiogalactopyranoside (IPTG) was added to the 

culture to a final concentration of 1 mM to induce protein production. Cells were grown for a 
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further 3 h at 37 ºC and shaken at 200 rpm, and then the culture was grown at 18 ºC and 

shaken at 200 rpm overnight. 

 

3.6  Protein purification 
 

The cells were harvested by centrifugation at 3 600 x g and resuspended in 50 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 1 mM phenylmethanesulfonylfluoride (PMSF) and lysed using a cell 

disrupter [Microfluidizer M-110P (Microfluidics, Westwood, USA)]. The lysate was then 

centrifuged at 10 000 x g and 4 °C to separate the insoluble material. The recombinant 

protein was initially purified using an immobilized metal affinity chromatography (IMAC) 

[GE Healthcare (Little Chal,font, UK)] step by loading the supernatant onto an IMAC 

column that had been pre-equilibrated in 50 mM Na2HPO4, 300 mM NaCl and 10 mM 

imidazole. The column was washed with 50 mM Na2HPO4, 300 mM NaCl and 40 mM 

imidazole until no protein was detected in the flow through using a Bio-Rad protein assay. 

The protein was subsequently eluted with 50 mM Na2HPO4, 300 mM NaCl and 250 mM 

imidazole and the purity was assessed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis at 12 % (SDS-PAGE). The N-terminal tag was removed enzymatically by 

digesting the fusion protein in the presence of 1mg/mL of rTEV protease and dialyzed 

overnight against 5 mM Tris-HCl, pH 7.4, 150 mM NaCl in order to remove the imidazole; 

the digestion was monitored by SDS-PAGE. Purification to apparent homogeneity was 

achieved by subsequent reversed-phase high performance liquid chromatography (RP-HPLC) 

using a Dionex UltiMate® 3000 binary semi-preparative system (Thermo Scientific, Vic, 

Australia). Samples were purified on a Gemini C18 column (10 × 250 mm, 5 µm, 110 Å). 

From 4 L of LB culture, 4 mg of pure protein were obtained. The mass of the pure protein 

was confirmed by LC–MS [(M+10H)+10 calculated = 936.9 Da; (M+10H)+10observed = 937.8 

Da]. 

 

3.7  Protein folding: 
 

The protein was folded overnight in a redox buffer containing 50 mM Tris-HCl, pH 7.4, 150 

mM NaCl, 10 mM reduced and 2 mM oxidised glutathione at 4 °C. Precipitated protein was 

removed by centrifugation at 6,000 g for 15 min. This solution was loaded onto a C18 

column, purified by RP-HPLC and recovered by lyophilization (6.5 mg, yield 80%). In order 

to determine if the protein remained folded, and not subject to degradation after 



Part II Chapter 3 Experimental section 
____________________________________________________________________________________________________________________________________________________________________________________ 

152 

 

lyophilization, samples of both proteins (synthetic and recombinant) were re-dissolved in 20 

mM sodium phosphate and re-analyzed by LC-MS and CD spectroscopy. 

 

3.8  Nuclear Magnetic Resonance spectroscopy 
 

All NMR experiments were performed at 25 °C on a Bruker (Billerica, Massachusetts, USA) 

AV600 spectrometer equipped with a 5 mm z-gradient 1H/15N/13C cryoprobe optimized for 
1H detection. Homonuclear one-dimensional (1D) 1H NMR experiments were performed on a 

0.1 mM Cp-5 sample in 20 mM sodium phosphate and 9:1 (v/v) H2O/D2O at pH 5.2. The 

protein concentrations were quantified using an extinction coefficient of ε280 = 3,355 M−
1 cm−

1, 

as determined by the method of Gill and von Hippel.7 Proton chemical shifts were referenced 

to 1 mM trimethylsilyl propionate (TSP). The 1D spectra were acquired with 2048 complex 

data points, and water suppression was achieved using the WATERGATE sequence.8 Spectra 

were obtained with 1H spectral widths of 7500 Hz and processed and analyzed using Topspin 

2.1 (Bruker). 

 

3.9  Cirular Dichroism: 
 

All CD measurements were performed on a PiStar spectrometer [Applied Photophysics 

(Leatherhead, UK)]. Protein spectra data are reported in terms of the mean residue ellipticity 

(θ) (deg.cm2/dmol), calculated as follows: 

 

θ = S / (10 ×c ×L ×n) 

S is the raw CD signal in millidegrees, c is the protein concentration (M), L is the cuvette 

path length (cm), and n is the number of peptide bonds in the protein. 

Each CD spectrum measurement represents the average of seven scans obtained with a 2 nm 

optical bandwidth. Baseline spectra were collected with buffer alone and then subtracted 

from the raw protein spectra. The measurements were performed at protein concentrations of 

2−5 µM in 20 mM sodium phosphate buffer, pH 5.2 at 25 °C in 1 mm quartz cuvettes 

[Hellma Analytics, (Müllheim, Germany)]. 
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1.1  Emergence of multidrug infectious pathogens and the opportunity to 
use antimicrobial peptides as a novel class of antibiotics 

 

1.1.1 Antimicrobial resistance 
	  

Antimicrobial resistance is a worldwide growing threat to the treatment of infections caused 

by multidrug-resistant (MDR) strains of pathogenic bacteria, parasites, viruses and fungi. The 

first appearance of an antibiotic-resistant strain (penicillin-resistant Staphylococcus aureus) 

was initially reported in hospitals, four years after the successful introduction of penicillin 

(during World War II).1-3 Similarly, Mycobacterium tuberculosis with resistance to 

streptomycin emerged after the discovery of the antibiotic.4 

Despite the appearance of MDR, detected among Escherichia coli, Shegella and Salmonella 

in the late 1950s to early 1960s,4, 5 the drug resistance problem was not conceived as a big 

concern. This attitude changed however with the emergence of more drug-resistant strains, 

and the alarming increase in the number of deaths. For instance, methicillin-resistant 

Staphylococcus aureus caused nosocomial infections, which increased morbidity and 

mortality in hospitalized patients.6, 7 Each year antimicrobial resistance makes the treatment 

of patient difficult and costly and some estimates from the WHO (2014), on the effects of 

antimicrobial resistance are shown in Table 1.1.8 For example, in the United States, at least 

two million people become infected with antibiotic-resistance bacteria and at least 23, 000 

people die as a direct result of such infections. 

How can we manage and prevent drug resistance? This could be done by 1) tracking the 

resistance frequency (such surveillance would alert public health officials to new pathogens). 

2) Isolating hospitalized individuals with potentially dangerous resistant bacteria (to reduce 

the spread of MDR) and 3) introducing new therapeutic approaches.  

There are significant demands for novel antimicrobial compounds that can be used to combat 

untreatable or difficult to treat infections. The role of antibiotics in the treatment of infectious 

diseases cannot be seen as anything but essential for the foreseeable future, as advocated by 

the WHO in their recent report (2014): “Without urgent action we are heading for a post-

antibiotic era, in which common infections and minor injuries can once again kill”.8 
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Table 1.1. Estimation of the burden of antimicrobial resistance. The data were obtained by the WHO, 2014.8 

 

 European Union 

 

Thailand 

 

United States 

 

Population 500 Million 70 Million 300 Millions 

Deaths per year 25,000 deaths >38,000 deaths >23,000 deaths 

Overall societal 

cost (US $) 

~ $2 billion per year >$1.3 billion Up to $35 billion 

 

1.1.2 Antimicrobial peptides 
	  

Over the last few decades, several AMPs have been identified and rigorously investigated as 

alternative to antibiotics. AMPs represent promising candidates. These proteins have existed 

for millions of years, yet resistance to these compounds are rarely observed in nature, 

possibly owing to the diversity, complexity and the mechanism of action of these 

compounds.9  

A wide variety of organisms produces AMPs as part of their first line of defense, with 

representatives ranging from bacteria to plants, invertebrate and vertebrate species, including 

mammals.10-12 They form part of the ancient, nonspecific innate system, which is the 

principal defense system for the majority of living organisms. In many cases, their primary 

role is in the killing of invading pathogenic organisms. In addition, many AMPs are specific 

for their target cells, which is advantageous in avoiding damage to the host cell or the 

commensal microbial flora.10-12 In this chapter we will focus on AMPs from eukaryotic 

organisms. 

AMPs are usually defined as relatively short molecules with up to 100 amino acids, 

positively charged and amphiphilic in nature.13, 14 The most prominent structures found in 

AMPs are peptides with two to four β-strands, amphipathic α-helices, loop structures and 

extended structures (Figure 1.1 A-E). This allows them to bind and insert themselves into 

membrane bilayers to form pores by the “barrel-stave” or “carpet” mechanisms which are 

described in Figure 1.2.15  
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Figure 1.1. Some representative structures of antimicrobial peptides. (A) Human β-defensin-2 (PDB code 

1FQQ); (B) α-helical magainin-2 (PDB code 2MAG); (C) indolicidin (PDB code 1G89); (D) pleurocidin (PDB 

code 2LS9) and (E) looped thanatin (PDB code 8TFV).9 
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Figure 1.2. Mode of action of AMPs illustrated by Guani-Guerra et al. (A) Barrel stave model. The peptides 

bind to the cell membrane, then the peptides themselves insert into the hydrophobic core of the membrane 

forming a pore, causing leakage of cytoplasmic material and death of the cell. (B) Carpet model. Peptides bind 

to the phospholipids at the outer surfaces of the cell membrane, followed by the alignment of the peptide 

monomers, then the peptides reorient themselves towards the hydrophobic core of the membrane causing the 

disintegration of the lipid bilayer.15 

 

Previous data suggests that translocated peptides may alter the cytoplasmic membrane 

formation consequently inhibiting cell wall synthesis, binding to nucleic acids, nucleic acid 

and protein synthesis or enzymatic activity. These features make some AMPs acceptable as a 

novel class of antibiotics and they can complement conventional antibiotic therapy. A good 

number of synthetic AMPs and mimetics are undergoing advanced clinical trials (Table 1.2) 

but to date none have receive US Food and Drug Administration (FDA)approval with the 

exception of gramicidin for topical administration. 16, 17 

In this chapter we will describe the AMPs present in the the nematode C. elegans in more 

detail  
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Table 1.2. Antimicrobial peptides in clinical trial or in development.16 

 

 

1.2   The AMPs of the nematode C. elegans 
	  

1.2.1 Neuropeptide-like proteins 
	  

The C. elegans genome encodes at least 42 neuropeptide like proteins (NLPs), which can be 

divided into 11 minimal subgroups according to their unique bioactivity motifs. The first 

indication of an antimicrobial role for nlp genes came from the induced expression of nlp-29 

upon infection with Gram-negative Serratia marescens and later antifungal activity has been 

demonstrated for NLP-31.18, 19  

 

1.2.2 Caenacins 
	  
Similar to the NLPs, specific genes in C. elegans belonging to the caenacin family are 

induced upon infection with the fungi Drechmeria coniospora, amongst other pathogens. 

