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Abstract 

 

The focus of this thesis was on peptides with anti-inflammatory activity, and exploring their 

potential as drug leads against autoimmune and chronic inflammatory diseases. Such diseases, 

which include inflammatory bowel disease (IBD), and allergic asthma, have impacted the 

health and economics of countries globally. To date, there is no cure for IBD and other 

systematic autoimmune induced inflammatory diseases. Peptides have potential in the 

development of new therapeutics due to properties such as high potency and specificity, low 

immunogenicity and being cheaper to manufacture compared to protein-based drugs/biologics. 

The peptides studied in this thesis were generally small, unconstrained with disordered 

structures. Interest in intrinsically disordered peptides has increased recently and Chapter 2 of 

this thesis describes an intrinsically disordered region of a soybean peptide, lunasin. Cytokine 

and allergic asthma assays demonstrated anti-inflammatory properties indicating that this 

region could be a possible lead molecule in drug design.  

In addition, Chapter 3 characterized another region of the lunasin peptide which was found to 

have a conserved motif (E/DXXXXXEK) to that present in hookworm derived peptides 

recently described by Cobos et al, 2022. In vitro and in vivo assays indicated the presence of 

anti-inflammatory activity. Interestingly the peptide inhibits neutrophil cell production in an 

allergic asthma assays, which indicates a potential histone interaction and potential as a lead 

molecule for chronic asthma peptide drug development. 

Following on from the link identified in Chapter 3 between lunasin and hookworm derived 

peptides, Chapter 4 explores anti-inflammatory peptides (AIPs) in Excretory/Secretory (ES) 

products of hookworm parasites. Cobos et al, 2022, identified peptides, including ES2-10, that 
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alleviated colitis symptoms in a mouse model but the peptides lacked stability in serum. 

Chapter 4 describes engineered analogues of ES2-10 with enhanced stability achieved through 

head-tail disulfide cyclisation and extension of the peptide. Cyclisation was effective in 

improving the stability but the native conformation of ES2-10 was altered and it appears that 

this correlates with a decrease in bioactivity. However, the extended version of ES2-10 formed 

a stable helical structure in solution with serum stability and looks promising as a drug lead. 

In addition to the AIPs found in ES products of hookworm parasites, this work also explores a 

potential antigen against human hookworm infection. Hookworm infection is a neglected 

tropical disease that causes devastating morbidity and mortality in developing countries, yet 

there are no vaccines against these complex multicellular pathogens. Chapter 5 describes a 

potential antigen (G350Y) downsized from the Na-APR2 protein from the hookworm Necator 

americanus. Antibodies were generated through intraperitoneal injection but not in orally 

administered mice, most likely due to the unstable peptide structure. The recombinant Na-

APR-2 displayed no neutralization activity with antibodies indicating that a different 

recombinant protein expression system is required to produce active recombinant protein which 

can subsequently be used to further explore the potential of the G350Y peptide as a vaccine 

candidate. 

Overall, the studies in this thesis highlight soybean derived peptides with potential in 

the development of allergic asthma, a conserved sequence motif associated with anti-

inflammatory activity and insight into future studies aimed at developing a hookworm vaccine.    
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CHAPTER 1: Introduction 
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1.1. Protein and Peptide Therapeutics 
 

Proteins and peptides have been a valuable resource for the development of therapeutics (1, 2). 

More than 200 pharmaceutical protein products have been marketed since the early 1980s (3). 

The first protein therapeutic was initially discovered in 1889 by two German scientists – Oskar 

Minkoski and Joesph vab Mering from their animal experimental work, where they described 

a substance responsible for metabolic control secreted by the pancreas (4). Further study led to 

this substance being referred to as “insuline” by a Belgian investigator (de Meye) and British 

researcher (Schaefer) in 1909 and 1916 respectively (5). In 1921, insulin was successfully 

administered to a human as a therapeutic for diabetes (4). Using DNA recombinant technology, 

human insulin was developed to a product called Humulin as the first protein therapeutic (6). 

Humulin has been further re-engineered to produce various analogues of insulin that last 

longer and better mimic properties of endogenous insulin (7).  

 

Since the early studies on insulin, protein engineering through rational design and molecular 

evolution has dramatically improved the understanding of structure/function relationships of 

proteins and subsequent drug development efforts (8).The field of protein therapeutics has also 

been advanced through approaches such as glycoengineering, Fc fusion (3) or polyethylene 

glycol conjugation (9, 10) and antibody based drugs (11). In particular, antibody-based drugs  

are the largest and fastest growing class of protein therapeutics (11). More than 24 antibody-

based drugs have been marketed (11) with over 240 in clinical development (12). Despite the 

advances in protein therapeutics, there are still issues surrounding efficacy, safety, 

immunogenicity and effective delivery platforms.  
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Although occupying a smaller niche than protein-based therapeutics, peptide-based drugs are 

experiencing renewed interest. Peptides occupy the chemical space between the two major 

therapeutics - small molecules and biologics (13). Early studies involved the development of 

the drug cyclosporine, a 12 amino acid, natural cyclic peptide, which is currently used as an 

immunosuppressant during organ transplant, and was originally isolated from a fungus (14). 

From 2012-2016, more than 60 peptide-drugs were approved by the FDA, and the majority of 

approved peptide drugs have ten residues or less (15, 16). The number of approved peptide-

drugs increased to more than 100 in 2020 (17), with more than 170 peptides in clinical 

development and preclinical studies (18, 19). Peptides also have potential in the development 

of vaccines, such as GV100 (Riavaxtm, Tertomotide) which is currently authorised for use in 

Korea for pancreatic cancer, and is undergoing clinical trials in other countries to gain approval 

for use (20). This peptide vaccine is derived from human enzyme telomerase reverse 

transcriptase (TERT), and contains 16 residues that can directly activate the immune cells (21). 

TERT is highly expressed in a range of cancer cells, making GV100 of interest in other types 

of cancer (22). Overall, the increasing interest in peptides has been attributed to their molecular 

properties such as high binding affinity to specific sites, selectivity, low toxicity effects and 

permeability across tissues unlike the major therapeutics (15).  

 

Several approaches are being used in the development of new peptide and protein-based 

treatments. In particular, plants and animals are valuable sources of novel peptides and proteins 

with diverse biological activities and potential therapeutic applications (23, 24, 25). These 

biological activities include hormone signalling, communication and host defence (26, 27). In 

addition, a range of naturally occurring proteins and peptides have been shown to have 

anticancer (28), anti-inflammatory (29, 30, 31), anti-HIV (32), anti-microbial (33), anti-fungal 

and insecticidal activities (34) among others. This thesis explores the potential of peptides 
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derived from soybean and helminth proteins in the development of novel therapies or vaccines. 

The key theme of the thesis was exploring the therapeutic potential of small bioactive regions 

within peptides/proteins. This “downsizing” approach was primarily used to identify bioactive-

regions with potential as anti-inflammatory agents but was also applied to the development of 

an epitope from an aspartic protease (Na-APR-2) identified in human hookworm as a potential 

vaccine candidate against human hookworm (Necator americanus). 

An overview of the disease states and proteins of interest for this thesis is given in section 1.2. 

  



5 
 

 

1.2. Inflammatory diseases – development of therapeutics  
 

Inflammatory diseases have become a major health concern in developed, and many 

developing, countries. In particular, autoimmune conditions/diseases such as inflammatory 

bowel disease (IBD) - Crohn’s diseases (CD) and Ulcerative colitis (UC), have a significant 

burden on health systems and affect quality of life resulting in reduction of work ability, social 

stigma and restriction in career choices (35). Multiple factors have been linked to the origin of 

IBD including genetic, environmental, hormonal, and immunological factors (36). However, 

the exact pathogenesis mechanism that triggers IBD still remains unknown and there is 

currently no cure. Current therapies for IBD rely on antibiotics, steroids, and the use of  

immunomodulators targeting the TNF pathway or the gut-homing integrin α4β7 to relieve 

inflammation (37, 38). Recently, monoclonal antibodies were used to target the subunit 

receptors of IL-12/IL-23 pathway inducing anti-inflammatory effects in the intestine (39). For 

instance, Ustekinumab was approved for treating UC and CD (40), while others such as 

Mirikizumab (41), Risankizumab (42), Brazikumab, and Guselkumab (43) are in clinical trials. 

In addition, small molecules also displayed inhibitory effects in Janus kinase (JAK) - a family 

of pro-inflammatory enzymes that activate multiple immune pathways instead of a single 

cytokine or receptor (44). A small molecule drug, facitinib has been approved as JAK inhibitor 

but effective only in UC while some small molecules are still in clinical trials as JAK inhibitors 

(45). Despite new promising therapeutics, IBD relapse becomes inevitable (46) and surgery is 

often required as the last option. There are emerging novel therapy such as apheresis 

therapy(47), improved intestinal microecology (48), cell therapy (49), and exosome therapy 

(50), but requires  more studies to provide insights into new treatment options for IBD. 
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It is estimated that over 100,000 Australians are living with IBD based on the 2021 annual 

report sponsored by Crohns and Colitis Australia (51). Based on findings released in 2013 by 

PricewaterhouseCoopers, the costs associated with IBD in Australia were estimated to be $100 

million for the major hospitals and $380 million in productivity losses in addition to the annual 

$2.7 billion financial and economic costs associated with management of IBD (52). Similarly, 

IBD has been estimated to cost $2.8 billion ($12,000 per IBD patient) per year in Canada (35). 

A study in selected developing countries showed lower prevalence of IBD compared to 

developed countries, but it was observed that when a society transits to a developed status, 

there is higher IBD prevalence (53). These are indications that IBD prevalence is evolving at a 

faster rate in the developed nations and gradually developing nations will be impacted by this 

burden in their health systems.  

 

Allergic asthma is another serious inflammatory condition that creates a burden to health 

systems and has significant social costs. According to the Australian Bureau of Statistics using 

the National Health Survey data, 2.7 million people had asthma in 2020-2021 (54) and in 2015 

the estimated yearly cost of treating asthma in Australia was $28 billion. Allergic asthma is 

caused by inappropriate responses to inhaled allergens that is often characterized by 

eosinophilic airway inflammation, mucus hypersecretion and airways hyperresponsiveness 

(55). Specifically, allergen-specific IgE, Th1/Th2-mediated cytokines, interleukins (IL-4, IL-

5, IL-13, IL-8), TNF and various chemokines are over expressed in the airway structural cells 

(56). The mechanism that links airway structural cells and the induced inflammatory responses 

still remains unclear. Asthma associated with increased neutrophils is also emerging as a 

particular type of asthma (57) .  
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The current treatments available for inflammatory diseases generally only provide temporary 

relief, and the need for new drugs is great due to repetitive occurance of acute inflammation 

after treatment, that can lead to serious side effects (37, 38). With the on-going search for new 

drugs, exploiting natural sources for anti-inflammatory drug candidates is a promising 

approach. This thesis focuses on two sources of drug leads for treating inflammatory diseases 

based on proteins from parasitic worms and soybeans. Although they might seem like quite 

divergent sources, a conserved sequence motif in the peptides/proteins found in hookworms 

and the soybean protein lunasin was identified in this thesis. To place this work into context, 

an introduction to soybean proteins and hookworms is given in sections 1.2.1 and 1.2.2 

respectively.  

 

1.2.1. Soybean proteins and peptides  

 

Soybean (Glycine max) is a legume with wide a range of applications in agriculture, and the 

food industry, but also has significant health benefits (58). In 2020, soybean was the 42nd most 

traded product with a net trade of 64 billion USD (59). Soybean is used in infant formulas, 

flours, protein concentrates and isolates, and textured fibres in addition to other different 

soybean derived products such as cheese, soybean milk, dairy substitutes, miso, soy sauce, 

tofu, tofu skin, tempeh, vegan salami, and meat substitutes (58). Many new soybeans products 

are also being developed (60, 61) and their demand is increasing due to their documented 

beneficial effects on nutrition and health (62). 

 

Soybean is generally composed of 30-40% protein, 30% carbohydrate, 20% lipids and 10% 

dietary fibre (63, 64). The protein component comprises two major storage proteins namely, 
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11S globulin (also known as glycinin) and 7S globulin (also known as β-conglycinin) (65, 66). 

Other minor proteins include 2S-albumin, lectin, Kunitz and Bowman–Birk protease inhibitors 

(BBI), β-amylase, lipoxygenase, oleosin, basic 7S protein, and urease (62, 67, 68, 69, 70, 71). 

Several soybean proteins are converted to peptides by various processes through human 

digestion, enzymatic hydrolysis, food processing or fermentation (72, 73, 74, 75). The 

bioactive peptides from soybean have been reported to have several activities including 

hypocholesterolemic, anti-diabetic, hypotensive, phagocytosis and immunstimulation, anti-

inflammatory, chemopreventive, and antioxidative properties (72, 75, 76). 

 

Among the compounds found in soybean, lunasin has been identified as a unique bioactive soy 

peptide. Lunasin belongs to the 2S-albumin family, has 43 residues and contains three different 

domains/regions with different activities/functions. Several studies have demonstrated that 

lunasin has effects against cancer (77, 78), cardiovascular (79),  and anti-inflammatory diseases 

(80, 81). The effects of lunasin observed in different in vivo and in vitro models of cancer cell 

studies demonstrated inhibition of cancer cell cycle and anti-mitotic process that leads to 

apoptosis (82, 83, 84, 85). However, the structure/function relationships of lunasin with respect 

to the suppression of pro-inflammatory cytokines induced by cancer forming cells is unclear. 

 

Another interesting property of lunasin is its intrinsically disordered nature. Attempts to solve 

the 3-D structure of lunasin have been unsuccessful due to its highly intrinsically disordered 

nature (86). The intrinsically disordered character of lunasin has been attributed to its high 

composition of hydrophilic residues, creating a dynamic equilibrium that causes the peptide to 

remain unstructured but upon binding to a biological target it could potentially become 

structured. Although intrinsically disordered proteins (IDPs) are less preferred over 
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conventional proteins and peptides in therapeutic development due to the disordered character 

and non-conserved sequences, the potential of harnessing IDPs as anticancer therapeutics has 

increased over the last decade (87). This was made possible with improved scientific 

technologies such as NMR spectroscopy analysis and various computational biology tools that 

enabled studies into the complexity of IDPs’ nature (87).  

 

One of the main aims of my thesis was to provide insight into the bioactive regions of lunasin.   

Interestingly, one of the bioactive regions studied as part of this thesis has a similar sequence 

to a conserved region in the anti-inflammatory proteins (AIPs) from hookworms, which have 

been shown to alleviate systems in colitis (88). It appears that this conserved sequence is not 

restricted to parasite proteins but could be a key motif in anti-inflammatory proteins.  

 

1.2.2. Hookworm proteins as drug leads 

 

Proteins derived from parasitic worms have attracted interest in the development of novel drug 

leads. In particular, hookworm-derived proteins have potential in treating immune related 

diseases despite the negative impacts of hookworm infections. Hookworm infections affect 

almost 500 million people worldwide, predominantly in the tropical regions of South America, 

Africa and Asia (89). Most of these infections are caused by Necator americanus, Ancylostoma 

ceylancium and A. duodenale species (90), and can result in growth retardation, psychological 

impairment and iron deficiency anaemia, which is a clinical hallmark of hookworm infection 

(91, 92). Treatment with anti-helminth drugs does not stop reinfection occurring.  
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Although deworming activity in developed nations has eradicated human hookworm 

infections, this action correlates with increased autoimmune diseases/conditions such as IBD, 

asthma and other life-style related inflammatory diseases compared to hookworm infested 

developing countries (93, 94, 95). Several studies have shown the co-existence of hookworm 

in humans has reduced autoimmune diseases (93, 95). This implies that worms are producing 

molecules to protect themselves but are also beneficial to humans by developing a parasite-

human relationship.  

 

Analysis of secretomes produced at different life stages of the hookworm have provided 

insights into harnessing bioactive molecules produced by hookworms as drug leads as well as 

vaccine development. Hookworms secrete Excretory/Secretory (ES) products that contains a 

cocktail of proteins among other molecules such as lipids, carbohydrates and secondary 

metabolites to sustain their existence in their hosts. A study showed that hookworms secrete 

deoxyribonuclease (Nb-DNase II) to degrade the DNA backbone of neutrophils to evade the 

host immune response (96). Analysis of the secretomes also showed the presence of anti-

inflammatory proteins (AIPs) such as Ac-AIP-1 and Ac-AIP-2 derived from Ancylostoma 

caninum hookworm responsible for anti-inflammatory activity in colitis (30, 97) and asthma 

respectively (31).  

 

  



11 
 

 

1.2.3. Vaccine development using hookworm proteins 

 

Despite the potential of hookworm derived proteins as drug leads there is still a clear need to 

develop methods for treating hookworm infections. Infections with human hookworm cause 

devastating morbidity and mortality in developing countries. More than a half a billion people 

have been affected in developing tropical countries (98). The hookworm parasites primarily 

feed on intestinal blood and establish chronic infections that can last for decades. Heavy 

intensity infections can led to iron-deficiency anaemia, which drastically affects intellectual 

development and weakens the neurological functions in children, can reduce productivity in 

adults and have a significant impact during pregnancy (99, 100). Although, application of 

chemotherapy have treated adult parasites with benzimidazoles drugs such as albendazoles, 

reinfection occurs rapidly after treatment (101, 102). The only approach for effectively 

controlling hookworm infection is to develop a vaccine for inducing immunological resistance 

to hookworm infections.  

 

Several vaccine antigens have been identified in different developmental stages of mammalian 

hookworms (103, 104). Among them is Na-APR-1 (105), a 45 kDa cathepsin-D-like aspartic 

protease found in the gut of adult N. americanus and is responsible for initiating the 

haemoglobin digestive cascade (106). Inhibiting Na-APR-1 proteolytic activity kills the 

parasites by preventing it from obtaining nutrients but there is no indication that it causes 

initiation of a different pathway. Studies have been shown that antibodies generated from the 

recombinant form of Na-APR-1 inhibit the ability of the hookworm parasite to digest 

haemoglobin and confers protection in canine and hamster models of human hookworm 
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infection (107, 108). For example, recombinant Na-APR-1 used in vaccination trials in dogs 

effectively reduced the adult parasite loads and blood loss compared to unchallenged dogs 

(control) (105, 107). However, expressing this protein on a large scale has been challenging 

(109) as low yields have been obtained following purification, which is likely to limit its 

potential as a subunit vaccine.  

 

Elucidating the epitopes involved in the protective antibody response might provide an 

alternative source of vaccine candidates, and this approach has been applied to Na-APR-1. 

Using a series of overlapping fragments from Na-APR-1, Pearson and co-workers (110) 

mapped an epitope region which corresponds to residues 291 to 303  in Na-APR-1. This peptide 

was termed A291Y, and is the target of monoclonal antibodies that neutralise the proteolytic 

activity of Na-APR-1, consequently inhibiting its ability to cleave synthetic and natural 

substrates (110).  

 

A291Y requires adjuvants to induce an antibody response, but Skwarczynski et al., 2012 (109), 

introduced a self-adjuvating lipid core (LCP) system that effectively triggered a strong immune 

response when incorporated with the A291Y peptide. Upon vaccination of mice, the new 

chimeric LCP construct induced effective production of antibodies that inhibit the proteolytic 

activity of Na-APR-1. The LCP system has also been used in a recent study involving three 

chimeric peptides (p1, p2 and p3) derived from the A291Y epitope. A β sheet peptide conjugated 

to LCP was developed that demonstrated the potential of inducing antibodies that blocked the 

enzymatic activity of the native hookworm protease (111, 112). These studies show that the 

LCP system has potential for subunit vaccine development and can drive protective antibody 

responses (113, 114). 
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Given that helminths have several developmental stages expressing unique antigens, it is of 

interest to explore epitopes from a range of antigens. Na-APR-2 is a pepsin-like aspartic 

protease from N. americanus that is distinct from Na-APR-1 and is primarily expressed in the 

L3 stage of development in contrast to Na-APR-1 which is more abundant in the adult stage 

(115). The sequences of Na-APR-1 and Na-APR-2 have only 30% sequence identity and 

distinct activities (115). Na-APR-1 can neutralise haemoglobin proteolysis at an optimum pH 

of 5.5. It is regarded as an upstream protease because it can cleave and expose other sites to 

cascading proteolysis by other proteases such as cystine proteases, metalloproteases or aspartic 

proteases (106, 115). However, recombinant Na-APR-2 is capable of digesting complete 

haemoglobin in vitro and is most active at a much lower pH, and cleaves at multiple distinct 

sites compared to Na-APR-1 (115). This means Na-APR-2 is not upstream of Na-APR-1 but 

operate independently (115). Therefore, it is of interest to explore epitopes from Na-APR-2 as 

potential vaccine candidates.  
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1.3. Scope of thesis 
 

Identification of bioactive regions within peptides and proteins can provide fundamental 

information useful in the development of therapeutics and vaccines. A primary reason for this 

is that small synthetic peptides can be ideally suited to mimic protein-protein interactions, 

which play a major role in numerous biological processes (116). A range of techniques and 

approaches have been used to identify bioactive sequences within proteins and peptides, 

including analysis of sequence conservation and structure-based design. The latter approach is 

based on the importance that three-dimensional structures of proteins and peptides often play 

in biological functions. However, intrinsically disordered proteins and peptides can still be 

biologically active (117, 118). This thesis describes studies that have used a combination of 

sequence conservation and structure-based design in the characterisation of the clinical 

potential of proteins of peptide/protein fragments. These studies are inclusive of disordered and 

well-structured regions of proteins.  

 

Chapter 2 reports on an intrinsically disordered N-terminal region of the soybean peptide 

lunasin. Although a range of bioactivities had been attributed to the C-terminal regions of 

lunasin, the role of the N-terminal has not been well studied. However, it had been suggested 

that the N-terminal might have redox properties based on the presence of free cysteine residues 

(86). Based on this suggestion, and the link between antioxidation activity and inflammation 

(119), we hypothesized that the anti-inflammatory effects might be related to the N-terminal 

region of lunasin. To explore this hypothesis, we tested the effects of the peptide on 

inflammatory cytokine levels in cell assays, the effect of the peptide in a HDM assay for 
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allergic asthma in mice, and the effect of the peptide in an in vitro antioxidant assay (DPPH). 

Overall, the peptide appears to show anti-inflammatory effects. This chapter contains 

unpublished data, written in a paper format ready for submission.  

 

Chapter 3 continues on from the initial studies on lunasin in Chapter 2, through the analysis of 

a sequence motif in lunasin with similarity to chromatin binding proteins. Homology searches 

revealed this motif has similarity to a bioactive region within hookworm anti-inflammatory 

proteins (88). The anti-inflammatory activities were analysed using cytokine assays in PBMCs 

and macrophages M1-cells. Cytokines were reduced in some and not in other donors, indicating 

that the peptide effects could be donor specific. Although there was variation in the assays 

results, cytokine reduction observed in some donors is an indication the peptide has anti-

inflammatory activity. Analysis of the effects of the peptide in an in vivo allergic asthma mouse 

model did not show any effect in eosinophil cell reduction, but showed significant reduction of 

neutrophils, indicating the disease effects were decreased consistent with anti-inflammatory 

activity. This chapter contains unpublished data, written in a paper format ready for 

submission.  

 

Chapter 4 explores the stabilization of the bioactive motif identified in Chapter 3 and in the 

previous hookworm protein studies. The peptide chosen for study is referred to as ES2-10, and 

is derived from the hookworm AesES2 protein (120). Although ES2-10 has anti-inflammatory 

activity in an in vivo assay (TNB colitis) and pro-inflammatory cytokine assay, it degraded in 

human plasma in less than 4 hours. The main objective was to determine if cyclization via 

disulfide bonds, or helical extension stabilized the ES2-10 peptide and enhanced its potential 

as a therapeutic agent. Both approaches significantly improved the stability of the peptide, but 
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at the expense of bioactivity shown based on in vitro cytokine assays. This chapter contains 

unpublished data. 

 

Parasite-derived compounds can be useful in the treatment of disease as outlined in Chapter 4, 

however, they might also have potential in alleviating the detrimental effects of parasite 

infection. The final experimental chapter of my thesis addresses this alternative perspective. In 

search of potential vaccine antigens from hookworm parasite proteins, Chapter 5 describes an 

epitope (G350Y) derived from aspartic protease – (Na-APR-2) as a potential antigen against 

human hookworm. The aim was to identify an epitope that could induce antibodies against 

hookworm infection. An epitope (G350Y) was designed based on previous studies on an epitope 

from the aspartic protease - Na-APR-1 (110). This chapter also involved the expression of Na-

APR-2 to allow testing of the bioactivity of the epitope. Promising results were obtained in 

terms of antibody production, but further study is required to produce a bioactive version of 

Na-APR-2. This chapter contains some unpublished data and requires additional data for 

publication in the future. 
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2.1. Abstract 
Lunasin is a bioactive soy peptide with potential in the treatment of cancer and obesity 

related diseases. Although the peptide is only 43 residues in length, it contains three 

regions with different proposed activities/functions and appears to have oral 

bioavailability, albeit in the presence of other proteins. The full-length peptide 

suppresses the production of inflammatory cytokines and although truncated versions 

have been studied, the N-terminal region has not been fully characterized due to its 

intrinsically disordered character. Here we have identified a 10-residue peptide from 

the N-terminal of lunasin, that reproducibly suppressed TNF in a human cell line-based 

assay. In addition, the peptide displayed antioxidant activity based on a DPPH free 

radical scavenging assay and suppressed neutrophils in an asthma mouse model. Taken 

together these properties suggest potential roles for this region in the anti-inflammatory 

and antioxidant effects of lunasin.  
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2.2. Introduction 

 

The consumption of soy products has been correlated with low mortality from different types 

of cancers, anti-inflammatory diseases and cardiovascular diseases (1). Lunasin is a 43-residue 

soybean derived peptide with a range of bioactivities, and is thought to be responsible, in part, 

for the beneficial effects of soybean consumption (2, 3). Amongst the many bioactivity studies 

on lunasin, it has been shown to have effects against a range of cancers (4), has improved 

efficacy for lowering plasma low density lipoprotein cholesterol when used in combination 

with simvastatin (5), and recent data have also shown antipsychotic/anti-schizophrenic effects 

in the central nervous system (6). In addition, lunasin has displayed immuno-modulatory 

effects (7, 8) by activating the innate immune system. For instance, dendritic cell studies have 

indicated higher levels of CD86 and CD40, that indirectly increased the production of 

cytokines, chemokines and proliferation of CD4+ T cells, following exposure to lunasin (9, 

10). 

 

Despite being a relatively small protein, lunasin appears to be orally bioavailable when 

administered as a soy protein extract (11). It has been suggested that two cysteine-rich protease 

inhibitors from the Bowman-Birk inhibitor and Kunitz trypsin inhibitor families occur 

naturally in complex with lunasin and provide protection against digestive proteases (12). 

Transgenic application for lunasin has already shown promising results in genetically modified 

food, and it has been suggested that transgenic soybean has potential as a functional food for 

treating cancer and obesity (13, 14). 
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The importance and potential applications of lunasin has led to numerous studies on the origin 

of the peptide, as well as elucidation of structure/function relationships (4, 5, 6, 7, 8, 10, 15, 

16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29). Lunasin is encoded within a soybean 2S 

albumin gene (30, 31). Although other plants such as wheat, rye and barley reportedly contain 

lunasin (32, 33, 34), genomic sequencing analyses indicate that they lack the gene encoding 

the peptide and therefore it has been suggested that lunasin might have a microbial origin to 

account for its presence in these plants (35, 36).  

 

In terms of the peptide primary structure, lunasin contains three distinct regions (Figure 2.1), 

including a cell adhesive motif comprising an arginine-glycine-aspartic acid (RGD) sequence 

that is responsible for cell internalization, residues spanning from Glu23-Ile30 which are 

homologous to chromatin binding proteins with immunomodulatory function, and a chain of 

nine aspartic acid residues at the C-terminal end which are involved with histone binding (4, 

9, 22, 26, 27, 30, 37). Based on NMR analyses, lunasin appears to be intrinsically disordered 

with a propensity to form two helical regions comprising residues 3-12 and 21-30 for the 

reduced form of the peptide (38). Oxidation of two cysteine residues does not have a significant 

effect on the structure presumably because of the lack of well-defined structure, and a similar 

propensity for helical regions was also observed for the oxidized form (38). 
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Figure 2.1: Primary sequence of lunasin, highlighting the proposed bioactive regions. 

Residues 12-25 appear to be involved in histone deacetylation; Residues 23-30 involved in 

chromatin binding (green); Residues 33-35 correspond to an RGD adhesive motif involved in 

cell internalization (blue); Poly-aspartic acid tail (residues 35-43) appears to be involved with 

core histone (H3 and H4) binding (red).  

 

Several truncated forms of lunasin have previously been studied (4, 5, 6, 7, 8, 10, 15, 16, 17, 

18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29) but limited studies have been carried out on the 

N-terminal region. Here we have characterised a 10-residue peptide (Trp3-Lys12) derived from 

the N-terminal region of lunasin. The peptide, termed LN10, did not display a well-defined 

structure in solution, but we show that the peptide appears to have a role in suppressing 

inflammation.  
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2.3. Experimental Procedures 
 

2.3.1. Peptide synthesis and purification 

 

Peptides were synthesised manually using solid-phase peptide synthesis with Fmoc chemistry 

on a 0.1 mmole scale. A H-Lys (Fmoc)-2-chlorotrityl chloride resin was mixed in 

dimethylformamide (DMF) prior to assembly of the amino acid chain. The amino acids were 

activated with 0.5 M O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3 tetramethyluronium 

hexafluorophosphate (HCTU) and 10% diisopropylethylamine (DIPEA) and coupled to the 

resin followed by washing with 20% piperidine in DMF. Peptides were cleaved from the resin 

using trifluoroacetic acid (TFA)/water/trisisopropylsilane (95:2.5:2.5) for 2-3 hours, 

precipitated with diethyl ether, dissolved in 50% acetonitrile, 0.05% TFA and subsequently 

lyophilized. The resulting crude peptides were purified with an Agilent HPLC using a C18 

preparative column (Phenomenex Jupiter 10 µm, 300 Å, 250 x 21.2 mm) using a 1% gradient 

of solvent B (solvent A: 0.05% TFA; solvent B: 90% acetonitrile, 0.05% TFA). Masses were 

analysed using a 5800 MALDI TOF-TOF (SCIEX) mass spectrometer. The sequence of LN10 

given is WQHQQDSCRK and the sequences of scrambled and control peptides (S1 and S2) 

were IMEKQHIEK and GVLDGGDP respectively. These peptides correspond to a scrambled 

version of LN9 (Chapter 3) and a peptide previously used as a negative control in in allergic 

house dust mice (HDM) studies (39). 

 

2.3.2. NMR spectroscopy and Structural analyses 
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Lyophilized LN10 was resuspended with H2O: D2O (500 L:50 L), pH 4.5 to acquire 1D and 

2D (TOCSY, NOESY, DQF-COSY and 13C HSQC) spectra at 290 K using a 600 MHz 

AVANCE III NMR spectrometer (Bruker, Karlsruhe, Germany). Secondary shifts were 

determined by subtracting random coil chemical shifts (40) from the alpha proton shifts. Slowly 

exchanging amide protons were detected from a series of one-dimensional and TOCSY spectra 

recorded over 24 hours after dissolution of the peptide in 100% D2O. The peptide solution was 

at pH 4.5 prior to lyophilisation for the exchange experiment.  

 

2.3.3. LN10 Dimerization 

 

Purified LN10 peptide (1 mg) was dissolved in 1 mL of 20 mM sodium phosphate buffer at pH 

6.8 and left at room temperature for 24 hours. The solution (40 L) was analysed through a 1% 

gradient of solvent B (solvent A: 0.05% formic acid, and solvent B: 90% acetonitrile, 0.05% 

formic acid) on a column (Phenomenex Aeris 150 x 2.1 mm, 3.6 µm PEPTIDE XB-C18 100 

Å at 30 ℃) using a Shimadzu Liquid Chromatography Mass Spectrometer (LCMS)-2020, and 

using an Agilent HPLC with a C-12 analytical column (Phenomenex Jupiter 150 x 2.0 mm, 4 

m 90 Å). A 50 L injection using a 1% gradient of solvent B (solvent A: 0.05% TFA; solvent 

B: 90% acetonitrile, 0.05% TFA) was used for the HPLC analysis and the eluent was monitored 

at 214 nm. 

 

2.3.4. Antioxidant assay- 2,2-Diphenyl-1-picrylhydrazyl (DPPH)  

 

The DPPH free radical scavenging activity of LN10 was analysed using a method based on 

protocols published in Brand-Williams et al. (41) and Yeshi et al. (42). Peptide or gallic acid 
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(200 L) was incubated with 800 L of methanolic solution of DPPH (0.1 mM) and transferred 

into a deep well plate (2 mL). The peptide concentrations used were 50 g/mL, 100 g/mL, 

250 g/mL and 500 g/mL and were prepared from a LN10 stock (1 mg/mL). An equivalent 

weight concentration of gallic acid was prepared as a positive control, including negative 

control (Milliq water + DPPH), and an additional lunasin-derived peptide containing nine 

residues (Chapter 3) was also used in the experiment. The reaction mixture was shaken and left 

in the dark at room temperature for 30 mins. After 30 mins of incubation, 250 µL aliquots were 

transferred to a 96-well flat-bottom plate (Falcon, Corning, USA). The absorbance was then 

measured at 517 nm using a Polarstar Omega microplate reader (BMG Labtech). All sample 

extracts and controls were evaluated in triplicate. The percentage of DPPH-free radical 

scavenged was calculated using the equation below: 

% DPPH free radical scavenging activity = (
ODc −ODs

ODc
) ∗ 100, 

where ODc is the absorbance value of the control, and ODs is the absorbance value of the tested 

sample or positive control. 