Researchers found that the expression of the gene cnc-2 in particular was more induced upon 

infection that upon wounding. Moreover, the gene cnc-2 has been discovered to be 

exclusively expressed in the epidermis.20 

 

 



Part III Chapter 1 Introduction 
____________________________________________________________________________________________________________________________________________________________________________________ 

159 

 

1.2.3 Antibacterial Factor (ABF)  
	  

ABF peptides are constitutively expressed when C. elegans is cultivated on a lawn of the 

non-pathogenic strain E. coli OP50, as was shown for ABF-1 and ABF-2.21-23 The peptides 

ABF-3 and ABF-1 are also expressed in the intestine and may be part of a general mechanism 

in the worm that protects the digestive tract from microbial infection, an important feature 

since C. elegans mainly feed on bacteria. Moreover, on top of the general defenses against 

various microbes, ABFs also participate in a specific immune response induced upon 

infection. For example, C. elegans induces the expression of abf-2 as part of an immune 

response to Salmonella typhimurium infection that is essential for limiting bacterial growth in 

the worm’s digestive tract.21, 23  

 

1.2.4 Caenopores  
	  

Caenopores are the saposin-like proteins (SPP) of C. elegans. They are characterized by an α-

helix bundle stabilized by three conserved disulfide bonds and the ability to interact with 

phospholipid membranes. Roeder et al. investigated the significance of SPP-1, SPP-3, SPP-4, 

SPP-5 and SPP-6 by RNAi-mediated gene silencing.24  

The proteins SPP-1 and SPP-5 have been found to be active against Gram-negative E. coli 

and Gram-positive B. megaterium and both are expressed in the intestine of C. elegans. SPP-

5 (namely caenopore-5) is described in detail in the introduction of Part I.24  

At pH 5.2, SPP-3 was antimicrobially active in micromolar concentrations against several 

bacteria such as E. coli, P. aeruginosa, Y. enterocolitica, B. megaterium and B. thuringiensis.  

SPP-3 formed pores in a pH-dependent manner displaying maximal activity at pH 4.4. SPP-3 

preferentially permeabilized liposomes composed of negatively charged phospholipids.25  

The gene spp-12 is expressed exclusively in two pharyngeal neurons, and SPP-12 has been 

found to bind to phospholipid membranes and to form pores in a pH-dependent manner 

characteristic of caenopore proteins. Moreover, SPP-12 kills viable Gram-positive bacteria, 

yeast cells and amoebae by permeabilizing their membranes, suggesting a wide-target cell 

spectrum.24 

Given that most genes (except spp-2, spp-12) have the intestine specific transcription 

promotor regions, it can be assumed that most caenopores will be expressed in the intestine. 
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This finding prompted Roeder et al. to state “caenopores or SPPs are most likely the only 

candidates to tackle the diverse mixture of microbes C. elegans is confronted with in the 

natural environment”.24 

 

1.3   Disulfide bonds in AMPs 
	  

The disulfide bond, after the peptide bond itself, is by far the second most widespread 

covalent bond present in peptides and proteins and one of the most common post-

translational covalent modifications that occurs during oxidative folding.26 Contributing to 

the stabilization of the whole three-dimensional arrangement of polypeptides, these structural 

elements are crucial for the biological function of these molecular entities. Peptides are 

highly prone to metabolic degradation through enzymatic digestion and typically have short 

circulatory half-lives in the range of a few minutes.27 However, the disulfides in disulfide-

rich peptides can strongly increase metabolic and thermal stability.28 The cyclotide kalata B1, 

which contains three disulfide bonds was extracted from a plant by boiling in water, it is 

orally available, and it survives strongly proteolytic gastric juices.29 Upon reduction of its 

three disulfide bonds, however, this peptide becomes readily susceptible to degradation by 

several proteolytic enzymes. 

Figure 1.3 shows some examples of AMPs that contain disulfide bonds. Ovchinnikova et al. 

found that the worm Arenicola arenicins contains AMPs in leukocyte cells with a single 

disulfide bound namely arenicin 1 and 2 (two isoforms of 21 amino acids), which exhibit 

activity against Gram-positive and Gram-negative bacteria and fungi (Figure 1.3/A).30 

Moreover, the arenicin analogues lacking the disulfide bond showed reduced activity.31  

The human liver-expressed antimicrobial peptide 2 (LEAP-2) is a cationic antimicrobial 

peptide (CAMP) that plays a role in protecting against bacterial infections (E. coli and S. 

aureus) and contains four cysteines that form two intramolecular disulfide bonds (Figure 

1.3/B).32 

Defensins are cationic and cysteine-rich peptides that play a crucial role in the host defense 

against microorganisms of many organisms by permeabilizing bacterial membranes. The 

human β-defensin hBD-2 is shown in Figure 1.3/C with its three disulfide bonds.33 

Bass hepcidin is a 21-amino acid peptide with eight cysteines engaged in four disulfide bonds 

and is very similar to human hepcidin, an antimicrobial peptide with iron regulatory 
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properties (Figure 1.3/D).34 In addition to antimicrobial activities, mammalian hepcidins were 

found to play an essential role in iron homeostasis.35 

 

 
 

Figure 1.3. Representation cartoon of different AMPs containing 2 Cys (A) an arenicin-1 protein (PDB code 

2JNI),36 4 Cys (B), LEAP-2 (PDB code 2LQ1),32 6 Cys (C) a human β-defensin hBD-2 protein (PDB code 

1E4Q)33 and 8 Cys (D) an hepcidin protein (PDB code 1S6W).34 
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Moreover, some biologically important peptides containing disulfide bonds have also 

achieved drug status or are currently in clinical trials (Table 1.3).37 For example, peptide 

Xen-2174 is a modified 13 residue peptide from the natural peptide χ-conotoxin MrIA, 

originally isolated from Conus mormoreus and then optimized by medical chemistry and 

possess a noncompetitive inhibitor activity of the neuronal norepinephrine transporter.38  
 

Table 1.3. Representative peptide-based drugs that contain disulfide bonds.37, 38 

 

Name Status Disulfide 

bonds 

Mode of action Disease state 

Aprotinin Approved 3 Plasmin inhibitor Cardiovascular 

(antihemorrhagic) 

Ziconotide (Prialt) Approved 3 Ca2+ channel 

antagonist 

Analgesic 

Xen-2174 Phase II clinical trial 2 Noradrenaline 

transporter inhibitor 

Analgesic 

Oxytocin  Approved 1 Oxytocin receptor 

inhibitor 

Uterotonic 

Vasopressin Approved 1 Vasopressin 

receptor inhibitor 

Cardiovascular 

(antihypertensive) 

 

 

Considering the important role of cysteine residues in peptide structure and function, it is not 

surprising that cysteine residues involved in disulfide bonds are the most conserved amino 

acid in eukaryotes (>95%);39 hence stabilizing disulfide bonds may be a good approach for 

therapeutic application against pathogens. 
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1.4  Synthesis of analogues of AMPs  
	  

1.4.1 Stability enhancement of AMPs using selenocysteine substitution  
	  

Ideally, drug candidates must be stable within the physiological environment of the body. 

However, the nature of some peptides makes them prone to degradation.37 For example, 

through peptide truncation experiments of the AMP α-conotoxin, it was established that the 

disruption of secondary structures (notably of α-helices) resulted in the loss of bioactivity and 

increased susceptibility to disulfide bond scrambling.40 Given the contingency of 

pharmacological properties with peptide structure, efforts have been made to replace 

disulfide-bridges with more stable bonds. Selenocysteine (Sec) is an interesting amino acid 

that was initially described as a toxin but was subsequently shown to be essential for health 

and development for human and other mammals.41 One of the advantages of substituting Cys 

by Sec, is that both amino acids exhibit similar physiochemical properties (Table 1.4). Hence, 

no modification of protein structure or function has been reported when disulfide bonds were 

replaced by diselenide bonds. However, the protons attached to the sulfur or selenium 

heteroatoms display different pKa values. Cysteine has a pKa value of 8.25, whereas 

selenocysteine has a pKa value of 5.24-5.63, despite their similar electronegativity of 2.58 

and 2.55, respectively. Consequently, at physiological pH, Sec exists as a selonate while Cys 

is protonated, and this property can be used to selectively form the diselenide bonds at a pH 

less than Sec pKa (around pH 5). 
 