 

2.3.5. Cytokine assay (THP-1 derived M1 macrophages) 

 

M1 macrophages derived from the human THP-1 monocyte cell line were obtained from Sigma 

as described elsewhere (43) with some modifications. THP-1 cells were resuspended in R-10 

(RPMI 10% FBS + Pen/Strep) medium containing 200 nM phorbol 12-myristate 13-acetate 

(PMA) (Sigma) and cultured at 1 × 105 cells per 100 µL in flat-bottom 96-well plates. After 48 

hours the cells were washed with PBS and the medium was replaced with R-10 (without PMA). 

After 24 hours of PMA starvation, the resulting M0 macrophages were polarized by replacing 
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the medium with R-10 containing 20 ng/mL human recombinant IFNγ and 2 ng/mL human 

recombinant TNF (PeproTech). Forty-eight hours later the cells were washed, and the media 

replaced with R-10 containing either 100 µg/mL LN10 or an equivalent volume of PBS 

(vehicle control). The cells were stimulated with 10 ng/mL LPS (Sigma) and supernatants were 

collected 24 hours later and analysed using an ELISA kit as per the manufacturer’s instructions. 

The data generated were analysed using the unpaired T-test Statistical methods in Prism 9. 

 

2.3.6. Allergic asthma house dust mite (HDM) model  

 

HDM extract (Citeq Biologics, Groningen, Netherlands) was resuspended in a sterile 

Dulbecco’s phosphate-buffered saline (DPBS) with Ca2+ Mg2+ purchased from ThermoFisher 

Scientific (catalogue # 14040141) and administered via intratracheal instillation (i.t.) in 23 

male BALB/c mice. The treatment groups contained five mice and three mice were placed in 

the naïve group. Mice were treated with 10 g HMD (D. pteronyssinus) dissolved in 30 L 

DPBS+Ca2+ Mg2+ buffer saline on days 0-7 and day 14, 15 and 16. No treatment was given for 

days 8-11. On day 12 and 13, 20 g of the peptides (LN10 or scrambled peptides), dissolved 

in 200 L DPBS+Ca2+ Mg2+ saline, was administered with intraperitoneal (i.p) injection. On 

days 14, 15 and 16, the negative control mice continued to receive the HDM dose, while the 

peptide treated mice received HDM in the morning and peptide in the evening. On day 17 mice 

were culled. Mice were euthanized with ketamine (K)/xylazine (X) to reduce red blood cells 

(RBC) in the bronchoalveolar lavage fluid (BALF). Blood was collected from inferior vena 

cava, put in the z-gel serum tube, spun at 10,000 g for 10 min, and stored at -80C. BALF from 

trachea was collected after flushing the lungs with 1 mL DPBS 3 times at room temperature 

and placed immediately on ice. Lung tissue was snap frozen in liquid nitrogen, the superior 

lobe in a separate tube for RNA extraction and the rest with trachea and mediastinal lymph 
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node (MdLN) in nitrogen for cytokine analysis. The BALF tubes were spun at 360 g for 5 

minutes at 4C. Supernatants were removed and ammonium chloride potassium (ACK) pellets 

collected and those that appeared red were neutralized with DPBS and centrifuged again and 

the supernatant subsequently removed. Cells were counted during the staining process and 5 

L of cells from each purified cell sample tubes was taken as control tube for voltage/gating 

setup. The cells were stained with a monoclonal antibody (mAb) cocktail for 30 minutes at 4C 

in the dark (5 l x 25 =125 L = 37.5 mAb +87.5 FACS).  Cells were further washed with 

FACS buffer and reading were acquired on the flow cytometry.  

 

The experiment was repeated once in dose response at 20 g/mL, 100 g/mL and 200 g/mL 

of LN10 peptide.  
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2.4. Results 
 

2.4.1. Peptide Design and Synthesis 

 

The modelled structure of lunasin generated using PEP Fold 3 (44, 45, 46) is shown in Figure 

2.2A. The two helical regions (Lys2-Gln13, Pro21-Gln31) are consistent with previous NMR 

studies which have suggested a propensity for helical structure (38, 47), despite lunasin being 

considered a largely disordered peptide. Although the N-terminal region has propensity to form 

helical structure, it has not been reported to have a specific bioactivity. This is in contrast to 

other regions of lunasin which have been studied in isolation and have been shown to contribute 

to various bioactivities (4, 5, 6, 7, 8, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 

29). To explore the structure/function relationships of the N-terminal region of lunasin, a 

peptide corresponding to residues 3-12 (referred to as LN10) was synthesised using Fmoc 

chemistry and purified using RP-HPLC. The peptide was obtained in high yield >95% for 

subsequent studies. About 4 milligram of purified peptide was obtained after purification. 

 

2.4.2. NMR Spectroscopy 

 

The structure of LN10 was analysed in aqueous solution using NMR spectroscopy. The peptide 

displayed sharp peaks in the one-dimensional proton spectra. Resonance assignments were 

primarily done using two-dimensional TOCSY and NOESY spectra (48). Analysis of the 

proton secondary chemical shifts is shown in Figure 2.2B. Consecutive secondary shifts more 

positive than 0.1 are indicative of -sheet structures, whereas consecutive secondary shifts 

more negative than 0.1 are indicative of helical structures. However, the majority of the 
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secondary shifts in LN10 are within +/- 0.1 ppm indicating the peptide is unstructured in 

aqueous solution. The NOESY spectra for LN10 had limited medium or long-range NOEs and 

lacked characteristic NOEs of helical structures. The majority of the amide protons were in fast 

exchange, consistent with the lack of regular secondary structure suggested by the secondary 

shifts.  
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Figure 2.2: Structural analysis of truncated lunasin. (A) Three-dimensional structure of 

lunasin generated using molecular modelling with PEP Fold 3. The model indicates two helical 

regions (residues 2-13, and 21-31), consistent with previous studies (38, 47). Figure 

generated/viewed in MOLMOL (49). (B) Secondary chemical shifts of LN10. The secondary 

shifts were determined by subtracting the random coil shifts from the alpha proton shifts. The 

random coil shifts were taken from Wishart et al (1995) (40). 

 

2.4.3  Cytokine Bioassay 
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The effect of LN10 on cytokine suppression was assessed with an ELISA based THP-1 M1-

macrophage cell assay (Figure 2.3). Analyses carried out with fresh M1-macrophage cells 

showed a significant reduction of tumour necrosis factor (TNF) compared to the controls 

(Figure 3). Suppressive effects were also observed with frozen M1-macrophage cells, although 

not to the same extent as fresh M1-macrophage cells. The consistent reduction of the 

multifunctional cytokine (TNF) by LN10 is indicative of the peptide having anti-inflammatory 

properties. 

 

 

Figure 2.3: Suppressive effects of LN10 on TNF. The cell line used was human M1-

macrophage cells derived from THP-1 monocytes. A final concentration of 10 g/mL of LN10 

showed no production of cytokine in M1-macrophages without lipopolysaccharide (LPS) 

stimulation, whereas LPS induced TNF was consistently reduced in the two repetitive assays, 

highlighting LN10 as a potential anti-inflammatory agent. Dexamethasone (Dex) was used as 

positive control. 

 

2.4.4  Sequence Homology and Alignment of LN10 
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The LN10 sequence was searched across the NCBI protein repository database using 

BLAST/p. High sequence homology was found to several proteins from Microbiospora 

bacteria species, with two examples shown in Figure 2.4. Despite the sequence homology with 

the N-terminal region of lunasin, the sequences do not represent homologues of lunasin as there 

is no homology with the remainder of the lunasin sequence. The role of the LN10 sequence has 

not been elucidated in these bacterial proteins. 

 

 

Figure 2.4: Sequence alignment of lunasin with bacterial proteins. The sequences 

corresponding to LN10 are boxed in red dotted lines, while the conserved residues are in bold 

and indicates the similarities between LN10 and the bacterial proteins. The codes for the 

bacterial proteins from M. rosea and M.h10836 are WP_076440832.1 and WP_169986856.1 

respectively.  

 

2.4.5  Dimerization of LN10 

 

LN10 contains a single cysteine residue (Cys 10) and consequently has the potential to form a 

disulfide-linked dimer. A previous study (Aleksis et al) on a truncated version of lunasin 

comprising residues 16-43, which also includes a single cysteine residue (Cys 22), showed the 

peptide did not form a dimer and that Cys 22 was in a reduced state at pH 6.5 (38). To determine 

the propensity of LN10 to form a dimer through Cys 10, we incubated LN10 in 20 mM sodium 
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phosphate at pH 6.5 at room temperature. These conditions were chosen as they are the same 

conditions used in the Aleksis et al, 2016 study, and consequently allowed a direct comparison. 

After 24 hours the majority of the peptide was still in a monomeric form based on LC/MS; a 

shoulder on the peak corresponding to the monomeric mass indicates dimer formation at a very 

slow rate at room temperature as shown in Figure 2.5. LN10 was prepared fresh for the 

bioassays indicating that the monomeric form is likely to be present during the course of the 

assay, which takes less than 24 hours. However, the pH and environment in the cells will be 

distinct from the in vitro assay carried out here and therefore we cannot conclusively determine 

the state of the peptide in the bioassays.  
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Figure 2.5: LN10 dimer formation. HPLC chromatograms of purified LN10 before and after 

incubation with phosphate buffered sodium at room temperature. Profile (A) shows the purified 

native LN10, while profile (B) displays a dimer formation after 24 hours of incubation in 

phosphate buffer. The shoulder on the monomer peak, marked with red asterisk, indicates the 

dimer product, while LN10 exists predominantly as a monomer throughout the incubation 

period. 

 

2.4.6  DPPH Antioxidant assay  

 

LN10 shows a dose response effect for DPPH-free radical scavenging (Figure 2.6), indicating 

that it has antioxidant effects. Gallic acid was chosen as a standard, despite the differences in 

molecular weights between it and LN10, to enable comparison with previous studies in the 

laboratory. A recent study using different antioxidant assays on sulfur containing amino acids 

(methionine, cystine and taurine) showed that only cysteine residues inhibited free radicals due 
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to the reactive nucleophilic thiol  (50). The presence of the single cysteine in LN10 could be 

responsible for the antioxidant effects observed in this assay. The correlation between 

antioxidant effects and anti-inflammatory activity has recently been shown in proteins and 

peptides derived from egg white (51).  
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Figure 2.6: Percentage DPPH-free radical scavenging of LN10 at different concentrations 

(g/mL). Gallic acid was used as standard due to its high free-radical scavenging property. The 

increase in free radical inhibition shows LN10 as a potential antioxidant agent. Results 

displayed using Prism 9. 

 

2.4.7 Allergic Asthma HDM model  

 

In addition to the in vitro assays, LN10 was tested in an in vivo house dust mite induced allergic 

asthma mouse model. This assay showed significant suppression of neutrophil cells in the 

presence of LN10, but not in eosinophils cells or lymphocytes (Figure 2.7). However, there is 

a trend across all three datasets for suppression of eosinophils and lymphocytes. Interestingly, 

a lunasin derived control peptide (S1, IMEKIQHIEK) initially used as control, displayed 

reduction against neutrophils and therefore another control peptide (S2, GVLDGGDP) was 

used in a repeat assay. The S2 control did not have an influence on the cell numbers indicating 
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that the difference observed for LN10 was not related to the injection regime chosen for the 

peptides.   

 

 

Figure 2.7. Effects of LN10 in a house dust mite induced allergic asthma assay in mice. 

(A) Neutrophils were decreased in the presence of 20 g/mL of LN10 and lunasin derived 

scrambled peptide (S1). No significant effects observed in (B) eosinophils or (C) lymphocytes. 
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Results are shown as mean±SD in GraphPad Prism9. Differences between groups were 

analysed by one-way ANOVA with multiple comparison (* p<0.05, ** p<0.01, ***p<0.0007).  

 

Repetition of the asthma assay using multiple doses of LN10 showed consistency with 

neutrophil reduction at 20 g/mL and 100 g/mL. The new control peptide (S2) showed no 

activity in contrast to the lunasin derived scrambled peptide (S1) (Figure 2.8). The consistent 

reduction of LN10 observed in the two assays suggests that LN10 is a potential therapeutic 

agent for neutrophil-cell related asthma. 
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Figure 2.8: Dose response effects of LN10 in a house dust mite induced allergic asthma 

assay in mice. (A) Neutrophil cells were reduced in the presence of LN10 at 20 g/mL and 

100 g/mL but at 200 g/mL there was no significant reduction. Further study is required to 

determine the reason for this effect. No statistical difference was observed between LN10 

treated mice for (B) eosinophils cell or (C) lymphocytes and the HDM treated mice. The S2- 

scrambled peptide (control) displayed no significant differences in any of the cell types tested 

compared to HDM treated mice. No significant difference was observed between the HDM 

and naïve mice with respect to the eosinophils, indicating that this cell type does not have a 

significant impact in this model. Data displayed as mean±SD in GraphPad Prism 9. Differences 

between groups are analysed by one-way ANOVA with multiple comparison (* p<0.05, ** 

p<0.01).  
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2.5. Discussion 
 

Lunasin has a range of potential applications for treating chronic disorders but there is limited 

understanding of the structure/function relationships related to the N-terminal region. Here we 

show that a peptide corresponding to residues 3-12 in lunasin can suppress secretion of a pro-

inflammatory multifunctional cytokine (TNF) from a human monocyte-derived macrophage 

cell line, but does not form a well-defined structure in solution. Full-length lunasin has 

previously been shown to have anti-inflammatory activity (4, 5, 6, 7, 8, 10, 15, 16, 17, 18, 19, 

20, 21, 22, 23, 24, 25, 26, 27, 28, 29) and our study suggests that the N-terminal region is, at 

least in part, responsible for this bioactivity (52). 

 

Sequence homology analysis on LN10 indicated 89% sequence identity to a segment in a 22 

kDa Microbiospora protein. Although the function of this protein is not known, it is 

conceivable that the fragment in Microbiospora protein displays similar bioactivity to LN10. 

Further study will be required to explore this hypothesis and indicate if the suppressive activity 

observed for LN10 is displayed in a much larger protein. The sequence similarity to 

Microbiospora proteins is intriguing given the proposed bacterial origin of lunasin (35, 36) and 

might provide insight into the evolution of the soybean peptide. Many Microbiospora bacterial 

species are involved in biodegradation and are excellent producers of secondary metabolites 

(antibiotic, enzymatic inhibitors, antidiabetic and antiatherogenic agents) that suppress plant 

pathogens in the soil (53, 54, 55, 56).  

 

The lack of a well-defined structure for LN10 based on NMR analyses is not surprising for a 

10-residue peptide in solution. Although the region corresponding to LN10 has previously been 
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suggested to have a propensity to form helical structure, in general the full-length lunasin 

peptide sequence is consistent with intrinsically disordered proteins (IDPs) (38, 47). IDPs are 

known to lack bulky hydrophobic (I, L and V) residues responsible for hydrophobic cores in 

folded globular proteins (57), however have aromatic amino acids (W, F and Y) that occur in 

low frequency and are highly conserved (57). IDPs are also generally rich with hydrophilic 

residues (A, R, G, Q, S, P, E, and K) that can promote disorder in peptides (57, 59, 60, 61). 

Although IDPs have dynamic conformational ensembles that are in constant structural 

exchange (57, 62, 63, 64, 65), they can fold into a well-defined structure when exposed to 

binding partners (66, 67, 68, 69). It is possible that both the full-length lunasin peptide and 

LN10 may adopt a defined structure upon binding to biological targets. 

 

LN10 contains a single cysteine residue. Studies have revealed that free cysteine residues can 

act as catalytic residues for metabolism of various biochemicals (70) and at the cellular level 

they can be involved in protecting cells from oxidative damage (71). We have shown that the 

cysteine residue in LN10 does not readily oxidise in phosphate buffer. This is similar to studies 

on a truncated lunasin peptide comprising residues 16-43, which did not form a disulfide bond 

containing dimer, despite the presence of Cys 22 (38), prompting the authors to suggest that 

Cys 10 might be responsible for anti-inflammatory effects that could be mediated by the redox 

properties of lunasin (38, 52). However, we suggest that further study would be required to 

determine if Cys 10 is involved in the redox properties. In particular incubation at pH 7.4 and 

pH 5.5 which mimic the cytosol and late endosomes respectively. It appears more likely that 

the lack of inter-molecular disulfide bond formation for the peptides containing either Cys 10 

or Cys 22 results from the higher propensity of the lunasin forming an intramolecular disulfide 

bond rather than inter-molecular disulfide bonds.  
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The inhibitory effect of LN10 observed on DPPH-free radicals has implications for the 

antioxidant and anti-inflammatory effects of lunasin. Free radicals are unstable compounds that 

can damage cells and overrun existing antioxidant systems within the human body and induce 

oxidative stress (72). They can cause inflammatory responses mediated via nuclear factor 

kappa B (NF-kB) (73), and have been linked to multiple diseases such as cancer, 

atherosclerosis, hypertension, diabetes, acute respiratory diseases, chronic obstructive 

pulmonary diseases and asthma (74). Several studies have shown that small peptides 

are capable of displaying antioxidant and/or anti-inflammatory effects including 

peptides derived from ovostransferrin (75, 76) and dipeptides (CR, FL, HC, LL, and MK) 

which  displayed anti-inflammatory effects, and the tripeptides (IRW and IQW) that 

displayed both antioxidant and anti-inflammatory activities (77). Our results from the 

current study suggest that the LN10 sequence might be responsible for both the 

antioxidant and anti-inflammatory properties demonstrated in the native lunasin peptide but 

further study is required to assess the effects of the full-length peptide. 

 

The allergic asthma assay indicated that LN10 produced a significant reduction in neutrophils. 

Asthma associated with neutrophils is rare and chronic, and commonly occurs in adults when 

bacteria accumulate in airways as a result of non-effective actions of neutrophils to kill bacteria 

(78). This action causes more neutrophils released into airways that causes remodelling of 

airways in patients that can affect airflow, eventually leading to death. In future studies the use 

of full-length lunasin peptide as a control in HDM assays might provide further insights into 

the bioactivities. 
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The mode of action of LN10 is not clear at this stage, but from cytokine studies it is generally 

found that LPS can activate the NFB pathway which in turn will activate the transcription 

factors that control many cytokine genes and their subsequent release (79, 80, 81). These 

cytokines can be down regulated in the presence of anti-inflammatory agents. Consequently, 

we postulate that LN10 might be down-regulating the NFB pathway responsible for activating 

cytokine genes causing a reduction in the production of TNF. Clearly, further study is required 

to determine if this is the case.  

 

In summary, we have characterized a lunasin derived peptide (LN10) that can suppress TNF 

production and display antioxidant activity, indicating that it might have anti-inflammatory 

properties. Also, its suppression of neutrophil cells suggests that it might have some application 

as a lead molecule in asthma therapeutics. This region has previously been predicted to have a 

propensity to form helical structure, but here we show it does not form this structure in 

isolation. Further study is required to assess the mechanism of action of this peptide which 

might have implications for understanding the bioactivity and mechanism associated with the 

full-length lunasin peptide.  
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3.1. Abstract 
Lunasin is a 43-residue bioactive soy peptide with potential in the treatment of cancer and 

obesity related diseases. The full-length peptide has an effect on inflammatory cytokines and 

extensive studies have shown that lunasin is involved with the acetylation-deacetylation 

process that leads to cell apoptosis of various cancer cells. Lunasin contains a region with 

sequence homology to chromatin binding proteins, and here we show that a truncated version 

containing this region (Glu23-Ile30), suppressed neutrophils in a mouse model of asthma, and 

potentially suppressed a range of inflammatory cytokines in human immune cells, in a donor 

specific manner. This truncated peptide appears to have the propensity to form hydrogen bonds 

in solution, an unusual property for such a small peptide. Interestingly, this sequence motif is 

present in several peptides and proteins previously shown to have anti-inflammatory activity. 

The bioactivity, sequence conservation across a wide range of proteins/peptides and stabilizing 

hydrogen bonds suggests this motif has significant potential in drug design.  
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3.2. Introduction 

 

As introduced in Chapter 2, lunasin appears to be responsible for some of the beneficial effects 

of soy products, including anticancer (1, 2) and anti-inflammatory properties (3, 4), and is 

available as a supplement (5). The intrinsically disordered nature of lunasin suggests dissecting 

out individual bioactivities of lunasin might be useful in the design of novel drug leads. 

Following on from Chapter 2, this chapter explores the structure and bioactivity of the region 

within lunasin (residues 23-30) that has sequence similarity to chromatin binding proteins (6, 

7). It was of interest to determine if this region also had potential anti-inflammatory effects, 

similar to that observed in Chapter 2 for LN10. 

In this study, we have synthesised a peptide corresponding to (residues 23-30) of lunasin and 

have shown that it results in suppression of a range of cytokines in immune cells in a donor 

specific manner, has an effect on immune cells in a mouse model of asthma, and forms part of 

a conserved sequence motif in chromatin binding and anti-inflammatory proteins and peptides.  
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3.3. Experimental Procedures 

 

3.3.1. Peptide synthesis and purification 

 

Peptides were synthesised manually using Fmoc chemistry on a 0.1 mmole scale. Linear 

peptides were synthesised using 2-chlorotrityl chloride resin activated in dimethylformamide 

(DMF) before coupling with amino acids. The amino acids were activated with 10% 

diisopropylethylamine (DIPEA) and coupled to the resin followed by washing with 20% 

piperidine in DMF. Peptides were then cleaved from the resin using trifluoroacetic acid 

(TFA)/water/trisisopropylsilane (95:2.5:2.5) for 2-3 hours, precipitated with diethyl ether, 

dissolved in 50% acetonitrile, 0.05%TFA and subsequently lyophilized. The resulting crude 

peptides were purified with an Agilent RP-HPLC using a C-18 preparative column 

(Phenomenex Jupiter 250 x 21.2 mm) using a 1% gradient of solvent B (solvent A: 0.05% TFA; 

solvent B: 90% acetonitrile, 0.05% TFA). The mass was analysed using a 5800 MALDI TOF-

TOF (SCIEX) mass spectrometer. 

 

3.3.2. NMR spectroscopy 

 

Lyophilized peptides were resuspended with 90% water:10% deuterium (D2O) (500 µL:50 µL) 

to acquire 1D and 2D (TOCSY, NOESY) spectra at 290 K using a 600 MHz AVANCE III 

NMR spectrometer (Bruker, Karlsruhe, Germany).  Random coil chemical shifts were used to 

calculate secondary shifts for the peptides based on the experimental alpha proton shifts (8). 

Three-dimensional structures were calculated for peptides that have chemical shifts indicative 

of structure and sufficient NOEs in the NOESY spectra. The program CYANA was not used 
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since the linear peptide has less than 10 residues. However, slowly exchanging amide protons 

were detected from a series of one-dimensional and TOCSY spectra recorded over 24 hours 

after dissolution of the peptide in 100% D2O. Peptide solutions were pH 4 prior to 

lyophilisation for the exchange experiment.  

 

3.3.3. Cytokine assay on human peripheral blood mononuclear cells (PBMCs) 

 

The human blood used for this project was donated by healthy volunteers. Written informed 

consent was obtained from each donor at the time of blood draw. Ethical approval for this 

research was obtained from the James Cook University Human Ethics Committee (Australia). 

PBMCs were isolated from whole blood by density gradient centrifugation using Ficoll-Paque 

media. For induction of T cell cytokines, PBMCs were activated with a cell stimulation cocktail 

of 50 ng/ml of phorbol 12-myristate 13-acetate (PMA) and 1 μg/ml of ionomycin 

(eBioscience). PMA + ionomycin-stimulated cells were treated with 0.1-100 μg/ml of soybean 

derived peptide or remained untreated. For stimulation of myeloid-associated cytokines, 

PBMCs were activated with 10 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich). LPS-

stimulated PBMCs were treated with 0.1-100 μg/ml of soybean derived peptide or remained 

untreated. The cell culture plates were incubated overnight at 37°C and 6.5% CO2. After 

incubation, the samples were centrifuged at 1,500 x g for 5 minutes and the culture supernatants 

were collected for cytokine analysis using a LEGENDplex (BioLegend) kit. Toxicity assays 

were performed with the LIVE/DEAD Cell Viability Assay (Thermo Fisher Scientific) and 

readout using flow cytometry. This dye binds to amines in cells with compromised cell 

membranes but cannot enter healthy cells. 
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3.3.4. THP-1 derived M1 macrophages cell assay 

 

M1 macrophages derived from the human THP-1 monocyte cell line were obtained as 

described elsewhere (9) with some modifications. THP-1 cells were resuspended in R-10 

medium containing 200 nM phorbol 12-myristate 13-acetate (PMA) (Sigma) and cultured at 

1 × 105 cells per 100 µL per well in flat-bottom 96-well plates. After 48 hours the cells were 

washed with PBS and the medium replaced with R-10 (without PMA). After 24 hours of PMA 

starvation, the resulting M0 macrophages were polarized by replacing the medium with R-10 

containing 20 ng/mL human recombinant IFNγ and 2 ng/mL human recombinant TNF- 

(PeproTech). Forty-eight hours later the cells were washed, and the media replaced with R-10 

containing either 100 µg/mL LN10 or an equivalent volume of PBS (vehicle control). The cells 

were stimulated with 10 ng/mL LPS (Sigma) and soups were collected 24 hours later and 

analysed using an ELISA kit as per the manufacturer’s instructions. 

 

3.3.5. Allergic asthma house dust mite (HDM) model 

 

HDM extract (Citeq Biologics, Groningen, Netherlands) was resuspended in a sterile 

Dulbecco’s phosphate-buffered saline (DPBS) with Ca2+ Mg2+ (ThermoFisher Scientific) and 

administered via intratracheal instillation (i.t.) in 23 male BALB/c mice.  The treatment groups 

contained five mice and three mice were placed in the naïve group. Mice were treated with 10 

g HDM (D. pteronyssinus) dissolved in 30 L DPBS+Ca2+ Mg2+ buffer saline on days 0-7 

and day 14, 15 and 16. No treatment was given for days 8-11. On day 12 and 13, 20 g of the 

peptides (LN10 or scrambled peptides), dissolved in 200 L DPBS+Ca2+ Mg2+ saline, was 

administered with intraperitoneal (i.p) injection. On days 14, 15 and 16, the negative control 
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mice continued to receive the HDM dose, while the peptide treated mice received HDM in the 

morning and peptide in the evening. On day 17 mice were culled. Mice were euthanized with 

ketamine (K)/xylazine (X) to reduce red blood cells (RBC) in the bronchoalveolar lavage fluid 

(BALF). Blood was collected from inferior vena cava, put in the z-gel serum tube, spun at 

10,000 g for 10 min, and stored at -80C. BALF from trachea was collected after flushing the 

lungs with 1 mL DPBS 3 times at room temperature and placed immediately on ice. Lung tissue 

was snap frozen in liquid nitrogen, the superior lobe in a separate tube for RNA extraction and 

the rest with trachea and mediastinal lymph node (MdLN) in nitrogen for cytokine analysis. 

The BALF tubes were spun at 360 g for 5 minutes at 4C. Supernatants were removed and 

ammonium chloride potassium (ACK) pellets collected and those that appeared red were 

neutralized with DPBS and centrifuged again and the supernatant subsequently removed. Cells 

were counted during the staining process and 5 L of cells from each purified cell tubes were 

taken as control tube for voltage/gating setup. The cells were stained with a monoclonal 

antibody (mAb) cocktail for 30 minutes at 4C in the dark (5 l x 25 =125 L = 37.5 mAb 

+87.5 FACS).  Cells were further washed with FACS buffer and reading were acquired on the 

flow cytometry.  

 

The experiment was repeated in dose response at 20 g/mL, 100 g/mL and 200 g/mL of 

LN9 including S2 peptide as a control. 
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3.4. Results 

 

3.4.1. Peptide synthesis 

 

Three peptides were synthesised to provide insight into the structure/function relationships of 

the chromatin binding sequence motif (E/DXXXXXEK#) within lunasin. The sequences of the 

peptides are shown in Table 3.1. The peptide corresponding to 9 residues (Glu23-Ile31) of 

lunasin is referred to as lunasin 9 (LN9). Two mutants of LN9 were synthesised to analyse the 

structural effects of the conserved EK motif in LN9.  

 

Table 3.1: Sequences of lunasin derived peptides 

Peptide Sequence Description 

 

Lunasin 9 (LN9) 

 

EKHIMEKIQ 

 

Residues 23-31 of lunasin  

LN9-E6A EKHIMAKIQ LN9-mutant 1 

LN9-K7A EKHIMEAIQ LN9-mutant 2 
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3.4.2. Structural studies using NMR spectroscopy 

 

The structures of the synthetic peptides were analysed in aqueous solution using NMR 

spectroscopy. Similar to the LN10 peptide analysed in Chapter 2, the LN9 peptides displayed 

sharp peaks in the one-dimensional spectra indicating that the peptide had not aggregated. 

Analysis of the two-dimensional spectra allowed assignment of the majority of the resonances 

and the secondary chemical shifts are shown in Figure 3.1. The majority of the secondary shifts 

in LN9 are within +/- 0.1 ppm indicating that the structure does not contain regular secondary 

structure in aqueous solution. In addition, the secondary shift analysis on the mutants shown in 

Figure 3.1 indicates only minor chemical shift changes result from the mutations, but the shifts 

are also generally within +/- 0.1 ppm. The NOESY spectra for LN9 and the two mutants (E6A 

and K7A) all had limited medium or long-range NOEs consistent with a lack of regular 

secondary structure. 
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Figure 3.1: Secondary chemical shifts of the synthetic peptides. LN9 is shown in orange 

colour and the two mutants (E6A and K7A) in blue and green colour respectively, with the 

substituting alanine residue highlighted in red. The secondary shifts were determined by 

subtracting the random coil shifts from the alpha proton shifts. The random coil shifts were 

taken from Wishart et al (1995) (8). The large negative shift observed for the N-terminal 

residues are presumably due to effects of positive charge at the N terminal. 

 

While the lack of structure of LN9 was not unexpected for such a small peptide with no 

additional covalent constraints such as disulfide bonds or a cyclic backbone, the amide 

exchange rates indicate that the peptide is not completely unstructured. The amide protons of 

nine residues were present after 30 minutes of resuspension of LN9 in D2O. Two of these 

residues (Glu 6 and Ile 8) were still evident after 2.5 hours and sufficient data was collected to 
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allow exchange rates to be calculated (Table 3.2). Based on previous studies, amide protons 

with exchange rates > 4.16 min-1 are considered in fast exchange, those with exchange rates 

between 4.16 and 0.1 min-1 in intermediate exchange, those between 0.1 and 0.002 min-1 in 

slow exchange, and those less than 0.002 min-1 are non-exchangeable (10). The most common 

reason for slow exchange of amide protons in small peptides is hydrogen bonding. 

Consequently, the slow exchange of Glu 6 and Ile 8 in LN9 suggests that they have a propensity 

to form hydrogen bonds in solution and given the small size of the peptide are most likely to 

be involved in a helix or turn.  

 

The amide exchange rates determined for the two mutants (K7A and E6A) showed that 

mutation of Lys 7 to an alanine resulted in similar exchange rates to LN9 with Glu 6 and Ile 8 

still displaying slow exchange. However, when Glu 6 was mutated to an alanine residue, the 

alanine residue was in fast exchange, indicating that the glutamic acid has an important 

structural role. Despite these differences in exchange rates there are limited changes in the 

chemical shifts. Such effects have been observed for previous mutations studies (11).  
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Table 3.2: Amide proton exchange rates  

 

 

 

 

 

*Exchange rate could not be measured as the peak was not present in the first spectrum 

recorded following dissolution in D2O.  