Table 1.4. Physiochemical properties of cysteine and selenocysteine modified from Payne et al.42-46 

 

 

  

Properties Cysteine Selenocysteine 

Atomic radius (pm) of S/Se 100 115 

Electronegativity of S/Se 2.58 2.55 

Redox potential (mV) of S-S/Se-Se -180 -381 

pKa of Cys/Sec 8.25 5.24-5.63 

Bond length (pm) of S-S/Se-Se 205 232 
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Chemical incorporation of Sec residues into peptides is largely achieved by SPPS and has 

been used for structure-activity relationship, folding studies as illustrated in Table 1.5.43  

Selenocysteine substitution is an attractive method to prevent reduction or scrambling of 

thiol-containing molecules in intracellular or extracellular environments. For example, 

glutathione is present in blood plasma in its reduced form at a micromolecular level and this 

could cause disulfide bond deactivation via a scrambling or trapping process, subsequently 

reducing the biological activity of the protein.47 Walter et al. successfully incorporated 

selenocysteine in the synthesis of a potent oxytocin isolog.47 This strategy was adopted for 

the SPPS of various conotoxins since selenocysteine bonds have a higher redox potential than 

disulfide bridges allowing for greater bond stability under reductive conditions as evidenced 

by the resistance of selenoconotoxins towards disulfide scrambling by glutathione and rat 

plasma.47  

Table 1.5. Some examples of synthesized peptides and proteins with incorporated selenocysteine, modified 

from Alewood et al.43 

 

Name Chemistry #Residues #S-S bonds #Sec Purpose Yield 
Selenosubtilisin48, 49 Solution 379 0 1 SAR 50% 

Metalloselenoein50 Boc-SPPS 25 0 7 SAR 9 % 

SAa of apamin51, 52 Fmoc-SPPS 16 2 2 Folding 3-4 % 

SAa of interleukine-

853 

Boc-SPPS 69 2 1 SAR NA 

[C754U]-RNase A54 Fmoc-SPPS 124 4 1 Ligation NA 

Selenoglutathione55 Fmoc-SPPS 3 1 1 Redox 33 % 

SAa of α-conotoxin 

ImI56 

Boc-SPPS 12 2 2.4 SAR 30 % 

Selenooxytocin57 Fmoc-SPPS 9 1 1.2 Folding NA 

Slenovasopressin58 Boc-SPPS 9 1 2 pKa of Sec 

residues 

NA 

aSA, Selenium analogues; NA, not available; SAR, structure-activity relationship. 
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Selenocysteine can also be used in NMR spectroscopy experiments for disulfide mapping. In 

NMR, the 32S nucleus present in cysteine residue is not detectable, which can make 

determination of the disulfide connectivity difficult and often ambiguous when multiple 

disulfide bridges are present. Therefore, if the sulfur were substituted by selenium (77Se), 

which has more favorable nuclear magnetic properties and is an NMR-active (s= ½) nucleus, 

it can provide a means for direct determination of disulfide connectivities.59 

 

1.5   Shortened Peptides 
 

Truncated peptides can provide insight into structure-function relationships, and some can 

have enhanced antimicrobial activity compared to the native protein. 

For example, the antimicrobial pore forming proteins amoebapore (three isoforms A, B and C 

present in Entamoeba histolyca) are composed of 77 amino acids, with five α-helices 

interconnected by three disulfide bonds.60 Leippe et al. synthesized shortened amoebapore 

analogues corresponding to each domain (each α-helix) and found out that the α-helix 3 (23 

amino acids) displayed cytolytic and antimicrobial activity similar to the native amoebapore 

protein.61 Based on the assumption that the third α-helix is the membrane-penetrating domain 

and on the finding that cationic peptides are more active as they increase the electrostatic 

interaction with membranes, peptides with positively charged amino acids inserted were 

highly active and showed a broader activity spectrum than the native peptide.62 

NK-lysin is an AMP of the same family as amoebapore (saposin like family) and exists in 

mammalian lymphocytes. A shortened version of NK-lysin that contains the cationic core 

region was synthesized by Leippe et al and was shown to exhibit activity against Candida 

albicans and Trypanosoma cruzi.62, 63  

As Caenopore-5 is part of the same family as amoebapore and NK-lysin, shortened analogues 

of the native protein will be synthesized and their potency evaluated. 
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2.1  Overview 
 

Even though disulfide bonds impart conformational stability to peptides and proteins, they 

are inherently unstable in reducing environments and are susceptible to disulfide bond 

exchange reactions with biological thiols such as glutathione. Replacement of a disulfide 

bond with a diselenide bond was attempted to enhance the stability and activity of caenopore-

5. By using the two fragment ligation strategy developed earlier on the native protein (see 

Part II), the 7Cys and 81Cys were selectively replaced with 7Sec and 81Sec, respectively. 

These cysteine residues were chosen as they formed the disulfide which is most exposed to 

the surface (Figure 2.1). Moreover, with the aim of assembling a structure-activity 

relationship profile, 5 α-helical synthetic peptides, each comprising 15-22 residues in Cp-5, 

were synthesized. The bioactivity of each peptide will be evaluated and the most potent 

fragment will be selected to design novel peptidomimetics with improved antimicrobial 

activity. 

 

 

 
 
Figure 2.1. A cartoon representation of Cp-5 was generated using PyMOL from the solution structure ID: 

2JS9). The disulfide bond in red is the most exposed to the surface, where 7Cys and 81Cys will be replaced by 
7Sec and 81Sec to form a diselenide as shown in the box. 
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2.2  Synthesis of the selenocysteine analogue  
	  

2.2.1 Overall strategy for the synthesis of the Cp-5 analogue. 
 

The native cysteine residue 36Cys was used as the ligation site, thereby avoiding the 

introduction of non-native cysteines or their derivatives into the peptide sequence (Scheme 

2.1). Due to the sensitivity of thioesters to piperidine used in Fmoc SPPS, in situ Boc SPPS 

was chosen for the synthesis of the thioester fragment Sec-1 (1Gly-7Sec-35Glu-COSCH2-CH2-

Ala-OH).1 In situ Boc SPPS was also chosen for the cysteinyl fragment Sec-2 (36Cys-81Sec-
82Pro-COOH). 

 

 
 
Scheme 2.1. Synthetic strategy for the preparation of caenopore-5-selenocysteine analogue (R = CH2CO-Ala-

COOH). 
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2.2.2 Synthesis of fragment Sec-1: 1Gly-7Sec-35Glu-thioester 
	  

The C-terminal thioester fragment Sec-1 was synthesized by in situ Boc SPPS using the same 

conditions as for fragment 1 of the native synthetic caenopore-5, except for replacement of 
7Cys with unnatural amino acid Boc-S-4-methoxybenzyl selenocysteine (shown in Figure 

3.2). Boc-Ala-PAM was first coupled to aminomethyl resin, followed by the attachment of S-

Trityl mercaptopropionic acid giving TrtSCH2CH2-Ala-PAM-resin (the coupling mechanism 

is described in the introduction, Scheme 2.2). S-trityl-3-mercaptopropionic acid was treated 

with TFA/TIPS/H2O (95:2.5:2.5 v/v/v) to deprotect the thiol, which was then immediately 

reacted with the first amino acid of the sequence (Glu) to form the thioester. Boc amino acids 

were coupled using HATU/iPr2EtN as activating agent and base, respectively. Coupling 

times were 5 min throughout with no double couplings performed. After the coupling of the 

first 31 amino acids, the native 7Cys was replaced by a 7Sec, using a Boc-S-4-methoxybenzyl 

selenocysteine. The coupling was performed using HATU/iPr2EtN as activating agent and 

base, respectively for 15 min and complete coupling was verified by performing a Kaiser test 

(see Appendix), which indicated the absence of any free amine. The remaining peptide 

sequence was completed using standard amino acids. Following chain assembly, a reduction 

of MetO was carried out on resin using the procedure described by Vilaseca et al., as 

oxidation of the Met residue was observed during the synthesis of the native fragment (see 

Part II).2  

 

 

Figure 3.2. Structure of Boc-4-methoxybenzyl-selenocysteine 
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Scheme 2.2. Synthesis of the thioester fragment Sec-1 using in situ Boc SPPS. 
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After cleavage of the peptide from resin using HF/p-cresol (20:1, v/v) for 1 h at 0°C, no MetO 

was observed. Despite the presence of four Asp amino acid residues, no aspartimide side-

product was observed. The HPLC profile of crude fragment Sec-1 and the elution peak 

corresponding to the final product after purification is shown in Figure 3.3. Execution of solid 

phase peptide synthesis on 0.1 mmol scale achieved a 39% yield of fragment 1 which was 

characterized by HPLC and LC-MS [(M+5H)+5 observed = 811.4 Da; (M+5H)+5 calculated = 

812.0 Da] with 93 % purity.  

 

 
 

Figure 3.3. (A) HPLC chromatogram of the crude peptide Sec-1 and (B) LC-MS spectra of the pure peptide 

Sec-1. 
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2.2.3 Synthesis of fragment Sec-2: 36Cys-81Sec-82Pro-COOH 
	  

The conditions for the synthesis of fragment Sec-2 were the same as for the fragment 2 for 

the native protein, except for the replacement of 81Cys with the unnatural amino acid Boc-S-

4-methoxybenzyl selenocysteine. The synthesis was carried out on a 0.1 mmol scale as 

described in Scheme 2.3 using aminomethyl resin pre-loaded with Boc-Pro-PAM linker. The 

Nα-Boc group was removed by treatment with 100% TFA followed by a flow wash with 

DMF. Boc amino acids were coupled using HATU/iPr2EtN as activating agent and base, 

respectively. Coupling times were 5 min throughout with no double couplings. Following 

chain assembly, the crude peptide Sec-2 was cleaved from the resin with simultaneous 

removal of side chain protecting groups with HF/p-cresol (20:1, v/v) for 1 h at 0°C. 
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Scheme 2.3. Synthesis of cysteinyl fragment Sec-2 using in situ Boc SPPS. 
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The peptide fragment was successfully synthesized in good yield (37 % after purification) 

with no formation of DKP or aspartimide side-products. The purity (92 %) was confirmed by 

integration of the HPLC chromatogram at 210 nm and LC-MS as shown in Figure 3.4 

[(M+6H)+6 calculated = 889.61 Da; (M+6H)+6 observed = 889.2 Da]. It was suspected that the 

product adopted different conformations, as the peak corresponding to the purified fragment 

Sec-2 was broad, even though only one species was detected by mass spectrometry. 