  

Peptide Residue Exchange rate Comments 

LN9 Glu 6 0.0748 H-bonding 

 Ile 8 0.0354 H-bonding 

E6A Ala 6 Fast* No H-bonding 

 Ile 8 0.0227 H-bonding 

K7A Glu 6 0.0440 H-bonding 

 Ile 8 0.0332 H-bonding 
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3.4.3. Biological activities 

 

3.4.3.1. In vitro assays 

 

Cytokine assays using fresh PBMCs derived from two different healthy donors showed 

reduction of several cytokines. Specifically, LN9 reduced TNF, IL12p70, IL-23, IFN, IL-1 

and MCP-1 in donor 1 but only TNF in donor 2 (Appendix A). The reduction of TNF, an 

inflammatory cytokine, in both donors, is an indication that LN9 potentially has anti-

inflammatory activity (Figure 3.2) but more research would be required to determine the 

reasons for donor specific differences. To provide additional structure/function data LN9 and 

the two mutants were also tested in a macrophage (M-1) cell assay. This assay was chosen to 

for several reasons including the ability to test multiple samples and to ascertain if there was 

less variation given the cells are not directly derived from human donors. Cytokines TNF, IL-

1, IL-6, IL-8 and IL-33 were all supressed by LN9 and its mutants (Figure 3.3).  
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Figure 3.2: LN9 suppression of TNF secretion in human cells. The median fluorescence 

intensity (MFI) of TNF analysed in fresh PBMCs of two different human donors (A and B) 

using a Legendplex Kit, in the presence or absence of LPS. The peptide was administered at a 

concentration of 75 µg/mL concentration in both donors A and B. Other cytokines suppressed 

by LN9 are listed in the supplementary section. Phosphate buffered salt (PBS) was used as 

positive control. Data was generated using unpaired t-test in GraphPad Prism 9 displaying two-

tailed P values (*P≤0.05, ***P≤0.001). All results reported represent means ± standard 

deviation (SD).  
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Figure 3.3: Influence of LN9 and mutants on cytokine expression in human macrophage 

(M1) cells derived from THP-1 monocytes. The cytokines analyzed were TNF (A), IL-1b 

(B), IL-6 (C), IL-8 (D) and IL-33 (E). 10 g/mL of LN9 and mutants shows no production of 

cytokine in M-1-macrophage without lipopolysaccharide (LPS), whereas LPS induced 
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cytokines – TNF, IL-1, IL-6, IL-8 and IL-33 were suppressed. PBS and Dexamethasone (Dex) 

are used as a positive and negative controls respectively. Results were analysed using Unpaired 

t test in GraphPad Prism 9 displayed by a two-tailed P values (*P≤0.05, **P≤0.01). 
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The initial results on LN9 and the mutants showed some promising effects. However, 

significant challenges were faced in reproducing the results. For example, in a repeat PBMC 

experiment, significant variation in the levels of TNF expressed as a result of LPS was observed 

between two additional donors, and there was no significant effect following the addition of 

LN9 (Figure 3.4). This highlights the complications of using different human donors for such 

an experiment. Further, a repetition of the macrophage (M-1) assay analysing only TNF in the 

presence of LN9 and the mutants showed significant variations in the results (Figure 3.5). 

Mutant E6A showed a reduction of TNF but LN9 and K7A did not show significant effects in 

contrast to the original macrophage assay (Figure 3.3). The peptides used in the assay had not 

degraded based on mass spectrometry and the experiment was carried out using the same 

protocol. Consequently, it was not clear where the inconsistency was coming from.   
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Figure 3.4: LN9 does not reproducibly influence TNF secretion in human cells. 

Multifunction cytokine TNF analyses in fresh PBMCs in the presence of 75 µg /mL of LN9.  

TNF was not produced in either donor without LPS present. In the presence of LPS, donor D 

had significantly lower TNF expression compared to donor C but no TNF suppression was 

observed for either donor and this could be related to the issues of cell viability. Data was 

analysed using an unpaired t-test in GraphPad Prism 9. 
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Figure 3.5: Variation in the effect of LN9 peptides in human macrophage (M1) cells 

derived from THP-1 monocytes. TNF was analysed in the absence and presence of LPS tested 

with 10 g/mL peptides (LN9 and mutants) using ELISA kit. No cytokine was induced without 

LPS, cytokine induced showed no reduction in LN9 and K7A, except E6A compared to 

positive control (dexamethasone). Data analysed using ordinary one-way ANOVA in 

GraphPad Prism 9. 

 

The in vitro assays suggested that LN9 might have anti-inflammatory effects by suppressing 

inflammatory cytokines, however given the challenges with the in vitro assays, the use of in 

vivo assay could be alternate approach to further explore the potential anti-inflammatory effects 

of LN9. An allergic asthma mouse model was chosen as anti-inflammatory peptides are known 

to be bioactive in this model. This model used allergens derived from house dust mite 

(Dermatophagoides pteronyssinus) to induce asthma in mice and, LN9 and a scrambled version 

(IMEKIQHIEK) were administered to the mice via intraperitoneal (i.p) injection. LN9 had no 

significant effects on eosinophils, and lymphocytes (T+B-cells), however significant reduction 
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of neutrophils after administration of 20 g/mL LN9 peptide. Interestingly the control peptide 

(scrambled LN9) also showed an effect on neutrophils (Figure 3.6).  
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Figure 3.6: Effects of LN9 in a house dust mite (HDM) induced allergic asthma assay in 

mice. Analyses showed significant reduction of (A) neutrophils cells by LN9 and scramble 

LN9 (S1), while (B) eosinophils and (C) lymphocytes cells did not show suppression at a 

concentration of 20g/mL. Data are shown as mean±SD in GraphPad Prism9. Differences 

between groups were analysed by one-way ANOVA with multiple comparison (* p<0.05, ** 

p<0.01, ***p<0.0007).  
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A repetition of the assay with a new control peptide, S2-scramble (GVLDGGDP), which has 

previously used as a negative control in an asthma model (12) was utilized in a dose response 

analysis of the LN9 peptide. Consistent with the first experiment eosinophils, and lymphocytes 

were not suppressed in the presence of LN9 (Figure 3.7). Neutrophils were again inhibited, but 

only at a concentration of 100 g/mL. The variability of results compared to the first assay 

could be related to age of mice during the time of injection. In the first HDM assay mice were 

immunized when 4 weeks old while in the repeat assay, immunization occurs at 5 weeks old. 

Age variability may likely have slight impact on the results. The LN9 mutants were not able to 

be tested in the in vivo assay because of time constraints. 
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Figure 3.7: Effects of LN9 on house dust mite induced asthma model in mice. Neutrophils 

(A) were suppressed at 100 g/mL, but not at 20 or 200  g/mL, and eosinophils (B) and 

lymphocytes (C) were also not affected following treatment with LN9. The control (S2) 

showed no significant effects to all cells analysed. Data are displayed as mean±SD using 

GraphPad Prism 9. Differences between groups were analysed by one-way ANOVA with 

multiple comparison (* p<0.05, ** p<0.01).  
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3.4.4. Identification of the conserved sequence motif in non-chromatin binding 
proteins 

 

Suppression of cytokines is a hallmark of peptides/proteins involved in 

autoimmune/inflammatory diseases and led us to compare the sequences of proteins that 

attenuate the effects of in autoimmune disease models such as colitis and asthma, with the LN9 

sequence. Intriguingly, a range of proteins/peptide were identified based on literature searches 

and results from the laboratory, as shown in Table 3.3.  These proteins include hookworm 

proteins (AIP proteins), antrum mucosal proteins (AMP) and a human filarial protein. 

Fragments of hookworm AIP proteins have also been shown to have anti-inflammatory activity 

(13) and the sequences are included in the table. The sequences of chromatin binding proteins, 

which have previously been identified as having homology to lunasin, are also shown. The 

conserved residues are highlighted in bold and suggest a consensus motif of 

E/DXXXXEKXI/L/V. 
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Table 3.3. Proteins and peptides containing a potential anti-inflammatory motif 

Protein name  Sequence Assay/Functions Residue 

numbers 

Reference 

Lunasin EKH-IMEK-IQ Various (23-31) (4) 

HuHP1 EEEYVVEK-VL Chromatin 
binding 

(17-26) (14)  

DmPc DLVYAAEK-II Chromatin 
binding 

(23-32) (6, 15) 

DMHP1A EEEYAVEK-II Chromatin 
binding 

(21-30) (16) 

Ac-AIP-1 DVSGE-EKKLL Colitis (114-123) (17) 

Ac-AIP-2 DVTPE-EHDLL Asthma (110-119) (18) 

AIP2-20 TPEEHDLLMDLMGDPKKAEE Colitis (115-134) (13) 

AIP1-13 PSKEKADLGKYKA Colitis (125-137) (13) 

ES2-10 SQKEKDLLKE Colitis (93-102) (13) 

AMP-18  DALVK-EKKLQ T-cell-transfer 
colitis  

(112-121) (19) 

BmALT2  EMVVDVEKDVL T-cell-transfer 
colitis  

(381-391) (20) 

WbL2 EKAQY-EK-IH T-cell-transfer 
colitis 

(87-95) (21) 
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3.5. Discussion 

 

Lunasin has a range of potential applications for treating chronic disorders but there is limited 

understanding of the structure/function relationships, primarily because the peptide is 

intrinsically disordered. Here we show a nine-residue peptide from lunasin, corresponding to 

the region with homology to chromatin binding proteins, has a potential role in the anti-

inflammatory activity of lunasin. 

 

Our in vitro studies suggest that LN9 can reduce inflammatory cytokine production, at least in 

some human blood donors. Previous studies have shown that genetic variations among donors 

can affect cytokine production in PBMCs (22, 23). In addition, studies on non-heritable factors 

such as age, gender and lifestyle also showed variations in the baseline cytokines (24, 25). This 

donor variation is likely to account for the lack of reproducibility in the PBMC in vitro assays. 

However, further study, including the analysis of dose response is required to determine the 

reasons for the variation in the macrophage cell line assays. 

 

The indication that LN9 results in suppression of TNF and elevation of IL-10, at least in some 

donors, suggests the peptide has an anti-inflammatory effect. The in vivo asthma study also 

supports this suggestion with a reduction in neutrophils. There is emerging evidence that 

neutrophilic asthma is a distinct endotype (26), characterised by high levels of neutrophils in 

the lungs and airway. The reduction of neutrophils observed in the mouse study in the presence 

of LN9 suggests the peptide might provide insight into novel approaches for treating this class 

of asthma. 
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The combination of LN9 sequence homology with chromatin binding proteins and its apparent 

effect on neutrophils is intriguing. It has been previously shown that histone proteins, the 

primary protein components of chromatin, have direct pathogenic effects on neutrophil 

activation, which induces systematic autoimmune diseases (27, 28). It is possible LN9 is 

interacting with chromatin and preventing neutrophil activation, but this is only speculation at 

this stage. Suppression of neutrophils by LN9 might also be related to inhibition of 

proinflammatory cytokines. Overall, our data suggest LN9 might have potential as an anti-

inflammatory therapeutic agent for treating neutrophil-related asthma and autoimmune 

diseases.  

 

Although reproducibility issues for the in vitro assays prevented reliable data on 

structure/function relationships of LN9, the LN9 scrambled peptide (S1) used in the asthma 

studies inadvertently provided a suggestion of a key sequence involved in bioactivity. 

Significant suppression of neutrophils was observed with the scrambled LN9 peptide. As this 

peptide maintains the IMEK sequence, it is possible these charged residues are important for 

bioactivity.   

 

Structural analysis of LN9 with NMR spectroscopy indicates it is disordered/unstructured in 

solution, consistent with the intrinsically disordered nature of the full-length peptide. However, 

several amide protons, including Glu6, Lys7 and Ile8 were evident in the LN9 NMR spectra 

following dissolution in D2O, indicating the presence of hydrogen bonds. Glu6 and Ile8 showed 

the slowest exchange making it possible to determine the exchange rates. This region of the 

full-length lunasin peptide has previously been shown to have a propensity to form a helical 

structure and the presence of these slowly exchanging amide protons, suggests that the nine 
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residue LN9 peptide also has this propensity. The apparent stabilization by hydrogen bonds is 

unusual for a small peptide, particularly in the absence of additional covalent restraints such as 

disulfide bonds. However, ES2-10 and AIP1-13, AIP-derived peptides (Table 3.3) also show 

the presence of slowly exchanging amide protons (13) despite showing no regular secondary 

structure in solution. Our mutational studies indicate that Glu6 in LN9 has a role in the 

formation of hydrogen bonds and given that the side chain of this residue can adopt a negative 

charge it is possible that a salt bridge is important in this role. By contrast, mutating the 

conserved lysine residue (Lys7 in LN9) did not influence the slow exchange properties 

significantly.  

 

A previous study relating to chromatin binding in Drosophila heterochromatin protein - 

DmHP1A, revealed that mutating isoleucine 30 to phenylalanine (highlighted in bold in the 

sequence in Table 3.3), resulted in the loss of chromatin targeting activity (16). In the sequence 

analysis in Table 3.3, this position is invariably an Ile/Leu/Val residue and this conservation is 

consistent with this residue/position having an important role in bioactivity. Determining 

whether this residue is important in the cytokine suppression observed for LN9 requires more 

study. Furthermore, the relationship between chromatin binding and anti-inflammatory activity 

is as yet unclear but some studies have suggested a link with the conformation of chromatin 

and auto-inflammatory disease (29).  

 

The conservation of the sequence motif present in LN9 with chromatin binding proteins and 

proteins with anti-inflammatory activity suggests the possibility of a similar biological target. 

The mechanism of action for the AIP proteins and the other peptides/proteins with activity in 
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the T-cell transfer colitis model (Table 3.3) have not been determined and a possible link with 

chromatin binding has not been explored, but the sequence similarity warrants further study. 

 

To summarise, the chromatin binding region in lunasin has an influence on cytokine 

expression, appears to be stabilized by hydrogen bonds and it is conserved in not only 

chromatin binding proteins but other anti-inflammatory peptides and proteins. The insights 

gained from these studies indicates we have identified a conserved anti-inflammatory sequence 

motif, prevalent throughout nature, and has potential in developing novel lead molecules 

against anti-inflammatory and autoimmune related diseases. 
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4.1. Abstract 
 

Hookworms produce a myriad of Excretory/Secretory (ES) Products (lipids, carbohydrates, 

proteins and secondary metabolites) that enable them to survive throughout their different life 

stages. Several ES products have shown potential as anti-inflammatory drugs for conditions 

such as IBD and asthma. A 10-residue peptide (ES2-10) derived from AceES2, a protein 

secreted by Ancylostoma ceylanicum, displayed anti-inflammatory activity in vitro and in vivo. 

However, ES2-10 was degraded in human serum within 4 hours. Here, we engineered two 

analogues (a cyclic and extended form of ES2-10) that promoted structural stability in solution 

and also demonstrated a greater stability in serum compared to ES2-10. However, 

conformational changes to the cyclic version of ES2-10 caused a decrease in the bioactivity. 

The extended variant maintains the structure of the ES2-10 peptide, but further study is required 

to determine the bioactivity of this peptide.  
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4.2. Introduction 
 

Hookworm infections affect almost 500 million people worldwide, predominantly in the 

tropical regions of South America, Africa and Asia (1). Most of these infections are caused by 

Necator americanus, Ancylostoma ceylanicum and A. duodenale species (2), and can result in 

iron deficiency anaemia, which is a clinical hallmark of hookworm infection (3, 4).  

 

Despite the pathogenic effects of hookworm infection, several studies have indicated that the 

coexistence of hookworms with humans plays a significant role in reducing autoimmune 

diseases (5, 6). Autoimmune diseases/conditions such as asthma and inflammatory bowel 

disease (IBD) have a significant impact on healthcare systems and with the limited treatment 

options (7), there is great need for new drug leads for therapeutic development.  

 

Recent studies on live helminth therapy in low subclinical doses have demonstrated promising 

levels of success in managing autoimmune conditions (8, 9). For instance, human trials with 

anthropophilic and zoonotic (pig) hookworm have efficaciously treated a number of patients 

with chronic inflammatory conditions such as IBD, multiple sclerosis, allergies and celiac 

disease (8, 9, 10, 11, 12). Although the therapy is promising, it has challenges especially in 

apprehension of patients to accept live helminths, safety and regulatory problems. To overcome 

these challenges several studies have involved characterizing the bioactive components within 

the helminth secretions. Analysis of the hookworm secretome has identified several molecules 

with anti-inflammatory activities. Several metabolites have been identified in the secretions of 

A. caninum (13), and the tapeworm Dipylidium caninum (14) that display protection against 

TNBS induced acute colitis and cytokine suppression in PBMC assays (13). In addition, the A. 
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caninum proteins Ac-AIP 1 and Ac-AIP-2 have been shown to have activity in mouse models 

of colitis (15, 16) and asthma (17) respectively. Recombinant forms of these proteins 

significantly alleviate the disease symptoms, reduce immunopathology and suppress 

expression of inflammatory cytokines. 

 

The promising activities of hookworm AIP proteins has led to structure/function relationship 

analyses. In particular, a “reductionist” approach, which involves determining the bioactive 

regions of larger proteins (18, 19), has been applied. This approach can be valuable for 

designing peptide-based drug leads that have lower immunogenicity, greater tissue penetration, 

and are cheaper to manufacture than larger proteins (20, 21). Although selecting a bioactive 

segment in proteins is not necessarily straightforward, we have recently identified a conserved 

sequence motif in hookworm AIP proteins with anti-inflammatory activity. In the AceES-2 

protein this region corresponds to a 10-residue sequence that has a helical structure in the full-

length protein (22). NMR experimental data on hydrogen/deuterium exchange rates indicated 

the presence of hydrogen bonds but the peptide does not appear to have a defined structure in 

solution. The peptide displays significant protective effects in a TNBS mouse model of colitis 

and supresses pro-inflammatory cytokines in PBMC assays but is degraded in human serum. 