 

 

 

Figure 3.4. (A) HPLC chromatogram of the crude peptide Sec-2 and (B) LC-MS spectra of the pure peptide 

Sec-2. 
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2.2.4 Native chemical ligation 
 

A. NCL of peptides containing Selenocysteine 
 

Selenocysteine residue is involved in various ranges of applications such as functional, 

structural and mechanistic probes, robust scaffold, peptide conjugations, folding, and 

enzymatic reaction design. 

Native chemical ligation using selenocysteines-mediated reactions is used to either substitute 

cysteine in the peptide amino acid sequence, or as a cysteine surrogates (the latest will be 

further discussed in the next section).  

Selenocysteine can also be incorporated to synthesize selenosulfide and diselenide-containing 

analogues by using native chemical ligation reaction to make larger protein. The protein 

glutaredoxin 3 is the only example in the literature illustrating the synthesis of an intra-

diselenide bond analogue using standard NCL.3  

	  
A.1 Selenoysteine as a cysteine surrogate for ligation 

 

NCL is one of the most commonly used reactions for the synthesis of proteins with more than 

50 amino acids.4 Yan and Dawson were the first to introduce a solution to what could be the 

only limitation of NCL, by introducing desulfurization methods to convert a Cys residue to a 

native Ala residue after ligation. This overcomes the problem that only 2-3 % of proteins 

have cysteines that are required for NCL. In the past 5 years, this strategy has been expanded 

and now includes various thiolated amino acids for NCL, such as β-thiol phenylalanine 1, β- 

and γ-thiol valine 2a, and 2b, γ- and δ-thiol lysine 3a (Figure 3.5).5 One drawback to this 

method is the additional desulfurization step, which is not chemoselective in the presence of 

other thiol groups hence the necessity to protect the other cysteine residues. 

 

 
 
Figure 3.5. Synthetic thiol-derived amino acids for use in ligation (modified from Payne et al.).5-9 
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In order to overcome non-specific desulfurization in the presence of unprotected side chain 

thiols, selenated amino acids (as Cys surrogates) can be used. NCL with a selenocysteinyl 

fragment was first reported in 2001 (Scheme 2.4);10-12 however it recently became popular 

thanks to the work of Dawson et al., who demonstrated chemoselective deselenization of a 

Sec residue to generate an Ala residue can take place in the presence of unprotected cysteine 

residues (Scheme 2.5).13  

 

 
 
Scheme 2.4. Native chemical ligation (NCL) at selenocysteine (Se) residue. This reaction is believed to proceed 

by initial nucleophilic attack of the selenol on the thioester to give a selenoester intermediate, which rapidly 

rearranges to an amide bond.14  

 

 

 
 
Scheme 2.5. Chemoselective ligation-deselenization at β–selenol amino acids in the presence of unprotected 

Cys residues, modified from Payne et al. 5-9, 13 
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The reduction of selenated amino acids can be achieved by a metal-free free-radical 

mechanism using tris(2-carboxyethyl)phosphine (TCEP) in combination with the radical 

initiator 2,2_-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044). In contrast to 

cysteine derivatives, however, selenocysteine is sensitive to TCEP even in the absence of a 

radical initiator (Scheme 2.6). Inclusion of TCEP in selenocysteine-mediated NCL reactions 

resulted in loss of selenium rather than ligation. As a consequence, this reductant has to be 

used with care. Addition of TCEP post-ligation, however, provides a practical ‘traceless’ 

method for generating polypeptides that formally contain alanine rather than selenocysteine 

at the ligation site. Deselenization proceeds in good yield without epimerization and can be 

carried out in the presence of unprotected cysteine. As a consequence, peptides containing 

both Xaa-Ala and Yaa-Cys ligation sites can be prepared by sequential selenocysteine- and 

cysteine-mediated coupling reactions 

 

 
 
Scheme 2.6. Deselenization of selenocysteine by TCEP and DTT probably occurs by a mechanism similar to 

that proposed by Walling15 for desulfurization of thiols by phosphines (modified from Alewood et al.).14 

 

A.2 Synthesis of intra-diselenide bonds using native chemical ligation 
 

Standard native chemical ligation in presence of fully oxidized fragments (diselenide and 

selenylsulfide) was shown to be possible in the synthesis of the complete set of slenocysteine 

variants of glutaredoxin-3 (Grx3) by Dawson et al., to give insights into the catalytic 

machinery of selenoenzymes.3 Grx3 has a role in maintaining cellular redox potential and 

was chosen as an oxidoreductase model due to its intermediate redox potential within the 

thioredoxin (Trx) superfamily. The native Grx3 and three Sec analogues were then 
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synthesized using conformationally assisted native chemical ligation.16 Selective oxidation of 

active site residues and alkylation of the cysteine at the ligation site was undertaken to 

determine the effects of selenenylsulfide and diselenide bonds on the redox potential and 

equilibration kinetics of oxidoreductase enzymes (Scheme 2.7).3 Consequently, they reported 

that seleno-Grx3 analogues variants containing either selenenyl-sulfide or diselenide bonds 

can have physiologically compatible redox potentials and enhanced reduction kinetics in 

comparison with their sulfide counterparts.3 
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Scheme 2.6. Conformationally assisted NCL for chemical synthesis of Grx3 combined with selective oxidation and 

alkylation, modified from Dawson et al (Copy Right obtained by the Journal).3. For NCL the thioester-peptide Grx3(1−37)-

MPAL (containing either Cys (Y = S) or Sec (Y = Se), at positions 11 and/or 14) mixed with the Cys-peptide 

Grx3(C38−82). After purification, the ligated product was oxidized to form the disulfide bond (or selenenylsulfide or 

diselenide bond) to protect them from the alkylation with iodoacetamide (MPAL = β-mercaptoproparionyl-Leu). 
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With the goal of enhancing the stability and activity of Cp-5 and thanks to the efficient 

chemical synthesis strategy developed for the native protein (Part II), a selenocysteine 

analogue was designed and its synthesis is described in the next section.  

 

B. Native chemical ligation of Fragment Sec-1 and Sec-2 
	  

B.1 Optimization of NCL  
 
Various conditions were tried to effect the ligation of fragment Sec-1 and Sec-2 (listed in 

Table 2.1). Unfortunately, the presence of any reducing agent (TCEP, DTT) induced the 

deselenization of the selenocysteine residues and subsequent degradation of both fragments. 

The only successful conditions used for the NCL of Sec-1 with Sec-2 were 1 % v/v PhSH (6 

M Gd.HCl, 0.2 M Na2HPO4), with 5 mM of each fragment at pH 7.5. The reaction was 

monitored by LC-MS and at T = 0 h the formation of the ligated peptide Sec-3 was observed 

(Figure 2.6/A) as evidenced by mass spectrometry [(M+10H)+10 observed = 921.2 Da; 

(M+10H)+10calculated = 922.0 Da]. The ligation was deemed complete at T = 10 h since no 

residual fragments Sec-1 and Sec-2 were detected. (Figure 2.6/B). The ligated peptide 3 was 

purified by HPLC (Figure 2.6/C) affording a 32% yield. 

NCL was also conducted at temperatures between 40-60°C, in order to populate a single 

conformer of the ligation product Sec-3. Unfortunately, due to increased hydrolysis of the 

thioester fragment Sec-1 at the higher temperature used the yield of the NCL reaction was 

significantly reduced; hence, it was decided to conduct the ligation at room temperature. 

 
Table 2.1. Different conditions used for NCL 
 

NCL conditions Results 

100 mM MPAA, 1-5 mM TCEP, 25° C Degradation of fragments Sec-1 and Sec-2, 
no product observed. 

100 mM MPAA, 1-5 mM DTT, 25 ° C Degradation of fragments Sec-1 and Sec-2, 
no product observed. 

100 mM MPAA No product observed 
 
1 % v/v PhSH 

Ligated product observed at T = 0h, and the 
ligation was completed in 10 h. 

 
1 % v/v PhSH, 40 °C 

Ligated product observed at T = 0h, but 
half of thioester fragment Sec-1 
hydrolyzed. 
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Figure 2.6. HPLC chromatograms showing the native chemical ligation of fragment Sec-1 (in red) and Sec-2 (in 

blue) at T = 0 h (A) and after 2 h (B). The ligated peptide Sec-3 is shown in green. The ligation reached 

completion at T = 10 h (C). Peptide Sec-3 was purified using RP-HPLC yielding the peptide Sec-4 (in pink). 

The LC-MS [(M+10H)+10 observed = 921.2 Da; (M+10H)+10calculated = 922.0 Da] of the purified peptide is 

shown in (D).  
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B.2 Optimization of the purification step 
	  
The purification of the ligated peptide Sec-3 was very challenging as no reducing agent could 

be used. On completion of the NCL reaction, the crude product containing peptide Sec-3 was 

loaded onto a C18 reverse phase column using a pH gradient from 5 to 3 (Figure 2.7/A). 

However, the ligated product was not detected in any of the fractions collected. Different 

columns (C18, C3, C8) at different temperature (40-60°C) were used with similar results. 

However, at pH 2 the peptide Sec-3 (highlighted in green) was separable from the by-

products and was purified using a C18 column (Figure 2.7/B). The HPLC chromatogram of 

pure peptide Sec-3 is shown in Figure 2.6/D. The broad peak suggested that pure peptide Sec-

4 adopted different conformations. 