This sequence motif has similarity to the lunasin LN9 peptide described in Chapter 3. 

 

Several approaches have been used to enhance the stability of peptides including the 

introduction of covalent constraints as well as stabilizing elements of secondary structure (23, 

24, 25, 26, 27). In this study, we examined the influence of disulfide-linked cyclization, and 

extension of the helical region on the structural stability and bioactivity of ES2-10 variants.  
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4.3. Experimental procedures 

 

4.3.1. Peptide synthesis and purification 

 

Peptides were synthesised, purified and the masses analysed using the methods described in 

Chapter 2. The purified linear peptide containing cysteine residues was oxidised in 0.1 M 

ammonium bicarbonate (pH 8.5) for 48 hours. After 24-hours, the native mass was reduced by 

2 Da indicating disulfide bond formation had occurred.  

 

4.3.2. NMR spectroscopy 

 

Lyophilized peptides were resuspended to a final concentration of ~0.2 mM in 

90%H2O:10%D2O. 2D1H-1H TOCSY, 1H-1H NOESY, 1H-1H DQF-COSY, 1H-15N HSQC, 

and 1H-13C HSQC spectra were acquired at 290 K using a 600 MHz AVANCE III NMR 

spectrometer (Bruker, Karlsruhe, Germany) equipped with a cryogenically cooled probe. All 

spectra were recorded with an interscan delay of 1 s. NOESY spectra were acquired with 

mixing times of 200-300 ms, and TOCSY spectra were acquired with isotropic mixing periods 

of 80 ms. Standard Bruker pulse sequences were used with an excitation sculpting scheme for 

solvent suppression. Slowly exchanging amide protons were detected by acquiring a series of 

one-dimensional and TOCSY spectra over a 24-hour period, following dissolution of the 

peptides in D2O. Exchange rates were calculated as previously described for comparison of 

acyclic and cyclic peptides (33). 
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The 2D NOESY spectra of ES2-10-cyc and DGL-ES2-10 were automatically assigned and an 

ensemble of structures calculated using the program CYANA (34). Torsion-angle restraints 

from TALOS+ were used in the structure calculations. Final structures were visualized using 

MOLMOL (37). 

 

4.3.3. Cytokine assay (THP-1 derived M1 macrophages) 

 

Macrophage cells derived from THP-1 were used to induce cytokines against peptides to assess 

its inhibitory effects. With the method described in section 3.5 of Chapter 2, cell assay was 

performed and data was interpreted using a statistical method in GraphPad Prism 9. 

 

4.3.4. Assay on PBMCs derived from frozen blood 

 

Among different cell used for cytokine assay, PBMCs was generated from frozen blood to 

assess inhibition of cytokines by peptides using the method described in Chapter 3. Generated 

data were analysed using unpaired T - test Statistical methods in Prism 9. 

 

4.3.5. Serum stability assay 

 

The serum stability of the peptides was tested using human male AB plasma (Sigma-Aldrich) 

following methods previously described (28). Peptides were tested at each time point in 

triplicate. Human serum was prepared by centrifugation at 17,000g for 10 min to remove the 

lipid component. Supernatant was incubated for 15 min at 37°C prior to the assay. 200 M 

stock solution of each peptide was diluted (1:10) in 100% human serum or PBS and incubated 
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at 37°C. 30 μL aliquots were taken at 0 h, 3 h, 8 h and 24 h. The aliquots of serum were 

denatured by quenching with 30 μL of 3 M urea and incubated for 10 minutes at 4°C. Serum 

proteins were precipitated with the addition of 30 μL of 7% trichloroacetic acid for 10 min at 

4ºC. PBS received the same treatment as serum. Subsequently, the samples were centrifuged 

at 17000 g for 10 min. 90 L of supernatant was analysed by RP-HPLC at a flow rate of 0.4 

mL/min using a Phenomenex Jupiter Proteo C12 analytical column (150 x 2.00 mm, 4 µm, 90 

Å). A linear 1% min-1 acetonitrile gradient (0-50% B) was used for the analysis. The elution 

time for each peptide was determined by the PBS control for that time point. The absorbance 

of the eluent was observed using a dual wavelength UV detector set to 215nm and 280nm. The 

stability at each time point was calculated as the amplitude/area of the serum treated peptide 

peak on RP-HPLC at 214 nm as percentage of the amplitude/area of the 0 hour PBS treated 

control peptides.   
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4.4. Results 
 

4.4.1. Peptide design and synthesis 

 

To determine if cyclization or helical stabilization enhances the stability of ES2-10, two 

variants referred to as ES2-10-cyc and DGL-ES2-10 were synthesised using Fmoc chemistry. 

ES2-10-cyc has cysteine residues at the N- and C-termini which were oxidised to form a cyclic 

peptide. Oxidation occurred effectively within 48 hours and the final oxidized mass of the 

peptide was decreased by 2Da indicating the peptide had cyclised. DGL-ES2-10 is an extended 

version with three additional residues, corresponding to the residues present in the full-length 

protein. The sequences of the synthetic peptides, and the location of the helical region 

corresponding to ES2-10 in the protein structure are shown in Figure 4.1. 
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Figure 4.1: AceES2 Protein structure and its derived ES2-10 peptide and analogues. 

(A) AceES2 protein with boxed helical region corresponding to native ES2-10 peptide, (B) 

shows sequence of ES2-10 and variants. The cyclic variant (ES2-10-cyc) involves a disulfide 

bond between the N- and C-termini. The extended variant has three residues (DGL) added to 

ES2-10 sequence. 

 

4.4.2. Structural analyses using NMR spectroscopy 

 

The structures of the ES2-10 analogues were analysed in aqueous solution using NMR 

spectroscopy. Both peptides displayed significant dispersion in the amide region, and a single 

set of resonances for each residue. Analysis of the TOCSY and NOESY spectra of ES2-10-cyc 
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and DGL-ES2-10 allowed assignment of the majority of the proton resonances. The secondary 

chemical shifts (secondary shifts) were determined by subtracting random-coil chemical shifts 

from the -H chemical shifts (29). A comparison of the secondary shifts of ES2-10-cyc, and 

DGL-ES2-10 with ES2-10 is given in Figure 4.2.  
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Figure 4.2: Secondary shifts of ES2-10 and variants. The sequences and secondary shifts 

are shown in red for ES2-10, orange for ES2-10-cyc and blue for DGL-ES2-10.  

 

As published previously, the majority of the secondary shifts for ES2-10 are between +/- 0.1 

ppm indicating no regular secondary structure. The lack of secondary structure was consistent 

with the lack of non-sequential NOEs in the NOESY spectra, which prevented determination 

of the three-dimensional structure (30). However, ES2-10 had several slowly exchanging 

amide protons, indicating the presence of hydrogen bonds.  Hydrogen bonds are usually found 

in regular elements of secondary structure which appears inconsistent with the NOE data, but 

this might be related to the dynamics of the peptide structure.  
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In contrast to ES2-10, both ES2-10-cyc and DGL-ES2-10 had several consecutive secondary 

shifts more negative than -0.1 ppm suggesting the presence of helical structure from residues 

3-6 and 5-8 respectively (QKEK). The residues with slowly exchanging amide protons in these 

peptides are displayed in Table 4.1.  
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Table 4.1: Slow exchanging amide protons in residues of ES2-10, ES2-10-cyc and DGL-

ES2-10 peptides.  

 

The residues undergoing slow exchange are listed with their exchange rates (Kex) values that 

fall within 0.1>kex>0.002min-1 reflecting slow exchanging rates of amide protons with 100% 

deuterium (D2O). 

 

Both of the adjacent leucine residues in ES2-10 and ES2-10-cyc have slow exchanging amide 

protons, indicative of hydrogen bonds. The extended variant had seven slowly exchanging 

amide protons, consistent with a well-defined three-dimensional structure. 

 

Peptide Residue Exchange rate (kex) (min-1)

ES2-10 Leu 7

Leu 8

0.0022

0.0003

ES2-10-cyc Leu 8

Leu 9

0.008

0.036

DGL-ES2-10 Lys 6

Glu 7

Lys 8

Leu 10

Leu 11

Lys 12

Glu 13

0.0248

0.0330

0.0329

0.0232

0.0146

0.0267

0.0371
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The structures of ES2-10-cyc and DGL-ES2-10 were calculated based on distance restraints 

derived from the NOESY spectra, angle restraints based on TALOS+ and hydrogen bond 

restraints based on the slow exchange data and preliminary structures. The structural statistics 

are given in Table 4.2A and 4.2B respectively for ES2-10-cyc and DGL-ES2-10. Despite the 

small size of the peptides they displayed relatively well-defined structures.  
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Table 4.2A:  Structural statistics for the  

ES2-10-cyc ensemble  

 
Experimental restrains 

Interproton distance restraints                      99 

        Intraresidue, | i-j |=0                            47 

        Sequential, |i-j |= 1                               31 

       Medium range, 1<|i-j|< 5                      21 

Dihedral angle restraints                              9 

Hydrogen bond restraints  

(2 restraints per bond)                                  2 

 

R.m.s deviations from mean coordinate 

Structure (Å) 

 

Backbond atoms                              0.26±0.09 

All heavy atoms                              1.41±0.24 

 

Ramachandran statistics 

% in most favoured region                         96 

 

% in additionally allowed region                 4 

Table 4.2B:  Structural statistics for the  

DGL-ES2-10 ensemble  

 
Experimental restrains 

Interproton distance restraints                       142 

        Intraresidue, | i-j |=0                               56 

        Sequential, |i-j |= 1                                 45 

       Medium range, 1<|i-j|< 5                         41 

Dihedral angle restraints                                 12 

Hydrogen bond restraints  

(2 restraints per bond)                                     10 

 

R.m.s deviations from mean coordinate 

Structure (Å) 

 

Backbond atoms                               1.42±0.61 

All heavy atoms                                2.17±0.57 

 

Ramachandran statistics 

% in most favoured region                        93.3 

 

% in additionally allowed region                6.7 
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Despite the similar secondary shifts for DGL-ES2-10 and ES2-10-cyc and NOE patterns, the 

helical regions in the three-dimensional structures do not superimpose well, with an RMSD of 

2.314 Å, over the backbone atoms of residues Q5-L10 and K6-E11 respectively. MOLMOL 

identifies a helical structure from residues Q5-K12 in DGL-ES2-10 and residues K6 to E11 in 

ES2-10-cyc. Structural comparison with the AceES-2 protein structure indicates that the DGL-

ES2-10 peptide has maintained the fold of the native protein (Figure 4.3). An RMSD of 0.270 

Å was calculated for the backbone atoms of the helical regions (Q94-L99) and (Q5-L10) for 

DGL-ES2-10 and AceES2 respectively. The distinct helical structure of ES2-10-cyc 

conformation could not be superimposed with the AceES-2 protein structure.  
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Figure 4.3: Structural comparison of the ES2-10 region in AceES2 protein with peptide 

variants. Panel (A) shows the structure of the full-length protein in ribbon format with DGL-

ES2-10 superimposed over the corresponding region and in Panel (B), the backbone is shown 

in stick format. DGL-ES2-10, shown in blue, overlays well with the ES2-10 region in the 

protein structure (RMSD 0.270 Å). By contrast, superimposing residue 5-9 of ES2-10-cyc 

shown at the bottom of panels A and B has an RMSD of 2.314 Å as the helix is shifted in this 

peptide with respect to the helix in the protein structure.  The residues within the helical regions 

are colour coded in red, blue and green representing ES2-10, DGL-ES2-10 and ES2-10-cyc 

respectively. A great contrast is observed in ES2-10-cyc helical region compared to ES2-10 

and DGL-ES2-10. The figure was prepared using MOLMOL (31). 
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4.4.3. Serum Stability Assay 

 

The serum stability assay was carried out over a 24-hour timeframe and showed both 

cyclization and N-terminal extension enhanced the stability of ES2-10 (Figure 4.4). Cyclisation 

of ES2-10 with a disulfide bond showed the greatest enhancement, and although DGL-ES2-10 

was completely degraded at the end of the experiment more than 50% remained at the 8 hour 

time point.    

 

 

Figure 4.4: Comparison of serum stability of ES2-10, ES2-10-cyc and DGL-ES2-10 

peptide. A high percentage of ES2-10-cyc was remaining at 24 hours, indicating that the 

peptide is quite stable. DGL-ES2-10 remains above 50% in serum at 8 hours, which is 

significantly more stable peptide than ES2-10 which was not detected at the 3 hour time point. 
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4.4.4. Cytokine analysis using macrophage cells and PBMCs 

 

Having shown that the ES2-10 peptide could be stabilized in human serum it was of interest to 

determine if the bioactivity was maintained. Challenges with the in vitro assays, outlined in 

Chapter 3, also plagued these studies and only preliminary data could be obtained. A cytokine 

assay was conducted in a macrophage (M-1) cells derived from THP-1 human monocyte cells. 

Cells without LPS treatment showed no sign of cytokine production when incubated with ES2-

10 or ES2-10-cyc (Figure 4.5). However, M-1 cells in the presence of LPS induced cytokines, 

which were reduced by ES2-10 for all the cytokines tested. By contrast, ES2-10-cyc did not 

show a reduction of cytokine expression. The assays were repeated on macrophages and 

additional assay on PBMC were also carried out, but overall the results were inconsistent 

preventing solid conclusions being drawn. Further validation of the assays is required. 
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Figure 4.5: Cytokine results of ES2-10 and ES2-10-cyc in Macrophage (M-1) cells treated 

with and without LPS. Panels 4A, 4B, 4C,4D and 4E represent concentration of cytokines -

TNF, IL-1b, IL-6, IL-8 and IL-33 respectively. Cells treated with LPS induce cytokines that 

are reduced by ES10, but not ES2-10-cyc. No activity in ES2-10-cyc could be linked to 

A

B

C

D

E
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structural conformation. Dexamethasone (Dex) was used as a positive control. Data analysed 

using unpaired t-test in Prism 9 indicate two-tailed P-value (*p<0.05, **p<0.01)  
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4.5. Discussion 
 

ES2-10 shows protective effects in a TNBS mouse model of colitis and supresses pro-

inflammatory cytokines in PBMC assays but does not form a well-defined structure in solution 

and is not stable in the human serum (30). Here we show that the serum stability can be 

enhanced through cyclization and N-terminal extension of the peptide sequence. Preliminary 

in vitro assays suggest relatively minor structural changes might be having a significant 

influence on bioactivity but further study is required to assess the effect of these changes on 

bioactivity.  

 

Cyclization of the ES2-10 sequence had a significant impact on the three-dimensional structure. 

The effects of cyclising ES2-10 with a disulfide bond caused a shift in the helical region from 

its native position in the AceES-2 protein (residues Q94-L99) to K6-E11 in ES2-10-cyc (Figure 

4.3). By contrast, N-terminal extension maintained the native structure. Addition of residues to 

the ES2-10 sequence appears to have allowed additional hydrogen bonds to form leading to a 

well-defined helical structure in solution. Two additional residues (Leu 11 and Lys12) form 

part of helical region of DGL-ES2-10 compared to the ES2-10 region in the protein structure.  

 

Although the ES2-10 peptide is not structured in solution it is likely it can adopt an appropriate 

conformation upon binding to a biological target. The apparent lack of activity of ES2-10-cyc 

in the macrophage assay could be related to the disulfide bond constraining the peptide into a 

non-native conformation and preventing it from forming an appropriate conformation. Based 

on this line of thought, we would hypothesise that DGL-ES2-10 would maintain activity given 
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the similarity in structure to the native protein. Furthermore, it would potentially have enhanced 

potency as a result of the enhanced stability. Similar effects have been observed in other studies 

which have aimed to enhance the stability of bioactive peptides. For example, Cobos Caceres 

et al (30) showed that grafting a tripeptide into a cyclic framework not only enhanced the 

stability of the peptide in human serum but also improved the potential in a mouse model of 

colitis.  