 

 
 
Figure 2.7. HPLC chromatogram of the purification of Sec-3 after ligation (A) at pH >2 (from 2 to 5) and (B) at 

pH = 2. 
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2.2.5 Folding and purification of Sec-Cp5 
	  

To obtain the folded Sec-5 analogue, which contains three disulfide bonds, the linear 

sequence Sec-4 was dissolved in the same folding buffer as for recombinant Cp-5 with the 

exception of reduced glutathione to avoid the deselenization of the Sec residues (50 mM Tris-

HCl, 150 mM NaCl, and 2 mM oxidized glutathione at pH 7.4, 4 °C). After 12 h, the folding 

was deemed complete.  

Size-exclusion chromatography was used as a final purification step to purify the folded 

Sec-5 analogue. The folded protein was loaded onto a Hi-Load Superdex 75 prep grade 

(10/30) column at 1 mL/min. The column was pre-equilibrated with 2 column volumes of 20 

mM sodium phosphate at pH 5.2, the optimum pH of the native protein (Figure 2.8). 

Fractions 14-18 were collected and Sec-5 identified by mass spectroscopy. Fractions 

containing Sec-5 protein (14-16) were pooled. A small shoulder peak was observed (17-18 

mL) and found to have the same mass as Sec-Cp-5. We suspected it to have a different 

conformation than the protein pooled from 14-16 fractions, which will be verified by CD 

spectroscopy analysis.  

Mass spectrometry analysis of the folded final product [(M+10H)+10calculated = 922.0 Da; 

(M+10H)+10 observed = 921.2 Da], showed the loss of 6 hydrogen atoms as expected for the 

formation of two disulfide bonds and one diselenide bond (17% yield).  

The pooled fractions 14-16 were studied by CD spectroscopy and Sec-Cp5 exhibited the 

features expected of α-helical proteins, with the standard double negative elipticity maxima at 

208 and 221 nm, and a positive maximum near 193 nm, while the fraction 17-18 seemed 

unstructured by CD. 
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Figure 2.8. Chromatogram of the size-exclusion purification at a 1 mL/min flow rate. The absorbance (milli-

absorbance units) of the flow-through was monitored at 280 nm against time (min). Fractions 14-16 contained 

Sec-5. 

 

2.3  Synthesis of shortened analogues 
 

In order to study the structure-activity relationship profile of caenopore-5 with membrane, 

each of the 5 α-helices of Cp-5, comprising 15-22 residues each, were synthesized (Figure 

2.9). The fragments previously synthesized for the synthetic native Cp-5 and selenocysteine 

analogue were also used for this study.  

The syntheses of fragments Cp-5A - Cp-5E (described in Table 2.2) were carried out on 

aminomethyl resin, at 0.1 mmol scale pre-loaded with a Boc-AA-PAM linker (AA 

corresponding to the C-terminal residue of each fragment). The Nα-Boc group was removed 

by treatment with neat TFA followed by a flow wash with DMF. Boc amino acids were 

coupled using HATU/iPr2EtN as the activating agent and base, respectively. Coupling times 

were 5 min throughout without any double coupling. Following chain assembly, the crude 

peptides were cleaved from the resin with simultaneous removal of side chain protecting 

groups using HF/p-cresol (20:1, v/v) for 30 min at 0° C. 

The CD spectroscopy analysis of each peptide reveals that all were unstructured (despite the 

addition of trifluorethanol an α-helix inducer). 
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Figure 2.9. Representation of each α-helix present in Cp-5 

 

Each peptide was evaluated for antimicrobial activity and the most potent fragment was 

selected to design novel peptidomimetics with improved antimicrobial activity. An overview 

over the peptide sequences of all the designed analogues (Cp-5A - Cp-5I) is given in Table 

2.2. Those fragments will also provide an insight to the biological activity observed for the 

N-terminus and C-terminus of the protein. 

 
Table 2.2. Name and sequence of Cp-5 analogues. 

 

Peptide Sequence  
Cp-5A H2N-1GRSALSCQMCELVVKKYEGS21A-COOH 

Cp-5B H2N-22DKDANVIKKDFDAECKKLFH42T-COOH 

Cp-5C H2N-43IPFGTRECDHY54V-COOH 

Cp-5D H2N-54NSKVDPIIHELEG67G-COOH 

Cp-5E H2N-69TAPKDVCTKLNEC82P-COOH 

Cp-5F H2N-1GRSALSCQMCELVVKKYEGSADKDANVIKKDFDA35E-COOH 

Cp-5G H2N-36CKKLFHTIPFGTRECDHYVNSKVDPIIHELEGGTAPKDVCTKLNEC82P-COOH 

Cp-5Sec-H H2N-1GRSALSSecQMCELVVKKYEGSADKDANVIKKDFDA35E-COOH 

Cp-5Sec-I H2N-36CKKLFHTIPFGTRECDHYVNSKVDPIIHELEGGTAPKDVCTKLNESec82P-COOH 
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The antimicrobial activity of the native protein (recombinant and synthetic) was carried out 

using a Microdilution susceptibility assay to determine the MIC (minimum inhibitory 

concentration) and MBC (minimum bacteriocidal concentration) values of Cp-5 against E. 

coli K12D31  and S. aureus.17 Since high salt concentrations inhibit Cp-5 activity, a low ionic 

strength buffer was used for the assays, i.e., 10 mM Na2HPO4. Moreover, all tests were 

performed at the pH where Cp-5 shows optimal activity (pH = 5.2). Unfortunately, no 

activity was observed, despite following the protocol published by Roeder et al. (2009), who 

previously characterized the antimicrobial activity of Cp-5 (MIC 0.1 µM against E. coli).18 

The binding interaction of Cp-5 with a membrane mimetic was confirmed (see Part I); hence 

it was decided that instead of measuring the antimicrobial activity to evaluate the potency of 

the protein and analogues, a permeabilization assay would be used to monitor Cp-5 activity. 

This assay involved the use of a fluorescence quenching method. 

2.4  Fluorescence quenching is dependent on ΔpH 
	  

2.4.1 General information 
 

A compound that permeabilizes a membrane should be able to destabilize the proton motive 

force (PMF) that exists across a cell membrane. The PMF is composed of two components, a 

proton gradient and a charge gradient, and provides a major route for the generation of energy 

in a cell.19 To analyze the effect of the compounds synthesized, an assay that measures proton 

pumping in membrane vesicles of E. coli MG1655 and the difference in pH (ΔpH) when the 

membrane is permeabilized was used. 

Acridine orange is a metachromatic weak base that is used to detect acidification in isolated 

lysosomes, endocytotic granules, synaptic vesicles and whole cells.20-24 The basic form of 

acridine orange (AOB) contains an unprotonated amine and is freely membrane permeable. 

In contrast, the protonated version of AOB (AOBH+) is not permeable (Scheme 2.8). When 

protonated in acidic compartments, AOBH+ dimerizes with a concomitant change in its 

optical parameters and is no longer detectable by fluorescence.25 
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Scheme 2.8. Representation of the basic (AOB) and cationic (ABOH+) form of acridine orange.26 

 

In this experiment membrane vesicles that consist only of membrane proteins and lipids (no 

DNA or RNA is present) were used. The membrane vesicles are inverted so that the catalytic 

sites of the respiration machinery inserted into the membranes (Complex I to Complex IV of 

the electron transport chain) that normally face the cytoplasm are facing the extracellular 

compartment and are accessible (Figure 2.10).27 

 
 
Figure 2.10. An overview of the bacterial respiratory chain (Complex I to Complex IV of the electron transport chain) of an 

inverted membrane modified from Wenzel et al.27 Proton movements are indicated by green arrows and electron movements 

are indicated by orange arrows. 

 

In its basic form AOB is permeable and is found in the lumen of the vesicles and is 

fluorescent (Figure 2.11, 3.1). The addition of NADH activates the respiration machinery to 

pump protons into the lumen of the vesicles. This represents the buildup of the PMF and 

AOB along with the protons moves to the high pH in the vesicle and becomes protonated 

(Figure 2.11, 3.2) resulting in the quenching of the AOB fluorescence; hence we observe a 

decrease in the intensity of the fluorescence when NADH is added. The peptide activity is 

measured by monitoring the leakage of AO from the inverted membrane vesicles of E. coli 

caused by permeabilization by measuring the increase in fluorescence due to dilution of the 

dye from self-quenching concentrations (Figure 2.11, 3.3). 
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The protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) shown in Figure 2.12 

is used as a positive control as it allows the proton to cross the lipid bilayer, which 

consequently increases the fluorescence (due to the dilution of the dye AO from self-

quenching concentrations).28 
 

 
 

Figure 2.11. Representation of the quenching fluorescence experiment using inverted membrane vesicles. The 

basic form of acridine orange (AOB) is permeable and detectable by fluorescence (3.1). By adding NADH to the 

mixture, the respiration machinery pumps protons into the inside of the lumen of the vesicle (due to the proton 

motive force) and AOB moves to the low pH compartments and becomes protonated 3.2, which quench the 

fluorescence of AO. Reverse quenching is induced by the introduction of a compound, and in the case of 

permeabilization, a leakage of acridine orange is observed by an increase of fluorescence due to the dilution of 

the dye from self-quenching concentrations, 3.3. 
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Figure 2.12. Representation of carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a protonophore used as a 

positive control 

 

2.4.2 Activity of the native Cp-5 and the designed analogues  
	  
These experiments were done by Professor Gregory Cook research group at Otago 
University, New Zealand. 
	  

A. Native protein Cp-5 
 

Injection of NADH caused a rapid quench of the acridine orange fluorescence signal (Figure 

2.11) as protons were pumped by respiratory chain proteins into the vesicular lumen to 

generate a ΔpH (acid inside). Addition of recombinant Cp-5 to inverted vesicles resulted in a 

rapid dequenching of the acridine orange steady-state fluorescence (represented by R in 

Figure 2.13). The observed dequench of the acridine orange fluorescence signal originated 

from the permeabilization of the membrane. 