 

In summary, cyclisation of ES2-10 significantly affected the structure of ES2-10, enhanced the 

stability but possibly at the expense of the bioactivity. However, it is promising to observe that 

an extended version of ES2-10 has a defined helical structure in solution similar to the full-

length protein, with improved stability in human serum compared to ES2-10 that may require 

further activity assay. It is of interest to examine the effect of both analogues in in vivo models 

of colitis and HDM allergic asthma which could give a clear indication of structure-function 

relationships of the ES2-10 analogues.  
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CHAPTER 5: Characterization of an Na-APR-2 
derived peptide as a vaccine target 
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5.1. Abstract 
 

Human helminth infections cause devastating morbidity and mortality in developing countries, 

yet there are no vaccines against these complex multicellular pathogens. Several compounds 

have been identified with potential in vaccine development, including an epitope derived from 

the human hookworm, Necator americanus, Na-APR-1 protein. Given that helminths have 

several developmental stages expressing unique antigens, it is of interest to explore epitopes 

from a range of hookworm proteins. Na-APR-2 is a pepsin-like aspartic protease from N. 

americanus that is distinct from Na-APR-1 and is primarily expressed in the L3 stage of 

development in contrast to Na-APR-1 which is more abundant in the adult stage. In the current 

study an epitope (G350Y) from Na-APR-2 was designed based on the Na-APR-1 epitope, and 

antibodies shown to be produced when the synthetic peptide was administered with 

intraperitoneal injection. By contrast, no antibodies were generated in mice when the peptide 

was administered orally, most likely because G350Y is not structurally well-defined based on 

NMR analysis and could have fragmented by the digestive enzymes. To assess the bioactivity 

of the synthetic G350Y peptide in inhibiting Na-APR-2, recombinant Na-APR-2 was bacterially 

expressed, and purified from inclusion bodies but was not bioactive based on an in vitro 

haemoglobin assay displayed by evidence of hemoglobin bands on the SDS-PAGE gel. It 

appears likely the protein did not refold correctly. Alternate folding conditions, or recombinant 

protein expression systems may be required to produce correctly folded Na-APR-2 and further 

explore the potential of G350Y as a potential vaccine antigen. 
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5.2. Introduction 
 

Human helminth (worm) infections cause devastating morbidity and mortality in developing 

countries (1, 2), yet there are no vaccines against these complex multicellular pathogens. 

Efforts are underway to develop vaccines against infections with the human hookworm, 

Necator americanus. Hookworm infection affects almost 500 million people in developing 

tropical  regions (3). The hookworm parasites primarily feed on intestinal blood and establish 

chronic infections that can last for decades. Heavy intensity infections can led to iron-

deficiency anaemia, which drastically affects intellectual development and weakens the 

neurological functions in children, can reduce productivity in adults and have a significant 

impact during pregnancy (4, 5). Chemotherapy using benzimidazole drugs such as albendazole 

is used to treat the adult parasites, but the efficacy is limited in some studies and reinfection 

rapidly occurs after treatment (6, 7). The development of a vaccine holds significant promise 

for inducing immunologic resistance to hookworm infections.  

 

Several potential vaccine antigens have been found in the different developmental stages of 

mammalian hookworms (8, 9), and among them is Na-APR-1 (10). Na-APR-1 is a 45 kDa 

cathepsin-D-like aspartic protease found in the gut of adult N. americanus and is responsible 

for initiating the haemoglobin digestive cascade (11). Inhibiting Na-APR-1 proteolytic activity 

kills the parasites by preventing it from obtaining nutrients. Antibodies raised to a recombinant 

form of Na-APR-1 have been shown to inhibit its ability to digest haemoglobin, and the 

recombinant protease confers protection in canine and hamster models of human hookworm 

infection (12, 13). For example, recombinant Na-APR-1 used in vaccination trials in dogs 

effectively reduced the adult parasite loads and blood loss compared to unchallenged dogs 
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(control) (10, 12). However, expressing this protein on a large scale has been challenging (14), 

which is likely to limit its potential as a subunit vaccine. It is unclear why the yields of this 

protein have been low in the expression but mutational studies might provide insight into the 

factors of the protein that are responsible for this effect. 

 

Elucidating the epitopes involved in the protective antibody response might provide an 

alternative source of vaccine candidates, and this approach has been applied to Na-APR-1. 

Using a series of overlapping fragments from Na-APR-1, Pearson and co-workers (15) mapped 

out an epitope region which corresponds to residues 291 to 303. This peptide was termed A291Y 

(AGPKAQVEAIQKY), and is the target of monoclonal antibodies that neutralise the 

proteolytic activity of Na-APR-1, consequently inhibiting its ability to cleave synthetic and 

natural substrates (15).  

 

A291Y requires adjuvants to induce an antibody response, but Skwarczynski et al., 2012 (14), 

introduced a self-adjuvating lipid core peptide (LCP) system that effectively triggered a strong 

immune response when incorporated with the A291Y peptide. Upon vaccination of mice, the 

new chimeric LCP construct induced effective production of antibodies that inhibit the 

proteolytic activity of Na-APR-1. The LCP system has also been used in a recent study 

involving three chimeric peptides (p1, p2 and p3) derived from the A291Y epitope. A β sheet 

peptide (p1) conjugated to LCP was developed that demonstrated the potential of inducing 

antibodies that blocked the enzymatic activity of the native hookworm protease (16, 17). 

Recently, oral delivery of Na-APR-1 combined with chimeric peptide -p3 incorporated with 

lipids, liposomes and polymers has demonstrated 98% reduction of intestinal rodent 

hookworms (Nippostrongylus brasiliensis) and 99% egg burdens effectively in immunized 
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mice (18). These studies show that the LCP system has significant potential for subunit vaccine 

development and can drive protective antibody responses (19, 20).  

 

Given that helminths have several developmental stages expressing unique antigens, it is of 

interest to explore epitopes from a range of antigens. Na-APR-2 is a pepsin-like aspartic 

protease from N. americanus that is distinct from Na-APR-1 and is primarily expressed in the 

L3 stage of development in contrast to Na-APR-1 which is more abundant in the adult stage 

(21). The sequences of Na-APR-1 and Na-APR-2 have only 30% sequence identity and distinct 

activities (21). Na-APR-1 can neutralise haemoglobin proteolysis at an optimum pH of 5.5. It 

is regarded as an upstream protease because it can cleave and expose other sites to cascading 

proteolysis by other proteases such as cystine proteases, metalloproteases or aspartic proteases 

(11, 21). However, recombinant Na-APR-2 is capable of digesting complete haemoglobin in 

vitro and is most active at a much lower pH, and cleaves at multiple distinct sites compared to 

Na-APR-1 (21). Therefore, it is of interest to explore epitopes from Na-APR-2, that could 

neutralise the recombinant form of Na-APR-2, as potential vaccine candidates. 

 

Here we produced a fragment from Na-APR-2 comprising 14 residues and termed it G350Y 

(GAPRGILRSIARQY). Based on the sequence alignment between Na-APR-1 and Na-APR-2, 

G350Y is equivalent to A291Y (AGPKAQVEAIQKY) from Na-APR-1. Antibodies raised using 

the epitope G350Y could be a potential vaccine antigen against human hookworm, and we have 

carried out preliminary studies aimed at achieving this goal.  
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5.3. Experimental procedures 

 

5.3.1. Peptide Synthesis and Purification 

 

 

Peptide G350Y, truncated from Na-APR-2, was synthesised manually using Fmoc chemistry on 

a 0.1 mmole scale. The peptide was synthesised using 2-chlorotrityl chloride resin, which was 

swelled in dimethylformamide (DMF) before amino acid coupling. The amino acids were 

activated with 10% DIEPA and coupled to the resin followed by washing with 20% piperidine 

in DMF. The peptide was cleaved from the resin using trifluoroacetic acid 

(TFA)/water/trisisopropylsilane (95:2.5:2.5) for 2-3 hours, precipitated with diethyl ether, 

dissolved in 50% acetonitrile, 0.05% TFA and subsequently lyophilized. The resulting crude 

peptide was purified with an Agilent RP-HPLC using a C-18 preparative column (Phenomenex 

Jupiter 250 x 21.2mm) using a 1% gradient of solvent B (solvent A: 0.05% TFA; solvent B: 

90% acetonitrile, 0.05% TFA). The mass was analysed using a 5800 MALDI TOF-TOF 

(SCIEX) mass spectrometer. 

 

5.3.2. NMR Spectroscopy 

 

Lyophilized peptide G350Y was resuspended with 90% water:10% deuterium (D2O) (500 L:50 

L) to acquire 1D and 2D (TOCSY, NOESY) spectra at 290 K using a 600 MHz AVANCE III 

NMR spectrometer (Bruker, Karlsruhe, Germany).  Secondary shifts were calculated by 

subtracting random coil chemical shifts (22) from the experimental alpha proton shifts, which 
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can indicate if peptides have secondary structure or not. Slowly exchanging amide protons were 

analysed from a series of one-dimensional and TOCSY spectra recorded over 24 hours after 

dissolution of the peptide in 100% D2O. The peptide solution was pH 4 prior to lyophilisation 

for the exchange experiment. No three-dimensional structure calculations were done for this 

peptide as the chemical shifts, lack of non-sequential NOEs in the NOESY spectra, and slowly 

exchanging amide protons were consistent with a random coil structure. 

 

5.3.3. Ethics Statement 

 

All experimental procedures performed on animals in this study were approved by the James 

Cook University animal ethics committee (A2391). All experiments were performed in 

accordance with the 2007 Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes and the 2001 Queensland Animal Care and Protection Act. 

 

5.3.4. Intraperitoneal (IP) Immunization of BALB/c mice 

 

A group of five male BALB/c mice (8-10 week-old) were intraperitoneally immunized with 50 

g of G350Y per mouse. Naïve (natural/unaffected) sera via tail bleeding was collected from 

each mouse two days prior to immunization, with sera diluted 10-fold (10 L:90 L). Peptide 

was mixed with an equal volume of Imject alum adjuvant (Thermo Fisher Scientific), each 

formulated with 5 g of CpG ODN1826 (InvivoGen, San Diego, CA, USA) and administered 

four times, two weeks apart. Two weeks after the final immunization, mice were sacrificed, 

and blood was collected via cardiac puncture. Blood from the five mice was pooled and serum 

was separated by centrifugation at 3500 g for 20 minutes after clotting and stored at -30C. 
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5.3.5. Oral Immunization of BALB/c mice 

 

A group of four (8-10 week-old) male BALB/c mice (Animal Resources Centre, Perth, WA, 

Australia) were employed for the study. Naïve (natural/unaffected) sera via tail bleeding was 

collected from each mouse with sera diluted 10-fold (10 L:90 L) in PBS two days prior to 

immunization. The mice were orally immunized via oral gavage with cholera toxin subunit B 

(CTB) mixed with the peptide.  Vaccine doses contained 100 µg of antigen in 100 µL of PBS 

formulated with 10 µg CTB. Four immunizations were given to a group of four mice, with two-

week intervals between doses. Two weeks after the final immunization, mice were sacrificed, 

and blood was collected via cardiac puncture. Blood from the four mice were separated by 

centrifugation after clotting and stored at -30C. 

 

5.3.6. Antibody detection using Enzyme-linked immunosorbent assays (ELISA) 

 

Enzyme-linked immunosorbent assays (ELISA) were used to evaluate antibody titers of G350Y 

peptide using 96-well, flat bottom and high binding affinity plates (Greiner Bio-One, 

Germany). The plates were coated with 100 µL of solution in carbonate buffer (pH 9.6) with 

G350Y peptide (5 µg/mL per well) and incubated overnight at 4°C. PBS containing 0.05% tween 

20 (PBST) was used as wash buffer. The plate was washed three times using PBST, then dried 

by tapping. The plates were blocked with 200 µL PBST containing 5% skim milk, incubated 

overnight or at room temperature for 2 hours and then washed with PBST. PBST with 0.5% 

skim milk was added to the plates at a volume of 90 µL to the wells in the first column, and 50 

µL to all remaining wells. Then, 10 µL of neat serum from each mouse was added to first-
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column wells, and the plates were mixed and serially diluted (2-fold) along plate rows using a 

multichannel pipette (Biotools Pty Ltd, Australia). The plates were incubated at room 

temperature for 2 hours or 37C for 90 minutes, then washed using wash buffer, and dried by 

tapping. Secondary antibody solution (100 µL, 1/4000 diluted in PBST with 0.5% skim milk) 

of either goat anti-mouse IgG-(H+L) (62-6520, InvivoGen, San Diego, CA, USA), goat anti-

mouse IgA Cross Adsorbed (62-6720, InvivoGen, San Diego, CA, USA) was added to the 

wells depending on antibody isotype or subclass of interest. The plates were incubated again 

at room temperature for 2 hours or 37°C for 90 min, then washed three time with wash buffer, 

and dried by tapping. Finally, horseradish peroxidase tertramethylbenzidine substrate was 

applied and kept in dark for 30 mins. The reaction was stopped using 100 µL of 2 N sulfuric 

acid and the absorbance of each well was measured at 450 nm using a Polarstar Omega 

microplate reader (BMG Labtech).  
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5.3.7. Na-APR-2 Recombinant Protein expression  

 

5.3.7.1. Cloning of cDNA and molecular modelling  

 

A codon optimised gene construct covering full-length matured Na-APR-2 sequence was 

ordered from Genscript and cloned into pET41a expression vector (Novagen) such that the N-

terminal GST tag was removed. The plasmid construct is shown in Figure 5.1. 
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Figure 5.1: Circular plastid map of Na-APR-2 clones in pET41a(+) expression vector with 

Ndel and XhoI restriction enzyme sites and Na-APR-2 transcription sense shown in red. 

Note: the GST fusion tag was removed from the multicloning site (MCS). 
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5.3.7.2. Expression of Na-APR-2 in bacteria (E. coli) 

 

Aspartic protease expression was induced for 24 h in E. coli BL21 (DE3) at 4C by the addition 

of 1 mM isopropyl beta-D-1-thiogalactopyranoside (IPTG) using standard methods. Cultures 

were harvested by centrifugation (8000 g for 20 min at 4C), re-suspended in 50 mL lysis buffer 

(50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 40 mM imidazole) and stored at -80C . 

Cell pellets were lysed by three freeze-thaw cycles at -80C and 42C, followed by sonication 

on ice (10 x 5 s pulses [70% amplitude] with 30 s rest periods between each pulse) with a 

Qsonica Sonicator. Triton X-100 was added to the lysate at a final concentration of 3% and 

incubated for 1 h at 4C with end-over-end mixing. Insoluble material (containing Na-APR-2) 

was pelleted by centrifugation at 20,000 g for 20 min at 4C. The supernatant was discarded, 

and inclusion bodies (IBs) were washed twice by resuspension in 30 mL of lysis buffer, 

followed by centrifugation at 20,000 g for 20 min at 4C.  IBs were then solubilized 

sequentially by resuspension in 25 mL lysis buffers containing either 2, 4, or 8 M urea; end-

over-end mixing overnight at 4C; and centrifugation at 20,000 g for 20 min at 4C.  

 

5.3.7.3. Purification of denatured aspartic proteases 

 

The supernatant containing solubilized IBs was diluted 1:4 in lysis buffer containing 8 M urea 

and filtered through a 0.22 m membrane (Millipore). Solubilized IBs were purified by 

immobilized metal affinity chromatography (IMAC) by loading onto a prepacked 1 mL His-

Trap HP column (GE Healthcare) equilibrated with lysis buffer containing 8 M urea at a flow 

rate of 1 mL/min using an AKTA-pure-25 FPLC (GE Healthcare). After washing with 20 mL 



130 
 

lysis buffer containing 8 M urea, bound His-tagged proteins were eluted using the same buffer 

with a stepwise gradient of 50-250 mM imidazole (50 mM steps). Fractions containing Na-

APR-2 (as determined by SDS-PAGE) were pooled and concentrated using Amicon Ultra-15 

centrifugal devices with a 3 kDa molecular weight cut off and quantified using the Pierce BCA 

Protein Assay kit. The final concentration of each Na-APR-2 was adjusted to 1 mg/mL and 

proteins were aliquoted and stored at -80C. 

 

5.3.7.4. Refolding of purified Na-APR-2 

 

Aliquots of purified, denatured recombinant Na-APR-2 (1.0 mg/mL) were refolded at a 

concentration of 10 g/mL in 0.1 M Tris (pH 8.0) with different concentrations (0-1.0 M) of 

L-arginine with and without 5.0 mM/0.5 mM reduced and oxidized glutathione (GSH/GSSG) 

for 16 h at 4°C with gentle stirring. After removal of urea, protein solutions were dialyzed 

against two changes of PBS (pH 7.4) at 4°C using 10-kDa cutoff dialysis tubing. The first 

dialysis was for 3 h, and the final dialysis was overnight. Refolded Na-APR-2 protein was 

concentrated to volumes approximating the starting volume similar to that of denatured Na-

APR-1 (reported in study by Pearson et, al., 2010 (15)) using Amicon Ultra-15 centrifugal 

concentration devices, followed by centrifugation at 16,000 g for 10 min at 4°C to remove any 

precipitate. The yield of refolded protein was determined by comparative gel densitometry with 

bovine serum albumin (BSA) standards, and catalytic activity was assessed by cleavage of a 

fluorogenic peptide substrate (see below). 