The recombinant protein was efficiently active and permeabilized the membrane. The native 

synthetic Cp-5 synthesized using native chemical ligation was found to be less active than the 

recombinant protein (Figure 2.13). Furthermore, the reduced synthetic Cp-5 (no disulfide 

formation and unfolded) was inactive under the conditions used for the assay (Table 2.3). 

These results confirm our hypothesis that the presence of disulfide bonds maintain the active 

fold of the protein and in their absence the protein fold is lost and activity is thus diminish 

due to an instable native fold, which we believe, plays a major role in the antimicrobial 

activity. 
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Figure 2.13. Measurement of the activity of the recombinant and synthetic Cp-5 using fluorescence quenching 

experiments that is dependent on ΔpH. The relative fluorescence intensity (%) is shown as a function of time. 

The green gradients from light to dark correspond to 1, 2, 4 and 8 µM of peptide. The positive control CCCP is 

shown in light blue, and the cells untreated are represented in black. R represents the time point when the 

compound was injected to induce a reverse quenching. 

 

B.  Selenocysteine analogue 
 

Upon addition of NADH into inverted vesicles (shown in Figure 2.14), a rapid quench of the 

acridine orange fluorescence signal was observed (as protons were pumped by respiratory 

chain proteins into the vesicular lumen). Then an injection of selenocysteine Cp-5 (Sec-Cp5) 

represented by R in Figure 2.14, resulted in a rapid dequenching of the acridine orange 

steady-state fluorescence. Moreover, in comparison with recombinant Cp5, the Sec-Cp5 

protein was observed to be more active at a concentration of 1 µM, with leakage of acridine 

orange observed with Sec-Cp5, whereas no change in the fluorescence intensity was detected 

with the native protein compared with untreated cells (Figure 2.13). 

The substitution of 7Cys and 81Cys with 7Sec and 81Sec appears to have improved protein 

activity when comparing recombinant Cp-5 and Sec-Cp5. This small increase in activity 

might be explained by the greater overall protein stability resulting from substitution of the 

disulfide bond for a stronger diselenide bond. However, a comparison of either recombinant 

Cp5 or Sec-Cp5 with the synthetic Cp5 shows a large discrepancy; the synthetic Cp5 has half 

the activity. This suggests that the disulfide bonds in the native synthetic protein are not 

correctly interconnected. Diselenide bond formation is faster than disulfide or selenium-

sulfide bond formation. The presence of the 7Sec and 81Sec, which forms the most surface 

exposed bond in the protein, might direct the proper bond connectivity and form properly 
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foled Cp5. This hypothesis could be confirmed by doing a trypsin digestion of the three 

proteins (recombinant, synthetic and sec-analogue) with fragment characterization by mass 

spectrometry. 

 

 
 

Figure 2.14. Measurement of the activity of the selenocysteine Cp-5 analogue using the fluorescence quenching 

experiments that is dependent on ΔpH. The relative fluorescence intensity (%) is shown as a function of time. 

The green gradients from light to dark correspond to 1, 2, 4 and 8 µM of peptide. The positive control CCCP is 

shown in light blue and the cells untreated are represented in black. R represents the time point when the 

compound was injected to induce a reverse quenching. 
 
Table 2.3. Fluorescence intensity relative to the untreated cells (negative control) of Cp-5 recombinant, 

synthetic (folded and reduced) and selenocysteine analogue, after injection (to induce a reverse quenching). 

 

 

Peptide 

% Fluorescence at 8 µM 

relative to the negative 

control 

Cp-5 recombinant  28 

Cp-5 synthetic folded  12.5 

Cp-5 synthetic reduced 2.5 

Selenocysteine Cp-5 32.5 

 

C. Shortened peptides 
 

The peptides Cp-5A to Cp-5E were tested and the only condition that resulted in 

permeabilization of the membrane (as a leakage followed by increase of fluorescence was 

observed) was a high concentration (8 µM) of peptide Cp-5B (Table 2.4). It appears that these 
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peptides are too short to have activity as they are probably lack a combination of key residues 

required for membrane permeabilization. It is plausible that the peptides do interact (strongly 

or transiently) with the membrane, but do not permeabilize the membrane to release the dye. 

This observation will be further discussed in the next section. 

 
Table 2.4. Name and sequence of Cp-5A-E analogues with their percentage of fluorescence after injection (to 

induce a reverse quenching) relative to the untreated cells (negative control). 

 

 

Peptide 

 

Sequence  

% Fluorescence at 8 µM 

relative to the negative 

control 
Cp-5A H2N-1GRSALSCQMCELVVKKYEGS21A-COOH 0 

Cp-5B H2N-22DKDANVIKKDFDAECKKLFH42T-COOH 10 

Cp-5C H2N-43IPFGTRECDHY54V-COOH 0 

Cp-5D H2N-54NSKVDPIIHELEG67G-COOH  

Cp-5E H2N-69TAPKDVCTKLNEC82P-COOH 0 

 

Furthermore, in order to obtain insights into the biological activity of the N-terminus and C-

terminus of the protein, fragments used for the synthesis of both native protein and the 

selenocysteine analogue were for detailed amino acids sequence). 

The N-terminus fragments, namely 1Gly-35Glu-OH tested (Cp-5F in Table 2.5) and 1Gly-
7Sec-35Glu-OH (Cp-5H), were found to be highly active, even more active than the full-

length protein.  

The C-terminus fragments (36Cys-82Pro-OH and 36Cys-81Sec-82Pro-OH namely Cp-5G and 

Cp-5I, respectively) were less active than the N-terminal fragments and have a similar 

activity to the full-length synthetic protein.  

Both N-terminus fragments (Cp-5F and Cp-5H) are promising candidates as antimicrobial 

agents as they both exhibit cell permeability and are shorter than the native protein (35 amino 

acids compared to 82), which render the synthesis easier and faster (no native chemical 

ligation needed). Future work will focus on the design of more peptidomimetics from these 

model peptides (both Cp5F and Cp5H). 

Moreover, we suspect that the activity of the compounds tested may well be even higher than 

suggested from the fluorescence quenching experiments, because E. coli inverted membrane 

vesicle were used, which means that the less anionic inner leaflet was exposed to the solvent.  
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Figure 2.15. Measurement of the activity of the N-terminus and C-terminus of native Cp-5 and the 

selenocysteine analogues, using the fluorescence quenching experiments. The relative fluorescence intensity (%) 

is shown as a function of time. The green gradients from light to dark correspond to 1, 2, 4 and 8 µM of peptide. 

The positive control CCCP is shown in light blue, and the cells untreated are represented in black. R represents 

the time point the compound was injected to induce a reverse quenching 

 

Table 2.4. Name and sequence of the N-terminus (Cp-5F and Cp-5G) and C-terminus (Cp-5H and Cp-5I) 

native Cp-5 and selenocysteine analogues with their % fluorescence after injection (to induce a reverse 

quenching) relative to the untreated cells (negative control). 

 

 

Peptide 

 

Sequence 

% Fluorescence at 8 µM 

relative to negative control 

Cp-5F 1Gly-35Glu-OH 35 

Cp-5G 36Cys-82Pro-OH 15 

Cp-5H 1Gly-7Sec-35Glu-OH 31 

Cp-5I 36Cys-81Sec-82Pro-OH 18.5 
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2.4.3 Key residues involved in the membrane permeabilization? 
	  
The primary sequences of the N-terminus region of Cp-5 that showed the highest activity 

(1−35 amino acids) were compared with other saposin-like protein (SAPILIP) members. The 

proteins amaoebapore-A and saposin-C belong to the same family as Cp-5 and by comparing 

them with the Cp-5 sequence, information about functional properties can be obtained. The 

protein sequences of these SAPLIP members are diverse, yet there are a number of features 

that are conserved and these features may be functionally significant across the SAPLIP 

family.  

By looking at the N-terminal region, common charged residues are conserved between Cp-5, 

APA-1 and saposin-C, namely E18, K23, D22 and D29 (Figure 2.16, boxed and indicated by 

arrows). This suggests that the charges at these positions in the structures may play similar 

functional roles in membrane binding and permeabilization properties. Moreover, de Alba et 

al.29 reported that K22 in saposin-C was a key residue for the membrane binding activity of 

the protein, so it appears that the equivalent lysine residue, K23, present in Cp-5 may also be 

involved in the initial binding of Cp-5 with the membrane. Additionally, the involvement of 

E18 is suggested to be important as the pKa of this residue is elevated (pKa = 5.2), which is 

well above the intrinsic pKa value for Glu residues (i.e., ~4) (PhD candidate Wei 

Li,unpublished data). Consequently, the surface charge of Cp-5 is more positive at lower pH 

because of protonation of E17 (and possibly other acidic amino acids), thus favoring the 

interaction with the negative head-groups of the membrane phospholipids and therefore 

contributing to the activity of Cp5. 

 
 

                                                             ↓            ↓↓               ↓ 
Caenopore-5 :        1GRSALSCQMC.ELVVKKYEGS..ADKDANVIKK..DFDAE35 
(N-terminus) 
Amoebapore A :    1GEILCNLCTG.LINTLENLLT..TKGADKVKDY..ISSLC35 
(N-terminus) 
Saposin C:              1DVYCEVCEFL.VKEVTKLIDN..NKTEKEILDA..FDKMC35 
(N-terminus) 
Cp-5B:        ........................22DKDANVIKK..DFDAECKKLFHT42 

 

Figure 2.16. Sequence alignment of SAPLIP members: caenopore-5, amoebapore A (APA-1) and saposin-C, 

showing the N-terminal region (1−35 amino acids). The hydrophobic residues which are conserved in more than 

six SAPLIP proteins are shown in pink. Positively charged residues are shaded in pink and negatively charged 

residues are shaded in blue. The charged residues conserved between APA-1 with at least another three SAPLIP 

members are indicated by arrows. The sequence of the shortened analogue Cp-5B is also shown (22Asp−42Thr). 
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2.5  Conclusions 
 

The chemical synthesis strategy efficiently established in Part II for the native protein was 

used and the selenocysteine analogue Cp-5 was successfully synthesized. The strategy 

adopted used a single NCL site at a native cysteine (36Cys). However, it was challenging to 

synthesize this construct, because of the selenocysteine sensitivity under a reducing 

environment (before the formation of the diselenide bond), which rendered the purification 

and folding of a single conformer difficult. Compared with the native protein, the 

selenocysteine analogue displayed higher permeabilization activity. 