 

5.3.7.5. Determination of catalytical activity of Na-APR-2  
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The ability of recombinant Na-APR-2 to cleave haemoglobin (Hb) was determined by 

incubation of 1.0 g of each recombinant protein with 1.0 µg of human Hb in 50 mM sodium 

acetate (NaAc) (pH 3.5) at 37°C in a final reaction volume of 100 L. Hydrolysates were 

collected at hourly intervals from 1 to 6 h and after 16 h, and analysed by SDS-PAGE for 

evidence of Hb hydrolysis. Control reactions without enzyme and with the addition of 1.0 µM 

pepstatin A were also performed and analysed after 16 h. 
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5.4. Results 

 

5.4.1. Peptide Synthesis 

 

The synthetic G350Y(GAPRGILRSIARQY) Na-APR-2 derived peptide was purified to purified 

>95% purity using RP-HPLC, and subsequently used for NMR and analysis and antibody 

studies.  

 

5.4.2. NMR Structural analysis 

 

The structure of G350Y was analysed in aqueous solution using NMR spectroscopy. The peptide 

displayed sharp peaks in the one-dimensional spectra indicating the presence of monomeric 

structures. Resonance assignments were primarily done using two-dimensional TOCSY and 

NOESY spectra (24). Analysis of the secondary chemical shifts is shown in Figure 5.2. The 

secondary shifts of G350Y were less than +/- 0.1 ppm for the majority of residues, indicating 

G350Y is unstructured. No amide proton signals were detected in the slow exchange experiment, 

indicating that all the amide protons in G350Y were in fast exchange with deuterium. Both the 

secondary shifts and the amide exchange experiments were consistent with the peptide being 

unstructured. Consecutive secondary shifts more positive than 0.1 ppm are indicative of -

sheet structures, whereas consecutive secondary shifts more negative than 0.1 ppm are 

indicative of helical structures.  
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Figure 5.2: Secondary shifts of G350Y. The secondary shifts were determined by subtracting 

the random coil shifts from the alpha proton shifts. The random coil shifts were taken from 

Wishart et al (1995) (22).  

 

5.4.3. Antibody sera 

 

Mice intraperitoneally injected with G350Y and alum adjuvant produced antibodies in their 

serum, in contrast to mice where the peptide was orally administered in the presence of CTB 

adjuvant. Secondary antibodies for IgG and IgA were used with serum obtained from IP and 

oral administered mice respectively in ELISA tests. ELISA on IP serum showed the presence 

of IgG antibodies but nothing was observed from the serum obtained from orally administered 

mice for IgA antibodies. Figure 5.3 shows the antisera titer from IP serum. 
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Figure 5.3: Mean specific antibody titer from G350Y. An unpaired T-test in Prism 9 shows 

a significant IgG-monoclonal antibody (IgG-mAb) production (****p<0.0001) from the IP 

administered mice (Group A) indicated by red bar. The negative (Neg) control is the baseline 

serum before first IP injection. No IgA-mAb was detected in serum obtained from the orally 

administered mice using the gavage (results not shown). 

 

5.4.4. Recombinant expression of Na-APR-2 using bacteria (E. coli) 

 

Recombinant Na-APR-2 was successfully cloned and expressed in bacteria. The product was 

fractionated with immobilized metal affinity chromatography (IMAC) and analysis of the 

fractions with SDS-PAGE indicated that fractions 3 to 8 contained Na-APR-2 in purified form. 
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Figure 5.4: Overview of Na-APR-2 purification results. (A) Chromatogram illustrating the 

step-by-step purification procedure applied to Na-APR-2 cell lysate solution using HisTrap HP 

column in an AKTA FPLC system. Absorbance at 280 nm is shown as a blue peak in the 

spectrum. (B) SDS–PAGE examination of the IMAC data presented in (A) fractions were 

analysed using 12% SDS-PAGE followed by Coomassie Brilliant Blue staining. Protein 

marker (lane M), sample lysate (lane 1), flow through (lane 2), eluted fractions (lanes 3-10). 

Eluted fractions 3-8 shows pure Na-APR-2 (46 kDa). 
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5.4.4.1. Refolded Na-APR-2 

 

The eluted fractions containing Na-APR-2 were pooled and refolded with oxidized/reduced 

glutathione using dialysis. The glutathione solution was exchanged with PBS overnight 

resulting in final PBS-refolded protein mixture in the dialysis tubing, which was concentrated 

using an Amicon Ultra-15 centrifuging tube. A concentrate of 1.2 mL refolded Na-APR-2 

showed a concentration of 1.1 mg based on a BSA assay. The refolded aspartic protease was 

aliquoted (50 L) and stored at -80ºC. 

 

5.4.4.2. Catalytic cleavage of recombinant-Na-APR-2 

 

The Na-APR-2 enzyme was incubated with hemoglobin (Hb), but no cleavage was observed 

within a 16-hour timeframe. As expected, no cleavage was observed in the presence of the 

protease inhibitor pepstatin or when Hb was incubated in isolation for 16 hours at 37C. Figure 

5.5 shows bands of non-cleavage hemoglobin from lysate A incubated with recombinant Na-

APR-2 protein at different times displayed in the SDS-PAGE gel. This result indicates that the 

recombinant Na-APR-2 is not active, as hemoglobin was not cleaved. The lack of activity 

suggests that the enzyme did not refold into the native conformation.  
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Figure 5.5: SDS–PAGE examination of incubated hydrolysates. Analysis using 12% SDS-

PAGE followed by Coomassie Brilliant Blue staining. Protein marker (lane M), sample lysate 

A (composed of recombinant Na-APR-2, Hb, NaAc) shown in lane A: (0 h, 1 h, 3 h, 16 h), 

sample B lysate (recombinant Na-APR-2, Pepstatin A, Hb, NaAC) in lane B: (16 h) and sample 

lysate C (Hb and NaAC) in lane C: (16 h). Boxed in red is the human hemoglobin present in 

all incubated lysates analyses, an indication that the refolded protease (Na-APR2) was 

catalytically inactive.  
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5.5. Discussion 
 

Here we show that the peptide G350Y from Na-APR-2 has potential as a hookworm vaccine 

candidate. The peptide induced antibody response when administered intraperitoneally 

combined with Imject alum adjuvant. By contrast, the peptide did not induce an antibody 

response when administered orally, suggesting that the peptide was degraded in the gut by 

digestive proteases. This lack of stability is likely to be related to the lack of secondary structure 

observed in the NMR analysis and is not uncommon for such as small peptide. 

 

Structural stability is essential for peptide-based oral vaccines to avoid degradation and this 

generally requires a delivery system that can induce an antibody response and provide 

protection against digestive proteases. Studies on the Na-APR-1 epitope, A291Y, with different 

delivery systems have been promising (14, 16). These vaccine delivery systems could be 

applied to G350Y in future for developing effective vaccine candidates against human 

hookworm infections. 

 

To assess the bioactivity of the G350Y peptide as an inhibitor of Na-APR-2, the protein was 

recombinantly expressed. However, an enzymatic assay of recombinant Na-APR-2 did not 

show signs of Hb cleavage. This indicates Na-APR-2 is inactive, suggesting that the protein 

did not refold correctly. This could be related to unfavourable conditions experienced by the 

bacteria during the experiment. Previous studies have indicated that disruptions such as 

reduction of bacterial cytosol, lack of eukaryotic chaperones and post-translational machinery 

can contribute to the formation of inclusion bodies (25). Other possible contributing factors 
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such as temperature, inducer concentration and translational rate can affect the bacterial protein 

quality system leading to protein aggregation (26). The conditions used in the refolding process 

might also be impacting the folding of the protein and exploring a range of different buffers 

and additives might enhance the folding of the correct conformation. The conditions chosen in 

this study for refolding were based on previous studies on Na-APR-1 (15). The sequence 

differences between the two proteins appear to be having an influence of the refolding 

properties. Exploring a different non-mammalian expression system such as insect cells is also 

a possibility to solve the issue of correct folding of Na-APR-2 and that would be a suggestion 

for this project in future. 

 

To summarize, in this study we demonstrated that a 14-residue peptide (epitope G350Y) 

downsized from Na-APR-2 produced antibodies in mice and might have potential in the 

development of a vaccine against hookworm infection. The lack of antibody production when 

the peptide was orally administered could potentially be influenced by the use of conjugates 

such as those used for the Na-APR-1 derived peptide. Further study is also required to 

determine the bioactivity of the antibodies raised against the G350Y epitope of Na-APR-2, and 

understand the in vitro folding of Na-APR-2.  
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CHAPTER 6: Conclusions and Future Directions 
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6.1. Conclusions 

 

There has been a recent increase in studies aiming to explore the potential of peptides for the 

development of new treatments and prevention of diseases. In particular, naturally occurring 

peptides are providing inspiration for these studies. This thesis highlights new information 

regarding anti-inflammatory peptides sourced from plants and hookworms, with strategies to 

harness them as potential anti-inflammatory therapeutics. In addition to the anti-inflammatory 

peptides from hookworms, an epitope from a hookworm protein, with potential as a vaccine 

candidate against human hookworm infection is described in this thesis.  

 

A major theme of this thesis was to truncate or downsize proteins to study the structure and 

bioactivity of the resultant peptides. This approach has previously been shown to be useful in 

the design of novel drug leads and vaccine candidates (1, 2, 3, 4, 5, 6) The hypotheses for 

Chapters 2 and 3 were based on such evidence that certain regions in a protein contribute to 

the function of the entire protein and truncating them could provide insight into lead molecules. 

The specific aims of these chapters were to design peptides and identify residues responsible 

for bioactivity through structure/function studies. The potential lead molecule could then be 

pursued in developing anti-inflammatory drugs. 

 

The studies in Chapters 2 and 3 were successfully completed with insights gained into the 

structure/function relationships on lunasin derived peptides based on in vitro and in vivo assays. 

The downsized fragment described in Chapter 2, displayed both anti-inflammatory and 
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antioxidant activities. In Chapter 3, we identified a conserved sequence motif (EK Motif) 

present in chromatin binding proteins that appears to be responsible for anti-inflammatory 

activities. In addition, the lunasin derived peptides have potential for the development of novel 

therapeutics against neutrophils in systematic autoimmune diseases.  

 

Interestingly, the epitope identified in Chapter 3 as potentially having anti-inflammatory 

activity is conserved in a family of hookworm proteins. A hookworm derived-peptide (termed 

ES2-10 as it is a 10-residue peptide from the hookworm protein Ace-ES2) containing this motif 

has recently been shown to mitigate the effects of colitis in a mouse model (3). However, this 

peptide is readily degraded in human serum. Chapter 4 explored the implications of using 

cyclization to stabilize ES2-10. Although the stability could be improved via cyclization with 

a disulfide bond, this appears to be at the expense of bioactivity. Analysis of the three-

dimensional structure using NMR spectroscopy indicated that the helical region had been 

altered as a result of the introduction of the disulfide bond and this structural change 

presumably prevents binding to a biological target. We also showed that a linear extended 

version of ES2-10 (referred to as DGL-ES2-10) displayed a well-defined helical structure in 

solution with greater stability in human plasma compared to the native ES2-10. The structure 

of this analogue is similar to the equivalent region in the full-length protein and is likely to 

demonstrate activity in colitis or asthma assays. Our in vitro assay did not show activity 

probably due to storage effects on PBMCs that may have affected the cells and/or since the 

PBMCs derived are from different donors, the peptide might be donor specific. Nonetheless, 

we have designed DGL-ES2-10 with a well-defined helical structure that is stable in human 

serum compared to native ES2-10. This looks promising as a potential candidate for anti-

inflammatory drug development but additional in vitro and in vivo assays are required.  
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Chapter 5 describes an epitope G350Y truncated from an aspartic protease (Na-APR-2) derived 

from the Excretory/Secretory (ES) products of Necator americanus. The objective was to 

downsize, synthesise and carry out structure-function analyses for a potential vaccine candidate 

against human hookworm. The results indicated that the epitope chosen can produce IgG-

antibodies when injected IP but not generate IgA-antibodies with oral administration based on 

an ELISA assay. IgG are most common antibodies that are induced in the blood and other body 

fluids after an infection or immunisation that protects against bacterial and viral infections (7), 

while IgA are found in the linings of the respiratory tract and digestive system as well as in 

saliva (spit) and tears (7). Since the G350Y peptide is unstructured, it may not be able to 

withstand digestive proteases and therefore no IgA-antibody production would be induced via 

the orally administered pathway. The recombinant form of Na-APR-2 did not fold properly 

based on an enzymatic cleavage assay with human haemoglobin. Neutralisation or blocking 

experiments involving refolded Na-APR-2 with antisera or purified antibody raised from IP 

were not performed in this chapter due to the nonactive enzymatic activity of Na-APR-2.  

 

The main outcome from Chapter 5 was that a 14-residue peptide induced antibody production 

following IP injection in the presence of an adjuvant. Enhancing antibody production may 

require structural engineering to form a more stable epitope that could generate antibodies in 

greater titre and also can withstand digestive proteases for orally administered epitopes.  

 

6.2. Future Directions 
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The most obvious direction for future studies is to address lack of information on biological 

targets and mode of action of the anti-inflammatory peptides (Chapters 2-5). Studies have 

shown that lunasin is anti-inflammatory, but the mode of action has not been characterised. 

Similarly, the mechanism of action for the hookworm derived peptide (ES2-10) has also yet to 

be identified.  

 

A range of approaches could be used to understand the mode of action of peptides such as 

LN10, including the use of alanine scanning and inflammatory disease models such as colitis, 

and asthma and subsequent assessment of the influences on different cells types using 

cytometry and other cell diagnostic tools. In particular, replacing the single cysteine may 

impact the activities. Similar studies could also be applied to LN9 and ES2-10. Protein arrays  

are also a useful for approach for identifying biological targets (8) but a screen for the ES2-10 

peptide did not result in any potential hits (Daly et al, unpublished results). Consequently, other 

approaches such as pull-down experiments and mass spectrometry approaches might be 

required (9, 10). Chromatin binding studies could also be carried out for the LN9 and ES2-10 

peptides based on the sequence similarity to chromatin binding proteins.  

 

The challenges in the in vitro PMBC assays appear to be related, at least to some extent, to 

variation in donors. Although having a consistent donor supply of PBMCs could possibly 

improve consistency in the cytokine studies, the donor specific effects could be a limitation for 

future drug design studies and suggests that such peptides would only be useful for certain 

populations. However, this lack of consistency of drug across human populations is not unusual 

and is a limitation of many drugs and drug leads. The use of so called “dirty mice” (11) might 

be useful in subsequent studies, since these mice have more robust immune systems and this 
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might reflect the human population more so than the pathogen free mice often used in animal 

models.  

 

Peptide stability is often a limitation in peptide drug development. This thesis demonstrated 

stabilisation with cyclization and extension of helical structure but highlighted implications for 

bioactivity. Alternative approaches such as grafting bioactive sequences into stable scaffolds 

is another approach that could be applied to improve the stability of the peptides studied in this 

thesis. This approach has been successfully used for a range of bioactive peptides through 

grafting into scaffolds such as the sunflower trypsin inhibitor or cyclotides (12, 13, 14). There 

are also a range of other approaches that can also be used to further enhance the stability of 

peptides such as the incorporation of non-natural amino acids, N- methylation, albumin binding 

tags and synthesising the mirror-image peptides. Stabilization of the Na-APR-2 epitope could 

be achieved by incorporating an LCP moiety as shown previously for the epitope A291Y derived 

from Na-APR-1 protein. In addition to Na-APR-2 epitope stability, adjustment of buffer pH 

and compositions to a more preferred optimal pH condition such as pH 5.0 that could 

potentially confirm whether the recombinant protein is active or not. 

 

These possible future directions might help develop therapeutic peptides against various 

inflammatory conditions and aid in the development of a hookworm vaccine. 
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Appendices 
 

Appendix A  

 

Chapter 3 

LN9 peptide showed inhibition of various selected cytokines in PBMCs derived from two 

fresh donors. The results are shown as donor 1 and donor 2. 
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Figure B1: Reduction of cytokine released from fresh PBMCs derived from two human 

donors analysed using Lengendplex Kit. Donor 1 displayed a good number of cytokines 

being suppressed by LN9, however not donor 2 except for TNF at 75 g/mL. TNF is reduced 

in both donors. Data was generated using unpaired t-test 9 displayed a two-tailed P value 

(***P<0.05, **P<0.01, ***P<0.0009) in GraphPad Prism 9. 
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