Moreover, both N-terminal fragments (1Gly-35Glu-OH and 1Gly-7Sec-35Glu-OH) are 

promising candidates as antimicrobial agents as they both exhibited cell permeability activity 

and are much shorter than the native protein (35 amino acids compared to 82), which render 

the synthesis easier and faster (no native chemical ligation required). Due to their 

permeabilization activity, these peptides may be suitable cell-penetrating peptides (CPPs) that 

can traverse the lipophilic barrier of cellular membranes and deliver active large 

biomolecules and small compounds (e.g., antibodies, contrast imaging agents, toxins and 

nanoparticle drug carriers including liposomes) inside cells. Future work will focus on the 

design of more peptidomimetics from these model peptides (Cp-5F and Cp-5H). A smaller 

peptide (14Lys-35Glu-OH) containing the residues suspected to be crucial for the protein 

activity (E17, 23K, 24D and 31D) will be designed, synthesized using SPPS, and cyclized to 

try to create a more stable and active peptide (shown in Scheme 2.9). 
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Schme 2.9: Procedure for the synthesis of the cyclic analogue using Boc SPPS. 
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3.1  Materials 
 

The materials are identical to the Part II, except for the Boc-S-4-methoxybenzyl 

selenocysteine residue, which was ordered from ChemPep Inc (USA, Wellington). 

 

3.2  HPLC and LC-MS 
 

Peptides were purified using a Dionex (Sunnyvale, California, U.S) Ultimate 3000 system 

equipped with a Foxy Jr fraction collector using a Gemini C18 column (5 µ; 10.0 x 250 mm) 

column [Phenomenex (Torrance, California, U.S)] using a flow rate of 5 mL/min and eluted 

with an appropriate shallow gradient of increasing concentration of acetonitrile containing 

0.1% TFA. The purity and peptide masses were confirmed by LC-MS [Agilent Technologies 

(Santa Clara, California,U.S) 1120 Compact LC equipped with a Hewlett Packard (Palo Alto, 

California, U.S)1100 MSD mass spectrometer] using ESI in the positive mode. The fractions 

were monitored using an Agilent Zorbax C3 (3.5 µ; 3.0 x 150 mm) column at 0.3 mL/min 

with a linear gradient of 5–65%B over 21 min (i.e. 3% B per minute). The solvent system 

used was A (0.1% formic acid in H2O) and B (0.1% formic acid in CH3CN). Fractions were 

collected, after being analyzed by LC-MS, pooled, and lyophilized. 

 

3.3  Synthesis of selnocysteine analogue Cp-5  
 

 3.3.1 The thioester fragment 1 1Gly-7Sec-35Glu-COSCH2CH2-Ala-OH  
 

 
 

Boc-Ala-PAM linker (0.2 mmol) were coupled to aminomethyl resin synthesized as 

described by Harris et al.1  (loading 1 mmol/g) with DIC (0.4 mmol) in CH2Cl2 (3 mL) for 1 

h, drained and washed with CH2Cl2. The Kaiser test (see Appendix) was negative. The 

fragment Sec-1 thioester was synthesized by coupling of S-Trityl-3-mercaptopropionic acid 

onto alanine PAM resins to produce activated C-terminal α-thioesters upon HF cleavage.2 

The S-Trityl was cleaved from resin using TFA/TIPS/H2O (95/2.5/2.5, v/v/v) for 2 min. The 

first amino acid Boc-Glu-(ocHex)-OH (0.4 mmol) was coupled using HBTU/ iPr2EtN in 0.95 

mL DMF for 1 h. Boc amino acids were coupled using HATU/iPr2EtN in 0.95 mL DMF for 
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5 min throughout with no double couplings. After the coupling of the first 31 amino acids, 

the native 7Cys was replaced by a 7Sec, using a. The coupling of Boc-S-4-methoxybenzyl 

selenocysteine was performed using HATU/iPr2EtN for 15 min and was verified by 

performing a Kaiser test (see Appendix), which indicated the absence of any free amine. 

Following chain assembly, a reduction of MetO was carried out on resin using 

NH4I/TFA/Me2S as described by Vilaseca et al.3 

 

 3.3.2 The cysteinyl fragment 2: 36Cys-81Sec-82Pro-COOH 
 

 
 

Boc-Pro-PAM linker (0.2 mmol) were coupled to aminomethyl resin (0.1 g for 0.1 mmol 

scale, loading 1 mmol/g) with DIC (0.4 mmol) in CH2Cl2 (3 mL) for 1 h, drained and washed 

with CH2Cl2. The Kaiser test (see appendix) was negative 

 

For both fragments, solid phase peptide synthesis (SPPS) was performed manually using the 

Boc in situ neutralisation procedure. 4 Synthesis was carried out on a 0.1 mmol scale. The Nα-

Boc group was removed by treatment with 100 % TFA for 2 x 1 min followed by a 30 s flow 

wash with DMF. Boc amino acids (0.4 mmol) were coupled using HATU/iPr2EtN for 5 min 

throughout without any double coupling procedures. The coupling of Boc-S-4-

methoxybenzyl selenocysteine was performed using HATU/iPr2EtN for 15 min and was 

verified by performing a Kaiser test (see Appendix).  

 

All operations were performed manually in a 20 mL glass reaction vessel with a teflon-lined 

screw cap. Following chains assembly, the crude peptides Sec-1 and Sec-2 were cleaved from 

the resin with simultaneous removal of side chain protecting groups with HF/p-cresol (20:1, 

v/v) for 1 h at 0°C. Following evaporation of HF, the peptides were precipitated with cold 

diethyl ether, isolated by centrifugation, washed twice with cold diethyl ether, dissolved in 

1:1 (v/v) CH3CN/H2O containing 0.1% TFA, filtered, and lyophilized. Both fragments were 

purified with a slow gradient of 0.1 % B per min on Gemini C18 column (5 µ; 10.0 x 250 

nm) as described by Harris et al.5 
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 3.3.3 Native chemical ligation of selenocysteine analogue Cp-5 synthesized using the 
2nd strategy. 

 

The two reactants, fragment Sec-1 and fragment Sec-2 were dissolved in 1 % v/v PhSH / 6 M 

Gd.HCl, 0.2 M Na2HPO4 (pre degassed with argon) at a final concentration of 5 mM, and the 

pH was readjusted to 7.5. The vial was capped under argon and the reaction mixture was left 

stirring at room temperature. A 2 µL aliquot of the reaction mixture was diluted four fold into 

an aqueous solution (5% TFA v/v) for LC-MS analysis. After 10 h the reaction reached 

completion and was quenched by the addition of 5 M HCl, isolated by solid phase extraction 

and lyophilized to afford the crude ligation product that was purified by RP-HPLC to yield 

ligated peptide Sec-3. The formation of the product was confirmed by LC-MS, [(M+10H)+10 

observed = 921.2 Da; (M+10H)+10calculated = 922.0 Da]. 

 

 3.3.4 Protein folding: 
 

The protein was refolded overnight in a redox buffer containing 50 mM Tris-HCl, pH 7.4, 

150 mM NaCl and 2 mM oxidised glutathione at 4 °C (no reduced glutathione was used to 

avoid any deselenisation reaction). Precipitated protein was removed by centrifugation at 

6,000 g for 15 min. This solution was loaded onto a C18 column, purified by RP-HPLC and 

recovered by lyophilization (2 mg, yield 35 %). In order to determine if the protein remained 

folded, and not subject to degradation after lyophilization, samples of both proteins (synthetic 

and recombinant) were re-dissolved in 20 mM sodium phosphate and re-analyzed by LC-MS. 

 

 3.3.5 Size-exclusion chromatography 
 

Size-exclusion chromatography was applied to purify Sec-Cp-5 after folding. The protein 

was loaded onto a Hi-Load Superdex 75 prep grade (10/30) column (GE Healthcare), which 

was connected to an ÄKTA-FPLC system controlled and supervised by the UNICORN 

software (GE Healthcare). The column was equilibrated with 2 column volumes of buffer 

containing 20 mM sodium phosphate at pH 5.2. The elution profile was monitored by 

measurement of UV-absorbance at 280 nm. Fractions (1 mL) containing Sec-Cp-5 protein 

were pooled and concentrated. The presence of Sec-Cp-5 in these fractions was confirmed by 

LC-MS analysis (see Appendix).  
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 3.3.6 Cirular Dichroism: 
 

All CD measurements were performed on a PiStar spectrometer [Applied Photophysics 

(Leatherhead, UK)]. Protein spectra data are reported in terms of the mean residue ellipticity 

(θ) (deg.cm2/dmol), calculated as follows: 

θ = S / (10 ×c ×L ×n) 

S is the raw CD signal in millidegrees, c is the protein concentration (M), L is the cuvette 

path length (cm), and n is the number of peptide bonds in the protein. 

Each CD spectrum measurement represents the average of seven scans obtained with a 2 nm 

optical bandwidth. Baseline spectra were collected with buffer alone and then subtracted 

from the raw protein spectra. The measurements were performed at protein concentrations of 

2−5 µM in 20 mM sodium phosphate buffer, pH 5.2 at 25 °C in 1 mm quartz cuvettes 

[Hellma Analytics, (Müllheim, Germany)]. 

 

3.4  Synthesis of shortened analogues 
 

In order to study the structure-activity relationship profile, were synthesized (Figure 2.9). The 

fragments previously synthesized for the synthetic native Cp-5 and selenocysteine analogue 

were used for this study too.  

The syntheses of each of the five α-helices of Cp-5, comprising 15-22 residues each, were 

carried out on aminomethyl resin, at 0.1 mmol scale pre-loaded with a Boc-AA-PAM linker 

(AA corresponding to the C-terminal residue of each fragment). The Nα-Boc group was 

removed by treatment with neat TFA followed by a flow wash with DMF. Boc amino acids 

were coupled using HATU/iPr2EtN for 5 min without any double coupling. Following chain 

assembly, the crude peptides were cleaved from the resin with simultaneous removal of side 

chain protecting groups using HF/p-cresol (20:1, v/v) for 30 min at 0° C. 

 

 

 

 

 



Part I Chapter 3 Experimental section 
____________________________________________________________________________________________________________________________________________________________________________________ 

204 

 

3.5  Microdilution susceptibility assay.  
 

Peptides were diluted in 10 mM sodium phosphate, pH 5.2 in microtiter plates to reach the 

desired concentration. Subsequently, a bacterial suspension (10 µl of LB medium containing 

100 cfu) was added to the peptide solution (90 µl). The plates were incubated at 37 °C for 

16–20 h. The MIC was defined here as the concentration of the highest dilution of peptides at 

which the growth of bacteria was clearly affected. Portions of the incubation mixtures were 

plated on LB-agar plates for counting the colony forming units (cfu). The experiments were 

performed in triplicate. 

 

3.6  Fluorescence quenching experiment 
 

These experiments were done by Professor Gregory Cook research group, at the Univeristy 

of Otago, New Zealand. 

 3.6.1 Preparation of inverted membrane vesicles.  
 

Inverted membrane vesicles of E. coli MG1655 were prepared from cultures harvested during 

microaerophilic growth, which is known to activate expression from the FRD promoter. 6 A 5 

ml overnight culture was inoculated into 1.4 L of LB, in a 2 L conical flask, incubated for 20 

hr at 37oC with shaking at 200 rpm. Cultures were harvested by centrifugation for 10 min at 

5,000 ×g. The cell pellet (~5 g wet weight) was resuspended in 25 ml buffer A (50 mM 

MOPS, pH 7.5, 1 complete mini protease inhibitor tablet (Roche) per 50 ml, 1 mM 

dithiothreitol, 15 mM MgCl2, 0.05% Tween 80) supplemented with 2.5 mg ml-1 lysozyme 

and 0.002% DNase (w/v). Cells were homogenized 4× on ice, using a handheld 100 ml glass 

Kontes homogenizer. Cells were then disrupted by two passages through a French pressure 

cell (AMINCO) at 20,000 psi. The homogenate was centrifuged at 10,000 ×g for 10 min to 

remove unbroken cells and cell debris. The supernatant was centrifuged at 150,000 ×g for 45 

min. The resulting supernatant was discarded and the membrane-containing pellet was 

resuspended in buffer A.  
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 3.6.2 Fluorescence quenching dependent on ΔpH 
 

Proton translocation into inverted membrane vesicles was measured by the quenching of the 

fluorescent, pH-dependent, probe acridine orange (AO) using a Cary Eclipse Fluorescence 

spectrophotometer. The assay buffer contained 10 mM HEPES (pH 6.0), 100 mM KCl, 5 

mM MgCl2, 0.085 mg/mL E. coli inverted membrane vesicles and 2.5 µM AO. The reactions 

were initiated with 50 µM NADH and quenching reversed as indicated (R). The excitation 

and emission wavelengths were 493 and 530 nm, respectively.  
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1 PART I 
 
1.1 General methods 

All buffer solutions and reagent were prepared pure deionized water obtained from a Milli-Q 

purification system and sterilized by filtration (0.22µm). Apart from antibiotics and IPTG, all 

solutions used for culture purposes were autoclaved prior to use. 

 

 Antibiotics 1.1.1

Antibiotic stock solutions were prepared as described in Table 1 below. All stocks were 

stored at -20°C and diluted 1000 times in appropriate solution.  

 
Table 1.1. List of antibiotics used 

 

Antibiotic Concentration (mg.mL-1) 

Kanamycin 25 

Ampicillin 100 

Chloramphenicol 34 

 

 Culture media 1.1.2

All culture media formulations used for plasmid selection/maintenance, competent cells 

maintenance and protein expression are described in Table 2 below.  

 
Table 1.2. Culture media and reagent formulations. 

 

 

 

 

Medium/reagent Composition Application 
LB 20 g.L-1 Lennox-L Broth Base medium 

(Invitrogen)   
Plasmid propagation and 
protein expression 

LB-Agar 20 g.L-1 Lennox-L Broth Base medium 
(Invitrogen), 15g.L-1 Agar 

Plasmid maintenance and 
protein expression on solid 
medium 

IPTG 1 M isopropyl b-D-1-thiogalactopyranoside Induction of protein 
expression 



APPENDIX 
________________________________________________________________ 

208 
 

 DNA quantification 1.1.3

DNA concentrations were measured by UV-visible spectroscopy using a NanoDrop® ND-

1000 Spectrophotometry (NanoDrop Technologies). 

 

2 PART II AND III 

2.1 LC-MS spectrometry 

The LC-MS was an Agilent 6120 Single Quadruple with an Electrospray System Bundle,  

It includes a calibrant delivery system, ion optics, quadrupole mass analyzer to m/z 2000 with 

1 pg sensitivity, Postive/Negative switching mode, vacuum system and electronics.  

 

2.2 rTEV protease purification and cleavage 

MHT-rTEV-238delta protease was expressed in E.coli BL21 Rosetta2 strain in TB 

autoinductive medium (see Table 2.2) supplemented with both 50 µg.mL-1 kanamycin and 10 

µg.mL-1 chloramphenicol. The protease was expressed overnight at 28°C. Cells were 

harvested by centrifugation (4 000 rpm, 4°C for 30 min), resuspended in lysis buffer (50 mM 

Tris/HCl pH 7.5, 500 mM NaCl, 1 mM TCEP, 20 % ethylene glycol) and lysed using a cell 

disrupter. Lysate was cleared by centrifugation (12, 000 rpm, 4°C for 25 min) and cleared 

lysate was filtered through a 0.45 µm filter (Sartorius) and loaded onto a 5 mL HiTrap 

Chelating column freshly re-generated using a peristaltic pump. After thorough washing step, 

rTEV was eluted by a linear gradient from 0 to 500 mM imidazole and collected in 1 mL 

fractions. The peak fractions were collected and dialyzed overnight at 4°C against 2 L of 20 

mM Tris/HCl pH 7.5, 150mM NaCl, 0.5 mM TCEP. Next day, the protease was diluted to 2 

mg.mL-1 and then with an even amount on glycerol to a final concentration of 1 mg.mL-1 and 

50 % glycerol. Finally, the protease was aliquoted and snap-frozen in liquid nitrogen. 

Protease was used to cleave (His)6-tagged protein including the ENLYFQS pattern between 

the tag and the protein starting site. After IMAC purification step, both tagged-protein and 

rTEV were mixed in a 1:100 ratio and the digestion mix was dialyzed overnight at 4°C in 

order to remove the imidazole. 
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2.3 The Kaiser and Chloranil Test 

 

Since peptide coupling of each amino acid residue in SPPS is carried out within the 

solid support, limited techniques can be utilized to monitor the reaction except cleavage of 

small amounts of the resins. The Kaiser test is considered to be the most efficient method for 

the assessment of on-resin coupling reactions (and deprotections) characterized by the 

different colors observed following reaction of peptide-resins containing primary or protected 

N-termini with the ninhydrin reagent.111 The ninhydrin reagent consists of three solutions; a 

ninhydrin/EtOH (0.05 g/1 mL, w/v) solution, a phenol/EtOH (4 g/1 mL, w/v) solution, and a 

KCN/pyridine (1:50 v/v) solution containing 0.001 M of KCN in water. 

 

The Kaiser test is carried out by adding 2-3 drops of each of the three solutions into 

a test tube containing a few beads of dried resin samples. This is followed by heating the 

mixture at 100 °C for 5 minutes. When the ninhydrin reagent is heated with a peptide-resin 

containing free primary N-terminus, an intense blue solution associated with the formation of 

Ruthemann’s Purple 2.1 is typically revealed (Scheme 2.1). By contrast, a yellow solution is 

observed when the ninhydrin reagent reacts with peptide-resins containing N-termini that 

exist as either amides or carbamates derived from the Boc or Fmoc protecting group. 

Condensation between the ninhydrin reagent and the N-terminal peptide-resin does not occur 

in this case, with the yellow color belonging to the color of the ninhydrin reagent.  

 

 

 
 

Scheme 2.1 Formation of Ruthemann’s Purple 2.1 from ninhydrin with peptide-resins containing primary N-

termini. 

 

The formation of Ruthemann’s Purple 2.1 is postulated to commence with 

tautomerization of ninhydrin to give 1,2,3-indantrione 2.2 (Scheme 2.2). This is followed by 

condensation with the free N-terminus of the peptide-resin to afford ketamine 2.3. 
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Abstraction of the α-proton on 2.3 leads to formation of 2.5 via 2.4. Further reaction of 2.5 in 

the aqueous solution yields the aldehyde-containing peptide-resin 2.6 and the amine 

intermediate 2.7. Finally, condensation of 2.7 with another molecule of ninhydrin gives 

Ruthemann’s Purple 2.1. 

 

 
 

Scheme 2.2. Postulated mechanism for the formation of Ruthemann’s Purple 2.1. 
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